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ABSTRACT 

The factors which influence select ive t ransport  are reviewed.  In available 
membranes,  select ivi ty is control led pr imar i ly  by concentrat ion effects ra ther  
than by mobilities. The fluxes of electric cur ren t  and mat te r  through m e m -  
branes are analyzed in terms of the thermodynamics  of i r revers ib le  processes. 
The effects of a selective membrane  on the operat ion of a s i lver /z inc  bat tery 
are discussed. The charge-se lec t ive  character  of the membrane  causes sharp 
changes in e lectrolyte  concentrat ion when cur ren t  flows through the boundary 
be tween membrane  and electrolyte.  This introduces both a high resistance 
film and a concentrat ion potential;  both of these operate to reduce the power 
output  of the cell. 

In many  kinds of batteries,  separat ion of the com- 
ponents is mainta ined by v i r tue  of the fact  that  the 
electrodes and the electrode react ion p~oducts are in-  
soluble solids, whi le  the electrolyte  is a l iquid phase. 
When the physical  a n d / o r  mechanical  propert ies  of 
the electrode structures are inadequate,  improved  op- 
erat ion is obtainable if separators are introduced. 
These are  usual ly porous mater ia ls  which act as me-  
chanical barriers.  The use of barr iers  opens up pos- 
sibilities for low grade s t ructural  substances or even 
l iqu id / l iqu id / l iqu id  batteries, as long as the individual  
components are not  mutua l ly  soluble. If  the separator 
is an ion exchange material ,  we can even th ink in 
terms of electrode reactions which may  produce solu- 
ble products. Three  distinct types of separators are 
i l lustrated in Fig. 1. The  first type of separator, a po- 
rous substance, functions solely as a mechanical  
bar r ie r  which holds back solid small  particles. With 
proper  design of pore size and control  of surface ten-  
sion through the addit ion of wet -proof ing  agents, such 
separators may  also be used to mainta in  a boundary  
be tween a l iquid and a gas. Fluids in the broad sense, 
including gases, may  be most readi ly  separated by 
continuous structures in which one or more  of  the bat-  
tery components may be soluble. This is i l lustrated in 
par t  b o f  Fig. 1. Ion select ive substances are a spe- 
cialization of this type of barr ier ;  they re jec t  solutes 
pr imar i ly  on the basis of the charge on each solute 
part icle ra ther  than because of its size or miscibility. 

A var ie ty  of potent ia l ly  useful  ion exchange ma te -  
rials are available. Many have  been developed for 
purposes other  than ba t te ry  separators, and often their  
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Fig. 1. Types of battery separators 

resistivities appear  to be intolerably high. However ,  
one or two types have  been manufac tured  as separa-  
tors for use in batteries, and the others are potential ly 
useful  for this purpose as the  resistance normal  to the 
direct ion of the sheet is a s t rong funct ion of the sheet 
thickness whi le  the select ivi ty is not. Results of a re-  
cent survey of membrane  propert ies are summarized 
in Table  I. 

Causes of Selectivi ty in Ion Exchange Membranes 
A current  of part icles may  be expressed as a mo-  

bi l i ty times a concentrat ion times a force. Select ive 
t ransport  wi l l  occur if  e i ther  the mobil i ty  or the con- 
centrat ion in a par t icular  region that  the current  must  
pass through is ve ry  small. Select ivi ty in the usual 
kind of ion exchange membrane  depends on the re -  
duction of concentrat ion of some species wi th in  the 
membrane;  not too much is known about the effects of 
membrane  on mobility. 

The  usual type ,of ion exchange membrane  in which 
the select ivi ty is control led by the exclusion of an ion 
of one sign, consists of an insoluble resin containing 
fixed ionic groups of the same charge as the excluded 
ion. The inter ior  of the membrane  may be regarded 
as a second phase and according to the Donnan pr in-  
ciple the chemical  potential  of the salt  in the solution 
externa l  to the membrane  must  be equal  to the chemi-  
cal potent ial  of the salt inside the membrane  at equi-  
l ibrium. This s ta tement  and its consequences are sum- 
marized in Eq. [1] to [4]. 

RT In a2+_ ~- v•  + RT In a~• [1] 

= + 

{j and r have  same sign} [2] 

Cj = ~/z (k/C2r .~u 4C2j _ Cr) [3] 

C~ = Csj/Cr {dilute soln.} [4] 

aP is the difference in in ternal  pressure between the 
two phases, sometimes called the swell ing pressure 

of the membrane,  v is the part ial  molar  volume o~ 
any of the mobi le  species in the system, and a is its 
act ivi ty  ooeffieient. The bar over  the a is used to in-  
dicate act ivi ty  wi th in  the membrane  phase. This equa-  
tion must  hold for  each and every  component  that  is 
distr ibuted be tween  the two phases. Since both the 
solution and the membrane  must  be electr ical ly neu-  
tral, and since the ion exchange mater ia l  can be made 
to contain a ve ry  large concentrat ion of ions of one 
sign, the concentrat ion of mobi le  co-ion in the m e m -  
brane wil l  be smaller  than it is in the solution out-  
side. For  example,  suppose that  j and k represent  ions 
of opposite sign and r represents  a monovalen t  fixed 
ion in the membrane .  We wil l  imagine that  this ion has 
the same sign as j. Within  the membrane  electrical  
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Table I. Properties of commercial ion exchange membranes 

E l e c t r o c h e m i c a l  M e c h a n i c a l  

P e r m e a b l e  A r e a  r e s i s t a n c e ,  N o m i n a l  t h i c k -  
M a n u f a c t u r e r  a n d  t y p e  to  o h m - c m  2 S e l e c t i v i t y  ness ,  mi l s ,  w e t  S t r e n g t h ,  w e t  R e m a r k s  

A M F  V o l t a g e  r a t i o  M u l l e n  bu r s t ,  ps i  
1000 ~ 0 .6N KC1 0 .5 /1 .0N  K C I  

H o m o g e n e o u s ,  p o l y e t h y l e n e  
b a s e  

C-63  C 5 • 2 0.80 • 5 12 45 4" 5 
C-I03 C 7 ~- 2 0.93 • 2 8.5 60 ----- 5 
A-63  A 6 • 2 0.82 - -  4 12 45 "4- 5 T o u g h ,  f l ex ib l e ,  r e w e t -  
A-103  A 9 • 3 0.92 ~ 3 8.8 55 • 5 t a b l e  

F l u o r o c a r b o n  b a s e  
C-310  C 4.5 • 2 0,86 • 5 I I  I I 0  ----- 20 
C-313 C 4.5 "4- 2 0.85 "4- 5 6 55 • 5 

A s a h i  Chem.  Ind .  1000 ~ 0 .5N NaC1 P e r m s e l e c t i v i t y  T e n s i l e  k g / m n  s 
0 . 2 5 / 0 . 5 N  NaC1 

H o m o g e n e o u s ,  s t y r c n e - n V B  
base  

CK-1  C 1.4 0.85 2-2 .4  
D K - I  C 1.6 
CA-1  A 2.1 0.92 9 1.9-2.3 D e l i c a t e ,  r e w e t t a b l e  
D A - 1  A 3.5 

A s a h i  G l a s s  I 1000 ~ 0 .6N K C I  V o l t a g e  r a t i o  M u n e n  b u r s t ,  p s i  
0 . 5 / 1 . 0 N  K C l  

R e i n f o r c e d  
D M T  C 1.3 0.62 4.2 134 C r a c k s  on  d r y i n g  
A M T  A 3.0 0.72 71 

I o n a c  C h e m i c a l  C o m p a n y  a.c. C o r r e c t e d  vo l t .  
F a b r i c  r e i n f o r c e d  r a t i o  

0 . 5 / 1 . 0 N  NaC1 
MC3142 C 10 0.94 6 
MC3235  C 11 0.95 12 N.A.  S t r o n g ,  r e w e t t a b l e  
M A 3 1 4 6  A 20 0.90 7 
M A 3 2 3 6  A 20 0.93 12 

Ion i c s  1000 ~ 0 .6N KC1 V o l t a g e  r a t i o  M u l l e n  b u r s t ,  psi  
0 . 5 / 1 . 0 N  KC1 

F a b r i c  r e i n f o r c e d  
CR-61  C 11 0.651 23 115 C r a c k s  on  d r y i n g  
A R - I I I A  A I I  0,571 24 125 

P e r m u t i t  Co. L t d .  (a.c.) 1 .0N NaCI P e r m s e l e e t i v i t y  
F a b r i c  r e i n f o r c e d  0 . 1 / 1 . 0 N  NaC1 

C-20  C 12 0.90 H i g h  S t r o n g ,  r e w e t t a b l e  
A-20  A 9 0.82 

T o k u y a m a  S o d a  Co. 1000 ~ 0 .5N NaC1 P e r m s e l e c t i v i t y  B u r s t ,  kg /cmC 
0.5N N a C I  

F a b r i c  r e i n f o r c e d  
CL-7  C 6-8  0.97 8.3 4-5  
C L - 2 . 5 T  C 2 .7-3 .2  0.97 6.3 3 -4  
C H - 4  C 2.3-2.7 0.95 8.3 3 -4  S t r o n g ,  r e v e r s i b i l i t y  on 
A V - 3  A 3-4  0.95 8.3 6-7  d r y i n g  n o t  k n o w n  
A V - 3 T  A 2 .5-3  0.92 6.7 4-5  
A V S - 3 T  A 4-5  0.95 7.5 3-4  

T o y o  Soda  Mfg .  Co. P e r m s e l e e t i v i t y  
0 . 5 /2 .5N  N a C I  

F a b r i c  r e i n f o r c e d  
C-10O C 2 -4  64 8.3 S t r o n g ,  r e v e r s i b i l i t y  on  
A-100  A 3-5 74 4.3 d r y i n g  n o t  k n o w n  

1 C o u r t e s y  Dr .  R.  N. S m i t h ,  S e c t i o n  M a n a g e r ,  M e m b r a n e s  a n d  E l e c t r o d i a l y s i s ,  A m e r i c a n  M a c h i n e  & F o u n d r y  Co., S p r i n g d a l e ,  C o n n e c t i c u t .  

neutra l i ty  requires  that  Ck=C-r+C-j. In the absence 
of large pressure differences be tween the exter ior  and 
the inter ior  phases, application of the Donnan pr in-  
ciple leads to the results given by Eq. [3], or for ve ry  
dilute external  solutions, Eq. [4]. Typical  resin manu-  
factur ing techniques produce mater ia ls  in which C'r 
is the order of 5M and Table II  shows several  values 
of expected co-ion concentrat ion wi th in  such resins as 
a function of the externa l  solution concentration. It  
is apparent  that  resins which are quite  select ive in di-  
lute  ~olutions may  show great ly  reduced select ivi ty 
in ve ry  concentrated solutions. 

Table II. Values of co-ion concentration 1 

Conc.  i n  ex t .  
soln.  ( m [ k g )  5 3 2 1 0.5 0.3 0.2 0.1 0.01 

Conc.  of  m o -  
b i l e  c o - i o n  i n  3.09 1.36 0.70 0.19 0.05 0.018 8 •  2 x 1 0  -3 2 •  4 
r e s i n  ( m / k g )  

Effec t ive  f ixed  ion  c o n c e n t r a t i o n  in  r e s i n  p h a s e :  5 m / k g  H 2 0  

1 V a l u e s  t a b u l a t e d  f o r  m o d e r a t e  e x t e r n a l  s o l u t i o n  c o n c e n t r a t i o n s  
a r e  in  r o u g h  a g r e e m e n t  w i t h  o b s e r v a t i o n s  on  a c t u a l  i on  e x c h a n g e  
r e s i n  s y s t e m  (see f o r  e x a m p l e  G r e g o r  a n d  G o t t l i e b  (1 ) ) .  

Quantitative Description of the Per]ormance 
of Ion Exchange Membrane Separators 

To assess the effect of an ion exchange membrane  
on bat tery  performance,  we have  to consider what  
happens when  a cur ren t  flows through the membrane.  
When this occurs, several  coupled processes occur si- 
multaneously.  It  is helpful  to make  use of the theory  of 
i r revers ible  thermodynamics  in examining the in ter -  
dependence of the various in teract ing forces and flows. 
This provides convenient  definitions of certain quan-  
tities that  are impor tant  in t ransport  theory and makes 
the relationships be tween them plain. The simplest 
e lectrolyte  solution imaginable  consists of one salt dis- 
solved in a pure  solvent. Equat ion [5] is suitable for 
the description of this system (2). Note that  a min-  
imum of four  equations is needed even for this simple 
system. 

J1 = --~l lVT~*I - -  ~12~T#'2 - -  ~13VT~'3 --  ~14~ In T 

J 3  = - - ~ 1 3 ~ T ~ * l  - -  ~ 2 3 ~ T P ' 2  - -  ~ 3 3 ~ T f t * 3  - -  ~ 3 4 ~  I n  T 

Q = - - ~ 1 4 ~ T ~ * l  - -  ~ 2 4 ~ T P ' 2  - -  ~ 3 4 ~ T ~ * 3  - -  ~ 4 4 ~  I n  T 

[5] 

The J ' s  are currents  of the two ions and the solvent, 
while Q represents  the flow of heat. The coefficients 
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~ij are phenomenological  coefficients and the symbol 
VT~* is meant  to represent  the gradient  of the total  
chemical  potent iaP taken at constant temperature .  It is 
obvious that  sett ing any of the dr iv ing  forces ~TT~* 
or x7 In T equal  to zero in the equations above does not 
guarantee  that  the corresponding current  Ji  or Q wil l  
vanish. In part icular ,  the  last l ine of Eq. [5] suggests 
that  it may  be almost  impossible to per form an iso- 
thermal  experiment .  However ,  work  by Ikeda (4) and 
Shaffer (5) has shown that  thermal  effects due to the 
flow of current  in an ion exchange membrane  are 
small. In addition, in the analysis of most  systems 
which contain electr ical  potentials large enough to be 
of practical  interest,  some of the other  terms that  arise 
as a resul t  of the formal ism above are small  enough to 
be dropped. For example,  suppose we are dealing wi th  
a system in which only gradients of electrical  poten-  
tial, pressure, and concentrat ion need be considered; 
then, 

O~ VP27 0,~ 

C ~ a, O~/OC ~_ R T  0 In C/OC 

RT  
VT,* = zFV~ + v V P  + VC [6] 

C 

And the magnitudes of the forces that  migh t  be as- 
sociated with the flow of current  through the m e m -  
brane in a typical  ba t te ry  system under  these condi- 
tions are summarized in Table III. I t  is clear that  the 

te rm v~TP is re la t ive ly  unimportant .  Under  any normal  
circumstances, gravi ta t ional  and centr i fugal  fields are 
also insignificant compared to the very  large magni -  
tudes of zFV~ and R T V  In c. This permits  considerable 
simplification of Eq. [5] : 

J1 : ~tlX1 + ~12X2 + ~13X3 

J2 : ~12XI + ~ 2 2 X 2  "~ ~ 2 3 X 3  

J 3  = ~ 1 3 X 1  -~" ~ 2 3 X 2  27 s  [ 7 ]  

in which we have to consider the flows of two kinds 
of ions and the flow of solvent, and where  X, the gen-  
eralized force, is given by [8]. 

R T  
X = - -  z F v ~  -~ v c  [8] 

The quanti t ies that  are impor tant  in fu r the r  elec- 
t rochemical  calculations are: electric current,  elec- 
trical conductivity,  t ransport  number  of the k th ion, 
and t ransference number  of any uncharged species 
that  may move along with  the charged particles. (Note 
that  t ransport  number  and t ransference number  are 
re la ted by Wk = Zk '~k ) -  These quanti t ies are readi ly  de-  
fined in terms of Eq. [7] and [8]. 

Electric current  
i = Z k F J k  + ZjFJj 

Electr ical  conduct ivi ty  

1 T h e  to ta l  c h e m i c a l  p o t e n t i a l  is s o m e t i m e s  ca l l ed  t h e  e l e c t r o -  
c h e m i c a l  p o t e n t i a l ;  s ee  fo r  e x a m p l e  H a r n e d  a n d  O w e n  (3). 

Table III. Approximate magnitudes of the terms which contribute 
to the e|ectrochemica| drivlng force 

Ar ~ 0 .2v 
h x  ~ 0.02 c m  (8 mi l s )  

v ~ 20-30 c m a / m o l e  
AP ~ 1 a t m  = 0.1 wa t t - s ee / c ruZ  
T ~ 300*K 
C r a t i o  ~ 10-1000 m a x .  

= 96,487 a - s e c / e q .  

R = 8.315 w a t t - s e c / m o l e - ~  
z ~ 7 r  ~ 0.2 • 10 s • 1/0.02 ~ 10 e w a t t - s e c / m o l e - c m  

v ~ T P  ~ 25 • 10-V0.02 ~ 125 w a t t - s e c / m o l e - c m  
l~T~TlnC ~ 8 • 300 • 6.9/0.02 ~ S • 106 w a t t - s e c / m o l e - c m  

tr = i / ( - - V ~ b )  ~ / ~ k k Z k 2 F  2 ~ -  2 ~ k j Z k Z j f f  2 27 ~ j j Z j 2 f f  2 

Transport  number  of the k th ion 

(s ~ + s 
Tk = [9] 

(~/F) 
Transference number  

- J w  ~ k w Z k  27 ~ j w Z j  
TW ~ - -  - -  ~/F r  

i 

These defining equations do not of course tell  us the 
numer ica l  values of the conduct ivi ty  or the t ransfer -  
ence numbers,  unless we have the values of all  of the 
phenomenological  coefficients. However ,  the defining 
equations can be used to help in the in terpreta t ion of 
exper imenta l  situations even when  the coefficients are 
not known. For  example,  consider the measurement  
of "membrane  potential ," an exper iment  which is often 
performed to determine  the select ivi ty of the m e m -  
brane. 

Analysis  of "Membrane Potentials" 
"Membrane  potent ial"  is the electrical  potent ial  

across the membrane  when  there  is a concentrat ion 
difference be tween  the solutions on ei ther  side and no 
electric current.  The situation is summarized by Eq. 
[10]. 

i = ZkJkF 27 ZjJFJ ~ 0 = 

~ k k Z k F X k  27 ~ k j Z k F X j  27 ~ k w Z k F X w  

27 ~ k j Z j F X k  ~-  ~ j j z j F X j  2 I- ~ j w Z j F X  w [10a] 

and, dividing through by the expression for conduc- 
t ivi ty 

0 = "~kXk 27 "~jXj -~  -~wXw = - - T k F V r  TjE~7~ 

- -xkRTV in ak --  xkKT~7 In aj -- xwRTV In aw 

R T  RT  RT  
- -V~  = Xk ~ V In ak 27 xj T V in aj + Xw--F V In aw 

[10b] 

where,  as before, we have used X's to stand for the 
negat ive  gradients of the total  chemical  potentials.  The 
last l ine of Eq. [10b] shows clearly that  the potent ial  
gradient  depends on the t ransference numbers  and the 
activit ies of all of the species present  in the system, 
even  though no current  is flowing. 

This important  resul t  has been obtained previously 
by Scatchard (6) using a more  convent ional  thermo-  
dynamic approach to an analysis of a cell containing a 
membrane.  However ,  it is not  apparent  f rom his ap-  
proach that  one can avoid an integrat ion over the 
thickness of the barrier.  In an analysis of the problem 
due to Ki rkwood (7) it has been shown that  one can 
use microscopic differences be tween  the bulk phases 
ra ther  than local gradients in sett ing up the phe-  
nomenological  equations. Using this idea and Eq. [9] 
we can calculate apparent  electrochemical  character-  
istics for the membrane.  Transpor t  coefficients defined 
in this manner  are "effective" quanti t ies that  apply 
over  the whole  thickness of the system in te r face ' /  
membrane / in t e r f ace"  and we can avoid the question 
of integrat ion entirely.  

Effect o] Selective Membrane  on Resistance, Voltage, 
and Concentration under High Current Conditions 

To i l lustrate  the effects that  an ion exchange m e m -  
brane wil l  have  on the operat ion of an actual  battery,  
it is convenient  to consider a specific system. As an 
example  a s i lver-zinc ba t te ry  wi th  an anion exchange 
membrane  separator  wil l  be used. Because the m e m -  
brane is selective, serious concentrat ion gradients wi l l  
develop in the solution adjacent  to it under  high cur-  
rent  conditions. Concentrat ion polarization arises be-  
cause the current  in the solution is carr ied by the 
motion of both posit ive and negat ive  ions, whi le  in the 
membrane  the current  is carr ied by the motion of only 
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on e  k i n d  of ion. I n  add i t i on ,  e a c h  e l e c t r o d e  in  g e n e r a l  
ac t s  as a s o u r c e  or  a s i n k  f o r  o n l y  o n e  k i n d  of ion.  
T h e s e  d i s c o n t i n u i t i e s  in  t h e  c o n d u c t i o n  p r oce s s  l e ad  to 
c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  v i c i n i t y  of  b o t h  t h e  
m e m b r a n e  a n d  t h e  e l ec t rodes .  W h e n  a l oad  is f i rs t  c o n -  
n e c t e d  to t h e  cell,  t h e  d i s t u r b a n c e s  a r e  con f ined  to t h e  
i m m e d i a t e  v i c i n i t y  of  t h e  i n t e r f a c e s  b e t w e e n  m e m -  
b r a n e  a n d  s o l u t i o n  a n d  e l e c t r o d e  a n d  so lu t ion .  H o w -  
eve r ,  i n  a n  u n s t i r r e d  sys t em,  t h e  d e p l e t e d  a n d  c o n c e n -  
t r a t e d  l a y e r s  w i l l  s p r e a d  u n t i l  t h e y  r u n  i n to  each  o the r .  
S t e a d y - s t a t e  c o n c e n t r a t i o n  g r a d i e n t s  as  s k e t c h e d  in  
Fig.  2 w i l l  b e  r e a c h e d  in  a t i m e  s u c h  t h a t  Dt /Su N 1;2 
and ,  w i t h  t h e  s m a l l  spac ings ,  1.0-0.1 m m ,  t h a t  a r e  ap t  
to b e  u s e d  in  a t y p i c a l  b a t t e r y ,  t h e  c h a r a c t e r i s t i c  t i m e  
fo r  r e a c h i n g  t h e  s t e a d y  s t a t e  w i l l  l ie  in  t h e  r a n g e  1-100 
sec. A t  a c u r r e n t  d e n s i t y  of 1 a m p / c m  2, t h e  c o r r e s -  
p o n d i n g  v a r i a t i o n s  in  t h e  c o n c e n t r a t i o n  r a n g e  f r o m  
--+1.67 to -+16.7M. 

A l t h o u g h  t h e  c o n c e n t r a t e d  a n d  t h e  d i l u t e d  l a y e r s  
a p p e a r  to  m e r g e  i n  a t y p i c a l  b a t t e r y ,  t h e i r  ef fects  
m i g h t  b e  c o n s i d e r e d  in  t e r m s  of s e p a r a t e  d i l u t e d  a n d  
c o n c e n t r a t e d  r e g i o n s  e a c h  h a v i n g  a c h a r a c t e r i s t i c  
t h i c k n e s s  8 ~ l/2. T h e s e  l a y e r s  of a l t e r e d  c o n c e n t r a -  
t i o n  wi l l  a f fec t  t h e  o p e r a t i o n  of  t h e  ce l l  in  t w o  d i f f e r -  
e n t  w a y s :  t h e y  w i l l  i n c r e a s e  i t s  r e s i s t ance ,  a n d  t h e y  
m a y  p r o d u c e  se r ious  b a c k  emf ' s .  I n  e x p l o r i n g  t h e  e f -  
fec t s  d u e  to t h e  c o n c e n t r a t i o n  l aye r s ,  i t  is c o n v e n i e n t  
to t h i n k  a b o u t  r e s i s t a n c e  effects  a n d  v o l t a g e  effects  
s e p a r a t e l y ;  c o n s i d e r  f i rs t  t h e  effect  of  t h e  c o n c e n t r a t i o n  
l a y e r s  o n  r e s i s t ance .  

R e s i s t a n c e . ~ F o r  p u r p o s e s  of i l l u s t r a t i o n ,  w e  s h a l l  
a s s u m e  t h a t  t h e r e  is n o  s o l v e n t  t r a n s f e r  t h r o u g h  t h e  
m e m b r a n e ,  and ,  t h a t  t h e  m e m b r a n e  is p e r f e c t l y  s e l e c -  
t ive .  F i g u r e  2b i n d i c a t e s  s c h e m a t i c a l l y  t h e  n a t u r e  of 
t h e  r e s i s t a n c e s  t h a t  w i l l  a r i s e  w h e n  a c u r r e n t  is p a s s e d  
t h r o u g h  t h e  m e m b r a n e / s o l u t i o n  sys t em.  F o r  t h e  m o -  

2 According to Rosebrugh and Miller (8) 

Ac~ (moles/cc) = 

+ [1  ----8 ~ ;  1 exp ~ ,2n--l)'~r'Dt~ ] 

For a typical electrolyte, D = 3 x 10-6 cmZ/sec; and. if l = O.1 ram. 
= 5 x 10 ~ cm. and D~/~ = 1 when t = 8 • 1O'~ sec. 
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Fig. 2. Effect of polarization on cell resistance: typical concen- 
tration gradients (a) and the resulting cell resistances (b). 
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mer i t  l e t  us  i g n o r e  t h e  r e s i s t a n c e s  w h i c h  a r e  a s s o c i a t e d  
w i t h  t h e  e l e c t r o d e s  a n d  t h e  e l e c t r o d e  r e a c t i o n s .  T h e  r e -  
s i s t ance  of t h e  m e m b r a n e  is k n o w n  i n  a d v a n c e  a n d  
p r e s u m a b l y  w i l l  b e  s m a l l  in  a c c o r d a n c e  w i t h  d e s i g n  
se lec t ions .  T h e  r e s i s t a n c e  m a r k e d  R / w i l l  p r o b a b l y  no t  
d i f fe r  g r e a t l y  f r o m  t h e  r e s i s t a n c e  of  t h e  30 a n d  40% 
K O H  s o l u t i o n  u s e d  as  t h e  e l e c t r o l y t e  in  t h e  cell.  O n  
t h e  o t h e r  h a n d  t h e  r e s i s t a n c e  m a r k e d  R~" b e i n g  as so -  
c i a t e d  w i t h  a d i l u t e d  l a y e r ,  m a y  b e  q u i t e  h i g h ,  a n d  i t  
w i l l  t h e r e f o r e  t e n d  to  c o n t r o l  t h e  t o t a l  r e s i s t a n c e  of 
t h e  cell.  I n  a s se s s ing  t h e  c o n t r i b u t i o n  of  t h e  d i l u t e d  
l a y e r  to  t h e  t o t a l  I R  d r o p  in  t h e  ce l l  i t  is c o n v e n i e n t  to  
m a k e  u se  of  t h e  f a c t  t h a t  t h e  v a r i a t i o n s  of  C a n d  R 
f r o m  t h e  i n i t i a l  b u l k  s o l u t i o n  v a l u e s  Cb a n d  Rb to  Ci 
a n d  R+ a t  t h e  m e m b r a n e / s o l u t i o n  i n t e r f a c e  a r e  a p -  
p r o x i m a t e l y  l i nea r .  I t  t h e n  is f a i r l y  s i m p l e  to  d e v e l o p  
a n  e x p r e s s i o n  f o r  t h e  a m o u n t  of e x t r a  r e s i s t a n c e  i n -  
t r o d u c e d  b y  t he  d i l u t e d  l aye r .  T h e  r e s u l t s  of  t h i s  
c a l c u l a t i o n  fo r  e x t r e m e  c o n d i t i o n s  of  p o l a r i z a t i o n  a r e  
s h o w n  in  Eq.  [11].  

AC ~-~C; Ci ~-~ 1 0 - 2 m ;  co+ ~ 400 o h m - c m  

K K d y  
cou = ., dR  = 

( y / 6 )  A C +  C~ ( y l 6 ) ~ C  + C+ 

R / '  ( o h m - c m  2) ---- f l  
K S d Y  

~ o  YaC + C 

K 8C~ 
e In  (1 + ACICi) 

C+ a C  

K / A C  _ K / C b  --~ co~ a n d  AC/C+ ~.~ (co+ - -  cob)/cob 

R~" ~" 8cob In ( coJcob) 8 [11] 

In  t h e s e  e q u a t i o n s  co+ is t h e  r e s i s t i v i t y  a t  t h e  m e m -  
b r a n e / s o l u t i o n  i n t e r f a c e ;  cob is t h e  b u l k  s o l u t i o n  r e -  
s i s t iv i ty ,  a n d  8 is t h e  t h i c k n e s s  of t h e  c o n c e n t r a t i o n  
l aye r .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  c o n c e n t r a t i o n  ef fec ts  
w h i c h  occu r  a t  t h e  m e m b r a n e  s o l u t i o n  i n t e r f a c e s  w h e n  
c u r r e n t  is d r a w n  f r o m  t h e  ce l l  a r e  a lso d u p l i c a t e d  a t  
t h e  e l ec t rodes .  W e  c a n  c o n c l u d e  t h a t  t h e  a c t u a l  r e -  
s i s t a n c e  i n t r o d u c e d  b y  t h e  m e m b r a n e  w i l l  b e  a t  l e a s t  
as  g r e a t  as  t h e  p o l a r i z a t i o n  r e s i s t a n c e  t h a t  w o u l d  oc-  
c u r  in  t h e  cel l  w i t h o u t  a n y  m e m b r a n e  b e i n g  p r e s e n t .  

Polarizat ion po ten t ia l s . - -Cons ider  also  t h e  v o l t a g e s  
t h a t  m a y  d e v e l o p  ac ross  t h e  p o l a r i z a t i o n  l a y e r s  w h e n  
a c u r r e n t  is p a s s e d  t h r o u g h  t h e  sys t em.  T h e  e m f  ac ross  
e a c h  of t h e  p o l a r i z a t i o n  l a y e r s  a n d  ac ross  t h e  m e m -  
b r a n e  c a n  eas i ly  b e  c a l c u l a t e d  u s i n g  Eq.  [10]. I t  is  o b -  
v ious  t h a t  c o n c e n t r a t i o n  p o t e n t i a l s  s h o u l d  n o t  o c c u r  
w h e n e v e r  x+ = - -  ~ -  ~ 0.5 a n d  t h a t  t h e  s i gn  a n d  
m a g n i t u d e  of t h e  c o n c e n t r a t i o n  p o t e n t i a l s  u n d e r  a n y  
o t h e r  c o n d i t i o n  w i l l  d e p e n d  o n  b o t h  t h e  t r a n s f e r e n c e  
n u m b e r s  a n d  t h e  a c t u a l  c o n c e n t r a t i o n s .  T h e  s i t u a t i o n  
as  i t  is l i k e l y  to e x i s t  if  a h i g h  c u r r e n t  is p a s s e d  
t h r o u g h  a n  a l k a l i n e  b a t t e r y  w i t h  a n  a n i o n  e x c h a n g e  
s e p a r a t o r  is i n d i c a t e d  in  Fig.  3; Eq.  [ 1 2 ] - [ 1 4 ]  s u m -  
m a r i z e  t h e  r e s u l t  o b t a i n e d  w h e n  t h e  t h r e e  v o l t a g e s  i n  
t h e  v i c i n i t y  of  t h e  m e m b r a n e ,  E, ' ,  Em~ a n d  E+" a r e  
a d d e d  up .  
T h e  p o l a r i z a t i o n  p o t e n t i a l  w h i c h  a r i s e s  as a r e s u l t  of  
a d d i n g  a m e m b r a n e  to t h e  b a t t e r y  s y s t e m  is:  

R r  

i F 
R T  c + Ac 

= (--'~+--'~-)--in~ 
F c 

3 Since AC = it is also true that 
z~D 

1 R T  

F 
which agrees with the result recently obtained by Gregor and 
Peterson (9). 
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for  an ion  and ca t ion  p e r m e a b l e  m e m b r a n e s ,  r e spec -  
t ively .  

Up  to this  point ,  we  h a v e  i gno red  the  effects t ha t  
m a y  also oecur  at  t he  e lee t rodes .  H o w e v e r ,  w h a t e v e r  
else m a y  be go ing  on, the  ca thode  is s e rv ing  as a source  
of O H - i o n s  and  the  anode  is s e rv ing  as a sink. Con-  
cep tua l ly  at  least ,  we  can  i m a g i n e  tha t  t he  e l e c t r o d e /  
e l e c t r o l y t e  i n t e r f aces  a r e  t he  e q u i v a l e n t  of  an ion  e x -  
change  m e m b r a n e / s o l u t i o n  in te r faces .  Th is  m e a n s  tha t  
w h e n  an an ion  e x c h a n g e  m e m b r a n e  is p l aced  in a 
c o n v e n t i o n a l  s i l v e r / z i n c  cell,  bo th  t he  a p p a r e n t  IR 
drop  and the  o b s e r v e d  concen t r a t i on  po la r i za t ion  wi l l  
be  tw ice  as s e v e r e  as w h e n  no m e m b r a n e  is present .  
We  m a y  conc lude  tha t  e v e n  a l ow res i s t ance  an ion  e x -  
change  m e m b r a n e  m a y  h a v e  u n d e s i r a b l e  effects w h e n  
added  to a h igh  r a t e  a lka l ine  b a t t e r y  un less  T -  _~ T -  
u n d e r  the  e x p e c t e d  condi t ions  of  use. 4 On  the  o the r  
hand,  if  the  m e m b r a n e  can  be  m a d e  to r ep l ace  the  
n o r m a l  e l ec t ro ly t e  en t i re ly ,  t he  h ighes t  poss ible  se-  
l ec t iv i ty  is des i rab le  as th is  w i l l  t end  to e l imina t e  po -  
l a r i z a t i on  effects a t  t he  e l e c t r o d e / e l e c t r o l y t e  in te r faces .  

M a n u s c r i p t  r e c e i v e d  J u n e  15, 1965; r ev i sed  m a n u -  
sc r ip t  r e c e i v e d  Sept .  13, 1965. This  p a p e r  was  p re sen t ed  
at t h e  San  F ranc i sco  Meet ing ,  M a y  9-13, 1965. 

Fig. 3. Effect of polarization on cell potential--typical concentra- 
tion gradients (a) and the resulting concentration potentials (b). 

- R T  e - -  A C  
-- T- - - i n - -  

F c +  ac  

R T  c 
--(~+ + ~-) l n - -  

F c -- ~c 

RT e 4- ~c RT c + ~c 
=-- (~+ +~-)--ln-- I n - -  [12] 

F c -- ~c F c -- ~c 

for  a 1: 1 e l e c t r o l y t e  

--~+ : --(I-- T-).; --T- = T- 

and [12] simplifies to 

R T  c 4- ~c R T  
~"-- ~ =-~-2(T- -- i) I n - -  = 2 ( T -  - -  1) 

c - -  AC F 

{ 2 [  Ac 1 ( A C )  3 1 ( ~ - ~ )  s 1 } [13] 
T + T c + - s  + - - ~  

This  po lar iza t ion ,  w h i c h  appea r s  as 4- on the  l e f t  and  
as - -  on  the  r i gh t  opposes  the  cel l  r eac t ion  and  d ras -  
t i ca l ly  r educes  the  p o w e r  output .  

I f  a ca t ion  p e r m e a b l e  m e m b r a n e  w e r e  p laced  in the  
same  spot, the  in i t i a l  po la r i za t ion  vo l t age  assoc ia ted  
w i t h  t he  m e m b r a n e  and  its b o u n d a r y  l aye r s  w o u l d  be  

R T  
~"--r =----2(T_) 

F 

Equations [13] and [14] assume ideally selective mem- 
brane; i f  t he  m e m b r a n e  used  is s o m e w h a t  leaky,  w h i c h  
i t  p r o b a b l y  wi l l  be  at  t hese  h i g h  concent ra t ions ,  t he  
back  e m f  due  to t he  m e m b r a n e  w i l l  be  as g i v e n  by  
Eq. [15] and  [16] 

r162 : 2 ( T _ - - T _ )  R T  
F 

{ [Ac 1 ( A c  3 1 ( A c ] 5  ]} 
2 T4--3- - - ~ >  4 - - 5 - \ ' - c - -  4 - - -  [ 1 5 ]  

A n y  discuss ion of this  pape r  w i l l  appea r  in a Discus-  
s ion Sec t ion  to be  pub l i shed  in  the  D e c e m b e r  1966 
JOURNAL. 
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S Y M B O L S  
a A c t i v i t y  
a A c t i v i t y  in m e m b r a n e  phase  
C Concen t ra t ion ,  m o l e s / k g  H20  
c Concen t ra t ion ,  mo le s / cc .  
D Diffus ion coefficient,  c m / s e c  
A Di f fe rence  
8 B o u n d a r y  l a y e r  th ickness ,  cm 
V G r a d i e n t  o p e r a t o r  
V" D i v e r g e n c e  o p e r a t o r  
E P o t e n t i a l  d i f fe rence  ( emf )  v 

< 
4 i f  T -  is ~ 0.5, it is reasonable to place a cation permeable mem- 

brane in  the battery. True, we'll always double the apparent IR 
drop in the cell but Es a n d  Es will jus t  c a n c e l  the  v o l t a g e  d u e  
to the polarization layers at the anode and the cathode, r e s p e c -  
t ive ly ,  and the ne t  b a c k  emf in an a lka l ine  cel l  c o n t a i n i n g  an 
idea l ly  se l ec t ive  ca t ion  p e r m e a b l e  membrane will be the sum of  
the c o n c e n t r a t i o n  p o t e n t i a l s  a t t r i b u t a b l e  to  t r a n s f e r r i n g  ions  (a) 
a c r o s s  the  m e m b r a n e / s o l u t i o n  b o u n d a r i e s  a n d  (b) a c r o s s  the  elec- 
trode/solution boundaries. Either of  t h e s e  p r o c e s s e s  in half the 
total a n d  the  in i t ia l  b a c k  eraf  is 

RT c + Ac 
2Em~ = -- 2 in  - -  

F c - ~c 

1 = -2 c 7--7-- -'- .2,--§ + +-- ~ti71 
J 
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F Faraday 's  constant, 96,500 amp-sec 
~' Act ivi ty  coefficient 
i Electric current  density, a m p / c m  2 
J Part ic le  current  density, moles/cm2-sec 
K Resist ivi ty constant (1000/eq cond) 
In Natural  log. 

Phenomenological  coefficient 
Chemical  potential  

~* Total chemical  potent ial  including 
charge~ gravi ta t ional  field etc. 

r Electr ical  resis t ivi ty ohm-cm 
P Pressure, wat t -see/cc .  

Electr ical  potential,  v 
Q Heat  flow, wa t t s / cm 2 

effects of 

R Gas constant, 8.315 j ou l e s /mo le -~  
R~ Resistance of polarization layer, ohm-cm 2 

Electr ical  conductivity,  m h o / c m  
T Absolute temperature ,  ~ 
T Transport  number  of ion in solution 
T Transport  number  of ion in membrane  
t Time, sec 
r Transference number  of ion in solution, m o le s /F  
T Transference number  of ion in membrane,  

m o le s /F  

v Par t ia l  molar  volume, cc /mole  
X General ized force, w a t t - s e c / c m - m o l e  
z Valence including algebraic sign 

Lithium-Chlorine Battery 
D. A. J. Swinkels 

Allison Division, General Motors Corporation, Indianapolis, Indiana 

ABSTRACT 

Requi rements  for a high energy density, high power  density e lect rochemi-  
cal energy conversion device have led to the study of a l i th ium-chlor ine  
battery.  The system operates at 650~ using mol ten  LiC1 electrolyte.  Severa l  
cells have been assembled and measurements  of the open-circui t  voltage, 
electrode polarization and coulombic efficiency are reported.  The chlorine 
electrode, made  of porous carbon or graphite,  was found to be the main  source 
of polarization. Limit ing currents  were  determined and these have  been com- 
pared with  theoret ical  estimates based on a model  for the porous electrode. 
The model  differs fundamenta l ly  f rom those used with aqueous electrolytes 
since fused LiC1 does not wet  graphite, and hence lit t le or no penetrat ion of 
electrolyte  into the pores occurs. 

Electrochemical  couples of high energy capacity 
(>500 whr / l b )  capable of operat ing at high power  
densities (>5  w / c m  2) offer many  possibilities for ob- 
taining l ight energy storage devices. The Li-C12 sys- 
tem using molten LiC1 as the e lect rolyte  is one of the 
most promising systems (1) and is current ly  being 
invest igated (2). 

The system consists of a molten Li-electrode,  mol ten  
LiC1 electrolyte,  and a porous carbon or graphi te  chlo- 
r ine electrode and operates at about 650~ The over -  
all cell react ion is s imply 

discharge 
Li + �89 , .  " ,  LiC1 [1] 

charge 

At 650~ the open-circui t  vol tage is 3.467v, which 
leads to a theoret ical  energy capacity for the reactants  
of 990 whr / lb .  The energy capacity which can actually 
be obtained depends on the polarization of the elec-  
trodes and the IR-drop in the electrolyte  under  the 
chosen operat ing conditions, as wel l  as on the weight  
of containers and cell  components. The open-circui t  
and the electrode polarizat ion of this system have  
therefore  been studied in detail. 

Open-Circuit VoLtage 
The O.C.V. of the Li-CI~ system was measured  f rom 

the melt ing point of LiC1 to about 850~ at a pressure 
of 1 atm. The LiC1 used for these exper iments  was 
purified by the Anderson Physical  Laboratories  using 
the method of Lai t inen et aL (3). The mel t ing point  
was determined by measur ing cooling curves and ex-  
t rapolat ing the l inear sections. Some supercooling was 
observed in each case. Six cooling curves were  deter-  
mined using five different cal ibrated thermocouples,  
giving a m p  of 608 ~ _ I~ which compares well  wi th  
the range of values found in the l i terature:  606~176 
(4-8). Three  sets of O.C.V. data were  taken in an ex-  
per imenta l  a r rangement  shown in Fig. 1. The cell con- 
sisted of a porous carbon chlorine electrode dipped in 

mol ten LiC1. A quartz  tube around the carbon elec- 
trode restr icted the chlorine flow to this part  of the 
cell to avoid corrosion of the meta l  outer container.  
The LiC1 was contained in a sl ightly porous (porosity 

15%) beryl l ia  crucible, which served to separate 
mechanical ly  the LiC1 from the l i thium wi thout  
causing electrical  separation. The whole  assembly was 
placed in a cylindrical  heater.  Two thermocouples,  one 
in the l i thium and one close to the chlorine electrode, 
are placed in the cell to insure uniform tempera ture  
throughout  the cell. It was found that  an auxi l iary  
heater  was requ i red  near  the chlorine electrode to 
compensate for heat  lost by thermal  conduction 
through the graphi te  electrode. The current  through 
this auxi l iary  heater  was increased unti l  the two ther -  
mocouples showed the same temperature .  All  voltages 
were  read to 0.1 m v  using a Kei th tey  660 d-c  differen- 
tial vol tmeter .  A total  of 132 points were  determined 
giving 

g = 3.4906 --  0.64 x 10 -4 ( t - -608)vol t  [2] 

with a s tandard error  of __ 5.4 my. 

CHLOR INE ELECTRODE 

THERMOCOUPLE 2 LiCI 

- • L •  QUARTZ TUBE 

~ I~AUXILIARY 
I I  HEATER 

I I--STAINLESS STEEL 
II CONTAINER 
I I QUARTZ 

THERMOCOUPLE 
._1 I SHEATH 

THERMOCOUPLE I 

~ B e O  CRUCIBLE 

Fig. 1. Li-CI2 open-circuit voltage cell 



Vol. 113, No. 1 

3.54 

3.48 

>~3.~ 
3.44 

3.42 
z 

0 3 . 4 0  

3.52 a o 3. 50 

3.38 

3. 36 

3.34 , I ~ I 
600~ 700 ~ 800 ~ 

M.P. OF LiCI (608~C) TEMPERATURE - ~ 

Fig. 2 . / i -Cl~ open-circuit voltage: A ,  ref. (2); O, ref. (11) 

This line is shown in Fig. 2 together  wi th  the O.C.V. 
calculated by Hamer  et al. (9) and those calculated 
here  f rom the free energy data g iven in a more  recent  
compilat ion and evaluat ion of thermodynamic  data 
known as the J A N A F  Thermochemica l  Tables (10). 
Some O.C.V. data repor ted  by Wer th  et al. (2) and 
LiC1 decomposition potentials  g iven by Del imarski  are 
also included (11). Taking only the uncer ta in ty  in the 
s tandard heat  of format ion of LiC1 (c) at 25~ given 
in the J A N A F  tables then a standard error  of --+12 m v  
results for the calculated O.C.V. line. Since the sep- 
arat ion be tween the calculated and exper imenta l  lines 
is only 7 my the two are  in essential  agreement .  

Lithium E~ectrode 
The exchange current  density for meta l  electrodes in 

fused salts is general ly  high (12), and hence no po- 
larizat ion is expected at the Li/LiC1 electrode. Con- 
stant current  charge and discharge pulses of up to 40 
a m p / c m  2 were  passed between two Li electrodes at 
650 ~ -+ 5~ in the cell shown in Fig. 3. The cell con- 
sisted of a stainless steel outer container  and a dense 
alumina crucible to contain the electrolyte.  A chlo-  
r ine electrode with  a quartz  sheath and two l i thium 
electrodes were  placed in the electrolyte.  Each Li 
electrode consisted of a BeO tube with  a cross-sec- 
tional area of 0.7 cm ~ with  a stainless steel rod to make  
contact to the l i thium and a thermocouple  to measure  
the tempera ture  of the actual e lec t rode-e lec t ro ly te  in-  
terface. 

The exper imenta l  procedure  here  consisted of heat -  
ing the cell components to 700~ on the day before a 
run was made, cooling and storing them overnight  
under  vacuum. The cell was then assembled in a dry 
box, and pure  dry LiC1 was placed in the cell. Af te r  
heat ing to 650~ to mel t  the IACI, Li was formed on 
both Li electrodes by electrolysis against the carbon 
electrode. The exper iment  then consisted of charging 
Li back and for th  be tween  two Li electrodes using the 

THEF 

STAI~ 

AI20 

CRU~ 

LITHIUM-CHLORINE BATTERY 7 

chlorine electrode as a reference electrode. The volt- 
age between each Li electrode and a C12 reference 
electrode was observed on an oscilloscope 0.I see after 
switching on the current. Since the rise-time of the 
power supply used was about 50 #see any activation 
polarization which was present could not be separated 
from the IR-drop between the reference and working 
electrodes. Since total cell resistances were typically 
6.3 ohm, I2R heating caused significant temperature 
changes at t imes greater  than I see (10~ were  
observed) .  The  current  vol tage relat ionship was found 
to be l inear be tween cathodic and anodic current  den-  
sities up to 40 a m p / c m  2 (Fig. 4). Since act ivation 
polarization is nonl inear  beyond about 100 m v  most 
of the observed polarizat ion must  be due to the IR- 
drop and an exchange current  density of at least 10 
a m p / c m  2 is indicated. On one occasion the amount  of 
Li charged into the two Li electrodes was accurately 
measured (10 amp for 48 min) ,  and a set of charge and 
discharge data was obtained. The cell was then left  
overnight  wi th  a slow flow of C12 through the graphite 
electrode. Next  morning,  23 hr  after charging, the cell 
was discharged at a ra te  of 6 amp for 75.3 rain. This 
corresponds to an over -a l l  coulombic efficiency of 94%. 
The electrodes were  then charged again at 1O amp for 
48 rain and immedia te ly  discharged at 6 amp for 77.3 
min  which corresponds to an over -a l l  coulombic ef-  
ficiency of 96.6%. Thus the Li/LiC1 electrode shows 
negligible polarizat ion at current  densities up to 40 
a m p / c m  2, whi le  the coulombic efficiency in the geom- 
etry used here  approaches 100%. At  closer electrode 
spacings coulombic efficiencies may wel l  be less due 
to the solubili ty of both Li and C12 in LiC1 (13-15). 

Chlorine Electrode 
The chlorine electrode consists of a porous carbon 

or graphi te  plug screwed onto a dense graphite feed  
tube which also serves as the current  lead. The ex-  
per imenta l  cell  used as wel l  as the parts  of one elec- 
t rode are shown in Fig. 5. The cell consists of a 
quar tz  envelope into which three identical  C12 elec- 
trodes are placed. C12 is fed to two of these (cathode 
and reference  electrode) while  a thermocouple  is 
placed inside the anode. The cathode has a quartz 
sheath around it so that  only the face of the porous 
plug is exposed to the electrolyte,  thus giving a known 
electrode area. The essential difference between this 
electrode and many  other  porous fuel  cell electrodes 
is the fact that  LiCl  does not wet the electrode. Hence 
the meniscus type of electrode geometry  described by 
Will (16) cannot form in this electrode. 

The over -a l l  process at the C12 electrode can still be 
divided into the fol lowing steps: 

1. F low of C12 gas through the porous plug. 
2. Dissolution of C12 at the gas-l iquid interface. 
3. Diffusion of dissolved C12 to the carbon-LiC1 in-  

terface. 
4. Dissociation and charge transfer.  
5. Migrat ion of C1- into the bulk electrolyte.  

QUARTZ 
- -  CHLOR I NE 

SHIELD 

I THERMOCOUPIF 

�9 STAINLESS STEEL 
ROD 

Li 

BeO 
TU BE 

- -  STAINLESS STEEL 
CONTAINER 

Fig. 3. Cell used for Li electrode work 

4 

~0 :~ ~'0 2 ' ~  A ~ 1 '0  ~ '0  ~'0 ' :0 

Fig. 4. Potential of a lithium electrode vs.  a 0 2  reference elec- 
trode in LiCh 
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Table I. Gas viscosity parameters 

Gas C To, ~ ~o 

Cls 325 273 1.23 x 10 -4 poise  
N2 110 273 1.67 x 10-4 poise  
He 70 296 2.0 x 10 -4 poise  

Fig. 5. Cell components for Cl2 electrode work 

The  diffusion p r o b l e m  for  a n o n w e t t e d  po re  (i.e., s tep 
3) has  b e e n  t r e a t ed  by  A u s t i n  et al. (17), w h o  ca l cu -  
la ted  the  l im i t i ng  c u r r e n t  for  bo th  f looded and n o n -  
f looded pores  for  va r i ous  b o u n d a r y  condi t ions  at  t he  
g a s - l i q u i d  in te r face .  The  so lu t ion  in a l l  cases is of t he  
f o r m  

AnFDCo 
i L  = [ 3 ]  

r 

w h e r e  iL is t h e  l im i t i ng  c u r r e n t  dens i ty  in a m p / c m  2 
of po re  ends;  A is a cons tan t  d e p e n d i n g  on the  b o u n d -  
a ry  condi t ion  a s sumed  at  t he  g a s - l i q u i d  in te r face .  A 
va r i e s  f r o m  ~-- 1.5 to 12 and  a v a l u e  of 8 has  b e e n  used  
he re ;  n is t h e  n u m b e r  of e lec t rons  pe r  m o l e c u l e  of  
C12 = 2; F F a r a d a y  = 96,500 c o u l o m b s / m o l e ;  D the  d i f -  
fus ion  coefficient  of C12 in  L iCl  ~ 4 x 10 -~  cmS/sec;  
Co = e q u i l i b r i u m  so lub i l i ty  of CI~ in LiC1 = KP2 
w h e r e  K = H e n r y ' s  l a w  cons tant ;  r t h e  po re  r ad ius  
( c m ) ;  and P2 ch lo r ine  p r e s s u r e  at t he  ga s - l i qu id  in -  
ter face .  

The  dif fus ion coefficient  of  C12 in LiC1 a t  650~ is 
e s t ima ted  f rom m e a s u r e d  dif fus ion coefficients of C1-  
in a lka l i  ha l ides  (18, 19) by a l l o w i n g  fo r  t he  l a rge r  
size of t he  C12 m o l e c u l e  and  the  l o w e r  t e m p e r a t u r e .  

Von  W a r t e n b e r g  (14) m e a s u r e d  the  so lub i l i ty  of 
C12 at  1 a t m  in L iCl  at  620_5~  g iv ing  a H e n r y ' s  l a w  
cons tan t  of 1.48 ( •  x 10 -6  moles  cm - s  a t m - I .  R e -  
cen t  w o r k  in th is  l a b o r a t o r y  ind ica tes  a s o m e w h a t  
l o w e r  so lub i l i ty  (15). H e n c e  a t  650~ K = 10 -6  moles  
cm -8  a t m  -1  has  been  used  here .  

The  f r ac t ion  of t he  e l ec t rode  su r face  m a d e  up of 
po re  ends  is e q u a l  to t he  poros i ty  ~. H e n c e  

An]FDKP2~ 
i L  = [4] 

r 

S teps  2 and  4 above  a re  a s sumed  to be  fas t  and hence  
essen t i a l ly  at equ i l i b r ium.  S tep  5 is the  ionic  c o n d u c -  
t i v i t y  of LiC1 w h i c h  at  650~ is 5.9 o h m - ~ c m  -1  (20). 
This  l eaves  s tep 1 as t h e  o the r  poss ib le  r a t e - d e t e r -  
m i n i n g  step. 

F o r  a s ing le  s t r a igh t  p o r e  of  l e n g t h  L w i t h  a c i r -  
cu la r  cross sec t ion  of r ad ius  r bo th  v iscous  flow (Po i -  
seu i l l e  f low) and  m o l e c u l a r  s t r e a m i n g  ( K n u d s e n  f low) 
a re  obse rved  (21). W e  h a v e  

p P {  1.013 x 106r~ (Pt  + P2) Q = = r 2 - -  = 

16n L 

+ - i f -  ~M L I [5] 

w h e r e  Q is t he  flow in  cc / s ec  at  p r e s s u r e  P and  t e m -  
p e r a t u r e  T ( ~  t h r o u g h  a s ingIe  pore,  P1 the  e n t r a n c e  
p r e s s u r e  ( a t m ) ,  P~ t h e  e x i t  p r e s s u r e  ( a t m ) ,  Ap = 
P1 - -  P2, L is t h e  l e n g t h  of  po re  = ~t w h e r e  t is t h i c k -  
ness  of t he  e lec t rode ,  T t h e  t o r tuos i t y  of  the  pores,  ,n 

the  gas v i scos i ty  (poise) ,  m m o l e c u l a r  w e i g h t  = 70.9 
g / m o l e ,  R = 8.317 x 107 e r g / ~  and 5 = con-  
s tan t  = 0.9. 

The  n u m b e r  of pores  pe r  un i t  a r ea  is ~ / x r  2 so tha t  
the  flow pe r  s q u a r e  c e n t i m e t e r  of e l ec t rode  is %Q/=r 2. 
W i n s a u e r  et al. (22) m e a s u r e d  the  to r tuos i ty  (~) for. 
a n u m b e r  of sands w i t h  poros i t i es  in t he  r a n g e  0.06 
< % < 0.4 and  found  the  e m p i r i c a l  r e l a t i onsh ip  

= 0 . 7 6 5  @ - 0 . 6 5  [ 6 ]  

This  r e l a t i onsh ip  has  b e e n  used  h e r e  to p r ed i c t  the  
flow of gas t h r o u g h  porous  g r a p h i t e  plugs,  w h i c h  was  
c o m p a r e d  w i t h  e x p e r i m e n t  us ing  t h r ee  d i f fe ren t  gases 
at  two  d i f fe ren t  t e m p e r a t u r e s .  The  v i scos i ty  of the  
gases was  ca l cu la t ed  us ing  the  S u t h e r l a n d  e q u a t i o n  

n=no . T+C [7] 

The fit of experimental viscosity data to this equa- 
tion, using the values of the parameters given in Ta- 
ble I, was very good. However experimental viscosity 
data for C12 extend only to 146~ Hence a large ex- 
trapolation is involved, and the purpose of these flow 
measurements was to check both the validity of this 
long extrapolation as well as the applicability of 
Winsauer's empirical relationship (Eq. [6]). The po- 
rosity and pore size distribution of the graphites used 
were measured using a mercury porosimeter. The 
actual pore size distribution was then approximated 
by a step function as shown in Fig. 6. To measure the 
flow of gases through porous graphite, plugs of the 
desired materials were sealed in Pyrex tubes by col- 
lapsing the Pyrex around the plugs under vacuum. 
The preheated gases were then forced through the 
plugs. The pressure difference, hP, across the plug was 
measured with a mercury U-tube manometer while 
the flow rate was measured after cooling the gas to 
room temperature by timing the movement of a soap 
film in a burette. A typical comparison of experimen- 
tal and calculated flows is shown in Fig. 7. Similar 
agreement was obtained on other porous graphites 
and using other gases (He, N2). Hence the use of Eq. 
[6] for  the  to r tuos i ty  and  Eq. [7] for  the  v i scos i ty  of 

Cle appea r s  just if ied.  
M u l t i p l y i n g  Eq. [5] by ( n F P / T )  (273/22,415) 

changes  Q to amp /cm% This  assumes  idea l  gas b e -  
h a v i o r  fo r  chlor ine ,  w h i c h  is neces sa ry  at  the  h i g h e r  
t e m p e r a t u r e s  w h e r e  no dens i ty  m e a s u r e m e n t s  h a v e  
been  m a d e  for  C12 gas. T h e  a s sumpt ion  is jus t i f ied  since 
at  0~ the  idea l  gas dens i ty  of C12 differs  f r o m  the  
m e a s u r e d  dens i ty  by  less t han  2.5%. 
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Fig. 6. Pore size distribution of FC-11 
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Fig. 7. Comparison of theoretical and experimental flow of N2 
through FC-II plugs. Area of plugs, 2.8 cm2; O, thickness = 1.06 
cm; ZX, thickness ~--. 0.73 cm. 

H e n c e  
n F P  273 

/flow . . . . .  Q a m p / c m  2 [8] 
T 22,415 ~r  2 

C o n v e r t i n g  to d = d i a m e t e r  in  m i c r o n s  

273 n F A P ~  
/ f low ---~ - -  

T 22,415tT 

1.013d (P1 -}- P2) 28d .~/-2RT 
6400 ~ + - 5 ~ - ~  ~ - ~ -  j [9] 

F o r  a d e a d - e n d e d  e l ec t rode ,  i.e., one  t h r o u g h  w h i c h  
no  excess  c h l o r i n e  flows, ifiow m u s t  e q u a l  t h e  a c t u a l  
c u r r e n t  p a s s e d  t h r o u g h  t h e  e l ec t rode .  

A t  t h e  l i m i t i n g  c u r r e n t  w e  c a n  t h e r e f o r e  e q u a t e  
Eq. [4] a n d  [9].  Hence ,  fo r  g i v e n  v a l u e s  of a l l  t h e  e x -  
t e r n a l  v a r i a b l e s  (T, P, ~, d, t, ~) w e  c a n  so lve  fo r  P2 
a n d  h e n c e  c a l c u l a t e  iL. T h i s  h a s  b e e n  d o n e  fo r  a h y p o -  
t h e t i c a l  c a r b o n  w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  ~ = 
0.3; t = 0.5 cm;  T = 0.765 ~-0.05 = 1.67; T = 650~ 
= 923~ T h e  r e s u l t s  a r e  s h o w n  in  Fig. 8. 

T h e  c u r v e s  of iL VS. p o r e  d i a m e t e r  a l l  s h o w  a c l e a r  
m a x i m u m .  To t h e  l e f t  of  t h e  m a x i m u m  t h e  c u r r e n t  is 
l i m i t e d  b y  t h e  f low of  gas  t h r o u g h  t h e  p o r o u s  m a t e -  
r i a l  w h i l e  to  t h e  r i g h t  of t h e  m a x i m u m  t h e  d i f fus ion  
of d i s s o l v e d  C12 t h r o u g h  t h e  e l e c t r o l y t e  is t h e  m a i n  
l i m i t i n g  s tep.  

U s i n g  Eq. [4] a n d  [9] l i m i t i n g  c u r r e n t s  h a v e  b e e n  
c a l c u l a t e d  fo r  s e v e r a l  c o m m e r c i a l l y  a v a i l a b l e  p o r o u s  
ca rbons .  T h e s e  c o m m e r c i a l  m a t e r i a l s  g e n e r a l l y  do no t  
h a v e  u n i f o r m  size  p o r e s  b u t  r a t h e r  a r a n g e  of p o r e  
sizes. 
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Fig. 8. Calculated limiting current according to Eq. [4] and [9] .  
Temperature, 650~ porosity, 30%; electrode thickness, 0.5 cm; 
P1, chlorine pressure. 

T h e  l i m i t i n g  c u r r e n t  w a s  t h e r e f o r e  c a l c u l a t e d  in  t w o  
ways .  F i r s t ,  t h e  p o r e  size d i s t r i b u t i o n  fo r  e a c h  m a -  
t e r i a l  was  a p p r o x i m a t e d  b y  a s ing le  s t e p - f u n c t i o n  a t  
t h e  m e d i a n  p o r e  d i a m e t e r .  T h e  l i m i t i n g  c u r r e n t s  so 
c a l c u l a t e d  a r e  f o u n d  to  b e  low c o m p a r e d  w i t h  t h e  e x -  
p e r i m e n t a l  d a t a  ( T a b l e  I I ) .  A b e t t e r  a p p r o x i m a t i o n  
to t h e  p o r e  s ize  d i s t r i b u t i o n  is o b t a i n e d  b y  u s i n g  s e v -  
e r a l  s teps  a n d  s u m m i n g  t h e  flow a n d  t h e  d i f fus ion  c u r -  
r e n t  (Eq.  [4] a n d  [9] )  o v e r  a l l  t h e  s teps .  T h e  s teps  a t  
l a r g e  d i a m e t e r s  c o n t r i b u t e  m o s t  to  t h e  t o t a l  f low w h i l e  
t h e  s t eps  a t  s m a l l e r  d i a m e t e r s  c o n t r i b u t e  m o r e  to t h e  
d i f fus ion  c u r r e n t .  W i t h  t h e  e x c e p t i o n  of FC-1  t he  l i m -  
i t i n g  c u r r e n t s  c a l c u l a t e d  i n  th i s  w a y  a r e  f o u n d  to a g r e e  
w e l l  w i t h  e x p e r i m e n t a l  da ta .  T h i s  s e c o n d  m e t h o d  of 
c a l c u l a t i o n  is m o r e  r e a l i s t i c  s ince  m o s t  of t h e  flow 
in  t h e  b u l k  of t h e  p o r o u s  b o d y  no  d o u b t  occu r s  t h r o u g h  
t h e  l a r g e r  pores ,  w h i l e  a t  t h e  c a r b o n - L i C 1  i n t e r f a c e  
t h e  s m a l l  p o r e s  a r e  t h e  m o s t  a c t i v e  ones.  T h i s  a lso  
sugges t s  t h e  u se  of a b i - p o r o u s  c a r b o n  e l e c t r o d e  c o n -  
s i s t i ng  of s ay  0.5 c m  of m a t e r i a l  w i t h  p o r e s  in  t h e  
10-20~ r a n g e  w i t h  a t h i n  s u r f a c e  l a y e r  ( say  0.01 cm)  
of m u c h  f iner  p o r e s  ( ~  0.05#). I n  t h e  m u l t i s t e p  a p -  
p r o x i m a t i o n  i t  is n e c e s s a r y  to l i m i t  t h e  r a n g e  of p o r e s  
cons ide r ed .  I f  s e v e r a l  1 m m  ho les  w e r e  d r i l l e d  t h r o u g h  
a p o r o u s  e l e c t r o d e  a n d  t h e s e  ho l e s  w e r e  t h e n  t r e a t e d  as 
a s t e p  in  t h e  p o r e  size d i s t r i b u t i o n  one  w o u l d  o b -  
v i o u s l y  o b t a i n  e r r o n e o u s  r e su l t s .  I n  t h i s  w o r k  o n l y  
p o r e s  f r o m  10 to 0.05# w e r e  cons ide red .  A c t u a l l y  t h e  
o n l y  m a t e r i a l s  a f fec ted  b y  s e t t i n g  t h e s e  s o m e w h a t  
a r b i t r a r y  l i m i t s  w e r e  F C - 1 3  a n d  FC-50  b o t h  of  w h i c h  
h a v e  a c o n s i d e r a b l e  n u m b e r  of  p o r e s  s m a l l e r  t h a n  
0.05~,. H o w e v e r ,  w h e n  t h e s e  s m a l l e r  p o r e s  a r e  i n c l u d e d  
t h e  c o m p u t e d  v a l u e s  of iL b e c o m e  m u c h  too h igh .  

Conclusion 
T h e  o p e n - c i r c u i t  v o l t a g e  a n d  e l e c t r o d e  p o l a r i z a t i o n  

o f  t h e  Li-C12 s y s t e m  u s i n g  f u s e d  LiC1 e l e c t r o l y t e  h a v e  
b e e n  i n v e s t i g a t e d .  Good  a g r e e m e n t  w a s  o b t a i n e d  b e -  
t w e e n  t h e  m e a s u r e d  O.C.V. a n d  those  c a l c u l a t e d  f r o m  
a v a i l a b l e  t h e r m o d y n a m i c  da ta .  T h e  m a i n  s o u r c e  of p o -  
l a r i z a t i o n  w a s  f o u n d  to b e  t h e  m a s s  t r a n s p o r t  of C12 a t  
t h e  p o r o u s  g r a p h i t e  e l ec t rode ,  e i t h e r  i n  t h e  gas  p h a s e  or  
in  t h e  e l e c t r o l y t e  d e p e n d i n g  o n  t h e  size of t h e  pores .  
T h e  p o r o u s  e l e c t r o d e  in  th i s  s y s t e m  di f fers  in  a f u n d a -  
m e n t a l  w a y  f r o m  p o r o u s  e l e c t r o d e s  in  a q u e o u s  e l ec -  
t r o l y t e s  in  t h a t  m o l t e n  LiC1 does  no t  w e t  g r a p h i t e .  
H e n c e  t h e  t h i n  f i lm r e g i o n  a t  t h e  top  of t h e  m e n i s c u s ,  
w h i c h  is of p r i m a r y  i m p o r t a n c e  in  t h e  case  of a q u e o u s  
e l e c t r o l y t e s  does  n o t  e x i s t  i n  t h i s  e l ec t rode .  A q u a n -  
t i t a t i v e  m o d e l  fo r  t h e  n o n w e t t e d  p o r o u s  e l e c t r o d e  w a s  
d e s c r i b e d  a n d  t e s t ed ,  a n d  f a i r  a g r e e m e n t  w i t h  e x p e r i -  
m e n t  w a s  o b s e r v e d .  T h e  l i m i t i n g  c u r r e n t s  f o u n d  fo r  
d e a d - e n d e d  e l e c t r o d e s  ( T a b l e  I I )  a p p e a r  d i s a p p o i n t -  
i n g l y  low in  t e r m s  of o b t a i n i n g  h i g h  p o w e r  dens i t i e s .  
H o w e v e r  t h e  m a s s  t r a n s p o r t  c a n  b e  i m p r o v e d  in  a 
n u m b e r  of ways ,  e.g., b y  i n c r e a s i n g  t h e  s y s t e m  p r e s -  
s u r e  to  i n c r e a s e  t h e  s o l u b i l i t y  of C12 in  LiC1 or  b y  

Table II. Experimental and computed values of the limiting current 
of the CI2 electrode in LiCI at 650~ for various carbons 

E x p e r i m e n t a l  iL 

Ca rbon*  a m p / e m a  

T h e o r e t i c a l  iL 
S i n g l e  s t ep  M u l t i s t e p  

a p p r o x i m a t i o n  a p p r o x i m a t i o n  
a m p / c m  u a m p / c m ~  

F C - 1  0.05 ----- 0.01 0.16 0.15 
F C - 1 1  0.98 • 0.29 0.08 0.84 
F C - 1 3  1.09 ___ 0.15 0.14 0.79 
F C - 2 5  0.04 • 0.01 0.06 0.06 
F C - 2 6  0.15 ___ 0.03 0.03 0.14 
F C - 3 0  0.08 --+ 0.01 0.07 0.08 
F C - 5 0  0.86 ~ 0.29 0.06 0.83 
3 7 - G  0.75 • 0.24 0.09 0.50 
1 0 3 - G  0.09 • 0 .04 0.14 0.19 
1 0 5 - G  0.26 (2 d e t e r m i -  0.09 0.31 

n a t i o n s  on ly)  
108 0.30 -4" 0.08 0.08 0.29 
1 0 8 - G  0.16 ~- 0 ,04 0.06 0.26 

* T h e  c a r b o n  i d e n t i f i c a t i o n s  a r e  t h o s e  of t h e  m a n u f a c t u r e r s :  P u r e  
C a r b o n  C o m p a n y ,  Inc . ,  a n d  S p e e r  C a r b o n  C o m p a n y ,  St .  M a r y ' s ,  
P e n n s y l v a n i a .  
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bubbl ing  through excess C12. The st i rr ing caused by 
the growing bubbles at the electrode surface improves 
the mass t ranspor t  sufficiently so that  current  den-  
sities of 3 amp/cm 2 can be obtained with only 0.3v 
of concentrat ion polarization. 

Complete power cells have been assembled using a 
porous electrode with excess C12 flow. In  these cells 
power densities of 6 w/cm2 have been obtained (23). 
Fur ther  improvements  in  the performance of the por-  
ous electrode can come from suitable choice of pore 
size dis tr ibut ion and by increasing the system pres- 
sure so as to increase the chlorine solubility. 

Manuscript  received June  16, 1965; revised m a n u -  
script received Sept. 17, 1965. This paper was pre-  
sented at the San Francisco Meeting, May 9-13, 1965. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1966 
JOURNAL. 
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Anodic Oxidation of the Basic Sulfates of Lead 

Jeanne Burbank 
United States Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

PbO-PbSO4, 3PbO-PbSO4.H20, and 4PbO-PbSO4 were prepared by react-  
ing PbO and dilute H2SO4. The crystal l ine phases were identified by x - r ay  
diffraction patterns,  and electron microscope examinat ion showed all three 
to be prismatic needles, The three basic sulfates were oxidized anodically in 
dilute sulfuric acid, and x - r ay  diffraction showed that  each t ransformed 
to flPbO2. The pellet made from 4PbO.PbSO4 was mechanical ly strong, and 
the t ransformat ion to PbO2 was largely metasomatic after the original crystals 
of the basic sulfate. The three anodic preparations were examined in  the 
electron microscope and showed the presence of prismatic and nodular  
particles of PbO2. 

Studies on the lead acid bat tery have long been of 
interest  to this Laboratory owing to the continued im-  
portance of this cell in  submar ine  service. In  recent  
years the so-called "lead-calcium" cell has replaced 
the conventional  ant imonial  lead cell on the nuclear  
powered ships where the batteries were instal led in 
float service. This change in cell type focused a t ten-  
t ion on the positive plate because, shor t ly-af te r  in -  
stallation, the lead calcium cells began to fail by soft- 
ening and disintegrat ion of the positive active mate-  
rial. This loss of s trength and electrical cont inui ty  in 
the positive mass was a t t r ibuted to an unsui table  crys-  
tal morphology. Other s imultaneous investigations re-  
vealed that  mechanical  s trength and bat tery  capacity 
were main ta ined  when the active mater ia l  paste was 
kni t  together by prismatic crystals of PbO2 or PbSO4 
(1, 2). Because PbSO4 is a discharge product  in the 
plates, it is thermodynamical ly  unstable  in  a float in -  
stallation, and in  order to re ta in  its presence in the 
positive plates they must  be carried in  a par t ia l ly  dis- 

charged condition, and continuous float becomes im-  
possible. In  addition, ful ly charged batteries are al- 
most universa l ly  desired. On the other hand, it is not  
known how the prismatic crystals of PbO2 are pro-  
duced in certain commercial  bat tery  pastes. Studies 
current ly  under  way at this Laboratory are directed 
toward analysis of the factors affecting the s tructure 
of the positive active materials.  

Bat tery plates are fabricated from a mix ture  of lead 
oxides, usual ly  conta in ing some free metall ic lead, 
sulfuric acid, water, and miscellaneous additives. These 
materials  are mixed for a brief period to form a stiff 
paste wh ich  is pressed into a metall ic bat tery  grid. 
The paste first stiffens or "sets," and the plates are 
then ready to be "cured." Curing is a combined set- 
t ing and drying process dur ing  which several  chem- 
ical reactions occur. Free metall ic lead which may 
be present  in finely divided form in the paste is spon- 
taneously oxidized with the l iberat ion of heat, and 
the reaction of the oxides and sulfuric acid is carried 
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essentially to completion. If the paste does not ini t ia l ly  
contain significant amounts  of free lead, the curing 
process must be carr ied out in an oven in the presence 
of water  vapor. Af te r  curing, the paste is a complex 
mix ture  of unreacted lead oxides, one or more basic 
sulfates of lead, perhaps basic carbonates and hy-  
drated lead oxides (3-14). The cured plates are as- 
sembled into bat tery  elements and electrochemical ly  
converted into the final act ive materials :  PbO2 at the 
posit ive and Pb at the negat ive  plate. 

Three basic sulfates are often encountered in the 
cured paste: PbO-PbSO4,  3 P b O . P b S O 4 .  H20 and 
4PbO. PbSO4. To determine  whe ther  any or all  of these 
materials  is a source of prismatic PbO2 in the finished 
bat tery  plate, each of these compounds was separately 
conver ted to PbO2 and the morphologies of the resul t -  
ing crystals examined.  

Exper imental  
For this study the three commonly encountered basic 

sulfates of lead were  prepared and anodized indiv id-  
ual ly in dilute sulfuric acid. The start ing mater ia ls  and 
final e lectrochemical  products were  identified by x - r a y  
diffraction and examined  by electron microscopy. 

PbO'PbSO4, 3PbO'PbSO4-H20,  and 4PbO'PbSO4 
were  synthesized f rom reagent  grade PbO and the 
stoichiometric quant i ty  of H2804. One mole  of pow-  
dered PbO was mixed  in a l i ter  of distil led water ,  and 
the  requi red  amount  of 1.250 sp gr H2SO4 solution was 
added dropwise wi th  st irr ing which was continued 
4 hr  af ter  addi t ion of the acid. The mix tu re  for the 
tetrabasic sulfate was heated dur ing the init ial  reac-  
tion period to approximate ly  80~ and then al lowed 
to cool to room temperature .  The mixtures  were  di-  
gested for four  days at room temperature ,  the solids 
collected on a filter, and air dried. The ident i ty  of the 
solid phases was verified by x - r a y  diffraction, and the 
crystals were  examined direct ly  in the electron micro-  
scope. 

For  the electrochemical  formation, a thick paste of 
each basic sulfate and distilled water  was pressed into 
a pel let  in a f rame cut f rom pure  lead sheet 0.625 mm 
thick. Bibulous paper was applied to both sides of the 
pellet  dur ing fabricat ion and al lowed to remain  in 
place unt i l  the mass had dried in air at room temper -  
ature. These plates were  then wrapped  with  filter pa-  
per held in position with  rubber  bands, and sheet lead 
electrodes of the same size were  placed on both sides 
of each plate. These small  elements were  connected 
in series, and the pellets were  anodized for 72 hr  in 
1.050 sp gr H2SO4 solution at a current  density of 
2.66 m a / c m  2 using the lead sheet as the counter  elec-  
trodes, taking twice the apparent  cross-sectional area 
as the surface area of the posit ive plates. 

Fol lowing anodization, the cells were  opened, and 
the pellets  blotted dry. The formed mater ia l  was an- 
alyzed by x - r ay  diffraction, examined in the optical 
microscope, and then extracted with saturated ammo-  
n ium acetate solution. The residual  particles of PbO2 
were  again examined by x - r a y  diffraction and the 
optical microscope, and in addition they were  studied 
with the electron microscope both direct ly  and by 
means of carbon replicas (15). 

Results and Discussion 
The three  basic sulfates prepared for this study were  

all prismatic crystal l ine mater ia ls  and typical- e lectron 
micrographs are shown in Fig. 1. The mono-  and t r i -  
basic sulfates were  colorless, and their  pr ismatic  forms 
are shown clearly in the electron micrographs,  Fig. 
l a  and b. The tetrabasic lead sulfate, Fig. lc, crystal-  
lized in ra ther  large prisms with  a pale ye l low color. 
All  three were  readi ly  and completely  soluble in satu-  
ra ted ammonium acetate solution. 

Af te r  anodization the pel let  fabricated f rom PbO- 
PbSO4 had oxidized around the edges near  the meta l  
frame, but the center  had not been converted to PbOa 
apparent ly  owing to shr inkage accompanying the 
t ransformat ion which caused the center  to lose contact 
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Fig. la. Electron micrograph of PbO" PbS04 crystals. These appear 
to be rather thin blunted needles and were the smallest in average 
size of the basic sulfates prepared for this study. 

Fig. lb. Electron micrograph of 3PbO'PbSO4"H20 crystals. The 
wide variation in size of these slender needles is apparent in this 
photograph. The surfaces of these crystals are covered with pro- 
trusions which may be incipient or vestiginal dendritic arms. 

Fig. lc. Electron micrograph of crystals of 4PbO'PbS04. These 
crystals were rather large for examination in the electron micro- 
scope, but are shown here for comparison with the other basic 
sulfates of lead. The surfaces of these crystals appear irregular 
and somewhat flakey at this magnification. 

with the edges. Upon extract ion with  ammonium ace- 
ta te  solution, the formed part  of the pel let  disinte- 
grated readily, leaving a powder  of PbO2. Examina-  
tion in the e lectron microscope showed that  this was a 
mix tu re  of nodular  and prismatic crystals, Fig. 2. 
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Fig. 2. Electron micrographs of carbon replicas of PbO2 particles 
formed by anodization of PbO.PbSO4. (a) A mixture of nondescript 
and prismatic particles. 

Fig. 3. Electron micrographs of carbon replicas of PbO2 particles 
formed by anodization of 3PbO'PbSO4"H20. (a) Nondescript nodu- 
lar forms. 

Fig. 2b. A cluster of small prismatic crystals 

The anodized pellet made from 3PbO.PbSO4.H20 
had also formed around the edges near  the metal  frame, 
and shrinkage had left a smaller  central  area un -  
formed than in  the case of PbO.PbSO4. The formed 
mass was readily disintegrated into small  particles on 
extraction with saturated ammonium acetate solution. 
Examinat ion  in the electron microscope showed again 
the presence of nodular  and small  prismatic crystals 
of PbO2, Fig. 3. 

The pellet fabricated from 4PbO-PbSO4 appeared 
visually to be totally converted to PbO2 by the anodic 
oxidation and was hard, mechanical ly strong, and well  
bonded to the metallic lead frame. Optical examina-  
t ion showed that the original crystal shapes of the 
basic sulfate had been re ta ined intact  dur ing the ox- 
idation. This pellet was extracted for several weeks 
with saturated ammonium acetate solution, and some 
fine particles were released from the mass, but  the 
major  portion of the pellet, comprising the distinct 
crystal forms related to the original 4PbO-PbSO4 crys-  
tals, remained intact. Electron microscope examina-  
tion of crystals obtained from this pellet showed that  
the fine particles were a mix ture  of nodular  and pris-  
matic forms, and that  the surfaces of the large par -  
ticles were very  rough and irregular,  Fig. 4. 

X- ray  diffraction analysis showed that all three 
basic sulfates had been converted to ~PbO2 by the 
electrolytic oxidation, in  agreement  with the earl ier  
findings of Ikari,  Yoshizawa, and Okada (10). As re-  

Fig. 3b. Prismatic dendritic crystal 

ported by these authors, it was also observed in  this 
study that the pellet formed from 4PbO.PbSO~ con- 
tained some residual  unreacted mater ia l  even though 
it appeared to be totally formed. This residue was 
readi ly extracted with saturated ammonium acetate 
solution so that subsequent  x - r ay  diffraction pat terns 
taken from the pellet showed only the presence of 
~PbO2. It  is considered that  the re tent ion of the crys- 
tal forms and pellet strength after extraction of all 
4PbO.PbSO4 detectable by x - r ay  diffraction shows 
that the prismatic forms of the large crystals of the 
basic sulfate are in  fact re ta ined by the PbO2 and are 
not artifacts produced by a shallow conversion on the 
surface of the original basic sulfate crystals. 

The conversion of one mater ia l  into another  by si- 
multaneous addition and subtract ion of matter,  but  
without  change in external  form is called metasom- 
atism or replacement  by geologists (16-18). Petrified 
wood is one famil iar  a n d  interest ing example of meta-  
somatism in  which the wood s t ructure  is replaced by 
inorganic crystall ine rock which retains the external  
form of the original tree t runk.  The term metasom- 
atism is used in this discussion because it so aptly de- 
scribes the processes of charging bat tery  pastes to 
form PbO2 in situ within  the original  volume of the 
paste, and par t icular ly  the conversion of 4PbO.PbSO4 
to PbO2. Electrochemical action has been thought  to 
play a par t  in the formation of some geological deposits 
and in certain metasomatic t ransformations in  the 
earth 's  crust, par t icular ly  when  high temperatures  and 
pressures were not  active dur ing  a metamorphosis  
(19-22). 
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Fig. 4. Micrographs of Pb02 particles=obtained by anodization of 
4PbO'PbS04. (a) Optical mlcrograph taken during extraction of 
Pb02 with ammonium acetate solution. The large particles are 
metasomatic after the original basic sulfate crystals. Fig. 4c. Electron micrograph of carbon replica including one of 

the metasomatic crystals. The surface is crenelated which may be 
evidence of grain structure within the metasome. 

Fig. 4b. Electron micrograph showing a large metusomatic crystal 
and fine-particle material which is a mixture of prismatic and non- 
descript forms. 

There  is usual ly only a min imal  volume change be-  
tween host a ~ l  metasome, and Table I lists the vo lume 
changes expected dur ing format ion of/~PbO2 f rom cer-  
tain compounds l ikely to be present  in the unformed 
active mater ia l  of the lead acid cell. It  is seen that  f ree  
lead and PbO would be expected to give rise to a 
la rger  vo lume  of PbO2 than they  themselves  occupy, 
while  the normal  and basic sulfates of lead and Pb304 
could produce shrinkage in volume. Thus a balance of 

these paste mater ia ls  in the cured plate can resul t  in 
zero change in total vo lume dur ing electrochemical  
conversion to PbO2. The pore s t ructure  does vary  in 
bat tery  plates depending on the re la t ive  amounts of 
oxide and acid used in fabricat ion (measured as paste 
density in the t rade) ,  and at least  one study has shown 
an over-a l l  expansion of the paste on format ion (8, 
23). 

On the other  hand, the large tetrabasic lead sulfate 
crystals have been shown in this study to t ransform 
by electrochemical  metasomatic  replacement,  not ac- 
companied by the expected shrinkage in volume. For  
every  five molecules of PbO2 formed from 4PbO- 
PbSO4 only one sulfate ion need be removed  from 
the body of the crystal  wi th  the simultaneous addit ion 
of six oxygen atoms as indicated by the reaction 

5PBO2 4- 12H + 4- SO4 = 4- 10e ~ 4PbO.PbSO4 4- 6H20 
E* = 1.196 - -  0.0709 pH 4- 0.0059 log aso4 

The volume change indicated in Table  I for this com- 
pound may be el iminated if lead ions present  in the 
electrolyte  are electrodeposited within  the volume oc- 
cupied by the original crystals present  in the uncon-  
ver ted  paste mass. The init iat ion of the t ransformat ion 
may  be the deposition of t e t rava len t  lead ions at active 
sites on the surface of an original  crystal, and t rans-  
format ion may  then  spread readi ly  throughout  the 
body of the crystal  f rom this surface ini t iat ion by a 
diffusion mechanism across the interphase boundary.  
As indicated in Table I, there  would  be a 15% decrease 
in volume on conversion of a crystal  of 4PbO-PbSO4 
to an equivalent  amount  of PbO2. This may  result  in 

* C a l c u l a t e d  b y  a s s u m i n g  t h e  s t a n d a r d  f r e e  e n e r g y  o f  f o r m a t i o n  
o f  4 P b O  �9 P b S O 4  i s  - - 3 7 4 . 8 8  k e a l  b a s e d  o n  t h e  f r e e  e n e r g i e s  o f  f o r -  
m a t i o n  o f  P b O  a n d  P b S O ~ .  

Table h Volume changes during formation of ~Pb02 

M o l e s  P b O 2  
M o l e c u l a r  G r a m  m o l e c u l a r  f o r m e d  p e r  m o l e  % ~ V  p e r  

C o m p o u n d  w e i g h t  D e n s i t y  v o l u m e ,  c c  o f  c o m p o u n d  A V , *  c c  P b  a t o m  

P b  2 0 7 . 2 1  11 .341  1 8 . 2 8  1 6 . 5 6  3 5 . 8 7  
P b S O ~  3 0 3 . 2 7  6 . 3 2 3  4 7 . 9 6  1 - 2 3 . 1 2  - 4 8 . 2 1  
P b O  2 2 3 . 2 1  9 . 6 4 2  2 3 . 1 5  1 1 .69  7 .12  
( o r t h o r h o m b i c )  
P b O  2 2 3 . 2 1  9 . 3 5 5  2 3 . 8 8  1 0 . 9 6  4 , 0 2  
(tetragonaD 
P b s O ~  6 8 5 . 6 3  8 . 9 2 5  7 6 . 7 9  3 - -  0 . 7 2  - 2 . 8 1  
P b O  �9 P b S O 4  5 2 6 . 4 8  7 . 0 2  7 5 , 0  2 - -  1 2 . 6 6  --  3 3 . 7 7  
3 P b O  �9 P b S O 4  �9 H z O  9 9 0 . 9 2  6 .5**  1 5 2 . 0  4 --  13 ,0  - - 3 4 . 0  
4 P b O  �9 P b S O 4  1 1 9 6 . 1 1  8 .15  1 4 6 . 7 6  5 - - 4 . 5 1  - - 1 5 . 3 8  
~Pb02 239.21 9.63 24.84 -- -- - -  

* V o l u m e  c h a n g e  u p o n  c o n v e r s i o n  t o  ~ P b O 2  p e r  g r a m  a t o m  o f  P b  i n  t h e  compound. 
** A v e r y  a p p r o x i m a t e  v a l u e  o b t a i n e d  f r o m  t h e  m a t e r i a l  s y n t h e s i z e d  f o r  t h i s  s t u d y .  
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porosity wi th in  the metasome, but  if for example each 
molecule of 4PbO.PbSO4 were replaced by six mole-  
cules of PbO2, there would be a volume increase of 1%. 
The volume of the tetrabasic crystal could be replaced 
exactly by the addition of an appropriate number  of 
lead ions from solution: approximately 9.083 for every 
50 in the crystal. The replacement  of one molecule of 
4PbO.PbSO4(Pb5OsS) with 5PbO2(Pb5010) would re-  
sult in no change in  weight. Taken on the basis of 
either the volume or the weight remaining  constant, 
this conversion defines a reference state for a thermo-  
dynamic system as discussed by Thompson for meta-  
somatic processes (24). This same mechanism could 
metasomatical ly replace any of the original basic sul-  
fate crystals in the paste; however, a greater mass 
t ransfer  would be involved in  the conversion of the 
others. 

The s trength of the pellet of PbO2 formed from 
4PbO-PbSO4 may be at t r ibuted to the interlocking of 
the large metasomatic crystals. This suggests that  a 
suitable dis t r ibut ion of 4PbO.PbSO4 crystals in a cured 
paste can impar t  s trength to a ful ly formed plate by 
this same mechanism. Simon and Jones have shown 
that in  certain bat tery plates there exists a ne twork  of 
hard PbO2 that  is continuous throughout  the paste and 
suggested that this originated from a network of one 
of the basic sulfate crystals ini t ia l ly present  in  the 
unformed plates (25). I t  was fur ther  suggested that  
this hard ne twork  might  be aPbO2; however, only 
~PbO2 was observed by x - r ay  diffraction as the anodic 
product from all three basic sulfates under  the condi-  
tions used in this study. On the other hand, metasomes 
are f requent ly  par t icular ly  hard and dense owing to 
their  diffusional growth mechanism which somewhat 
resembles a zone refining process. On the basis of the 
results of this study it seems l ikely that  the ne twork  
described by Simon and Jones arises from tetrabasic 
lead sulfate crystallized in this pa t te rn  in the unformed 
plate. 

In  earlier investigations of the active mater ia l  pastes 
of certain lead calcium batteries the small particles 
were consistently prismatic (1). However, none of the 
three basic sulfates examined in this study gave  rise 
to prismatic crystals to such an extent:  the f ine-par-  
ticle mater ia l  was a mix ture  of nodular  and prismatic 
crystals in all three instances. On the other hand, the 
crystals of 4PbO-PbSO4 prepared for this study were 
of a fairly uniform and large size, and it is possible 
that fine-particle prismatic PbO2 arises from small  
crystals of this same mater ia l  when these are present  
in unformed bat tery plates. 

Other mechanisms can give rise to prismatic PbO2. 
For example it has been shown that  an t imony in the 
grid alloy leads to prismatic growth of PbO2 (26), 
some appeared in the anodization of PbO-PbSO4 and 
3PbO.PbSO4.H20 in this study, and hydrothermal  re-  
crystall ization also produces prismatic crystals (27). 
It  is anticipated that fu ture  investigations of positive 

active materials  will  lead to fur ther  unders tanding  
and result  in optimization of the physical s tructures 
required to give max imum plate durabi l i ty  thus ex- 
tending bat tery life. 

Manuscript  received Aug. 16, 1965. This paper  was 
presented at the Buffalo Meeting, Oct. 10-14, 1965. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in  the December 1966 
JOURNAL. 
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Correction 

The r u n n i n g  heads on pages 1085, 1087, and 1089 of 
the November 1965 issue of the Journa l  should read 

Effect of N on the Oxidation of Ta 

for the paper by John  Str inger  "The Effect of Nitrogen 
on the Oxidation of Tan ta lum at High Temperatures,"  
pages 1083-1091. 



Reaction of Flowing Steam with Refractory Metals 
II. Rhenium (850~176 

Martin Kilpatrick 1 and Stanley K. Lott 
Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

When rhenium reacts with steam at 1 atm pressure, the rate  of evolut ion 
of hydrogen is constant wi th  time, and the meta l  remains  bright  with no evi-  
dence of a coating. The apparent  energy of act ivation for the react ion is 30 
kcal /mole ,  and the enthalpy of sublimation of Re20~ is 33.5 kcal /mole ,  which 
suggests that  the r a t e -de te rmin ing  step is the sublimation of the oxide. 

Al though the oxidation of rhen ium has been studied 
in air (1-3), no study of the react ion of steam with 
rhenium has been reported.  The oxide formed (Re207) 
melts at 296 ~ and boils at 362~ under  1 a tm pressure, 
and the react ion with  oxygen takes place uni formly  
over  the surface ra ther  than preferent ia l ly  at the 
grain boundaries. This paper  reports  the oxidation of 
rhenium with  flowing steam for the t empera tu re  850 ~ 
1700 ~ 

Experimental 
The method was based on passing steam over  an in-  

duct ively heated specimen of metal,  passing the prod-  
ucts through a water -cooled  condenser to separate the 
aqueous solution f rom the gas, and collecting the gas 
evolved in an eudiometer  (4). 

The apparatus, as shown in Fig. 1, consisted of an 
electr ical ly heated 3-l i ter  steam boiler (A) connected 
to a quartz  tube (B) by a ball  joint. The metal  cyl in-  
der (C) was mounted on a two-hole  a lumina rod (D) 
which carr ied the P t /P t ,  10% Rh thermocouple  wires. 
The bot tom of the quartz tube fitted into a female  ball  
joint  on a brass cup (F) which was connected to a 
copper tube leading to the gas bure t te  (G).  A copper 
spiral (H) was soldered to the copper tube to carry 
cooling water  to condense the steam. The induct ion 
coil (E) was connected to a Reeve  Electronic  Genera-  
tor. 

To carry  out an exper iment ,  the polished and 
weighed specimen was mounted at (C),  the boiler  (A) 
turned on, and the apparatus s teamed out to remove  
air. The exper iment  was started by turning on the in-  
duction heater  and rapidly br inging the specimen to 

1Professor  Emeri tus ,  Illinois Inst i tute  of Technology, Chicago, 
Illinois. 

C 

D 

TO POTENTIOMETER 
AND RECORDER 

Fig. 1. Flow apparatus for the reaction of steam with metals: 
A, steam boiler; B, quartz tube; C, metal specimen; D, two hole 
alumina tube; E, induction heater; F, brass cup; G, gas burette; H, 
cooling coil; K, heating mantle. 

the desired temperature ,  as indicated by the mil l ivol t  
reading on the recorder  chart, and fol lowing the evo-  
lut ion of gas with time. At  the end of the  experiment ,  
the specimen was removed,  washed, and weighed, and 
the gas sample analyzed by mass spectrograph. 

The rhen ium was obtained f rom the Rembar  Com- 
pany as 5 to 10 mm diameter  rods wi th  a quoted pur i ty  
of 99.9% The product  meta l  had been sintered in hy -  
drogen at 2700~ compacted, cold swaged to finish 
size by 10% reduct ion per  pass, and process annealed 
in hydrogen-ni t rogen.  The final anneal ing was carr ied 
out at 1650~ in a hydrogen  atmosphere.  Spectro-  
graphic analysis at Argonne  showed only a faint  t race 
of calcium (<0.0001%) and a trace of a luminum 
(<0.001%). The specimens were  cut f rom the rods in 
1 cm lengths and 1/10 and 3/32 in. holes dri l led by 
Elox method for mount ing the samples in the field of 
the induction furnace. 

F low rates were  determined f rom the weight  of the 
condensate, and the size of the annular  opening as i l-  
lustrated in Fig. 2. 

Results 
The rhenium at the end of a run  was br ight  but  ex-  

aminat ion of the surface showed many  small  crystals 
of meta l  randomly  oriented. A graph (Fig. 3) of the 
hydrogen evolved vs. t ime was linear, and a comparison 
of the vo lume of hydrogen  evolved with  the weight  
loss of the specimen gave 3.41 • 0.15 moles of hydro-  

14 mm -t 

CROSS SECTION A N N U L U S  0 . 7 6  sq cm 

FLOW RATE 
l i te rs / (min) (  sq cm cross section ) 25  

i - 14 mm . . . . . .  

CROSS SECTION ANNULUS 1.34 sq cm 

FLOW RATE 
l i t e r s / ( m l n ) ( s q  cm cross section ) 15 

Fig. 2. Annulus area for steam flow 

15 
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Fig. 3. Rate relationship of rhenium-steam reaction. Sample 
temperature and diameter are: [ ]  1593~ 10 mm; �9 1650~ 5 
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F i g .  4 .  Linear rate constants for the rhenium-steam reaction at  
various flow rates: flow rate, I/rain cm2: A 15; [ ]  25.  

gen per gram atom of rhen ium reacted. The stoichio- 
metric equation is thus 

2Re(c) + 7H20(g) ~ R207(c) + 7H2 

The velocity constants calculated from the hydrogen 
evolved and from weight  loss agreed fairly well. As 
shown in  Table I, the effect of flow rate  is small. The 
data are plotted in  Fig. 4, and the least squares equa-  
tions are given in Table II. All  of the data can be rep-  
resented by the equation k ~ 0.962 _ 0.384 exp 

--29,800 _ 1,0O0 
gram atoms of Re per cm 2 per min. 

R T  
Discussion 

The value of 30 kcal for the energy of activation 
may be compared with A H s u b  ~ 33.5 ___ 0.1 for rhen ium 
heptoxide at the mel t ing point  (5). This suggests the 
possibility that  the ra te -de te rmin ing  step is the de- 
sorption of the oxide. 

Manuscript  received Nov. 20, 1964; revised m a n u -  
script received Sept. 15, 1965. This paper is based on 
work performed under  the auspices of the United 
States Atomic Energy Commission. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1966 
J O U R N A L .  
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Table II. Arrhenius equations--rhenium 
[ T e m p e r a t u r e  r a n g e  ( 8 5 0 ~ 1 7 6  ] 

Table I. Effect of flow rate on velocity constants for rhenium 

V e l o c i t y  c o n s t a n t ,  
F l o w  r a t e ,  g a t o m s  R e  r e a c t e d /  

l i t e r s  s t e a m /  c m ~ / m t n  
m i n / c m  2 o f  

a n n u l u s  c r o s s  s e c t i o n  1 5 0 0 ~  1 8 0 0 ~  

15  5 . 4 0 8  • 1 0  -6 2 . 7 3 1  • 10  -4 
2 5  3 . 7 6 7  • 10  -~ 2 . 0 6 2  • 10  4 

F l o w  r a t e ,  
l i t e r s / m i n / c m ~  

c r o s s  s e c t i o n  o f  a n n u l u s  

- - 3 0 , 4 0 2  • 2 , 0 3 5  
2 5  k = 1 . 0 1 2  ----- 0 . 7 9 8  e x p  

R T  

- - 2 8 , 9 6 7  ----_ 5 6 6  
15  k = 0 . 8 9 7 7  ----- 0 . 1 6 7 3  e x p  

R T  



Reaction of Flowing Steam with Refractory Metals 
III. Tungsten (1000~176 

Martin Kilpatrick 1 and Stanley K. Lott 
Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

The mechanism of the react ion of tungsten with  steam over  the tempera-  
ture  range 1000~ ~ is similar  to that  for the react ion of molybdenum. The 
ra te -de te rmin ing  step consists of the oxidation of WO2 (s) to the volati le 
WO2(OH)2 and WO3 and its polymers.  Above  1450 ~ the react ion is compli-  
cated by the format ion of a l iquid  phase on the surface of the metal.  

Al though the react ion of flowing steam with  tungsten 
is s imilar  in some respects to t h e  react ion wi th  molyb-  
denum over  the tempera ture  range concerned, there  
are impor tant  differences. In the first place, the oxide 
product  is re la t ive ly  less volat i le  than the correspond-  
ing molybdenum compound, and the presence of a l iq-  
uid phase around 1450~ complicates the kinetics. In 
addition, two oxides W200~s and WlsO49 are formed 
which are less volat i le  and less readi ly  oxidized to WO3 
than is WO2. Above 1530 ~ WO2 disproport ionates to W 
and WlsO49 (1). 

Experimental Results 
The exper imenta l  method was the same as that  

used for molybdenum and rhenium, and the exper i -  
ments were  carr ied out in similar  fashion (2, 3). The 
tungsten was 99.9% pure, and both the 5 and 10 m m  
rods showed similar  t race impuri t ies  which included 
traces of Fe, Cr, and Mo. 

The stoichiometry of the react ion was established by 
comparing the moles of hydrogen evolved with the 
gram atoms of tungsten reacted as de termined by 
weight  loss. Al though this ratio was 3.02 +_ 0.04, the 
specimen at the end of the run  was seldom free  of 
black oxide or nonadher ing dark  violet  oxide. Fil ings 
f rom the surface of the specimen after  a typical  run  
near  1200~ were  examined by x - r a y  diffraction and 
found to contain tungsten dioxide with  W20Oss as a 
minor  constituent, in addition to tungsten. Fil ings f rom 
a specimen after a run just  above 1500~ were  found to 
contain W18049 in addit ion to tungsten. 

1 P r o f e s s o r  E m e r i t u s ,  I l l i no i s  I n s t i t u t e  of  T e c h n o l o g y ,  Chicago ,  
I l l ino i s .  

As Fig. 1 indicates, there  is considerable heat  evolved 
when the polished meta l  ini t ial ly reacts wi th  steam, 
but  the tempera ture  rapidly becomes constant. When a 
specimen is re run  wi thout  polishing, this rise above 
the control t empera tu re  is absent, and the ra te  is the 
same. However ,  in cases where  the tempera ture  of the 
overshoot rises to 1500~ with  a very  rapid evolution 
of hydrogen,  when  the t empera tu re  drops the evolu-  
tion of gas decreases sharply. This is due to the fact 
that, as the mol ten  oxide solidifies, the coating becomes 
impermeable  to steam, and react ion does not continue 
normal ly  unti l  the t empera tu re  is raised above the 
mel t ing point (1473~ 

In spite of the fact  that  not all of the product  was 
conver ted to the volat i le  t r ioxide or its complex with  
water ,  the rate  of evolut ion of hydrogen was con- 
stant (Fig. 2), and the veloci ty constants in terms of 
gram atoms of tungsten reacted per square  cent imeter  
per minute  f rom the weight  loss agreed wel l  with 
the veloci ty constants calculated f rom hydrogen evolu-  
tion. Above 1400~ the a luminum oxide support  re -  
acted to some extent  wi th  the tungsten, and it was not 
always possible to remove  the core and get the weight  
loss. In the exper iments  above 1400~ the violet  black 
oxide WlsO49, flecked with  the l ight yel low green 
oxide, remained as a coating on the sample and inter-  
fered with  the flow pat tern of the steam. The results 
are summarized in Fig. 3 by a plot of log k vs. 
104/T(~ The Arrhenius  equations for the two tern- 
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pera ture  ranges for the veloci ty  constants as gram 
atoms of tungsten reacted per square cent imeter  per 
minute  are, for the t empera tu re  range 1050~176 

--48,900 ___ 1,O00 
k ---- 1 . 6 8 8  _ 0 . 5 9 3  e x p -  

RT 

and for the tempera ture  range 1450~176 

--22,700 ___ 2,200 
k = 0 . 2 8 2  _ 0.178 exp 

RT 

The oxidation of tungsten by water  vapor  at 38 Torr  
has been reported by Farber  (4) who measured the 
change in electrical  resistance with  t ime over  the t em-  
pera ture  range 1700~176 and found a va lue  of 14.5 
kcal  for the energy of activation. 

Discussion 
If the react ion of tungsten with  steam follows the 

path for the react ion of molybdenum with  steam out-  
l ined in a previous paper (2) 

2H20(g)  -t- W(c)  ~.~ 2H2 -t- WO2(c) [1] 

and the dioxide would  then be oxidized to WO~ and re -  
moved as a vapor  of WO3 and its polymers,  or as the 
more  volat i le  WO2(OH)e(g) ,  via the reactions 

ka 
WOe(c) -t- HeO(g) ) WO3(g) + He [2] 

k5 
WO2(c) + 2H20(g)  > WOe(OH)e(g )  n u H2 [3] 

As in the case of molybdenum, the measured ra te  fol-  
lows the l inear law and shows that  the steady state 
would be reached very  quickly under  the conditions 
used, and that  the amount  of meta l  stored as dioxide 
would be small. Assuming the dioxide to be removed  
via both [2] and [3] the ra te  constant would  be 

k =  [ W O e ( c ) ]  [ H 2 0 ] { k 3  --}- k s [ H 2 0 ] }  [4] 

where  [WOe(c)]  represents  the surface concentrat ion 
of act ive sites. 

The measured  energy for the react ion of steam with  
tungsten over  the range ll0O~176 is 49 kcal. It is 
of interest  to compare this figure with the enthalpy 
changes accompanying reactions [2] and [3], respec-  
tively. Using the heats of format ion (5) of WOe(c) 
and WOe(c) ,  and the heat  of sublimation of the t r i -  
oxide f rom Glemser  and V61z (6), one finds z~H2 at 
150O~ to be 43 kcal. For  the reaction 

J a n u a r y  1966 

WO~(c) + H20(g)  --> WO2(OH)2(g)  [5] 

AH is ca. 40 kcal  (6-8), and f rom this and the heats 
of format ion AH~ at 1500~ is est imated to be 41 kcal. 
It may  also be ment ioned that  Batt les (9) invest igated 
the ra te  of volat i l izat ion of the t r ioxide in a flowing 
mix tu re  of argon and wa te r  vapor  and found the 
energy  of act ivat ion to be 40 kcal /mote .  

In a recent  paper, Bar t le t t  (1O) has proposed that  
the react ion be tween  oxygen and tungsten, below 
2OO0~ proceeds by the steps 

(a) s[W + � 8 9  I W/o 
(b) s W - - O +  � 8 9  

\ 
0 \o 

/ 
(c) s ~ WO2 (g) 

O 

W/0 ~W 
(d) 2(s --> WOe(g) + s  - - 0  

\ 
O 

where  slW --  O indicates a covered site in a monolayer  
(of which there  are two) of chemisorbed oxygen 
atoms. At low pressures, about equal  amounts  of WO2 
and WO3 would form, the proport ion of the lat ter  in-  
creasing with increasing pressure of oxygen. The ac- 
t ivat ion energy found by Bar t le t t  was 42 kcal. Al -  
though there  was discoloration of the tungsten rods 
in his experiments ,  he bel ieved the surface film to have 
formed on cooling. 

In view, however ,  of the results shown in Fig. 1, it 
appears that  in the react ion of water  vapor  and tung-  
sten there  is an initial, rapid react ion with  the br ight  
metal, accompanied by evolut ion of heat. This leaves 
a film on the surface so that  if the specimen is re -used  
wi thout  polishing a steady rise to control  t empera tu re  
occurs, wi th  no overshoot.  This phenomenon,  i l lus-  
t ra ted by curves A and B in Fig. 1, was readi ly  re -  
producible. The v iew of a thin layer  of lower  oxide 
therefore  appears more tenable  in the case of the re-  
action of water  vapor  with tungsten than does the 
scheme proposed by Bar t le t t  for the reaction of oxy-  
gen wi th  tungsten. 

Manuscript  received Nov. 20, 1964; revised manu-  
script received Sept. 15, 1965. This paper is based on 
work  per formed under  the auspices of the United 
States Atomic Energy  Commission. 

Any  discussion of this paper  wi l l  appear in a Discus- 
sion Section to be published in the December  1966 
J O U R N A L .  
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Solid-State Anodic Oxidation of Tantalum 

D. M. Smyth 
Research Laboratory, Sprague Electric Co~r~pany, North Adams, Massachusetts 

ABSTRACT 

When an anodic potent ial  is applied to a tan ta lum point contact to MnO2, 
the cur ren t -vo l tage  behavior  is analogous to that  observed during the anodic 
oxidation of a va lve  meta l  in an aqueous electrolyte.  It is proposed that  
this represents  a solid-state anodic oxidat ion whereby  tanta lum oxide is 
formed at the expense of the local oxygen content  of the MnO2, and that  this 
process represents  an impor tant  "heal ing" mechanism in the Ta-Ta2Os-MnO2 
solid e lectrolyte  capacitor. This process requires  that  the conduct ivi ty  of the 
reduced manganese oxide phase, which must  be formed adjacent  to the Ta205, 
have a finite ionic portion, and exper imenta l  support  for this is described. The 
current  efficiency of the sol id-state anodization is ve ry  low and is dependent  on 
ambient  moisture. Similar  behavior  has been found for a luminum and niobium 
point anodes and with  PbO2 as the cathode. 

The electrochemical  format ion of anodic oxide films 
oh such metals  as tantalum, niobium, and a luminum in 
electrolytic solutions is wel l  known and is of consider-  
able scientific and practical  interest.  In these cases the 
current  efficiency of oxide format ion may approach 
100% under  suitable conditions, and the ionic current  
which leads to oxide film growth can be expressed as 

i~ = AeB v i a  [1] 

where  ii is the ionic current  through the oxide, V is 
the voltage drop across the film whose thickness is d, 
and A and B are constants for a given exper imenta l  
condition. Variat ions on this famil iar  theme have  ap- 
peared in recent  years. The prepara t ion and propert ies  
of anodic oxides have  been described where  the source 
of oxide ions was a glow discharge ra ther  than an 
electrolytic solution (1, 2). It  has also been claimed 
that  ve ry  thin anodic oxide films (15-20A) can be 
grown when the cathode is a meta l  layer  which has 
been evapora ted  in a poor vacuum and thus contains 
dissolved oxygen (1). 

In recent  years the solid electrolyte  capacitor has 
become of great  importance.  This device is based on 
the Ta-Ta2Os-MnO2 system and is prepared by the 
pyrolyt ic  deposition of MnO2 on anodized tan ta lum 
(3). The MnO2 serves to mainta in  the highly insulat-  
ing propert ies  of the dielectric and thus replaces the 
electrolytic solution which acts as the cathode plate  in 
convent ional  electrolytic capacitors. Publications on 
this device to date have  been restr ic ted largely  to de-  
scriptions of the electr ical  behavior  of completed ca- 
pacitors (3-5). There  have  been no detailed hypothe-  
ses presented on the mechanisms by which the MnO2 
functions. In this paper, evidence wil l  be presented 
which indicates that  tan ta lum can be electrochemical ly  
oxidized by MnO2 in a solid-state process which is 
analogous to the conventional  aqueous anodic oxida-  
tion process. This mechanism is apparent ly  re la ted to 
the so-called " reformat ion"  which is per formed on 
solid electrolyte  capacitors after the MnO2 has been 
applied to the anodized tantalum. 

Experimental 
A schematic drawing of the exper imenta l  a r range-  

ment  is shown in Fig. 1. The  tanta lum point was 
formed by clipping the end of 0.016 in. tan ta lum wire  
at an angle. The results did not  seem to be affected by 
whe ther  or not the point was then cleaned in an 
HNO3-HF etch. The wire  was at tached to a phosphor-  
bronze sheet spring wi th  Eccobond Solder  56C, a con- 
ducting epoxy produced by Emerson and Cuming, Inc., 
Canton, Massachusetts. The MnO2 was produced by 
the rmal  decomposit ion of Fisher  50% Mn(NO3)2 solu- 

tion in a P y r e x  beaker.  Decomposit ion was begun on 
a hot plate and, af ter  most of the water  had evaported,  
was completed in a muffle furnace at 350o-400 ~ The 
beaker  was then broken away from the solid product, 
leaving a hard, smooth MnO2 surface which had 
formed next  to the glass. This surface was used in 
these experiments.  The MnO2 was affixed to a meta l  
plate  with the Eccobond Solder. The power  supply was 
ei ther a potent iometer -cont ro l led  ba t te ry-pack  or a 
vol tage regulated,  electronic power  supply, and the 
vol tage was adjusted manual ly  in steps. The current  
was measured  wi th  a Kei th ley  Model 210 Elect rpmeter  
wi th  a decade shunt and was recorded on an Ester l ine-  
Angus Model AW Recorder.  The high side of the cir-  
cuit was completely  shielded, and the sample jig was 
enclosed in a shielded box. 

The tanta lum dots on MnO2 were  obtained by cath-  
odic sputter ing of tanta lum through a mask  onto the 
glassy MnO2 surface. The best results were  obtained 
when  the MnO2 was in good the rmal  contact wi th  a 
water -cooled  block. With this a r rangement  and with  
a 2-min-on  and 1-min-off cycle (controlled with  a 
shut ter ) ,  the temperature ,  as measured at the back 
side of the MnO2, was kept  below 200 ~ The tan ta lum 
thickness was general ly  about 2000A. Electr ical  con- 
tact  to the tan ta lum was made with  a small  drop of 
l iquid In -Ga  solder on the end of a tan ta lum wire. 

A var ie ty  of other  methods for obtaining Ta-MnO2 
area contacts were  unsatisfactory. These included pres-  
sure contacts, pyrolysis of Mn(NOs)e  solutions on 
wires  or masked areas, and electrochemical  deposition 
by anodic oxidat ion of Mn + + solutions or by cathodic 
reduct ion of MnO4- solutions. 

Cell  emfs were  measured wi th  a Kei th ley  Model 
200B Elec t rometer  in a completely  shielded circuit. 

'i ~ 

_1  nO: 

MICROMETER DRIVE 

RECORDER 

L . ~ +  POWER 
- SUPPLY 

Fig. 1. Schematic dlagrnm of point-contact experiment 
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Fig. 2. Ta-MnO~ point-contact experiment; current decay at 
successive constant voltages. (Note that time increases from right 
to left.) 

Point-Contact Experiments 
The  b e h a v i o r  of the  cur ren t ,  w h e n  the  anodic  po -  

t en t i a l  on a t a n t a l u m  po in t  con tac t  to MnO~ is i n -  
c reased  s tepwise ,  is s h o w n  in Fig. 2. This  is a p h o t o -  
g r aph  of a por t ion  of t h e  r e c o r d e r  t r ace  for  a t yp i ca l  
e x p e r i m e n t  c a r r i ed  out  in r o o m  air  at r o o m  t e m p e r a -  
ture.  Each  t i m e  the  vo l t age  is increased,  the  c u r r e n t  
r ises  i m m e d i a t e l y  and t h e n  u n d e r g o e s  a smooth  d e -  
cay  as the  vo l t age  is h e l d  constant .  This  b e h a v i o r  is 
r e p e a t e d  each  t i m e  the  vo l t age  is increased.  Each  c u r -  
r en t  decay  at  cons tan t  vo l t age  w i l l  con t i nue  for  hours  
as s h o w n  in Fig.  3 w h i c h  has  b e e n  r e d r a w n  f r o m  a 
s imi l a r  r e c o r d e r  t race.  (S t r i c t l y  speaking ,  t he  m e t e r  
read ing ,  w h i c h  is 0.8v for  the  fu l l - s ca l e  r e a d i n g  of 
80 t,a, shou ld  be  s u b t r a c t e d  f r o m  the  app l i ed  vo l t age  to 
ob ta in  t he  po t en t i a l  across  t he  po in t  contact . )  

As  the  app l i ed  vo l t age  is i nc rea sed  by  a p p r o x i m a t e l y  
e q u a l  i nc remen t s ,  the  c u r r e n t  decay  becomes  less and 
less s teep;  this  also h a p p e n s  d u r i n g  anodic  ox ida t ion  
in aqueous  e l ec t ro ly t e s  s ince the  inc rease  in ox ide  
th ickness ,  and hence  res is tance ,  c r ea t ed  by  the  passage  
of a g iven  a m o u n t  of c h a r g e  is a dec r ea s ing  p e r c e n t -  
age  of t he  to ta l  th ickness  as the  ox ide  g r o w t h  p r o -  
ceeds to h i g h e r  anod iza t ion  vol tages .  This  dec rease  in 
t he  r a t e  of c u r r e n t  decay  becomes  m u c h  m o r e  p r o -  
no unced  in t he  case of these  po in t  con tac t  expe r imen t s ,  
h o w e v e r ,  as t he  app l i ed  vo l t age  becomes  l a r g e r  t h a n  
50v. The  b e g i n n i n g  of t he  c u r r e n t  decay  becomes  in -  
c r ea s ing ly  s luggish,  and  a g r a d u a l  inc rease  in c u r r e n t  
m a y  e v e n  p r e c e d e  t h e  decay.  This  b e h a v i o r  m a y  be  
due  to local  res i s t ive  h e a t i n g  u n d e r  t he  po in t  con tac t  
w h i c h  p r o m o t e s  the  decay  process.  A b o v e  80v the  c u r -  
r e n t  decay  process  becomes  v a n i s h i n g l y  s low and  can  
on ly  be  o b s e r v e d  on r e c o r d e r  t races  t a k e n  o v e r  s e v -  
e ra l  hours .  

T h e  c u r r e n t  decay  process  r e p r e s e n t s  a p e r m a n e n t  
and  i r r e v e r s i b l e  g r o w t h  of r e s i s t ance  at t he  point .  I f  
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Fig. 3. Long-term current decay during Ta-MnO2 point-contact 
experiment. 

a t a n t a l u m  po in t  w h i c h  has  b e e n  anod ized  on MnO2 is 
m o v e d  to  a n e w  spot  on the  surface ,  t he  r es i s t ance  
c r ea t ed  by  the  anod iza t ion  m o v e s  w i t h  it, and  f u r t h e r  
anodiza t ion  p roceeds  f r o m  a h i g h  app l i ed  v o l t a g e  
w i t h o u t  the  low vo l t age  f o r m a t i o n  o b s e r v e d  w i t h  
f r e sh ly  cut  points.  This  is no t  poss ible  to v e r i f y  q u a n t i -  
t a t i v e l y  because  of t he  u n c e r t a i n t y  tha t  t he  m o v e d  
po in t  is con tac t ing  the  MnO2 w i t h  exac t l y  t he  s a m e  
area,  bu t  t he  g e n e r a l  va l i d i t y  is c l ea r ly  appa ren t .  A n  
e l e c t r o c h e m i c a l  g r o w t h  of r e s i s t ance  is t hus  o c c u r r i n g  
on the  m e t a l  point .  

The  efficiency of this  so l id-s ta te ,  anodic  ox ida t ion  
depends  on the  p r e sence  of m o i s t u r e  in t he  a m b i e n t  
a tmosphere .  This  is i l l u s t r a t ed  in Fig.  4 w h i c h  s u m -  
rnarizes  an  e x p e r i m e n t  c a r r i ed  o u t  in  a v a c u u m  des ic -  
cator.  D u r i n g  the  course  of t he  e x p e r i m e n t  t h e  Ta -  
MnO2 con tac t  was  a l t e r n a t e l y  exposed  to v a c u u m  and  
to r o o m  air  w h i l e  t h e  c u r r e n t  was  decay ing  at  cons tan t  
vol tage .  I t  is seen  tha t  the  r a t e  of c u r r e n t  decay  was  
r e d u c e d  w h e n  t h e  s y s t e m  was  e v a c u a t e d  and  q u i c k l y  
inc reased  aga in  w h e n  r o o m  a i r  was  admi t t ed .  If  the  
r o o m  air  was  a d m i t t e d  t h r o u g h  a desiccant ,  t he  i n -  
c rease  in r a t e  d id  no t  occur.  This  d e p e n d e n c e  on the  
p r e sence  of m o i s t u r e  was  m o r e  s t r ik ing  w h e n  t h e  en -  
t i r e  sys tem was  b a k e d  ou t  at  200~176 and  p l aced  
in a sea led  con ta ine r  w i t h  a desiccant .  U n d e r  these  
condi t ions  the  anod iza t ion  cha rac te r i s t i c s  of t h e  po in t  
con tac t  w e r e  e x t r e m e l y  poor .  

This  e l ec t r i ca l  b e h a v i o r  of  me ta l l i c  po in t  contac ts  
to MnO2 is u n i q u e  w i t h  v a l v e  m e t a l s  w i t h  an  anodic  
potent ia l .  In  the  case  of a v a l v e  m e t a l  po in t  con tac t  to 
MnO2 w i t h  a ca thod ic  po t en t i a l  on  the  meta l ,  or  for  
nob le  me ta l s  such as p l a t i n u m  or r h o d i u m  w i t h  e i t h e r  
po la r i ty ,  the  b e h a v i o r  is v e r y  dif ferent .  T h e  con tac t  
passes m u c h  h i g h e r  c u r r e n t ;  t h e r e  is no e v i d e n c e  of 
c u r r e n t  decay;  and  w h e n  suff icient  c u r r e n t  is a t ta ined ,  
e.g., 20 m a  w i t h  5v across  t he  po in t  contact ,  t h e  cu r -  
r e n t  drops  a b r u p t l y  and  i r r e v e r s i b l y  to v e r y  low 
va lues  such  as 0.01 #a. Microscopic  e x a m i n a t i o n  wi l l  
t h e n  show a sma l l  c r a t e r  b l o w n  in  t he  MnO2 and 
e v i d e n c e  of ox ida t ion  on ox id i zab l e  m e t a l  points.  I t  is 
a p p a r e n t  t h a t  t he  MnO2 has b e e n  t h e r m a l l y  r e d u c e d  
to l o w e r  ox ides  w h i c h  a re  in su la to r s  c o m p a r e d  w i t h  
MnO2. This  is no t  a su rp r i s ing  r e su l t  s ince the  p o w e r  
dens i ty  u n d e r  t he  po in t  p r io r  to  b r e a k d o w n  w i l l  be  of 
t he  o r d e r  of  104 w / c m  2 if  the  con tac t  a r ea  is a s sumed  
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to be 1% of the cross-sectional  area of the wire  on 
which the point was cut. 

Niobium and a luminum point  contacts on MnO2 be-  
have  very  similarly,  but  have  not been studied in great  
detail. Al l  of these va lve  metals  also give evidence of 
sol id-state  anodization on PbO2. With the la t te r  oxide 
the cur ren t  level  is about  a decade less than  is usual ly  
observed with  MnO~, and the cur ren t  decay is not  as 
smooth. No signs of anodic oxidation have been ob- 
served with  CuO, NiO (doped wi th  Li20),  CdO, V205, 
and Na0.7 WO3. 

Area-Contact Experiments 
The anodic oxidat ion of tanta lum point-contacts  on 

MnO2 is a convenient  demonst ra t ion  of the basic cur -  
r en t -vo l t age  behavior  of the system, but  it has the 
great  disadvantages of having an undefined contact 
area and of not  being amenable  to capacitance meas-  
urements.  Thus numerous  techniques were  a t tempted 
in order  to obtain an exper imenta l  contact of known 
and appreciable area. As previously described under  
Exper imenta l ,  only the deposition of tan ta lum dots 
onto MnO2 by cathodic sput ter ing gave satisfactory re-  
sults. Severa l  such samples were  successfully anodized 
to the vicini ty  of 20v. Data f rom one of these are sum-  
marized in Table I. It  is apparent  that  the general  be-  
havior  is ve ry  similar  to that  of the point-contacts.  
The cur ren t  decay in the case of sput tered contacts 
was much less dramatic  since the cur ren t  densities, and 
thus the fields, were  held to a lower  leve l  (1-30 m a /  
cm 2 in Table  I) to avoid local b reakdown wi th in  the 
exper imenta l  area. The current  efficiency of anodiza-  
tion is ve ry  low, 0.01-0.001% (based on the format ion 
of 18A of Ta205 per  vol t  and a density for Ta205 of 8 
g/cmS). The qual i ty  of the dielectric is re la t ive ly  poor 
as indicated by t h e  high final current  and the dissipa- 
tion factor. The capacitances of such samples are sub- 
s tant ial ly less than would be obtained by the conven-  
tional, aqueous anodization of tan ta lum to the same 
voltage. 

Ionic Conduction in Lower Oxides of Manganese 
If this phenomenon consists of the s imultaneous 

electrochemical  oxidation of the tan ta lum and reduc-  
tion of the MnO2, all  phases be tween  the meta l  and 
the MnO2 must  have  some ionic conduction. This is 
obviously t rue for anodic oxides at high fields, but 
there  is no comparable  informat ion avai lable  for the 
oxides of manganese.  The fol lowing observations of 
ba t te ry- l ike  behavior  for the Ta-MnO2 system give 
qual i ta t ive  informat ion on this point. 

MnO2 was applied to bare, porous tanta lum pellets 
(about 3/8 in. high by 3/16 in. diameter ,  avai lable  sur -  
face area about 175 em 2) by pyrolysis  of a 50% aque-  
ous solution of Mn(NOa)2. This can be accomplished 
with  a m a x i m u m  pyrolysis  t empera tu re  of about  350 ~ 
At h igher  t empera tures  there  is a tendency for  the 
bare  pellet  to ignite and undergo catastrophic oxidation. 
Ta-MnO2 samples prepared  in this manner  proved  to 
be electr ical ly  inert.  They exhibi ted errat ic  open-c i r -  
cuit  voltages (OCV) of about 1 my, and there  was no 
cur ren t  decay when  an anodic potent ial  of a few volts 
was applied to the tantalum. The samples were  given 
5-min heatings at increasing tempera tures  and tested 
electrically.  Af te r  hea t - t r ea tmen t  at some tempera tu re  
be tween  400 ~ and 500 ~ , the par t icular  t empera tu re  

Table I. Anodization of 0.011 cm 2 Ta dot sputtered onto MnO2 
All measurements at room temperature; bridge measurements 

at 1000~ 

A n o d i -  A n o d i -  
z a t i o n  I n i t i a l  z a t i o n  F i n a l  P a r a l l e l  % 

v o l t a g e  c u r r e n t , / ~ a  t i m e ,  h r  c u r r e n t , / L a  cap ,  ~ # f  D . F ,  

0 ~ - -  - -  5934 14.5 
5.6 192 20 8 3974 9,38 
7.0 68 40 13 3797 9.98 

10.0 24,5 68 58 3554 10.6 
17.0 ~ ~ 5 0  300 2665 8.99 

differing among the various samples, the  electrical  
propert ies  of some samples changed drastically. A 
stable OCV of 0.1-0.5v was observed, tanta lum nega-  
tive, which dropped slowly when  loaded with 107 
ohms. The  vol tage increased again after  r emova l  of 
the resis t ive load. There  was clear evidence of current  
decay when  an anodic potent ia l  was applied to the 
tantalum. The ex ten t  of decay var ied f rom barely per -  
ceptible to a reduct ion of the current  by half  in 2 rain. 
As in the case of the point-contact  experiments ,  the 
increase of. resistance corresponding to the current  
decay was a pe rmanent  effect. The anodic t rea tment  
was continued up to 26v in one case al though ve ry  
l i t t le  pe rmanent  change occurred above 10v. When  
the anodic potent ia l  was removed,  the OCV dropped 
steadily, changed polar i ty  after  10-15 min, then con- 
t inued to the order  of tenths of a volt, t an ta lum nega-  
tive. The observat ion of a stable OCV and an anodic 
current  decay always appeared together;  no sample 
exhibi ted one phenomenon wi thout  the other. 

There  was a wide  range of behavior  among various 
samples, and some failed to exhibi t  anything other  
than electr ical  inertness. The above description is 
representa t ive  of those which did respond to heat -  
t reatment .  Once electr ical  act ivi ty  appeared in a sam-  
ple, the behavior  described above could be repeated 
over  and over. 

It seems clear  that  the abil i ty of the sample to un-  
dergo solid-state,  anodic oxidation is accompanied by 
ba t te ry- l ike  behavior.  If  the anodic oxidation p rocess  
depends on the presence of a finite ionic contribution 
to the conduction of all phases be tween the tan ta lum 
and the MnO2, then the basic requi rements  for an 
electrochemical  cell  are met:  an act ive metal  sepa- 
ra ted f rom an oxidizing agent  by ionically conducting 
phases. The evidence that  the observed OCV was an 
electrochemical  emf  is: 

1. The polar i ty  was correct  (Ta nega t ive) .  
2. The systems could del iver  significant current  

(tenths of microamps)  indefinitely. 
3. The OCV rose quickly toward the or iginal  value  

when a resist ive load was removed.  
4. Af te r  extensive application of anodic biases ( tan-  

ta lum positive) of up to 20v, the OCV always quickly 
changed polar i ty  back to that  expected for an electro-  
chemical  emf. 

The necessity for a the rmal  t rea tment  to init iate 
described behavior  can be compared wi th  the ini t ial  
behavior  of the point-contact  experiments .  In the lat-  
ter  case there  was usual ly no current  decay at ve ry  
low voltages. At  some point, usual ly at an applied po- 
tent ial  of about  5v, the decay began abruptly,  f re -  
quent ly  whi le  the vol tage was being increased. This 
may  represent  the need to supply sufficient resist ive 
heat ing to create  the requ i red  chemical situation which 
wiII allow the anodic oxidation to proceed. 

In another  exper iment  some current  decay at con-  
stant vol tage was observed for a tan ta lum point on a 
thin chip of Mn20~. The high resistance of the Mn203 
obscured the effect, but  the current  decreased by about 
10% in 5 min at each of several  successive vol tage 
levels. This suggests that  oxygen can be wi thd rawn  
electrochemical ly  f rom even the Mn~O3 level,  and that  
the reduced manganese oxide phase formed during the 
anodization process can have  a lower oxygen content  
than Mn203. 

Fur the r  exper iments  wi th  electrochemical  cells in-  
volved the use of specific manganese  oxides as electro-  
lytes. Mn/Mn2OJO2 cells made f rom pressed and sin- 
tered Mn203 pellets, sandwiched between metal l ic  
manganese  and porous carbon electrodes, had barely  
percept ib le  emfs (0.1-1.0 my) .  The d-c  resistance of 
the Mn208 was about 30 megohms. This indicates a 
ve ry  small  ionic contr ibution to the total  conduction 
in Mn203, al though such exper iments  must  be in te r -  
preted cautiously since other  manganese oxide phases 
may  form spontaneously at the Mn-oxide  and oxide-  
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air interfaces. Similar  cells made f rom Mn304 pellets 
had no observable emf, but  since the d-c resistance of 
the pel let  was 1011 ohms it is dubious that  the equip-  
ment  was sufficiently sensitive. 

Recent  work  by Otto on equi l ibr ia  for the reactions 

2Mn203 + O2 ~ 4MnO2 [2] 

4Mn304 + 02 ~,~ 6Mn203 [3] 

gives evidence of oxide ion mobil i ty  at high t empera -  
tures in both Mn203 (6) and Mn804 (7). In the case of 
react ion [3], the recombinat ion of Mn304 with  02 at 
about  900 ~ was only about five times slower than the 
dissociation of Mn203 at sl ightly higher  temperatures .  
For  react ion [2] the oxidation of Mn203 at 555 ~ was 
ex t remely  slow, but  it was still detectable. In both 
cases the observation of a recombinat ion reaction of 
finite ra te  implies oxide ion motion, a l though the r e -  
sults of the two oxide systems cannot be compared 
because of the different tempera tures  involved.  

Discussion 
All  of the observations are consistent with the hy-  

pothesis that  this phenomenon is a solid-state analog 
of the anodic oxidation of a va lve  meta l  in an aqueous 
electrolyte.  Only typical va lve  metals  demonstra te  the 
effect and only when  made anodic with respect  to the 
oxide phase. The growth of resistance is permanent ,  
and at least some of the resistance is associated wi th  
the va lve  meta l  as shown by the point-contact  exper i -  
ments. 

The fol lowing mechanism is proposed for this solid- 
state anodic oxidation; Figure  5 is a cross section of 
such an exper iment  and i l lustrates aspects of the fol-  
lowing discussion. At a contact between tan ta lum and 
MnO2 there  wil l  occur a spontaneous chemical  oxida-  
tion of the tanta lum and reduct ion of the MnO2. This 
wil l  be enhanced by the local heat ing which wil l  resul t  
f rom the passage of current  when  a potent ial  is ap- 
plied. Both Ta205 and reduced MnO2 are poor conduc- 
tors compared with tan ta lum and MnO2 so that  a vol t -  
age drop will  build up across these regions. If these 
phases have finite ionic conductivit ies and, if the fields 
across them become sufficiently high, oxide ions wi l l  
flow from the MnO2 through the reduced oxides of 
manganese and tan ta lum ions wi l l  flow through the 
Ta2Os. These ions wil l  combine to form Ta205 at the 
Ta205-MnOx interface. [For simplicity of discussion, 
}on flow through the Ta205 wil l  be assumed to consist 
only of tan ta lum ions, a l though this is probably not 
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Fig. 5. Schematic representation of the solid-state anodization 
process. 

the case (8). Likewise, the ion current  th rough the 
MnOx, which wil l  denote the reduced manganese 
oxide phase, may consist of oxide ion vacancies.] Thus 
there  wil l  be a s imultaneous format ion of Ta205 at 
this interface and of MnOz which wil l  extend into the 
original  MnO2. Both of these new phases wi l l  be poor 
conductors, and all phases be tween the tan ta lum and 
the MnO2 must  have some ionic conduction to support  
the ionic current  necessary for  fur ther  film growth. 
The cur ren t  efficiency of the process wilI  be roughly  
determined by the rat io  of ionic to electronic conduc- 
t ivi ty in the phase having the least ionic conduction. 
For  most exper iments  this efficiency is of the order  
0.01-0.001%, al though more informat ion is needed for 
a quant i ta t ive  evaluat ion of this figure. 

We have been unable  to characterize chemical ly  the 
phases which are formed. Thus it  is not known 
whether  the MnOz phase consists of one distinct oxide 
such as Mn203, Mn304, or MnO, a succession of oxide 
layers, or a continuous gradat ion of composition f rom 
MnO2 to some oxygen-poor  phase at the Ta205 surface. 
The small  emfs observed for Mn/Mn2OJO2 cells and 
the evidence for thermal  oxidat ion of Mn203 lend sup- 
port  to the idea of ionic mobil i ty  in this oxide, and the 
solid-state electrochemical  reduct ion may proceed 
somewhat  beyond this as indicated by the observat ion 
of some resistance bui ld-up for a tan ta lum point on 
Mn203, and by the evidence of oxygen mobil i ty  in 
Mn304 at high temperatures .  

The tanta lum oxide phase created by this process 
has not been actual ly identified, a l though it is as- 
sumed to be essentially Ta2Os. The high electronic cur-  
rent  densities observed for these exper iments  lead to 
the suspicion, however ,  that  this Ta20~ is defect ive in 
some sense. Possibly some Mn +3 is incorporated into 
the Ta20~ since Mn +3 and Ta +5 have  near ly  equal  
ionic radii. An al ternat ive  explanat ion for the high 
current  could be that  the major  ra te -de te rmin ing  step 
in the electrochemical  reaction is the flow of oxide ions 
across MnOz which may  be a predominant ly  electronic 
conductor. Thus sufficient vol tage must  be applied to 
supply adequate  field across the MnOx to obtain a 
detectable flow of oxide ions which can be accom- 
panied by a re la t ive ly  large electronic current.  Mean-  
while  the flow of tan ta lum ions across the Ta20~ wil l  
be restr icted by polarization due to the l imited supply 
of oxide ions w~th which they can combine. Thus the 
field across the Ta205 may  exceed the normal  fields for 
anodic oxidation in aqueous electrolytes and may  lead 
to high electronic currents. In addition, the MnOz may 
represent  a good e lec t ron- in jec t ing  contact to the 
Ta2Os. 

It  is apparent  that  the cathodic oxide phase must  
meet  certain requi rements  in order to support  the 
anodic oxidation of va lve  metals. It  must  be a good 
source of oxygen and should be a fa i r ly  good conduc- 
tor. The lower oxide phases formed by the extract ion 
of oxygen to form the va lve  meta l  oxide must  be 
poorer  conductors than the parent  oxide. If this were  
not the case, there  would not be sufficient field across 
these lower  oxides to sustain the requi red  flow of 
oxid e ions. Only MnO2 and PbO2 have  been found to 
meet  these requirements .  Both are good conductors 
and good oxidizing agents, and the lower  oxides of 
both are ve ry  poor conductors. These oxides are un-  
usual in this respect  since the oxides in which the 
meta l  is in its highest  oxidation state, or is exhibi t ing 
the oxidation state typical  of its column in the Periodic 
Table, are general ly  insulators whereas  the lower 
oxides are conductors. This is best  exemplif ied by such 
transi t ion metal  oxides as those of t i tanium and tan-  
talum. Thus the range of suitable oxides is ve ry  nar -  
row. 

Al though the solid-state anodization is analogous to 
the conventional  anodization in a l iquid electrolyte,  
the differences are ve ry  impor tant  and great ly  com- 
plicate any quant i ta t ive  interpretat ion.  In the l iquid 
system the reduct ion product  is hydrogen gas which 
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escapes f rom the system. Ionic mobi l i ty  in the e lectro-  
lyte  is high and, wi th  the aid of agitation, the electro-  
lyte remains  homogeneous.  On the other  hand, the re -  
duc t ion .produc t  in the sol id-state process must  be a 
lower  oxide of manganese,  and it must  be localized 
adjacent  to the Ta205. Since the lower  oxides of man-  
ganese are poor conductors, the applied vol tage wil l  
be divided between the Ta205 and the MnO=. The 
MnOx layer  may  be substant ial ly thicker  than the 
Ta2Os. A simple calculat ion shows that, if MnOx is 
MnO, the vo lume wil l  be 1.3 t imes that  of an equ iva-  
lent  amount  of Ta2Os, and, if MnO~ is Mn2Os, the 
vo lume factor is 3.5. In the absence of detai led knowl -  
edge of the thicknesses and resistivit ies of all  phases, 
the voltage distr ibution is unknown.  

The init ial  capacitance of the sample described in 
Table I indicates that  there  is a significant thickness 
of dielectric prior  to anodization. If this ini t ial  capaci- 
tance were  due solely to Ta205 wi th  a dielectric con- 
stant of 27.6, it would  correspond to a thickness of 
about 450A, which is unreasonably  high for a the r -  
mal ly  formed film. If this capacitance were  de termined  
by a layer  of reduced manganese  oxide having  a di-  
electric constant of 5, it would correspond to a th ick-  
ness of 80A, which is reasonable. Since it  is l ikely  that  
the MnOx has a dielectric constant which is substan- 
t ial ly smaller  than the unusual ly  high value of 27.6 for 
Ta205, and since the MnOz wil l  be thicker  than an 
electrochemical ly  equiva len t  amount  of Ta205, it  is 
reasonable that  the capacitance of these samples is 
de te rmined  essentially by the MnOz. 

Plots of equivalent  series resistance vs. the rec ipro-  
cal f requency  and of the reciprocal  series capacitance 
vs. log f requency were  l inear  and the r a t i o  [~l /Cs/  
Mog 1]/[~Rs/~l /]]  was found to be 8.5 and 9.4 for two 
examples.  These values are close to the value of 4 In 
10 ---- 9.2 which is typical  of anodic oxides (9). 

As the solid-state anodization proceeds, the current  
measured at any par t icular  vol tage below the anodiza- 
tion vol tage decreases, giving fu r ther  evidence that  
the process involves  a pe rmanen t  increase of res is t -  
ance. F igure  6 shows a plot  of log i vs. (V/Vf)1/3 for 
a tan ta lum point contact formed on MnO2. i represents  
the observed current,  V the applied voltage, and V 1 
the format ion voltage. The thickness of the oxide is 
assumed to be proport ional  to Vf, so V / V f  is propor-  
t ional to the field across the oxide. For  this exper iment  
the point  was anodized at successive 10v increments  
for 1 hr  each. Af ter  each format ion the current  was 
measured  at decreasing 5v intervals.  The data shown 
are representa t ive  of several  s imilar  experiments .  

The current  is proport ional  to exp (V) ~;~ not only 
for voltages below the anodization voltage, but  for the 
anodization vol tage itself and for the initial, t ransient  
current  which is observed as the vol tage is increased 
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Fig. 6. Current-voltage characteristic for Ta-Mn02 point-contact 
anodized for 1 hr at  successive 1Or intervals. 

above the anodization voltage, i.e., (VIVf)  1/2 > 1 in 
Fig. 6. This I -V behavior  is a we l l -known  character is-  
tic of electronic leakage currents  (10). This behavior  
suggests that  the observed current  in these exper i -  
ments  is essentially all electronic, even during the 
initial, rapid current  decay, and that the current  decay 
during anodic oxidation represents  the electronic leak-  
age current  which is decreasing as the electrochemical  
react ion proceeds by means of an impercept ible  ionic 
contr ibution to the total current.  This concept is in 
accord with the est imated current  efficiency of 0.01- 
0.001% since the la t te r  figures also represent  the over -  
all ionic contr ibution to the total  current.  

When the point-contact  anodizations are carr ied on 
unti l  the cur ren t -decay  essentially ceases (about 50 
hr  is general ly  sufficient), the data corresponding to 
that of Fig. 6 all fall  on one line, indicat ing that the 
current-f ie ld  relat ionship is independent  of the thick-  
ness. The apparent  th ickness-dependence seen in Fig. 
6 is mere ly  a resul t  of the fact that  each successive 
anodization was less complete  because of the decreas-  
ing current  efficiency, and, as a consequence, the 
anodization vol tage was not a val id measure  of the 
re la t ive  dielectric thickness. 

One can only speculate about the role  of water  in 
this mechanism. It is clear f rom the point-contact  ex-  
per iments  that  the process is aided by the presence of 
ambient  water  vapor. It  is possible that  the avai labi l i ty  
of water  allows oxygen to move through the manga-  
nese oxides in the form of hydroxide  ions ra ther  than 
as oxide ions, since the a t tachment  of a proton to an 
oxide ion reduces the charge by half but increases the 
size if the ion by only 10%. The lower charge and the 
polar  na ture  of the hydroxide  ion may reduce the bar-  
r iers for oxide motion. A similar  a rgument  has been 
proposed for oxygen migrat ion through anodic oxide 
films on a luminum by Hoar and Mort (11). Another  
possibility is that  the water  allows the manganese oxide 
to mainta in  the Mn: O rat io of MnO2 even after  reduc-  
tion, thus e l iminat ing the necessity of a change in 
structure.  This would be analogous to current  theories 
about the discharge of the MnO2 cathode in the Le-  
clanch6 cell where  it has been suggested that  the 
reduct ion requires  only the migrat ion of electrons and 
protons (12) 

MnO~ + e -  + H + ~ MnOOH 

MnOOH is equivalent  to Mn2Os'H20. The ramsdel l i te  
(MnO2)-grout i te  (MnOOH) system is a good example  
of such a re la t ionship (13). 

The per t inence of the observations described here  
to the solid electrolyte  capacitor wil l  be readi ly  ap- 
parent  to those famil iar  wi th  this component.  In this 
device the MnO2 replaces the l iquid e lect rolyte  which 
is used in convent ional  "wet -e lec t ro ly t ic"  capacitors 
to maintain  the electrical  in tegr i ty  of the oxide dielec- 
tric. The  l iquid electrolyte  c lear ly  serves as an elec- 
t rochemical  source of oxygen, but  the mechanism by 
which the MnO2 functions has never  been clarified. 
The evidence presented here  indicates that  it can also 
seal off points of high leakage cur ren t  when  it is the r -  
mal ly  decomposed by local, resist ive heat ing to lower, 
insulat ing oxides. Evidence of both of these mechan-  
isms can be observed dur ing the reanodizat ion of 
capacitors af ter  the MnO2 has been applied. The solid- 
state anodization results in a smooth decay of current  
at constant voltage, or increase of vol tage at constant 
current ;  whi le  sharp current  spikes at constant vo l t -  
age, or voltage dips at constant current,  are  bel ieved 
to represent  local b reakdown of the dielectric which 
is healed by the rmal  decomposition of the adjacent  
MnO2. If the amount  of dielectric heal ing is sufficiently 
extensive,  the characterist ic ba t t e ry - l ike  behavior  of 
these areas may  become apparent.  This effect, coupled 
with residual  voltages of the type described by Dreiner  
(14), may account for some of the complicated open- 
circuit  vol tage behavior  repor ted  for Ta-Ta2Os-MnO2 
capacitors by Law and Richards (15). 
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ABSTRACT 

The spectral  response of the shor t -c i rcui t  photocurrent  in anodized niobium 
electrodes of the form Nb/Nb2Os/M, where  M is a thin semit ransparent  metal,  
has been determined.  Measurements  were  per formed as a function of the l ight 
intensi ty and oxygen pressure in the range 10-4-760 mm Hg. The l ight  in-  
tensities were  of the order  of 1011 photons/sec cm 2. The most unusual  resul t  
was that  s t ructure  was exhibi ted in these curves. This is in terpre ted  in terms 
of in terband transitions. Since the band s t ructure  of the oxide is unknown,  
the discussion is quali tat ive.  The s t ructure  changes sl ightly wi th  oxygen pres-  
sure. The photocurrent  exhibi ted a m ax im um  when v iewed  as a funct ion of 
the oxide film thickness. A t rapping scheme is postulated to explain the cur-  
ren t - l igh t  curve  characteristics.  This is based on an exponent ia l  distr ibution 
of traps. The super l inear i ty  is in terpre ted  in terms of a redistr ibut ion of these 
t rapping states on i l lumination.  

A great  deal  of interest  in anodic oxide films has 
been exhibi ted during the past fifteen years. Photo-  
voltaic cells, consisting of an anodized meta l  and a 
semit ransparent  meta l  coating, were  first demonstra ted 
by van Geel et al. (1). 

It is wel l  known that  the spectral  response of the 
photocurrent  can be as sensit ive a device as the ab- 
sorption spectrum for obtaining knowledge of the in-  
trinsic absorption region in semiconductors and in- 
sulators. Anodic oxide films of niobium are insulators 
wi th  the fundamenta l  absorption edge fal l ing around 
3400A (2-4). These measurements  indicate strong ab- 
sorption (E ~ 105-106 cm -~) which has genera l ly  
been assigned to band- to -band  electronic transitions. 

Photovoltaic  effects are known to occur wi th  ano- 
dized zirconium, niobium, tantalum, and a luminum 
electrodes (5). A great  deal  of difficulty has been ex-  
perienced in at tempts  to elucidate the nature  and 
mechanism of these effects. The convenient  observable  
here  is the shor t -c i rcui t  photocurrent .  The open-ci rcui t  
photovol tage is not convenient  because an open-c i rcui t  
photovol tage for a given set of parameters  is general ly  
not reproducible  in these systems. There  is also much 
difficulty encountered when  making  measurements  of 
the normal  photocurrent  (i.e., with  an ex terna l ly  ap-  
plied field). Precisely establishing the value  of the 
dark current  and re-es tabl ishing that  va lue  subsequent  
to the decay of the photocurrent  is most  difficult. The 
problem of electr ical  noise is also great ly  reduced 
when one measures  the shor t -c i rcui t  photocurrent .  A 
spectral  response study of the shor t -c i rcui t  photocur-  

1 Present address: United States Army, Picatinny Arsenal, Dover, 
New Jersey. 

rent  in these systems has never  been reported.  This 
paper deals wi th  the determinat ion  of the spectral  
response of the shor t -c i rcui t  photocurrent  in cells of 
the form N b / N b 2 O J M ,  where  M is a thin, semit rans-  
parent  evaporated meta l  film. The oxide films ranged 
in thickness from 750 to 3000A. The evapora ted  metals  
utilized were  copper, silver, and gold. Polycrystals  as 
well  as single crystals of niobium were  used in this 
study. These measurements  were  per formed as a func-  
tion of the l ight intensi ty (absolute) and oxygen 
pressure. 

Experimental Procedure 
Electrode preparation.--The niobium electrodes were  

prepared using both polycrys ta l l ine  and single crystals. 
The impur i ty  content  of the single crystals was, in 
parts per mill ion: 0 (50) ,  C(100), H(10) ,  N(4O0), 
Fe(~1000) ,  W ( ~ 1 0 0 ) ,  S ( ~ 3 0 ) ,  Cd(~100) ,  S i (~100) ,  
Cu (~10) ,  Mn (~10) ,  N i ( ~ 1 0 ) ,  and M g ( ~ l ) .  The single 
crystals were  pul led in the (100), (110), and (111) di- 
rections. The sample dimensions were  approximate ly  
3~ in. in d iameter  and 1/2 in. long. A plat inum wire, en-  
cased in a ceramic tube, was mounted  in a hole dri l led 
lengthwise through the specimen near  the periphery.  
This was used to provide electrical  contact to the 
evaporated,  semit ransparent  meta l  film. Edge effects 
were  e l iminated by suitable masking. Care was taken 
to insure uniform thickness of the evaporated meta l  
f rom one exper iment  to another.  A surface of the 
specimen was abraded with  various grades of emery  
paper. This was fol lowed by wet-pol ishing and chemi-  
cal etching in a solution consisting of 15 parts HF, 75 
parts HNO3, and 10 parts water.  Af te r  etching, the 
pieces were  washed thoroughly with  disti l led water.  
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S a m p l e s  w e r e  t h e n  a n o d i z e d  a t  c o n s t a n t  pc>larizat ion 
v o l t a g e s  i n  a 0.05M s o d i u m  b o r a t e d - b o r i c  ac id  s o l u t i o n  
b u f f e r e d  to p H  8. T h i s  w a s  d o n e  in  a c o n s t a n t  t e m p e r a -  
t u r e  w a t e r  b a t h  a t  20~ F o r  p o l a r i z a t i o n  v o l t a g e s  
a b o v e  a f e w  vo l t s ,  t h e  o x i d e  g r o w s  a p p r o x i m a t e l y  
30 A / v  i f  t he  f ie ld is m a i n t a i n e d  fo r  s e v e r a l  h o u r s  
(2, 6) .  F i n a l  l e a k a g e  c u r r e n t s  a t  a f o r m a t i o n  v o l t a g e  of 
75v w e r e  t y p i c a l l y  2 /~a/cm 2. H e r e a f t e r ,  t h e  t h i c k n e s s  
of t h e  o x i d e  f i lms w i l l  b e  g i v e n  i n  t e r m s  of f o r m a t i o n  
vo l t age .  T h e  o x i d e  f i lms e x h i b i t  i n t e r f e r e n c e  co lors  
c h a r a c t e r i s t i c  o f  t h e i r  t h i c k n e s s .  A n  i l l u s t r a t i o n  of a 
c o m p l e t e l y  p r e p a r e d  e l e c t r o d e  is s h o w n  in  Fig.  1. T h e  
t i m e  b e t w e e n  a n o d i z a t i o n  a n d  m e a s u r e m e n t  w a s  k e p t  
b e l o w  t w o  days ,  a n d  t h e  t i m e  b e t w e e n  c o m p l e t i o n  of 
t h e  e l e c t r o d e  a n d  m e a s u r e m e n t  w a s  a f e w  h o u r s .  
E l e c t r o d e s  w e r e  s t o r e d  in  v a c u u m  d e s i c c a t o r s  w h e n  
n o t  i n  use.  

Optical  a s s e m b l y . - - T h e  l i g h t  s o u r c e  w as  a I - Ianovia  
1000w, a i r - coo l ed ,  h i g h - p r e s s u r e  m e r c u r y - x e n o n  a r c  
l amp.  T h e  s o u r c e  i n t e n s i t y  w a s  m o n i t o r e d  b y  r e f l ec t -  
ing  a p o r t i o n  of t h e  l i g h t  f r o m  a n  a l u m i n u m  m i r r o r  o n  
to a P h o t o v o l t  t y p e  B p h o t o c e l l  w h i c h  s e r v e d  as t h e  
s e a r c h  u n i t  of a m o d e l  500M p h o t o m e t e r .  A B a u s c h  
a n d  L o m b  m o n o c h r o m a t o r  w i t h  a l i n e a r  d i s p e r s i o n  of 
66 A / m m  w a s  u t i l i z e d  in  t h i s  s tudy .  A K i p p  t h e r m o -  
p i le  w a s  u s e d  to r e d u c e  t h e  m e a s u r e m e n t s  to  a n  a b -  
so lu t e  basis .  

Cell  c o m p a r t m e n t . - - T h e  e l e c t r o d e  ce l l  c o n s i s t e d  of  a 
d e m o u n t a b l e  D e w a r  f a b r i c a t e d  f r o m  s t a n d a r d - t a p e r e d  
glass  j o i n t s  of f a i r l y  l a r g e  d i a m e t e r  w i t h  p r o v i s i o n s  
fo r  e l ec t r i ca l ,  t e m p e r a t u r e ,  a n d  p r e s s u r e  m e a s u r e -  
m e n t s .  A q u a r t z  w i n d o w  w a s  sea l ed  i n to  t h e  cell.  T h e  
ce l l  w a s  c o n n e c t e d  to a v a c u u m  a n d  gas  i n l e t  sys t em.  

F o r  t h e  o x y g e n  p r e s s u r e  d e p e n d e n c e  m e a s u r e m e n t s ,  
t he  f o l l o w i n g  p r o c e d u r e  w as  adop ted .  T h e  e n t i r e  sy s -  
t e m  w a s  f lu shed  r e p e a t e d l y  w i t h  o x y g e n  a n d  t h e n  
e v a c u a t e d  to a p r e s s u r e  of a b o u t  10 - 4  m m  Hg. T h i s  
p r e s s u r e  w a s  m a i n t a i n e d  fo r  m o r e  t h a n  12 h r  b y  c o n -  
t i n u a l  p u m p i n g .  F o r  m e a s u r e m e n t s  a t  o t h e r  p r e s s u r e s ,  
t h e  e l e c t r o d e  w a s  f i rs t  a l l o w e d  to  e q u i l i b r a t e  fo r  1 to  
2 hr .  T h e  s y s t e m  w a s  s u c h  t h a t  t h e  p r e s s u r e  cou ld  b e  
m a i n t a i n e d  a t  a f ixed  v a l u e  fo r  m o r e  t h a n  12 h r  u n d e r  
s t a t i c  cond i t i ons .  

A l t h o u g h  p h o t o c u r r e n t s  w e r e  d e t e c t e d  a t  w a v e -  
l e n g t h s  as l o n g  as  4000A, a t h o r o u g h  i n v e s t i g a t i o n  of 
t h e  s p e c t r a l  r e s p o n s e  fo r  w a v e l e n g t h s  g r e a t e r  t h a n  
3700A w a s  p r e c l u d e d  b e c a u s e  of t h e  s m a l l  s igna l s .  

F o r  a l l  m e a s u r e m e n t s  b o t h  e n t r a n c e  a n d  e x i t  s l i t s  of  
t h e  m o n o c h r o m a t o r  w e r e  f ixed  a t  0.40 m m .  G r e a t e r  
r e s o l u t i o n  cou ld  o n l y  b e  o b t a i n e d  a t  t h e  e x p e n s e  of 
l i g h t  i n t e n s i t y .  T h e  w e a k  i n t e n s i t y  b e t w e e n  2400-2660A 
a n d  3341-3660A p r e c l u d e d  a n y  i n v e s t i g a t i o n s  of t h e  
l i g h t  i n t e n s i t y  d e p e n d e n c e  in  t h e s e  r eg ions .  

P h o t o c u r r e n t s  w e r e  m e a s u r e d  in  t e r m s  of t h e  p o -  
t e n t i a l  d r o p  ac ross  a 20 m e g o h m  res i s to r .  T h e  c u r r e n t  
w a s  n o t  s e n s i b l y  c h a n g e d  w h e n  a 5 m e g o h m  r e s i s t o r  

w a s  u s e d  a n d  h e n c e  t h e  p a r a m e t e r  s t u d i e d  w a s  a s h o r t  
c i r cu i t  p h o t o c u r r e n t .  

R e s u l t s  

U p o n  i r r a d i a t i o n  n i o b i u m  a l w a y s  b e c a m e  n e g a t i v e .  
S h o r t - c i r c u i t  p h o t o c u r r e n t  m e a s u r e m e n t s  d id  n o t  s h o w  
a n y  s ign i f i can t  d e p e n d e n c e  o n  t h e  c r y s t a l l o g r a p h i c  face.  
C o n s e q u e n t l y ,  r e s u l t s  w i l l  b e  g i v e n  o n l y  w i t h  r e f e r -  
e n c e  to m e a s u r e m e n t s  o b t a i n e d  w i t h  p o l y c r y s t a l l i n e  
s amples .  

T h e  s p e c t r a l  r e s p o n s e  c u r v e s  h a v e  b e e n  d e t e r m i n e d  
as a f u n c t i o n  of t h e  r a d i a t i o n  w a v e l e n g t h  a t  a c o n s t a n t  
p h o t o n  i n t e n s i t y .  A t  a p a r t i c u l a r  w a v e l e n g t h  of i n -  
c i d e n t  r a d i a t i o n  t h e  s h o r t - c i r c u i t  p h o t o c u r r e n t  v a r i e d  
w i t h  l i g h t  i n t e n s i t y  a c c o r d i n g  to t h e  r e l a t i o n s h i p ,  
lp ~ e L  n, w h e r e  C is a c o n s t a n t ,  L is t h e  l i g h t  i n t e n -  
si ty,  a n d  n is a c o n s t a n t  w h o s e  v a l u e  w a s  f o u n d  i n  
g e n e r a l  to l ie  b e t w e e n  0.5 a n d  1.0 a l t h o u g h  v a l u e s  as  
low as 0.3 a n d  as  h i g h  as 2.5 w e r e  f o u n d .  A p lo t  of  t h e  
l o g a r i t h m  of t h e  p h o t o c u r r e n t  vs. t h e  l o g a r i t h m  
of t h e  l i g h t  i n t e n s i t y  a l w a y s  y i e l d e d  s t r a i g h t  l ines.  

T h e  p h o t o c u r r e n t s  w e r e  f o u n d  to r e a c h  a s t e a d y  
v a l u e  a f t e r  a f e w  seconds .  F i g u r e  2 s h o w s  a t y p i c a l  
s p e c t r a l  r e s p o n s e  c u r v e  fo r  t h e  s h o r t - c i r c u i t  p h o t o c u r -  
r e n t  for  a N b / N b 2 O s ( 1 0 0 v ) / C u  e l e c t r o d e .  S i m i l a r  
c u r v e s  w e r e  o b t a i n e d  i f  s i l v e r  or  go ld  w e r e  u t i l i z e d  
as t h e  s e c o n d  con tac t .  T h e  s h a p e  of  t h e s e  c u r v e s  w a s  
q u i t e  r e p r o d u c i b l e  a l t h o u g h  t h e  a c t u a l  p h o t o c u r r e n t  
m e a s u r e d  w h e n  t w o  e l e c t r o d e s  w e r e  t r e a t e d  s i m i l a r l y  
m i g h t  d i f fe r  b y  10%. No  s i m p l e  r e l a t i o n s h i p  b e t w e e n  
p h o t o c u r r e n t  a n d  o x y g e n  p r e s s u r e  w a s  f o u n d .  H o w -  
ever ,  c o m p a r i s o n  of Fig.  2 a n d  3 r e v e a l  a sh i f t  i n  a f e w  
p e a k s  w i t h  o x y g e n  p r e s s u r e .  T h e  g e n e r a l  s h a p e  of t h e  
c u r v e s  r e m a i n e d  t h e  s a m e  h o w e v e r . . T h e  s h a p e s  of 
t h e  s p e c t r a l  r e s p o n s e  c u r v e s  w e r e  i n d e p e n d e n t  of o x i d e  
f i lm th i cknes s .  I f  t h e  p h o t o c u r r e n t  is p l o t t e d  as  a f u n c -  
t i on  of f o r m a t i o n  v o l t a g e  a m a x i m u m  o c c u r s  a t  75v as 
c a n  b e  s e e n  b y  Fig.  4. T h e  m e a s u r e m e n t s  a r e  r e d u c e d  to 
a b s o l u t e  i n c i d e n t  i n t ens i t i e s .  No c o r r e c t i o n  fo r  r e f l ec -  
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tion and absorption by the evapora ted  meta l  film was 
made. However ,  a quartz microscope slide coated by 
evaporat ion wi th  a thin semit ransparent  layer  of cop- 
per was found to have a monotonic transmission spec- 
t rum down to 3200A and t ransmit ted  more than 85% 
of the light. 

The short-circui t  photocurrent  decreased with de- 
creasing t empera tu re  and at l iquid ni t rogen t emper -  
atures the signals were  too small  to monitor  by the 
method used. Act ivat ion energies were  found to lie be-  
tween 0.1 and 0.2 ev. 

Discuss ion  

The observat ion of s t ructure  in the spectral  response 
curves of the shor t -c i rcui t  photocurrent  was ra ther  
surprising in v iew of the fact that  there  is no con- 
comitant  s t ructure  in the absorption spectra of the iso- 
lated oxide films (2). A single peak, close to the ab- 
sorption edge, in the spectral  response curve  could be 
explained in terms of a high recombinat ion rate  due 
to strong absorption (7). 

The peaks and val leys  cannot be ascribed to optical 
in ter ference  effects because the s t ructure  is independ-  
ent  of the oxide film thickness. It  is also apparent  that  
nei ther  oxygen nor the na ture  of the evaporated meta l  
contact de te rmine  the number  and location of the  
peaks. This rules out photoexci ta t ion f rom the evap-  
orated meta l  contacts. In order to complete ly  expla in  
action spectra of this type, one must  have  a knowledge  
of spectral  t ransi t ion probabil i t ies and the constant 

energy surfaces in ~ space. Al though this informat ion 
is not available, the observed monotonic absorption 
spectra might  be due to oscillations in the dependence 
of effective mass on momentum.  

It  may be noted that  recent  work  (8, 9) on shallow 
p-n  junctions of silicon, germanium, and gal l ium ar-  
senide show structure  in the intrinsic region for re-  
flectance and photoresponse measurements .  There  does 
not appear to be a one- to -one  correspondence be tween  
photoresponse and reflectance for the measurements  
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on silicon. The band structures of these mater ia ls  have 
been extensively  studied and are quite  complex. The 
s tructure may be in terpre ted  in terms of a nonequi -  
l ibr ium effect and recombinat ion processes. This mech-  
anism may also apply to the electrodes described in 
this paper. 

The absorption spectra of isolated anodic niobium 
oxide films gives a long wave leng th  l imit  of absorp-  
tion of about 3500/i (2). This va lue  was in agreement  
with a previously repor ted  va lue  of 3400A (3). Con- 
lon and Doyle (4) de te rmined  the absorption spec- 
t rum of the evaporated oxide and a r r ived  at a value  
of 3350A. The lat ter  spectrum extended  down to 2000A 
whereas  that  of Salomon et aL was determined to about 
2700A. However ,  both showed sharp absorption edges 
and very  high absorbance indices values. Al though 
Salomon et al. determined  the absorption spectra using 
the anodic oxide films, these films were  first r emoved  
from their  bulk meta l  substrate. This would  tend to 
remove  a fair  amount  of stress and might  cause some 
dissolution of the oxide. Hence differences in film 
behavior  be tween  mounted  and f ree  films should be 
recognized. This could account for the observat ion 
of photoconduction in these electrodes occurr ing at 
wavelengths  as high as 4000A. 

It was found that  if the photocurrent  is plot ted as 
a function of the oxide film thickness a m a x i m u m  
occurred. This can be readi ly  accounted for by con- 
sidering the oxide film to be optical ly anisotropic. By 
considering a small  gradient  in the absorption coeffi- 
cient and using the relation, dI ~ - - Iadx  one may 
indeed show that  the photocurrent - th ickness  curve 
wil l  have a maximum.  

The small act ivat ion energy for photoconduction 
combined with  the slow decay may  suggest the exist-  
ence of a wide range of t rap depths. Shal low traps 
would be the rmal ly  emptied and contr ibute  to the 
small  act ivation energy. Deep traps, which might  be 
re la t ive ly  unaffected by t empera tu re  variations,  would 
lead to long decay times. 

A model  based on an exponent ia l  trap distr ibution 
(10) is able to account for the usual results of the 
dependence of the photocurrent  on light intensity. 
Super l inear i ty  (n-va lues  ~ 1) in the photocurrent  
dependence on l ight intensi ty might  be explained by 
modification of this model. 

Manuscript  received Apri l  27, 1965; revised manu-  
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part  of a dissertation submit ted to the Temple  Uni -  
vers i ty  Graduate  Board in par t ia l  fulf i l lment  of the re -  
quirements  for the Ph.D. degree. This work  received fi- 
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Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the December  1966 
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The Electrical Conductivities and the Structural 
Properties of Molten PbCI2-PbSMixtures 

I. Structural Properties 
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ABSTRACT 

The phase diagram and the densities for the lead chlor ide- lead sulfide 
system were  determined.  The phase d iagram is simple, with one weak in- 
congruent ly  mel t ing  compound for which the x - r a y  diffraction pat terns  were  
measured.  Calculations f rom the phase d iagram indicate that  lead sulfide is 
dissociated in the l iquid mixtures.  The l iquidus lines for PbS, NaC1, NaF, and 
KBr  added to lead chloride were  also de termined  and showed that  pure  l iquid 
lead chloride contained ions other than simple lead and chloride ions. The 
molar  volumes of the mixtures  are almost ideal with only slight posit ive de- 
viations from addi t ivi ty  occurring. 

In previous publications (1, 2) some thermodynamic  
propert ies and the electr ical  conductivit ies of mol ten 
silver chlor ide-s i lver  sulfide mix tures  were  deter -  
mined. This paper  presents the de terminat ion  of the 
phase diagram and the densities for the mol ten  lead 
chlor ide- lead sulfide system. The usefulness of these 
measurements  in indicating the s t ructural  propert ies  
of the systems and their  relat ionship to the electr ical  
propert ies  was i l lustrated in the previous work. Lead 
sulfide has the NaC1 structure,  a high mel t ing point 
and a high heat  of fusion, and is therefore  expected to 
be fair ly ionic in nature.  

Experimental 
Preparation of materials.--Lead sulfide was p re -  

pared by the direct react ion of stoichiometric amounts 
of zone-refined hydrogen- reduced  lead and distil led 
sulfur, in sealed evacuated quartz capsules. 

Reagent  grade lead chloride was heated under  vac-  
uum for several  days, melted,  and then filtered through 
a f r i t ted Pyrex  disk by applying an argon pressure 
to the upper  compar tment  of the tube containing the 
melt. The tube was al lowed to cool slowly, and t rans-  
lucent crystals f rom the outside of the tube were  
taken for use. 

Phase Diagram Studies.--Liquidus points were  de- 
te rmined by cooling curves carr ied out in sealed Py rex  
or quartz  tubes. For  the chlor ide-r ich  solutions, the 
cells were  evacuated to a few microns pressure and 
then filled wi th  enough dried purified argon to give 
approximate ly  1 atm pressure at the operat ing t em-  
perature.  These cells had a sealed side arm feeding 
tube containing weighed  pellets of solute and a small  
magnet,  so that  a number  of l iquidus points could be 
de termined  with  the same cell. On the sulfide side, 
small  quar tz  capsules, completely sealed, were  used. 
The furnace was cooled at the desired rate, general ly  
0.5-2.0~ by control l ing the speed of a r eve r s -  
ing d-c motor  which drove down the furnace variac 
through a 250,000 to 1 gear  reductor.  The output  f rom 
the thermocouples  was recorded on a 1 m v  ful l -scale  
L&N recorder,  wi th  most of the thermocouple  output  
being compensated with  a potent iometer .  General ly,  
two thermocouples  at different positions in the mel t  
were  recorded. The mel t  was mixed  by rocking the 
ent i re  furnace. The thermocouples  were  sheathed in 
close fitting Py rex  or quartz  tubes blown into the 
cells. The bottom of these tubes was d rawn out to a 
thin point to obtain the best possible the rmal  contact 
wi th  the melt. A thermocouple  depth of immers ion of 
about 1u in. was used, as this immersion was re -  

z P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  M e t a l l u r g y ,  R o y a l  Schoo l  of  
M i n e s ,  I m p e r i a l  Col lege ,  L o n d o n ,  E n g l a n d .  

quired to obtain the same freezing point reading when 
cooling or heat ing a pure  salt. The thermocouples 
were  24-gauge chromel-a lumel ,  or 0.015 in. p la t inum-  
pla t inum rhodium, and were  cal ibrated under  identical  
exper imenta l  conditions, by cooling curves taken on 
zone-refined tin and silver. The sensit ivi ty of the re -  
corder was approximate ly  0.1~ for ch romel -a lumel  
thermocouples,  and 0.25~ for the pla t inum-13% 
rhodium thermocouples.  On calibration, the repro-  
ducibil i ty of the measured  freezing points was gener-  
al ly 0.25~ for the same sample, and up to 0.5~ for 
different samples wi th  different cells and insulation in 
the furnace. Supercool ing could general ly  be kept  be-  
low 1.5~ by vigorous mix ing  or tapping the cell 
sharply. If more  than this amount  of supercooling oc- 
curred, the mel t  would not heat  up to the correct  
l iquidus tempera ture  for the solutions. 

Density measurements.--The densities for the molten 
mixtures  were  de termined  using the apparent  loss in 
weight  method described in a previous publicat ion 
(1). The en t i re  system was evacuated to a few microns 
pressure at 150~ and then filled with  a posit ive pres-  
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sure of dried purified argon for the measurements .  
Smal l  corrections due to mater ia l  condensing on the 
quar tz  fiber were  de termined  by weighing the quartz  
fiber suspension before and after  a density de te rmina-  
tion. 

Results and Discussion 
Phase diagram measurements . - -The determined  

phase d iagram is shown in Fig. 1. Eight  determinat ions  
of the mel t ing point  of lead chloride gave the value  
of 499.1~ with  a s tandard deviat ion of 0.17~ This 
va lue  is quite close to values quoted in the l i te ra ture  
(3, 4). The measured  mel t ing  point of pure  lead sul-  
f ide was 1111.9~ this compares wel l  wi th  other  re -  
ported values of 1112 ~ and l l l 0 ~  (5, 3). The meas-  
ured eutectic t empera tu re  is about 10~ higher  than 
that  reported by Winterhager  (6), but  ve ry  close to 
that  reported by Urazov (7). It was observed in one 
cell  that  cracked that  a small  amount  of air in the 
system rapid ly  lowered the measured eutectic t em-  
perature.  Despite the high mel t ing  point of lead sul-  
fide, there  is seen to be a substantial  l iquid region in 
the phase diagram even at low temperatures .  

X - r a y  analysis of mater ia l  cooled f rom the chloride 
or the sulfide side of the diagram, showed no measur -  
able shift in the lead chloride or the lead sulfide peaks, 
even  at high diffraction angles. The measured re la t ive  
intensi ty of the respect ive peaks was the same as ob- 
served for the pure  components.  Solid solubil i ty in 
the system is then slight, if it occurs. Mater ial  which 
solidified at eutectic composition showed a new series 
of diffraction peaks, indicat ing that  the phase diagram 
is not a simple eutectic diagram. The intensi ty of these 
peaks was much higher  than the lead chloride peaks. 
The measured diffraction angles and re la t ive  in ten-  
sities are given in Table  I. The measured  angles and 
intensit ies for pure lead chloride are also g iven in 
this table. Al though the positions of the peaks were  
identical  wi th  the values reported by Swanson (8), 
in most instances, the re la t ive  intensities of the peaks 
are quite  different. 

Lead chloride prepared by fract ional  crystal l izat ion 
f rom an aqueous solution gave the same re la t ive  in-  
tensities wi th  several  methods of mount ing  the speci- 
mens. The diffraction peaks for lead sulfide were  
identical  wi th  those repor ted  by Swanson. 

Cooling curves taken on the sulfide side, close to 
the eutectic, could not detect any l iquidus line, prob-  
ably because of the slowness of the react ion to form 

Table I. X-ray data for the incongruenfly melting compound 
in the lead cMoride-had sulfide system 

I n c o n g r u e n U y  
m e l t i n g  c o m p o u n d  P u r e  l ead  chloride  

This  s t u d y  

Rel- 
ative 

i n t e n -  d spac-  S w a n s o n  and  
20 s i t i es  ings ,  A F u y a t  (8) 

Rel- Rel- 
ative aUve 
inten- inten- 

20 sities 29 sities 
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22.45 22 4.15 19.62 18 
23.0 19 3.87 21.92 34 
23.65 39 3.77 22.84 73 22.6 12 
26.0 96 3.42 23.32 43 23.2 19 
33.45 100 2.678 24.67 100 24.65 71 
36.1 39 2.468 30.2 7 
38.2 48 2.355 30.6 23 30.7 31 
39.1 12 2.310 32.22 56 32.3 "/2 
41.05 36 2.200 35.74 48 35.75 59 
42.7 23 2.117 38.04 4 38.10 14 
43.2 12 2.093 39.7 23 
43.6 32 2.074 39.83 24 39.6 IOO 
46.4 8 1.957 40.7 28 40.8 31 
48.9 41 1.663 41.67 10 
49.3 14 1.848 41.98 32 41.9 55 
50.9 5 1.794 43.07 38 43.15 55 
51.9 i i  1.760 44.68 4 44.7 6 
59.2 5 1.561 46.28 18 
60.2 10 1.587 46.64 13 46.6 10 
60.8 14 1.523 47.66 5 
66.9 1O 1.398 

the incongruent ly  melt ing compound. The ar row on 
the phase diagram indicates that  a decanted sample 
obtained f rom a mel t  held at 550~ showed that  solid 
lead sulfide, identified by x - r a y  analysis, was in equi-  
l ibr ium wi th  the melt.  Since there  is an incongruent ly  
mel t ing  compound in the system, the eutectic l ine on 
the sulfide side d rawn through the points measured  on 
continuous cooling may  not represen t  part  of the equi -  
l ibr ium diagram. It  is evident  f rom the phase diagram 
that  the tendency toward compound format ion is ve ry  
slight in this system. 

Cryoscop4c Calculations.--The act ivi ty  of the solvent 
at a l iquidus t empera tu re  may be readi ly  calculated 
f rom the van ' t  Hoff equat ion 

[1] I n  aso lven t  : -  ~ TL 
(at  T L) 

where,  the heat  of fusion of the solvent  may  be as- 
sumed to be t empera tu re  independent  over  a na r row 
tempera tu re  range. TF and TL are the mel t ing and the 
l iquidus temperatures ,  respect ively,  and aT L r ep re -  
sents the act ivi ty  of the solvent  at a l iquidus t emper -  
a ture  wi th  respect  to pure  supercooled l iquid solvent 
as the standard state. 

Considering the solution to be ideal, the theoret ical  
l iquidus may  be calculated f rom Eq. [1], using the 
appropriate  expressions for the act ivi ty  of an ionic 
salt in an ideal solution. 

For  an ideal  ionic mixture ,  in which the component  
salts A + X  - and B + + Y - 2  are  completely  dissociated, 
and randomly  distributed, the act ivi ty  of the species 
B + +Y-2 is given by Temkin  (9) as 

a B +  +Y- -2  = N B +  + " N 2 u  - [2] 

where  the ionic fractions are defined as: 

and 

~ B + +  
N B + +  : 

( + v e  ions) 

n y -  
N y  - -  

( - r e  ions) 

For  a reciprocal  system of this type, however ,  the 
act ivi ty  relat ionship must  be modified to include the 
par t ia l  molar  heat  of mix ing  that  appears because of 
the heat  of the :following exchange react ion 

B + +Y-2  -t- 2A + x -  = 2A + Y -  �9 B + + X - 2  [3] 

Considering only first order  interactions, and a regular  
solution model, the par t ia l  molar  heat  of mix ing  in an 
ideal reciprocal  system is given (10) by the equat ion 

( A H ) B +  + Y - 2  = N A +  " N x -  " AH~ [4] 

where  AHOexch. corresponds to the heat  of the exchange 
react ion [3], calculated f rom the heat  contents of the 
components in their  s tandard states at the specified 
t empera tu re  of the mixture .  

The act ivi ty of the components  B + +Y-2 is then cal-  
culated f rom the relat ionship 

log gB+ +Y--2 = log NB+ + " N2y - --~ 
AH~ 

(NA+ . N x -  ) - - -  
2.3 RT 

The act ivi ty equat ion is expected to hold in concen- 
t ra ted solutions of the component  B + + Y - 2  and may  
be considered as par t icular ly  useful  in cryoscopic cal-  
culations. 

For a mix ture  having a common ion, e.g., A + Y  - 
and B++Y -2 ,  the equat ion simplifies to the famil iar  
Temkin  expression 

a B +  + u  = N B +  + " N 2 u  - [ 6 ]  

An enlargement  of the phase d iagram on the lead 
sulfide side and the "ideal"  liquidus, calculated f rom 
the van ' t  Hoff equation, is shown in Fig. 2. 
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lution, or by the presence of associated lead chloride. 
In order to different iate  be tween  the  most  probable 
cause of the deviations, an ionic sa l t - l ike  bar ium chlo-  
r ide was added to lead sulfide, and the new liquidus 
was determined.  The ideal act ivi ty of lead sulfide in 
the PbS-BaC12 system was calculated and is given in 
Table II. 

The excel lent  agreement  between the ideal and the 
exper imenta l  activit ies for lead sulfide indicates that  
this system is wel l  described by the ionic model. The 
agreement  indicates fur ther  that  lead sulfide behaves 
as a dissociated liquid, suggesting indirect ly  that  the 
posit ive deviat ions f rom ideal i ty  in the PbS-PbC12 
system may  be caused by association in lead chloride. 

In Fig. 2, the calculat ion of the liquidus, when  
taking the act ivi ty  as being equal  t o  the mole f rac-  
tions, gives l ine A which lies even  higher  than the 
exper imenta l  curve. This calculat ion corresponds to 
a total ly molecular  liquid, and accordingly lead chlo-  
r ide should be described as only par t ia l ly  associated. 

Similar  calculations were  also made on the lead 
chloride side of the phase diagram. 

The measured  l iquidus l ine for the PbC12-PbS binary 
system is shown in Fig. 3. 

The ideal l iquidus calculated f rom the Temkin ac- 
t iv i ty  and the heat  of fusion of lead chloride (3), as- 

Fig. 2. Lead sulfide side of the phase diagram of the systems, 
PbS-PbCI2, and PbS-BaCI2: line A, calculated on the basis of the 
mole fraction; line B, experimental; line C, calculated on the basis 
of a'ebS given in Table II; line D, calculated on the basis of 
a'PbS given in Table II. The points are the measured liquidus tem- 
peratures. �9 PbS-PbCI2, Q PbS-BoCI2. 

For the calculation, the repor ted  heat  of fusion of 
lead sulfide (3) was used, as wel l  as the "ideal"  ac-  
tivities given in Table II. 

In Table II, column 1 gives the mole fract ion com- 
position, column 2 the Temkin  act ivi ty  which is val id  
only for systems having a common ion, and column 3, 
the "ideal" act ivi ty  for a reciProcal salt mixture .  The 
act ivi ty  calculated f rom the exper imenta l  results, using 
the van ' t  Hoff equation, is given in column 4. The ac- 
t iv i ty  coefficient is then obtained by dividing the ex-  
per imenta l  act ivi ty by the corresponding ideal ac- 
tivity. 

For  the PbS-PbC12 system, the measured  l iquidus 
lies above the ideal line, indicat ing posit ive deviat ions 
f rom ideality. The deviations could be caused by an 
er ror  in the repor ted  heat  of fusion of lead sulfide, 
by a number  of associated PbS species exist ing in so- 

suming complete  dissociation of the components into 
thei r  ionic species, is shown as line A which lies wel l  
below the exper imenta l  curve. 

The x - r a y  data indicate that  the deviat ions cannot 
be ascribed to solid solubility. The cryoscopic infor-  
mat ion on the sulfide s ide 'of  the system has indicated 
that  lead sulfide, ra ther  than lead chloride, is disso- 
ciated. Accordingly,  in order  to provide  some fur ther  
evidence of association, several  alkali  meta l  halides 
were  added to lead chloride, and the new liquidus lines 
were  determined.  The results of these measurements  
are also shown in Fig. 3. 

The systems PbC12-NaF and PbC12KBr are rec ipro-  
cal, whi le  the PbC12-PbS and PbC12-NaC1 have  an ion 
in common. The ideal activities were  calculated using 
the appropriate  act ivi ty expressions, and the results 
are also given in Table  II. 

The ideal l iquidus lines for these systems are given 
in Fig. 3 as curves A and B. It  is evident  f rom Table 
II that  all systems, wi th  the exception of the PbC12- 

Table II. Activity calculations 

S y s t e m  

Npb++.N2a - a'PbCl 2 

XPbCl 2 ( T e m k i n )  (ca lc .  aebct• 

i d e a l )  ( exp t . )  ~PbCl~ 

I .  P b C I 2 - P b S  0.98 0 .9799 - -  0.9849 1,005 
( c o m m o n  ion) 0.96 0 .9698 - -  0.9730 1.014 

0 . 9 4  0 . 9 3 9 2  -- 0 . 9 5 5 0  1 . 0 1 6  

2 .  P b C ] ~ - N a F  0 . 9 8  0 . 9 6 3 0  0 . 9 6 3 4  0 . 9 7 2 5  1 . 0 0 9  
( r e c i p r o c a l )  0.96 0.9312 0.9225 0.9502 1.030 

0.94 0.8828 0.8860 0.9133 1.030 

3. PbCI2-NaC1 0,98 0 . 9 8 0  -- 0.9777 0 . 9 8 8  
( c o m m o n  ion)  0.96 0,960 -- 0.9552 0,995 

0.94 0.9,10 -- 0.9350 0.994 

4. P b C 1 2 - K B r  0.98 0.9630 0.9628 0 .9714 1.009 
( r ec ip roca l )  0.96 0,9212 0.9205 0.9458 1.027 

0.94 0.8828 0.8670 -- -- 

aPPbS 
~Tpb++ .Na - -  (calc .  aPbs 

S y s t e m  Xpbs ( T e m k i n )  i dea l )  ( exp t , )  P b S  

5. PbS-PbCI~  0.98 0.9608 - -  0.9750 1.014 
( c o m m o n  ion)  0.96 0.9231 - -  0 ,9384 1.016 

0 ,94 0.8868 - -  0.9053 1.020 

5. PbS-BaCI~  0.98 0 .9416 0.9421 0.9451 1.002 
( r e c i p r o c a l )  0.96 0.8862 0.8897 0.8882 0.998 

0.94 0.8336 0.8435 0.8374 0 .993 

O Z 4 M 6 8 I0 12 
OLE PERCENT ADDED SALT 

Fig. 3. Lead chloride side of the phase diagram of the systems, 
PbCI2-PbS, PbCI2-NaCI, PbCI~-NaF, and PbCI2-KBr. Lines A and 
B were calculated from the "ideal" activity data a'PbCt2 given in 
Table II. �9 PbS-PbCI2; X NaCI-PbCI2; �9 NaF-PbCi2; (~ KBr- 
PbCI2. 
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NaC1 binary, indicate small  posit ive deviat ions from 
ideality. The effect of such small  deviat ions on the 
position of a l iquidus line is shown by the large differ- 
ences be tween  the exper imenta l  and the ideal l iquidus 
lines in Fig. 3. It  is also evident  that  the l iquidus t em-  
pera ture  is ve ry  sensit ive to small  changes in activity. 
For  example,  an act ivi ty  change of lead chloride f rom 
0.971 to 0.963, would decrease the l iquidus t emper -  
ature by about 7=C. 

The curves in Fig. 3 indicate clearly posit ive devia-  
tions, wi th  the exception of the PbC12-NaC1 system. 
Since the mol ten  alkali  meta l  halides are completely  
dissociated to their  ions, the deviations may be ac- 
counted for by the tendency of lead chloride to asso- 
ciate in the liquid. Fur thermore ,  the exper imenta l  ac- 
tivities for lead chloride are in bet ter  agreement  to 
the mole fractions, represent ing  a molecular  model, 
than to the ionic activities. 

In any case, the measured  activities indicate devia-  
tions f rom ideality, which are too small to allow the 
calculat ion of any specific association scheme. 

The t ransport  propert ies  of lead chloride also pro-  
vide evidence of the existence of ions other  than lead 
and chloride ions in pure  lead chloride. In a calcula-  
tion of the mobil i ty  coefficients and t ransport  number,  
Laity (11) has shown that  the calculated t ransport  
number  of lead is about twice the measured  value for 
lead chloride, whi le  reasonable agreement  was ob- 
tained for simple monovalen t  salts. 

In the NaC1-PbC12 system, the Temkin  activities 
and the molecular  mole fractions are numer ica l ly  
equal, and therefore  this is the only system where  the 
calculat ion of an ideal activity cannot differentiate 
be tween  association and dissociation. By comparison 
with the exper imenta l  activity,  it appears that in this 
system only slight negat ive  deviat ions f rom ideali ty 
do occur. This is in qual i ta t ive  agreement  wi th  recent  
careful  determinat ions  of the heats of mixing in so- 
dium chlor ide- lead chloride melts at 650~ by Mc- 
Carty and Kleppa (12). No a t tempt  has been made to 
compare the data because of the large tempera ture  
differences in the measurements .  

Densi ty  m e a s u r e m e n t s . - - T h e  measured densities 
were  all l inear functions of temperature .  Linear  re -  
gression of the exper imenta l  data yielded the constants 
for a and b and the standard deviations for the equa-  
tion 

Density = a -  b ( t ~  500) in g / c m  3 

The values for the constants a and b at the composi-  
tions invest igated are given in Table III. The standard 
deviat ion shows only the re la t ive  scatter of the ex-  
per imenta l  points and does not include absolute errors  
in density results. 

The measured density of lead chloride is 0.6% higher  
than that  repor ted  by Heymans  (13). Heyman 's  re-  
sults for the density of mol ten silver chloride were  
also 0.8% lower  than those determined by the present  
authors (1) and by Spooner and Wetmore  (14). Lead 
chloride has a large expansivi ty,  about three times that  
of s t ront ium chloride, which might  be expected to 
have  somewhat  similar  properties.  This abnormal  ex-  
pansivi ty would suggest, in agreement  with the phase 
diagram measurements ,  that  pure lead chloride con- 
tains ions other  than simple lead and chloride ions. 
The expansivi ty  of pure  lead sulfide is small, about 
one- th i rd  that  of lead chloride. 

Table III. Density of PbS-PbCI2-molten mixtures 
D e n s i t y  ~ a -- b ( t~  ( g / c m  3) 

M o l e  % T e m p e r a t u r e  S t a n d a r d  
P b S  a b • 10 a r a n g e ,  ~ d e v i a t i o n  

0 4.985 1.50 500-650 0.003 
14.97 5.160 1.56 490-650  0.002 
34.35 5.306 1.07 670-840  0.004 
50.00 5.554 1.01 800-960 0.003 
70.54 6.003 1.06 920-1050  0.005 

100.00 6.842 0.54 1120-1200 0.006 
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Fig. 4. Molar volume isotherms of the molten PbS-PbCI2 system 
as a function of the lead sulfide content. 

The molar  volumes of the melts  calculated f rom 
the density measurements  are shown in Fig. 4. It  is 
evident  that  the molar  volumes of the mixtures  are 
almost additive, the positive deviations f rom addit ivi ty  
being about 1 cm3/mole, or 2% of the total  molar  
volume at 50 mole % sulfide. This posit ive deviat ion 
is of the same sign and magni tude  as the excess molar  
volumes in lead chlor ide-potass ium chloride mixtures  
(15) and is about half  the excess volume at 35 mole % 
sulfide in the silver sulf ide-si lver  chloride system. The 
density measurements  indicate, in agreement  wi th  
the phase diagram calculations, slight posit ive devia-  
tions f rom ideality. Lead sulfide in these melts is dis- 
sociated, while  lead chloride behaves l ike a par t ia l ly  
associated liquid. Fur thermore ,  the tendency toward 
compound formation in the system is slight. 

Summary 

The phase diagram for lead chlor ide- lead sulfide is 
simple wi th  one ve ry  weak incongruent ly  mel t ing 
compound occurring in the system. The x - r a y  dif-  
f ract ion pat tern  for the incongruent ly  mel t ing  com- 
pound was determined.  Calculations f rom the phase 
diagram indicate that  l iquid lead sulfide is dissociated. 
The l iquidus lines for PbS, NaC1, NaF, and KBr 
added to lead chloride were  also determined.  Calcu-  
lations from the phase diagram indicate posit ive de- 
viations f rom ideal i ty  in the PbS-PbC12 system. 

The density measurements  show that  the expans iv-  
ity of lead chloride is high, whi le  that  for lead sul- 
fide is small. The molar  volumes of the mix tures  are 
almost ideal, wi th  slight posit ive deviat ions f rom ad- 
di t ivi ty  occurring. 

The density and the phase diagram then indicate 
that  the lead chlor ide- lead sulfide system is s t ruc-  
tura l ly  simpler than the s i lver  sulfide-si lver chloride 
system previously investigated, and accordingly the 
electr ical  propert ies  of the two systems would  also be 
expected to be different. 
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The Electrical Conductivities and the Structural 
Properties of Molten PbCI2-PbS Mixtures 

II. Electrical Conductivities of the Systems PbS-PbCh and Pb-PbS-PbCI2 

M. C. BelP and S. N. Flengas 
Department oS Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The specific conductivit ies of mol ten lead chlor ide- lead sulfide mixtures  
have been determined.  On the addition of the sulfide to the chloride the con- 
duct ivi ty  decreases ini t ial ly and then increases as electronic conductance sets 
in at about 35 mole % sulfide. The conduct ivi ty  in this region is characterized 
by t empera tu re  independent  act ivation energies, typical of semiconductive be- 
havior. The electronic conduction in this system is analyzed on the basis that  
the melts  are intrinsic semiconductors.  The solubilities of lead in lead chloride, 
and in lead chlor ide- lead sulfide melts  up to 50 mole % sulfide were  deter -  
mined. The electr ical  conductivit ies of these solutions were  also investigated. 
It is found that  the act ivation energies for electronic conduction in the melts  
containing added meta l  change by only a ve ry  small  amount,  indicating that  
the added meta l  is not acting as are electron donor. 

The lead chlor ide- lead sulfide system was one of 
the first sulf ide-chloride mix tures  studied and was the 
subject  of patents  for  the electrolytic recovery  of lead 
as ear ly  as 1906. More recent ly  German  (1) and J a p -  
anese workers  (2) have  shown that  the electrolysis 
of lead sulfide in solutions in lead chloride and so- 
dium or potassium chloride melts  could be carr ied out 
at high current  efficiencies. 

Lead sulfide has the NaC1 crystal  structure,  a high 
mel t ing point, and a large heat  of fusion, and is the re -  
fore expected to be fa i r ly  ionic. The phase diagram 
and density measurements  for the lead chlor ide- lead 
sulfide system repor ted  in the previous paper  in this 
series (3) have shown that  lead sulfide behaves like 
a dissociated l iquid while  pure  l iquid lead chloride 
contains species other  than simple lead and chloride 
ions. The system shows only a slight tendency toward 
compound formation. 

Solid lead sulfide is a we l l -known  intrinsic semi-  
conductor (4, 5) even  at high temperatures ,  having 
an energy gap of 0.35 ev. The conduct ivi ty  of pure  solid 
lead sulfide has been found to increase rapidly because 
of the loss of small  amounts  of sulfur at high t emper -  
atures (6). This fact has l imited the accuracy with  
which the conduct ivi ty  of the mol ten  stoichiometrie 
sulfide could be determined.  

Previous  invest igat ions of the mol ten silver sulfide- 
s i lver  chloride system (7) in this labora tory  have 
shown that  the onset and amount  of electronic conduc- 

i Present  address:  D e p a r t m e n t  of Metal lurgy,  Royal School of 
Mines, Imper ia l  College, London,  England.  

tion in the sulfide-chloride melts  could be determined 
readi ly  f rom careful  conductivi ty measurements .  

In the present  invest igat ion the electr ical  conduc- 
tivities for the mol ten  lead chlor ide- lead sulfide m i x -  
tures are presented over  the composition and t emper -  
a ture  range al lowed by the phase diagram and the 
thermal  stabili ty of the system. 

Lead and lead sulfide are  miscible at high t emper -  
atures, whi le  the s i lver-s i lver  sulfide system has a 
large immiscibi l i ty  gap (8). The post t ransi t ion metals  
which do not form subhalides general ly  have  ex-  
t remely  l imited solubilities in their  mol ten  chlorides 
(9). It  is therefore  of interest  to de termine  the solu- 
bilities in these mol ten  mixtures.  The measurement  of 
the effect of the added meta l  on the conduct ivi ty  in 
these mixtures,  some of which are semiconductors,  
gives some indication of the electron donor propert ies  
of the excess meta l  present. 

Experimental 
The prepara t ion of the mater ia ls  used in this in-  

vestigation and the cell design were  described in de-  
tail in a previous publication (3). Graphi te  electrodes 
were  used for all measurements  above 20 mole % lead 
sulfide, as tungsten, or platinum, dissolved readi ly  in 
these melts. The conduct ivi ty  cells were  of the U-tube,  
capil lary type. For  high concentrations of sulfide the 
melts  were  thermal ly  unstable and evolved small  
amounts of sulfur. In this range the conduct ivi ty  cells 
were  modified by introducing female  silica ground 
joints  about 2 in. above the capillary. The  graphi te  
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electrodes were  then machined and ground to fit 
the joints, and were  connected to the molybdenum or 
graphi te  leads for the bridge connections. When as- 
sembled the electrodes could be lowered and seal the 
capi l lary par t  of the cell making a t ight fitting in the 
hot zone of the furnace, thereby reducing sulfur evo-  
lution. All  measurements  were  taken in an a tmosphere  
of purified argon. 

The solubili ty of lead in mol ten lead chlor ide- lead 
sulfide mix tures  was de termined  by direct  loss in 
weight  of small  amounts of lead equi l ibra ted wi th  
about 30g of the requi red  salts sealed in evacuated 
l~-in, quartz  tubes te rminat ing  in a 4 mm ID quartz  
tube at the bottom. For  these measurements  zone re-  
fined lead was fur ther  purified by passing anhydrous 
hydrogerL through the l iquid meta l  at about 500~ 
to reduce the oxygen content. 

The capsules were  evacuated overnight  to a few 
microns preSsure before sealing. The cells were  placed 
in ver t ical  holes dri l led in a graphite block in the fu r -  
nace and mainta ined at the requi red  t empera tu re  for 
several  days. The t empera tu re  gradient  along the sam-  
ples was mainta ined at less than I~ The samples 
were  then removed from the furnace and quenched in 
iced brine. P re l iminary  exper iments  showed that  the 
rate  of quenching did not affect the measured solubil-  
ity. The lead but ton at the bottom of the 4 mm tube 
was separated f rom the salt and boiled in distil led 
water  to remove  traces of lead chloride. Blank lead 
buttons and some of the equi l ibrated buttons showed 
weight  losses of less than a tenth of a mi l l ig ram on 
boiling in water.  It was found however  that  some of 
the solidified buttons still contained t rapped salt. Al l  
tbe buttons were  therefore  dissolved in di lute  nitric 
acid, containing a small  amount  of 0.001 normal  si lver 
ni t ra te  solution. Any salt t rapped in the buttons was 
precipi ta ted as si lver chloride, or si lver sulfide. The 
amount  of si lver remaining  in the solution was then 
de termined  by t i t rat ion with  potassium thiocyanate  
solution using ferr ic ammonium sulfate as the indi-  
cator. The corrections in most of the samples were  
negligible. 

The conduct ivi ty  measurements  on the P b - P b S -  
PbC]2 te rnary  were  taken in the same manner  as pre-  
viously described (7). Graphi te  electrodes were  used 
in all the determinations.  The additions of meta l  to 
the conduct ivi ty  cell  were  made  by pressing a ve ry  
small weighed amount  of meta l  in the center  of a 
pellet  of lead sulfide. The pellet  was then introduced 
to the mel t  f rom a side arm feeding tube. 

Results and Discussion 
Electrical conductivities in the binary system PbS-  

PbC12.--In order to show the large amounts  of elec- 
tronic conduct ivi ty  occurr ing in the .lead sulfide-lead 
chloride melts, the ove r -a l l  d iagram of the measured 
conductivit ies is shown in Fig. 1. Pure  lead sulfide has 
a specific conduct ivi ty  f rom 110 to 120 reciprocal  ohm- 
cm, and a posit ive t empera tu re  coefficient typical  of 
semiconduct ive behavior.  In this respect, l iquid lead 
sulfide is s imi l a r  to solid lead sulfide which is a we l l -  
known intrinsic semiconductor.  Lead sulfide unfor -  
tunate ly  is not  too stable at h igh temperatures ,  and the 
melts  continuously lost v e r y  small  amounts  of sulfur. 
A small  loss in sulfur  however  produced a large change 
in conductivity.  Similar  behavior  has also been ob- 
served with  solid lead sulfide (6). The present  meas-  
urements  on pure  lead sulfide were  taken by heat ing 
the cell as quickly as possible to about 1150~ Once 
the lead sulfide had melted, the sulfide in the capil-  
lary  was protected from fur ther  dissociation by the 
mel t  above it. Since the capi l lary de termined  99.9% 
of the cell constant, stable conductivit ies could be 
measured  over  short periods of time, provided the 
melts were  not mixed. Readings taken in the first 
hal f  hour  of three  runs using different preparat ions  of 
lead sulfide gave results wi th in  5% of the mean shown 
in Fig. 1 and Table  II, and all showed the same tem-  
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Fig. 1. Specific conductivity isotherms in the PbS-PbCI2 system 
over the entire composition range. 

pera ture  dependence. Thus whi le  accurate readings 
could not be obtained, the observed conductivit ies ap- 
pear  to be approximate ly  correct. 

The rapid decrease in conduct ivi ty  on the addition of 
lead chloride to the sulfide is quite  evident  in Fig. 1. 
Al l  the melts  have  a posit ive t empera tu re  dependence, 
unl ike  the si lver chlor ide-s i lver  sulfide system (7) 
which showed a metal l ic  t empera tu re  dependence for 
the conduct ivi ty  above 50% si lver sulfide. The differ- 
ence is a t t r ibuted to the more  ionic bonding of the lead 
sulfide as shown by the phase diagram and density 
measurements  in the previous paper  (3). It  should 
also be noted that  in the si lver sulfide-si lver chloride 
system at compositions below 50 mole % sulfide where  
the phase diagram and density measurements  indicated 
that  the melts  became ionic, the tempera ture  depend-  
ence of the conduct ivi ty  also became positive. 

The ionic conduct ivi ty  on the chloride side of the 
system cannot be seen on the scale of this graph. An 
enlarged diagram of the specific conductivit ies in this 
region is shown in Fig. 2. The conductivit ies up to 36 
mole % sulfide were  all quadrat ic  functions of t em-  
perature.  
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Fig. 2. Specific conductivity isotherms of the lead chloride rich 
solutions. 
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Table I. Specific ionic conductivity in the PbCl2-Pb$ system 
k ~ a + b(t*C-SOO) -- c ( t * C - 5 0 0 )  ~ , o h m - z c m  -z 

C O N D U C T I V I T I E S  & P R O P E R T I E S  O F  PbC12-PbS  33 

Mole % Standard 
PbS a b x I0 ~ c • 10 5 deviation 

0.004 
0.004 
0.002 
0.003 
0.005 
0 .006 
0.003 
0,001 

0 1.486 0.511 0.414 
2.79 1.445 0.508 0.307 

10.58 1.283 0.502 0.295 
16.03 1.190 0.501 0.293 
18.64 1,148 0.499 0.256 
25.20 1.032 0.497 0.22 
26.89 1.006 0.496 0.22 
32.71 0.906 0.495 0.19 
35.94 0.863 0.494 0.17 
39.32 0.824 0.494 0 .16 
44.61 0.770 0.492 0.14 
46.00 0.760 0.492 0 .14 

In this region the measured  conductivit ies were  quite 
stable and were  genera l ly  reproducible  to u of 1% on 
increasing and decreasing tempera ture .  Mult inomial  
regression about the quadrat ic  equat ion 

k = a + b ( t ~ 1 7 6  2 [1] 

yielded the constants a, b, c, and the standard devia-  
tions of the measured  conductivit ies f rom this equa-  
tion. The constants for this equation, and the de te r -  
mined s tandard deviat ions are shown in Table I. A 
large number  of readings were  taken at each composi-  
tion, and the standard deviat ion of the exper imenta l  
data is seen to be small. The measured  conductivit ies 
of lead chloride are about 3% higher  than those re -  
ported by Harrap  and Heymann  (10). Harrap 's  values 
for the conductivit ies of si lver chloride were  also 
about 2.5% lower than those repor ted  by Doucet  (11), 
Wetmore  (12), and in our previous invest igat ion (7). 

The densities for lead chloride and for the mix tures  
wi th  lead sulfide have  been previously  de te rmined  (3),  
so that  the equivalent  conductivit ies could be calcu- 
lated. Since the phase diagram measurements  (3) 
have shown that  lead chloride contains species other 
than simple lead and chloride ions, the conductance 
could not be defined per unit  number  of ions present.  
Similarly,  the act ivat ion energy for conduction loses 
significance as an indication of an energy barrier ,  be-  
cause the number  of ions present  per  mole  would be 
changing wi th  temperature .  Accordingly molar  ac t iva-  
tion energies were  calculated f rom the measured data 
and indicate a change f rom 4.32 kcal  at 500~ to 3.48 
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Fig. 3. Plot of the a, b, and c coefficients as a function of lead 
sulfide content. 

kcal at 700~ The apparent  act ivat ion energies for 
ionic conduction change only slightly on the addition 
of lead sulfide to the chloride a n d  are of the same 
magni tude  as those for the alkal ine ear th  halides (13). 

The points shown on Fig. 2 are only those in ter -  
polated f rom the measured data at regular  t empera -  
ture  intervals.  The large t empera tu re  dependence of 
the conduct ivi ty  is evident  f rom the diagram. The 
general  decrease in conduct ivi ty  on the addit ion of the 
sulfide is q u i t e  evident.  The  decrease is s imilar  to that  
observed on the addit ion of si lver sulfide to s i lver  
chloride. In the present  case, however ,  the isotherms 
are all essentially parallel ,  indicating that  the effect 
of the added divalent  ions is about the same at all 
temperatures .  

The onset of electronic conduct ivi ty  at about 40% 
lead sulfide is quite  evident  by the rapid increase in 
conductivity.  The electronic conduct ivi ty  rises steadily 
wi th  fu r the r  additions of sulfide to the large values 
observed on the lead sulfide side of this system. The 
onset of electronic conduct ivi ty  is seen to occur at a 
much higher  sulfide concentrat ion than in the silver 
chlor ide-s i lver  sulfide system. In order to de termine  
the amount  of electronic conductivi ty occurr ing in 
these mix tures  it is necessary to ex t rapola te  the ionic 
conduct ivi ty  f rom lower sulfide concentrations. This 
was done by ext rapola t ing  the coefficients for quadrat ic  
equations for the specific conductivity.  The ext rapola-  
tion is shown in Fig. 3. The accuracy of the conduc- 
t ivit ies in the ionic region is evident  in the smooth 
curves obtained for the coefficients. The change in the 
b and c coefficients is small, and possible errors in 
the extrapolat ion of these parameters  are less l ikely 
than the uncer ta in ty  in the a term. Arb i t r a ry  limits for 
var ious possible extrapolat ions for the a coefficient 
past 32% sulfide are  shown by the ver t ica l  arrows. The 
points given by the solid dots are those used in the 
calculat ion of the expected ionic conduct ivi ty  for the 
higher  concentrat ions and are given in Table  I. 

The difference be tween  the measured  conductivi ty 
and the expected ion ic  conduct ivi ty  for concentrations 
above 32% lead sulfide, then gives the specific elec-  
tronic conductivity.  When mul t ip l ied  by the molar  
vo lume of the melts, the molar  electronic conduc- 
t iv i ty  is obtained. The conduct ivi ty  is then expressed 
per unit  mole ra ther  than per unit volume. The plot 
of the logar i thm of the molar  electronic conduct ivi ty  
vs. the reciprocal  t empera tu re  is shown in Fig. 4. 
The points show the electronic conduct ivi ty  calculated 
at 20~ intervals  f rom the measured  data. The elec-  
tronic conduct ivi ty  for these compositions is seen to 
be character ized by a t empera tu re - independen t  ac- 
t ivat ion energy over  a wide t empera tu re  range, the 
deviat ions for the 44.6 mole % lead sulfide curve  at low 
tempera tures  being on the border l ine  of being signifi- 
cant. The arrows on the lines show the uncer ta in ty  
involved  in the extrapolat ion for the expected ionic 
conductivity.  If different extrapolat ions are made, the 
conductivit ies are all shifted in the same direction by 
the amount  indicated by the arrows. The t empera tu re  
dependence of the electronic conduct ivi ty  in this region 
is then seen to be typical  of an intrinsic semiconductor.  
A similar  behavior  was observed in the silver chloride-  
si lver sulfide system when electronic conduction com- 
menced. Exac t ly  the same behavior  wi th  respect  to the 
extrapola t ion for the ionic conductance is observed 
when  excess soluble meta l  is added to the lead 
chlor ide- lead sulfide system. 

The molar  electronic conduct ivi ty  of these mixtures  
was fitted to the equat ion 

AH* 
Am = Aoe [1] 

R T  

and the results  are  shown in Table II. The standard 
deviat ions quoted are those de termined  graphical ly 
from the scatter of the measured  points about the total  
conduct ivi ty  predicted by the parameters  given in 
Tables I and II. The uncer ta in ty  in the values for the 
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Fig. 4. Plot of the logarithm of the molar e lectronic  conductivity 
vs. the reciprocal temperature. 

a c t i v a t i o n  e n e r g i e s  c o r r e s p o n d  to t h e  u n c e r t a i n t y  in  
t h e  e x t r a p o l a t i o n  for  t h e  ionic  c o n d u c t i v i t y  s h o w n  in  
Fig. 3. 

T h e  d a t a  fo r  t h e  specif ic  c o n d u c t i v i t i e s  a b o v e  45 
m o l e  % sul f ide  a r e  a lso s h o w n  in  T a b l e  II, a l o n g  w i t h  
t h e  d e t e r m i n e d  a c t i v a t i o n  ene rg ie s .  T h e  e r r o r s  s h o w n  
a r e  o n l y  a p p r o x i m a t e  a n d  a r e  b a s e d  o n  t h e  f ac t  t h a t  
t h r e e  d e t e r m i n a t i o n s  of t h e  c o n d u c t i v i t y  of  p u r e  l i q -  
u id  l ead  sul f ide  g a v e  r e s u l t s  w i t h i n  5% of t h e  m e a n  
va lue .  T h e  pos s ib l e  e r r o r s  in  t h e  a c t i v a t i o n  e n e r g i e s  
a r e  diff icul t  to  assess,  b u t  t h e  m e a s u r e d  c o n d u c t i v i t i e s  
s h o w e d  t h e  s a m e  t e m p e r a t u r e  d e p e n d e n c e  e v e n  a f t e r  
some  d e c o m p o s i t i o n  of t h e  su l f ide  h a d  occu r r ed .  

T h e  c o n d u c t i v i t y  of l i q u i d  l e ad  su l f ide  w o u l d  a p p e a r  
to b e  a b o u t  t w i c e  t h e  v a l u e  fo r  t h e  so l id  s t a t e  w h e n  
r e s u l t s  f r o m  l o w e r  t e m p e r a t u r e s  a r e  e x t r a p o l a t e d  o v e r  
a w i d e  t e m p e r a t u r e  r a n g e  (6) .  T h i s  i n c r e a s e  in  c o n -  
d u c t i v i t y  is s i m i l a r  to t h e  l a r g e  i n c r e a s e s  in  c o n d u c -  
t i v i t y  t h a t  occu r  on  m e l t i n g  s i l icon,  g e r m a n i u m ,  t e l l u -  
r i u m ,  t i n  sulf ide,  a n d  a n u m b e r  of  a n t i m o n i d e  c o m -  
p o u n d s  (14-16) .  

T h e  m e a s u r e d  a c t i v a t i o n  e n e r g y  fo r  p u r e  l i q u i d  l e ad  
sul f ide  c o r r e s p o n d s  to a n  e n e r g y  gap  b e t w e e n  t h e  v a -  
l e n c e  a n d  c o n d u c t i o n  b a n d s  of 0.7 ev, i f  t h e  l i q u i d  is 
c o n s i d e r e d  as a s e m i c o n d u c t o r .  T h i s  v a l u e  c o m p a r e s  
w i t h  t h e  v a l u e  of 0.35 e v  fo r  sol id  l e ad  sul f ide  (6) .  
S i m i l a r l y ,  t h e  specific c o n d u c t i v i t y  of  l i q u i d  t i n  su l f ide  

Table II. Electronic conduction in the PbS-PbCI2 system 

S t a n d -  
a r d  

M o l e  % U n c e r -  d e v i -  
P b S  E q u a t i o n  log10 Ao AH*,  k c a l  t a i n t y  a t i o n  

39 .32  * A m  = A,,e-~R*/~'r 7 . 7 7 9 4  3 7 . 9 0  •  0 . 0 0 4  
44 .61  A, ,  = A,e-~H*/IZT 5 . 8 8 0 3  2 5 . 2 0  "*'1.5 0 . 0 0 6  

~ H * ,  E r r o r ,  
a b k c a l  % 

66 .5  k* = a + b ( t ~  4 . 2 0  0 . 0 2 5  2 2 . 0  •  
80 .2  k = a + b ( t ~  12 .6  0 . 0 6  18 .0  -----5 

100 .0  k = a + b ( t ~  110 .0  0 .30  8 .0  •  

* k o h m - 1  cm-1 .  
* Am o h n ]  -1 l n o l e s - I  Cln2. 

h a s  a p o s i t i v e  t e m p e r a t u r e  d e p e n d e n c e  g i v i n g  a n  e n -  
e r g y  gap  of  1.9 e v  (15) c o m p a r e d  to a v a l u e  of 1.2 e v  
fo r  so l id  t i n  su l f ide  w h i c h  is a lso  a n  i n t r i n s i c  s e m i c o n -  
d u c t o r  (17) .  L i q u i d  s e l e n i u m  h a s  a lso  b e e n  s h o w n  to 
be  a s e m i c o n d u c t o r  h a v i n g  a n  e n e r g y  gap  of  2.3 ev,  
c o m p a r e d  to 1.8 e v  fo r  t h e  so l id  (18) .  Th i s  d a t a  w o u l d  
s u g g e s t  t h a t  t h e  p o s i t i v e  t e m p e r a t u r e  d e p e n d e n c e  of 
t h e  c o n d u c t i v i t y  i n  t h e s e  s y s t e m s  is i n d i c a t i v e  of 
s e m i c o n d u c t i v e  b e h a v i o r .  I n  t h e  so l id  s ta te ,  t h e  e n e r g y  
gap  m a y  b e  d e t e r m i n e d  f r o m  c o n d u c t i v i t y  m e a s u r e -  
m e n t s ,  as t h e  m o b i l i t y  c h a n g e s  w i t h  t e m p e r a t u r e  i n  a 
m u c h  s l o w e r  m a n n e r  t h a n  t h e  e x p o n e n t i a l  t e m p e r a t u r e  
d e p e n d e n c e  of t h e  e l e c t r o n s  r a i s e d  to a c o n d u c t i o n  
b a n d .  

In  l i q u i d  m e t a l s  t h e  c h a n g e  in  e l e c t r o n  m o b i l i t y  w i t h  
t e m p e r a t u r e  is e v e n  s m a l l e r  t h a n  in  t h e  so l id  s t a t e  
(14) .  A s i m i l a r  b e h a v i o r  is a lso i n d i c a t e d  in  su l f ide -  
c h l o r i d e  m e l t s  b y  t h e  t e m p e r a t u r e  i n d e p e n d e n c e  of t h e  
a c t i v a t i o n  ene rg ies .  T h e r e f o r e ,  i t  m a y  b e  a s s u m e d  t h a t  
t h e  m e a s u r e d  a c t i v a t i o n  e n e r g i e s  i n  t h e s e  m e l t s  c a n  b e  
d i r e c t l y  a s s o c i a t e d  w i t h  a n  e n e r g y  gap.  

F r o m  T a b l e  II ,  t h e r e  is s e e n  to  b e  a l a r g e  i n c r e a s e  
in  t h e  a c t i v a t i o n  e n e r g y  fo r  e l e c t r o n i c  c o n d u c t i o n ,  or  
i n  t h e  e n e r g y  gap,  as  l e a d  c h l o r i d e  is a d d e d  to t h e  s u l -  
fide. T h e  s a m e  o b s e r v a t i o n  w a s  m a d e  in  t h e  s i l v e r  su l -  
f i d e - s i l v e r  c h l o r i d e  m e l t s  in  t h e  r e g i o n  in  w h i c h  e l ec -  
t r o n i c  c o n d u c t i v i t y  c o m m e n c e d  (7) .  Th i s  i n c r e a s e  m a y  
be  a t t r i b u t e d  to t h e  m o r e  ion ic  b o n d i n g  in  t h e s e  so lu -  
t i ons  as c o m p a r e d  to t h e  p a r t i a l l y  c o v a l e n t  p u r e  sulfide.  

T h e  a c t i v a t i o n  e n e r g y  fo r  e l e c t r o n i c  c o n d u c t i o n  in  
t h e  s i l v e r  s u l f i d e - s i l v e r  c h l o r i d e  s y s t e m  a t  35 m o l e  % 
a d d e d  sul f ide  is less  t h a n  h a l f  t h a t  in  t h e  l e a d  su l f ide -  
l e ad  c h l o r i d e  sys t em.  T h i s  l o w e r  e n e r g y  m a y  also b e  
a t t r i b u t e d  to t h e  m o r e  c o v a l e n t  n a t u r e  of s i l v e r  su l -  
fide, as i n d i c a t e d  b y  t h e  p h a s e  d i a g r a m  a n d  d e n s i t y  
m e a s u r e m e n t s  (3) of t h a t  sy s t em.  H a l l  c o n s t a n t s  h a v e  
no t  b e e n  m e a s u r e d  in  t h e s e  sy s t ems ,  so t h a t  t h e  n u m -  
b e r  of c h a r g e  c a r r i e r s  h a s  n o t  b e e n  d e t e r m i n e d  e x -  
p e r i m e n t a l l y .  I f  t h e  l i qu id s  a r e  c o n s i d e r e d  as  s e m i -  
c o n d u c t o r s  h a v i n g  a f in i te  c o n d u c t i o n  b a n d ,  t h e  c o n c e n -  
t r a t i o n  of e l e c t r o n s  n p e r  u n i t  v o l u m e ,  r a i s e d  to t h e  
c o n d u c t i o n  b a n d  is g i v e n  b y  t h e  w e l l - k n o w n  e x p r e s -  
s ion  

n = N T  x ( m * .  m )  ~ "e -Eg /2KTG [2] 

w h e r e  E g  r e p r e s e n t s  t h e  e n e r g y  gap  m e a s u r e d  f r o m  
t h e  v a l e n c e  b a n d ,  m *  is t h e  e f fec t ive  e l e c t r o n  mass ,  
a n d  m t h e  n o r m a l  e l e c t r o n  mass .  S u c h  a r e l a t i o n s h i p  
cou ld  be  e x p e c t e d  to h o l d  fo r  b o t h  t h e  p u r e  l i q u i d  
su l f ide  a n d  a so lu t ion ,  i f  b o t h  t h e s e  l i qu id s  a r e  i n -  
t r i n s i c  s e m i c o n d u c t o r s .  

T h e  m o l a r  c o n d u c t i v i t i e s  of t h e s e  l i qu id s  m a y  be  
e x p r e s s e d  as 

A m  z 2 k . n . ~ , . e . V m  [3] 

w h e r e  e is t h e  e l e c t r o n  cha rge ,  u is t h e  m o b i l i t y  of 
t h e  e l ec t rons ,  k is t h e  c o n v e r s i o n  f a c t o r  fo r  t h e  un i t s ,  
a n d  V m  t h e  m o l a r  v o l u m e  of t h e  l iqu id .  T h e  f a c t o r  
of 2 is i n t r o d u c e d  to a c c o u n t  fo r  p o s i t i v e  h o l e  c o n d u c -  
t ion,  as o b s e r v e d  in  so l id  l e ad  sul f ide  a t  h i g h  t e m -  
p e r a t u r e s  (4, 5) .  

T h e  r a t i o  of e l e c t r o n  m o b i l i t i e s  in  p u r e  l e ad  sul f ide  
a t  9O0~ (~p), to  t h a t  in  a s o l u t i o n  a t  45 m o l e  % 
sulfide,  (us) ,  a t  t h e  s a m e  t e m p e r a t u r e  m a y  b e  o b -  
t a i n e d  b y  d i v i d i n g  t h e  c o r r e s p o n d i n g  e x p r e s s i o n s  

( A m ) p  np �9 ~ �9 ( V m ) p  
- -  - -  [ 4 ]  

( .~m)s  ns �9 , s  �9 ( V ~ )  s 

w h e r e  t h e  c o n s t a n t s  s h o w n  in  Eq.  [3] c a n c e l  out .  
T h e  e l e c t r o n  c o n c e n t r a t i o n  r a t i o  m a y  b e  o b t a i n e d  

f r o m  Eq.  [2].  S i n c e  t h e  c o m p a r i s o n  is m a d e  a t  t h e  
s a m e  t e m p e r a t u r e  t h e  p r e = e x p o n e n t i a I  t e r m s  in  t h i s  
e q u a t i o n  w i l l  c a n c e l  o u t  w h e n  s u b s t i t u t e d  i n  Eq.  [4].  

T h e  a s s u m p t i o n  is a l so  m a d e  t h a t  t h e  e f fec t ive  e l ec -  
t r o n  m a s s e s  a re  t h e  s a m e  in  t h e  t w o  sys t ems ,  or  t h a t  
b o t h  a r e  e q u a l  to  t h e  n o r m a l  e l e c t r o n  mass .  T h i s  as -  
s u m p t i o n  ha s  some  bas i s  as H a l l  m e a s u r e m e n t s  in  l i q -  
u id  m e t a l s  a n d  l i q u i d  g e r m a n i u m  h a v e  b e e n  de te r=  
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mined and show that  the effective masses in these l iq-  
uids are close to the normal  electron mass (14). For  
the calculation, the energy gap is taken as being equal  
to twice the measured act ivat ion energies of con- 
duction, e.g. 

Eg AH* 

2 K  R 

On substi tut ing the corresponding values for the 
energy gaps and the measured molar  electronic con- 
ductivit ies at l l00~ the rat io of the inabilit ies in the 
two systems may be calculated as 

#~ 0.14 at l l00~  
/Xs 

That  is, the electron mobil i ty  in the solution is greater  
than the mobil i ty  in pure  l iquid lead sulfide. This could 
be accounted for by a lower scattering cross section 
of the chloride ion compared to the highly charged 
divalent  sulfide ion present  in the pure  sulfide. The 
calculation indicates that  the decrease in conduct ivi ty  
by a factor of 100 on going f rom the pure  sulfide to a 
solution at 45 mole % sulfide is not  necessari ly caused 
by a decrease in the mobi l i ty  of the electrons, but  may 
be accounted for by the increase in the energy gap in 
the solutions on the addition of the ionic chloride. 

Electrical conductivities and metal  solubilities in the 
ternary sys tem Pb-PbS-PbC12.- -The in terpre ta t ion of 
the electr ical  conductivit ies in the te rnary  system 
Pb-PbS-PbC12 requires  the knowledge of the solubili ty 
of lead meta l  in the PbS-PbCI~ melts. 

Solubili t ies of lead were  de termined  in melts con- 
taining only up to 50 mole % sulfide, because  in this 
region the sulf ide-chloride melts  were  quite  stable, and 
accurate data on conductivit ies could be obtained. The 
measured solubilities are shown in Fig. 5. The solu- 
bil i ty of lead in lead chloride is quite small, 0.008 
mole % at 583~ to 0.056 mole  % at 886~ The meas-  
ured solubilities are about  one- th i rd  of those repor ted  
by Corbett  (20). I t  was observed in the present  in-  
vest igat ion that  if the reagent  grade lead chloride was 
used as-received wi thout  previous purification, solu- 
bilities closer to those repor ted  by Corbett  (20) at 
600~ were  obtained. 

It  is evident  that  these small  solubilities are very 
sensit ive to the pur i ty  of the sample, and that  the 
presence of oxygen or metal l ic  impuri t ies  in the sys- 
tem may increase the measured solubility. 

Despite the scatter in the results for the the mixtures  
of lead chloride and lead sulfide, it is apparent  that  
the solubili ty at low tempera tures  (583~ is very  
small, less than 0.02 mole  %, for all the compositions 
studied. The solubili ty increases wi th  increasing t em-  
pera ture  and increasing sulfide concentrat ion to a 
value of 0.65 mole % at 50 mole  % sulfide and 886~ 
Analysis of the lead buttons showed that  most of the 
buttons contained no detectable  amounts of chloride 
or sulfide, so that  the solubil i ty of lead chloride and 
lead sulfide in l iquid lead is ve ry  small. 

The measured solubilities of lead in pure lead 
chloride show less scatter than the data for the mix -  

i O5 ~o �9 
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Fig. 5. Solubilities of lead metal in molten PbC-PbCI2 mixtures 
as a function of the lead sulfide content. 
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Fig. 6. Plot of the logarithm of the solubility of lead in lead 
chloride vs .  the reciprocal temperature: �9 this investigation; o 
Topoi (21). 

tures, and it is possible to obtain a value for the par -  
t ial  molar  heat  of solution of lead in lead chloride. A 
plot of the logar i thm of the solubil i ty vs. the reciprocal  
t empera tu re  is shown in Fig. 6. Despite the fact that  
only four  readings were  taken, a good straight  l ine is 
obtained. The solubilities repor ted  by Topol (21) are 
shown for comparison. The slope of the line for the 
present  invest igat ion gives a part ial  molar  heat  of m i x -  
ing of +13.2 kcal, if the act ivi ty coefficient of lead 
in the solution is constant over  the composition range 
involved. In v iew of the ex t remely  small  solubilities 
such an assumption is quite  justified. Such a high 
posit ive heat  at such low concentrat ions is indicative 
of the large immiscibi l i ty  gap in the lead chlor ide-  
lead system. The scatter in the measured  solubilities 
for the sulfide-chloride mix tures  makes it impossible 
to de termine  the heat  of solution with  any precision 
in these mixtures.  

The effect of added soluble lead meta l  on the con- 
duct ivi ty  in the binary lead chlor ide- lead sulfide system 
was de termined  at three  sulfide concentrations,  25, 36, 
and 46 mole  % lead sulfide. The effect of added meta l  
on the specific electronic conductivi ty is shown at one 
t empera tu re  in Fig. 7. The electronic conduct ivi ty  was 
de termined  as the difference be tween the measured 
and the expected ionic conductivity.  The values used 
for the ionic conduct ivi ty  are shown in Table I. At 
25.6 mole % lead sulfide, no electronic conductivi ty 
is occurr ing in the binary system, and the addition 
of 0.013 mole % lead meta l  produced no observable 
change in the conduct ivi ty  even after  standing over -  
night  and thoroughly mixing.  At  35.9 mole  % lead 
sulfide, ve ry  l i t t le electronic conduct ivi ty  is expected 
in the binary system, and the addition of meta l  in-  
creases the conduct ivi ty  as shown. At 46 mole  % sul-  
fide, electronic conduction is occurr ing in the binary 
system, and the addition of meta l  increases the con- 
duct ivi ty  only slightly. 

At  the final meta l  concentration, the electronic con- 
duction is about the same as the ionic conduct ivi ty  in 
the system. 
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Fig. 7. Effect of added lead metal on the specific electronic 
conductivity of the PbS-PbCI2 solutions at 860~ 
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Table IlL Electronic conduction in the Pb-PbS-PbCI2 system: 
Am ~ Ao e -H* /RT 

Mole  % Mole  % S t a n d a r d  
P b S  P b  log  TM Ao AH*, kca l  d e v i a t i o n s  

25.64 0.13 No e lec t ron ic  c o n d u c t i o n  
35.94 0.0114 5.7040 27,13 • 2.8 0.005 
a5.74 0.015 6.0188 24.62 ~--- 1.5 0.006 
46.00 0.084 6.2124 24.39 ~ 1.2 0.006 
46.25 0.129 6.2514 24.40 ~ 1.2 0.006 

Am in  ohra-~ mole-1 crna. 

The tempera tu re  dependence of the electronic con- 
duct ivi ty  in this system is also shown in Fig. 4. The  
molar  electronic conduct ivi ty  was calculated in the 
same manner  as for the binary system. The points on 
the lines again represent  the electronic conduct ivi ty  
calculated at 20~ intervals  f rom the measured  data. It 
is evident  that  the electronic conduct ivi ty  occurr ing in 
the systems wi th  meta l  added, is character ized by a 
t empera tu re  independent  act ivation energy of much 
the same value  as that  occurr ing in the binary sys- 
tems. Not as many  compositions are shown on this 
graph as in Fig. 7, because the conductivit ies of some 
of the meta l  concentrat ions were  measured  at a few 
tempera tures  only. The arrows on the lines again show 
the uncer ta in ty  in the extrapolat ions  caused by the ex-  
t rapolat ion for the ionic conductivity.  Not as many  
readings were  t aken  as in the binary systems, and the 
scatter in the measured  values was greater.  The resul t -  
ing uncer ta in ty  in the determined act ivat ion energies 
is at least as great  as the uncer ta in ty  caused by the 
ext rapola t ion  for the ionic component.  Values for  the 
constants in a simple exponent ia l  equat ion to give 
the measured molar  electronic conduct ivi ty  are shown 
in Table IIL At  46 mole  % sulfide the de termined  ac- 
t ivat ion energy for conduction in the system wi th  
meta l  added are less than 0.8 kcal smaller  than the 
act ivat ion energy in the b inary  system at 45 mole  % 
lead sulfide. Such a change is very  small  and may  not 
be significant wi th in  the accuracy of the data. 

It may therefore  be concluded that  the added meta l  
is not contr ibut ing electrons to the system at a donor 
level  significantly different f rom the valence band in 
the binary system. This conclusion is consistent wi th  
the small  increase in conduct ivi ty  occurring. If  the 
added meta l  atoms were  all ionized giving free elec-  
trons in the conduction band, then at a meta l  concen- 
t rat ion of 0.014 mole % metal,  or approximate ly  2 x 
10 TM at., an increase of conduct ivi ty  by about 10O0 
would  be expected. 

It then appears probable that  the added meta l  is not  
acting as an electron donor, but  is t rapped by some 
mechanism which raises the va lence  band of the sys- 
tem slightly. Since this t rapping does not occur in the 
pure  sulfide where  the conduct ivi ty  changes ex t remely  
rapidly wi th  small  amounts  of added metal,  a com- 
p lex  involving chloride ion, such as P b ~ C I - ,  is sug- 
gested as a possible t rapping mechanism. 

The ra ther  low metal  solubili ty in mel ts  of this 
type may be accounted for by a "sal t ing out" effect 
due to the free electrons. Thus, the dissolution process 
may  be described by the reaction. 

M = M + + e -  
(in meta l )  (in mel t )  (in mel t )  

for which 
Keq. : aM+ae- [5] 

aM+, and ae- are the activit ies of the meta l  ions and 
of electrons in the salt phase, respectively.  

In the present  instance the salts are semiconductors 
and the re la t ive  concentrat ion of " f ree"  electrons is 
re la t ive ly  high. This would  cause the equi l ibr ium in 
Eq. [5] to be shifted to the left. P re l imina ry  exper i -  
mehts  on the solubil i ty of si lver meta l  in mol ten  si lver 
chlor ide-s i lver  sulfide mix tures  at 25 mole  % sulfide, 
have indicated a solubil i ty of si lver of less than 0.016 
mole  % at 890~ This is much lower  than the solu- 

bi l i ty  of lead in lead chlor ide- lead  sulfide melts  at the 
same tempera ture  (0.32%). Solutions of s i lver  sulfide 
in this range have  been shown to have much higher  
electronic conductivities. Accordingly they should also 
be expected to have a higher  concentrat ion of free 
electrons and a lower  meta l  solubility. 

Conclusions 
Lead chloride has a low specific conductance (1.49 at 

500~ and a high "apparent"  act ivat ion energy for 
ionic conduction (4.32 kcal  at 500~ The addit ion of 
lead sulfide to the chloride decreases the ionic con- 
duct ivi ty  in much the same manner  as the addit ion of 
si lver sulfide decreases the conduct ivi ty  of si lver 
chloride. 

Liquid lead sulfide exhibits  a posit ive t empera tu re  
dependence for electronic conduction, typical  of semi-  
conductive behavior.  The conduct ivi ty  decreases very  
rapidly on the addition of lead chloride to the sulfide 
and always has a posit ive t empera tu re  coefficient. The 
metal l ic  t empera tu re  dependence of the electronic 
conduct ivi ty  observed in the AgC1-Ag2S system above 
50% si lver sulfide is completely  absent in the lead 
sulfide melts. The difference may  be a t t r ibuted to the 
more  ionic nature  of lead sulfide. 

The activation energy for electronic conduction in- 
creases as lead chloride is added to lead sulfide f rom a 
value  of 8 kcal  in the pure  l iquid lead sulfide to 25 
kcal at 45 mole % sulfide in lead chloride. The t em-  
pera ture  dependence of the l iquid mix tures  it typical  
of intrinsic semiconductive behavior.  If it is assumed 
that  the effective mass of the electrons in the solution 
is the normal  e lec t ron mass, the mobi l i ty  of current  
carr iers  in a mix tu re  of lead chloride wi th  45% lead 
sulfide is greater  than in pure l iquid lead sulfide. The 
large decrease in conductivi ty on adding lead chloride 
to the sulfide is then caused only by the increase in the 
energy gap on the addition of the chloride. The in- 
crease in the act ivat ion energy, or the energy gap, may  
be a t t r ibuted to the more ionic behavior  of the l iquid 
mixtures,  as compared to the par t ia l ly  covalent ly  
banded sulfide. 

The solubilities of lead in lead chloride and in lead 
chloride~lead sulfide mixtures  have been determined.  
The solubilities increase wi th  increasing t empera tu re  
and sulfide concentrat ion to a value  of 0.65 mole  % 
lead at 50 mole  % sulfide and 886~ 

The electronic conduct ivi ty  is seen to increase only 
by a small  amount  when lead meta l  is added to the 
b inary  system. The data indicate that  the added lead 
is not acting as an electron donor in these melts. 
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Thermodynamic Properties of Molybdenum (111) 
Chloride in Molten Alkali Metal Chlorides 

Sidney M. Sells 
Research Laboratories, General Motors Co~poratien, Warren, Michigan 

ABSTRACT 

Using emf methods, part ial  thermodynamic  values in  mol ten LiC1-KC1 
have been precisely determined from 460 ~ to 540~ in the Mo concentrat ion 
range of 0.01 to 0.4 mole/ l i ter .  At 460~ the free energy of formation of the 
molybdenum (III) chloride in  a 1M solution is --63,700 _+ 100 cal /mole and 
the corresponding entropy change is --34 _+ 2 cal /deg/mole.  Extrapolated to 
450~ the potential  of Mo/Mo(I I I )  (1M in  LiCI-KC1) vs. P t / P t ( I I )  (1M) js 
--0.603 ___ 0.002v. There is a strong solvent cation effect due to coulombic, 
steric, and other, contributions,  and the 
much more negative than in  LiC1-KC1. 

The chlorides and bromides of metals in Groups 
IV-A, V-A, and VI-A ("refractory metals") have cer- 
ta inly not been the subjects of complete physicochemi- 
cal investigations at elevated temperatures.  Thermo-  
dynamic quantit ies,  for instance, are not listed for 
many  compounds, either pure or in  solution. There 
are technical reasons for this. Physical  behavior  of 
melts results in real inconvenience for a n u m b e r  of 
exper imental  techniques, and the halides are unstable  
in the presence of moisture. Moreover, unambiguous  
definition of the chemical system may not be possible. 
Several  valence states are exhibited by each of the 
elements, and oxidation or reduction from one to an-  
other takes place readily. 

The present  work is concerned with thermodynamic  
properties of l iquid molybdenum (III) chloride. When 
heated, this compound vaporizes without  melting, and 
it  is not  possible to s tudy the pure liquid. But  it is 
possible to prepare solutions in  molten alkali  metal  
chloride solvents and then to determine part ial  quan-  
tities. Values for LiCI-KCI have been compared with 
those available for pure potassium chloride, and there 
is an interest ing solvent effect. 

Furthermore,  the electrode Mo/Mo(II I )  is now in-  
cluded in an emf series (for the solvent  LiC1-KC1 at 
450~ 

Background.--In 1954 Senderoff and Brenner  reported 
some pre l iminary  experiments  with mo lybdenum elec- 
trodes in mol ten mixtures  of LiC1-KCI-I~MoC16 (1). 
Although no rigorous proof was provided, they sug- 
gested that  molybdenum metal  is in  equi l ibr ium with 
Mo(II I ) .  It  was shown that  anodization of t.he metal  
occurs with un i t  efficiency assuming a three-electron 
change, and reduct ion of molybdenum (III) chloride 
to the metal  also takes place with un i t  efficiency. 
Moreover, large anodic and cathodic cur ren t  densities 
are accompanied by relat ively small  overpotentials.  

Recently Ryzhik and Smirnov measured the equi-  
l ibr ium potentials of Mo/Mo (III) electrodes in  molten 
KC1 at 780~176 (2). They used the reference elec- 
trode C1-/C12 (in pure l iquid KC1), and their  data 
were satisfactory for the calculation of part ial  thermo-  
dynamic quanti t ies for molybdenum (III) chloride in 
the l iquid potassium chloride solvent. Later  in this 

excess free energy of MoCI3 in  KC1 is 

paper there wil l  be a comparison of these results with 
the present  ones obtained at lower temperatures  using 
the molten l i th ium chloride-potassium chloride sol- 
vent. 

The present  s tudy was made with cells of the type 
Mo/MoC13 in  LiC1-KC1//LiC1-KC1//PtCI2 in LiC1- 
KC1/Pt. The solutions of molybdenum and p la t inum 
chlorides were dilute. Molybdenum (III) and p la t inum 
(II) ions were therefore un impor tan t  carriers of cur-  
rent, and liquid junct ion  potentials were consequently 
negligible. The tempera ture  region was 460~176 
limited at the lower end by the solubili ty of the mo-  
lybdenum (III)  compound and at the upper  end by 
the stabil i ty of the p la t inum (II)  chloride in  the ref -  
erence electrode. 

The p la t inum electrode was used for convenience 
instead of measur ing  against  the chlorine electrode 
directly. The precise data of Lai t inen and Pankey  (3) 
are available for the cell Pt/PtCI2 (1M) in  LiCI-I~C1// 
LiC1-KC1//CIz, C. Potent ia l  difference is given as a 
function of temperature,  and with this, one can nor -  
malize the molybdenum electrode data, obtained with 
a p la t inum reference, to the reference C1-/CI2 (in 
l iquid LiCI-KCl).2 In  this way, thermodynamic  values 
are determined for the reaction 

Mo(c) -p 3/2C12(g) --> MoC18(1, in  solution) 

Experimental 
Materials.--The pla t inum wire (B & S 20 gauge) and 

sheet (0.3 mm in  thickness) were over 99.99% pure. 
The molybdenum sheet (0.8 mm in thickness) was 
over 99.9% pure,  the major  impur i ty  be ing carbon; it 
was obtained from the Climax Molybdenum Company. 
The carbon rods, 6 mm in diameter, were of spectro- 
graphic grade. 

Chemically pure potassium hexachloromolybdate 
( I l l )  was supplied by A. D. Mackay, Inc. Composition 
was verified b y  analysis for molybdenum using the 
photometric thiocyanate method (22.5% Mo calculated, 

1 L a i t i n e n  a n d  P a n k e y  m e a s u r e d  p l a t i n u m - c h l o r i n e  cel ls  in  the 
t e m p e r a t u r e  r a n g e  410~176  a n d  a r r i v e d  a t  r e l a t i o n s h i p  [1].  F o r  
the present  w o r k ,  i t  is  a s s u m e d  t h a t  t h e  r e l a t i o n s h i p  r e m a i n s  valid 
a n d  the e lectrode  is  u s a b l e  u p  to 540~ 
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22.3% Mo found) .  The chemical  was dried at 110~ 
before use. 

The LiC1-KC1 mix ture  was of eutectic composition 
(58.8 mole % LiC1; 41.2 mole % KC1). It  was purified 
by the procedure  of Laitinen, Tischer, and Roe (4) 
which involves evacuat ion with  gradual  warming  of 
the salts, mel t ing under  purified HC1 gas, flushing wi th  
purified argon, and the use of magnes ium meta l  which 
displaces h e a v y  meta l  ion impuri t ies  f rom the alkali  
meta l  chloride electrolyte.  The melts  were  not sep- 
arately fil tered and sealed in ampoules. Instead, pur i -  
fication was carr ied out in the cell container,  and 
when the glass tubes wi th  fr i t ted disks were  lowered 
and the electrolyte  seeped through the porous dia- 
phragms, the solid mater ia l  was thereby filtered off 
and remained outside the electrode compartments .  
When an exper iment  was run  in which electrolyte  
was subjected to the complete  manipula t ion  wi th  open- 
ing and closing of the cell, except  for actual addit ion 
of molybdenum (III) ,  it was found that  the polaro-  
graphic residual  reduct ion current  was less than 1 ~a 
wi th  a p la t inum electrode area of 1 mm 2 at a potent ia l  
of --2.0v vs. Pt/PtCI~ (1M) in LiC1-KCI. Effective 
purification is therefore  indicated, as is val id i ty  of the 
technique in terms of pur i ty  considerations. 

Procedure . - -Molybdenum electrode potentials were  
measured against the p la t inum reference with  a tech-  
n ique similar  to that  used by Lai t inen and Liu (5);  
the method involves a cell wi th  compar tments  sepa-  
ra ted by fr i t ted glass. In the present  work  the weight  
of electrolyte  was 100g contained in a Vycor  test tube 
with  a d iameter  of 52 mm. The diameters  of the com- 
par tment  cups were  13 and 26 mm. The electrode leads 
of p la t inum wi re  were  sealed in tubes at the upper  
ends, and the air in these tubes was replaced with  
argon before the electrodes were  lowered.  The pla t -  
inum wire  was connected to the molybdenum by spot- 
welding, using a short in te rvening  piece of nickel. 

Tempera tures  were  measured with  a chromel -  
a lumel  thermocouple  cal ibrated at the mel t ing  points 
of zinc and aluminum. Tempera tures  could be main-  
ta ined constant to wi thin  _ 0.5~ The pla t inum elec-  
t rode was generated by anodizing the p la t inum metal  
using a carbon counter  cathode. Curren t  density was 
10-20 m a / c m  2, and the coulometr ic  de l ivery  was meas-  
ured. The amount  of e lectrolyte  in the compar tment  

$40~ 
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Table I. Nernst behavior of the molybdenum electrades 

f f -  
sooo C 

48~176 

j ~ 

- 0.7C~ - 0.6~0 - D.660 - O.64O - 0.620 - O.b00 

POTENIIALS (VOLT) OF Mo/MoC1~ ELECTRODES 
VS. Pt/PtCIz (ONE MOLAR) 

Fig. 1. Potentials of molybdenum electrodes with respect to the 
platinum reference: e,  additions by current passage; �9 additions 
with K3MoCI6. 

(OE/O l og  [Mo++§ (v) 
Temper- 

ature, ~ Calculated Observed 

460 0.0485 0.0471 
480 0.0498 0.0550 
500 0.0512 0.0508 
520 0.0525 0.0578 
540 0.0538 0.0569 

was la ter  de termined using the Volhard procedure.  
Concentrat ion of PtC12 in the compar tment  was about 
0.05 mole /1  (known precisely) .  

The molybdenum electrodes were  s imilar ly formed 
and later  analyzed for quant i ty  of electrolyte.  Af ter  
the potential  was measured for one concentration, cur-  
rent  passage was resumed to obtain the next  composi-  
tion. The concentrat ion ranges are shown in Fig. 1. As 
much as an hour was requi red  for a potent ial  to be- 
come steady after  a composit ion was changed, but 
once stable, the reading would  genera l ly  not  va ry  
more than 1 or 2 my in a half  hour. These readings 
were  made with  a nu l l -ba lanc ing  potent iometer ,  the 
button switches being closed only momentar i ly .  

As shown in Fig. 1, values were  verified by using 
cells in which the molybdenum (III)  was added at the 
beginning as K3MoC16. This was weighed out wi th  the 
l i thium and potassium chlorides. Purification of the 
electrolyte  was the same except  that  magnes ium metal  
was not used. 

Results 
When the measurements  wi th  a cell were  completed 

and the molybdenum and pla t inum compar tments  
were  analyzed, the molybdenum electrode composition 
could be defined and the potentials could be expressed 
with  respect  to Pt/PtC12 (1M in LiC1-KC1) through 
the use of the Nerns t  relationship. In Fig. 1 are plot-  
ted molybdenum electrode potentials vs. log concen- 
t rat ion of molybdenum (III)  for five tempera tures ;  
repl icate  exper iments  were  run  in order  to obtain 
these data. The behavior  is linear, and the slopes, de- 
te rmined by the method of least squares, are compared 
in Table I with the slopes calculated with  the Nerns t  
equation, assuming n ----- 3. 

E p t / P t C 1 2 / / C l - / C l 2  ~ --0.3223 -5 0.000334 ( t - -  450) 
[1] 

Relationship [1] gives the potentials of Pt/PtC12 
(1M in LiC1-KC1) with  respect  to C1- (in LiC1-KC1)/  
C12 at different tempera tures  as de termined by Lai t -  
inen and Pankey  (3) ; in their  work  and in the present  
study, t empera tu re  gradients occurred only in the 
p la t inum leads which were  used f rom all electrodes, 
and so there  are no corrections for thermoelectr ic  emf. 
By using relat ionship [1], molybdenum electrode po- 
tentials wi th  respect  to the p la t inum electrode are 
normalized to the chlorine electrode, and these are 
numer ica l ly  the same as the potent ial  differences for 
the cells Mo/MoCI~ (in LiC1-KC1)//LiC1-KC1/C12. 
The react ion corresponding to these cells is the fo rma-  
tion of molybdenum (III) chlor ide in solution as 
shown above; the part ial  thermodynamic  quanti t ies 
for the reaction are calculated f rom the data for these 
cells using relationships [2] through [4]. 

= n E E  [2 ]  

: - -nF  (OE/OT) p [3 ] 

H = F + TS [4] 

E is the potent ia l  of the molybdenum electrode with  
respect  to the chlorine electrode and has the negat ive  
sign when  it  is more  anodic than the reference;  n and 
F have  the usual significance, and n is 3. Using these 
equations, thermodynamic  quanti t ies have been calcu- 
lated; values are listed in Table II. F, S, and H are, 
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Table H. Partial thermodynamic quantities for the formation of 
MoC[3 (1) in molten LiCI-KCI* 

Table Ill. Partial molar free energies of MoCI3 (i) at 
standard concentrations in LiCI-KCI* 

C o n c e n t r a t i o n  F ,  H ,  
M o l e s /  M o l e  c a l / m o l e ,  ~ ,  c a l / m o l e ,  

l i t e r  f r a c t i o n  4 6 0 ~  c a l / d e g / m o l e  4 6 0 ~  

F ,  c a l / m o l e  
T e m p e r -  
a t u r e ,  ~  C o n c e n t r a t i o n :  1 m o l e  M o C 1 3 / l i t e r  N ~ o C l  s = O.Ol 

0 . 0 1 0  - - 7 0 , 1 0 0  • 100  --  16  • 2 - - 8 i , 9 0 0  • 8 0 0  
0 . 0 0 0 5  --  6 9 , 7 0 0  --  17 --  8 2 , 5 0 0  
0 . 0 0 1  --  6 8 , 7 0 0  --  2 0  --  8 3 , 0 0 0  

0 . 0 6 0  - -  6 7 , 7 0 0  - -  2 2  --  8 3 , 6 0 0  
0 . 0 0 3  --  6 7 , 3 0 0  - -  2 3  - -  8 3 , 9 0 0  

0 . I 0 0  --  8 7 , 0 0 0  --  2 3  --  8 4 , 1 0 0  
0 . 0 0 6  ( - -  6 6 , 2 0 0 )  --  2 5  ( - -  6 4 , 5 0 0 )  

0 . 2 0 0  ( - -  6 6 , 0 0 0 )  - -  2 6  ( - -  8 5 , 1 0 0 )  
O.OlO ( -- 6 5 , 5 0 0 )  - - 2 7  ( - -  8 5 , 1 0 0 )  

0 . 3 0 0  ( - -  0 5 , 5 0 0 )  - -  2 7  ( - -  6 5 , 1 0 0 )  
0 . 4 0 0  ( - -  6 5 , 1 0 0 )  - -  2 8  ( - -  8 5 , 3 0 0 )  

* V a l u e s  i n  p a r e n t h e s e s  a r e  b a s e d  o n  e x t r a p o l a t e d  c u r v e s .  

respect ively,  the par t ia l  molar  free energy, entropy, 
and enthalpy of format ion;  2 a negat ive  value  for 
means that  the format ion occurs spontaneously. Con- 
centrat ions are  given on both molar i ty  and mole f rac-  
tion scales, the t ransformat ion  being made wi th  the 
density data of Van Artsdalen  and Yaffe (6). F ree  
energies and enthalpies in Table II are for a t emper -  
a ture  of 460~ 

was plot ted against  t empera tu re  for fixed con- 
centrations, and Fig. 2 shows five of these curves. 
They are l inear  for the t empera tu re  region 460~ 
and for the concentrat ion ranges shown in Fig. 1. 
Using the method of least squares, a value  of (OE/OT)p  
was found for each concentrat ion and then plot ted 
against  log concentration. Again the behavior  could 
be described as linear,  and the method  of least  squares 
was again used to find the straight  line. Refer r ing  to 
relat ionship [3], par t ia l  molar  entropy was calculated 
for the concentrat ions as shown in Table II. The  cells 
consist of electrodes which are metals  in equi l ibr ium 
with  ions at about the same concentration, and so en-  
t ropy differences of more  than a few calories per de-  
gree per mole  (posit ive or negat ive)  are not to be ex-  
pected. Par t ia l  entropies as large as --28 ca l / deg /m o le  
are given in Table II, but  the major  contr ibut ion to 

2 T h e s e  p a r t i a l  t h e r m o d y n a m i c  q u a n t i t i e s ,  h a v i n g  t h e  g e n e r a l  

a b b r e v i a t i o n  GMoela ,  a r e  d e f i n e d  a s  (OG s y s t e m / O n . ~ o C 1 3 ) ,  so lvent ,  T. 

-0.625 

-0 630 

-0635 

_�9 [Mo%. 0.~ 

-0540 
o 

-06~ 

[Moc,~ ~0.29MOLE,L,,ER 

�9 [M0c,~]. 0 ~  " 

0565 

o~,o [Mo%] oo~ 

-0.675 @ ~  I 

550 
TEMPERATURE ~~ 

Fig. 2. Potentials of some molybdenum electrodes os a function 
of temperature. 

4 6 0  ( - - 6 3 , 7 0 0 )  • 1OO ( - - 6 5 , 5 0 0 )  • 100  
4 8 0  ( --  6 3 , 0 0 0 )  ( --  6 5 , 0 0 0 )  
5 0 0  ( --  6 2 , 3 0 0 )  ( --  6 4 , 4 0 0 )  
5 2 0  ( --  6 1 , 7 0 0 )  ( --  6 3 , 9 0 0 )  
5 4 0  ( --  6 1 , 0 0 0 )  ( --  6 3 , 3 0 0 )  

* P a r e n t h e s e s  i n d i c a t e  t h a t  t h e  v a l u e s  a r e ~ b a s e d  o n  e x t r a p o l a t i o n  
os d a t a .  

this (--23 ca l / deg /mo le )  is by the chlorine electrode 
where  the format ion of MoC13 is accompanied by the 
disappearance of a gas phase. 

Par t ia l  enthalpies, shown in Table II, were  deter -  
mined according to relat ionship [4]. The average  de- 
viat ion is based on the deviat ions in the f ree  energy 
and entropy determinations.  

Of interest  are part ial  f ree energies of format ion of 
MoCI~ at s tandard concentrat ions and at different t em-  
peratures.  These are  listed in Table III. Enclosure of 
the values wi th in  parentheses indicates that  they were  
obtained by extrapola t ing the curves in Fig. 1. 

Discussion 
One of the contributions of the present  work  is the 

determinat ion of the Mo/Mo( I I I )  potent ial  which can 
be put  in the emf series developed by Lai t inen and 
co-workers  (3, 5). For  this series, the meta l  chlorides 
are dissolved in LiC1-KC1 to the extent  of 1 mole/1 at 
450~ B y  extrapola t ion the molybdenum value  is 
--0.603 ~ 0.002v wi th  respect  to Pt/PtC12 (1M). It  is 
more  noble than S b / S b ( I I I )  by 32 mv  and less noble 
than B i / B i ( I I I )  by 50 mv. 

As a l ready seen, only par t ia l  quanti t ies  for MoCI~ 
in solution can be determined,  and they cannot be re-  
lated to pure  l iquid MoC13 which does not actual ly 
exist  and for which hypothet ical  the rmodynamic  data 
are not available. One might  express the par t ia l  quan-  
tities re la t ive  tc( pure  solid MoC13, but  the numbers  
would  have only a ve ry  l imited usefulness. 

There  is another  s tandard state which migh t  be em-  
ployed and that  is the infinitely di lute solution in t h e  
LiC1-KC1 electrolyte.  But over  the ent ire  concentra-  
tion range act ivi ty  coefficients are constant for each 
temperature .  With the present  data, therefore,  r e fe r -  
ence to the infinitely di lute solution is a t r iv ia l  calcu- 
lation. 

The po ten t ia l - t empera tu re  data of Ryzhik  and Smir -  
nov (2) are precisely linear,  and the present  author  
has ext rapola ted  them to 5O0~ For  their  cell contain-  
ing 2.58 w / o  Me in mol ten KC1 (2.12 mole % of 
MoCI3), the potent ia l  v~. C1-/C12 is --1.403v. The  
molybdenum electrode wi th  the same mole  fract ion 
composition in the LiC1-KC1 solvent  exhibits  a poten-  
tial of --0.910v vs.  C1-/C12 at 500~ Li th ium ion is 
smal ler  than potassium ion. In the LiCI-KC1 solvent, 
therefore,  the anions are closer to the solvent  cations 
and less avai lable  for solvation of the molybdenum 
ion. Thus a more  negat ive  potent ial  in pure  KC1 is 
predicted, but the effect is grea ter  than expected. It  is 
equiva len t  to 34 kcal /mole ,  much too large  to be ex-  
plained by small  variat ions in Me-C1 distances. P e r -  
haps it  represents  a real  difference in the s t ructure  of 
solutions in mol ten  LiC1 and mol ten  KC1. A general  
discussion of these effects is given by Blander  (7). 
Fu r the r  measurements  wi th  pure  LiC1 and NaC1 would  
cer ta inly  be of interes t  and might  clar ify the situation: 

Manuscript  received March 18, 1965; revised manu-  
script received Sept. 9, 1965. This paper  was presented 
at the San Francisco Meeting, May 9-13, 1965. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1966 
J O U R N A L .  
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Hyper-Maintenance of Electroluminescence 
W .  Lehmann 

Westinghouse Electric Corporation, Research & Development Center, Pittsburgh, Pennsylvania 

ABSTRACT 

Elect roluminescent  ZnS: Cu becomes ex t remely  deter iora t ion-res is tant  af ter  
firing or ret ir ing in pure  sulfur. Addi t ional  air bake is permissible.  The emis-  
sion does not  deter iorate  toward zero, but  toward  a finite equi l ibr ium which, 
in best cases, may be more  than 50% of the original  intensity.  These "hyper -  
maintenance"  phosphors permi t  high brightness (by exci tat ion wi th  high f re -  
quency) to be main ta ined  over  long time. The deter iorat ion is considered 
to be due to sulfur vacancies diffusing f rom the part icle surfaces into the 
interior.  

The electroluminescence of powdered  ZnS or (Zn, 
Cd)S  phosphors embedded in an insulat ing med ium 
and exci ted by an a l ternat ing electric field usual ly  
deter iorates  wi th  a rate  which is near ly  inverse ly  pro-  
port ional  to the frequency,  but which depends l i t t le or 
not on the ampl i tude  of the exci t ing field (1). There -  
fore, it has become customary to character ize the 
maintenance  behavior  of a phosphor by the number  of 
cycles requi red  to de ter iora te  the emission intensi ty 
to 50% of its original value.  This ha l f - l i fe  is in the 
order  of l0 T to l0 s cycles of continued operat ion in case 
of an ordinary  ZnS:Cu,C1 phosphor embedded in a 
plastic dielectr ic  and operated in dry air at room t em-  
perature.  Thornton  improved  this ha l f - l i fe  by a factor 
of roughly  two to ten, i.e., up to about l0 s to 109 cycles, 
by means of air baking (2). A similar  improvement  is 
achieved if the phosphor is embedded in a ceramic ( in-  
stead of a plastic) dielectric. Jaffe observed that  r e -  
p lacement  of the chlorine by bromine  resul ted in an- 
other  improvemen t  by a factor of 5 or more  (3) which  
extended to obtainable hal f - l i fe  up to 109 to 10 TM 

cycles. 
We discovered that  green emit t ing ZnS:Cu,Br  or 

corresponding (Zn,Cd)S phosphors become ex t remely  
deter iora t ion resistance if they are fired, or retired, in 
an a tmosphere  consisting of approximate ly  100% sulfur 
vapor  provided only that  the phosphor is in actual  
contact wi th  the sulfur when  it cools down after  fir- 
ing. The lat ter  condition is essential. If the phosphor 
is fired and cooled in sulfur, the maintenance  is good. 
If it is fired in sulfur but  cooled in n i t rogen or argon, 
the main tenance  is poor. If it is fired in argon but  
short ly ret i red and cooled in sulfur, the main tenance  
is good. I t  is permissible  also to use Thornton 's  air 
bake procedure  on sul fur- t i red  phosphors and, in fact, 
this combination gave the longest l iv ing phosphors. 

The emission intensi ty  of an e lect roluminescent  
phosphor so prepared usual ly  does not deter iorate  wi th  
t ime to zero but to a finite level  and, in some cases, 
this finite level  may  be h igher  than 50% of the zero-  
hour  intensi ty so that  the "hal f - l i fes"  of these phos-  
phors appear  to be infinitely long. This behavior  was 
called "hyper -main tenance . "  The invest igat ion on 
hype r -ma in tenance  of e lect roluminescence is as yet  
not considered to be complete.  Nevertheless ,  some ob- 
servat ions and conclusions may  be communicated.  

Life  tests on hyper -ma in tenance  phosphors na tura l ly  
requi re  much t ime and, in contrast  to ordinary  e lectro-  
luminescent  phosphors, cannot be accelerated by ex-  
citation with a higher  f requency  since their  de ter iora-  
tion is not  inverse ly  propor t ional  to, but  almost or 

completely  independent  of, the excit ing frequency.  For 
this reason, hype r -ma in tenance  phosphors show their  
best per formance  at high f requency  ( typical ly in the 
order  of 10 kcps) where  ord inary  phosphors would 
deter iorate  wi thin  a re la t ive ly  short  time. It  is thus 
possible wi th  hyper -main tenance  phosphors excited 
with  high f requency  to mainta in  substantial  br ight -  
ness over  long times. However ,  an accelerated de-  
ter iorat ion of hype r -ma in tenance  phosphors wi th  in-  
creasing electric field s t rength was observed, also in 
s t r iking constrast  to the behavior  of ordinary electro-  
luminescent  phosphors whose main tenance  is almost 
or completely  independent  of the field strength. 

The zero-hour  brightness of a good hype r -ma in t e -  
nance ZnS: Cu phosphor usual ly  is somewhat  lower 
( roughly be tween  50 and 106%) than that  of a s tand-  
ard ZnS :Cu  phosphor. However ,  several  per  cent of 
the ZnS may  be replaced by CdS (4) which, beside 
the w e l l - k n o w n  color shift  of the emission, causes all  
traps to become somewhat  shal lower  (5) and, there-  
fore, an extension be tween the approximate  propor-  
t ionali ty be tween emission intensi ty  and f requency  up 
to h igher  frequencies.  Hence, hyper -ma in tenance  is 
most successfully combined with  (Zn,Cd)S phosphors 
to be excited by high f requencies  and, under  this con- 
diticn, even the zero-hour  brightness of a h y p e r - m a i n -  
tenance phosphor may  be bet ter  than that  of a s tand- 
ard ZnS phosphor. Typical  data are compared in Table 
I. 

Some deter iorat ion curves measured  on (Zn,Cd)S:  
Cu phosphors are shown in Fig. 1 and 2. The phosphors 
corresponding to Fig. 1 are fired in sulfur  and air  
baked. They  differ only in their  CdS concentrat ion 
(and, hence, somewhat  in thei r  emission color) but  
not in their  main tenance  (exceeding the unavoidable  
l imit  of accuracy of the measurements ) .  Each curve  in 
Fig. 2 is the average  of measurements  on four  phos-  
phors containing Cl, Br, or I, respectively.  All  samples 
containing C1 and Br  are green emit ters  whi le  the four  
iodine containing samples emit  blue. The superiori ty 

Table I. Zero-hour emission intensity of a hyper-maintenance 
ZnS(90%), CdS(IO%):Cu,Br phosphor compared with a 

standard ZnS.~u,CI phosphor 

(Zn,Cd)  S : C u , B r  ) Z n S : C u , C 1  
P h o s p h o r  ( h y p e r - m a i n t e n a n c e )  ( s t anda rd )  

F r e q u e n c y  (cps) 60 5000 60 
B r i g h t n e s s  (f t-L) 2.2 230 3.2 
Q u a n t a  (arb. un i t s )  3.1 320 5.3 
E m i s s i o n  color  Y e l l o w - g r e e n  

5000 
140 
300 

G r e e n  
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Fig. 1. Deterioration curves measured on several (Zn,Cd)S:Cu,Br 
phosphors, all sulfurized and air baked, operated in dry air at 
room temperature, 10 kcps. 

of Br  over  C1 and I is c lear ly  to be seen, and the ap-  
proach of the curves corresponding to Br containing 
phosphors to finite and ra ther  high brightness levels  
af ter  long t ime of operat ion is qui te  obvious. 

The observed effect of sulfur and air (i.e., oxygen)  
on the maintenance  of e lectroluminescence gives a clue 
as to a possible mechanism of deterioration. I t  is as-  
sumed that  the phosphor deteriorates  because of a 
creat ion of deep traps due to sulfur vacancies which, 
under  the combined action of t empera tu re  and electric 
field, diffuse f rom the part icle surface into the interior.  
This assumption is in agreement  wi th  many  observa-  
tions: 

(A) Indications are that  a commonly  observed glow 
peak at about - -125~ is due to sulfur  vacancies (5, 6). 
However ,  the lat ter  must  be expected to be double 
donors producing two glow peaks. Al though consider-  
able uncer ta in ty  stil l  exists, the second level  may  be 
the one responsible for a f requent ly  observed glow 
peak at  about --50 ~ to --20~ which was observed by 
Jaffe (3) to increase s t rongly dur ing deterioration.  

(B) The deter iorat ion effect is t empera tu re  depend-  
ent and proport ional  to e x p ( - - E / k T )  where  E is some 

~ 5O 
._1 

Cycles 
10 8 109 l010 

i I I 

Br 
o 

l0 ll 

I I I 0 l0 l02 103 
Hours 

Fig. 2. Average deterioration curves (each 4 samples) measured 
on (Zn,Cd)S:Cu phosphors made with CI, Br, or I, respectively. The 
phosphors are sulfurized and air baked, operated in dry air at 
room temperature 10 kcps. 
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energy (1). This indicates some kind of diffusion p ro-  
cess involved,  as a l ready assumed by severa l  workers.  

(C) Maintenance improves wi th  the part ic le  size of 
the phosphor (1). Hence, an influence of a competi t ion 
be tween part icle surface (or surface-near  parts) and 
the vo lume is indicated. Since glow peaks do build up 
dur ing deterioration, a diffusion of something respon-  
sible for the additional glow peaks f rom the surface 
into the vo lume seems to take place. 

(D) The most obvious way  to improve  the main-  
tenance is to take care that  l i t t le  or no sulfur  vacancies 
are avai lable  at the surface of a phosphor part ic le  
ready to diffuse into the volume, i.e., the surface atoms 
of each part icle shah be most ly sulfur ra ther  than zinc 
atoms. Such a phosphor part ic le  has only a l imited 
number  of sulfur vacancies avai lable  ready to diffuse 
into the volume, so that  its emission does not  deter io-  
rate  toward zero but toward a finite level.  The  par -  
t icle has then used up all avai lable  sulfur vacancies 
f rom its surface and remains  at a finite brightness 
level  wi thout  any fur ther  deter iorat ion provided only 
that  no new sulfur  vacancies are created at the surface. 

(E) Sulfur  vacancies may  be occupied also by other  
anions, e.g., by oxygen. Hence, a bake in oxygen [or in 
air (2)] improve  the maintenance  considerably while  
a bake in a neut ra l  a tmosphere (e.g., argon) has l i t t le 
or no effect. 

(F) ZnSe phosphors can be expected to contain 
fewer  anion vacancies on their  part icle  surfaces than 
ZnS because selenium is less volat i le  than sulfur. 
Hence, the life t ime of e lectroluminescence of ZnSe 
phosphors can be expected to be bet ter  than that  of 
ZnS phosphors, in general  agreement  w i th  experience.  

(G) Water  may  cause a break of the Zn-S  bond be-  
tween surface atoms of a ZnS crystal  so that, or igi-  
nally, equimolar  amounts  of Zn and S are  effectively 
removed from the crystal. The react ion requires  a cer-  
tain energy which may be supplied by ul t raviole t  i r -  
radiat ion or, in case of e lectroluminescence by the 
same electric field which  excites the phosphor. Var i -  
ous, and not too well  understood, fur ther  reactions 
be tween the l iberated Zn, the S, and the surrounding 
(e.g., the water )  are possible. These secondary reac-  
tions seem to cause a desulfurizat ion of the part icle 
surfaces. At  least, l iberated zinc f requent ly  appears 
dur ing exposure to u l t raviole t  (Lenard) ,  or dur ing 
electroluminescence in the presence of wa te r  (7), and 
can be observed visual ly as a ve ry  thin, dark deposit  
on the part icle surfaces. F ree  surface zinc is identical  
to sulfur  vacancies on the part ic le  surfaces, r eady  to 
diffuse into the particles. 

The proposed deter iorat ion mechanism is accessible 
to a semiquant i ta t ive  analysis. Let  the t ime-average  of 
s teady-s ta te  emission be L = ~ / M  where  M is the con- 
centrat ion of deep traps in the part ic le  volume, and 
where  fl represents  all o ther  parameters .  I t  must  be 
supposed that  the traps denoted by M are deep enough 
that  a captured electron has l i t t le chance of escape 
during one cycle of the applied frequency.  The concen- 
t rat ion of sulfur vacancies at or near  the surface may  
be C. When they diffuse into the volume, they decrease 
at a rate  proport ional  to C which gives 

C = Co exp (--at)  [1] 

where  Co and a are  constants, and t is the time. S imul -  
taneously, the concentrat ion of deep traps in the vol -  
ume increases wi th  the same ra te  

d M / d t  = --tiC~dr = a Co exp (- -a t )  

which gives 
M = Mo + Co [ 1 -  exp(.--at)  ] [2] 

Hence, the emission intensi ty at  any given time, nor-  
malized to the "zero-hour"  intensi ty Lo, is 

L / L o  = Mo/M : {1 ~- (Co/Mo) [1 - -  exp( - -a t ]}  - I  [3] 

This is a funct ion of the ratio L / L o  on the var iab le  at 
wi th  one parameter ,  the ratio Co/Mo. The function is 
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Co/M o ~ 0 

10 -5 10 -4 I0 -3 10 -2 I0" I 1 I0 
o [ t  

Fig. 3. Function of Eq. [3] for various values of Co/Mo (solid 
curves). Experimental values measured on a powder (standard 
ZnS:Cu,CI, dashed curve) and at a single emitting spot in a phos- 
phor particle (dotted curve) are plotted on an arbitrary time scale. 

shown in Fig. 3 where  the curves wi th  the lowest  
ratios of Co/Mo, i.e., those represent ing  the best main-  
tenance, do approach ra ther  substantial  values of L/Lo 
for at -> ~ .  In contrast, the curves wi th  high values 
of CJMo, represent ing  poor maintenance,  do not only 
go down very  soon, they also approach finite values of 
L/Lo very  close to zero. In this case of Co ~ Mo, Eq. 
[3] reduces to L/Lo ~ 1/(1 ~ t /r)  where  T ~ Mo/ 
(Cos) which is the hyperbol ic  decay first repor ted  by 
Roberts (8). 

These equations represent  ideal cases only. In prac-  
tice, the situation most cer ta inly is obscured by many  
complications so that  a more  detailed calculation seems 
to have l i t t le sense. One complication is the fact  that  
all real  phosphors contain particles of many  different 
sizes and, hence, different deter iorat ion rates. If  the 
deter iorat ion curve  of such real  phosphor containing 
a wide part icle size distr ibution is analyzed, one finds 
that  the curve  becomes somewhat  shal lower  but neve r  
steeper than the ideal curves described by Eq. [3]. 
This is also in agreement  wi th  experiment .  F igure  3 
shows the deter iorat ion curve  measured on a real  

phosphor (a s tandard ZnS:Cu,C1) which, indeed, is 
shal lower than the ideal curves. The other exper imen-  
tal curve  in Fig. 3 is that  measured  on a single emit t ing 
spot inside of one part ic le  [measured by Haber land 
(9) ]. One may safely assume that  we are much closer 
to ideal i ty  in this case than in the case of a phosphor 
containing many particles and, indeed, the exper imen-  
tal curve  follows the ideal ones very  closely. 

The proposed mechanism of a sulfur  vacancy mi= 
grat ing f rom the part ic le  surface into the vo lume is, 
of course, still a ve ry  crude approach to reali ty.  Other 
atomic or ionic diffusions may occur besides those of 
sulfur vacancies. It is also possible that  the assumption 
of only the outermost  surface of a par t ic le  to be of 
influence is too ex t reme  and that, in reality, surface-  
near  layers several  atoms deep are involved.  These and 
other  questions are still to be answered. 
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Anomalously Large Photovoltages in a New Photovoltaic Cell 
P. N. Ramachandran and R. E. Salomon 

Department of Chemistry, Temple University, Philadelphia, Pennsylvania 

ABSTRACT 

Unusual  photoeffects have  been observed in the cell Zr /ZrO2/gas  phase/iYI 
where  M represents  a meta l  plate of copper or brass and ZrO2 is in the form 
of an anodic film. Photovol tages  great ly  in excess of the band gap of ZrO2 are  
observed when  Zr is cooled to l iquid ni t rogen tempera tures  and the anodized 
face of Zr and M are i r radiated with  u l t raviole t  light. The photovol tage in- 
creases wi th  degassing t ime and wi th  t ime of cooling and eventual ly  reaches 
a steady max imum value. M can be replaced by a hot filament, and again 
large photovoltages are produced between Zr and the fi lament al though only 
Zr need be i r radia ted in this case. 

Photoeffects observed with  anodized zirconium elec-  
trodes in which an electrolyte  serves as a t ransparent  
contact have  previously been reported (1, 2). The re -  
sults of s imilar  studies wi th  a luminum and tanta lum 
in which the electrolyte  was replaced by a semitrans-  
parent  evaporated meta l  coating have  been described 
(3) and at t r ibuted to a work  function difference be-  
tween the contacts. Other  workers  (4) have in te r -  
preted the photoeffects arising with  tanta lum elec- 
trodes as due to a p=n junction within  the oxide film. 
In a p=n junct ion photovoltaic cell the max imum pho- 
tovoltage is l imited to the width  of the forbidden zone 
(5) which in the case of anodic ZrO2 is about 5.5 ev  
(6). Photovol tages  larger  than this, as high as 9Ov, 
were  reported by us (7) for anodized zirconium elec- 
trodes that  were  coated with  a semit ransparent  metal,  

cooled to l iquid ni t rogen tempera tures  and then ex= 
posed to u l t raviole t  radiat ion of wave length  less than 
2500A. Although a number  of other  e lectrode systems 
have been reported to exhibi t  larger  than band gap 
photovoltages (8, 9) the potential  invar iab ly  appeared 
between contacts bounding a few cent imeters  of the 
photosensit ive mater ia l  and hence could be ra t ional-  
ized by various mul t ip le  junct ion mechanisms (10). 
Fur ther  studies on the low=temperature  photoeffects 
occurr ing with anodized zirconium electrodes have  led 
us to conclude that  the electr ical  potential  difference 
original ly repor ted  is actual ly developed between the 
zirconium and the grounded metal l ic  cell chamber.  
The metal l ic  chamber  funct ioned as a photoemissive 
contact excited by stray u l t ravio le t  light. This acci- 
dental  finding led to the design of a new cell which 
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c a r e f u l l y  def ines  t h e  c o n d u c t i o n  pa th .  I t  w a s  a lso  
f o u n d  t h a t  t h e  e v a p o r a t e d  m e t a l  fi lm w as  u n n e c e s s a r y  
for  t h e  a t t a i n m e n t  of a l a r g e r  t h a n  b a n d  gap  p h o t o -  
v o l t a g e  ( L B G P V ) .  O n l y  a s m a l l  vo l t age ,  less  t h a n  lv ,  
was  d e v e l o p e d  b e t w e e n  z i r c o n i u m  a n d  a n  e v a p o r a t e d  
m e t a l  c o a t i n g  on  t h e  oxide ,  w h e n  t h e  e l e c t r o d e  w a s  
coo led  a n d  i r r a d i a t e d  w i t h  u l t r a v i o l e t  l ight .  A s o m e -  
w h a t  l a r g e r  p h o t o v o l t a g e  w a s  .ob ta ined  w i t h  t h i s  e l ec -  
t r o d e  w h e n  t h e  e x p e r i m e n t  w as  c a r r i e d  ou t  a t  r o o m  
t e m p e r a t u r e s .  

S ince  t h e  L B G P V  o c c u r r e d  in  a s y s t e m  t h a t  w a s  in  
some  w a y s  s i m i l a r  to a n  e l e c t r o c h e m i c a l  cell, w i t h  t h e  
gas  p h a s e  r e p l a c i n g  t h e  u s u a l  e l ec t ro ly t e ,  a n e w  v a r i -  
ab le ,  n a m e l y  t h e  c o m p o s i t i o n  of t h e  gas  p h a s e  is  a v a i l -  
ab l e  fo r  s tudy .  I t  w a s  t h e r e f o r e  d e s i r a b l e  to c a r e f u l l y  
def ine  t h e  c o n d i t i o n s  n e c e s s a r y  fo r  t h e  a t t a i n m e n t  of 
a L B G P V  in  t h e  ce l l  Z r / a n o d i c  Z rO~/gas  p h a s e / M .  M 
r e f e r s  to a p h o t o e m i s s i v e  m e t a l  e l ec t rode ,  a n d  b o t h  t h e  
a n o d i c  f i lm a n d  M a r e  i r r a d i a t e d  w i t h  u l t r a v i o l e t  l ight .  
I n  t h i s  p a p e r  a d e s c r i p t i o n  of t h e  c o n s t r u c t i o n ,  o p e r a -  
t ion ,  a n d  r e s u l t s  o b t a i n e d  w i t h  t h i s  ce l l  a r e  g iven .  

Exper imenta l  
Z i r c o n i u m  b a r s  o b t a i n e d  f r o m  t h e  W a h  C h a n g  C o r -  

p o r a t i o n ,  A l b a n y ,  Oregon ,  c o n t a i n i n g  a b o u t  1000 p p m  
t o t a l  i m p u r i t i e s  w e r e  u s e d  i n  m o s t  of t h e  s tud ies .  T h e  
u se  of o t h e r  s o u r c e s  of s u p p l y  d i d  n o t  l e a d  to a n y  
n o t i c e a b l e  d i f f e r ences  in  resu l t s .  O ne  face  of t h e  b a r  
w a s  m e c h a n i c a l l y  a b r a d e d  a n d  p o l i s h e d  a n d  t h e n  
e t c h e d  in  a m a n n e r  p r e v i o u s l y  d e s c r i b e d  (7) .  T h e  e l ec -  
t r o d e s  w e r e  r i n s e d  in  d i s t i l l ed  w a t e r  a n d  t r a n s f e r r e d  
to a n  a n o d i z a t i o n  b e a k e r  b e f o r e  t h e  s u r f a c e  d r ied .  
Mos t  of t h e  a n o d i z a t i o n s  w e r e  c a r r i e d  ou t  a t  30.0~ in  
a s o d i u m  b o r a t e - b o r i c  ac id  s o l u t i o n  b u f f e r e d  a t  a p H  
of 8. 

T h e  f o r m a t i o n  v o l t a g e  w a s  r a i s e d  s l o w l y  o v e r  a 
p e r i o d  of 5 m i n  to  t h e  d e s i r e d  v a l u e  a n d  m a i n t a i n e d  
fo r  24 hr .  A f t e r  a n o d i z a t i o n  t h e  e l e c t r o d e  w a s  w a s h e d ,  
d r ied ,  a n d  p l a c e d  in  t h e  e l e c t r o d e  c h a m b e r  s h o w n  in  
Fig. 1. 

T h e  e l e c t r o d e  c h a m b e r  w as  f a b r i c a t e d  f r o m  P y r e x  
e x c e p t  fo r  t h e  two  q u a r t z  w i n d o w s .  T h e  c h a m b e r  w a s  
e l e c t r i c a l l y  s h i e l d e d  w i t h  ~/4 in. c o p p e r  p la te .  T h e  e l ec -  
t r o d e  was  m o u n t e d  on  a c o p p e r  b l o c k  w h i c h  was  
s o l d e r e d  to a k o v a r  seal.  T h e  c o p p e r  b l o c k  sea l ed  t h e  
b o t t o m  of a d e m o u n t a b l e  D e w a r  to w h i c h  l i q u i d  n i t r o -  
g e n  c o u l d  b e  a d d e d  f o r  t h e  a t t a i n m e n t  of  low t e m p e r a -  
tu res .  A t h e r m o c o u p l e  w a s  f a s t e n e d  to t h e  Z r  b y  
m e a n s  of a se t  sc rew.  E l e c t r o d e  M w a s  m o u n t e d  i n  a 

A 

MASS 
SPEC 

Z r  
7 

pyrex / Cu S h i e l d /  

c u u m ,  

S H U T T E R  

lamp 

Fig. I. Electrode chamber and light source: A, front view. B, 
top view. 

s i m i l a r  m a n n e r  a t  a d i s t a n c e  of 5 c m  f r o m  t h e  Z r  e lec -  
t rode .  I n  th i s  m a n n e r  b o t h  Z r  a n d  M c o u l d  be  i r r a d i -  
a t ed  i n d e p e n d e n t l y  u s i n g  t h e  s a m e  l i g h t  source .  T h e  
l i g h t  s o u r c e  was  a G E  U A - 2  U v i a r c  m e r c u r y  l amp .  
T h e  l a m p  was  p o s i t i o n e d  a p p r o x i m a t e l y  12 cm f r o m  
t h e  f ace  of b o t h  e l ec t rodes .  T h e  l a m p  was  a i r  cooled  
a n d  f o u n d  to b e  s t e a d y  in  o u t p u t  a f t e r  a s h o r t  w a r m u p  
t ime .  A l t h o u g h  t h e  i n t e n s i t y  cou ld  be  v a r i e d  b y  c o n -  
t r o l l i n g  t h e  l a m p  v o l t a g e  i t  was  n e c e s s a r y  to use  n e u -  
t r a l  f i l te rs  to  v a r y  t h e  i n t e n s i t y  b e c a u s e  of t h e  v a r i a -  
t i on  of s p e c t r a l  o u t p u t  w i t h  l a m p  vo l t age .  U n f o r t u -  
n a t e l y ,  t h e  i n t e n s i t y  of t h e  i n c i d e n t  i l l u m i n a t i o n  c a n -  
no t  b e  g i v e n  b e c a u s e  t h e  h i g h  l i g h t  l eve l s  r e q u i r e d  
c o u l d  on ly  b e  a c h i e v e d  t h r o u g h  t h e  u se  of p o l y c h r o -  
m a t i c  l igh t .  

P r e s s u r e s  as low as 10 -6  T o r r  cou ld  b e  a c h i e v e d  b y  
m e a n s  of  a l i q u i d  n i t r o g e n  t r a p p e d  oil  d i f fus ion  p u m p .  
A m a s s  s p e c t r o m e t e r  w a s  u s e d  to d e t e r m i n e  p a r t i a l  
p r e s s u r e s .  P o t e n t i a l s  w e r e  m e a s u r e d  w i t h  b o t h  a 
K e i t h l e y  ,621 e l e c t r o m e t e r  a n d  a L&N M i l l i v o l t  I n d i -  
c a t o r  i n  c o n j u n c t i o n  w i t h  a b u c k i n g  c i rcui t .  T h e s e  
i n s t r u m e n t s  e s s e n t i a l l y  m e a s u r e  o p e n - c i r c u i t  p o t e n -  
t ials .  B y  s h u n t i n g  t h e  e l e c t r o d e  w i t h  a 10 m e g o h m  
r e s i s t o r  b o t h  i n s t r u m e n t s  m e a s u r e  s h o r t  c i r cu i t  p h o t o -  
c u r r e n t s  b e c a u s e  of t h e  h i g h  i m p e d a n c e  of t h e  e l ec -  
t rode .  

I n  some  cases  m e t a l  M w a s  r e p l a c e d  b y  a s m a l l  
t u n g s t e n  f i l a m e n t  w h i c h  was  p e r m a n e n t l y  f ixed i n  a 
p o s i t i o n  ou t s i de  of t h e  i n c i d e n t  l i g h t  b e a m .  

T h e  L B G P V  was  s t u d i e d  as a f u n c t i o n  of d e g a s s i n g  
t ime ,  coo l ing  t ime ,  a n o d i z i n g  so lu t ion ,  f o r m a t i o n  v o l t -  
age, l i g h t  i n t e n s i t y ,  a n d  p a r t i a l  p r e s s u r e  of oxygen .  
W h e n  M was  r e p l a c e d  b y  t h e  t u n g s t e n  f i l a m e n t  t h e  
L B G P V  w a s  s t u d i e d  as  a f u n c t i o n  of  f i l a m e n t  c u r r e n t .  
B o t h  o p e n - c i r c u i t  p h o t o v o l t a g e s  a n d  s h o r t  c i r cu i t  p h o -  
t o c u r r e n t s  w e r e  m e a s u r e d .  

Results 
A q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  p h o t o v o l t a i c  effects  

a s s o c i a t e d  w i t h  t h e  ce l l  d e s c r i b e d  is p r e c l u d e d  b e c a u s e  
of t h e  c o m p l i c a t e d  h y s t e r e s i s  of t h e  sys t em.  C e r t a i n  
g e n e r a l i z a t i o n s ,  h o w e v e r ,  a r e  q u i t e  a p p a r e n t ,  a n d  a n  
e x a m i n a t i o n  of  t h e  d a t a  to f o l l o w  wi l l  s h o w  this .  

T h e  L B G P V  c o u l d  o n l y  b e  o b t a i n e d  on  s y s t e m s  
w h i c h  w e r e  d e g a s s e d  fo r  o v e r  24 h r  a n d  in  w h i c h  t h e  
z i r c o n i u m  e l e c t r o d e  was  coo led  to a b o u t  80~  fo r  
s e v e r a l  m i n u t e s .  I n  t h i s  t e m p e r a t u r e  r a n g e  t h e  p h o t o -  
v o l t a g e  w a s  a t  m o s t  a s l o w l y  v a r y i n g  f u n c t i o n  of t e m -  
p e r a t u r e .  I t  w a s  n e c e s s a r y  to i r r a d i a t e  s i m u l t a n e o u s l y  
b o t h  t h e  a n o d i z e d  face  of Z r  a n d  M w i t h  l i g h t  of w a v e -  
l e n g t h  less  t h a n  2500A or  to  r e p l a c e  M b y  a n  e l ec -  
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Fig. 2. Typical chronopotentiograms for a Zr/ZrO~ (formation 
voltage of 60v)/gas phase (10 - 4  Torr)/Cu. a, pre-irradiated Zr, 
relative intensity 1.75; b, relative intensity 1.75; c, relative in- 
tensity 1.00. 
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t r ical ly heated tungsten filament, F, whi le  Zr alone 
was i r radiated in order  to obtain the LBGPV. Stable 
measurements  could only be obtained when  the cell  
was well  shielded and the potential  measured with  
high impedance electrometers.  

Zirconium always became negat ive  wi th  respect  to 
M or F. The potential  rises to a m a x i m u m  value  in a 
period of minutes. The rate  of approach to this max i -  
mum depended on the l ight  intensi ty  a l though at the 
l ight levels used, the max imum photovol tage was in-  
dependent  of intensi ty as can be seen in Fig. 2. At  
room tempera ture  the cell behaved as an electr ical ly 
open circuit  even when  both electrodes were  exposed 
to ul t raviole t  light. 

In general  it was found that  electrodes anodized in 
sodium borate-boric  acid buffer solutions developed 
somewhat  higher  photovoltages compared to electrodes 
anodized in ci t rate  or phosphate buffers when  all  other  
parameters  were  held constant. When all other  pa ram-  
eters were  mainta ined at a constant va lue  the max i -  
mum photovoltages increased as the logar i thm of the 
oxygen pressure for the three  pressures which were  
exper imenta l ly  accessible. Some auxi l iary  exper i -  
ments showed that only oxygen among all the residual  
gases caused an enhancement  of the photovoltage. 
Photovoltages and short circuit  photocurrents  for the 
various gas mixtures  are given in Table I. 

The increase of the photovoltage with  cooling t ime 
after  a 48-hr degassing period can be seen by the data 
in Table II. The results indicate that  the effect of cool- 
ing is not completely  reversed  by br inging the elec-  
trode to room temperature .  This was the reason why  
the same sample was not anodized successively to 
higher voltages and the photovoltage measured  at each 
point. In particular,  it is to be noted that  in several  
cases the photovol tage does not change after  several  
hours of cooling. 

When the fi lament was used in place of M it was 
found that  small changes in fi lament cur ren t  did not 

Table I. Maximum photovoltoge and short-circuit photocurrent 
as a function of gas pressure at constant light intensity for 

a Zr/Zr02 (60v)/gas phase/Zr cell with two similar electrodes 

E l e c -  P h o t o -  P h o t o -  
t r a d e  P He p O~ p N2 p H~O v o l t a g e ,  c u r r e n t ,  
No.  T o r r  T o r r  T o r r  T o r r  v a m p  

1 5 x 10 -5 2 x I0  -~ 1 x I 0  -6 9 x I0-7 56 1.2 x 10-9 
1 - -  2 x I0-~ 2 x 10-6 7 x I0-~ 44 0.9 x 10- g 
1 5 x I0-~ 1 X 10- 7 3 x I0  -6 4 x 10-7 41 0.7 x 10- ~ 
2 - -  4 x I0-6 2 X I0-~ 8 x 10-~ 32 1.4 x IO -~ 
2 - -  3 x I0-7 2 x I 0 ~  5 x 10-7 28 1.0 x i0-~ 
2 - -  2 x I0  -7 4 x I0  -~ 4 x 10-7 25 0.8 x I0  -o 

Table Ih Maximum photovoltage as a function of pressure and 
time of cooling for a Zr/ZrO2/gas phase/Cu cell 

F o r m a t i o n  T o t a l  M a x i m u m  
v o l t a g e ,  p r e s s u r e ,  T i m e  o f  v o l t a g e ,  

E l e c t r o d e  No.  v T o r r  coo l ing ,  r a i n  v 

1 I 0 0  3 x 10-5 10  10 
1 100 3 x 10 -s 20  20  
1 104) 3 x 10 -5 45 27  
1 100 3 X 10 -~ 60 30  
1 100 3 x 10-~ 75 30 
1 100 3 X 10-~ S e v e r a l  h o u r s  30 
1 ( a f t e r  w a r m  100 6 x 10-~ 15 21 

up )  * 
1 100 6 x 10-~ 30 35 
1 100 6 x 10 -4 60 45 
1 100 6 x 10 4 90 52 
1 100 6 x 10-4 120 52 
1 100 6 x 10-"  S e v e r a l h o u r s  52 
4 60 6 x 10 -  4 30 1.6 
4 60 6 x 10-4 45 2 .4  
4 60 6 x 1 0 - '  55 3.3 
4 60  6 x I 0 - '  80  4 .7  
4 60 6 x 10 4 155 13.0 
4 60 6 x 10 -~ 275 28.0  
4 60 6 x 10-4 S e v e r a l  h o u r s  97.0 

* T h e  e l e c t r o d e  w a s  b r o u g h t  to  r o o m  t e m p e r a t u r e .  
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light intensity for a Zr/Zr02 (formation voltage of 60v)/gas phase 
(10 - 4  Torr)/filament. 

affect the m ax im um  photovoltage, but  did affect the 
rate  of increase of the photovoltage. The results  were  
similar  to those shown in Fig. 2 with fi lament current  
replacing l ight intensi ty as the third variable.  The 
short-circui t  photocurrent ,  however ,  was quite  sensi- 
t ive to filament current  as is shown in Fig. 3. It  is to 
be noted that  the system was not at saturation. 

In some cases M consisted of an unanodized z i r -  
conium bar which was also cooled to l iquid ni t rogen 
temperatures .  The observat ion of the LBGPV with 
this system indicates the importance of the anodic film 
and el iminated the necessity to consider thermoelect r ic  
effects. 

One exper iment  which was considered quite  r evea l -  
ing involved  the simultaneous i r radiat ion of M and Zr 
after Zr alone had been i r radia ted for over  a minute.  
The open-circui t  photovoltage reached its m ax imum 
value  in a few seconds. When the sequence was re -  
versed the "photovoltage rise curve  was ident ical  to 
that  obtained when both electrodes were  i r radiated 
without  prior irradiation.  This is shown in Fig. 2. 

Discussion 

It  is easy to define the conduction path in the  cell  
described and account for potentials up to 5 or 6v. The 
effect of oxygen is also quite  understandable.  Conduc-  
tion in the gas phase is electronic and originates at  
the photoemissive or thermionic  emissive electrode. 
The long degassing period at room tempera tu re  frees 
the oxide film from trapped oxygen. At  low tempera -  
tures, oxygen is adsorbed at the oxide fi lm-gas phase 
interface. An insulator  which is bordered by a meta l  
with a low work  function and a s t rongly e lect ronega-  
t ive component  such as oxygen wil l  become polarized 
so that  the electrochemical  potent ia l  becomes uni form 
throughout.  The absorption of l ight  by the film leads 
to the creation of holes and electrons, the lat ter  mov-  
ing toward Zr and the former  toward the adsorbed 
negat ive  oxygen ions which thereby become dis- 
charged. Electrons ar r iv ing f rom the emissive contact 
recharge the adsorbed oxygen layer. The dr iv ing  force 
in the process is the oxidation of zirconium. The l ine-  
ar i ty of the photovol tage wi th  the logar i thm of the 
oxygen pressure is suggestive of a revers ible  cell. Of 
course, even  if such a revers ib le  cell could be p re -  
pared the potent ial  could hard ly  be expected to exceed 
10v. The difference be tween the rise curves obtained 
when Zr or M is pre- i r radia ted ,  fol lowed by the s imul-  
taneous i rradiat ion of both, conforms to the general  
description presented. The lag is probably re la ted to 



Vol. 113, No. I LARGE PHOTOVOLTAGES IN A NEW CELL 45 

deep lying traps in the oxide film. I t  was noted that  
the photopotent ial  decayed ex t remely  slowly when the 
i l luminat ion was discontinued and this is another  
characterist ic of a photoconductor  wi th  deep lying 
traps. 

The conventional  mechanism for photovoltaic  cells 
cannot be used to account for the effects reported.  
The reasons for this may  lie in the nonuniform na ture  
of the oxide al though it is difficult to conceive of a 
circumstance which would  enable the results to con- 
form to the general  theory. One cannot ent i rely ru le  
out the possibility of mult iple  thin junct ions which 
could add photovoltages in a series fashion, al though 
their  existence seems unlikely.  Without  invoking mul -  
tiple junctions it would appear  that  the present  day 
theory of photovoltaic effects is not general ly  applica- 
ble. 
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Precipitates of Phosphorus and of Arsenic in Silicon 
M. L. Joshi 

Systems Development Division, International Bus~ness Machines Corporation, East Fishkill, New York 

ABSTRACT 

Precipi ta te  part icles were  observed through transmission electron micros-  
copy at different depths in silicon wafers  diffused with  a very  high con- 
centra t ion of phosphorus. The precipitates,  bel ieved to be phosphorus com- 
plexes, were  of various shapes, square, rod-l ike,  and hexagonal ,  wi th  no defi- 
ni te  or ientat ion in the silicon matr ix .  Sil icon wafers  diffused wi th  high con- 
centrat ion of arsenic also showed elongated precipi ta te  structures wi th  no 
definite orientation. 

The electric propert ies  of semiconducting mater ia ls  
such as ge rmanium and silicon doped wi th  impuri t ies  
belonging to the III  and V columns in the periodic 
table and in excess of 10 TM at . /cc are found sensitive 
to precipi tat ion phenomena (1-4). The precipitates of 
phosphorus in Si diffused with  phosphorus (Cs ~-- 
1021/cc) have  been direct ly  observed with  the tech-  
nique of transmission electron microscopy (5, 6). Ar -  
senic precipi tat ion was also observed with  the same 
technique in germanium (1). These precipitates have  
been repor ted  to account for the difference be tween 
the total  concentrat ion and the electr ical ly  act ive con- 
centrat ion (1, 3, 7). I t  has been fa i r ly  wel l  established 
that, in general,  there  is a l imit  to the substi tut ional  
accommodat ion of the III  and V column impuri t ies  
in silicon and germanium,  and the amount  exceeding 
this l imit  is expected to be in the interst i t ial  sites or in 
precipitates.  

In this paper, we are submit t ing fu r the r  evidence of 
precipitates caused by diffusion of high amounts of 
phosphorus and arsenic in silicon and observed 
through transmission electron microscopy. Phosphorus 
precipitates are observed in specimens diffused f rom 
both P205 and PH3 sources. Their  growth has been 
shown to be sensitive to the ra te  of cooling f rom the 
diffusing tempera ture .  

Experimental 
Dif/usion.---Phosphorus.--Two wafers  (10-mil thick 

and 1 in, in d iameter  were  cut  paral le l  to (111) f rom 
a Czochra lski -grown boron-doped ( ~  1015 cm -3) sili-  
con single crystal  of low dislocation density ( ~  103 
cm-2) .  The silicon wafers  were  lapped and chemical ly  
polished to remove  any surface damage. The wafers  
were  diffused (in an open tube furnace configuration 
at 1150~ from a P20~ source. One of the wafers  was 

removed  from the diffusion furnace and al lowed to 
cool on a quartz pla t form in room air. The removal  of 
the other  wafer,  through the furnace tube, was done 
with a slower speed than the above, a l lowing it  to cool 
to about 6O0~ at the open end of the tube furnace 
and then was permi t ted  to cool on the quartz  platform. 

A wafer  lapped and polished similar ly to remove  
the surface damage was diffused to about 2# depth 
with phosphorus f rom a phosphine (PH3) source. The 
diffusion was done in an open tube furnace configura- 
tion at 970~ with  a proper  mix ture  of PH3, O2, and 
N2 flowing over  the wafers.  The phosphorus surface 
concentrat ion was found to be ~ 2 x 102~ at./cc. 
Arsenic. Arsenic was diffused (surface concentrat ion 

5 x 102~ cm-3  and junct ion depth = 2g) in an evacu-  
ated c losed quartz  capsule (vacuum ~ 10 -6 Torr)  into 
a boron-doped ( ~  1.5 x 10 TM cm -3) silicon wafe r  (at 
l l00~ previously t reated for the remova l  of the 
surface damage. Elementa l  arsenic was used as the 
source of diffusion. The quar tz  capsule pr ior  to seal-  
ing was cleaned wi th  a HF-HNO3 mixture,  rinsed, and 
heated to 1000~ to remove  moisture.  

Specimen preparation.--The specimen preparat ion 
was similar  to that  repor ted  in the ear l ier  art icle (5). 
To obtain t ransparency to the electron beam of the 
microscope, the samples were  chemical ly  polished 
down to a few thousand angstroms f rom the other  side 
of the surface under  study using the solution (5) usu-  
al ly used for chemical  polishing of the lapped wafers.  
I t  is of advantage to use sl ightly w a r m e r  solution than 
that  at the room temperature .  

Observations 
A Philips electron microscope (100B) was used for 

transmission electron microscopy of the specimens. 
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Fig. la. Phosphorus (source, P205) diffusion induced square parti- 
cle in the layer �88 deep in the diffusion profile. Magnification 
46,000X. The particle before acid washing. 

Fig. 2. Phosphorus (source, P205) diffusion induced precipitates 
in the layer 11/2~ deep in the diffusion profile. Magnification 
50,000X. 

Fig. lb. The same particle as shown in Fig. la after acid washing 

Part icles bel ieved to be precipitates of phosphorus 
were  observed throughout  the diffused layers (P205 
source).  F igure  l a  shows a dark square part icle (at the 
depth of 1/4~) wi th  the broken film of Silicon around. 
Mixtures  used for e lectro-  or chemical  thinning have a 
tendency to leave a surface deposit on the specimen, 
sometimes as distinct foreign particles. Washing of the 
specimen in HNO~ and subsequent ly in HF should re-  
move some of these; washing in acetone and water  re-  
moves "dir t"  soluble in these solvents. This procedure  
of washing is i l lustrated in Fig. la  and lb. F igure  lb  
shows the square part icle after washing for a short 
t ime (less than half  a minute) ,  and the dark film 
visible in Fig. la  seems to be par t ia l ly  washed away. 
Since the specimen has a thickness of about 5000A, a 
large par t ic le  like this could par t ia l ly  emerge  on both 
sides of the film after  intensive washing. Then it is 
found that  the impuri t ies  intrinsic to the square par -  
ticle start  washing away very  fast. However ,  the local 
misorientat ion in the mat r ix  due to precipi tat ion per -  
sists. F igure  2 shows phosphorus precipitates at the 
depth of 1~/2~ in the same wafer ;  some of them are 
square, some rectangular ,  and some par t ly  hexagonal.  
There  is no significance with regard  to the orientat ion 
of these precipitates in the silicon lattice. Figures  3a 
and 3b are the bright  field and dark field micrographs 
(under  a strong <220~  operat ive reflection) of the 

Fig. 3a. Phosphorus (source, PHs) diffusion induced precipitates in 
the layer 0.2~ deep in the diffusion profile. Magnification 19,000X. 
Bright field view. 

precipitates at the depth of 0.2~ in a sample diffused 
with phosphorus using the phosphine source. The simi-  
lar i ty  be tween these and those observed in Fig. 2 is 
obvious. Figures 4a and 4b are bel ieved to represent  
the precipitates decorated wi th  copper and are  5 to 10~ 
in size, as seen through reflection microscopy using 
whi te  light. 

The copper-decorated precipitates,  observed by re -  
flection microscopy, were  found to lie at the depth of 
1~ in the sample cooled with  a del iberate  slow speed 
f rom the diffusion tempera ture .  Copper decoration of 
fhe precipitates was accomplished as follows: The 
method of the anodic oxidation with which we  ar r ive  
at a par t icular  depth in the diffused sample involves 
use of a jig in which the silicon strip rests on a copper 
block (anode);  the other side of the strip is exposed 
to the anodizing solution connected to a p la t inum 
cathode. A small  port ion of the copper block exposed 
to the anodizing solution provides a source of copper 
atoms which were  deposited preferent ia l ly  on the pre-  
cipitates instead of on to the p la t inum cathode. Al -  
though the mechanism of this copper deposition is not 
understood, the effect indicates that  there  exists a cer-  
tain negat ive charge on these precipitates.  The size of 
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Fig. 3b. Dark field view corresponding to Fig. 3a 

Fig. 4a. Particles developed by slow cooling from diffusion tem- 
perature and observed by optical microscopy. Magnification 530X. 

Fig. 4b. Same as Fig. 4a 

these precipitates is much larger  than  those observed 
in the samples described earlier.  The significant thing 
is that  they are isomorphous with  those observed by 
electron microscopy. 

Figure  5 represents  the observat ion under  a strong 
~220> operat ive  reflection of precipitates in the sur-  
fsce of an arsenic diffused sample. Again there  are  no 
specific directions in which the precipitates could be 
imagined to extend. No observat ion of precipitates 
could be made in the depths of the arsenic diffused 
profile. 

Fig. 5. Arsenic (source, elemental As) diffusion induced precipi- 
tates. Magnification 50,000X. 

Only the particles of specific shapes are presented 
here, al though diffused precipi tat ion was often ob- 
served. Occasionally to determine  whe ther  a par t icu-  
lar defect was s t ructural  or not, a dark field image 
was obtained (Fig. 3b). In thick regions Kikuchi  lines 
were  invar iably  observed in diffraction indicating that  
the strains involved  in accommodation of these defects 
did not affect the lattice homogeneity.  The selected 
area diffraction study is still inconclusive, since a 
ra ther  speculative approach is needed regarding the 
definitive identification of their  nature.  

Discussion 
Although it was not possible to establish posit ively 

the chemical na ture  of these precipitates, they can be 
reasonably assumed to originate  during the diffusion. 
They could affect the electrical  behavior  of the junc-  
tions (8) and contr ibute to the deviations (1, 3). Re-  
cently neutron activation analysis was used to study 
the behavior  of the phosphorus during its diffusion into 
silicon and silicon oxide films (7). This study confirms 
the existence of S i -P  (7) phase in the surface layers 
of the silicon diffused with  P205. The concentrat ion of 
the phosphorus in the surface layer th inner  than 0.1g 
was shown to be of the order of 1022 at./cc which is an 
order  of magni tude  higher  than the latest  solid solubil-  
i ty l imit  established by the same technique. One could 
expect  the precipitat ion of the second phase Si -P  when 
the concentrat ion is h igher  than this l imit  (7). How-  
ever, the observation of the precipitates extends much 
deeper  towards the junct ion indicat ing the format ion 
of the second phase is not confined to the surface 
layers only. The growth of the precipitates (Fig. 4a, 
4b) wi th  slower cooling f rom the diffusion t empera -  
ture is in agreement  with the precipitat ion model  (3). 
It  is also impor tant  to note that  the mul t i fo rm p re -  
cipitates of phosphorus and their  indefinite orientat ion 
are not in accordance with  the observations of Schmidt  
and Stickler  (6). Consequently,  it is not possible to 
support  the crystal  s t ructure and the precipitat ion 
orientat ion of S i -P  in relat ionship with  silicon matr ix ,  
as deduced by the above authors. 

Observat ion of the arsenic precipitates is also con- 
sistent with the in terpreta t ion of the deviat ion of dif-  
fusion orofiles of arsenic f rom the strict erfc dis tr ibu-  
tion (9). The precipi tat ion in these samples is confined 
only to the surface. This implies that  the arsenic sur-  
face concentrat ion ~ 5xlO 2~ cm -8 is not far  away from 
the solid solubility limit.  These precipitates also seem 
to be not isomorphous with  those of Si-P.  
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Deposition of Silica Films on Germanium 

by the Carbon Dioxide Process 

Myron J. Rand and John L. Ashworth 
Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 

ABSTRACT 

An ambient  composed of hydrogen ( ~  95%), carbon dioxide (0.5-5%), 
and silicon tetrabromide (0.1-1%) wil l  deposit a film of silica on a substrate 
heated to 800~176 The process has part icular  application for coating ger- 
man ium for high-speed p lanar  device technology; it is useful for silicon also. 
The reaction may be carried out immediate ly  after epitaxial ge rmanium dep- 
osition in the same equipment.  

SiLica growth rates are of the order of 100 A/ra in;  rates for various tem- 
peratures and concentrations are presented. Apparent  activation energy is 
30 kcal/mole.  The oxide films are clear, vitreous, and adherent,  .with no detect-  
able structure. Electrical properties of MOS diodes made on silicon are com- 
parable  to, or superior to, conventional  s team-grown oxide. The film is a satis- 
factory mask against 1200 ~ boron diffusion.  The silica contains about  2% 
residual bromine, apparent ly  in a form in which it is not free to migrate. 

A film of silica on germanium is useful  in the pro-  
duction of ge rmanium planar  transistors, diodes, and 
field-effect devices. The silica may serve as a diffusion 
mask dur ing processing, as an insulat ing layer, or as 
a surface passivator. 

The usual  method of applying such a film is by py-  
rolysis of an organosilane (1) such as ethyl orthosili-  
cate or ethyl tr iethoxysilane,  either on a hot substrate 
or aided by gaseous plasma discharge (2). There  is 
evidence that  the pyrolysis oxides contain organic 
residues (3); often they are observed to have a low 
refractive index and high etch rate, indicat ing a dis- 
ordered or "strained" structure. 

Ideally, an oxide process should be compatible with 
epitaxial deposition equipment,  so that  a freshly de-  
posited epitaxial  surface can be coated with the passi- 
vator immediately,  wi thout  risk of contaminat ion by 
removal  to another system. This requi rement  is met  
by the carbon dioxide process (4), which has been 
adapted to semiconductor device technology by Ste in-  
meier and Bloem (5). These investigators deposited 
epitaxial  Si from H2 and SIC14 and then, in the same 
equipment,  added CO2 to the gas mix ture  and obtained 
at 1150~ ~ an insula t ing film of glassy SiO2. How- 
ever, extrapolat ing from rate studies in  the H2-CO2- 
SIC14 system (5-7) it is evident  that  at temperatures  
below the mel t ing point  of Ge (936 ~ no useful  SiO2 
film will  form in any reasonable time. 

An ambient  of H2, C O 2 ,  and SiBr4 vapor has been 
found to produce adherent,  vitreous silica films on Ge 
at a tempera ture  as low as 775 ~ This paper reports 
experience with this system gained from some eighty 
runs  in a mult iple-sl ice apparatus. In  many  of these, 
deposition of 2-3~ of epitaxial  Ge from GeC14 and It2 
preceded silica film deposition. The process is carried 
out convenient ly  at about 850" to produce a 0.4~ film 
with growth rates in the range 50 to 100 A/rain.  Rates 
of 300-400 A / m i n  may be at tained by adjust ing re-  
actant concentrations, temperature,  and t ranspor t  ra te  
of reactants to the hot zone. Concentrat ions used were 

0.1-1% SiBr 4, 0.5-5% CO2, --~ 95% H2. Most of the in -  
formation presented here is from Ge coating experi -  
ments, but  the process has been used extensively on 
Si as well, where it is equal ly simple and reliable. 1 

Experimental 
The t ra in  for introducing the reactants  was con- 

structed so that only glass, stainless steel, and Teflon 
were in contact with the gases. Carbon dioxide was 
Matheson Company Coleman grade. Passing it through 
a --78 ~ trap had no effect on the silica deposition rate. 
Tank  hydrogen was passed through a Pd-Ag diffusion 
purifier, and also through a l iquid ni t rogen trap. It  
was established that the H 2 - C O 2  mixture  (without  the 
SiBr4) at 850 ~ had no effect on the appearance of the 
Ge substrate surfaces. Silicon te t rabromide (Stauffer 
Chemical Company) was revealed by infrared ab-  
sorption (8) to have minor  organic contaminat ion;  
however, one batch which was passed through a 
packed column at 700 ~ and then fract ionally distilled 
did not appear to produce a superior oxide. The SiBr4 
saturator  was usual ly  operated near  25 ~ at which the 
vapor pressure is 7.7 Torr. Lower concentrat ions were 
obtained by di lut ing the saturated gas with pure hy-  
drogen. The tempera ture  of the GeC14 saturator  (for 
Ge epitaxy) was controlled automatical ly by thermo-  
electric refr igerat ion and a thermistor  sensing probe. 

The a r rangement  of the deposition section of the ap-  
paratus is shown schematically in Fig. 1. Up to n ine  
slices could be coated s imultaneously on the  r .f . -heated 
horizontal  rotat ing molybdenum platform. The usual  
Ge substrates were 6 mil  thick, 0.005 ohm-cm Ga 
doped, electropolished. Many exper imental  slices of 
other resistivities of both Si and Ge were coated also, 
as well  as Mo, Ta, and fused silica. A ny  epitaxial  Ge 
deposition was done at 850 ~ . 

Temperatures  were measured by a Latronics Colo- 

A n  ea r ly  e x p e r i m e n t  w i t h  the  b r o m i d e  sys tem w a s  ca r r i ed  o u t  
b y  S. K. T u n g  a n d  P. B u c h m a n  of t h e s e  L a b o r a t o r i e s .  
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Fig. 1. Detail of deposition chamber 

ratio optical pyrometer,2 which determines  the ratio 
of the emission at two wavelengths  in the visible 
range. This ins t rument  has bui l t - in  cal ibrat ion points, 
but  it was also checked with  chips of known mel t ing-  
point mater ia ls  rest ing on si l ica-coated Si slices. It is 
difficult to get an accurate  t empera tu re  reading on a 
surface covered with  a thin, t ransparent ,  growing 
film, owing most ly to in ter ference  colors; this is pa r -  
t icular ly  t rue  with a single wave leng th  optical py rom-  
eter. This difficulty is probably responsible for much 
of the spread in act ivat ion energy repor ted  by various 
invest igators of the H2-CO2-SIC14 deposition process. 
Final ly  it  should be real ized that  because the film is 
t ransparent  the t empera tu re  being measured  is most ly  
that  of the substrate surface, which is not  the surface 
where  the react ion is taking place. A possible er ror  of 
20 ~ in the tempera ture  of the react ion site dur ing 
oxide growth is a realistic estimate. 

Oxide film thicknesses were  de termined  f rom the 
pat tern  of in ter ference  minima in the reflection spec- 
t rum in the 190-750 rn~ range (9), using a Pe rk in -  
Elmer  202 spectrophotometer.  Thicknesses below 0.1~ 
were  measured by ell ipsometer.  

Results 
The H2-CO2-SiBr4 react ion gives transparent ,  

smooth, t ight ly adherent  films on Ge substrates at any 
tempera ture  f rom about 775 ~ up to the mel t ing-poin t  
of Ge. The films have  no s t ructure  discernible by elec-  
tron diffraction. Electron microscope e x a m i n ~ i o n  
rare ly  shows any surface features, pinholes, or cracks. 

F igure  2 shows the ra te  of deposition of the oxide 
over  the range 800~176 for three different combina-  
tions of reactant  concentrations. Log rate  vs .  1 / T ~  is 
l inear;  the plots for different concentrat ions have  the  
same slope, and the ra te  is the same for Ge and Si 
substrates. (I t  is the same for  Mo or SiO~ substrates  
as well.)  Probably  a single react ion is the r a t e -de t e r -  
mining step throughout  the range, and this react ion 
does not involve the substrate surface. The 30 kca l /  
mole act ivation energy is substant ial ly less than the 
50-80 repor ted  (5-7) for the H2-CO~_-SiC14 system. 

Within the range of conditions represented in Fig. 2, 
the deposition rate  depends on temperature ,  SiBr4" con- 
centration, CO2 concentration, and total  flow rate, in 
decreasing order of importance.  Careful  examinat ion  
of all the variables  is not war ran ted  since in a depo-  
sition chamber  of different geometry  and different gas 
flow pat tern rates are somewhat  different;  each ap- 
paratus requires  an exper imenta l  calibration, af ter  
which rates should be reproducible  to • 10%, as they 
were  here. The total  flow rate  in the runs of Fig. 2 
corresponds to about one displacement  of the deposi-  
tion chamber  per minute.  

Since total flow rate  does have  a minor, but  not  

=Latronlcs Corporation, Latrobe, Pennsylvania. 
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Fig. 2. Kinetics of silica deposition by the H2-CO2-SiBr4 process. 
Rate of $i02 formation: O, on Ge; e, on $i. Ea ~-  30 kcal/mole. 

negligible, effect, it is probable  that  mass t ransport  to 
the react ion zone limits the react ion rate, and that  the 
observed rates are not quite  t rue  kinetic rates. In 
mult is l ice equipment  of several  l i ters '  capacity this 
situation is difficult to avoid without  great  waste of 
reactants. 

Deposition rate  is l inear  wi th  SiBr4 concentrat ion 
up to 0.1-0.2%, above which there  is progressively less 
effect. The influence of CO2 concentrat ion has been 
tested only wel l  above the stoichiometric requi rement ;  
here  doubling the concentrat ion increases the rate  by 
some 15%. 

The oxide deposition ra te  is essential ly l inear  wi th  
time. Germanium slices were  put  into t h e  deposition 
chamber  at various times during a run  and removed  
after  intervals,  so that  deposits sampling the effects of 
run  durat ion and oxide thickness independent ly  were  
obtained. There  were  some minor  aberrat ions early in 
the run, but  in general  the slopes of the thickness vs .  
t ime plots were  in excel lent  agreement.  Deposition 
rate  is thus l i t t le  influenced by the durat ion of the run 
or the amount  of oxide already present  on the sub- 
strate. 

On occasion a local area of the deposited oxide ap- 
peared cloudy and whitish. The film was obviously 
not vi t reous here, but there  was still no s t ructure  ev i -  
dent to electron diffraction. Tests wi th  the electron 
beam microprobe showed no concentrat ion of any im-  
purity.  They did show a significantly higher  silicon 
count per uni t  area, indicating a thicker  deposit. The 
cloudy areas were  porous in tests as diffusion masks 
or dielectrics. F requen t ly  they occurred on one Ge 
substrate and not on the neighboring one in the  same 
run; they neve r  appeared in films on Si substrates. No 
correlat ion was found wi th  various Ge cleaning pro-  
cedures; in fact, on many  occasions ho le - f ree  films were  
made on substrates used as received,  wi th  no cleaning 
whatsoever .  Some connection was observed, however ,  
wi th  substrata source, al though it  is not clear  whe ther  
the original  mater ia l  or the preparat ion and polishing 
procedure  was involved.  

Cloudy oxide areas became much less common when  
regular  removal  of deposited silica f rom the molyb-  
denum pedestal  and other  surfaces in the deposition 
chamber  was instituted. The in terpre ta t ion is that  the 
silica adsorbs mois ture  f rom the a tmosphere  when  the 
apparatus is opened, and then  desorbs it on heat ing 
dur ing the next  run. It  is wel l  known that  wa te r  vapor  
accelerates the devitr if ication of silica and other  
glasses. It is also known from studies on evaporated 
metal  films that  adatoms have more  surface mobil i ty  
on Ge than on Si. 

Present  evidence is that  cloudy oxide areas are de-  
posits of minute  amorphous silica part icles which con- 
sti tute favored  sites for the nucleat ion of still  more  of 
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Table I. Typical properties of silica films from H2-CO2-SiBr4 
(0.2%), 850 ~ 

D e p o s i t e d  1050 ~ S t e a m  
o x i d e  o x i d e  

% Br 2-2.5 0 
Ref. index, 546 m~ 1.48 • 0 . 0 2  1.455-1.46 
I.r. transmission minimun~, ~ 9.25-9.35 9.20-9.30 
Water contact angle 40-60 ~ 35-40 ~ 
Relative etch rates, P etch* 1 

0.1% SiBr4 2.7 
0 .2% SiBr~ 3,5 
0 .6% SiBr4 3.9 
675 ~ e t h y l o r t h o s i l i c a t e  p y r o l y s i s  9.3 

" P i n h o l e s " / c m ~  ** 28 28 

M O S  d iode  r e s u l t s  
S u b s t r a t e  G e  Si  Si  
Number of s a m p l e s  34 10 
Surface t y p e  p n n 
S u r f a c e  s t a t e  d e n -  7 x 10 ~ to ~101s 3-6 • 10 n ~ 8  x 101~ 

s i t y / c m  2 
D i e l e c t r i c  c o n s t a n t  3 .7-4.2 3.5-4.1 ~ 3 . 9  

at  0.5 m c  
B r e a k d o w n  v o l t a g e ,  0 .11-0.22 0 .20-0.24 0 .08-0 .10  

v / A  

* Ref .  (10).  
** 21/~ h r  in  a m i n e - c a t e c h o l  e t ch ,  110~ r e f .  (11) .  

this form of deposit. Both a germanium surface ano- 
maly of some sort and an excessive water  vapor  con- 
centrat ion would be required;  nei ther  condition alone 
will  account for the exper imenta l  observations. 

Evaluation of the Oxide 
A summary  of various propert ies and tests of the 

H2-CO2-SiBr4 deposited silica appears in Table I. It 
wil l  be noted that  there  is residual  bromine in the 
film, detected by x - r ay  fluorescence analysis. H~-COe- 
SIC14 oxides made at 1150 ~ contain 0.5% Cl. Bromide 
process oxides made at 850 ~ contain about 2% Br, and 
proport ionately higher  amounts if ~ 0.2% SiBr4 was 
used. Bromine is probably present as unreacted Si -Br  
l inkages ra ther  than bromine-conta ining by-products ,  
e.g., HBr, t rapped in the reaction zone by the deposit-  
ing silica. A 1-hr pump at 700~ and 10 -6 Torr  did not 
reduce the bromine content. 

The bromine content of the film probably accounts 
for the sl ightly high refract ive  index. The inf rared  
transmission spectrum (2-25~) compares closely wi th  
that  of s team-grown oxide, with slightly greater  ab- 
sorption band half-widths.  The high water  contact 
angle predicts excel lent  adherence of Kodak Photo-  
resist  (12), and this is what  is found; in fact, on oc- 
casion the bromide process has been used to deposit 

1000A silica over  phosphorus glass to provide a 
more  hydrophobic surface for KPR. 

The higher  etch rate  of bromide process oxides is 
probably more  a consequence of low deposition t em-  
pera ture  than bromine content. Etch rate  does not 
change as the film is thinned, at least down to 900A. 

Evaluat ion of electrical  properties by MOS diode 
structures on both Ge and Si is included in Table I. 
A p- type  surface apparent ly  is produced on Ge, wi th  a 
ra ther  high acceptor state density; on Si the usual n-  
type surface is seen, wi th  a surface-s ta te  density usu-  
ally lower than that  produced by steam. Breakdown 
voltages are superior, par t icular ly  on Si; general ly  
there  was l i t t le leakage in advance of breakdown. The 
behavior  of the MOS diodes reinforces the belief that  
the bromine impuri ty  is not ionic, or at least is not free 
to migra te  in a field. 

The bromide-process  oxide has been used as the first 
oxide, fol lowing euitaxv, on both Ge and Si planar  
structures, with satisfactory performance.  It  is also an 
ent i re ly  adequate  diffusion mask a~ainst severe condi-  
tions such as boron diffusion into Si at 1200 ~ for 2 hr, 
In this test, it was established by s tep-etching that  
boron penetra t ion into the oxide was no more  rapid 
than it is in a 1200 ~ steam oxide. Fur thermore ,  the 

oxide remaining,  beyond the boron front, etched at a 
rate  l i t t le different f rom that  of 1200 ~ steam oxide, 
ra ther  than the th ree- t imes  factor before t reatment .  
The obvious inference is that  the as-deposited oxide 
film is rapidly "densified" by fur ther  heat ing and be- 
comes indist inguishable from a h igh- t empera tu re  ox-  
ide in many of its properties.  

Discussion 
It has been demonst ra ted  that  the H2-CO2-SiBr4 

system produces good silica films at tempera tures  some 
300 ~ lower than the analogous chloride system and is 
consequent ly useful  for ge rmanium solid-state device 
technology. The mechanism of the react ion is less 
clear. In published reports the carbon dioxide process 
has been regarded as a combinat ion of two reactions 

H2 + C O 2 ~ H 2 0  ~ CO [1] 

SiCl4 + 2H20--> SiO2 W 4HC1 [2] 

with [1] bel ieved to be the slow step. Authors are un-  
doubtedly aware that  this picture  is cer ta inly much 
too simple. In spite of its commercia l  importance the 
kinetics of react ion [1] is not wel l  understood, but 
ve ry  l ikely it proceeds by a chain mechanism involv-  
ing free radicals. It would be surprising if the ra te-  
de termining step were  not influenced by any of the 
species of react ion [2]. If the CO2-H2-SiBr4 react ion 
goes as fast at 850 ~ as the chloride react ion at 1100 ~ 
obviously [1], as writ ten,  cannot be the sole r a t e -de -  
te rmining reaction. Reaction [2] could be, but  it is 
more l ikely that  the  silicon halide somewhere  enters 
into the mechanism of [1], or catalyzes it. The hydro-  
~en halide by-product  has no significant effect on the 
H2-C02 reaction (13). All  that  may  be said at present  
is that  the existence of the low- tempera tu re  bromide 
process, with its different energy of activation, is evi-  
dence that  the carbon dioxide process for oxide depo- 
sition must  be complex. 

A c k n o w l e d g m e n t  
The authors are indebted to F. Reizman, J. Drobek, 

and H. E. Nigh for various measurements  on oxide 
properties.  
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Any discussion of this paper wil l  appear  in a Discus- 
sion Section to be published in the December  1966 
J O U R N A L .  
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Impurity Distributions in Single Crystals 
I. Impurity Striations in Nonrotated InSb Crystals 

K. Morizane, A. F. Witt, and H. C. Gatos 
Department of Metallurgy, Massachusetts Institute ol Technology, Cambridge, Massachusetts 

ABSTRACT 

Single crystals of InSb were  pulled wi thout  rotat ion f rom the mel t  in the 
presenCe of te l lur ium or selenium impur i ty  employing a Czochralski- type 
apparatus. The format ion of pronounced periodic and nonperiodic impuri ty  
striations was observed; their  appearance and origin were  studied as a function 
of the thermal  conditions prevai l ing  in the immedia te  vicini ty  of the sol id-melt  
interface. It was concluded that  the formation of such striations is the result  of 
tempera ture  fluctuations at the interface brought  about by convection cur-  
rents  in the mel t  which in turn  are caused pr imar i ly  by sharp tempera ture  
gradients in the growing crystal  near  the interface.  

Semiconductor  single crystals grown f rom the mel t  
by the Czochralski technique f requent ly  exhibi t  
heterogeneous distributions of impurit ies.  A commonly 
observed heterogenei ty  in crystals, grown in the ~111~  
direction, is the so-called "coring" which consists in 
an (usually) increased impur i ty  concentrat ion in the 
central  par t  of the grown crystal. This higher  im-  
pur i ty  concentrat ion is associated wi th  the presence 
of an (111) facet a t  the crystal  mel t  interface and is 
l imited in its la teral  extent  by the area of the facet 
(1, 2). 

Another  common type of impur i ty  heterogenei ty  in 
rotated crystals is the impur i ty  striations which ap- 
pear  as bands or lines of increased impur i ty  concen- 
t rat ion and assume the shape of the growing crysta l -  
mel t - in terface .  Such striations are a t t r ibuted to non-  
symmetr ic  t empera tu re  profiles at the growing in ter -  
face (3, 4). 

Impur i ty  striations have also been reported in non-  
rotated Czochralski grown crystals of InSb (5). These 
striations were  at t r ibuted to tempera ture  fluctuations 
resul t ing f rom a periodic release of la tent  heat  of fu-  
sion. Recent ly  impur i ty  striations were  repor ted  in 
InSb grown in a horizontal  boat (6). 

The present  invest igat ion is concerned with  the de- 
tailed study of the origin of striations appearing in 
nonrotated InSb single crystals grown by pull ing f rom 
the melt. 

Experimental Procedure 
Single crystals of InSb were  grown in the ~111~  

direction f rom h igh-pur i ty  ingots on to seeds of 12.5 
mm diameter  and varying lengths in a purified hydro-  
gen atmosphere.  In order to permi t  the study of the 
role of t empera tu re  gradients in the growing crystals, 
a seed holder was designed with provisions (after  
cooler) to cool the seed by circulat ing various coolants 
or to heat  the seed by means of a cylindrical  heater  
(after hea ter ) .  Nei ther  the seed nor the crucible was 
submit ted to rotation. The t empera tu re  in the mel t  
and in the grown crystal  was control led and measured 
with chromel -a lumel  thermocouples.  The pull ing rates 
employed var ied be tween 7 and 50 m m / h r .  

Selenium or te l lur ium were  used as impurities.  The 
amount  of InSb placed in a quartz or graphi te  crucible 
(30 mm ID) was in most exper iments  50 g; the amount  
of impur i ty  added was 2 mg of Se or Te corresponding 
to an average carr ier  concentrat ion of about 1 x 101s/ 
cm 3 in the grown crystal. All  crystals were  cut along 
a (211) plane paral le l  to the growth direction. The 
(211) plane was polished and etched with a modified 
CP4 etchant (5 parts  HNO3, 3 parts HF, 3 parts 
CH3COOH, and 11 parts  HeO). 

Results and Discussion 
Role of impurity.--In a series of exper iments  it was 

found that  both selenium and te l lur ium impuri t ies  

lead to the formation of striations exhibi t ing the same 
basic characteristics. The choice of selenium for most 
of the exper iments  was based on the greater  ease wi th  
which its striations are revea led  by the modified CP4 
etchant. 

The amount  of impur i ty  was var ied be tween 2 and 
10 mg for a 50g melt, but  no difference could be de-  
tected in the ease of formation or the general  charac~ 
teristics of the striations. 

Role of pulling rate.--Variations in the pull ing ra te  
be tween 7 and 50 m m / h r  had no apparent  effect on the 
formation, intensity, or the spacing of nonrotated 
striations. This result  indicates that  the pull ing ra te  
plays no significant role in the mechanism of str ia-  
tion formation under  the present  conditions. 

It is often argued that  impur i ty  striations are due 
to nonuniform pull ing rates (" je rk ing")  caused by de-  
ficient pul l ing mechanisms. Such pull ing i r regular i t ies  
were indeed detected in our system by employing a 
l inear transducer.  However ,  no correlat ion could be 
established between the pull ing i r regular i t ies  and the 
observed striations. Moreover,  several  s t r ia t ion-free  
crystals were  grown under  conditions in which, due to 
pull ing irregulari t ies,  the instantaneous pul l ing ra te  
ranged from 0 to wel l  over  100 mm/hr .  It, thus, appears 
that variat ions in i m p u r i t y  concentrat ion expected 
f rom changes in pull ing rate  (7) are not revealed as 
striations. 

Selenium striations and the role of orientation.--In 
crystals grown along the ~111~  direction, the sele- 
n ium striations are revealed as lines on etched (211) 

Fig. I. Impurity striations in a Se-doped crystal of InSb grown 
without rotation. The surface shown is a (211) plane parallel to 
the growth direction. Magnification 50X. 
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Fig. 2. Impurity striations in a Se-doped crystal of InSb grown 
without rotation. The surface shown is perpendicular to the growth 
direction. The part of the surface without rings corresponds to the 
(111) facet. Magnification approximately 5X. 
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Fig. 3. Temperature profiles in the melt: (a) no seed is in con- 
tact with the melt; (b) growing crystal is in contact with melt but 
it is not being pulled nor rotated; (c) same as in (b) except the 
"afterheateT" applied to reduce the temperature gradient in the 
seed. 

planes (Fig. 1). On the (111) plane normal  to the 
growth direction, the striations appear  as more  or less 
concentric rings on the "off-core" part  of the plane 
which corresponds to the nonflat part  of the growing 
interface (Fig. 2). 

The format ion of impur i ty  striations was shown to 
be independent  of orientation. Thus, striations invar i -  
ably reflect the shape of the growing interface ra ther  
than show orientat ion affected characteristics.  Actua l ly  
in numerous  instances of twinned or polycrystal l ine 
crystals, the striations exhibi ted no diseontinuities. Oc- 
casionally, the striations appeared to te rmina te  ab- 
rupt ly  at a twin boundary.  However ,  this behavior  re -  
sulted f rom the fact that  the twin in which the s tr ia-  
tions did not appear  had an unfavorable  or ientat ion for 
reveal ing  striations wi th  that  par t icular  etchant.  In 
all instances an appropr ia te  e tchant  could be found to 
revea l  the striations across the twin boundary.  

Temperature measurements.---The thermal  conditions 
in the c rys ta l -mel t  system were  de te rmined  wi th  
sheathed ch romel -a lumel  thermocouples of 1 m m  ex-  
ternal  diameter ,  which were  introduced through the 
mel t  surface. Because of the considerable thermal  con- 
duct ivi ty  of the sensor system, these measurements  

do not yield correct  absolute t empera ture  values, 
but  the a r rangement  is considered quite  adequate  for 
the evaluat ion of t empera tu re  fluctuations. 

The t empera tu re  profiles of the mel t  under  vary ing  
exper imenta l  conditions are presented in Fig. 3. These 
measurements  indicate that  under  the present  exper i -  
menta l  conditions the isolated mel t  (without  a grow-  
ing crystal)  is f ree of major  t empera tu re  fluctuations 
(curve a). Fluctuat ions are induced when the mel t  is 
contacted with the seed, as a resul t  of the induced di- 
rect ional  heat  flow which leads to convection currents  
(curve b).  Stable t empera tu re  conditions in the crys-  
t a l -mel t  system can be readi ly  re-es tabl ished by re -  
ducing the tempera ture  gradient  in the seed by means 
of the af terheater  (curve c).  The same system ex-  
hibited ex t reme tempera tu re  instabili t ies wi th  fluctua- 
tions up to 20~ when the upper  end of the seed was 
water-cooled  (af tercooler) .  

It  was observed that  non-ro ta ted  striations appear 
pr imar i ly  under  growth conditions which lead to a de- 
creasing crystal  diameter .  Such conditions are ob- 
ta ined by raising the t empera tu re  of the mel t  whi le  
keeping all  other  parameters  as constant as possible. 
Associated with  any such raise in t empera tu re  is an 
upward  shift of several  mi l l imeters  in the location of 
the c rys ta l -mel t  interface. (It  is obvious that  an ex-  
cessive tempera ture  increase wil l  lead to the actual 
disruption of the sol id- l iquid contact.) 

The t empera tu re  profile for a static system in which 
the mel t  was contacted with  a water -cooled  seed is 
given in Fig. 4. Curves  (a) through (g) indicate the 
variat ions of the the rmal  conditions when the loca- 
tion of c rys ta l -mel t  interface (meniscus height)  was 
changed by increasing the mel t  temperature .  The con- 
ditions corresponding to curves (e),  (f), and (g) are 
character ized by major  t empera tu re  fluctuations and 
were  found to be most  favorable  for the format ion of 
nonrotated striations. 

The thermal  conditions dur ing crystal  growth were  
de te rmined  by means of fixed thermocouples in t ro-  
duced through a channel  dri l led in the center  of the 
seed. At  the beginning of crystal  growth the the rmo-  
couple prot ruded several  mi l l imeters  into the melt ;  
as the crystal  was pul led the location of the the rmo-  
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Fig. 4. Temperature profiles of melt in contact with a water- 
cooled seed. The height of the crystal-melt interface (meniscus 
height) increases from (a) to (g) as a result of increasing the melt 
temperature (see text). 
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Fig. 5. Temperature fluctuations in the melt near the melt-solid 
interface during pulling of an InSb crystal (with aftercooler). In- 
serted photograph shows the impurity striations corresponding to 
the shown temperature fluctuation. 

Fig. 6. Temperature profile of melt during pulling of an InSb 
crystal (with aftercooler). Note absence of temperature fluctuations 
and also absence of impurity striations in the inserted photograph 
(see text). 

couple junct ion  gradual ly  approached the crysta l -mel t  
interface and finally was in the grown crystal itself. 
Figure 5 shows the results obtained with a wa te r -  
cooled seed when the mel t  tempera ture  was well  above 
the mel t ing  point. Under  these conditions the crystal-  
mel t  interface was several mil l imeters  above the sur-  
face of the melt, and the grown crystal  was of decreas- 
ing diameter. Tempera ture  fluctuations as well  as in -  
tensive striations can readi ly be observed. A decrease 
in  the melt  temperature  brought  the location of the 
crysta l -mel t  interface closer to the melt  surface and 
resulted in a crystal of constant  diameter  (Fig. 6). 
Neither tempera ture  fluctuations nor striations are ob- 
served in  this case. The per t inent  facts as revealed 
by the tempera ture  measurements  are: 

1. The temperature  gradient  in the seed crystal  and 
the location of the crysta l -mel t  interface (meniscus 
height) are pr imari ly  responsible for the presence of 
tempera ture  fluctuations in  the melt. 

2. The convectively induced tempera ture  fluctuations 
are general ly irregular,  but  may in some instances as- 
sume a considerable degree of regulari ty.  

3. Tempera ture  fluctuations are v i r tual ly  identical  
under  static and dynamic (growth) conditions. 

4. The ampli tude and frequency of temperature  
fluctuations decreases with a decreasing amount  of 
melt. 

5. In  actual  crystal  growth, a direct correlat ion 
exists between tempera ture  fluctuations and striations. 

Origin of striations.--As pointed out above, the for-  
mat ion of impur i ty  striations in  nonrota ted pulled 
crystals is independent  of such parameters  as ori-  
entation, pul l ing rate fluctuations, or amount  and type 
of impur i ty  present. Consequently, it is believed that  
the formation of striations is not directly related to the 
mechanism of crystal growth. Impur i ty  striations form 
only when  the thermal  conditions are such as to lead 
to tempera ture  fluctuations at the crysta l -mel t  in te r -  
face. A direct correlation was unambiguous ly  estab- 
lished between tempera ture  fluctuations at the in te r -  
face and the formation of impur i ty  striations. 

Under  exper imental  conditions such as those em- 
ployed in the present  study, the cause of tempera ture  
fluctuations at the interface is given by the thermal  
gradients in the growing crystal which resul t  in con- 
vection currents  in  the melt  and affect the immediate  

vicini ty of the interface. In  the absence of pronounced 
thermal  gradients, there are no tempera ture  fluctua- 
tions at the interface (apparent ly  no convection cur-  
rents)  and no impur i ty  striations. 

Impur i ty  striations have invar ian t ly  been observed 
in these parts of the crystals where their  diameter was 
decreasing (Fig. 5). They could not be observed in 
the part  of the crystal where the diameter  was in -  
creasing, a condit ion requir ing thermal  gradients into 
the melt. This observation is thus indicat ing that ther-  
mal  fluctuations at the interface, brought  about by 
convection currents  and leading to impur i ty  striations, 
are caused by sharp gradients in the direction of the 
crystal. 

Under  the present  exper imental  conditions, the la tent  
heat of fusion released dur ing solidification apparent ly  
is not  sufficient to cause temperature  fluctuations at 
the interface as speculated earlier (5). If the latent  
heat were playing any significant role, then (at var i -  
ance with the present  results) sharp gradients in the 
crystal would enhance its dissipation and, thus, de- 
crease its effectiveness in causing thermal  fluctuations 
leading to striations. 

Having established the presence of tempera ture  
fluctuations at the interface, the formation of impur i ty  
striations can be understood readily on the basis of 
changes in  the microscopic rate of crystal  growth 

Fig. 7. Remelt line (arrow) and impurity striations in a Se-doped 
unratated InSb crystal. Note sharpness of remelt line as compared 
to that of striations. Magnification 5X. 



54 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  January  1966 

brought about by such temperature  fluctuations (6, 8, 
9). The rate of growth (the microscopic rate of growth 
is referred to here since the macroscopic rate is deter-  
mined by the pul l ing rate) conforming to the prevai l -  
ing temperature  alters the deviation of the solidifica- 
t ion process from equi l ibr ium;  thus, the amount  of 
impur i ty  incorporated in the solid is not constant  with 
time. The increase in  amount  of impur i ty  in the solid 
with increasing rate of growth is a well-establ ished 
fact (7). 

Tempera ture  fluctuations determined in the present  
experiments  were as large as 15~ Others have re-  
ported even greater tempera ture  fluctuations dur ing  
crystal growth in similar  systems. It is conceivable 
that the max imum temperature  wi thin  each fluctuation 
does not reach the mel t ing point of the supercooled 
solid so that  no remel t ing takes place at any given 
time. However, depending on the prevai l ing convection 
current  conditions, it is possible that the tempera ture  
at the interface approaches or even exceeds the mel t -  
ing point, as a flow of melt  with bulk  melt  tempera-  
ture passes by the interface (the bulk  melt  tempera-  
ture  is main ta ined  above the mel t ing point of the 
solid). 

When remel t ing takes place, we believe that  the im-  
pur i ty  striations are more sharply delineated than the 
striations commonly formed. Their appearance in fact 
is quite similar to that of the demarkat ion lines formed 
when a growing crystal is allowed to remel t  for an 
ins tant  before proceeding with growth (Fig. 7). 

This type of "remelt" striations appears to have a 
defect s t ructure associated with it; however, a study on 
this aspect is now in progress. 

Summary 
Impur i ty  striations in nonrotated crystals (at least 

under  the given exper imental  conditions) are caused 
by tempera ture  fluctuations in  the melt. These tem- 
perature  fluctuations which always increase with in -  
creasing meniscus height are due to convective cur-  
rents induced by excessive temperature  gradients in  
the growing crystal. In  some instances periodic re-  
mel t ing  leads to very sharp striations. In  general, im-  
pur i ty  striations are due to pronounced changes in 
growth rates and the associated variat ions of non-  
equi l ibr ium distr ibution coefficients. 

The fact that  tempera ture  fluctuations are substan-  
t ially the same under  static and dynamic growth con- 
ditions indicates that  they are not  induced by in te r -  
mi t ten t  growth, as was suggested previously (10, 11). 
Our findings throw considerable doubt also on at tempts 
to explain striations exclusively on the basis of super-  
cooling and recovery phenomena (12). 

It  is quite l ikely that  rotated, pulled crystals under  
par t icular  conditions may exhibit  rotat ional  striations, 
which are caused by a nonsymmetr ic  temperature  dis- 
t r ibut ion in  the melt, and also a substructure  of non-  
rotat ional  striations. 
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Bourdon Gauge Determination of Equilibrium 
in the ZnSe(s)-12(g) System 

T. O. Sedgwick and B. J. Agule 
International Business Machines Corporation, Watson Research Center, Yorktown Heights, New York 

ABSTRACT 

Bourdon gauge measurements  of samples of I2(g) plus ZnSe(s)  have been 
made in the tempera ture  range 900 -1200 K and over a fourfold range  in  pres-  
sure. The pressure vs. t empera ture  behavior of the system can be described 
satisfactorily by the equilibria,  

ZnSe(s)  -t- I2(g) ~=iZnI2(g) ~- ~Se2(g)  
I2(g) ~ 2I(g) 

The s tandard enthalpy and entropy of the first reaction between 900~176 
were calculated using the second law with the result ;  h H ~  23.1 kcal, 
hS ~ ---- 21.1 e.u. The s tandard heat of formation, AH~ and entropy, S~ of 
ZnSe (s) were found to be 44.2 kcal and 15.4 e.u., respectively. 

The compound ZnSe exhibits interest ing and poten-  
t ially useful  photoelectric properties typical of the 
I I -VI compounds. Because of the very high mel t ing 
point of this compound, it is advantageous to grow 
single crystal mater ial  either by evaporat ion or chemi- 
cal t ransport  processes. In  designing a t ransport  sys- 

tern, it is of considerable value to have accurate ther-  
modynamic data for the chemical species in question 
to facilitate the proper selection of operat ing pres-  
sures and temperatures.  Although there have been 
three recent  determinat ions (1-3) of the heat of for- 
mat ion and entropy of ZnSe, the agreement  between 
these results is not  good. 
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Fig. 1. Bourdon gauge and furnace arrangement: A, to pressure 
control; B, light pipes; C, flag; D, equalizing chamber; E, M, end 
windings; F, nickel pipe; G, quartz furnace; H, morganite heat re- 
flector; I, asymmetric spoon; J, center winding; K, sample chamber; 
L, thermocouple well. 

In the present  invest igat ion the automated Bourdon 
gauge described by Hochberg (4) and Sedgwick (5) 
was used to de termine  the equi l ibr ium between ZnSe 
and the vapor  solvent I2, i.e. 

ZnSe(s)  4- I2(g) ~ Z n I 2 ( g )  -F Y2Se2(g) [1] 

It  was then possible to calculate the heat  of format ion 
and entropy of ZnSe from the measured data and other  
data a l ready avai lable in the l i terature.  

Experimental  

Apparatus and measuring procedure.--The quartz 
Bourdon gauge and furnace a r rangement  are shown 
in Fig. 1. The automatic  pressure control  system used 
to mainta in  equal  pressure in the sample and meas-  
ur ing chambers  has been described previously  (4, 5). 
The measur ing manometer ,  a Wallace and Tiernan 
Model FA129 dial gauge, was cal ibrated with  a large 
bore Hg manometer .  Both the pressure control  and ac- 
curacy of measurement  are wi thin  ___ 0.4 m m  Hg. 

Before making  any measurements ,  the Bourdon 
gauge assembly was the rmal ly  cycled several  t imes 
over  the t empera tu re  range of interest  to stress re l ieve  
the sensit ive spoon element.  The par t icular  gauge 
used in this study showed no significant var ia t ion of 
zero point wi th  temperature .  

The pressure of three  samples of I2(g) plus ZnSe(s )  
was measured  as a funct ion of t empera tu re  over  sev-  
eral  cycles of increasing and decreasing temperature .  
The pressure was al lowed to equi l ibrate  at each t em-  
pera ture  which requi red  f rom one half  hour up to 
several  hours before taking the data. The reproduci -  
bi l i ty of the pressure readings at a given tempera tu re  
and the var ia t ion of zero point dur ing a run  was wi th in  
__ 1-2 m m  Hg. 

The t empera tu re  was measured with  P t -P t  10% Rh 
thermocouples.  One thermocouple  was placed in a 
well  at the bot tom of the sample chamber  near  the 
ZnSe, and a second was placed in a wel l  at the top 
of the sample chamber  near  the spoon. The t empera -  
ture  in the furnace was adjusted so that  the top of the 
Bourdon gauge was 2~176 higher  than the bot tom 
(position of ZnSe) in order  to avoid condensation of 
solids on the spoon. The t empera tu re  was controlled by 
a power  proport ioning control ler  to wi th in  1 ~ 
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Chemical purity and sample preparation.--High- 
puri ty crystals of ZnSe were  supplied as a courtesy 
by Dr. M. Aven  of the G. E. Research Laboratories,  
Schenectady,  New York. They were  grown by the 
vapor  phase growth method from ZnSe powder  synthe-  
sized by direct reaction between Zn and Se. They were 
then purified by firing in liquid Zn and etched with 
HCI and NaOH. The resulting crystals contained the 
following concentrations of impurities: S, Te ~ I0 
ppm; Cd, Mg, Si ~ 3 ppm; Fe, Al, Co, Cu ~ I ppm. In 
each run a predetermined weight consisting of several 
small crystal fragments of ZnSe was charged to the 
sample chamber which was evacuated and then heated 
slowly to 700~ held for i0 rain at 700 ~ (ZnSe sub- 
limes slowly at 760~ cooled, and finally sealed off. 

High-purity moisture-free iodine was prepared by 
the methcd of Washington and Naldrett (6). In this 
procedure PdI2 was precipitated from solution by 
adding an excess of PdC12 in dilute HCI to a 0.5M NaI 
solution. The PdI2 was dried and degassed under vac- 
uum at 250~ and finally decomposed to Pd and I2 at 
350~ The free iodine was transferred in an all-glass 
apparatus to the sample chamber. 

Results 

Figure 2 shows the pressure vs .  temperature data for 
three  samples of ZnSe (s) plus I2(g).  The init ial  l inear 
portions of the curves up to ca. 600~ are in terpre ted  
as the ideal gas pressure increase of I2(g) at constant 
volume. The absence of any measurable  chemical  re-  
action in this region is implied by the l inear i ty  of the 
curves. The init ial  slope and the calculated number  of 
moles of I2 in the sample chamber  (est imated volume 
16 cc) are compared with the moles of ZnSe used in 
each sample in Table I. 

The rapid rise of pressure above ca. 750~ indicates 
react ion is taking place. The highest  pressure points 
appear to be approaching a constant slope indicated by 
the short  solid lines in Fig. 2. Unfor tunate ly ,  i t  was not  
possible to exceed 1200~ without  causing pe rmanen t  
distortions to occur in the thin wal led quartz  Bourdon 
spoon. 

It should be noted that in all th ree  samples the pres-  
sure curves increase smoothly with  t empera tu re  and 
exhibi t  no "break 'points" (discontinuous dP/dT) in-  
dicative of the disappearance of solid phases. The pres-  
sure measurements  of Nitsche and Richman (7) on the 
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Fig. 2. Pressure vs. temperature data for three samples of 
ZnSe(s) plus 12(g) at constant volume: 0 ,  temperature increasing; 
X ,  temperature decreasing. 
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Table I. Quantities of ZnSe and 12 used in Bourdon gauge runs 

S a m p l e  
No.  P / T ,  m m  H g / ~  

1 0.3921 _ 0.0007 (10) 0.101 0.25 
2 0.2515 d- 0.0001 (8) 0.065 0.19 
3 0.1129 ___ 0.0003 (10) 0.029 0.086 

N u m b e r s  i n  p a r e n t h e s i s  i n d i c a t e  t h e  n u m b e r  of  d a t a  p o i n t s  a v e r -  
a g e d .  
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system CdS-I2, for example,  c lear ly  exhibi t  abrupt  de-  
creases of dP/dT  as solid phases of S and CdI2 dis-  
appear wi th  increasing tempera ture .  Consequently,  we  
wil l  assume that  no solid phases other  than ZnSe(s )  
were  present  in our experiments .  1 

Equilibrium mode l . - -An  examinat ion  of the l i te ra-  
ture  (8, 9) indicated that  the major  molecular  and 
atomic species to be expected in the gas phase in the 
measured P-T  range were  I2(g),  I ( g ) ,  ZnI~(g),  Se2(g) .  
(The presence of selenium vapor  species other  than  Se2 

wil l  be discussed later.)  The equililJria be tween  these 
species and ZnSe(s)  may  be wr i t t en  as follows 

ZnSe(s)  -t- I2(g) ~-~-~ZnIs(g) + �89 [1] 

I2(g) z e  2I(g)  [2] 

In both equi l ibr ia  I2(g) predominates  at low t empera -  
tures. At  higher  tempera tures  both equi l ibr ia  shift  to 
the right, and since even rough est imates indicate that  
the Gibbs free energy, AF ~ for Eq. [1] is considerably 
smaller  than AF ~ for Eq. [2] at high temperatures ,  it 
is expected that  ZnI2(g) and Se2(g) wil l  exist in much 
greater  concentrations than I (g) in the pressure range 
(200-700 mm Hg total  pressure)  under  consideration 
here. 

This model  is qual i ta t ive ly  confirmed by the data 
since the P-T  curve  at high tempera tures  approaches a 
l inear  function with  a slope 1�89 t imes (see solid lines 
in Fig. 2) the slope of the l ow- t empera tu re  l inear  
region. In order to test this model  quant i ta t ive ly  as 
wel l  as to obtain the thermodynamic  constants for 
Eq. [1], the equi l ibr ium constant Kpl, has been cal-  
culated over  a range of t empera tu re  and pressure. 

~ Z n I 2  PSe21 /2  
Kpl [3] 

PI2 

In order to calculate the par t ia l  pressures in Eq. [3], 
we note that  the total  pressure, PT, is the sum of pa r -  
t ial  pressures, i.e., 

P T  = P I 2  "~- P I n  u P Z n I 2  - b  P S e 2  [ 4 ]  

and since the quant i ty  of iodine is constant in the gas 
phase 

V 
X T = 2PI2 ~ Pz + 2p'znI2 [5] 

N~R 

where  V is the vo lume of the sample chamber,  and Nz 
is the total  number  of moles of iodine atoms in the 
gas phase. Below 600~ I2(g) predominates  and the 
terms Pi and PznI2 in Eq. [5] are negligible.  Therefore,  
the quant i ty  NIR/2V is equal  to the values of P / T  
tabulated in Table I for each sample. 

From the s toichiometry of Eq. [1] and the presumed 
(see Discussion) s toichiometry of the ZnSe crystal  it 
follows that  

P z n z 2  ~--- 2pse2 [6] 

Finally,  we note that  the the rmodynamic  propert ies  
of the iodine dissociation are accurately known (10). 

x I t  is  p o s s i b l e  t h a t  t h e r e  w a s  a v e r y  s m a l l  a m o u n t  o f  a second 
sol id  p h a s e  (ZnI~,Se)  f o r m e d  i n  t h e  r e g i o n  600~ I f  t h i s  w e r e  
t h e  case ,  t h e  a p p a r e n t  r e a c t i o n  r a t e  w a s  e i t h e r  e x t r e m e l y  s l o w  
a n d / o r  t h e  e x t e n t  o f  r e a c t i o n  w a s  v e r y  l i m i t e d  s ince  t h e  t o t a l  p r e s -  
s u r e  d i d  n o t  d r o p  b e l o w  t h e  e x t r a p o l a t e d  I s (g )  p r e s s u r e  l ine .  Since  
o u r  q u a n t i t a t i v e  a n a l y s i s  is  b a s e d  on  d a t a  t a k e n  o n l y  a t  m u c h  
h i g h e r  t e m p e r a t u r e s ,  w e  d i d  n o t  consider  this  t emperature  reg ion  
f u r t h e r .  
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Fig. 3. Log Kp vs. 1 /T  for the equilibrium ZnSe(s) -I- Is(g) ~=~ 
Znl2(g) -I- 1/2 Se2(g) for three different samples: •  sample 1; 
e ,  sample 2; A,  sample 3. 

p12 7991 
log Kp2 = log = - -  -{- 5.481 [7] 

P~2 T 

Equations [4]-[7] comprise a set of four independent  
equations in four  unknown part ia l  pressures which 
when  solved s imultaneously y ie ld  

( ) K P 2  -+" K p 2 2  K p 2  2 P z  [8] 
Pl = 4 -- 16 2V 

N I R  P l  
PZnI2 = - -  X T -  P I 2 -  " - -  [9] 

2V 2 

The par t ia l  pressures Pse2 and P72 are then readi ly  ob-  
tained f rom Eq. [6] and [7]. 

A plot of the calculated log /~pl vs. 1 /T  for  the 
three samples is shown in Fig. 3. The l inear  dependence 
of log K p  o n  1/T and the lack of dependence of Kpl on 
pressure is reasonable confirmation that  Eq. [1] and 
[2] constitute a satisfactory model  for the equilibria.  
The s tandard enthalpy,  AH o and entropy AS o, of reac-  
tion were  obtained by the second law t rea tment  using 
the relat ion 

AH o ASo 
log K m = -{- - -  [ 1 0 ]  

2.303 RT 2.303 R 

where  AH o and AS o are assumed independent  of t em-  
perature.  The  best least square fit of Eq. [10] to the 
calculated results yields 

AHo1000OK ~-  ~- 23.1 ____. 1 kcal  

ASOlo00~ ----- -{- 21.1 • 1 e.u. 

Discussion 
Although the assumptions made in the above calcu- 

lation appear straightforward, it is desirable to discuss 
several of them in somewhat greater detail. In order 
to insure the validity of Eq. [4]-[6], we have used a 
relatively small amount (see Table I) of ZnSe of the 
highest purity. Therefore, any errors in Eq. [4] and 
[5] caused by volatilization of an impurity or in Eq. 
[6] caused by a deviation from stoichiometry of the 
ZnSe (which is assumed to be less than 10-2%) are 
negligible. Similarly the conservation of iodine in the 
vapor phase, Eq. [5], is valid if we assume that the 
solubility of Is in ZnSe does not greatly exceed the 
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Table II. Heat capacity (Cp) and entropy data 
Cp = a + b l0  ~ T 

Table IV. Summary of experimental determinations of 
~H~ S~ for ZnSe 

Specie  a b Ref.  S~ Ref.  -- AH*'~ t S*~s M e t h o d  I n v e s t i g a t o r  

ZnI.~(g) 13.82 1.45 (15~ 71.71 (18) 
I~(g) 8.94 0.14 (16) 62.28 (8) 34 
Se2(g) 8.73 0.32 (17) 60.2 (8) 52 7 
Z n S e  (s) 11.99 1.38 (3) - -  __ 47 16.6 

39.3 19.8 

Table III. Data for the calculation of heat of formation of 44.2 15.4 
Z n S e ,  AH~ 

Reac t ion  AH*~s Ref. 

ZnI~(g) + V2Se2(g) ~ ZnSe( s )  + Iz(g) --25.0 kca l  t h i s  w o r k  
ZnI2(s) ,~ ZnI2(g)  28.6 (19) 
Zn( s )  + 2I(s)  ~-ZnI2(s )  --50.0 (20) 

Ia(g) ~- 2I(s) -- 14.9 (8) 
Se(s)  ~ V2Se2(g) 17.06 (8) 

Se(s)  + Zn(s )  ~ Z n S e ( s )  -- 44.2 kca l  

solubili ty of I2 in CdS which was reported by Nitsche, 
BSlsterli, and Lichtensteiger (11) to be ca. 10 -2 
mole %. 

The assumption that  Se2 is the only selenium con- 
ta in ing gas phase species is not strictly valid below 
ca. 9O0~ since at least some Se6 is formed. By using 
the data of Stul l  and Sinke (8) for the equi l ib r ium 

3Se2(g) ~ Ses(g) 

we have excluded any point  from Fig. 3 for which the 
ratio Pse6/Pse2 exceeds more than  a few per cent. A 
more impor tant  source of error may be the presence of 
Se4 2 (or possibly some other species of selenium).  In  
lieu of any quant i ta t ive  informat ion on Se4 concentra-  
tions, we have neglected it in the above calculations 
and expect that in any case it  would be negligible at 
somewhat higher temperatures.  The satisfactory fit of 
the data to the model fur ther  indicates that  neglecting 
Se~ does not  give rise to a large error. 

Comparison with literature values.--In order ~0 
make a direct comparison of our results with those of 
other investigators, it was first necessary to calculate 
the heat of formation, ~H~ and entropy, So298, of 
ZnSe. The heat and entropy of reaction at 298~ may 
be calculated from our measured data and the data in 
Table II using the usual  formulas. 

~1 
298 

AH~ ~ AH~ ~- ACp dT ~ 23.1 ~ 1.9 ~ 25.0 kcal 
000 

y 298 A C p  dT 
~S~ ~ ~S~ -t- = 21.1 ~ 3.2 ~ 24.3 e.u. 

1000 T 

The entropy of ZnSe at 298~ is calculated from the 
entropy of Eq. [1] at 298~ AS~ and the data in  
Table II. 

SOznse(S) : S~ -}- 1/2 S~ 
- -  S~ --  AS~ : 15.4 e.u. 

The s tandard heat of formation of ZnSe is calculated 
directly from l i terature  data and the measured en-  
thalpy, hHo298, in Table III. 

We finally compare our results in Table IV with the 
results of previous investigations as tabula ted by Gold-  
finger and Jeunehomme (3). 

The agreement  of our data with that  of WSsten and 
Geers is probably wi th in  our combined exper imental  
errors. 

Conclusion 
The heat  of formation, AHo29sf, and entropy S~ for 

ZnSe have been determined indirect ly by measur ing  

2 E x t e n s i v e  i n v e s t i g a t i o n s  o f  t h e  c o m p o s i t i o n  o f  s u l f u r  v a p o r  b y  
R r a u n e .  P e t e r .  a n d  N e v e l i n g  (12) u s i n g  a B o u r d o n  gauge ,  a n d  b y  
B e r k o w i t z  a n d  C h u p k a  (13) u s i n g  a m a s s  s p e c t r o g r a p h  r e v e a l  t he  
p r e s e n c e  of  a l l  e v e n - n u m b e r e d  p o l y m e r s  u p  t h r o u g h  Ss. Mass  spec-  
t r o g r a p h i c  s tud ie s  (14) of  Se v a p o r  r e v e a l  a q u a l i t a t i v e l y  s i m i l a r  
d i s t r i b u t i o n  of  species.  T h e  s i m i l a r i t y  b e t w e e n  t he  t h e r m o d y n a m i c  
p r o p e r t i e s  o f  t h e  s u l f u r  s p e c i e s  a n d  t h e  k n o w n  S e  s p e c i e s ,  i.e., 
Ses, S e .  s u g g e s t s  t h a t  Se4 m a y  be  p r e s e n t  i n  o u r  e x p e r i m e n t s  i n  
s o m e w h a t  g r e a t e r  c o n c e n t r a t i o n s  t h a n  Se6 as  c a l c u l a t e d  above .  

Ros s in i  
g n u d s e n  recalc.  2nd  l aw  K o r n e e v a  
T r a n s p o r t  2nd  l aw  W S s t e n  a n d  G e e r s  
K n u d s e n  2nd  l aw  G o l d f i n g e r  a n d  

J e u n e h o m m e  
Tota l  p r e s su re  2nd  l aw  Th i s  p a p e r  

the equi l ibr ium between ZnSe and I2 (g). The resul t ing 
data are in agreement  with the known exper imental  
result  (11) that  ZnSe may be ~vapor grown via the 
iodine disproport ionation reaction using a hot to cold 
process. The relat ively slow rates at which the pres-  
sure equil ibrated in the Bourdon gauge between 800 ~ 
900~ indicate that  seed temperatures  in  a vapor 
growth process should not be too low for opt imum 
growth rates. 
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Solution Regrowth of Planar InSb Laser Structures 
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ABSTRACT 

A new technique has been developed for growing a thin layer  of InSb on 
an InSb substrate f rom a saturated In - InSb  melt.  This type of growth  f rom a 
solution has been used previous ly  in the fabricat ion of GaAs and Ge p~  
junctions;  however ,  at the lower  tempera tures  requi red  for InSb (about 300~ 
certain modifications were  made, such as the use of hot l iquid stearic acid 
which covers the InSb substrate and the In - InSb  mel t  dur ing the growth 
process. By doping the mel t  suitably, un i form planar  InSb n + - p  junct ions 
were  grown on substrate areas of about  2 cm 2. Such InSb junct ions have  been 
used in l a rge -vo lume  inject ion lasers which emit  coherent  l ight  in a direct ion 
normal  to the junct ion plane. 

The growth of thin crystal  layers  f rom a mel t  was 
first used by Nelson (1) as a technique of producing 
r emarkab ly  flat and abrupt  p -n  junct ions for Ge tun-  
nel  diodes and GaAs junct ion lasers. In the case of 
InSb, this process is of par t icular  interest  for growing 
an n - type  layer  on a p - type  substrate because of the 
difficulty of producing such layers by diffusion. The 
diffusion of the n - type  impuri t ies  such as Se, Te, or S 
is impract ical  because these elements  tend to fo rm 
glasslike compounds on the substrate surface, and 
their  diffusion coefficients in InSb are small  at t em-  
peratures  below the mel t ing  point of InSb (525~ 
By the solution regrowth  technique an n - type  layer  

1 Operated with support from the United States Air Force. 

Fig. la. Apparatus for solution regrowth showing mount for the 
boron nitride boat. 

can be grown easily on a p - type  substrate by simply 
adding an n - type  dopant, such as Te, to the melt .  

Method and Results 
As shown in Fig. l a  and l b  the apparatus consists 

of a boron~ container  which is heated f rom the 
bot tom by passing cur ren t  th rough a graphi te  heater  
strip and which can be t i l ted at various t imes dur ing 
a run. The InSb substrate is placed on one side of the 
boat, whi le  the opposite side contains In and a suffi- 
cient amount  of InSb to produce a near ly  saturated 
In - InSb  solution at the m a x i m u m  tempera tu re  of 
about 300~ When  growing n - type  layers a small  
amount  of Te is added to the solution. The  me l t  and 
the substrate are kept  apart  dur ing the first par t  of 
the run  by a small  r idge in the bot tom of the boat. 
Molten stearic acid is then poured into the boat to 
cover  the substrate and the melt.  The purpose of the 
stearic acid is to keep the surface of the substrate and 
of the mel t  clean and to insure  un i form wet t ing  of the 
substrate surface by the melt. The boat is then heated 
by the graphi te  heater  strip. At  a t empera tu re  of about 
300~ the boat  is t i l ted so that  the mel t  flows over  the 
substrate, and the current  in the heater  is reduced im-  
media te ly  to begin cooling the boat. At  the t ime when 
the mel t  first makes contact wi th  the substrate  the 
mel t  is not  quite  saturated wi th  InSb, and a th in  layer 
of the substrate surface goes into solution. This re -  
moves any surface damage. As the t empera tu re  is 
lowered InSb is forced out of the solution and grows 
in a uni form layer  on top of the substrate. At  about 
200~176 the boat  is t i l ted back and the remain ing  
solution is wiped off the substrate.  The stearic acid is 
then poured off before  it solidifies. The grown surface 
general ly  has a clean mi r ro r l ike  appearance and the 
growth  is quite  un i fo rm across the substrate.  F igures  
2a and 2b show the profile of a growth junct ion  de-  
l ineated by etching a c leaved (110) surface. Al l  of 
our solution regrowths  were  done on a (100) crystal  

Fig. lb. Inside view of the boron nitride boat 
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Fig. 20. Profile of 120p thick n + layer grown on the (100) face 
of a p-type InSb substrate. The junction indicated by an arrow has 
been delineated by etching a cleaved (110) face. 
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Fig. 2b. A further magnification of the profile in Fig. 2a 
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Fig. 3. Temperature dependence of the fractional weight of InSb 
required to produce a saturated solution, after Hall (4). 

face to enable cleaving perpendicular  to the junct ion 
plane. 

The weights  of the various ingredients  of the mel t  
used in growing a heavi ly  doped n + region on a p - type  
substrate area of 12 x 12 m m  were  4.0g of In, 0.6g of 
n - type  InSb, and 4.0 mg of Te. The weight  of the Te 
dopant in this case was chosen so as to produce the 
highest possible doping in the n + layer  (8 x 10 TM cm -3) 
(2, 3). The ratio of the InSb weight  to the weight  of 
In in the mel t  was chosen f rom published solubil i ty 
data (4). F igure  3 is the t empera tu re  var ia t ion of the 
fract ional  weight  of InSb requi red  to produce a satu-  
ra ted solution. 

A typical  heat ing cycle is shown in Fig. 4. The mel t  
is poured over  the substrate by t i l t ing the boat at the 
m ax imum tempera tu re  of 315~ in this case. At about 
225~ the mel t  is wiped off. Al though most of our 
runs were  similar to this one, the t imes and t emper -  
atures involved do not appear  to be critical. 

Discussion 
The main innovat ion of our solution regrowth  tech-  

nique is the use of stearic acid, which facil i tates g row-  
ing at the low tempera tures  requi red  for InSb. The 
use of a l iquid instead of a gas a tmosphere  also great ly  
simplifies the apparatus and the process and permits  
visual  observation dur ing the process. Al though the use 
of stearic acid is l imited to tempera tures  not  h igher  
than 350~ at which point  it boils away too rapidly,  
other  liquids such as boric oxide could be used for 
crystals which requi re  higher  growth tempera tures  
than InSb. 
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Fig. 4. Temperature cycle of a typical solution regrowth 

Fig. 5. Large volume InSb injection laser designed for coherent 
emission normal to the plane of the junction. 

One of the applications of this method was in the  
fabricat ion of InSb inject ion lasers in which the l ight 
is emit ted in a direction normal  to the plane of the 
junct ion (5). Such a s t ructure  is shown in Fig. 5. The 
n + layer  was grown on high resist ivi ty p - type  InSb 
by the above technique, and the p+ layer  in this case 
was made by Zn diffusion. In these diodes the l i fet imes 
of injected carr iers  are sufficiently long (10 -7 to 10 -6 
sec) and the mobili t ies are sufficiently high to permi t  
populat ion inversion across the ent ire  region between 
the contacts. The radiat ion which is thus generated in 
the active region has to pass through the doped p+ 
and n + layers;  hence, these have  to be of a good 
qual i ty  crystal  which is t ransparent  to the radiation. 
Solution regrowth  proved to be the only satisfactory 
technique for making  good n + layers. 
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The Electrodeposition of Coherent Deposits of Refractory Metals 
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ABSTRACT 

Explora tory  exper iments  in chloride, bromide, and mixed  chloride-f luoride 
melts always produced dendri t ic  zirconium deposits. Pu re  fluoride systems 
consisting of ZrF4 dissolved in alkali  fluoride solvents produced coherent  
deposits of metal,  some as thick as 0.1 in. with no indication of reaching a 
thickness limit, on electrolysis at 750~ and 30 m a / c m  2 cathode current  density. 
Analysis and mater ia l  balance exper iments  showed that  reduced compounds 
were  absent in these fluoride systems. Chronopotent iometr ic  measurements  in-  
dicate that  the zi rconium is deposited f rom the te t rava len t  state in a single 
four-e lec t ron  step which would  appear to be i rreversible.  The addit ion of 
KBF4, K2TiF6, and A1203 to a working  zirconium bath results  in the deposition 
in coherent  form of the compound ZrB2 and the alloys Zr -Ti  and Zr-A1. The  
ZrB2 plate  was 11 mils thick and showed no evidence of reaching an upper  
l imit  of thickness, whi le  both alloys were  smooth and f ine-grained in nature,  
the Zr-A1 deposit showing a par t icular ly  interest ing rhythmic  banded struc-  
ture. 

Earl ier  papers in this series have  described the  e lec-  
trolysis of fused fluorides to produce columbium and 
the mechanism for the electrodeposit ion of tantalum. 
In this paper  the deposition of coherent  deposits of 
zirconium and the mechanism and electrode reactions 
to form such deposits wi l l  be discussed. 

A considerable amount  of work  has been repor ted  
on the electrolysis of z i rconium-conta ining mol ten  
salts to yield the metal.  Efforts t o  obtain the meta l  by 
electrolysis of aqueous or organic solutions have  al- 
ways ended in failure. 

Troost (1) electrolyzed mol ten  sodium and potas- 
sium fluozirconates, whi le  later  Wedekind (2) and 
Marden and Rich (3) obtained amorphous zirconium 
powder  by this method. Driggs and Li l l iendahl  (4, 5) 
obtained zirconium by the electrolysis of mol ten  baths 
of sodium and potassium chlorides containing potas-  
sium fluozirconate. P lo t inkov and Kir ichenko (6) elec-  
t rolyzed a mel t  containing a luminum and potassium 
chlorides, sodium fluoride, and zirconium tetrachloride,  
held at 300~176 in a porcelain cell. The cathode was 
copper and the anode a luminum or graphite.  Variations 
of the method were  repor ted  using molten sodium 
chloride, potassium chloride and potassium fluozir- 
conate mixtures  (7). Steinberg, Sibert,  and Wainer  
in tensively  studied the above method and obtained 
zirconium of 99.8-99.9% pur i ty  wi th  carbon content  
0.05%, oxygen 0.05%, and ni t rogen 0.003% (8, 9). 

The above work  was concerned wi th  e lec t rowinning 
the meta l  and always resul ted in cathodig deposits that  
were  in powder  or crystal  form. To compact the metal,  
expensive procedures such as vacuum fusion or elec-  
t ron beam mel t ing  are necessary; the compacted ma te -  
r ial  may  then be rol led into sheets or fabricated into 
other  desired forms. In v iew of the above, it would  be 
ex t remely  valuable  to be able to deposit  coherent  meta l  
f rom an electrolytic bath, thus c i rcumvent ing  the 
aforement ioned procedures.  

Deposition of coherent  plates of pure  zi rconium has 
undoubtedly been at tempted,  but  no successful proc-  
ess has been reported. One may note in passing that, 
al though pure  ref rac tory  metals  cannot be deposited 
f rom aqueous systems, coherent  alloy plates wi th  Fe, 
Ni, and Co are obtainable. In these processes the re-  
f rac tory  meta l  content  (W or Mo) is always less than 
30% and usual ly less than  20%. 

In the prior  l i tera ture  there  are ve ry  few substan- 
t iated instances of the deposition of coherent  re f rac-  
tory metals  by the electrolysis of mol ten  salts. In the 
case of molybdenum the deposition of coherent  meta l  
was repor ted  in a series of papers by Senderoff and 

Brenner  (10). The  anode was a pure  molybdenum 
sheet, and the electrolyte,  which consisted of potas-  
sium hexachloromolybdate  (III)  (K3MoC16) dissolved 
in KCI-IAC1 eutectic, was contained in an A T J  graph-  
ite crucible under  an a tmosphere  of purified argon. 

Davis et al. (11) deposited coherent  layers  of pure  
tungsten f rom fused salt baths containing borates and 
tungstic oxide. Schlain and co-workers  (12) working 
in similar  systems developed and improved the per -  
formance of the baths. Stetson (13) described the dep-  
osition of coherent  t i tanium, al though in his work  there  
were  l imitations on substrate material ,  and indeed in 
this work  and the work  on tungsten there  appeared to 
be l imits on the ul t imate  thickness of deposits. 

In the electrorefining of Hf  meta l  through NaC1- 
HfC14 electrolyte,  Baker  (14) obtained a thick ( ~  1/s 
in.) coherent  plate of the metal.  However ,  this ap-  
peared to have  been a pure ly  fortui tous situation since 
it was not reproducible,  repet i t ion under  supposedly 
identical  circumstances yie lding a dendri t ic  deposit. 

The deposition of columbium (15, 16) and tan ta lum 
(17) by the electrolysis of pure  fluoride melts  has 
been described by the present  authors, and a general  
method for deposition of a group of ref rac tory  metals  
has been disclosed in the patent  l i te ra ture  (18). How-  
ever, concurrent  wi th  this work  explora tory  exper i -  
ments  were  per formed in fused chloride and bromide 
systems as described below. 

Experimental 
Materials.--ZrC14 was purchased f rom Stauffer 

Chemical  Company in crude form. The material ,  which 
was pale yellow, was resubl imed under  argon-10% 
hydrogen atmosphere.  The funct ion of the hydrogen 
was to reduce FeC13 to FeC12, the la t ter  being in-  
volatile. Pure  ZrC14 was collected as a snow-whi te  
powder in a cooled receiver.  

ZrBr4 was made by the interact ion of heated Zr 
meta l  (450~ and a s t ream of bromine  gas diluted 
with  argon. The product  was sublimed into a collec- 
tion vessel where  it was sealed off and removed  from 
the system. 

ZrF4 and K2ZrF0 were  obtained f rom Genera l  Chem-  
ical Division, Al l ied Chemical  and Dye Corporation. 
The ZrF4 was used as-received,  but  the fluozirconate 
was purified by recrysta l l iza t ion f rom water.  

Zirconium in sheet and rod form was obtained from 
React ive Metals, Inc. 

Alkal i  chlorides, bromides and fluorides (ACS spec- 
ification) were  obtained f rom Harshaw Chemical  Com- 
pany. 
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Fig. 1. Apparatus used in electrolysis of fluoride melts: A, stain- 
less steel cathode; B, Teflon stopper; C, argon outlets; D, argon 
inlets; E, stainless steel lid; F, Teflon or Sauereisen gasket; G, 
"Hastelloy X" can; H, zirconium anode; J, fluoride melt; K, nickel 
or stainless crucible; L, thermocouple and well; M, gate valve 
(1 in.). 
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Argon was purified by passage through ei ther Ti 
chips at 900~ or Cu turnings at 700~ 

Boron t r ibromide and boron t r ioxide were  obtained 
f rom Amer ican  Potash and Chemical  Corporation. 

Electrolytic cells.--The apparatus used is shown in 
Fig. 1 and has been ful ly  described in an earl ier  pub-  
lication (15). 

Results 
Chloride mel ts . - -A series of explora tory  exper iments  

wi th  melts  of the series KC1-LiC1-ZrC14 and KC1- 
NaCI-ZrC14 confirmed that, af ter  extended periods of 
electrolysis, the  melts  contained highly colored sub- 
halides and that  only dendri tes could be deposited un-  
der all conditions of temperature ,  concentration, and 
cathode current  density. In most cases, the dendri tes 
over lay an init ial  layer  of meta l  about 1 mil  in th ick-  
ness, and this coherent  layer  is in all  probabil i ty  a 
diffusion alloy with  the mater ia l  of the substrate. This 
work  wil l  not be discussed fur ther  in this paper since 
it confirms the results of ear l ier  workers  (8). 

Bromide systems.--Experiments in this system were  
conducted in the N a B r - K B r  eutectic mp 644~ (19) 
to which about  5 w / o  (weight  per  cent) ZrBr4 was 
added. The phase diagram of NaBr-KBr-ZrBr4  is un-  
known, but  by analogy with  the NaC1-KCI-ZrC14 dia- 
gram a low mel t ing  eutectic r ich in ZrBr4 might  be 
expected around 70-80% ZrBr4 and 200~176 Ac-  
cordingly the  t empera tu re  was held at 250~ for sev-  
eral  hours and then slowly raised to the operat ing t em-  
perature.  

The init ial  purification was per formed at 800~ and 
200 m a / c m  2 cathode current  density (C.C.D.) wi th  
approximate ly  0.2v across the cell. However ,  polar iza-  
tion soon developed, the cell vol tage r is ing to 6v, 5.8v 
of which was found to be potential  drop at the anode. 
Simul taneously  the current  decreased but could be 
restored by tapping the anode. This suggests the pres-  
ence of some insoluble film on the anode. No cathodic 
deposits were  obtained, indicating that  the species 
responsible for deposition was absent f rom the mel t  

or present  in insufficient concentration. The exper i -  
ment  was re run  at 950~ (to increase the solubili ty of 
such species) and 500 m a / c m  2. The polarizat ion was to 
some extent  overcome and a th in  compacted powder  
deposit obtained, but  on repet i t ion of the exper iment  
the polarizat ion re turned  in more  acute form. Under  
vary ing  exper imenta l  conditions it proved impossible 
to extract  clean dendri t ic  Zr f rom this melt.  A sample 
was taken f rom the l iquid by means of a "Vycor"  tube, 
and it  was found that  some crunchy, pulver izable  solid 
was present  in the crucible, thus lending some sup- 
port  to the idea of lower  hal ide insolubility. 

The bromide solutions on freezing were  deep blue-  
black in color and reacted vigorously wi th  water  and 
dilute acid yielding impure  hydrogen. An analysis 
showed the presence of 0.52% Zr and 69.0% Br and a 
reducing power  of 0.988 m i l l i - e q u i v / g  corresponding 
to a mean Zr valence of 3. 

Mixed chloride-fluoride melts.--In some of the pre-  
l iminary  work  it was noted that  a bath consisting of an 
alkali  hal ide eutectic (e.g., KC1-LiCI or NaC1-KC1) 
together  wi th  potassium fluozirconate (K2ZrF6 or 
2 KF �9 ZrF4) requi red  far  less "pre-e lect rolys is"  to 
bring it to the requi red  condition for the  deposition 
of clean dendri t ic  zirconium powders  than did the al l -  
chloride bath. Potassium fluozirconate may  be purified 
very  easily by recrystal l izat ion from wate r  and sub- 
sequent  drying. However ,  as in the pure  chloride mel t  
electrolysis, even at low tempera tures  and C.C.D.'s, 
this solution yielded dendrit ic powders plus the un-  
der ly ing 1 mi l  of coherent  plate as reported previously 
(9). 

On cooling, the NaC1-KC1-K2ZrF6 mix ture  was found 
to consist of two layers, the upper  being very  pale 
b lu ish-whi te  and the lower black in color. The l ighter  
mater ia l  is iner t  with respect  to water  and dilute min-  
eral  acid, whi le  the black mater ia l  reacts vigorously, 
finally depositing a black powder,  which again (v.i.) 
is probably zirconium metal  formed by the dispropor-  
t ionation during cooling of a subfluoride. 

In contradist inct ion to the fluoride systems, it  should 
be noted that  subhalides were  always observed in the 
chloride, bromide, and mixed  chloride fluoride systems. 
As wil l  be seen below, an impor tant  feature  of the pure 
fluoride systems is the complete  absence of reduced 
species. 

Fluoride systems.--Because of the encouraging re -  
sults obtained with  K2ZrF6, notably the ease of handl-  
ing and involat i l i ty  of ZrF4 (sublimation point 910~ 
approximate ly)  systems consisting of KF-LiF-ZrF4  
(KF-LiF-K2ZrF6) and L i F - N a F - K F - Z r F t  were  pre-  
pared. The mel t ing  point of the K F - L i F  eutectic is  
492~ and that  of the te rnary  eutectic 454~ 

The ternary  eutectic L i F - K F - N a F  (Flinak) was used 
because of its ve ry  low mel t ing  point (454~ (20). 
It had been hoped to deposit z irconium at t emper -  
atures in the 500~176 range, but  this proved im-  
possible, no deposit other  than semiadherent  powders  
being produced. It  is l ikely that  this occurs because, on 
the addition of ZrF4 to the L i F - K F - N a F  eutectic, a 
two-phase  or highly viscous system exists up to about 
650 ~ 

The anode was a zirconium sheet rol led in cylindrical  
form which fitted flush to the inner  wal l  of the in ternal  
crucible. The cathode, which was a 1/4 or 3/16 in. 
d iameter  molybdenum rod, was centra l ly  mounted.  
ZrF4 (10 w / o )  was dissolved in the t e rnary  eutectic 
of N a F - K F - L i F  contained in a seamless stainless 
steel crucible and some 4 hours of electrolysis 
at 750~ and approximate ly  400 m a / c m  2 C.C.D. was 
sufficient to br ing the mel t  to a satisfactory operat ing 
condition. Runs were  made at various temperatures ,  
but  the most efficient plat ing conditions were  at 750~ 
with  a C.C.D. of 10-30 m a / c m  2. However ,  fur ther  work  
showed that  plates could be obtained f rom 675 ~ to 
800~ with  C.C.D.'s of 5-30 m a / c m  2. Rotat ion of the 
cathode did l i t t le to improve  the smoothness of the 
deposit in this par t icular  instance. 



62 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

Fig. 2. Piece of detached Zr plate (X150)* 

Spectroscopic analysis of the plates revea led  them to 
be almost pure  Zr metal,  only traces (0.01%) of Fe, 
Mg, Mn, and A1 being detected. A photomicrograph of 
the plate is shown in Fig. 2 and demonstrates  (a) the 
columnar  s t ructure  of the deposit, and (b) the cleanl i -  
ness and sharpness of the grain boundaries.  The  grain 
size is ve ry  large compared wi th  that  of ZrB2 and 
Zr-Ti  deposits discussed below and probably indicates 
a deposit equivalent  to a wel l  annealed pure metal.  

The residual  e lectrolyte  had no reducing power  and 
contained 4.65 w / o  Zr (average of two determinat ions  
differing by 0.1%). 

An examinat ion of the system KF-LiF-ZrF4  was 
then made. The  K F - L i F  eutectic (50-50 M%) has a 
mel t ing  point of 492~ (21). ZrF4 (14 w / o )  was dis- 
solved in the mol ten  eutectic and the mel t  purified 
by 24-hr electrolysis at 850~ and 70 m a / c m  2 C.C.D. 
The t empera tu re  was lowered to 750~ and several  
runs carr ied out be tween 15 and 30 m a / c m  2 C.C.D. 
Smooth coherent  plates of zirconium were  obtained 
under  these conditions. 

To study the effects of solvent composition, a NaF-  
LiF eutectic (mp 652~ was prepared  and 12 w / o  
ZrF4 added. The mel t  was purified by some 35 hr  p re -  
electrolysis, but  under  the identical  conditions of t em-  
pera ture  and current  density leading to coherent  plates 
in the KF-LiF-ZrF4  and KF-L iF -NaF-ZrF4  systems, 
the deposits produced f rom NaF-LiF-ZrF4  melts  
tended to compacted powders al though in a few cases 
an apparent ly  coherent  deposit was produced. Var i -  
ation of exper imenta l  conditions of t empera tu re  and 
cathode current  densities did not al ter  this situation 
material ly.  The presence of KF appears to be highly 
desirable for the reproducible  product ion of coherent  
plates. 

Exper iments  were  conducted to assess the possibili-  
ties for coherent  deposit ion of Zr f rom the mol ten  
KF-ZrF4 system. Runs were  made at the composit ion 
0.88 KF.0.12 ZrF4 (28.18 w / o  ZrF4). The lowest  work -  
ing t empera tu re  possible was around 800~ the l iq-  
uidus being 775~ (22). Unfor tuna te ly  the mel t  be-  
came very  viscous dur ing the electrolysis, and no 
deposits of value were  obtained at tempera tures  be- 
tween 800 ~ and 950~ with  variat ions of C.C.D. f rom 
10 to 400 m a / c m  2. It  was thought  that, if the  ZrF4 
concentrations were  less, the high viscosity problem 
would be overcome and the deposition run  even at the 
higher  t empera tu re  necessary to l iquefy the composi-  
tion. But electrolysis of 0.98 KF-0.02 ZrF4 (mp 845~ 
failed to produce a coherent  deposit even with  ro ta-  
tion of the cathode. 

In general  in the above work it was found that  the 
cathode current  efficiency based on the assumption of 
zirconium te t ravalency was be tween 90 and 100%. 

E~ect  of additives on deposition in chloride, chloride- 
l~uoride, and l~uoride ba ths . - -A  l imited amount  of work  

* A l l  m a g n i f i c a t i o n s  b e f o r e  r e d u c t i o n  f o r  p r i n t i n g .  
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was done to de termine  the effect of addit ives on the 
electrodeposit ion of zirconium. In the deposition of 
molybdenum (23) it was found that  electrolysis at 30 
m a / c m  2 C.C.D. and 600~ under  an iner t  a tmosphere  
yielded a plate having a columnar  s t ructure  and f ree-  
dom f rom voids in the deposit, par t icular ly  in the 
presence of an addit ion of 1% by weight  of "act ivated 
alumina." Other  addition agents which showed~l~, omise 
in extending the range of cur ren t  density and tempera -  
ture  for  satisfactory meta l  deposition were  ferrous 
chloride (0.1% by weight)  and sodium fluosilicate 
(10% by weight)  (24). The deposits obtained from 
baths containing the lat ter  addit ive were  par t icular ly  
sound and could be built  up to be as much as 0.02 in. 
in thickness wi thout  appreciable roughness. Current  
densities up to 300 m a / c m  2 could be used, but  a tem-  
pera ture  of 900~ was required.  On the other  hand, 
the addit ion of 10% by weight  of nickel  chloride to the 
system yielded bright,  smooth Mo-Ni  alloy deposits 
containing f rom 1 to 10% Ni when  operated at 600~ 
and 30 m a / c m  2 C.C.D. 

Addit ion of purified ZrO2 (1.25 w/o )  to the NaC1- 
KC1-K2ZrF6 bath was wi thout  visible effect on the 
electrolytic product.  However ,  additions of SiOa or 
ZrO2.SiO2 made it impossible to obtain deposits of Zr 
meta l  at any reasonable tempera ture  or current  den-  
sity, the effect of the additives leading to the produc-  
tion of black slimes. A similar  effect was noted for 
additions of K2SiF6 to the chloride-fluoride baths. 

The addition of 3 w / o  K2SiF6 to an LiF-KF-K2ZrF6 
mel t  had l i t t le effect on the deposit, but  when  15 w / o  
K2SiF6 was added, silicon powder  was the main 
cathodic product. It  may be noted that silicon powders 
may be obtained by electrolysis  of an LiF-KF-K2SiF6 
melt,  at  850~176 and at C.C.D.'s of 300 m a / c m  2. 

The addition of 12 w / o  KBF4 to an electrolyt ical ly 
purified LiF-KF-K2ZrF6 solution resul ted in the dep- 
osition of coherent  coatings of ZrB2 which adhered 
strongly to the molybdenum cathode. The opt imum 
conditions for deposition (800~ and 30 m a / c m  2 
C.C.D.) differed only sl ightly f rom those for depositing 
zirconium coatings, but  it was noted that  the requ i re -  
ments  for depositing the boride were  much  less 
stringent. Purification requi rements  were  less, the 
al lowable range of current  density and tempera tu re  
greater,  and the concentrat ion of boron uncri t ical  
above the min imum requ i rement  indicated above. 

A ZrB2 plate produced f rom this bath was 11 mils 
thick and showed no evidence of near ing an upper  
l imit  of thickness. A photomicrograph of the deposit is 
shown in Fig. 3. The deposit consists of dense columnar  
grains typical  of electrodeposits of sound s t ructure  and 
mechanical  properties. The cleanliness and sharpness 
of the grain boundaries attest to the high pur i ty  of this 
deposit. The major  constituents were  Zr and B, the 
minors  (<0.1%) were  Mn, Si, and Ca, and in addit ion 
traces of Fe and Ti were  detected. An x - r a y  pat tern  
showed only lines for ZrB2. By analysis it was found 

Fig. 3. Cross section of zirconium diboride coating (X150) 
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Fig. 4. Zirconium diboride articles 

that  the boron content  of the solution was 0.85 w/o ,  
the Zr 14.4 w/o.  

At tempts  were  made to deposit ZrB2 f rom this mel t  
on graphi te  rods. Spectroscopic (AGKSP)  rods, 1/4 in. 
OD, were  plated at 800~ and 150 m a / c m  2 wi th  v a r y -  
ing thicknesses of coherent  ZrB2. The analyses of the 
deposit indicated pure  ZrB2 as before, but  the adher -  
ence was poorer than on molybdenum,  perhaps owing 
to penetra t ion of the substrates by the mol ten  fluorides. 
A number  of ZrB2 plated articles are shown in Fig. 4. 

The addit ion of KBF4 to the purified Fl inak-ZrF4 
bath also produced coherent  plates of ZrB2. However ,  
when NaBF4 was added to NaF-LiF-ZrF4  melts  it 
proved impossible to produce ZrB2 plates, only den-  
drites and compacted powders being deposited. How-  
ever, the addit ion of KBF4 in sufficiently large amounts 
(~50 w / o )  to NaF-LiF-ZrF4  melts  produced ZrB2 
plates on electrolysis. The systems NaC1-KCI-ZrC14- 
KBF4 or NaC1-KC1-ZrF4-KBF4 would  deposit  only 
ZrB2 powders under  similar  circumstances. 

The addition of recrystal l ized A1203 to the purified 
L iF-KF-ZrF4  or LiF-KF-K2ZrF6 melts  produces a 
Zr-A1 alloy in the form of smooth coherent  plates. A 
cross section of this mater ia l  is shown in Fig. 5. 
Approx imate ly  1% by weight  of A1203 was added to 
obtain this result. The rhy thmic-banded  s t ructure  is 
wor thy  of note. 

Presumably  the composition of this alloy could be 
al tered by judicious handl ing of the re levant  var iables  
(e.g., C.C.D., t empera ture  and concentrat ion of added 
a lumina) .  

A few electrolyses were  conducted in the system 
Flinak-ZrF4-K2TiF6 (15 w / o ) .  The anode was a rol led 
Zr sheet and the cathode a molybdenum rod. A smooth 
Ti-Zr  alloy was produced and a cross section of this 
deposit is shown in Fig. 6. No fur ther  work  has been 
done wi th  this system, and the composition of the alloy 
is unknown. The surface of the plate is at the top of 
the picture. It  wil l  be noted that  a dense columnar  
s t ructure  of sound meta l  alloy was produced. No voids 
are evident,  grain boundary  impuri t ies  are absent, and 
adhesion to the base meta l  is excellent.  The streaks 
in Fig. 6 consist of thin regions of ve ry  f ine-grain ma-  
terial  which is apparent ly  the same as the rest of the 
alloy except  for grain size. Fur ther ,  the metal lographic  
t rea tment  has brought  out the detai led ex t remely  fine- 
grain columnar  structure,  characterist ic of a ve ry  

Fig. 6. Zirconium-titanium alloy (X150) 

smooth, hard, deposit  of high tensile strength. The 
variat ions in s t ructure  observed in Fig. 6 undoubtedly 
arose f rom accidental  var iat ions in the current  den-  
sity or other  operat ing variables  during the deposi- 
tion. The effect of these variables  on the s t ructure  and 
mechanical  propert ies  of the deposit requires  fur ther  
study. The lower  cri t ical i ty of the usual  variables  in 
alloy or compound deposition as compared wi th  pure  
meta l  deposition was noted in the cases of Zr-A1, 
Zr-B, and Zr-Ti  alloys also. 

At this stage it seemed valuable  to de termine  
whe ther  ZrB2 might  not be made by the addition of 
B20~ to a chloride, etc., melt. A NaC1-KCI-ZrC14 
mel t  was purified electrolyt ical ly  unti l  clean Zr den-  
drites were  produced. About  3�89 w / o  dried B203 
("Trona")  was added and after  several  electrolyses 
long crystal l ine needles were  deposited. These turned 
out to be very  pure  iron containing but  a t race of bo- 
ron and undoubtedly  came from the iron crucible. The 
exper iment  was re run  using an A T J  graphi te  crucible, 
and electrolysis finally resul ted in the production of 
powdery  cathode deposits showing Zr and B as main  
constituents. When  the B203 of the bath was exhausted 
a fur ther  addition of this mater ia l  was ins t rumenta l  
in producing fur ther  Zr~B powders. Unfor tuna te ly  the 
x - r a y  pattern, in addition to demonstra t ing the pres-  
ence of ZrB2, showed also 5-10% of ZrO2. This, of 
course, is not surprising in v iew of the oxidic nature  of 
the melts, and it makes the ZrB2 produced much in-  
fer ior  to powders and plates f rom the fluoride baths 
and to powders f rom the chlor ide-KBF4 bath. It has 
proved impossible to produce plates f rom the chloride-  
B203 system, a resul t  similar to that  found for the 
chloride-KBF4 bath described earlier.  

The apparatus in which NaBr-KBr-ZrBr4  was elec-  
t rolyzed in an iron crucible was modified to permi t  ad-  
mission of BBr3 to the mel t  at operat ing temperature .  
BBr3 is an orange- red  liquid, but  by shaking with  
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mercury  meta l  the excess bromine responsible for  the 
color may  be removed.  BBr3 was boiled under  a s t ream 
of purified argon and passed into the melt.  No polar iza-  
tion troubles were  encountered and a powder  deposit 
of ZrB2 was obtained at 750"C and 100 m a / c m  2 C.C.D. 
However ,  iron in the deposits, presumably enter ing the 
mel t  f rom the crucible, caused the terminat ion of this 
experiment .  

A fur ther  series of exper iments  wi th  N a B r - K B r -  
ZrBr4 melts was run  in ATE graphi te  crucibles. This 
t ime polarization was absent, though the reason is un-  
clear, and clean Zr dendri tes were  obtained after  
some 4 hr  electrolyt ic  purification. But  even  at low 
C.C.D. (30 m a / c m  2) and low tempera ture  (750"C) co- 
herent  plates of Zr could not be obtained; the resul t  
was as observed in chloride and chloride-f luoride sys- 
tems in that  a 1-2 mil  coherent  plate was present  under  
a dendrit ic deposit. 

Again by bubbling BBr3 into this mel t  it was pos- 
sible to obtain ZrB2 powders, but  this method is 
wasteful  of BBrz and inefficient wi th  respect  to elec-  
tr ici ty used as compared with  additions of KBF4 to 
fluoride melts. 

Question of the Valency of Zirconium Species 

The only systems from which coherent  Zr meta l  
could be plated were  those based on pure  fluorides, and 
in these systems the fol lowing ra ther  interest ing phe-  
nomena were  observed. 

F requen t ly  during the operat ion of zirconium pla t -  
ing baths the presence of a blue volat i le  mater ia l  and 
a silver l iquid near  the argon exit  tube of the cells was 
noted. At  first it was thought  that this mater ia l  was a 
subhalide (or perhaps a covalent  complex) of zirconi-  
um. The presence of this mater ia l  had been noted under  
electrolyzing conditions, but  then was found to be 
formed if Zr metal, KF and ZrF4, or more simply 
Zr -F KF, were  heated together  to about 800~ 

The volat i le  mater ia l  was collected and identified 
as potassium metal.  Therefore,  a react ion of the type 

Zr -t- nKF  ~ ZrF ,  Jr nK [ 1 ] 

where  n = 1, 2, 3 and possibly 4 had occurred. 

The fol lowing exper iment  was per formed to deter -  
mine the value  of n in the above equation. A weighed 
amount  of pure  potassium fluoride was held at 875~ 
in a stainless steeI crucible under  argon atmosphere 
and reacted for 30 hr  wi th  a weighed zirconium rod 
that  was wi thdrawn from the system at the conclusion 
of the run  and reweighed.  At  the tempera ture  of opera-  
tion the volat i le  mater ia l  was evolved and conducted 
away from the reactor. The mater ia l  remaining in the 
crucible was analyzed and it was found that; (a) all 
the zirconium lost f rom the weighed rod was now 
present  in the crucible; (b) the loss of fluorine was 
negligible and could probably be accounted for on the 
basis of KF  volat i l i ty;  and (c) the molecular  ratio of 
potassium lost by volat i l i ty  to zirconium dissolved 
f rom the rod was 3.9, a close approximat ion to 4. 

F rom these data it may  be concluded that  in reac-  
tion [1] n = 4 and that  fluorides of lower valent  zir-  
conium do not exist in these melts. If such subfluorides 
existed they undoubtedly would have been formed in 
preference to ZrF4 in the presence of excess Zr meta l  
and would probably have disproport ionated oft cooling, 
leading to ZrF4 and Zr powders. No Zr powders were  
found, and a trace of a meta l  powder  found was iden-  
tified as Cr, the source of which was probably the 
stainless steel crucible. Fur ther ,  even  if a lower fluo- 
r ide had formed and later  disproportionated,  the ob- 
served ratio of K lost to Zr added would not have  
been 4, but would have been equal to the valence of the 
Zr in the in termedia te  compound. It  may  be concluded 
that  reduced zirconium compounds are not involved 
in the meta l  deposition process. The reduct ion of KF 
by Zr meta l  proceeds in spite of the posit ive f ree  en-  
ergy change because of the volat i l i ty  of potassium 

metal  and the ex t remely  stable fluozirconate complex 
formed between the excess K F  and ZrF4. 

However ,  recent ly  the synthesis of both zirconium 
di- and trifluoride has been repor ted  (25, 26), but  we 
have  no evidence f rom the above results and those 
obtained f rom the chronopotent iometr ic  investigations 
described below that  reduced compounds or complexes 
of these mater ia ls  are involved  in the present  system. 

An exper iment  identical  to the above was run  to 
obtain cooling curve data on the system formed f rom 
Zr and KF. If the weights  of Zr and K F  are  known, 
then it is possible f rom the known stoichiometry of the 
react ion to calculate the composit ion obtained in the 
KF-ZrF4 system. In one such exper iment ,  the cal-  
culated composition was 5.3 mote % ZrF~ which has a 
l iquidus at 834 ~ and a solidus at 768"C. Accepted l i t -  
e ra ture  values for this composition are 830 ~ and 765"C 
(27). This then is added confirmation that  the end 
product  of the Z r - K F  react ion is a composit ion in the 
KF-ZrF4 system in which [ZrFT]-~ is probably  the 
dominant  Zr-conta ining species. The la t ter  may  be in-  
fer red  f rom the fact  the K3ZrF~ melts  congruent ly  at 
910~ and precipitates at the l iquidus temperature .  
Similar  conclusions may  be drawn f rom surface ten-  
sion (28, 29) and spectroscopic (30) measurements  in 
these systems. 

Chronopotentiometric Experiments  

The apparatus used in this work  has been described 
in a previous paper (17) and consists basical ly of a 
constant current  pulsing device, an oscilloscope on 
which is displayed the resul tant  potent ia l - t ime re la-  
tionship, and a photographic recording device. 

Since the reduct ion potentials of z i rconium and 
a luminum are close together,  it was thought  desirable 
to replace the a lumina br idge with  a s imilar  br idge 
constructed of BN. Unfor tunate ly ,  even after  prolonged 
soaking in an alkal i-f luoride mel t  the resistance across 
a BN bridge was in excess of 105 ohms. In a second 
bridge a 0.067 in. (1./16 in.) hole through the bridge 
was mere ly  filled wi th  the mel t  and the resistance was 
approximate ly  70 ohms at 750~ However ,  in opera-  
tion this br idge proved unsatisfactory, and measure -  
ments  were  made with  alumina, zirconia, and magnesia  
bridges and in one case measurements  were  made  by 
using a pla t inum wire  immersed  in the mel t  as a quasi-  
reference.  

A typical blank for the alkal i -f luoride solvent  is 
shown in Fig. 7; the iT 1/2 value  being 1 x 10 -2 amp 
cm -2 sec 1/2 at 750"C, 100 m a / c m  2 and --1.Pv vs. the 
Ni /Ni  2+ reference  electrode. 

With a zirconium concentrat ion of 7.23 x 10-~ moles /  
cc added as K2ZrF6, chronopotent iograms were  ob- 
tained at 750"C. At  50 to 100 ma/cm2 C.C.D. no wel l -  
defined plateau was obtained. Figure  8 shows one such 
chronopotent iogram with  the poorly defined plateau 
just  under  --1.5v. When the current  densi ty was 
raised to 300 m a / c m  2 and then to 500 m a / c m  2 and the 
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Fig. 7. Typical blank for KF-NaF-LiF solvent at 750~ C. D. 
100 ma/cm 2. 
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Fig. 10. Chronopotentiogram for KF-NaF-LiF-ZrF4. C z r  ~ 3.83 
X 10 -~  moles/cc; T ~ 500~ C.D. ~ I00 ma/cm ~. 

Fig. 8. Chronopotentiogram for KF-NaF-LiF-ZrF4. Czr ~ 7.23 X 
10 -5  moles/cc; T ~ 750~ C.D. ~ 100 ma/cm 2. 
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Fig. 9. Chronopotentiogram for KF-NaF-LiF-ZrF4. C z r  ~ 2.77 X 
10 -4  moles/cc; T ~ 750~ C.D. ~ 500 ma/cm 2. 

concentrat ion also increased, a chronopotent iogram 
such as that  shown in Fig. 9 was obtained, wi th  El l4  
value  of --1.69v. The higher  El l4  value  can best be ac- 
counted for by the increased IR drop which resul ted 
from the fivefold increase in current  density. 

Al though potassium is apparent ly  some 0.4 ~ 0.5v 
base to zirconium in this system, there  is a chemical  
reaction be tween  zirconium metal  and KF as discussed 
earlier, and this occurs because of the volat i l i ty  of 
potassium metal  and the complexi ty  of ZrF4 produced 
with addit ional  KF. Therefore,  it is clear that  with low 
concentrat ions of Zr in the bath at high tempera tures  
there wil l  be a corrosion react ion occurr ing which 
would distort  the chronopotent iogram. However ,  if 
one increases the ra te  of Zr production by, for example,  
increasing the current  density considerably, it is seen 
that  the plateaus may  be resolved (Fig. 9). 

It  has been suggested by Manning and Mamantov  
(31), on the basis of their  polarographic  measurements  
in KF-NaF-L iF -ZrF4  at 500~ that  the zirconium re-  
duction occurs in a single revers ible  four -e lec t ron  step 
at --1.4v vs .  the p la t inum quas i - re ference  electrode 
that  they employed, i Since at 750~ we were  not able 
to in terpre t  our data wi th  cer ta inty  except  at ve ry  high 
current  density, exper iments  were  conducted at 500 ~ 
and 650~ Also, to e l iminate  any possible in ter ference  
by alumina f rom the salt bridge, a p la t inum quasi-  
reference  of the type ment ioned above (31) was em-  
ployed. Because of the undefined potent ial  of this elec-  
trode, quant i ta t ive  conclusions cannot be drawn re-  
garding El/4 values, but  the 500 ~ and 650~ results  
show a single wel l -def ined plateau (Fig. 10 and 11) at 

1 T h e  a u t h o r s  h a v e  f o u n d  iz~ t h e  course  of t h e  p r e s e n t  inves t iga-  
t ion t h a t  t h i s  p l a t i n u m  q u a s i - r e f e r e n c e  is  w i t h i n  0.1v of  t h e i r  1Ni/ 
NiFe  r e f e r e n c e  e l ec t rode .  S i n c e  M a n n i n g  a n d  M a m a n t o v  r e p o r t e d  
t h e  p r e s e n c e  o f  i r o n  in  t h e i r  so lu t ions  i t  i s  p o s s i b l e  t h a t  the  plat i -  
n u m  q u a s i - r e f e r e n c e  is in  f a c t  a n  i r o n  ( I I } - i r o n  ( n I )  e l e c t r o d e  
w h i c h  w o u l d  m a k e  i t  a p p r o x i m a t e l y  0 .1v  b a s e  to  o u r  r e f e r e n c e .  

( 
. 

0.1 0 Time  

Fig. 11. Chronopotentiogram for KF-NaF-LiF-ZrF4. Czr ~ 3.83 
X 10 -5  moles/co; T ~ 650~ C.D. ~ 200 ma/cm 2. 

all  current  densities, whereas  on re tu rn ing  to 750~ 
the i l l-defined plateau was obtained. 

At lower tempera tures  and higher  z i rconium mel t  
concentrat ions the tendency for the corrosion of zir-  
conium by KF  to produce potassium is suppressed to 
the extent  that  the two processes, the deposition of 
zirconium and the deposition of alkali  metal,  are suffi- 
ciently resolved to permi t  observat ion of the former.  

The plot of iT 1/2 v s .  C for the system is still nonl inear  
and does not pass through the origin even at low tem-  
pera ture  where  a wel l -def ined plateau is obtained. 

R T  ~112 _ t l /2  
In a revers ible  system E ~- Eo -~ - ~  log t 1/2 

one may plot E vs .  log t and der ive  n f rom the slope 
of this graph. This was done for 500 ~ and 650~ and 
values of n equal  to 2.99 at 500~ and vary ing  between 
2.6 and about 1O were  obtained at 650~ At  750~ it 
proved impossible to draw any plot of a satisfactory 
nature.  This fur ther  confirms that  the four -e lec t ron  
single step reduct ion of Zr is a highly i r revers ib le  
process, but one can only speculate on why  this should 
be so. Winand (32) reports  on the basis of a study of 
electrode mechanisms in the electrolysis of NaC1-ZrF4 
mixtures  that  the reduct ion of zirconium occurs in a 
single, i r revers ib le  four -e lec t ron  step in agreement  
wi th  our findings in the present  study in pure fluoride 
systems, but contrary  to the polarographic  results  of 
Manning and Mamantov (31) who bel ieved it to be 
reversible.  In the systems so far  examined,  v i z . ,  Nb, 
Ta, and Zr, the meta l  deposition step was always 
found to be more or less irreversibIe.  

Conclusions 

Severa l  conclusions may  be d rawn f rom the results  
presented in previous sections: 

1. By appropria te  procedures  zirconium powders  and 
dendri tes  may be extracted from any of the baths in-  
vest igated;  
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2. Electrolysis of fluoride melts, wi thin  certain t em-  
pera ture  l imits and over  a specified range of cur ren t  
densities, results in the deposition of coherent  plates 
of zirconium; 

3. Electrolysis of fluoride melts containing both ZrF4 
and KBF4 leads to the deposition of coherent  plates of 
ZrB2; 

4. By the addition of A1203 to fluoride melts  and 
subsequent  electrolysis, plates of Zr-A1 alloy may  be 
obtained; 

5. By the addit ion of K2TiF6 to a working  zirconium 
bath, Ti-Zr  alloy plates may  be deposited; 

6. The valency of the zirconium species involved is 
four and it is reduced to meta l  in a single four -e lec -  
t ron step at --1.4v to the nickel-nickel  fluoride r e fe r -  
ence electrode. This reduct ion is apparent ly  i r r eve r -  
sible. 

Manuscript  received Aug. 2, 1965; revised manu-  
script received Sept. 27, 1965. This paper  was p re -  
sented at the San Francisco Meeting, May 9-13, I965. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the December  1966 
JOURNAL. 
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The Electrodeposition of Coherent Deposits of Refractory Metals 
IV. The Electrode Reactions in the Deposition of Niobium 

S. Senderoff and G. W. Mellors 
Parma Research Laboratory, Union Carbide Corporation, Parma, Ohio 

ABSTRACT 

The mechanism for the electrodeposit ion of coherent  deposits of niobium 
from a mol ten fluoride electrolyte  has been studied by means of chrono-  
potent iometry  and compared with  that  of tantalum. The reduct ion of the 
pentavalent  niobium in solution occurs in three steps: a revers ible  one-e lec-  
t ron step to the te t rava len t  state at --0.11v ( refer red  to the Ni /Ni  2+ electrode) ,  
a revers ib le  th ree-e lec t ron  step to the monovalent  state at --0.76v, and finally 
an i r revers ib le  one-e lec t ron reduct ion to meta l  at --1.02v. However ,  the reac-  
tion 3Nb v -b Nb I ~ 4Nb Iv interferes  with coherent  meta l  deposition f rom the 
pentava len t  solutions, and consequent ly  in order  that  coherent  meta l  be pro-  
duced at high efficiency the mean  valence of the bath must  be reduced to 
approximate ly  four. In these circumstances the chronopotent iogram of a 
working  bath shows two steps only: a three-e lec t ron  reduction,  Nb 4+ -~ 3e---> 
Nb 1+ at --0.76v fol lowed by the meta l  producing step Nb 1+ -~ e -  ~ Nb 0 at 
--1.02v. The diffusion coefficient of [NbFT]-3 has been found to be 2.03 x 10 -~ 
cm 2 sec -1 at 750~ and its act ivat ion energy for diffusion to be 8.75 kca l /mole .  
The diffusion coefficient of the te t rava len t  species is 5 x 10 -5 cm 2 sec -1 at 
750~ 

This is one of a series of papers  deal ing wi th  a gen-  
eral  process for electrodeposit ion of coherent  deposits 
of the metals  of groups IV-B, V-B and VI-B f rom 
molten fluorides (1). In the first paper  of this series 
(2) the process variables  for the electrodeposit ion of 

niobium were  discussed together  wi th  the propert ies  
of the resul tant  deposits. The second paper  discussed 
the electrode reactions in the deposition of tanta lum 
(3) as de termined by means of chronopotent iometry.  
The third paper (4) discussed the deposition of zir-  
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con ium,  i t s  a l loys  a n d  c o m p o u n d s ,  a n d  in  t h i s  p a p e r  
a s t u d y  of t h e  e l e c t r o d e  r e a c t i o n s  in  n i o b i u m  d ep o s i -  
t i on  is de sc r ibed .  

Exper imenta l  
T h e  p r o c e d u r e  u s e d  fo r  t h i s  i n v e s t i g a t i o n  w a s  e s -  

s e n t i a l l y  t h a t  u s e d  fo r  t h e  s t u d y  of t a n t a l u m  d e p o s i t i o n  
(3) .  T h e  s o l v e n t  e l e c t r o l y t e  w a s  t h e  e u t e c t i c  m i x t u r e  
of L i F - N a F - K F  (46.5-11.5-42 m o l e  %, m p  454~ 
w h i c h  w a s  pu r i f i ed  b y  m e l t i n g  w i t h  NH4HF2, s p a r g i n g  
t h e  m e l t  w i t h  h y d r o g e n ,  a n d  e l e c t r o l y z i n g  b e t w e e n  
g r a p h i t e  e l e c t r o d e s  as d e s c r i b e d  p r e v i o u s l y  (3) .  T h e  
pu r i f i ed  e l e c t r o l y t e  w h e n  s u b j e c t e d  to c h r o n o p o t e n -  
t i o m e t r y  a t  0.100 a m p / c m  2 y i e l d e d  v a l u e s  of i~ ~/2 b e l o w  

Fig. 1. Chronopotentiometric cell: A, gas exit line; B, vacuum 
gauge; C, vacuum or gas inlet line; D, gas exit bubbler tip; E, 
steel flange; F, plexiglas cover disk; G, steel flange; H, water- 
cooled stainless steel can; 1, steel flange; J, steel flange; K, 
Hastelloy X can. 

E L E C T R O D E P O S I T I O N  O F  C O H E R E N T  D E P O S I T S  

1 
Fig. 2.Internal components of chronopotentiometric cell: A, gas 

inlet tube; B, salt bridge (alumina); C, nickel crucible for refer- 
ence electrode; D, sampling cup (silver-plated nickel); E, addition 
cup (silver-plated nickel); F, counter electrode; G, thermowell; H, 
indicator electrode; I, crucible (platinum) for electrolyte under 
study; J, nickel cradle. 

67 

5 x 10 -3  a m p  c m  -2  sec 1/2 a t  - -1 .Sv r e f e r r e d  to t h e  
N i / N i  2+ r e f e r e n c e  e l ec t rode .  N i o b i u m  w a s  a d d e d  to  
t h i s  pu r i f i ed  s o l v e n t  as  d r i e d  K2NbF7 o b t a i n e d  f r o m  
K a w e c k i  C h e m i c a l  C o m p a n y .  NiF2 f o r  t h e  r e f e r e n c e  
e l e c t r o d e  w a s  p r e p a r e d  f r o m  NiCI2 as  p r e v i o u s l y  a n d  
w as  a d d e d  to t h e  pu r i f i ed  t e r n a r y  a l k a l i  f luo r ide  e u -  
t ec t i c  to a c o n c e n t r a t i o n  of 1 m o l e  % NiF2. F u r n a c e ,  
c i r cu i t ry ,  a n d  p o r o u s  At203 s a l t  b r i d g e s  w e r e  t h e  s a m e  
as u s e d  in  t h e  e a r l i e r  s t u d y  as w a s  t h e  ce l l  a n d  i t s  
i n t e r n a l  c o m p o n e n t s  s h o w n  i n  Fig.  1 a n d  2. I t  w a s  
n e c e s s a r y  in  t h i s  s t u d y  to u s e  a p l a t i n u m  c r u c i b l e  fo r  
t h e  e l e c t r o l y t e  (I, Fig.  2) r a t h e r  t h a n  n i c k e l  or  m o l y b -  
d e n u m  as w a s  d o n e  w i t h  t h e  t a n t a l u m  w o r k ,  b e c a u s e  
t h e  l a t t e r  w e r e  s l i g h t l y  a t t a c k e d  b y  t h e  p e n t a v a l e n t  
n i o b i u m  so lu t ions .  No a t t a c k  o n  t h e  p l a t i n u m  w a s  o b -  
s e r v e d  in  p u r e  so lu t ions ,  a n d  n o  p l a t i n u m  w a s  d e -  
t e c t e d  c h r o n o p o t e n t i o m e t r i c a l l y  in  t h e  so lu t ions .  To 
p r e v e n t  a l l o y i n g  w i t h  t h e  p l a t i n u m  c r u c i b l e  b y  t h e  
n i c k e l  c r a d l e  w h i c h  h e l d  it, t h e  c r u c i b l e  w a s  p l a c e d  
in  a s h o r t  a l u m i n a  cup,  w h i c h  w a s  p l a c e d  i n  t h e  n i c k e l  
c rad le .  T h e  s a m p l i n g  a n d  a d d i t i o n  cups  (D a n d  E, Fig.  
2) w e r e  p l a t e d  w i t h  s i l v e r  to  p r e v e n t  a t t a c k  on  t h e m  
b y  t h e  p e n t a v a l e n t  n i o b i u m  so lu t ion .  

T h e  e l e c t r o d e s  u s e d  m o s t  f r e q u e n t l y  as i n d i c a t o r  
e l e c t r o d e s  w e r e  0.005 in. p l a t i n u m  s h e e t  disks ,  0.9 c m  2 
in  a r e a  w e l d e d  to 0.015 in.  p l a t i n u m  wire .  C o u n t e r  
e l e c t r o d e s  i n  a l l  cases  w e r e  p l a t i n u m  s t r ips .  N i o b i u m  
e l e c t r o d e s  c o u l d  n o t  b e  u s e d  s ince  t h e y  w e r e  a t t a c k e d  
b y  t h e  p e n t a v a l e n t  n i o b i u m  so lu t ions .  W h e n  i t  w a s  
d e s i r e d  to s t u d y  a r e d u c e d  s o l u t i o n  i t  w a s  r e d u c e d  i n  
situ b y  e l e c t r o l y z i n g  w i t h  a p l a t i n u m  c a t h o d e  a n d  n i o -  
b i u m  anode .  O x i d a t i o n  in  si~u w a s  a c c o m p l i s h e d  b y  
u s i n g  a s p e c t r o g r a p h i c  g r a p h i t e  anode .  T h e s e  " p r o c e s s -  
i n g "  e l e c t r o d e s  w e r e  t h e n  r e p l a c e d  w i t h  t h e  n o r m a l  
i n d i c a t o r  a n d  c o u n t e r  e l e c t r o d e s  fo r  m e a s u r e m e n t s .  
T h e  s a m e  r e f e r e n c e  e l ec t rode ,  N i / N i F 2  (1 m o l e  % ) ,  
N a F - K F - L i F  e u t e c t i c  II, w a s  used.  

T h e  g e n e r a l  p r o c e d u r e  fo r  m a k i n g  t h e  m e a s u r e m e n t s  
w a s  t h e  s a m e  as u s e d  fo r  t a n t a l u m  (3) .  C h r o n o p o t e n -  
t i o g r a m s  a t  v a r i o u s  c u r r e n t  d e n s i t i e s  w e r e  r e c o r d e d  b y  
u s e  of a P o l a r o i d  c a m e r a  o n  a T e k t r o n i x  535A osc i l lo-  
scope  on  a s o l u t i o n  of K2CbF7 i n  t h e  a l k a l i  f luo r ide  
s o l v e n t  a t  s o m e  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e .  T h e  
t e m p e r a t u r e  w a s  t h e n  c h a n g e d ,  a n d  a n o t h e r  se t  of  
c h r o n o p o t e n t i o g r a m s  a t  v a r i o u s  c u r r e n t  d e n s i t i e s  w e r e  
r e c o r d e d .  W h e n  t h e  t e m p e r a t u r e  r a n g e  f r o m  650 ~ to 
800~ w as  cove red ,  a s a m p l e  fo r  a n a l y s i s  w a s  t a k e n ,  
a n d  a n e w  s o l u t i o n  w a s  p r e p a r e d  a t  a n o t h e r  c o n c e n -  
t r a t i o n  fo r  a s i m i l a r  ser ies .  I n  a f e w  cases  t h e  v a l e n c e  
of t h e  p e n t a v a l e n t  n i o b i u m  w a s  r e d u c e d  in situ b y  
e l ec t ro l y s i s  a t  15 m a / c m  2 w i t h  a n i o b i u m  a n o d e  a n d  
p l a t i n u m  ca thode ,  a n d  a s i m i l a r  g r o u p  of  c h r o n o -  
p o t e n t i o g r a m s  w as  r u n  o n  t h e  s o l u t i o n  w i t h  t h e  n i o -  
b i u m  in  a m e a n  v a l e n c e  s t a t e  b e t w e e n  4 a n d  5. T h e  
t o t a l  c o n c e n t r a t i o n  a n d  m e a n  v a l e n c e  s t a t e  w e r e  d e -  
t e r m i n e d  as p r e v i o u s l y  (2) .  

Results 

C h r o n o p o t e n t i o g r a m s  w e r e  r u n  a t  c o n c e n t r a t i o n s  of  
K2NbF~ r a n g i n g  f r o m  0.025 to 0.08 m i U i m o l e  cm -3  a t  
c u r r e n t  d e n s i t i e s  b e t w e e n  0.05 a n d  0.4 a m p / c m  2 a n d  
t e m p e r a t u r e s  f r o m  650 ~ to  8O0~ F i g u r e  3 is a t y p i c a l  
c h r o n o p o t e n t i o g r a m  a t  650~ s h o w i n g  t w o  p l a t e a u s  
w i t h  E1/4 v a l u e s  a t  - -0.77 a n d  --1.05v. T h e  t h i r d  n e a r  
- -1 .5v  is d u e  to a l u m i n u m  c o n t a m i n a t i o n  f r o m  t h e  A1203 
sa l t  b r idge .  W h e n  a p o r o u s  B N  sa l t  b r i d g e  is u s e d  
t h i s  d i s a p p e a r s ,  b u t  t h e  B N  sa l t  b r i d g e  is i n c o n v e n i e n t  
to u s e  b e c a u s e  of i t s  s t r u c t u r a l  w e a k n e s s .  F i g u r e  4 is a 
c h r o n o p o t e n t i o g r a m  on  t h e  s o l v e n t  m i x t u r e  ( K F - L i F -  
N a F  e u t e c t i c )  a l o n e  s h o w i n g  e s s e n t i a l l y  no  r e d u c i b l e  
m a t e r i a l  p r e s e n t  u n t i l  t h e  c a t h o d e  r e a c h e s  a p o t e n t i a l  
of a p p r o x i m a t e l y  --1.Sv, a t  w h i c h  p o t e n t i a l  t h e  a l k a l i  
m e t a l  of  t h e  s o l v e n t  is r e d u c e d .  T a b l e s  I a n d  I I  s u m -  
m a r i z e  t h e  d a t a  o b t a i n e d  a t  750~ T h e  a v e r a g e  El/4 
v a l u e s  fo r  t h e  f i rs t  a n d  s e c o n d  p l a t e a u s  a r e - - 0 . 7 5 6  
___0.015v a n d - - 1 . 0 2  • 0.03v, r e s p e c t i v e l y ,  a n d  t h e  t r a n -  
s i t ion  t i m e  c o n s t a n t  fo r  t h e  f i rs t  p l a t e a u  is 1.52 • 0.03 
a m p  sec 112 c m  m o l e  -1.  T h e  r a t i o  of  t h e  t r a n s i t i o n  t i m e s  
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Fig. 3. Cathodic chronopotentiogram for K2NbF7 dissolved in 
KF-LiF-NaF eutectic mixture: concentration, 5 • 10 -5  moles/cm3; 
current density, 0.1 amp/cm2; temperature, 650~ 

Table II. Transition time of the second plateau of the 
reduction of K2NbF7 in Flinak at 750~ 

Conc.  K~.N b F7 iT3II2/C 
m o l e s  c m  -s (a) ( a m p  secl/~ c m  m o l e - D  

X l0 s 73/7 ,  x 10-a 

2.5 0.68 • 0.22 1,28 
5.0 0.50 -4- 0.04 1,06 
5.6 0.61 - -  0.09 0.95 
6,1 0.65 ~ 0.06 1.27 
8.0 0,32 ~ 0 .09 0.85 

O v e r - a l l  a v e r a g e  0.55 • 0.11 

( a ) - - T s  = t r a n s i t i o n  t i m e  of  s e c o n d  p l a t e a u  i n  c h r o n o p o t e n t i o -  
g r a m s  c o r r e s p o n d i n g  to  F i g .  3. 
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Fig. 4. Cathodic chronopotentiogram of solvent (KF-LiF-NaF) 
only: current density, 0.1 amp/cm2; temperature, 750~ 
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Fig. 5. Cathodic-anodic chronopotentiograms of K2NbF7 dissolved 
in Na-F-KF-LiF: cathodic portion on left, anodic on right. Con- 
centration, (a) 5.6 X 10 -5  moles/cm 3, (b) 5 X 10-5 males/cmS; 
current densty, (a) 0.1 amp/cm 2, (b) 0.05 amp/cm2; temperature, 
(a) 750~ (b) 650~ 

fo r  t h e  two  p l a t e a u s  is 0.55 • 0.11. T h e  o v e r - a l l  a v e r -  
age  v a l u e s  a r e  t h e  a v e r a g e s  of  t h e  r e s u l t s  of  five r u n s  
fo r  e a c h  of  t h e  f ive c o n c e n t r a t i o n s .  E a c h  is t h u s  t h e  
a v e r a g e  of 25 c h r o n o p o t e n t i o m e t r i c  r u n s .  I n  Fig.  5 a r e  
s h o w n  t w o  c a t h o d i c - a n o d i c  c h r o n o p o t e n t i o g r a m s .  I n  
Fig.  5A t h e  c u r r e n t  w a s  r e v e r s e d  b e f o r e  t h e  f i r s t  
p l a t e a u  w a s  c o m p l e t e d ,  a n d  in  Fig.  5B i t  w a s  r e -  
v e r s e d  b e f o r e  t h e  s e c o n d  p l a t e a u  w a s  c o m p l e t e d .  B o t h  
g ive  a s ing le  o x i d a t i o n  s t ep  c o r r e s p o n d i n g  to t h e  l o w e r  
( - -0 .76v)  p l a t e a u .  

Discussion 
T h e  v a l u e s  o b t a i n e d  f o r  Ell4 a r e  e a c h  a p p r o x i m a t e l y  

0.25v n o b l e  to t h o s e  f o u n d  f o r  t a n t a l u m  (3) .  T h i s  is 

c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  i n  a p l a t i n g  s o l u t i o n  c o n -  
t a i n i n g  e q u a l  c o n c e n t r a t i o n s  of  n i o b i u m  a n d  t a n t a l u m  
a p l a t e  is o b t a i n e d  a t  35 m a / c m  2 w h i c h  c o n t a i n s  99.8% 
n i o b i u m .  T h e  t r a n s i t i o n  t i m e  c o n s t a n t ,  iT1/2/C, fo r  t h e  
f i rs t  p l a t e a u  is 50% g r e a t e r  t h a n  t h a t  fo r  t a n t a l u m  a n d  
t h e  v a l u e  of  iT1/2/C f o r  t h e  s e c o n d  p l a t e a u  is n o t  c o n -  
s t a n t  b u t  v a r i e s  w i t h  c o n c e n t r a t i o n ,  i n d i c a t i n g  s o m e  
d e g r e e  of  i r r e v e r s i b i l i t y  of t h e  f ina l  r e d u c t i o n  s t ep  as  
in  t h e  case  of t a n t a l u m .  L e t  us  n o w  c o n s i d e r  t h e  d e t a i l s  
of e a c h  s t e p  as d i sc losed  b y  t h e  da ta .  

Interpretat ion of the  first p ta teau . - - In  a l l  t h e  d a t a  
p r e s e n t e d  in  T a b l e s  I a n d  I I  t h e  s o l u t i o n s  c o n t a i n e d  
n i o b i u m  in  i t s  p e n t a v a l e n t  s t a te .  T h e  f i rs t  w a v e ,  t h e r e -  
fore ,  m u s t  r e p r e s e n t  t h e  r e d u c t i o n  of  a n  i o n  c o n t a i n i n g  
p e n t a v a l e n t  n i o b i u m  to s o m e  l o w e r  v a l e n c e  s t a t e  w i t h  
t h e  t r a n s f e r  of less  t h a n  five e l ec t rons .  

H o w e v e r ,  t h e  f i rs t  w a v e  of t h e  c h r o n o p o t e n t i o g r a m  
i n  Fig.  3 a c t u a l l y  c o n t a i n s  t w o  r e d u c t i o n  s t eps  w h i c h  
w e r e  r e s o l v e d  as fo l l ows :  b y  r a i s i n g  t h e  t e m p e r a t u r e  
to 750~ and running a chronopotentiogram at the 
same current density as in Fig. 3, i.e., 100 ma/cm 2, one 
obtains the chronopotentiogram shown in Fig. 6a. A 
very small plateau is seen here at about --O.lv. To re- 
solve this more clearly, the current density was re- 
duced to 30 ma/cm 2, and the chronopotentiogram in 
Fig.  6b w a s  run .  I t  c a n  b e  s e e n  f r o m  th i s  t h a t  t h e  Ell4 
v a l u e  fo r  t h i s  p l a t e a u  is --0.11v.  O n  e l e c t r o l y t i c a l l y  r e -  
d u c i n g  t h e  s o l u t i o n  to a m e a n  v a l e n c e  of 4.2 a n d  r u n -  
n i n g  t h e  c h r o n o p o t e n t i o g r a m ,  Fig.  6c is o b t a i n e d .  T h e  
- -0 .11v p l a t e a u  h a s  n o w  d i s a p p e a r e d  a n d  o n l y  t h a t  a t  
0.76v is seen.  R e o x i d i z i n g  t h e  b a t h  causes  t h e  - -0 .11v  
p l a t e a u  to r e a p p e a r  as  s een  i n  Fig. 6d. I t  is  c l e a r  f r o m  
th i s  t h a t  t h e  - -0 .11v  p l a t e a u  c o r r e s p o n d s  to t h e  r e d u c -  
t i o n  of t h e  p e n t a v a l e n t  i on  a n d  is t h e  f i rs t  s t ep  i n  t h e  
r e d u c t i o n  to m e t a l .  F o r  c o n v e n i e n c e ,  h o w e v e r ,  s ince  
t h e  t r a n s i t i o n  t ime ,  T1, of t h e  f i rs t  s t ep  is o n l y  a b o u t  
2% t h a t  of t h e  s e c o n d  s tep ,  z2, ( t h e  one  a t  - -0 .76v)  
t h e y  w i l l  b e  t r e a t e d  t o g e t h e r  so t h a t  ~s = ~1 ~ ~2 i n  
t h e  f o l l o w i n g  d i scuss ion .  

I f  one  c a n  e s t a b l i s h  t h a t  t h i s  c o m b i n e d  s t ep  is a 
r e v e r s i b l e  d i f f u s i o n - c o n t r o l l e d  p roce s s  one  m a y  ob -  
t a i n  n~, t h e  e l e c t r o n  n u m b e r  of t h e  s econd  s t ep  f r o m  

R T  Ts 1/2 - -  t 1/2 
E = Eo' ~- In  [1] 

' n 2 F  t 1/2 

Table I. Chronopotentiometric data for reduction of K2NbF7 in Flinak at 750~ 

Conc .  (c) i~, l /e /C ' 
K2NbFT, (a) (b) iv'zm, ( a m p  sect/'-' 

m o l e s  C.D. ,  a m p / c m  I (E2)1/~, v o l t  (E3}1/4, v o l t  a m p  secl/e c m  -s c m  mo le -D  
cm -3 • I0~ Min. Max. Average Average Average • 10-s 

2.5 0.030 0,250 0.742 • 0 .013 
5.0 0 .050 0.250 0.736 -4- 0,016 
5.6 0 .100 0.300 0 .764 + 0.010 
6,1 0.100 0,250 0,773 + 0.019 
8.0 0 .100 0~400 0.774 - -  0 .010 

O v e r - a l l  a v e r a g e  0.756 - -  0 .015 

1.03 _~- 0.01 0 .0384 ----_ 0.002 1.55 
1.04 ~- 0.03 0.0757 -+- 0.002 1.51 
0 .96 -~- 0.04 0 .0830 ~ 0.007 1.48 

- -  0.0961 -+- 0.005 1.57 
1.03 • 0.01 0.121 _ 0.004 1.51 

1.02 - -  0.03 1.52 • 0.03 

( a ) - - (Es )z /~  = q u a r t e r  w a v e  p o t e n t i a l  of  f i r s t  p l a t e a u  in  c h r o n o p o t e n t i o g r a m s  c o r r e s p o n d i n g  to F ig .  3. 
(b)--(E:~)z/4 = q u a r t e r  w a v e  p o t e n t i a l  of  s econd  p l a t e a u  in  e h r o n o p o t e n t " o g r a m s  c o r r e s p o n d i n g  r F i g .  3, 
( c ) - - r ,  = t r a n s i t i o n  t i m e  of f i r s t  p l a t e a u  in  c h r o n o p o t e n t i o g r a m s  c o r r e s p o n d i n g  to  F ig .  3, 



Vol. 113, No. 1 E L E C T R O D E P O S I T I O N  O F  C O H E R E N T  D E P O S I T S  69 

- I ' O j  ' ~ - . 5  . . . . . . . . . . . . .  - -  ~-- ">~ 

o / 
~ ~ , 2  SEC 

(2 

-I.C 

_.~ . . . . . . . . . .  i_  ! b 

-I,01 ' i . . . . . . . . . . . . . . .  C 

~ - , 5  
O 0 ~ 

I 

Fig. 6. Chronopotentiogram showing effects of current density 
and valence state: temperature, 7S0~ concentration Nb, 5 X 
10-5 males/cm 3. 

a b c d 
Current density, ma/cm 2 100 30 30 30 
Niobium valence 5.0 5 4.20 4.34 

(since 31 < <  32) (5) by plot t ing the potential ,  E, at 
time, t, in a chronopotent iogram such as Fig. 3 against  
log 3Y  2 - - t l / 2 / t  ll2 where  -cs is the t ransi t ion time, or 
t ime corresponding to the length of the plateau in the 
chronopotentiogram. A straight line of slope 2.3 R T / n a F  
results  (5). One cr i ter ion for a diffusion-controlled 
react ion wi thout  kinetic complications is that  the equa -  
tion, 

i~ 112 ~ ~ n C D I / 2 F ~  1/2 [2] 

where  i is the current  density, T the t ransi t ion time, n 
the number  of electrons in reaction, C the concentrat ion 
of the react ing species, D the diffusion coefficient of the 
react ing species, and F the Faraday  constant, de-  
scribes the chronopotent iogram (6). Thus the constant, 
i31 /2 /C  should be independent  of current  density and 
concentrat ion and i31/2 plotted against  C be l inear  
and ext rapola te  to zero at zero concentration. In Table 
I it can be seen that  i3s l /21C is independent  of concen- 
t rat ion and the data f rom which this table was p re -  
pared confirm its independence of cur ren t  density. In 
Fig. 7 it is seen that  the plot of i3s 1/~ vs .  C is l inear  and 
passes through the origin. In  Fig. 5A one notes the 
very  small difference in potent ial  be tween  the  cathodic 
and anodic waves, and it can be shown that  this dif-  
ference is accounted for by twice the IR drop in the 
solution, so that  no appreciable polarization is detect-  
able. Thus, having demonstrated the revers ib i l i ty  of 
the first (combined) wave  one may der ive  n2 for the 
second step f rom the plot of E vs .  the  log t e rm in Eq. 
[1]. A typical  plot is shown in Fig. 8. Twelve  such plots 
were  made using data  f rom runs over  the ful l  range 
of current  density and concentration, the slopes of each 
determined,  and n2 for each calculated. The average  
value thus obtained was 3.05 • 0.45. This indicates 
that  the plateau at ~0.76v corresponds to a th ree-  
e lectron reduction. Another  method of de termining  n 
in a stepwise reduct ion is by examining  the rat io of 
transi t ion t imes of the two steps (5). Taking the first 
combined wave  as one step with  a transi t ion time, 3s, 
and the final wave  (plateau at --1.02v) wi th  a t ransi-  
tion time, z~, then the n values for each step may be 
calculated f rom 
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Fig. 7. Transition time, current, concentration relationship from 
cathodic chronopotentiograms of K2NbF7 in NaF-KF-LiF at 750~ 
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Fig. 8. Potential-time relationship during a chronopotentiometric 
run of K2NhF7 in NaF-KF-LiF: Concentration, 6 X 10 -5  moles/ 
cma; current density, 0.2 amp/cm2; temperature, 750~ 

where  n3 is the electron number  of the final step and 
ns = n~ -F re2, the total  e lectron number  of the first 
combined wave. Since in this case the sum of n8 -t- 
n3 = 5, both may  be calculated. On the basis of Eq. 
[3], Ts/~s = 1.8 for n3 = 2 and ns = 3, and ~3/~6 
0.56 for ~.3 = 1 and ns = 4. The value  shown in Table 
II for the exper imenta l  33/~s = 0.55 _ 0.11 would in -  
dicate that  ns = 4 and na = 1. Since n2 has a l ready 
been shown to be 3 by the method shown in Fig. 8, 
nl, the unresolved first step, must  be unity. It appears 
f rom these calculations, therefore,  that  the two steps 
of the first wave  correspond to the reduct ion of pen-  
tava lent  to te t rava len t  n iobium at --0.11v and of 
te t rava len t  to monovalent  niobium at --0.76v. 

F rom chronopotent iograms run  on solutions which 
had been reduced electrolyt ical ly  to give a niobium 
of mean  valence 4.2, the normal  operat ing valence 
state of the plat ing bath, no evidence was found for 
any plateau below that  at --0.76v; nei ther  at 100 m a /  
cm 2 nor at 30 m a / c m  u at any temperature .  A plot of 
E vs .  log "1:1/2 - -  t l /2 / t  1/2 on the --0.76v plateau for three  
such chronopotent iograms gave a va lue  of n -~ 3.04 • 
0.49 for this reduct ion step (in these reduced solutions 
the first reduct ion step) thus confirming the results  
obtained f rom the pentavalent  solutions. It  appears 
that  the i r revers ib i l i ty  of the final step at  --1.02v dis- 
cussed below does not affect the calculation based on 
transit ion t ime ratios because the proper  coulombic 
relat ionship be tween  the two steps is maintained,  
wha teve r  the mechanism of the final step. 

F igure  5A shows the cathodic-anodic chronopoten-  
t iogram at the --0.76v plateau. It  is clear that  the 
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Fig. 9. Cathodic-anodic chronopotentiograms showing effect of 
current density and valence state: temperature, 750~ concentra- 
tion Nb, 5 X 10 - 5  moles/cm 3. 

a b c 
Current density, ma/cm 2 30 100 30 
Niobium valence 5.0 5,0 4.34 

m o n o v a l e n t  p r o d u c t  is q u i t e  s o l ub l e  i n  t h e  me l t ,  t h e  
a v e r a g e  v a l u e  of ~ox/Tred b e i n g  0.54 fo r  12 s u c h  c h r o n o -  
p o t e n t i o g r a m s  c o m p a r e d  to t h e  t h e o r e t i c a l  v a l u e  of 
0.33 fo r  a c o m p l e t e l y  s o l u b l e  r e d u c t i o n  p r o d u c t  a n d  
1.0 fo r  a n  i n s o l u b l e  p r o d u c t .  T h i s  c o m p a r e s  w i t h  t h e  
r e d u c t i o n  i n t e r m e d i a t e  in  t h e  case  of t a n t a l u m  w h i c h  
w a s  f o u n d  to b e  o n l y  v e r y  s l i g h t l y  so lub le .  F u r t h e r  
t h e  s o l u b i l i t y  of t h i s  p r o d u c t  i n  t h e  case  of N b  v a r i e s  
w i t h  t h e  v a l e n c e  of t h e  e l e c t r o l y t e .  I n  Fig.  9a is s h o w n  
t h e  c a t h o d i c - a n o d i c  c h r o n o p o t e n t i o g r a m  fo r  a s o l u t i o n  
a t  m e a n  v a l e n c e  5.0 a t  a c u r r e n t  d e n s i t y  of  30 m a / c m  2. 
I n  t h i s  case  no  r e v e r s e  w a v e  a t  - -0 .77v is s een  a t  all ,  
t h e  e n t i r e  o x i d a t i o n  o c c u r r i n g  a t  --0.1 a t  w h i c h  t h e  
N b  5+ to N b  4+ r e d u c t i o n  occu r r ed .  O n  r a i s i n g  t h e  c u r -  
r e n t  d e n s i t y  in  t h e  s a m e  s o l u t i o n  to 100 m a / c m  2 w e  
see  in  Fig.  9b  a n  o x i d a t i o n  w a v e  a t  - -0 .7v  f o l l o w e d  b y  
one  a t  --0.1v.  H o w e v e r ,  if  t h e  v a l e n c e  of  t h e  e l e c t r o -  
l y t e  is r e d u c e d  to 4.2, one  c a n  o b t a i n  a n  o x i d a t i o n  w a v e  
a t  --0.Tv e v e n  a t  30 m a / c m  2 as s e e n  in  Fig.  9c. A p -  
p a r e n t l y  t h e  r a t e  of a t t a c k  of t h e  p e n t a v a l e n t  s o l u t i o n  
o n  t h e  m o n o v a l e n t  i n t e r m e d i a t e  a c c o r d i n g  to t h e  r e -  
a c t i o n  N b  1+ + 3 N b  s+ -> 4 N b  4+ is so r a p i d  t h a t  a t  30 
m a / c m  2 t h e  q u a n t i t y  of  N b  1+ r e m a i n i n g  a t  t h e  e l e c -  
t r o d e  fo r  t h e  o x i d a t i o n  s t ep  is neg l ig ib l e ,  w h i l e  a t  100 
m a / c m  2 e n o u g h  r e m a i n s  to  b e  d e t e c t e d  i n  t h e  o x i d a -  
t i o n  s tep.  H o w e v e r ,  w h e n  t h e  b a t h  is r e d u c e d  to a 
m e a n  v a l e n c e  of n i o b i u m  of 4.2 t h e  m o n o v a l e n t  i n t e r -  
m e d i a t e  is e s s e n t i a l l y  u n a t t a c k e d  so t h a t  t h e  a m o u n t  
r e c o v e r e d  a t  30 m a / c m  2 r o u g h l y  c o r r e s p o n d s  to t h a t  of 
a n  o r d i n a r y  so lub l e  r e d u c t i o n  p r o d u c t .  T h e  l o n g  ox i -  
d a t i o n  s t ep  s e e n  in  Fig.  9c a t  - -0 .1v  c o r r e s p o n d s  to  t h e  
o x i d a t i o n  of t h e  N b  4+ i n  t h e  t e t r a v a l e n t  N b  so lu t ion .  

F r o m  th i s  i t  is a p p a r e n t  t h a t  t h e  n e e d  to o p e r a t e  a 
n i o b i u m  p l a t i n g  s o l u t i o n  in  t h e  t e t r a v a l e n t  s t a t e  a r i s e s  
f r o m  t h e  r e a c t i v i t y  of t h e  i n t e r m e d i a t e  r e d u c t i o n  p r o d -  
uc t  w i t h  p e n t a v a l e n t  n i o b i u m .  T h i s  r e a c t i o n  is so r a p i d  
in  a p e n t a v a l e n t  s o l u t i o n  t h a t  a t  l ow  c u r r e n t  d e n s i t y  
t h e  c u r r e n t  eff ic iency fo r  m e t a l  d e p o s i t i o n  b e c o m e s  
neg l ig ib l e ,  w h i l e  a t  h i g h  e n o u g h  c u r r e n t  d e n s i t y  to  
o v e r c o m e  th i s  a t t a c k  o n l y  d e n d r i t i c  depos i t s  a r e  o b -  
t a i n e d ,  as r e p o r t e d  b y  C u m i n g s  a n d  C a t t o i r  (7 ) .  I t  
w i l l  b e  r e m e m b e r e d  t h a t  in  t h e  case  of t a n t a l u m  t h e  
i n t e r m e d i a t e  r e d u c t i o n  p r o d u c t  w a s  o n l y  v e r y  s l i g h t l y  
s o l u b l e  in  t h e  p e n t a v a l e n t  s o l u t i o n  a n d  t h a t  no  s o l u b l e  
i n t e r m e d i a t e  v a l e n c e  s t a t e  w a s  o b s e r v e d .  

The nature of the initial process.--The p l a t e a u  a t  
- -0 .11v s h o w n  in  Fig.  6 is a o n e - e l e c t r o n  r e d u c t i o n  of 
a n  ion  c o n t a i n i n g  p e n t a v a l e n t  n i o b i u m .  O n  t h e  bas i s  
of i n f r a r e d  s p e c t r o s c o p y  s t u d i e s  J.  S. F o r d y c e  of t h i s  
l a b o r a t o r y  h a s  d e m o n s t r a t e d  t h a t  t h e  p r e d o m i n a n t  
spec ies  p r e s e n t  in  t h e  p e n t a v a l e n t  e l e c t r o l y t e  is 
[ N b F ~ ] - 2 .  Th i s  w i l l  b e  r e p o r t e d  in  a s e p a r a t e  p u b -  
l i ca t ion .  T h e  p r e d o m i n a n t  ion ic  spec ies  p r e s e n t  in  t h e  
t e t r a v a l e n t  s o l u t i o n  h a s  n o t  y e t  b e e n  iden t i f i ed ,  b u t  
s ince  i t  is  s o l u b l e  a n d  s t a b l e  i t  is r e a s o n a b l e  to  p r e -  

s u m e  t h a t  i t  is a lso a c o m p l e x  f luon ioba te .  T h i s  f i rs t  
s t ep  m a y ,  t h e r e f o r e ,  b e  w r i t t e n  

[NbF~] - 2  (1) + l e - >  [ N b F ( 7 - x ) ]  ( 8 - x ) -  (1) + x F ( 1 ) -  

w h e r e  x ~ 0, 1, or  2. A n  a p p a r e n t  a n o m a l y  ex i s t s  i n  
t h e  m a g n i t u d e  of T2/~1 i n  t h a t  i t  s e e m s  too  l a rge .  T h e  
t h e o r e t i c a l  v a l u e  of  ~ / ~ 1  fo r  succes s ive  r e a c t i o n s  w i t h  
e l e c t r o n  n u m b e r s  of one  f o l l o w e d  b y  t h r e e  is 15. I f  
o n e  m e a s u r e s  t h e  v a l u e  of ~1 i n  Fig.  6b a t  30 m a / c m  2 
a n d  c o n v e r t s  i t  to a n  e q u i v a l e n t  v a l u e  fo r  100 m a / c m  2 
b y  t h e  e q u a t i o n  T ---- k / i  s ( w h e r e  k is a c o n s t a n t ) ,  a n d  
t h e n  c a l c u l a t e s  ~2/T1 u s i n g  t h e  m e a s u r e d  v a l u e  of ~2 
in  Fig. 6a, one  o b t a i n s  a v a l u e  of 45. T h e  v a l u e  o b t a i n e d  
b y  m e a s u r i n g  d i r e c t l y  t h e  v e r y  s m a l l  ~1 i n  Fig.  6a is 
40, c o n f i r m i n g  t h i s  h i g h  v a l u e  fo r  ~2/~t. T h i s  p r o b a b l y  
r e s u l t s  f r o m  ~2 b e i n g  e n l a r g e d  w i t h  r e s p e c t  to  ~1 b y  a 
c a t a l y t i c  w a v e  r e s u l t i n g  f r o m  t h e  r e a c t i o n  d i s c u s s e d  
above ,  N b  1+ + 3Nb  '~+ --> 4 N b  4+, in  w h i c h  a d d i t i o n a l  
N b  4+ is s u p p l i e d  to t h e  e l ec t rode ,  a b o v e  t h e  a m o u n t  
o b t a i n e d  f r o m  t h e  f i rs t  s tep.  

Transport properties.--Since t h e  combir~ed s tep  t e r -  
m i n a t i n g  w i t h  t h e  p l a t e a u  a t  - -0 .76v  h a s  b e e n  s h o w n  
to b e  r e v e r s i b l e  a n d  d i f fus ion  c o n t r o l l e d ,  o n e  m a y  ca l -  
c u l a t e  t h e  d i f fus ion  coeff ic ient  of  t h e  [ N b F T ] - 2  ion  
f r o m  t h e  s lope  of Fig.  7 b y  m e a n s  of Eq. [2] a n d  t h e  
v a l u e  of t h e  t o t a l  n u m b e r  of e l e c t r o n s  i n v o l v e d ,  ( n l  + 
ne) = ns = 4. A t  750~ t h e  d i f fus ion  coeff ic ient  t h u s  
o b t a i n e d  is 2.03 x 10 -5  cm 2 sec - I  c o m p a r e d  to t h a t  of 
[TAFT] -2  of 1.5 x 10 -5  c m  2 s e c - L  T h e  i n c r e a s e  o v e r  t a n -  
t a l u m  w o u l d  b e  e x p e c t e d  in  v i e w  of  t h e  s m a l l e r  n i o -  
b i u m  ion.  T h e  a c t i v a t i o n  e n e r g y  fo r  d i f fu s ion  b e t w e e n  
650 ~ a n d  800~ o b t a i n e d  f r o m  Fig.  10 is 8.75 k c a l / m o l e  
c o m p a r e d  to 8.5 k c a l / m o l e  fo r  t a n t a l u m .  If  o n e  uses  
Eq.  [2] to  c a l c u l a t e  t h e  d i f fus ion  coeff ic ient  of  t h e  
s a m e  ion  b y  u s i n g  t h e  v a l u e  of  i~11/2/C f o r  t h e  f i rs t  s t ep  
a l o n e  in  Fig.  6b a n d  a v a l u e  of n ---- 1, one  o b t a i n s  a 
d i f fus ion  coeff ic ient  a t  750~ of 1.72 x 10 -5  c m  2 sec  -1.  
T h i s  c a n  b e  c o n s i d e r e d  good  a g r e e m e n t  s ince  t h e  l a t -  
t e r  is b a s e d  o n  f ive r u n s  a t  a s i n g l e  l ow  c u r r e n t  d e n -  
s i ty  w i t h  a v e r y  s m a l l  v a l u e  of iT 1/2 w h i l e  t h e  f o r m e r  
is d e r i v e d  f r o m  t h e  w i d e  v a r i e t y  of d a t a  s h o w n  i n  
T a b l e  I. If, h o w e v e r ,  one  c a l c u l a t e s  t h e  d i f fus ion  co-  
eff ic ient  f r o m  t h e  f i rs t  p l a t e a u  o b t a i n e d  f r o m  a s o l u t i o n  
of v a l e n c e  4.2 in  w h i c h  N b  4+ + 3 e -  --> N b  1+ is t h e  f i rs t  
s tep,  one  ob ta ins ,  u s i n g  n = 3 ( N b  4+ --> N b l + ) ,  a d i f -  
f u s i o n  coeff ic ient  a t  750~ fo r  t h e  t e t r a v a l e n t  ion  of 
5.02 x 10 -5  c m  2 s e c - L  Th i s  is in  a c c o r d a n c e  w i t h  t h e  
o b s e r v a t i o n s  d i s c u s s e d  p r e v i o u s l y  (3) r e g a r d i n g  t h e  
i n c r e a s e  in  d i f fus ion  coeff ic ient  w i t h  d e c r e a s i n g  v a l -  
ence,  a n d  f r o m  th i s  i t  w o u l d  a p p e a r  t h a t  t h e  t e t r a v a l e n t  
c o m p l e x  is p r o b a b l y  l o w e r  in  c o o r d i n a t i o n  n u m b e r  
t h a n  t h e  h e p t a c o o r d i n a t e  p e n t a v a l e n t  n i o b i u m  c o m -  
plex.  A s p e c t r o s c o p i c  s t u d y  of  t h e  t e t r a v a l e n t  n i o b i u m  
s o l u t i o n s  w o u l d  b e  r e q u i r e d  to e s t a b l i s h  th is .  

The nature of the final s tep . - -The f ina l  s t ep  r e p r e -  
s e n t e d  b y  t h e  p l a t e a u  a t - - 1 . 0 2 v  does  n o t  s a t i s fy  t h e  
c h r o n o p o t e n t i o m e t r i c  c r i t e r i a  fo r  r e v e r s i b i l i t y  o r  d i f -  
f u s i o n  con t ro l .  T h e  v a l u e  iT~/2/C d e c r e a s e s  w i t h  i n -  
c r e a s i n g  c o n c e n t r a t i o n ,  as i n  t a n t a l u m ,  a n d  t h i s  m a y  
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Fig. 10. Activation energy for diffusion of fluoniobate ion in 
KF-NaF-LiF. 
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result  f rom incomplete  solubil i ty of the monovalen t  
intermediate .  This in termedia te  is much more  soluble 
than in the case of tan ta lum as shown by the "~ox/'Cred 
values (0.55 for Nb and 0.9 for Ta at similar  cur ren t  
densities),  however  some film format ion is still  in-  
dicated since the va lue  of 0.33 for ~ox/Tred is in al l  cases 
exceeded. The behavior  of the final step may, the re -  
fore, also, as in the case of tantalum, be related to a 
film on the cathode as the product  of the in te rmedia te  
reduct ion step. The fact that  n iobium meta l  is not 
at tacked when  in contact wi th  Nb 4+ solution may  be 
the resul t  of the protect ive  behavior  of this film anal -  
ogous to the suggested explanat ion for the inertness 
of tan ta lum in contact wi th  Ta 5+ solution (3). That  
there  is a lack of revers ibi l i ty  is shown also in Fig. 
5B in which the oxidation of the meta l  is seen to pro-  
ceed direct ly  to the te t rava len t  state (ca. --0.7v) wi th  
no indication of a p la teau at the monovalent  state 
(ca. --1.02v) as is observed in the reduction. Fu r the r  
s tudy of the final step involving the reduct ion to meta l  
is required.  

Summary 
The electrodeposit ion of niobium f rom a solution of 

K2NbF7 in the K F - L i F - N a F  eutectic involves three  
steps, the first two of which are revers ib le  and diffu- 
sion controlled. They are: 

1. [NbFT] -2 (1) -{- l e -  --> 
[NbF(7-x)] r (1) ~ x F -  (1) 

2. [NbF(7-x~] (3-x)-  (1) -}- 3e -  -> 
NbF (s or 1) + ( 6 - - x ) F -  (1) 

3. NbF (s or 1) ~ le-- -> Nb ~ (s) -b F -  (1) 

Because of the rapid react ion be tween [NbFT] -2 and 
NbF to regenera te  the te t rava len t  n iobium ion, the cur -  
rent  efficiency for niobium deposition falls to zero at low 
current  density in the presence of appreciable [NbFT] -2, 
and at h igh cur ren t  densi ty only dendri t ic  deposits 
can be obtained. If one operates f rom a solution wi th  a 
niobium mean valence of 4.0-4.2 at low to modera te  
current  densities, only steps 2 and 3 are opera t ive  and 
coherent  deposits are produced. The product  of step 2, 
NbF, is more  soluble in the electrolyte  than is the in-  
te rmedia te  in the case of tantalum, but  indications of 
some insolubil i ty are noted and this may  be responsible 
for the i r revers ib le  behavior  of the final step. It  may  
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be significant that  the final step of reduct ion to meta l  
in both the tan ta lum and niobium plat ing systems and 
the single reduct ion step in the zirconium plating 
system are all  i r reversible.  Work is in progress to de-  
te rmine  whe ther  i r revers ib i l i ty  of the meta l  produc-  
t ion step is a necessary condit ion for coherent  meta l  
deposition f rom mol ten  salts. 

The diffusion coefficient of the [NbFT]-2 ion has 
been found to be 2.03 x 10 -5 cm 2 sec -1 at 750~ and 
its act ivat ion energy for diffusion as 8.75 kcal /mole .  
The diffusion coefficient of the te t rava len t  n iobium-  
containing ion is approximate ly  5 x 10 -5 cm 2 sec -1. 

The major  difference be tween  tan ta lum and niobium 
plat ing mechanisms arises f rom the interactions of the 
monovalen t  in termedia te  wi th  the pentava len t  species 
to form a stable te t rava len t  species in the case of nio- 
bium and the absence of such interact ion in the case of 
tantalum. It is for this reason that  a pen tava len t  solu- 
tion may  be used for plat ing tanta lum and a t e t rava-  
lent  one is r equ i red  for coherent  deposition of niobium. 
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ABSTRACT 

The author 's  work  confirms Lander 's  conclusion that  monobasic, dibasic, 
and tetrabasic lead sulfates are the only stable lead sulfates in the lead oxide-  
lead sulfate system above 21O~ The author  proposes a new room tempera -  
ture  x - r a y  pa t te rn  for dibasic lead sulfate. The  decomposit ion t empera tu re  of 
dibasic lead sulfate in air is shown to be 631 ~ --*-- 8~ by h igh - t empera tu re  x - r a y  
analysis. The the rmal  inflection in the lead oxide- lead  sulfate system at 450~ 
first repor ted  by Schenck and  Rassbach, was found to be caused by a s t ructural  
change in metastable  dibasic lead sulfate. 

This work  was or iginal ly  under taken  in order  to in-  
sure posit ive identification of the basic lead sulfates 
present  in the products resul t ing f rom h igh - t emper -  
a ture  equi l ibr ium studies (1). Serious d isagreement  
was found be tween  the x - r a y  pat terns  obtained by 
Lander  (2) and the author  (1) for dibasic lead sul-  
fate. 

The cause of the the rmal  inflection in the lead oxide-  
lead sulfate system at 450~ is obscure. Lander  con- 

1 P re sen t  addres s :  C.S.I.R.O., Melbourne ,  Victor ia ,  A u s t r a l i a .  

sidered it to resul t  f rom the decomposit ion of dibasic 
lead sulfate into a mix tu re  of monobasic and tetrabasic 
lead sulfates. This conclusion is in conflict wi th  the 
decomposit ion t empera tu re  of dibasic lead sulfate 
found by both Kel logg and Basu (3) (616~ and the  
author  (1) (634~ dur ing equi l ibr ium measurements  
on the l ead-oxygen-su l fu r  system. Kel logg and Basu 
at t r ibuted the discrepancy between their  results  and 
Lander 's  to supercooling, apparent ly  unaware  that  
Schenck (4) found the thermal  inflection at 450~ to 
occur wi th  both r is ing and fal l ing tempera ture .  
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The range of compositions over  which the the rmal  
inflections were  found by Schenck and Rassbach (5), 
and Jaeger  and Germs (6), differ widely.  Schenck and 
Rassbach repor ted  that  these occurred be tween  51 and 
89 mole % of lead monoxide  whi le  J aege r  and Germs 
detected the rmal  inflections be tween  50 and 75 mole  % 
of lead monoxide  and claimed that  these were  due to 
the decomposit ion of dibasic lead sulfate into a m i x -  
ture  of monobasic and tribasic lead sulfates. They also 
criticized the thermal  analysis of Schenck and Rass- 
bach, c laiming that  the la t te r  had fai led to homogenize 
their  melts  prior  to the rmal  analysis. If  this were  so, 
it is possible that  the the rmal  inflection at 450~ (ob- 
served by Schenck and Rassbach at 80.5, 84.8, and 89 
mole  % of lead monoxide)  actual ly  occurred in the 
segregated, su l fa te- r ich  portions of these samples. 

In v iew of these discrepancies, it was decided to in-  
vest igate  the thermal  inflection at 450~ and to a t tempt  
to de termine  the decomposit ion t empera tu re  of dibasic 
lead sulfate, by means of h igh - t empera tu re  x - r a y  and 
thermal  analysis. 

Experimental Procedure 

A Phil ips PW1009 generator  operat ing on a copper  
target  at 30 kv and 10 ma  was used as the radiat ion 
source for the x - r ay  apparatus. A goniometer  m a n u -  
factured by Crystal  St ructures  Ltd. was modified to 
give a focusing circle of 10 in. radius. 

The body of the furnace used for the h igh - t emper -  
a ture  x - r a y  analysis was formed f rom a lumina  pow-  
der. The alumina was moulded, when  wet,  around a 
wooden fo rmer  on which nichrome resistance wi re  was 
wound. Af ter  drying, removal ,  and baking, the furnace 
proved  to be satisfactory. A si lver specimen holder  
was used, and this was supported by an Inconel alloy 
tube. Caps were  placed on both the Inconel tube and 
the furnace, in order  to reduce t empera tu re  gradients  
caused by convection currents.  The  t empera tu re  of the 
sample was controlled to •  by an Ether  t ransi t rol  
ant icipatory controller,  using a 1 m m  sheathed co- 
axial  chromel  a lumel  thermocouple  for the hot  junc-  
tion. The specimen tempera tu re  was measured by using 
a similar, calibrated, thermocouple  imbedded in the 
sample holder.  

The basic lead sulphates were  prepared  f rom dry 
A.R. ye l low lead monoxide  and Merk 's  normal  lead 
sulfate. These were  mixed  in the proport ions corres-  
ponding to the formulas:  PbO.PbSO4, (PbO)2.PbSO4, 
(PbO)3"PbSO4, and (PbO)4.PbSO4, heated in p la t -  
inum crucibles for half  an hour at t empera tures  30~ 
above the l iquidus tempera tures  de termined  by 
Lander,  quenched, finely ground, reheated at 800~ 
and finally quenched and ground before room t e m -  
pera ture  x - r ay  analyses and other  t reatments .  

During the determinat ion  of the h igh - t empera tu re  
pat terns  of the basic lead sulfates, sufficient t ime was 
al lowed for equi l ibr ium conditions to be reached. This 
was tested by repeat ing the x - r ay  analyses at regular  
t ime intervals  unti l  no changes in the pat terns  could 
be detected. 

X - r a y  pat terns  of the fusions having the composi-  
tions corresponding to the formulas:  PbO.PbSO4, 
(PbO) 3" PbSO4, and (PbO) 4" PbSO4, were  made at t em-  
peratures  ranging f rom ambient  to 800~ 

The determinat ion  of the decomposit ion t empera tu re  
of dibasic lead sulfate was a t tempted by using dibasic 
lead sulfate, and a mix tu re  of monobasic and tetrabasic 
lead sulfates having the over -a l l  composit ion of dibasic 
lead sulfate. Pat terns  of the dibasic lead sulfate fusion 
were  taken at 36 hr  in tervals  at 400 ~ 530 ~ and 690~ 
Fur the r  analyses were  made at 24-hr intervals  in de-  
creasing steps of 12~ Pat terns  of the mix tu re  of 
monobasic and tetrabasic lead sulfates were  taken at 
24 hr  intervals  at 425 ~ 530 ~ 610 ~ and 670~ 

For  the the rmal  analysis of the lead oxide- lead  sul-  
fate system, sui tably slow rates of cooling and hea t -  
ing, in addit ion to achieving a desired temperature ,  
were  obtained by adjust ing the vol tage input  to a 

Table I. Observed and derived results 

e m f  o u t p u t  a t  
p o i n t  of  the  

d e v i a t i o n  of t he  
P b O  Inf lec-  i n v e r s e  ra te  

R u n  mole ,  C o m p o -  t i on  in  c u r v e ,  m v  
No. % s i t ion*  c u r v e s  R t  F t  

D e v i a t i o n  
f r o m  a v g  

t h e r m o c o u p l e  
o u t p u t ,  m y  
R t  F t  

1 84.95 B e t w e e n  No 
Q a n d  PbO 

2 77.91 B e t w e e n  Yes 3.94 3.89 0.022 0.028 
D o n d  Q 

3 66.67 D Yes 3.945 3.885 0.027 0.033 
4 56.70 Between Yes 3.94 3.91 0.022 0.008 

M and  D 
5 45.22 B e t w e e n  No 

N a n d  M 

* Q, D, M, a n d  N i n d i c a t e  t e t r abas ic ,  d ibas ic ,  m o n o b a s l c ,  a n d  n o r -  
ma l  l e ad  sul fa tes ,  r e spec t i ve ly .  

? R i n d i c a t e s  r i s i n g  t e m p e r a t u r e ,  a n d  F i n d i c a t e s  f a l l i n g  t e m p e r -  
a tu re .  A v e r a g e  t h e r m o c o u p l e  o u t p u t  i n  m i l l i v o l t s  = 3.918 ~- 0.023; 
a c c u r a c y  of t h e r m o c o u p l e  c a l i b r a t i o n  = ~.~I~ t e m p e r a t u r e  of  t he  
c h a n g e  in  t he  s a m p l e s  = 449.6 ~ -~ 2.2~ 

nichrome resistance wir ing  on a 3 in. d iameter  silica 
tube surrounding the sample mass. A series of samples 
of different lead monoxide  content  were  prepared  
(Table I) ,  each having  a weight  of at least  180g. These 

were  prepared  in cyl indrical  Tr iangle  R.R. recrys ta l -  
l ized a lumina crucibles (11/4 in. ID) at t empera tures  
20~ above the l iquidus values de termined  by Lander,  
and were  s t i r red wi th  an a lumina  rod unt i l  a ho-  
mogeneous l iquid was achieved. The a lumina crucibles 
were  used because no p la t inum crucible of sufficient 
size was available. 

T i m e - t e m p e r a t u r e  curves were  obtained using a 
Honeywel l  t empera tu re  recorder,  and addit ional  data 
for plott ing the curves were  gained by using a cal-  
ibrated 13% rhodium-pla t inum,  pla t inum the rmo-  
couple connected to a Tinsley type 418D potent iometer  
via  a cold junct ion immersed  in mel t ing  ice. 

The procedure  entai led prolonged heat ing of the 
sample masses at 600 ~ or 700~ immedia te ly  prior  to 
the rmal  analysis. Room tempera tu re  x - r a y  analyses 
of the products f rom the the rmal  analyses were  also 
made. 

Discussion of Results 
The x - r a y  pat terns  obtained by the author  and 

Lander  for the basic lead sulfates are shown in Ta-  
ble II, together  wi th  the A.S.T.M. pat tern  for mono-  
basic lead sulfate. 

To de termine  whe the r  contaminat ion of the ther -  
mal ly  prepared  basic lead sulfates has occurred, it is 
convenient  to compare  the re la t ive  intensit ies at the d 
values of the major  lines in each pattern.  

The pat terns obtained by the author for the basic 
lead sulfates show no evidence of contamination.  For  
example,  it may  be argued that  the appearance of the 
l ine d ---- 2.95, I ---- 0.63, results  f rom the contaminat ion 
of dibasic lead su l fa t e  by monobasic lead sulfate, for  
which I --~ 1.00 at d ---- 2.95. However ,  there  is no such 
appearance of the second most  intense l ine of the mon-  
obasic lead sulfate  pat tern  (d = 3.35, I = 0.49) in the 
pa t te rn  for dibasic lead sulfate. The other  apparent  
agreements  at d ~ 3.22 and d = 3.25, for normal  and 
tetrabasic lead sulfates, and dibasic and monobasic 
lead sulfates, respect ively,  are susceptable to the  same 
argument .  

The pat terns of the lead sulfates the rmal ly  prepared  
by Lander  provide  evidence of contaminat ion of the 
dibasic and tetrabasic lead sulfates, a l though there  is 
no evidence of contaminat ion of his monobasic salt. 
The coincidence of three  of the four  ma jo r  lines in 
the pa t te rn  for dibasic lead sulfate with weaker  lines 
in the pat tern  for tetrabasic lead sulfate indicates that  
Lander ' s  the rmal ly  prepared  sample of tetrabasic lead 
sulfate was contaminated by dibasic lead sulfate;  this 
conclusion is supported by the absence of the l ine at 
d ~ 2.96 for the tetrabasic lead sulfate prepared by 
Lander  (7) by his wet  method. Slight  contaminat ion 
of the tetrabasic lead sulfate by lead monoxide  is 
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Table II. X-ray patterns obtained by the author and Lander 

M o n o b a s i e  l e a d  s u l f a t e  

A u t h o r  L a n d e r  A .S .T .M,  
29t  d I* d I* d I* 

13.84 6.40 0.03 6.4 0.50 
14.21 6.24 0.13 6.2 0.20 6.2 0.50 
15.00 5.91 0,15 5.8 0 . I0  5.9 0.50 
20.06 4.42 0.08 4.4 0.02 4.42 0.60 
24.05 3.70 0.09 3.67 0.80 3.70 0.60 
25.25 3.51 0.09 3.47 0.10 3,49 0.50 
26.61 3,35 0.49 3.33 1.00 3.33 1,00 
27.45 3.25 0.12 
28.04 3,18 0.12 3.16 0.10 3.17 0,40 
30.25 2.95 1.00 2.95 1.00 2.95 1,00 
31.33 2.85 0.30 2.84 0.30 2.84 0,70 

2.59 0.20 
2.56 0.20 

36.25 2.48 0.09 2.46 0.25 2.47 0,50 
36.94 2.43 0.09 2,42 0,70 2.43 0,50 

2.39 0.25 
38.35 2.35 0.09 2 .34 0.05 2.34 0,50 
39.80 2.26 0.0S 2.26 0.12 2.28 0,60 
40.45 2.23 0.09 2.22 0.10 2.23 0,40 
41.60 2.17 0.01 2.17 0,40 

2.12 0,40 
44,20 2.05 0.20 2.05 0.40 2.05 0.70 
46.20 1,965 0,15 1.96 0.12 1.96 0.50 
47.65 1.90S 0.04 1.91 0.15 1,91 0.50 
49.33 1.846 0.13 1.84 0.50 1,845 0,70 
51.95 1,760 0.09 1.74 0.40 1,755 0,60 
53.00 1.728 0.08 1.72 0.10 1.726 0.60 

1.67 0.15 1.668 0.60 
55.80 1.647 0.08 1.66 0.15 

1.65 0.05 1,646 0.50 
56.90 1.618 0.05 1,617 0.40 

1.57 0.20 1.603 0.40 
61.20 1.514 0.10 1.51 0.05 
62.95 1.476 0.06 1.48 0,20 
64.30 1.429 0.03 1.445 0.20 
64.95 1.436 0 .04 1.435 0.15 

D i b a s i c  l e a d  s u l f a t e  

A u t h o r  L a n d e r  A u t h o r  L a n d e r  
28t  d I* d I* 2~t d I* d I* 

11.28 7.85 0.30 30.97 2.89 0 .59  2.87 0.70 
14.09 6.29 0.20 33.43 2.76 0.06 2.76 0.06 
15.03 5.90 0.22 2.69 0.05 
18.75 4.72 0.10 37.87 2.37 0.25 2.37 0.50 
19.94 4 .45 0.07 38.21 2,355 0.38 2.35 0 .50  
23.50 3.79 0 .13 3.75 0.03 39.21 2.30 0.15 2.29 O.10 
25.48 3.40 0.13 40.48 2.23 0.06 
27.48 3.25 0.78 2.11 0.15 
29.88 2 .99 1.0O 43.80 2.067 0 .15 2.06 0.20 
30.28 2.95 0.63 2.96 1.00 46.19 1.966 0.19 1.96 0.40 
47.95 1.898 0.09 54.35 1.688 0.15 1.08 0.20 
49.90 1.828 0.19 1.82 0.25 58.50 1.578 0.06 
50.90 1.794 0.23 1.79 0.40 58.95 1.565 0.15 1.56 0.30 
52.40 1.746 0.06 1.74 0.10 60.75 1.524 0,16 1.52 0.20 
52.90 1,731 0 . I 0  1.73 0,20 61.35 1.511 0.06 

T e t r a b a s i e  l e a d  s u l f a t e  

A u t h o r  L a n d e r  A u t h o r  L a n d e r  
2~T d I* d I* 2~T d I* d I* 

10.81 8.15 0.25 8.1 0.30 46.65 1 .947  0 . 1 5  1 . 9 4  0.15 
14.10 6.28 0.I0 1.86 0.11 
27.68 3.22 1.00 3.25 1.00 49.97 1.825 0.05 
28.78 3 .10 0.16 3.11 0.03 53.20 1.722 0.08 1.72 0.25 
29.26 3,05 0.14 3.04 0.02 54.40 1.687 0.04 1.68 0.02 
31.09 2.88 0.16 2 . 8 7  0,30 5 5 . 9 0  1 .645  0.06 1 . 6 4  0.08 
33.66 2.66 0.21 2.67 0.02 57,05 1,614 0.12 1.61 0.20 
44.15 2,05 0.01 2 .04 0.20 58.30 1.583 0.07 1.59 0.15 
46.14 1,967 0.08 1.58 0.15 

? A v e r a g e  of f ive  d e t e r m i n a t i o n s .  
* I n t e n s i t y  r e l a t i v e  to t h e  s t r o n g e s  t l i n e  of t h e  p a t t e r n .  

indicated by the presence of a weak line ~t d = 2.92, 
I = 0.13 for tetrabasic lead sulfate, corresponding to 
the strongest l ine obtained by Lander  for lead mon-  
oxide. This conclusion is supported by the absence of 
this l ine in the pa t te rn  obtained by Lander  by his wet  
method. The close agreement  of the d values of the 
strongest l ines for monobasic and dibasic lead sulfates 
(d = 2.92, I ~ 1.0, and d ~ 2.93, I ---- 1.0, respect ively)  
precludes the use of ei ther  of these values as a rel iable  
guide as to whe ther  contaminat ion has occurred of the 
dibasic lead sulfate. The coincidence of the nex t  two 
major  lines in the pa t t e rn  of monobasic lead sulfate 
(d = 1.96, I = 0.50, and d ---- 1.51, I ---- O.ll) wi th  the 
pa t te rn  for dibasic lead sulfate (d ---- 1.96, I ---- 0.40, and 

d = 1.51, I ----- 0.10) suggests that  Lander ' s  sample of 
dibasic lead sulfate was contaminated wi th  monobasic 
lead sulfate. 

Unfor tunate ly ,  Lander,  in assessing the final pa t -  
te rn  for dibasic lead sulfate, r emoved  lines which were  
close to those of the major  lines in the pat terns  which 
he obtained for monobasic and tetrabasic lead sulfates 
by his wet  method. In part icular ,  those at the d values 
7.8, 5.8, 3.47, 3.22, and 2.92 were  removed  by Lander.  

For  the reasons discussed above, the x - r a y  pat tern  
obtained by the author  for dibasic lead sulfate is con- 
sidered to be more re l iable  than that  given by Lander.  
Reasonable agreement  exists be tween the x - r a y  pa t -  
terns obtained by the author, Lander,  and the A.S.T.M. 
values, for monobasic and tetrabasic lead sulfates. 

The results obtained f rom x - r a y  analyses of mono-  
basic and tetrabasic lead sulfates f rom room temper -  
a ture  to 800~ showed no evidence of phase changes 
in ei ther  compound. 

The results obtained f rom the x - r ay  analyses of the 
sample having the over -a l l  composit ion represented 
by the formula  (PbO)3"PbSO4 showed that  no com- 
pound of this composit ion occurred at 400~ or higher  
temperatures .  I t  was found that  tribasic lead sulfate 
yielded a mix tu re  of dibasic and tetrabasic lead sul-  
fates at 800~ and a mix tu re  of monobasic and te t ra -  
basic lead sulfates at 400~ this was shown by pro-  
longed heat ing at these temperatures ,  fol lowed by 
quenching and room tempera tu re  x - r ay  analyses. High-  
t empera tu re  x - r a y  analyses of "tr ibasic lead sulfate" 
at 400 ~ and 530~ provided confirmatory evidence. 
Over-al l ,  this invest igat ion confirmed Lander ' s  con- 
clusion that  tribasic lead sulfate was not stable at high 
temperatures .  

The h igh- t empera tu re  x - r a y  pat terns  of a mix tu re  
of monobasic and tetrabasic lead sulfates (having the  
over -a l l  composition of dibasic lead sulfate) and di-  
basic lead sulfate were  compared at 400 ~ and 530~ 
with  pat terns of pure  monobasic lead sulfate and pure  
tetrabasic lead sulfate at these temperatures .  These 
results showed that  dibasic lead sulfate had decom- 
posed into a mix tu re  of monobasic and tetrabasic lead 
sulfates at these temperatures .  Al though there  is ve ry  
close agreement  be tween the 20 values of the peaks 
given by the dibasic lead sulfate sample and the m i x -  
ture  of monobasic and tetrabasic lead sulfates, the re l -  
a t ive intensities of a number  of these common peaks 
differ markedly.  These differences are thought  to re -  
sult f rom the manner  of format ion of the two speci- 
mens, i.e., one as the resul t  of fusion, the other  by 
simple mixing. A comparison of the 26 values obtained 
f rom the decomposit ion products of dibasic lead sul-  
fate was made wi th  those obtained f rom the mix tu re  
of monobasic and tetrabasic lead sulfates be tween room 
tempera tu re  and 625~ Apar t  f rom intensi ty  var ia -  
tions, of the type discussed above, the agreement  be-  
tween the two pat terns is sufficient to conclude that  
dibasic lead sulfate decomposes into a mix tu re  of 
monobasic and tetrabasic lead sulfates at, and below, 
625~ 

A comparison was made between the pat terns  ob- 
tained f rom dibasic lead sulfate and a mix tu re  of 
monobasic and tetrabasic lead sulfates, having the 
over -a l l  composit ion of dibasic lead sulfate, th rough  
the t empera tu re  range 610 ~ to 800~ The similar  x -  
ray  pat terns  obtained be tween  637 ~ and 800~ are 
quite  different f rom those obtained at, and below, 
625~ Since it has been shown that  dibasic lead sul- 
fate decomposes into a mix tu re  of monobasic and 
tetrabasic lead sulfates at, and below, 625~ and the 
room tempera tu re  pat terns  for dibasic lead sulfate 
prepared  by quenching f rom just  below the mel t ing  
point of dibasic lead sulfate and at 800~ showed no 
significant differences, it is concluded that  the change 
in the x - r ay  pat terns  at, and above, 637~ is due to 
the format ion  of dibasic lead sulfate. An  assessment of 
the accuracy of the t empera tu re  measurements  at the 
sample surface extends these limits to 623 ~ and 639~ 
It is therefore  concluded that  dibasic lead sulfate de-  
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Table III. Results of thermal and x-ray analyses 

Sulfate material 

Heat- 
treatment 

before Presence of P h a s e s  s h o w n  by 
thermal a thermal r o o m  temperature 
analysis inflection x-ray analysis 

That previously yield- 600~ for two no Monobasic and tet- 
ing a thermal in- days rabasic l e a d  s u l -  
f l e c t i o n  fates 

That having t h e  o v e r -  700~ for two yes Dibasic l e a d  s u l -  
all composition of days fate 
dibasic lead sulfate 

As above 700~ for two yes Not done 
days 

As above 600~ for two no Monobasic and tet- 
days rabasic lead sul- 

fates 

composes into a mix ture  of monobasic and tetrabasic 
lead sulfates below 631~177176 This conclusion is sup- 
ported by the tempera ture  of 634~ found by the a u -  

t h o r  for the decomposition of dibasic lead sulfate at a 
pressure of 1.5 mm Hg dur ing the course of equi-  
l ibr ium measurements  on the lead-oxygen-sul fur  sys- 
tem (1). It may easily be shown that  the effect of a 
pressure change of 758.5 m m  Hg on the decomposition 
tempera ture  of dibasic lead sulfate is slight (1), i.e., 
less than 1 ~ C. 

The results obtained dur ing  the ini t ia l  thermal  ana l -  
ysis of the specimens prepared in  a lumina  crucibles, 
i.e., after these had been heated to 700~ for 86 hr 
(Table I) ,  show that  thermal  inflections at 450~177176 
occur between 20 and 50 mole % normal  lead sulfate. 
These were found to occur with both r is ing and fal l -  
ing temperature,  as originally reported by Schenck 
(4). Because the h igh- tempera ture  x - r ay  analyses 
showed no evidence of any compound other than  di-  
basic lead sulfate in  this composition region, and that  
dibasic lead sulfate decomposed into a mix ture  of 
monobasic and tetrabasic lead sulfates below 631~177 
8~ it  was provisionally concluded that  the thermal  
inflections at 450~177176 were due to a change in  me-  
tastable dibasic lead sulfate. Fur the r  evidence for this 
was provided by room temperature  x - r ay  analysis of 
the products, i.e., it was found that the specimens 
yielding thermal  inflections also contained dibasic lead 
sulfate. 

~ 0  Landsr~r don~ -t- . 

? 
8 ~  %. ~ ..k, i o. -I 
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Fig. 1. PbO-PbS04 system: cross, Lander's data; square with a 
dot, author's data. 

The results of a number  of confirmatory tests on 
fused samples of dibasic lead sulfate are shown in  
Table III. These confirm that  the thermal  inflections 
are associated with the presence of dibasic lead sul-  
fate and show that  when  specimens are heated for 
some t ime just  below the decomposition tempera ture  
of dibasic lead sulfate (600~ for two days) no ther-  
mal  inflections occur, and only monobasic and te t ra-  
basic lead sulfates are present. To dist inguish between 
the two types of dibasic lead sulfate, tha t  which is 
metastable  above 450~ is denoted by alpha, and that  
which is metastable below 450~ is denoted by beta, as 
shown by Fig. 1. 

Although slight chemical at tack on the a lumina  cru-  
cibles was noted dur ing  the preparat ion of the sulfate 
samples used for thermal  analysis, this was not  suffi- 
cient to cause any appreciable differences in  the x - r ay  
pat terns obtained from these and all other samples 
which were prepared in p la t inum crucibles. This fac- 
tor, and the fact that  thermal  inflections only occurred 
in  the a lumina  prepared samples when  dibasic lead 
sulfate was present, suggests that  the fusion in a lumina  
was justified for the preparat ion of the samples used 
for thermal  analysis. 

An at tempt  was made to determine whether  the 
change in  metastable dibasic lead sulfate was detect- 
able by h igh- tempera ture  x - r a y  analysis. This failed 
because the finely divided powder in the sample holder 
was found to decompose rapidly  into a mix ture  of 
monobasic and tetrabasic lead sulfates at the tempera-  
tures involved. The coarsely crystal l ine form of di-  
basic lead sulfate thus seems to be necessary for pre-  
serving the metastable  form of dibasic lead sulfate. It  
is thus possible that  a single crystal could be used to 
determine whether  any significant changes in  meta-  
stable dibasic lead sulfate pat terns  occur above and 
below 450~ This is, perhaps, a l i t t le doubtful,  since 
the room tempera ture  x - r ay  pa t te rn  for dibasic lead 
sulfate after thermal  analysis, i.e., after the change in 
dibasic lead sulfate has occurred, is very similar  to 
that  Obtained by quenching from high temperatures.  
However, it  is possible that  the change at 450~ takes 
place very quickly and occurs even dur ing  quenching, 
or is completed at room temperature.  

No thermal  inflections could be detected at the de- 
composition tempera ture  of dibasic lead sulfate. This 
finding is consistent with the prolonged times found 
necessary for the decomposition of dibasic lead sul-  
fate dur ing  the h igh- tempera ture  x - r ay  analyses 
around 631~ 

The liquidus of Lander 's  phase diagram, and the 
results of his thermal  analyses, are unsatisfactory be-  
tween 17 and I9 mole % of lead sulfate. The l iquidus 
in  this region of the phase diagram has been d rawn in 
Fig. 1 so as to conform as closely as possible to Lan-  
der's data and the requi rements  of the phase rule. 
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Some Effects of Small Displacements from Equilibrium on the 
Structure and Properties of Single Crystalline Copper Electrodes' 

Leslie H. Jenkins 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Smal l  displacements f rom equi l ibr ium conditions were  generated in sys- 
tems of var iously  or iented copper single crystals exposed to acidic copper sul-  
fate solutions by permit t ing  a slow leak of air into the system and /or  by 
application of an ex te rna l  emf. The effects of dissolution conditions on the 
orientat ion and shapes of s t ructures  formed on the surface was determined.  
An anomalous effect of a s imultaneous corrosion react ion on electrolytic 
cur ren t -potent ia l  characterist ics also was observed. Explanat ions  for the phe-  
nomena in terms of kinetic processes occurring on the surface are offered. 

Data obtained f rom copper single crystals exposed 
to a solution of copper sulfate under  conditions both 
at and sl ightly removed  f rom equi l ibr ium have  been 
used previous ly  as support ing evidence for the argu-  
ment  that  no crystal  surface or ientat ion is the rmo-  
dynamical ly  more  favorable  than another  (1). Addi -  
t ional informat ion concerning facet development  and /  
or pit growth and movemen t  of mul t i - a tom high ledges 
over  the surface can provide details of the effect of 
slow kinet ic  processes on changes in crystal  surface 
habit. Genera l ly  it  is agreed that  areas immedia te ly  
around points at which dislocations te rmina te  in a sur-  
face are energet ical ly  more  favorable  react ion sites 
than a close-packed surface, and less favorable  than 
k ink-s tep  sites. But once a reaction site has been nu-  
cleated and dissolution, for example,  is proceeding by 
movemen t  of atom steps over  the crystal  surface, it 
is not  clear  whether  the gross changes in the s t ructure  
of the crystal  surface resul t  p r imar i ly  from the rmo-  
dynamic factors, kinetic influences, or a combinat ion 
of the two. The fol lowing is concerned wi th  that  
problem. 

Materials and Experimental Methods 
A l l  ma te r i a l s  and  t h e i r  p r e p a r a t i o n  and use w e r e  as 

previously repor ted  (1), a n d  all data included here 
were  obtained f rom coin-shaped copper single crystals 
in the t r ipod- type  cells described. Exper imenta l  r e -  
sults were  reproduced numerous  t imes in many  differ- 
ent systems, and the observations which follow resul t  
f rom a study of more  than for ty  different crystals. 
Likewise  in the pr ior  manner ,  all 0.2M CuSO4 solutions, 
pH adjusted to ~--1 wi th  H2SO4, were,  at the moment  
of introduct ion into the cells, under  a hydrogen atmos-  
phere  and at equi l ibr ium wi th  copper metal.  

When  desired, air was permi t t ed  to leak into an as-  
sembly at a control led ra te  by the same method pre-  
viously used, a faul ty  p la t inum- through-g lass  seal at 
the side ent ry  port  of a tr ipod cell. The subsequent  
react ion of oxygen  wi th  copper (I) ions destroyed equi-  
l ibr ium in the cell 

2Cu + -~ 1/2 O2 ~ 2H + ~ 2Cu + + ~ H20 [1] 

At tempts  to re-es tabl ish  equi l ibr ium in the assembly 
resul ted in oxidat ion of the meta l  surface by cop- 
per (II) ions 

Cu + + + C u ~  2Cu + [2] 

Overpotent ia ls  generated by the previous reactions 
occurr ing on crystal  surfaces and/or  those arising f rom 

1 R e s e a r c h  s p o n s o r e d  b y  t h e  U.  S. A t o m i c  E n e r g y  C o m m i s s i o n  
u n d e r  contract w i th  Union Carbide Corporation. 

dissolution due to application of an externa l  emf were  
measured,  and al terat ions in surface features  resul t ing 
f rom such t rea tments  subsequent ly observed. Orienta-  
tions of facets developed as a resul t  of reactions occur-  
r ing on crystal  surfaces were  determined wi th  a two-  
circle reflection goniometer.  All  potential  differences 
were  measured  with  a v ibra t ing  reed electrometer .  

Experimental Results 
Later  it wi l l  become necessary to differentiate be-  

tween removal  of mater ia l  f rom the surfaces by the 
over -a l l  process described by Eq. [1] and [2] and dis- 
solution resul t ing f rom the flow of current  due to the 
application of an externa l  emf. Unhappily,  no unam-  
biguous choice of terms is available,  so arbi t rar i ly  in 
the fol lowing the fo rmer  process wil l  be re fe r red  to as 
corrosion and the lat ter  as anodic or electrolytic dis- 
solution. 

Facet development.--Typical facets, which resul ted 
f rom the corrosion process alone and which were  pro-  
duced at any corrosion ra te  up to ~50 #a /cm 2 (the 
greatest  ra te  s tudied) ,  were  developed on different 
orientat ions as indicated in Fig. 1. The degree of struc- 
tura l  development  on all surfaces was dependent  on 
the extent,  but not  the rate, of corrosion in the ranges 
studied. On the (001), 2 r emova l  of mater ia l  was re-  
stricted to a few, ve ry  large pits r andomly  dis tr ibuted 
over  the surface. As wel l  as could be determined,  cor-  
rosion did not  occur on the surface area be tween  pits. 
Calculations based on the average  number  and size of 
pits accounted for al l  mater ia l  removed.  Large, flat 
areas bounded by ledges of mul t i -a tomic  height  were  
produced by the corrosion process on the (111). P re -  
sumably monatomic steps moved over  the surface and 
eventua l ly  bunched together  to form ledges separated 
by extensive flat areas. Step mot ion on the  (011) ap- 
parent ly  was not qui te  as easy as in the foregoing 
example,  for immedia te ly  at the onset of corrosion 
small  ridges, which quickly developed into facets, 
were  observed on this surface. 

In the case of the (001) and (111) decidedly differ- 
ent  results were  obtained when  surfaces were  sub- 
jected to anodic dissolution alone. F igure  2 i l lustrates 
that, even at a lower current  density than for the cor-  
rosion react ion i l lustrated in Fig. 1, nucleat ion and 
react ion occurred over  the ent i re  (001) surface. Like-  
wise no large, flat areas could be detected on the (111) 

2 S t a n d a r d  crystal lographic notations are used in that parenthesis ,  
( ) ,  a b o u t  i n d i c e s  i n d i c a t e  a s i n g l e  p l a n e  o r  set of  p a r a l l e l  p l a n e s  
and curly brackets,  ( }, a l l  t h e  e q u i v a l e n t  nonparallel  planes of  
the  indicated indices.  Likewise ,  square brackets,  [ ], i n d i c a t e  a 
s i n g l e  c r y s t a l l o g r a p h i c  d i r e c t i o n  and carets,  ~ ~ ,  the complete  set  
of  e q u i v a l e n t  directions. 
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Fig. 1. Surface structures developed by cupric ion oxidation. 
Reading top to bottom, the surfaces shown are (001), (111), and 
(011). The latter two were photographed by interference contrast. 
In each system corrosion had occurred at approximately 50 ~a/cm ~. 
The times permitted to react, although not equal, were not less 
than two nor more than four days. 

fol lowing anodic dissolutions of about the same rate  
and durat ion as that  i l lustrated for corrosion. Rather,  
the former  surface was composed almost  ent i re ly  of 
ledges of un i form average  density and height. No such 
differences were  observed for  the (011) which deve l -  
oped approximate ly  the same type of facets regardless  
of the mode of dissolution. 

It  was determined that, in a corroding system, small  
anodic currents  could be superimposed on the corro-  
sion current  wi thout  effecting any changes in the typi -  
cal s t ructure developed by the corrosion process alone. 
The m a x i m u m  anodic current  which could be im-  
pressed on a g iven corrosion current  wi thout  a l ter ing 
the development  of surface topography typical  of the 
lat ter  process was not established. However ,  it was 
observed that  an anodic current  equal  to the corrosion 
current  did not resul t  in any detectable change, but  
anodic currents  about a factor of two larger  than 
simultaneous corrosion currents  did produce surfaces 
typical  of the fo rmer  process alone. 

Orientation of Sacets.--Measurements with a two-  
circle reflecting goniometer  showed that, regardless  

Fig. 2. Surface structures developed by anodic dissolution. The 
upper photograph is of an (001) surface and the lower a (111). 
Both are interference contrast photographs. The (001) resulted 
from dissolution at 3 ~a/cm 2 for seven days. Note that less mate- 
rial has been removed, and at a slower rate, than for the corre- 
sponding surface shown in Fig. 1. Dissolution at 20 #a/cm ~ for four 
days produced the (111) surface illustrated above. Approximately 
the same amount of material has been removed at near the same 
rate as for the (111) surface of Fig. 1. 

of means of dissolution, the orientations of facets de- 
veloped on a certain surface were  characterist ic of that  
surface, but  not of the process responsible for their  
development.  Ul t imate ly  facets of like orientat ion de-  
veloped from a surface of a cer ta in  orientat ion whe ther  
produced by corrosion or anodic dissolution or a mix -  
ture of the two processes. Also, the gross detail  of sur-  
face s t ructure  was of no apparent  importance in deter -  
mining facet orientation. As an example,  the small  
facets on the uni formly  at tacked (001) surface shown 
in Fig. 2 were  or iented the same as facets developed 
on the bottoms of the pits on the (001) surface i l lus-  
t rated in Fig. 1. 

It would  be impossible to use data taken wi th  a 
goniometer  of the type employed to conclude that  ab- 
solutely no orientat ions other than those recorded be-  
low were  formed on the various crystals. But  it is 
certain that  the orientations repor ted  account for ap- 
proximate ly  90% of the total  facet  areas. F igure  3 in-  
dicates the geometry  of pits formed on the (001). They 
were  always re la t ive ly  shallow with  bottoms invar i -  
ably approximate ly  4 ~ f rom the (001) along the 
<001> zones. Sides of the pits were  not quite  normal  
to the surface under  all conditions, but  ra ther  4 ~ f rom 
the {001} normal  to the surface. Minor reflections f rom 
both sides and bottoms of pits indicated the presence 
of a ve ry  few facets of most orientations along the 
<001> zones. Under  certain circumstances extensive 
facet ing with  near  {012} orientat ions was observed, and 
occasionally a ve ry  few {111} and {011) orientations 
developed. But  by far  the preponderance  of facets were  
those oriented 4 ~ f rom the {001}. 
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Fig. 3. Schematic profile of pits developed on the (001). Dimen- 
sions indicated are typical. 

7t t 

Fig. 4. Stereographic projection from (111) showing orientations 
of facets developed on that surface. Smaller, open circles indicate 
the orientations of major faces. No {001} facets were formed, but 
rather those "twins" ~ 4  ~ away along the < 0 0 1 ~  zones. 

As shown in Fig. 4 the orientat ions of facets deve l -  
oped on the (111) were  not  as res t r ic ted as those on 
the (001). Occasionally a few facets of the {111) 70 ~ 
f rom the original  surface could be detected, and as in 
the case of the (001), a ve ry  few facets of most ori-  
entations along the <001> zones were  evident.  Large  
areas of near  {012} orientat ions always developed, and 
occasionally some few {011} were  seen. Note par t icu-  
lar ly  that  in no case were  {001} facets produced, but  
ra ther  those orientat ions along the <001> zones about 
4 ~ f rom the {001} corresponding to the orientations of 
the bottoms and sides of pits developed on the (001). 

With the occasional exception of a barely  detectable 
amount  of {111} facets, all orientat ions developed on 
(011) surfaces were  along the <001~  zones. Again  no 
{001} surfaces were  generated,  only those about 4 ~ re-  
moved along the <001>  zones. Extens ive  product ion 
of near  {012} and near  {014} orientat ions were  notice-  
able, and in f requent ly  traces of {011} 60 ~ f rom the 
original  surface were  perceptible.  

Current-potential data.--Electrolytic cur ren t -po ten-  
tial relat ionships were  affected in an unusual  way by 
the existence of a s imultaneous corrosion process on a 
crystal. F igure  5 shows typical  galvanostat ic  data ob- 
tained f rom a crystal  oriented (011) which was con- 
current ly  corroding at a ve ry  slow rate. While  it is not 
absolutely certain in this case just  what  significance 
should be at tached to the data, it is clear the electrode 
behavior  is not  that  which reasonably could be antic-  
ipated. Al though it  was observed that  anodic dis- 
solution of similar  value  impressed on a corrosion 
process was also res t r ic ted to highly local areas, it 
is not  obvious, for example,  that  deposition currents  
only sl ightly greater  than the corrosion currents  should 
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Fig. 5. Current-potential relationships for the (01]) in a system 
corroding at a very slow rate. The inflection point, the current- 
potential value about which the curve is symmetric, is indicated. 

also be local in nature.  ~ Therefore,  a h ighly asym- 
metr ic  current  vs. potential  curve  could be anticipated. 
However ,  after plot t ing data similar  to tha t  in Fig. 5 
f rom any s imultaneously corroding system, singular 
values for current  and potential,  about which the curve  
represent ing the data was symmetric,  could be deter -  
mined. Obviously, t rue  current  densities could not be 
calculated f rom geometric electrode areas and total  
current  flow for in microscopic areas over  the surface 
local cur ren t  densities var ied  f rom zero to several  
t imes the average value. Nor could measured overpo-  
tentials be considered more than an effect of some 
nebulous local processes. Therefore,  it must  be con- 
cluded that  under  conditions discussed here  curves of 
the type shown in Fig. 5 are not ve ry  useful  in making 
conclusions about the processes occurring in the sys- 
tem. 

The data shown in Fig. 6 fur ther  i l lustrate  the effects 
of sl ight corrosion on anodic cur rent -potent ia l  data. 
The informat ion was collected on a system corroding 
for 11 days at a ra te  calculated to be equivalent  to 
~--0.2 ~a/cm 2. The  leak in the system was then stopped 
and the assembly held at t empera ture  for three weeks 
more. Ini t ia l ly  the slight corrosion process probably 
restr ic ted anodic dissolution to local regions, as has 
been shown, wi th  the concomitant  result  that  values 
of overpotent ials  measured were  re la t ive ly  high. When 
corrosion was stopped, normal  anodic dissolution pos- 
sibly occurred over  the ent ire  surface as the values 
for the geometr ic  and "act ive"  areas became more or 
less identical. When the crystal  was removed  and the 
surface examined,  the ex ten t  of dissolution was so 
slight that  only ve ry  few changes in surface s t ructure  
could be established af ter  di l igent  search. An al ter-  
nat ive  explanat ion is that, a l though not  visual ly de-  
tectable, facet ing resul t ing f rom corrosion increased 
the t rue surface area. The data do not suggest ei ther 
explanat ion to be preferable.  

3 A t  t h e  1 9 6 4  W a s h i n g t o n  m e e t i n g  o f  t h e  S o c i e t y  t h e  a u t h o r  r e -  
p o r t e d  s o m e  r e s u l t s  o f  d e p o s i t i o n  s t u d i e s  f r o m  C u S O 4  s o l u t i o n s  o n  
c o p p e r  s i n g l e  c r y s t a l s .  I t  w a s  s h o w n  t h a t  i n  s y s t e m s  i n i t i a l l y  a t  
e q u i l i b r i u m  d e p o s i t i o n  i s  u n i f o r m  o n  t h e  ( 0 0 1 } ,  f o r  i n s t a n c e ,  a t  
c u r r e n t  d e n s i t i e s  a s  l o w  a s  3 ~ a / c m f ,  T h i s  w o r k  i s  c u r r e n t l y  b e i n g  
p r e p a r e d  f o r  p u b l i c a t i o n .  
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Fig. 6. Current-potential relationships for the (001) as a func- 
tion of corrosion conditions, initially the system was corroding at a 
rote equivalent to ,-0.2 #a/cm 2 for a total of eleven days. The 
corrosion process was then stopped and the system allowed to stand 
for three weeks. Time after solution was admitted to system: o, 2 
days; e ,  12 days; A ,  30 days. 

Discussion 
Corrosion in these systems containing copper metal, 

dissolved oxygen, copper ions, and hydrogen ions can 
be described by the general  equation 

Cu+ ~202+2H +-~Cu + + +H20 [3] 

However, there are two possible types of reaction 
mechanisms which must be considered. The first type 
involves oxidation of the metal by oxygen, dissolution 
of the oxide by action of the acid, and possibly fur- 
ther oxidation of the newly formed cuprous ions by 
oxygen in the solution 

2Cu + 1/2 02 ~ Cu20 [4] 

Cu20 + 2H + ~ 2Cu + + H20 [5] 

2Cu + 4- 1/2 O2 + 2H+ -'-;~2Cu++ + H 2 0  [6] 

(It  is impossible to differentiate exper imental ly  be-  
tween the preceding mechanism and one in  which CuO 
is formed directly and subsequent ly  dissolved.) Ob- 
viously the sum of reactions [4], [5], and [6] is twice 
reaction [3]. This type mechanism has been studied in 
this laboratory, and, as previously reported (3), pro-  
duced a uni formly  etched surface. I t  was presumed 
the homogenous attack was a consequence of the un i -  
form diffusion of oxygen up to the surface of the metal. 
The second type of mechanism by which reaction [3] 
may occur is that in which equilibrium~in the system is 
destroyed when cuprous ions are oxidized to cupric 
by dissolved oxygen, and the subsequent  oxidation of 
copper metal  by cupric ions in an at tempt  to re-es-  
tablish equi l ibr ium as out]ined in  Eq. [1] and [2]. 
Again, the sum of Eq. [1] and [2] is obviously Eq. 
[3]. However, when  reaction proceeds by this lat ter  
mechanism the surface is not uni formly etched, for 
reaction does not occur homogeneously over the en-  
t ire surface. Leidheiser and Gwathmey (2) first re-  
ported that  large, square areas around the (001) poles 
of spherical copper single crystals were  not  etched 
when immersed in acidic copper sulfate solutions ex-  
posed to air, even though almost all the rest of the 
surface of the sphere was etched heavily. They also ob- 
served that  solutions which had been boiled to remove 
dissolved gases and then main ta ined  under  a hy-  

drogen atmosphere etched the spheres only slightly 
dur ing 24 hr. These effects were confirmed at this 
laboratory (1) where it was also shown that, if in 
addition to freeing the solutions of dissolved gases and 
then main ta in ing  under  a hydrogen atmosphere the 
solution is at equi l ibr ium with copper meta l  before the 
sphere is immersed, no evidence of etching could b e  
detected at any orientat ion on the spheres even after 
several weeks' exposure. However, under  corrosion 
conditions it was certain that, while most of the sur-  
face of the sphere was well  etched, large areas near  
the {001}, and to a much smaller  degree immediately 
around the {011} and {111}, were not attacked as heav-  
ily as the remainder  of the surface, indeed, if at all. 
Therefore, it was concluded that  etch pat terns  de- 
veloped on the spheres were a consequence of the re-  
action proceeding by the second mechanism proposed 
in Eq. [1] and [2]. 

Since the rate at which cupric ions approached the 
spherical surface was (like oxygen in  the first mechan-  
ism) diffusion controlled, it  is reasonable to assume 
that  reduction of cupric ion to cuprous occurred at all 
orientations. But since the anodic reaction occurred 
only at certain areas these observations serve as ra ther  
extreme examples of the existence of discrete, orien- 
tat ion-sensi t ive anodic and cathodic areas over a crys- 
tal support ing the cupric-cuprous redox reaction. Also, 
they suggest an in terpre ta t ion for observations made 
on nonspherical  crystals. 

Obviously orientat ions which on spherical crystals did 
not sustain the anodic corrosion reaction were com- 
pelled to do so when  those orientations alone were ex- 
posed to solutions. And again observations can be 
interpreted on the basis of the existence of discrete 
anodic and cathodic areas over corroding crystals. The 
pits formed by the corrosion process on the (001) sup- 
port and extend such a supposition (Fig. 1). Su r f ace s  
undergoing corrosion alone permit ted dissolution from 
only a few restricted areas. Even when small  anodic 
currents  were superimposed on the corrosion process, 
removal  of mater ia l  was still confined to these specific 
areas. However, when dissolution occurred solely as 
the resu l to f  an electrolytic cur ren t  flow, even at  cur rent  
densities less than either of the components in the 
former cases, nucleat ion of reaction sites and re-  
moval  of mater ia l  was not  restricted, but  occurred 
uniformly over the entire surface. The effect was as if 
the cathodic par t  of the corrosion process effectively 
prevented the occurrence of anodic phenomena over 
most of the (001) surface. Similar  conclusions can be 
drawn from data concerning the (111) surfaces i l lus-  
t rated in  Fig. 1 and 2. Again, nucleat ion and dissolu- 
t ion occurred more or less un i formly  over the surface 
in  the absence of the corrosion process, but  nonun i -  
formly when accompanied by corrosion. That  the re-  
duction of cupric ions at the metal  surface resulted 
in the dissolution process being resticted, if not pro- 
hibited, over large surface areas appears well  estab- 
lished. 

Perhaps a bet ter  unders tand ing  of the different 
etch pat terns produced by the same over-al l  reaction 
can be gained from a consideration of the energies 
involved. Certainly the total free energy change in any 
one system due to reaction [3] wil l  be the same. How- 
ever, the mechanism of the reaction will  determine 
the method by which the energy is dissipated. It  is not  
unreasonable  that, for the mechanism involving the 
direct attack on the surface by oxygen, most of the 
total free energy change can be expended in  this step 
and a very high percentage of metal  surface atoms 
possess sufficient energy to form the activated complex 
necessary for reaction. Conversely, if much of the 
free energy is expended first in oxidizing cuprous ions 
to cupric as in the second mechanism, re la t ively less 
energy remains  to oxidize Copper metal  to cuprous 
ions. Then few surface atoms of the metal  would 
possess energy sufficient to form the activated com- 
plex necessary for reaction, and dissolution becomes 
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not only a funct ion of the crystal lographic propert ies  
of the crystal, but possibly the defect  s t ructure  as well.  

The manner  in which  the local na ture  of the corro-  
sion process affects cur ren t -potent ia l  relat ionships has 
been shown earlier.  Data of the type shown in Fig. 5 
have l i t t le  value  since, a l though the total  current  flow 
may be known, the current  density associated with  the 
measured  over -poten t ia l  cannot be determined.  The 
data in Fig. 6 showing the var ia t ion in cu r ren t -po ten-  
tial relat ionships for a system ini t ia l ly  corroding, but  
not later, resul ted at least par t ia l ly  f rom a change in 
the electrode process. Admit tedly ,  it is still not certain 
whe ther  the final data collected reflected only that  
corrosion had stopped or that  also the t rue  surface area 
of the electrode had changed. However ,  it is ve ry  clear 
that  ve ry  low corrosion rates resul t  in measurement  
of abnormal ly  large values of potent ial  associated with  
a geometr ic  current  density. This supports the previous 
suggestion that  data, thought  to indicate or ientat ion 
sensit ive equi l ibr ium potent ial  differences in s imilar  
systems, possibly were  obtained f rom assemblies in 
which corrosion was occurr ing very  slowly (1). 

Al though the orientat ion of facets developed on any 
one surface was independent  of the dissolution process, 
this was not the case for their  number  and a r range-  
ment. Since there  were  local fluctuations in orientat ion 
--~ __ %/4 ~ over  all crystal  surfaces, and since in all cases 
the dislocation density was at least of the order of 106/ 
cm ~, there  were  abundant  steps on the surface to fu r -  
nish react ive  kink sites regardless of the means of dis- 
solution. The appearance of the (001) after  corrosion 
and af ter  dissolution suggests that  in both cases re-  
moval  of mater ia l  by motion of steps over  the surface 
was re la t ive ly  difficult, and the nucleat ion of new steps 
was more  difficult in the corrosion case than in the 
latter. Comparison wi th  (111) surfaces produced under  
s imilar  circumstances indicate that  movemen t  of steps 
was more  easily accomplished on this face than on the 
(001). Since it is not obvious that  nucleat ion of new 
steps occurred on the (111) no inferences can be made. 
It  is not at all  impossible that  the steps ini t ia l ly  pres-  
ent  on the surface were  sufficient to sustain the dis- 
solution processes wi thout  the necessity of nucleat ing 
new ones. In addition to the appearance of surfaces, 
this reasoning relies ra ther  heavi ly  on the concept of 
the degree to which the cathodic port ion of the corro-  
sion react ion changes what  could be considered the 
normal  appearance resul t ing f rom anodic dissolution 
alone. 

In summary,  the most significant observations con- 
cerning facet  development  were:  (A) Although gross 
appearances were  vast ly  different, the orientat ions of 
facets developed on any one orientat ion were  a lways 
similar,  regardless  of the dissolution processes. (B) 
In no case were  {001} facets ever  produced, and ex-  
t r emely  few {111} and {011} were  detected. (C) On 
all surfaces most facets were  or iented along the <001~  
zones. Since it has been shown that  no orientat ion is 
measurably  thermodynamica l ly  more  stable in this 
system (1), the fa i lure  to develop facets of close- 
packed orientat ions is understandable.  I t  seems rea -  

F R O M  E Q U I L I B R I U M  79 

sonable then that  the orientat ions of facets are de ter -  
mined more  by the kinetic demands on the system than 
by any the rmodynamic  differences of the crystals. Cer-  
ta inly it is difficult to be l ieve  that  an  or ientat ion about 
4 ~ f rom the {001} along the ~001~  zones is more  
stable than the closer packed {001}. The facets deve l -  
oped must  represent  the orientat ions which not only 
could be formed, but  which also permi t ted  re la t ive ly  
easier movemen t  of steps on the surface in accommo- 
dating the dissolution process. 

The apparent  prohibi t ion of {001} facet develop-  
ment,  the f requency  of format ion of near  {012} and 
near  {014} orientat ions and the preponderance  of facet-  
ing along the <001> zones, as wel l  as the definition of 
broad cathodic and anodic areas by the corrosion proc-  
ess, are problems on which study is continuing. 

Conclusions 
Within the special meanings given to the terms "cor- 

rosion" and "anodic or electrolyt ic  dissolution," and 
within  the l imitat ions of the exper imenta l  conditions, 
the fol lowing conclusions seem reasonable:  

1. Copper single crystals wi th  more  than one ori-  
entat ion exposed to solution exhibi t  distinct, or ienta-  
t ion-sensi t ive  cathodic and anodic areas when sub- 
j ected to oxidation by cupric ions. 

2. If  a crystal  exposes only one orientat ion to solu- 
tion, the corrosion process again results  in the defini- 
tion of distinct anodic and cathodic areas. 

3. Since under  conditions of anodic dissolution alone 
the surface of an electrode of singular orientat ion is 
un i formly  attacked, corrosion and electrolytic dis- 
solution are not e lectrochemical ly  equivalent  in the 
sense that  equal  areas of the electrode are not  avai l-  
able to sustain the process in both cases. 

4. Po ten t ia l -cur ren t  characterist ics exper imenta l ly  
determined at ve ry  low current  densities for a surface 
s imultaneously corroding can be inexact  and wi thout  
obvious relat ionship to values obtained in noncorrod-  
ing systems. 

5. The orientat ions of s tructures developed on a 
surface as the result  of dissolution processes are 
largely  independent  of the na~ture of the process and 
are de termined  more by the kinetic demands im-  
pressed on the surface than by any or ienta t ion-sensi-  
t ive thermodynamic  proper ty  of the crystal. The gross 
features  developed on the surface are governed by 
the types and /o r  re la t ive  rates of the dissolution 
processes. 

Manuscript  received June  17, 1965; revised manu-  
script received Sept. 17, 1965. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to b e  published in the December  1966 
JOURNAL. 
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ABSTRACT 

The a-c and d-c resistances for te t ragonal  zirconia were  measured over  the 
tempera ture  range of 1100~176 and pressure range  of 1 to 10 -14 atm 
oxygen. Polar izat ion studies indicated that  in oxygen atmospheres an oxygen 
electrode reaction occurs at the p la t inum-zirconia  interface so that it is not 
possible accurately to separate ionic and electronic conduction components 
f r o m  the resistance data. However ,  the data do indicate a significant ionic con- 
duction component  wi th in  the pressure and tempera ture  range studied. As-  
suming that  oxygen t ransport  accounts for the ionic conduction some order 
of magni tude  values for oxygen diffusion in zirconia at 1400~ were  cal- 
culated. 

Most chemical  processes of interest  in the fabr ica-  
tion and use of mater ia ls  at high tempera tures  involve  
heterogeneous systems, and the kinetics of these proc-  
esses are more  often than not t ransport-control led.  
However ,  exper imenta l  data on h igh- t empera tu re  dif-  
fusion processes is ve ry  limited, and we are not ye t  
able to predict  t ransport  behavior.  

In conjunction with  recent  studies in our labora-  
tories, on the kinetics of oxidation of zirconium carbide 
and boride in the 1000~176 range, we desired data  
on the mass t ransport  propert ies  of the ZrO2 that  can 
form as a surface coating dur ing the oxidat ion process. 
In particular,  informat ion was sought on the diffu- 
sion of oxygen, the defect s t ructure  of the oxide, and 
the effect of temperature ,  atmosphere,  and impur i ty  
content on the defect structure.  As a resul t  of this 
interest,  we ini t iated a study of the a-c and d-c elec-  
tr ical  conductivi ty of te t ragonal  zirconia in an a t tempt  
to provide some of the desired information.  

From a-c and d-c resistance measurements  we  ex-  
pected to be able to calculate t ransport  numbers  and 
separate ionic and electronic conduction components. 
F rom accurate knowledge of these components a de-  
fect  s t ructure  model  can be developed. In addition, 
knowledge  of ionic conduction wi l l  pe rmi t  the calcu-  
lation of diffusion data for oxygen, providing that  
oxygen is the only ionic species contr ibuting signifi- 
cantly to the ionic conduction. 

Previous work  on te t ragonal  zirconia has been ex-  
t remely  limited. Kofstad and Ruzicka (1) found that  
the direct current  conductivi ty of te t ragonal  zirconia 
had a complex oxygen dependence. They proposed as 
a possible explanat ion for this behavior  that  zirconia 
is an ionic conductor wi th  a coupled t ransport  of oxy-  
gen vacancies and interst i t ials  and pointed out that  to 
confirm this explanat ion it  would  be desirable to study 
the re la t ive  importance of ionic and electronic conduc- 
tion as a function of the par t ia l  pressure of oxygen. 
Vest and Tal lan (2) have  been studying te t ragonal  
as well  as monoclinic zirconia concurrent ly  wi th  this 
s tudy uti l izing a polarizat ion technique. Their  results  
have  not yet  been repor ted  in detail. 

Experimental Details 
Sample materiaL--Very dense, h igh-pur i ty  sample 

boules were  prepared  f rom ZrO2 by mel t ing  the oxide 
in an arc imaging furnace designed to permi t  a powder  
feed to the hot zone. Samples  were  cut f rom this ma-  
ter ial  wi th  a diamond sectioning saw. 

The start ing oxide for the preparat ion of the boules 
was ei ther  reactor  grade oxide obtained f rom Wah 
Chang Corporation, or oxide prepared in our  labora-  
tories f rom Wah Chang sponge. The spectrographic 
analyses of these oxides labeled lot I and II, respec-  
t ively,  are presented in Table  I. Also presented is a 
s imilar  analysis on a boule prepared  f rom lot II ma-  
terial. The fusion process has resul ted in a much lower  

trace impur i ty  concentrat ion level. Quant i ta t ive  spec- 
t rochemical  analysis for A1 and Fe in a boule made 
with  lot II oxide gave values of 0.007 and 0.01% for 
A1 and Fe, respectively,  checking very  wel l  wi th  the 
semiquant i ta t ive  report.  

Electrical leads.--In our ini t ial  work, thin disks were  
held in compression be tween two a lundum rods carry-  
ing the electrical  leads from outside the furnace area. 
Electr ical  contact was made by a bead or thin foil of 
p la t inum held against  the sample. Results wi th  this 
holder  were  easily affected by shocks and vibrat ions 
outside the furnace. 

Therefore,  most of our work  including that  reported 
here  has been done with leads connected direct ly  to the 
samples. These are made  to the end of the sample by 
ini t ial ly put t ing down a thin layer  of p la t inum using 
e i ther  vapor  deposition or " l iquid plat inum."  In the 
a-c d-c  resistance measurements  repor ted  here, the 
leads consisted of a Pt, P t -Rh  thermocouple  at tached 
to each end of the sample. In the d-c  resistance meas-  
urements  one set of thermocouple  wires was used as 
current  leads, while  the other  was used as potent ial  
leads. 

Temperature and atmosphere control.--A resistance 
furnace wound with  pla t inum-10% rhodium and op- 
erated with  a constant voltage power  unit  was used 
to control the tempera ture  of the sample. The atmos-  
phere was fixed by using pure  oxygen, an oxygen-  
hel ium mixture ,  CO-CO2 mixtures,  or H2-H20 mix -  
tures at 1 arm total pressure. 

Table I. Spectrochemical semi-quantltative analyses 
of Zr02 materials 

S t a r t i n g  o x i d e  p o w d e r s  
I m p u r i t y  L o t  I L o t  I I  

Boule from 
lot II oxide 

AJ 125 p p m  0.01 to 1% 
B 0.2 0.001 
Cd 0.3 N D  
Co < 5  N D  
Cr  < 1 0  0.001 to 0.01 
Cu <25 0.001 to 0.01 
Fe 790 0.01 to 1.0 
~If < 4 0  0.001 to  0.01 
Mg 30 0.001 to  0.1 
M n  10 0.001 to 0.01 
Mo < 10 N D  
Ni  < 5  N D  
P b  < 5  0.001 to 0.01 
S i  40  0.01 to 0.1 
Sn < I0  0.001 
T i  52 N D  
V <5 N D  
W < 2 5  0.001 to 0.01 
Z n  < 5 0  N D  
Ge < 5 0  0.001 to 0.01 
S r  <50  0.001 to 0.01 
Ba <50 0.001 to 0.1 
Na <50 0~001 to 0.01 
B i  <50 0.0001 
Ag - -  ND 

0 .001-0 .01% 
N D  
N D  
N D  

�9 0.0001 
0.0001 
0 .001-0.01 

0.0001 
N D  
N D  
0.0001 
N D  
0.001 
N D  
N D  
N D  
N D  
N D  
N D  
N D  
N D  
0.001 
N D  
0.0001 

N o t e :  < = less  t h a n ,  a n d  N D  = n o t  d e t e c t e d .  
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I n  s o m e  of t h e  s t u d i e s  t h e  t e m p e r a t u r e  of t h e  f u r -  
n a c e  w a s  i n c r e a s e d  or  d e c r e a s e d  a t  a s t e a d y  r a t e  of 
1 or  2 d e g / m i n  u s i n g  a m o t o r  d r i v e  a t t a c h e d  to t h e  
v a r i a c  w h i c h  feeds  p o w e r  to  t h e  f u r n a c e .  

I n  t h e  p o l a r i z a t i o n  s t u d i e s  w h i c h  w e r e  c a r r i e d  to 
v e r y  l ow  p o t e n t i a l  l eve l s ,  too  m u c h  a - c  p i c k u p  w a s  o b -  
s e r v e d  fo r  m e a n i n g f u l  m e a s u r e m e n t s ,  a n d  fo r  t h e s e  
s t ud i e s  a d - c  p o w e r  s o u r c e  for  t h e  f u r n a c e  w a s  u s e d  
to e l i m i n a t e  t h i s  diff icul ty.  

Resistance measurements . - -The  a -c  r e s i s t a n c e  w a s  
m e a s u r e d  a t  1 kc  w i t h  a G e n e r a l  R a d i o  T y p e  1650A i m -  
p e d a n c e  b r idge .  T h e  d - c  r e s i s t a n c e  w a s  d e t e r m i n e d  b y  
p a s s i n g  a k n o w n  d - c  c u r r e n t  t h r o u g h  t h e  s a m p l e  a n d  
m e a s u r i n g  t h e  e m f  ac ross  t h e  s a m p l e  u s i n g  a L&N 
T y p e  K p o t e n t i o m e t e r .  T h e  d - c  m e a s u r e m e n t s  w e r e  
m a d e  f r e q u e n t l y  w i t h  c u r r e n t  f low r e v e r s e d  to  d e t e c t  
e r r o r s  i n t r o d u c e d  b y  a n y  t h e r m a l  emf .  

C u r r e n t - v o l t a g e  c u r v e s  w e r e  d e t e r m i n e d  so t h a t  d - c  
m e a s u r e m e n t s  m i g h t  b e  c a r r i e d  ou t  b e l o w  a n y  a p -  
p a r e n t  d e c o m p o s i t i o n  p o t e n t i a l .  F o r  p u r e  ZrO2 w e  
f o u n d  a s t r a i g h t  l i n e  I to E r e l a t i o n s h i p  b e l o w  p o t e n -  
t i a l s  of 0.1v. T h e  c u r v e s  b e g a n  to b r e a k  as p o t e n t i a l s  
w e r e  i n c r e a s e d  b e y o n d  th i s  po in t .  F o r  o u r  s a m p l e  
g e o m e t r y  t h e  s t r a i g h t  l i n e  p o r t i o n  c o r r e s p o n d e d  to 
c u r r e n t s  u p  to  a b o u t  100 #a. O u r  d - c  m e a s u r e m e n t s  
w e r e  g e n e r a l l y  m a d e  a t  c u r r e n t s  of 10-20 #a. 

M e a s u r e m e n t s  w e r e  m a d e  a t  e i t h e r  a c o n s t a n t  t e m -  
p e r a t u r e  w h i l e  t h e  a t m o s p h e r e  w a s  v a r i e d ,  or,  m o r e  
f r e q u e n t l y ,  t h e  a t m o s p h e r e  or  r a t i o  of gases  d e t e r m i n -  
i ng  t h e  a t m o s p h e r e  w a s  fixed, a n d  t h e  t e m p e r a t u r e  
w a s  i n c r e a s e d  or  d e c r e a s e d  a t  a f ixed  r a t e  w i t h  i n t e r -  
m i t t e n t  m e a s u r e m e n t s  of  a - c  a n d  d - c  r e s i s t a n c e  o n  t h e  
s ample .  

Results 

A - C  and d-c resistance measurements . - -The  a - c  a n d  
d - c  e l e c t r i c a l  r e s i s t a n c e  of ZrO2 s a m p l e s  w a s  m e a s u r e d  
o v e r  t h e  t e m p e r a t u r e  r a n g e  of 1100~176 a n d  o v e r  
t h e  p r e s s u r e  r a n g e  f r o m  1 to 10 -14 a t m  oxygen .  T h e  
d a t a  o b t a i n e d  fo r  one  s a m p l e ,  No. 12, a r e  p r e s e n t e d  in  
Fig.  1 t h r o u g h  5. F o r  t h e s e  m e a s u r e m e n t s  b o t h  c u r r e n t  
a n d  p o t e n t i a l  l e ads  w e r e  c o n n e c t e d  to  t h e  c o m p l e t e l y  
c o a t e d  e n d s  of  t h e  s am p l e ,  a n d  t h e  c o n d u c t i v i t y  w a s  
c a l c u l a t e d  f r o m  t h e  k n o w n  g e o m e t r y .  T h e  s a m p l e  
m e a s u r e d  0.385 in. l o n g  a n d  0.206 x 0.177 in.  i n  c ross  
sec t ion .  

T h e  r e s u l t s  r e p o r t e d  on  s a m p l e  No. 12 w e r e  o b -  
t a i n e d  w i t h i n  a p e r i o d  of t h r e e  w e e k s  w h i l e  a n  a t t e m p t  
w a s  b e i n g  m a d e  to k e e p  t h e  s a m p l e  in  t h e  t e t r a g o n a l  
phase .  D u r i n g  th i s  p e r i o d  i t  w a s  n e c e s s a r y  to cool  t h e  
s a m p l e  once  t h r o u g h  t h e  m o n o c l i n i c - t e t r a g o n a l  t r a n s i -  
t i o n  in  o r d e r  to r e p l a c e  a l e ad  w h i c h  b e c a m e  d e t a c h e d .  
I n  g e n e r a l ,  w e  h a v e  o b s e r v e d  e x c e l l e n t  r e p r o d u c i b i l i t y  
of r e s u l t s  on  succes s ive  r u n s  u p  a n d  d o w n  in  t e m p e r a -  
t u r e ,  w h i l e  r e m a i n i n g  w i t h i n  t h e  t e t r a g o n a l  phase .  
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Fig. 1. Electrical resistance vs. reciprocal temperature (oxygen, 
log Po2 = 0).  
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H o w e v e r ,  s o m e t i m e s  a f t e r  t a k i n g  a s a m p l e  b a c k  a n d  
f o r t h  t h r o u g h  t h e  p h a s e  t r a n s i t i o n ,  w e  o b s e r v e  i n -  
c r ea se s  o n  t h e  o r d e r  of s e v e r a l  p e r  c en t  in  t h e  r e s i s t -  
a n c e  w h i c h  w e  a t t r i b u t e  to  t h e  f o r m a t i o n  of  m i c r o -  
c r a c k s  in  t h e  s a m p l e  d u r i n g  t h e  t r a n s i t i o n .  I n  t h i s  p a r -  
t i c u l a r  case  w i t h  s a m p l e  No. 12, t h e r e  w a s  n o  s ig-  
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Fig. 2. Electrical resistance vs. reciprocal temperature (oxygen 
-t- helium, log Poe = - -2 .49 ) .  
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Fig. 4. Electrical resistance vs. reciprocal temperature (carbon 
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Fig. 5. Electrical resistance vs. reciprocal temperature (hydrogen 
-F helium -I- water vapor, log Po2 ~ --14.2 to --11.0). 

nificant effect on the resistance f rom the passage back 
and for th  through the phase transition. The init ial  
runs were  in pure oxygen and in H2-H20 mixture .  
Af te r  the cooling operation, the complete  s tudy in 
oxygen was repeated wi th  agreement  wi th in  1%. 

Frequen t ly  be tween  the subsequent  a tmosphere  
studies the resistance in oxygen was measured  again. 
The points in Fig. 1 represent  the combined results  of 
measurements  made on seven different days dur ing 
the period when  all  data  repor ted  here  except  the 
H2-H20 were  obtained. On most of these days only in -  
dividual  points were  determined after  holding the 
sample overnight  in an oxygen a tmosphere  at some 
tempera ture  in the  te t ragonal  region. The agreement  is 
taken as an indication of a lack of change in the sample 
or electr ical  leads dur ing this period. The scatter  in 
the a-c measurements  is on the order  of _ 1%, and 
this is much less than the changes observed as the at-  
mosphere  is changed. 

In Fig. 6 we  present  plots of zirconia conduct ivi ty  
as a funct ion of oxygen pressure at different t emper -  
atures which are der ived f rom the a-c resistance curves 
of Fig. 1-4. These curves show a min imum in total  
conductance at a pressure of 10-4-10 -5 atm. The total 
change in conductance wi th  the greater  than tenfold 
change in pressure is ve ry  slight, less than a factor of 
two. It  may  be noted that  data  presented in Fig. 4 and 
5 represent  almost ident ical  oxygen  pressures, but  in 
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one case CO-CO2 was used to set the oxygen pres-  
sure, whereas  in the other a H2-H20 mix ture  was used. 
In drawing  the curves of Fig. 6, only the results f rom 
the CO-CO2 mixtures  have been used, for reasons 
which wil l  be discussed short ly under  a tmosphere  
effects. 

In Fig. 7 are plot ted as log conduct ivi ty  vs. reciprocal  
t empera ture  data taken f rom Fig. 6 for pressures of 
1 and 10 -zo atm oxygen. These curves show that  at 
low pressures there  is an apparent  increase in act iva-  
tion energy as t empera tu re  is increased whi le  at 1 atm 
there  is no apparent  change over  the tempera ture  range 
studied. 

Results obtained on samples prepared  f rom both 
oxide sources were  essential ly identical. In Fig. 8 we 
plot  results obtained on sample No. 9 which was cut 
f rom a boule prepared  f rom the Wah Chang reactor  
grade oxide. These data were  obtained at a constant 
t empera tu re  of 1525~ • 10 whi le  oxygen pressure 
w a s  var ied by means  of a tmosphere  control. The dotted 
line represents  comparable  data for sample No. 12. 
It  wil l  be noted that  a l though displaced somewhat  
in absolute conductance the behavior  wi th  var ia t ion 
in pressure is identical  for the two samples. 

I t  can be seen in Fig. 1-5 and 8 that  d-c  resistances 
measured  are different than the a-c  values. If  there  
were  no ionic component  of conduction, we  would  ex-  
pect  the a-c and d-c  values to be identical.  The differ- 
ences observed are evidence for  a significant ionic com- 
ponent  of conduction. In order  to separate  ionic and 
electronic components  of conduction f rom the a-c and 
d-c resistance measurements  two assumptions must  be 
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made. One assumption is that  under  d-c  conditions 
only electrons are  t ransfer red  across the p la t inum-  
zirconia contact. That  is to say that  when  a d-c  po- 
tential  is applied, both electrons and ions migra te  
toward the electrodes, but  only the electrons can be 
discharged; the ions assume a concentrat ion gradient  
which opposes the field. The second assumption is that  
the potent ial  drop across this space charge resul t ing 
f rom the concentrat ion gradient  of the ions is small  
compared to the total potential  drop across the sample. 
Providing that  these assumptions are reasonably valid, 
ionic t ransference numbers  may  be calculated f rom 
the relat ionship 

Rdc - -  Rac 
t i~-"  

Rdc 

In making the studies cur ren t -potent ia l  curves were  
determined and measurements  were  made at the small  
currents  and potentials corresponding to the straight  
line port ion of the curve;  thus it was presumed that  
the measurement  conditions were  below the decom- 
position potential  of the zirconia. On this basis we 
calculated ionic and electronic conductivit ies and a 
ve ry  reasonable picture  evolved.  

We were  concerned, however ,  wi th  establishing the 
l imits of er ror  introduced in our s tudy by the two as- 
sumptions made in using the d-c  resistance measure-  
ments to separate ionic and electronic conductivity.  
In studies on a l ime-stabi l ized zirconia sample wi th  
the identical  technique, we found about 90% ionic 
t ransport  when  measured  in helium, but  a much lower  
ionic t ransport  indicated when  measured in oxygen. 
This could be at t r ibuted only to some oxygen reac-  
tion at the electrodes in the oxygen atmosphere  since 
we would expect  that  the l ime content  makes the 
t ransport  propert ies  a tmosphere  independent.  To ex-  
plore fu r the r  the errors  introduced by our assumptions, 
we carr ied out more  detai led studies of the polar iza-  
t ion behavior  of several  samples. 

Polarization studies.--Further study of this problem 
was carr ied out using a sample of zirconia containing 
about 5 mole  % CaO, which we obtained f rom the 
Norton Company. This mater ia l  has about one th i rd  
of the l ime content  of the  sample studied by Kingery.  
We would  expect  a high ionic conductance which is 
v i r tua l ly  a tmosphere  independent.  

We at tached three potent ia l  electrodes along the 
sample as wel l  as current  leads on the end. The end 

i 
i 23o 
�9 ir zoo 

140 

~  3 2 1 ^ 

Fig. 9. Resistances calculated for various electrodes with respect 
to electrode A from potential measurements at 1390~ in various 
atmospheres. 

leads covered the cross section of the sample and 
helped insure that  current  flux was uni form across 
the sample. The potential  leads were  spaced along the 
1.3 cm length of the sample in the proportions indi-  
cated on the abscissa of Fig. 9, and were  made by 
wrapping  and twist ing a piece of p la t inum wire  around 
the sample. To reduce the contact resistance of these 
leads, a spot of "pla t inum paste" was used at about 
three  or four  points around the c i rcumference  of the 
sample to spot sinter the potent ial  lead to the sample. 

In Fig. 9 we plot the resistance of the sample as cal-  
culated f rom end B to end A and to each of the three  
potent ial  leads. The a-c potentials were  measured 
using an oscilloscope to de termine  potent ial  drops be-  
tween the current  and potent ia l  electrodes, and calcu- 
lated resistances for all atmospheres fal l  on a straight 
l ine wi th in  the precision of the oscilloscope measure -  
ment.  The fact that  a s t raight  line is obtained confirms 
the positioning of the leads as de termined  by meas-  
urement ,  and also indicates uni formi ty  of the sample. 
Resistances calculated f rom d-c potent ial  measure -  
ments,  however ,  do not fal l  on a s traight  line. We at-  
t r ibute  the high resistance at e i ther  end to space 
charge  polarization. The fact  that  they are  such a large 
port ion of the total  resistance indicates that  separate 
potent ial  leads such as on this sample should be used 
in the determinat ion  of d-c resistance. The three  points 
calculated f rom the three  potent ial  leads do, in gen-  
eral, fall  on a s traight  line, thus indicat ing sample 
uni formi ty  and fur ther  indicating that  the large po- 
tent ial  gradient  is ve ry  close to the end of the sample, 
as we  would expect  for space charge polarization. 

Note, however ,  that  when the sample is equi l ibrated 
in a h igh-oxygen  atmosphere  ra ther  than helium, the 
d-c  resistance calculated across the potent ial  leads 
corresponds to that  calculated f rom the a-c  measure -  
ments. This behavior,  assuming no oxygen react ion 
at t h e  electrodes, indicates close to zero ionic t rans-  
port  contrary  to results  in helium. This occurs in a 
sample which we expect  to be pr imar i ly  an ionic con- 
ductor independent  of atmosphere.  This behavior  in 
oxygen-conta in ing atmospheres is confirmed in studies 
on other  z i rconia- l ime samples of even  higher  l ime 
content. 

We conclude f rom these studies that  the plat inum 
electrodes cannot be assumed to be iner t  and blocking 
to an oxygen electrode reaction;  in order  to explain 
our observations, the react ion �89 02 -b 2e ---- 0 -2 must  
occur at a significant ra te  at the p la t inum-zi rconia  in-  
terface in atmospheres containing oxygen  pressures 
of 10 -8.72 atm and greater.  We have  found no evidence 
that  reducing the area of the current  electrode wil l  
modify  the ra te  of this react ion and thus the  behavior  
of the samples. 

As a consequence of these results it is evident  that  
an accurate separat ion of ionic and electronic com- 
ponents of conduction cannot be made from the a-c  
and d-c resistance data for pure  zirconia repor ted  in 
this paper. We now recognize that  the assumptions 
necessary for such calculations are far  f rom valid, and 
we see no way  in which to e l iminate  wi th  any degree 
of success the uncertaint ies  introduced by using such 
assumptions. F rom the data in Fig. 9 one can see that  
the assumption of no oxygen electrode react ion is 
most in error  at h igh-oxygen  pressures, whi le  the 
assumption that  the potent ial  drop across the space 
charge is small  compared to the total potent ia l  drop 
across A - B  is most in er ror  at ve ry  low-oxygen  
pressures. 

Vest and Tal lan (3) have  recent ly  repor ted  the ap- 
pl icat ion of a polarization technique to the study of 
Ca0.15Zr0.s501.85. Many of their  data are f rom t ime 
dependent  d-c  measurements  ra ther  than a combina-  
tion of a-c and d-c  measurements ,  but  the data re -  
sult ing f rom ei ther  technique are comparable.  In their  
work  they also have  recognized the oxygen gas reac-  
tion occurr ing at the p la t inum electrode and have pro-  
posed a means for in terpre t ing  their  data which takes 
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i n t o  a c c o u n t  t h i s  r e a c t i o n .  T h e i r  i n t e r p r e t a t i o n  of t h e i r  
d a t a  r e c o g n i z e s  t h a t  in  c e r t a i n  p r e s s u r e  r e g i o n s  t h e  
v a r i o u s  c o n d u c t i v i t y  d a t a  r e c o r d e d  m a y  b e  p r i m a r i l y  
d u e  to e i t h e r  e l ec t ron ic ,  ionic,  or  t h e  g a s - e l e c t r o d e  
r eac t ion .  T h u s  b y  s u c h  a s s i g n m e n t  of t h e i r  d a t a  to  a 
specif ic  c o n d u c t i o n  m e c h a n i s m  a n d  b y  e x t r a p o l a t i o n  
of t h e s e  d a t a  i n to  t h e  r e g i o n s  in  w h i c h  m o r e  t h a n  one  
c o n d u c t i o n  m e c h a n i s m  c o n t r i b u t e s  s i g n i f i c a n t l y  to  t h e  
m e a s u r e d  r e s u l t s  t h e y  p r o p o s e d  to s e p a r a t e  ionic  a n d  
e l e c t r o n i c  c o n d u c t i v i t y  i n  t h e  m i x e d  c o n d u c t i o n  r e -  
gion.  S u c h  a t e c h n i q u e  is no t  a p p l i c a b l e  to  o u r  d a t a  
s ince  w e  c a n  r e c o g n i z e  no  r e g i o n  in  w h i c h  o n e  c o n -  
d u c t i o n  m e c h a n i s m  a l o n e  is p r e d o m i n a n t .  D a t a  co l -  
l e c t e d  o v e r  a m u c h  w i d e r  r a n g e  of o x y g e n  p r e s s u r e  
m i g h t  i n d i c a t e  s u c h  reg ions .  H o w e v e r ,  i n  c o n s i d e r i n g  
a p p l i c a t i o n  of th i s  t e c h n i q u e  o n e  s h o u l d  r e c o g n i z e  
t h a t  a s t r a i g h t  l i ne  e x t r a p o l a t i o n  i n to  t h e  m i x e d  c o n -  
d u c t i o n  r e g i o n  is n o t  n e c e s s a r i l y  c o r r e c t  s ince,  in  g e n -  
e ra l ,  one  c a n  e x p e c t  c h a n g e s  in  t h e  d e p e n d e n c y  of 
e l e c t r o n i c  a n d  ionic  c o n d u c t i o n  on  o x y g e n  p r e s s u r e  in  
d i f f e r e n t  p r e s s u r e  r eg ions .  I n  a d d i t i o n  V e s t  a n d  T a l l a n  
a s s u m e  t h a t  t h e  ion ic  p o l a r i z a t i o n  is s m a l l  a n d  does  
n o t  affect  t h e i r  m e a s u r e m e n t s .  O u r  s t u d i e s  s h o w  t h a t  
a l a r g e  p o l a r i z a t i o n  p o t e n t i a l  exis ts .  W e  r e c o g n i z e  n o  
bas i s  fo r  a s s u m i n g  t h a t  t h e  p o l a r i z a t i o n  p o t e n t i a l  w i l l  
n o t  af fec t  t h e  r e s u l t i n g  m e a s u r e m e n t s .  To conc lude ,  
w e  b e l i e v e  t h a t  t h e  m e a n s  p r o p o s e d  b y  V e s t  a n d  T a l -  
l a n  fo r  t r e a t i n g  t h e i r  d a t a  c a n  be  u s e f u l  as a f i rs t  a p -  
p r o x i m a t i o n  to s e p a r a t i n g  t h e  c o n d u c t i o n  c o m p o n e n t s  
w h e n  d a t a  a r e  a v a i l a b l e  o v e r  a suf f ic ien t ly  w i d e  r a n g e .  
H o w e v e r ,  i n  o u r  o p i n i o n  t h e  t e c h n i q u e  c a n n o t  b e  a p -  
p l i e d  to o u r  s t ud i e s  to  p r o d u c e  t h e  a c c u r a t e  a n d  d e -  
t a i l e d  s e p a r a t i o n  of ion ic  a n d  e l e c t r o n i c  c o n d u c t i o n  
w h i c h  w e  seek.  

W h i l e  w e  canno t ,  t h e r e f o r e ,  f r o m  t h e  a - c  d - c  r e -  
s i s t ance  d a t a  m a k e  a h i g h l y  a c c u r a t e  a n d  d e t a i l e d  s e p -  
a r a t i o n  of ion ic  a n d  e l e c t r o n i c  c o n d u c t i o n  c o m p o n e n t s  
as a f u n c t i o n  of t e m p e r a t u r e  a n d  o x y g e n  p r e s s u r e ,  o u r  
d a t a  do i n d i c a t e  t h a t  ion  t r a n s p o r t  is a s i gn i f i can t  
c o m p o n e n t  in  t h e  o v e r - a l l  p r oce s s  a n d  t h u s  p r o v i d e  a 
bas i s  for  e s t i m a t i n g  t h e  ion ic  c o n d u c t i v i t y .  I f  t h e  ion ic  
c o n d u c t i v i t y  was  on  t h e  o r d e r  of 1% or  less, w e  w o u l d  
p r o b a b l y  n o t  h a v e  o b s e r v e d  a n y  s ign i f i can t  d i f f e r e n c e  
in  o u r  a - c  a n d  d - c  m e a s u r e m e n t s ;  t h e  d i f f e r ences  
no ted ,  w e  be l i eve ,  i n d i c a t e  t h a t  ion ic  c o n d u c t i v i t y  
m u s t  b e  o n  t h e  o r d e r  of s e v e r a l  p e r  c e n t  of t h e  t o t a l  
e v e n  a t  h i g h  p a r t i a l  p r e s s u r e s  of oxygen .  I n  T a b l e  I I  
a r e  p r e s e n t e d  t r a n s f e r e n c e  n u m b e r s  c a l c u l a t e d  f r o m  
t h e  a -c  d - c  r e s i s t a n c e  d a t a  of Fig. 4. T h e  d a t a  in  Fig.  
4 a r e  fo r  o x y g e n  p r e s s u r e s  of 10 -11 a t m  or  less;  u n d e r  
s u c h  cond i t i ons ,  as  p o i n t e d  ou t  in  a p r e v i o u s  p a r a -  
g r a p h ,  t h e  m a j o r  e r r o r  i n  u s i n g  t h e  d a t a  f o r  t r a n s -  
f e r e n c e  n u m b e r s  is t h e  u n c e r t a i n t y  w i t h  r e g a r d  to t h e  
space  c h a r g e  p o l a r i z a t i o n  p o t e n t i a l .  H o w e v e r  t h i s  e r r o r  

i n f luences  t h e  r e s u l t s  in  s u c h  a m a n n e r  t h a t  c a l c u -  
l a t e d  e l e c t r o n i c  t r a n s f e r e n c e  n u m b e r s  a r e  l o w e r  t h a n  
t h e  ac tua l .  As  i n d i c a t e d  i n  T a b l e  II  c a l c u l a t e d  v a l u e s  
i n c r e a s e  f r o m  0.39 a t  1410~ to 0.78 a t  1610~ I n  
sp i t e  of t h e  f ac t  t h a t  t h e s e  v a l u e s  a r e  p r o b a b l y  o n  
t h e  low s ide  i t  is s t i l l  e v i d e n t  t h a t  e l e c t r o n i c  c o n d u c -  
t i o n  is a l a r g e  c o m p o n e n t  a t  t h e  h i g h - t e m p e r a t u r e  a n d  
l o w - p r e s s u r e  e n d  of o u r  s tud ies .  As  s h o w n  in  Fig.  7 
t h i s  is t h e  s a m e  r e g i o n  i n  w h i c h  t h e r e  is a m a r k e d  
c h a n g e  in  a c t i v a t i o n  e n e r g y  fo r  t o t a l  c o n d u c t i v i t y  i n -  
d i c a t i n g  a r a d i c a l  c h a n g e  i n  t h e  m e c h a n i s m  r e s p o n s i b l e  
fo r  c o n d u c t i o n .  I n  o u r  o p i n i o n  t h e s e  d a t a  i n d i c a t e  t h a t  
o v e r  m o s t  of t h e  p r e s s u r e - t e m p e r a t u r e  r a n g e  s t u d i e d  

Table II. Transference numbers calculated from data of Fig. 4 

TerD.per- Rae, Rde, 
a t u r e ,  ~  o h m  o h m  ti te 

1410 1100 2820 0.61 0.39 
1470 935 1740 0.46 0.54 
1540 759 1150 0.34 0.66 
1610 617 795 0.22 0.78 

( Rae -- Rac / 
t~ - - ,  Se = 1 - - t i  

Rde 

t h e  ion ic  c o n d u c t i o n  c o m p o n e n t  r e p r e s e n t s  s e v e r a l  
t e n s  of p e r  c e n t  of t h e  t o t a l  c o n d u c t i v i t y .  

O n  t h e  bas i s  of t h e s e  c o n s i d e r a t i o n s  of t h e  d a t a  w e  
e s t i m a t e  t h a t  t h e  ion ic  c o n d u c t i v i t y  of p u r e  z i r c o n i a  
as r e p r e s e n t e d  b y  o u r  s a m p l e  No. 12 a t  1400~ fa l l s  
w i t h i n  t h e  l i m i t s  of  0.0005 to 0.0025 o h m  -1  c m  -1  in  
t h e  o x y g e n  p r e s s u r e  r a n g e  f r o m  1 to  10 -1~ a t m .  

H a v i n g  e s t a b l i s h e d  a n  o r d e r  of m a g n i t u d e  fo r  ion ic  
c o n d u c t i o n  in  o u r  z i r c o n i a  m a t e r i a l  t h e  n e x t  q u e s t i o n  
is w h e t h e r  w e  c a n  e s t a b l i s h  w h i c h  ion  p r o v i d e s  t h e  
c o n d u c t i o n  c o m p o n e n t .  L i m e  s t a b i l i z e d  z i r c o n i a  is 
g e n e r a l l y  r e c o g n i z e d  as a n  ion ic  c o n d u c t o r  d u e  to o x -  
y g e n  t r a n s p o r t  b y  a v a c a n c y  m e c h a n i s m .  S o m e w h a t  
a n a l o g o u s l y  w e  w o u l d  e x p e c t  t h e  f o r m a t i o n  of  o x y g e n  
v a c a n c i e s  in  z i r c o n i a  w i t h  d e c r e a s i n g  o x y g e n  p r e s -  
s u r e  a n d  t h u s  a n  i n c r e a s e  in  ion ic  c o n d u c t i o n  w i t h  d e -  
c r e a s i n g  p r e s s u r e .  H o w e v e r  o u r  d a t a  i n d i c a t e  l i t t l e  
c h a n g e  i n  ion ic  c o n d u c t i v i t y  w i t h  p r e s s u r e  dec rease ,  
c o n t r a r y  to o u r  i n i t i a l  e x p e c t a t i o n  of o x y g e n  t r a n s p o r t  
b y  a v a c a n c y  m e c h a n i s m .  O n  t h e  o t h e r  h a n d ,  t h e  b e -  
h a v i o r  of t h e  a - c  a n d  d - c  m e a s u r e m e n t s  w i t h  i n c r e a s -  
i ng  p r e s s u r e  c a n  r e a d i l y  b e  i n t e r p r e t e d  as d u e  to a n  
o x y g e n  r e a c t i o n  a t  t h e  e l e c t r o d e s  s u c h  as w e  c o n -  
c l u d e d  o c c u r r e d  w i t h  t h e  l i m e  s t a b i l i z e d  s a m p l e  w e  
s t u d i e d ;  t h i s  b e h a v i o r  t e n d s  to i n d i c a t e  t h a t  o x y g e n  
ion  t r a n s p o r t  is i m p o r t a n t .  O n e  e x p l a n a t i o n  c o u l d  b e  
t h a t  o x y g e n  t r a n s p o r t  occurs ,  b u t  t h a t  t h e  v a c a n c y  
c o n t e n t  is c o n t r o l l e d  b y  i m p u r i t i e s .  A n o t h e r  a l t e r n a -  
t i v e  e x p l a n a t i o n  c o u l d  b e  t h a t  a c o m b i n a t i o n  of ionic  
c o n d u c t i o n  m e c h a n i s m s  ex i s t s  w h i c h  v a r y  w i t h  o x y g e n  
p r e s s u r e  in  oppos i t e  d i r e c t i o n s  p r o d u c i n g  l i t t l e  n e t  
c h a n g e  in  t o t a l  ion ic  c o n d u c t i o n .  I n  o u r  o p i n i o n  a 
d e t a i l e d  i n t e r p r e t a t i o n  of t h e  d e f e c t  s t r u c t u r e  a n d  t h e  
ion ic  c o n d u c t i o n  m e c h a n i s m  w i l l  r e q u i r e  a m u c h  m o r e  
a c c u r a t e  s e p a r a t i o n  of ionic  a n d  e l e c t r o n i c  c o n d u c t i o n  
c o m p o n e n t s  t h a n  c a n  b e  a c h i e v e d  b y  a p o l a r i z a t i o n  
t e c h n i q u e .  

W h i l e  o u r  d a t a  do n o t  p e r m i t  us  to  a s s i g n  t h e  ion ic  
c o n d u c t i o n  u n e q u i v o c a l l y  to  o x y g e n  t r a n s p o r t ,  i t  is 
w o r t h w h i l e  to a s s u m e  t h a t  o x y g e n  t r a n s p o r t  is t h e  
p r i m a r y  c o m p o n e n t  a n d  d e t e r m i n e  w h e t h e r  t h i s  as -  
s u m p t i o n  is c o n s i s t e n t  w i t h  o t h e r  f indings .  I f  w e  as -  
s u m e  t h a t  t h e  e s t i m a t e d  ion ic  c o n d u c t i o n  of 0.0005 
to 0.0025 o h m  -1  cm -1  a t  1400~ is d u e  to o x y g e n  
t r a n s p o r t  w e  c a n  c a l c u l a t e  t h e  d i f fus ion  coeff ic ient  
fo r  o x y g e n  in  z i r c o n i a  u s i n g  t h e  N e r n s t - E i n s t e i n  r e l a -  
t i onsh ip .  O n  th i s  bas i s  w e  c a l c u l a t e  t h a t  t h e  d i f fus ion  
coeff ic ient  of o x y g e n  m a y  f a l l  w i t h i n  t h e  l i m i t s  of 0.22 
to 1 .1xl0  - s  c m 2 / s e c  a t  1400~ S u c h  v a l u e s  fo r  t h e  d i f -  
f u s i o n  coeff ic ient  a p p e a r  r e a s o n a b l e  in  r e l a t i o n s h i p  to 
t h e  w o r k  a t  l o w e r  t e m p e r a t u r e s  a n d  s o m e w h a t  d i f f e r -  
e n t  s t r u c t u r e s  b y  K i n g e r y  et al. (4) o n  Ca0.1~Zr0.8501.85, 
a n d  D o u g l a s  (5)  on  ZRO1.994. I n  a d d i t i o n  a d i f fus ion  
coeff ic ient  of t h e  s a m e  o r d e r  of m a g n i t u d e  as t h a t  c a l -  
c u l a t e d  h e r e  w a s  d e t e r m i n e d  for  o x y g e n  in  ThO2 (6) 
a t  1400~ 

Atmosphere efrects.--In o u r  w o r k  w e  h a v e  o b s e r v e d  
b e h a v i o r  w h i c h  w e  i n t e r p r e t  as  e v i d e n c e  fo r  i n t e r a c -  
t i o n  of t h e  CO-CO2 a n d  H 2 - H 2 0  a t m o s p h e r e s  w i t h  o u r  
o x i d e  samples .  A p p a r e n t l y  s u c h  i n t e r a c t i o n s  a r e  n o t  
u s u a l l y  c o n s i d e r e d  in  w o r k  in  t h i s  field, as  m o s t  p a p e r s  
in  w h i c h  t h e s e  a t m o s p h e r e s  a r e  u s e d  to fix o x y g e n  
p r e s s u r e  m a k e  n o  c o m m e n t  r e l a t i v e  to pos s ib l e  i n t e r -  
a c t i ons  w i t h  s a m p l e  m a t e r i a l s .  

F o r  t h e  s a m e  o x y g e n  p r e s s u r e  w e  f o u n d  a m u c h  
l o w e r  d - c  r e s i s t a n c e  w h e n  u s i n g  H 2 - H 2 0  t h a n  CO-CO2 
to c o n t r o l  o x y g e n  p r e s s u r e  as  c a n  b e  s e e n  b y  c o m p a r -  
i ng  Fig. 4 a n d  5. T h e  a - c  r e s i s t a n c e  is a lso r e d u c e d  b u t  
n o t  as  m a r k e d l y .  T h i s  b e h a v i o r  w h i c h  i n d i c a t e s  i n -  
c r e a s e d  e l e c t r o n i c  c o n d u c t i v i t y  in  t h e  H 2 - H 2 0  a t m o s -  
p h e r e s ,  w e  i n t e r p r e t  as  a n a l o g o u s  to t h a t  o b s e r v e d  b y  
M o l l w o  (7) a n d  T h o m a s  a n d  L a n d e r  (8) f o r  a z inc  
o x i d e - h y d r o g e n  sy s t em.  T h e s e  a u t h o r s  f o u n d  a n  i n -  
c r e a s e  i n  c o n d u c t i v i t y  of Z n O  w h e n  in  a n  a t m o s p h e r e  
of H2. ,This w a s  a t t r i b u t e d  to h y d r o g e n  e n t e r i n g  t h e  
m a t r i x  as a n  i n t e r s t i t i a l  p o s i t i v e  i on  w i t h  a s soc i a t ed  
e l ec t ron .  S u c h  a n  i n t e r a c t i o n  w i l l  e x p l a i n  t h e  t r e n d  
of o u r  resu l t s .  In  v i e w  of t h i s  o b s e r v e d  b e h a v i o r ,  t h e  
r e s u l t s  w i t h  H 2 - H 2 0  a t m o s p h e r e s  w e r e  n o t  u s e d  in  
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final calculations of ionic and electronic conductivit ies 
as a function of oxygen pressure. 

In our opinion, the same atmosphere  effect very  
l ikely influenced the results of Aronson's  study (9) 
on ZrO2 stoichiometry as a function of oxygen pres-  
sure. The results  repor ted  by Aronson were  unusual  
in that  they indicated a greater  stabil i ty for a given 
ZrO2 stoichiometry the higher  the temperature .  
Comments  made in Aronson's  paper  lend support  
to the belief that  his results were  a f fec ted  by the  
H2 atmosphere.  He indicates that  all of his repor ted  
data were  obtained after reduction with small  quan-  
tities of H2-H20 in an inert  gas. When exper iments  
were  a t tempted using a pure H2-H20 envi ron-  
ment, he reports  tha t  "spurious results" (a lower-  
weight  gain on oxidation) were  obtained. This might  
have been due to an increased H2 solubility which 
would be in accord with  observations on ZnO that  the 
hydrogen a tmosphere  effect was increased with  in-  
creased hydrogen pressure. We est imate that if hydro-  
gen solubil i ty in ZrO2 is comparable  in magni tude to 
that  in zirconium meta l  (10), then weight  changes due 
to hydrogen pickup would  be of the same order of 
magni tude  as the oxygen losses under  study. In addi-  
tion, of course, the presence of the hydrogen in ZrO2 
can be expected to influence the oxygen activity. 

We also observed that  the CO-CO2 atmospheres had 
a slow effect on the measured a-c and d-c resistances. 
With increasing t ime in the atmospheres, the Rdc and 
Rac values increased. Af ter  a day or more in CO-CO2 
mix ture  of high CO/CO2 ratio results such as the 
curves in Fig. 3, l abe l ed  II, were  obtained. Af ter  
such changes, we  observed corresponding changes 
in a-c and d-c resistance measured in pure  oxygen 
atmosphere.  However ,  we find that  the increased re -  
sistance in both oxygen and CO-CO2 atmospheres  
can be removed by a tong period of heat ing in 
pure oxygen. We in te rpre t  this behavior  as due to 
carbon bui lding into the zirconia sample. Consequently,  
we did not permi t  a sample to remain  for long periods 
in CO-CO2 atmospheres and completed all measure-  
ments possible prior  to using CO-CO2 atmospheres. 
Kofstad (1) reported a t tempting to duplicate Aron-  
son's study (9) using thermograv imet r ic  studies in 
CO-CO2 atmospheres with equil ibrat ion periods of 
up to one day. He observed much smaller  oxygen 
losses in the CO-CO2 mixtures  than reported by Aron-  
son for the H2-H20-iner t  gas mixtures.  Possibly Kof-  
stad's results were  affected also by sample interact ion 
with the CO-CO2 atmospheres, although, since we have 
no measurements  on the amount  of carbon picked up 
by ZrO2 in our studies, it is difficult to judge. 

One might  consider that  the effect of the atmos-  
pheres was on the rate  of the oxygen electrode reac-  
tion, wi th  a resul t ing change in concentrat ion polar iza-  
tion, ra ther  than chemical  changes in the zirconia. Our 
informat ion is not sufficient to prove that  this does not 
occur. However ,  in the case of the CO-CO2 atmosphere,  
we bel ieve that  the presence of changes in the a-c as 
wel l  as the d-c resistance values argues against it. In 

the case of the H2-H20 atmosphere  effect, this point is 
cer ta inly not resolved, but  the previous work  on ZnO 
which was discussed and the reasonable in terpre ta t ion 
of Aronson's  observations as presented here  argues for 
the existence of chemical  effects. 

Conclusions 
We find f rom a-c and d-c resistance measurements  

on dense, h igh-pur i ty  te t ragonal  zirconia over  the tem-  
pera ture  range of ll0O~176 and an oxygen  pressure 
range of 1 to-10 -14 atm evidence that  te t ragonal  zir-  
conia is a mixed  ionic and electronic conductor. The 
data show that  electronic conduction is most important  
at the low-pressure  and h igh- t empera tu re  end of the 
studies and that  ionic conduction is a significant com- 
ponent  of total conduction in the higher  pressure re-  
gions. 

We find f rom a-c and d-c resistance measurements  
on l ime stabilized zirconia that  the assumptions neces- 
sary for the desired, h ighly accurate separat ion of ionic 
and electronic conduction components f rom our data 
on te t ragonal  zirconia are  not valid. Nevertheless  we 
can conclude that  the data on te tragonal  zirconia wil l  
permi t  a reasonable estimate of the ionic component. 
We considered the nature  of this ionic t ransport  and 
conclude that  an assignment pr imar i ly  to oxygen 
transport  is not incompatible  wi th  what  we know at 
this time. 
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Techn ca]l Notes @ 
Chemical Spray Deposition Process for Inorganic Films 

R. R. Chamberlin and J. S. Skarman 

The National Cash Register Company, Dayton, Ohio 

A new chemical  technique (1) has been developed 
for the deposition of thin films of the sulfides and 
selenides which consists basically of spraying a solu- 
t ion on a heated substrate. This method has some simi-  
lar i ty  to the chemical  bath deposition methods (2, 3) 
which have been used with  lead sulfide and selenide 
and to the techniques used in the spray deposition of 
conductive oxide films. However ,  the process which is 
described in this paper is unique f rom the  standpoint  
that  all of the necessary elements  are contained in the 
solution which is being sprayed. Nei ther  the gas being 
used to operate  the spray nozzle (4), the ambient  at-  
mosphere  (5), the substrate (6), nor any pos t - t rea t -  
ment  contributes to or changes the chemical  composi-  
t ion of the film which is being deposited. 

Exper imental  

As mentioned,  the spray solution contains at least 
all  the necessary elements  which are desired in the 
resul tant  film. A typical  example  of a spray solution 
which if sprayed (see paramete r  list below) on a 
heated substrate will  yield an optically clear and very  
adherent  film of cadmium sulfide consists s imply of an 
aqueous solution of cadmium chloride and thiourea 
which is usually made with  a concentrat ion of 0.O01- 
0.05M and with  the sulfur and cadmium ions in a 
ratio of 1 to 1. 

The apparatus needed to carry out the chemical  
spray process consists basically of a device to atomize 
the spray solution and some sort of substrate heater.  
F igure  1 shows a typical  exper imenta l  setup. Here  is 
shown a spray nozzle of the two-fluid type although, 
since nei ther  the gas used to atomize the spray nor the 
ambient  a tmosphere  contributes to the composit ion of 
the film being deposited, a single-fluid nozzle could be 
used in which atomization is achieved by pressurizing 
the liquid. 

The substrate heater  should be one which has suffi- 
cient the rmal  capacity to main ta in  a t empera ture  of at 
least 400~ whi le  the spray is incident  on its surface. 
Obviously, the necessary thermal  capacity is dependent  
on the spray parameters  such as spray ra te  and the 
volume of the gas being used to atomize the solution 
and propel  the atomized solution to the substrate. 

The spray nozzle used was one which had a max i -  
m u m  spray rate  of about 20 ml /min .  Stainless steel 316 
has been used with  most solutions wi th  l i t t le evidence 
of meta l  contamination,  but  Teflon spray heads have  
been used and the hand-opera ted  chromatic  spray 
bottle has been ex t remely  useful  for quick trials wi th  
new spray solutions. Because of the range of spray 
rates possible wi th  different spray heads and the control  
which is possible wi th  different substrate heaters,  the 
deposition parameters  such as rate, temperature ,  and 
solution concentrat ion for different compounds can be 

Table I. Typical CdS spray parameter values 

T e m p e r a t u r e  320  ~ -380 ~ C 
Spray  rate 15 m l / m i n  
Concentrat ion 0.01M 

~ ~SPRAY SOLUTION 

Fig. 1. Typical experimental setup 

determined  exper imental ly .  General ly,  the sulfides de-  
posit at a higher  t empera tu re  than the selenides. Dep-  
osition tempera tures  have  been found to vary  f rom 
115~ for Cu2S to 375~ for ZnS. However ,  the ease 
with which parameters  can be changed even during a 
film deposition allows quite  rapid determinat ion  of 
conditions necessary for a uni form deposit. 

To obtain the desired semiconducting properties,  
separate  addit ional  exper imenta t ion  wil l  normal ly  be 
required.  The' range in which a physical ly uniform film 
can be obtained is quite  broad wi th  definitely different 
electr ical  propert ies  obtainable wi th in  this range. 

The start ing mater ia ls  which can be used are many, 
and the choice wil l  often depend only on wha t  ap- 
pears to yield the best  results  f rom a device standpoint.  

The purity,  f reedom from other  compounds or ele-  
ments,  and the film crystal l ini ty which the various 
combinations yield are usual ly deciding factors. The 
compounds used to provide the elements  need only be 
soluble in the l iquid used, and the remainder  of the 
start ing components must  be completely  volati l ized 
dur ing the spray process. In the case of cadmium 
sulfide, many compounds could be used for the cad- 
mium- ion  source wi th  still more  choices for the sulfur 
ion as can be seen f rom Table II. 

The choice of the start ing mater ia l  wil l  de termine  
the pur i ty  and crystall inity,  deposition tempera ture ,  
stabili ty of the spray solution, and whe ther  or in wha t  
way a doping impur i ty  may  be added. As an example,  
where  a cadmium selenide film is to be spray deposited, 

Table II. Starting materials for CdS 

Cd S 

Cadmium propionate  
C a d m i u m  a c e t a t e  
C a d m i u m  formate  
C a d m i u m  chloride 
C a d m i u m  n i t r a t e  

t h i o u r e a  
N , N , d i m e t h y l  thiourea 
a l lythiourea 
thiolocet ic  acid 
2 - t h i o z o l i n e - 2 - t h i o l  
a m m o n i u m  th iocyanate  

86 
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Fig. 2. Pyrolytic decomposition differential thermal analysis curve 

substi tuted selenourea such as N,N, d imethyl  selenourea 
is used to prevent  f ree  selenium f rom precipi tat ing 
due to the decomposit ion action of both ambient  heat  
and light. If  a cadmium sulfide film is to be doped with  
copper, N,N,dimethyl  thiourea is needed to p reven t  a 
copper hydrox ide  f rom immedia te ly  precipi tat ing when  
the copper acetate is added to supply the copper to the 
start ing solution. 

Often it is found that  best results can be obtained 
by using a combinat ion that  wil l  precipi tate  a solid 
complex which is then  subsequent ly  redissolved to 
make  a spray solution. A readi ly  avai lable  complex, 
cadmium thiocyanate,  if sprayed wil l  yield a film of 
cadmium sulfide. This, of course, is equiva len t  to 
s tar t ing with  cadmium chloride and ammonium thio-  
cyanate. A solid complex which precipitates f rom mix-  
ing a 1M solution of cadmium chloride and thiourea 
has been found to be a convenient  source of s tar t ing 
mater ia l  for a cadmium sulfide spray and has general ly  
proved satisfactory for films which have  been used 
for semiconductor applications. F igure  2 is a differen- 
tial the rmal  analysis curve  describing the decomposi-  
t ion of a 2 to 1 su l fu r - to -cadmium rat io complex.  The 
decomposit ion of this complex is endothermic,  and it  
occurs sharply at 210~ This, then, c lear ly  defines 
the min imum tempera tu re  that  one could use when  
spray deposit ing cadmium sulfide f rom a solution con- 
taining this complex. 

The semiconductor  characterist ics of a spray de-  
posited film are most dependent  on the solution com- 
position (s tar t ing mater ia ls  anion- to-ca t ion  ra t io) ,  
substrate tempera ture ,  and the crystal l ini ty  of the sub- 
strate. Parameters  such as spray rate,  solution concen- 
tration, and the substrates the rmal  env i ronment  are 
the parameters  which are adjusted such that  a physi-  
cally uni form film results. The crystal l ini ty of a spray 
deposited film is dependent  on the substrate and the 
start ing material ,  par t icular ly  the cation mater ia l  such 
as cadmium chloride or cadmium acetate in a cadmium 

thiourea solution. If  cadmium chloride is used, a 
highly crystal l ine film can be expected wi th  a given 
amorphous substrate, whereas,  if cadmium acetate is 
used, the film would be amorphous as far  as x - r ay  
diffraction is concerned. Here  amorphous is taken  to 
mean  that  the crystall i tes are smaller  than 400A in size. 
If a cadmium chlor ide- th iourea  solution is used for 
the deposition of cadmium sulfide, a crystal l ine film is 
normal ly  expected;  however ,  we find also that  a var i -  
ation in the extent  of the crystaUinity wil l  be apparent  
if we  vary  substrate  t empera tu re  even though at 
each t empera tu re  a physically uniform appearing film 
is being deposited. Examples  of this var ia t ion are 
shown in Fig. 3 through 5 where  the x - r a y  diffraction 
pa t te rn  shown in Fig. 5 is of a film deposited at the 
highest  t empera ture  and the diffraction pa t te rn  in Fig. 
3 is that  of a film deposited at the lowest t empera ture  
at which a physically uniform film could be deposited. 

In general,  the  crystal l ini ty  of a film deposited using 
a cadmium hal ide- thio  compound solution is more 
closely influenced by substrate t empera ture  than sub- 
strate surface if the surface is iner t  to the deposition 
process and amorphous in nature. However ,  whi le  very  
crystal l ine films can be deposited on noncrysta l l ine  ma-  
ter ial  such as glass, when  the substrate presents a 
more ordered surface such as a ceramic, the film crys-  
ta l l ini ty is often reduced (7). The highly crystal l ine 
meta l  surfaces will,  in general,  cause a film to be 
amorphous even though under  other  circumstances the 
same solutions would  yield a film that  would be very  
crystal l ine when deposited on an amorphous substrate. 

The orientat ion of the crystal l i tes wi th  relat ion to a 
g iven substrate  has been found to vary  when  the cat ion/  
anion ratio is varied. Variat ion as the resul t  of chang- 
ing this ratio can be seen in Fig. 6 through 8. Figure  6 
is the typical or ientat ion of a film f rom a 1:1 cadmium-  
to-sulfide ratio solution�9 Figure  7 is typical  of a film 
deposited f rom a 2:1 cadmium- to-su l fu r  ratio, and 
Fig. 8 is typical of a film deposited f rom a solution 
with  Cd: S ratio of 1: 2. 

Hea t - t r ea tmen t  of chemical ly sprayed films in an 
iner t  a tmosphere  typical ly results in an increase in 
crystal l ini ty wi th  no significant change in orientation. 
The effect of hea t - t r ea tmen t  can be seen by com- 
par ing Fig. 9 and Fig. 10 where  two samples were  
examined by x - r a y  diffraction before and af ter  heat -  
t reatment .  However ,  if  a film is amorphous to x - r ay  
diffraction, before hea t - t rea tment ,  even a ve ry  long 
hea t - t r ea tmen t  normal ly  wi l l  not increase the crysta l -  
l ini ty to the point where  x - r ay  diffraction shows any 
significant change. 
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Fig. 3 (left), 4 (center), 5 (right). X-ray diffractographs of CdS Fig. 6 (left), 7 (center), right). X-ray diffractegraphs of CdS 
films deposited at different temperatures, films deposited from mixtures of different stoichiometric ratios. 



88 January  1966 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

(0002) 

(0002) ~ 

, , i , I , I 
28 26 24 28 26 24 

2 e DEGREES 2 e DEGREES 

Fig. 9. X-ray diffractographs of two CdS films before heat treat, 
film A left, film B right. 

Although x - r ay  fluorescence was the only means of 
checking stoichiometry, films deposited from a 1:1 
cadmium- to-su l fu r  s tar t ing solution have always been 
found to be stoichiometric wi th in  the exper imenta l  
error  of the x - r ay  method used. With cadmium sulfide 
it is perhaps of interest  to note that  the undoped films 
are always a typical  br ight  yel low and never  show the 
darkening which is often a t t r ibuted to excess cadmium 
in vacuum deposited films. It  has been found that  with 
any compounds the best init ial  approach is to start  
wi th  the desired elements  in the s tar t ing solution in 
the same ratio as desired (e.g., an t imony- to -su l fu r  
ratio of 2:3 for Sb2S~) in the spray deposited film. This 
usually results in a film of the desired mater ia l  over  
a quite  broad (e.g., __70~ deposition t empera tu re  
range when  binary or doped binary mater ia ls  are being 
sprayed. However ,  when  a solid solution film such as 
ZnCdS or CdSSe or films of te rnary  compounds such 
as CdInsS4 is being deposited, the t empera tu re  range in 
which the desired rat io of the elements  wil l  deposit 
becomes quite  na r row (e.g., +_5~ Because of the 
shift f rom stoichiometry with  t empera tu re  in the 
solid-solution type films, ad jus tment  of the init ial  ratio 
of the e lements  in the start ing solution is sometimes 
necessary. Genera l ly  speaking though, the spray dep-  
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2 6  24  28 26 24 
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Fig. 10. X-ray diffractographs of two CdS films after heat treat, 
film A left, film B right. 

Fig. 11. Electronmicrograph of an amorphous CdS film 

Fig. 12. Electronmicrograph of a highly oriented crystalline CdS 
film. 

osition process offers a great  amount  of versat i l i ty  in 
the deposition of solid solution, t e rnary  and impur i ty -  
doped films. The shifts of the x - r a y  diffraction peaks 
as the ratio of the anions was changed f rom 100% of 
one species to 100% of the o ther  species, e.g., in CdSSe, 
have been found to fol low Vegard 's  law. 

The physical characterist ics of a spray deposited film 
are dependent  on the degree of atomization, spray rate, 
temperature ,  and concentrat ion of the  spray solution 
and the film thickness. General ly,  the finer the a tomi-  
zation, the higher  the t empera tu re  and the less concen- 
t rated the solution, the greater  the film's optical 
clar i ty wil l  be. With proper  pa ramete r  adjustment,  the 
variat ion in surface can be less than 20A. Figures  11 
and 12 are electron micrographs of chemical ly sprayed 
films which appear  amorphous and highly crystall ine,  
respectively,  when  examined by x - r ay  diffraction. With 
an increase in the ra te  and solution concentration, it is 
possible to deposit films which range f rom glasslike 
to frosty in appearance. Whether  the films are t rans-  
parent  or translucent,  if they  have  been proper ly  de- 
posited, their  adherence to the substrate should be such 
that  mechanical  abrasion is necessary to r emove  the 
film f rom the substrate. 

App l ica t ions  
The chemical  spray process has been used success- 

ful ly  to deposit a great  many  compounds, some of 
which are listed in Table III. 
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Table III. Chemically spray deposited materials 

CHEMICAL SPRAY DEPOSITION PROCESS 

I I  B I I B  
I B I I  B I I I  A I I I  B IV A V A V I I I  I I I  A I I  B 

VI  A V I A  VI  A V I A  V I A  V I A  VI  A V I A  V I A  

Cu~S CdS In~S3 GdSe PbS Sb.~S3 CoSe CdInSe~ CdZnS 
CdSe In~Se3 

Ag,~S Z n S  Ga~S~ S m S  l ~ S e  
Z n S e  Ga~Sea 

The electrical  and physical characterist ics of chemi-  
cally sprayed films are such that  several  significant de-  
vices have been developed. 

The original  application of sprayed films was in the 
area of photoconductivi ty;  this application resul ted in 
photoconductors (using films of about 1~ in thickness) 
made  of CdS, Cd(SSe ) ,  and CdSe whose sensitivities 
are at least equal, whose rise and fall  response t imes 
are normal ly  faster, and whose spectral  responses are 
broader than photoconductors made  of these com- 
pounds by other  processes (8). 

Subsequent  applications of the chemical  spray proc-  
ess have  been in the areas of photoluminescent  and 
cathodoluminescent  th in  film layers which have  shown 
ex t remely  high (>  3,000 l ine pairs/ in.)  resolution, and 
in the area of thin film solar cells (9) (photovoltaic 
converters)  where  through the use of two sprayed 
films, one deposited on another  (O.l# film of Cu2-xS on 
a 1~ film of CdS) cells have been made with  efficien- 
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cies of 4% in small  areas and open-circui t  voltages as 
high as 1.04v have  been measured.  
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Fast Etching Imperfections in Silicon Dioxide Films 
A. D. Lopez 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

Fast etching imperfect ions in silicon dioxide films 
can produce pinholes when  the film is par t ia l ly  
thinned in buffered hydrofluoric acid. This paper pro-  
poses a model  for the format ion of these pinholes and 
also describes a means of detecting the pinholes. F u r -  
thermore,  it is shown that  the diffusion rate  of phos- 
phorus is greater  in the imperfect ion than  in the pure  
silicon dioxide. The cause of these imperfect ions is 
shown to be surface contaminat ion prior  to oxidation. 

Samples of silicon dioxide films were  checked for 
dielectric b reakdown by application of a field be tween 
the bulk silicon and an evapora ted  metal l ic  contact 
on the surface of the film. In general  the breakdown 
field is found to be approximate ly  80-90v per 1000A of 
oxide. However ,  if the oxide film is thinned by etching 
in a hydrofluoric acid etch, the breakdown field drops 
to a value  near  zero indicating that  the oxide film no 
longer acts as a dielectric barrier .  This is a t t r ibuted to 
pinholes in the oxide film. 

Consider two samples of silicon, one oxidized in 
atmospheric steam to a thickness of 6000A, and the 
other, which is a control, to 3000A (see Fig. l a ) .  The  
p ipe- l ike  structures running through the oxide film 
are fast etching imperfect ions which wil l  be called 
potential  pinholes. The p o t e n t i a l  pinhole has two 
characteristics. First, it has a much faster etch ra te  
than pure  silicon dioxide in the hydrofluoric acid etch 
and, second, its breakdown field is comparable  to that  
of silicon dioxide. The 6000A sample is now etched to 
a thickness of 3000A in the hydrofluoric acid solution. 
The proposed model  is one in which the p ipe- l ike  
structures or potential  pinholes wil l  etch away be-  
cause the potent ial  pinhole is a region which etches 
much faster  than SiO2. This leaves a physical hole 
in the oxide which may extend to the SiO2-Si interface 
as shown in Fig. lb. 

This model  is tested by evapora t ing  metal l ic  con- 
tacts on the surfaces of the etched and unetched oxide 
films. If the model  is valid, the evaporated meta l  

wil l  fill up the pinholes and consequent ly make  con- 
tact to the bulk silicon as shown in Fig. lc. Actually,  
the meta l  wil l  make  contact to the 20-30A of oxide 
which forms immedia te ly  after  etching. The break-  
down vol tage of this small  thickness of oxide can be 
neglected since it is so small. The dielectric break-  
down is now measured  on the etched and unetched 
oxide films both of which are now 3000A thick. One 
finds that  the breakdown voltage of the unetched oxide 
is approximate ly  250-300v whereas  on the etched oxide 
the breakdown vol tage is in the order of 5-10v. It  is 
concluded that  contact has been made to the bulk sili- 
con in the etched sample via a pinhole which must  
have been created by par t ia l ly  etching the film. F u r -  
thermore,  it can be seen that  the breakdown vol tage 

Si Oz = II �9 �9 
(a) 

SiO 2 = - - - I I ~ / / ' ~ l  I 
(b) 

Si = 

CONTACT 

Si02 = " = [ ~ ' ~ 1 ~ "  

S i - - - ~ - - -  

Fig. 1. Fast etching imperfections in Si02 

(d 
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Fig. 2. Effect of applied field on contact metal 

of the potent ial  pinhole is comparable  to pure  SiO2 
since the unetched sample withstood 250-300v before 
breaking down. 

Properties of the Potential Pinhole 

Figure  2 shows meta l  contact areas on a film of 
silicon dioxide which was not etched. When a field 
is applied f rom the contact to the bulk silicon, the 
fol lowing observation is made:  as the field is in-  
creased to a value near  breakdown,  spots begin to ap-  
pear on the contact area. At  first a few appear but  as 
the field is increased to breakdown,  the spots mul t ip ly  
unt i l  finally the oxide breaks  down. Inspection of these 
spots at high magnification indicates that  they are 
areas where  the contact meta l  has melted. F rom a 
previous argument ,  it is reasonable  to bel ieve that  
the mater ia l  which makes up the potent ia l  pinhole 
may have  a dielectric s t rength somewhat  less than 
pure SIO2. Therefore,  it seems reasonable that  the 
spots are caused by conduction of current  through a 
potential  pinhole, where  breakdown occurs first, caus- 
ing the contact meta l  to heat  up locally and melt.  

The contact mater ia l  used was e i ther  gold or a lumi-  
num. The effect was not dependent  on polarity.  

I t  has been established that  the mater ia l  which makes 
up the potent ial  pinhole is not pure  SIO2. Therefore,  
it is reasonable to expect  a difference in the diffusion 
ra te  of phosphorus in SiO2 and in the potent ia l  pin-  
hole. This is borne out by the fol lowing exper iment :  
a p -n  junct ion was provided  wi th  a p - type  layer  ap-  
p rox imate ly  1.5~ thick and a sheet resistance of 150 
ohms per square. The sample was oxidized in 1 atm 
of s team to a thickness of 6000A. Next,  the sample re -  
ceived a phosphorus diffusion, such that  only a part  
of the oxide was penetra ted by the phosphorus. The 
penet ra ted  oxide was then removed  in buffered hydro-  
fluoric acid, and meta l  contacts were  evaporated on 
the oxide film. The breakdown vol tage of each con- 
tact was measured,  and on 25% of the dots the reverse  
characterist ics of a p -n  junct ion were  observed wi th  a 
breakdown of 6v. This b reakdown voltage is what  one 
would expect  had the phosphorus penet ra ted  com- 
pletely through the oxide so that  an n-p  junct ion was 
made. It  is concluded that  where  a 6v breakdown oc- 
curred, phosphorus must  have  diffused through the 
oxide forming an emit ter  base junction.  Since the 
thickness of the masking oxide was great  enough to 
mask the phosphorus diffusion, any phosphorus which 
appears in the "p" region must  have diffused through 
a potent ial  pinhole. If the phosphorus diffusion is 
omit ted and contacts are appl ied to the oxide, no p -n  
junct ion reverse  characterist ics are  observed. This  in-  
dicates that any diffusion which takes place must  be 
due to the presence of an ex te rna l  phosphorus source 
and not any source contained in the oxide. 

In looking for the cause of the potent ial  pinhole, it 
is reasonable to suspect surface contaminat ion prior  
to oxidation. I t  has been found that  if a sample of 
epi taxial  silicon is oxidized direct ly  after  growth,  the 
resul t ing oxide is essential ly f ree  of fast etching im-  
perfections. Oxide films grown in this manner  were  
subjected to repeated etchings and still were  pinhole-  
free. It would seem, therefore,  that  surface contamina-  
tion, which is minimized in this case, plays a signifi- 
cant role in the format ion of fast etching imper fec-  
tions. 
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Single Crystal Growth of SnTe and GeTe 
P. F. Wel led  

International Business Machines Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York 

Single crystals of SnTe and GeTe about 6 in. long 
and 3/8 in. in d iameter  were  pul led f rom the mel t  by 
the Czochralski technique. A description is given of 
these crystals, together  wi th  the start ing mater ia l  
synthesis and the crystal  growth apparatus and pro-  
cedures. 

It  was necessary to use a "graphi te  piston" pul ler  
with heated walls, s imilar  to that  used for PbTe (1), 
since SnTe and GeTe have  vapor  pressures at their  
mel t ing points of 0.86 (2) and 17 (3) mm Hg, respec- 
tively. 

Brief  ment ion  of Czochralski crystal  growth of SnTe 
has been made by Al lga ier  and Houston (4) and by 

Z P r e s e n t  a d d r e s s :  Depar tmen t  of Chemistry ,  S t a t e  U n i v e r s i t y  
College, Fredonia,  N. Y. 

Brebrick (5), but  no detai led informat ion is general ly  
available. 

Starting Mater ia ls  

Purification of elements.--SnTe was prepared  from 
99.9999% Sn shot obtained from Cominco Products, 
Inc. and 99.999% Te from Amer ican  Smel t ing  and Re-  
fining Company. The Sn, contained in a quartz  boat, 
was fired in flowing H2 at about 800~ for 1 hr. The 
charge was frozen and then retired in H2 at 800~ for 
one more hour after  the surface had been scraped 
clean. Tel lur ium was fired in flowing H2 at 800~ for 
about ~/2 hr. Both the sublimed Te and the ingot re-  
maining in the quartz  boat were  used for compound 
synthesis. 



Vol. 113, No. 1 SINGLE CRYSTAL GROWTH OF SnTe AND GeTe 91 

VACUUM 
AND GA 
INLET 

KANTHAL 
FURNACE WIRE 

IVEECO VACUUM SEAL 

- ' - " ~ W A T E R  COOLED 

~ _ J  ~ P L A T E  

- -  UNIVERSAl_ COUPLING 

- I ~  GRAPHITE PISTON 
QUARTZ 

TE PiN 

o 
RF COILS -o  

o 
GRAPHITE o 
SUSCEPTOR o 

o 

RUBBER "O" RI NG 

I [ L ' - - ~ - ' l l l  ~ ~ SAMPLE CHARGE 

~ ' ~  QUARTZ SHELF 

I 

Fig. 1. Crystal puller 

GeTe was prepared f rom ins t rument  grade Ge, ob- 
tained f rom the Eagle-Picher  Company, which had 
been zone refined unt i l  it was essentially intrinsic ( re-  
sistivity of 45-50 ohm-cm) .  The Ge was then etched 
with a CP-4 solution and r insed in water ,  e thyl  alcohol, 
and finally acetone. 

Compound synthesis.--Stoichiometric amounts of 
Sn and Te were  placed in a quartz tube, wi th  the Sn 
rest ing above the Te in a quartz boat. The tube was 
evacuated to about 10 -6  m m  Hg and sealed off. Gen-  
erally, this tube was placed in another  quartz  tube 
which was subsequent ly sealed under  vacuum. This 
was pure ly  a precaut ionary  measure  to prevent  access 
to the air if the inner  tube broke dur ing synthesis. This 
had been a par t icular  problem in PbTe synthesis (1). 

The charge was then heated wi th  a hand torch unt i l  
the Sn began to mel t  (231.9~ and to run  down into 
the T e ( m p  450~ This had to be done careful ly  so 
that  local overheat ing  f rom the large heat  of react ion 
did not occur. When the Sn and Te were  ent i rely 
mixed and all visible react ion was complete, the tube 
was placed in a Kanthal  f u rnace  and heated to 825~ 
over  a 6-hr  period, and then cooled in the furnace to 
room tempera ture  overnight .  

The GeTe synthesis was similar, except  for the ini-  
tial heat ing procedures. Chunks of Ge and Te were  
premixed  in the quartz  tube and careful ly  heated with  
a hand torch unti l  the visible react ion ceased. The 
higher  mel t ing point of the Ge (937~ (6) per-  
mit ted bet ter  control of the rate  of react ion in this 
case. The above heat ing cycle was then used. 

Apparatus 

The crystal  pul ler  is shown in Fig. 1. A 2.1 in. OD 
quartz  tube, 33-34 in. long, was clamped between rub-  
ber "O" rings by means of a "Lab Jack"  at the bottom. 
A quartz  shelf, located exact ly 12 in. above the Rayo-  
tube t empera tu re  sensing device, divided the tube into 
two sections. A 13/4 in. tall, 17/8 in. OD, 1/8 in. wall,  
graphi te  susceptor held the cylindrical  quartz  crucible 
(G.E. 204 A quartz, 1%/2 in. tall, 1 ~  in. OD, 1/16 in. 

wal l )  into which the sample charge was placed. A 
3/32 in. quartz seeding rod, 13/4 in. long, was sealed to 
a %/4 in. quartz  rod 2-21/z in. long, which was attached 
to the 5 in. long graphi te  piston with  two graphi te  pins. 
The piston, machined to a 1/16 in. tolerance for a par -  
t icular  tube, was at tached to a 1/4 in. stainless steel 
rod, then to a similar  rod through a universal  coupling, 
and finally through a Veeco vacuum seal to the rotat ion 
motor. 

The graphi te  susceptor was heated inductively,  using 
a 5 kw Ecco RF generator  at 450 kc/sec.  Tempera tu re  
was sensed by a Rayotube and controlled wi th  a L&N, 
type H AZAR recorder  and associated CAT controller.  
Tempera tu re  control  was +_t~ or better,  and desired 
changes were  made easily and quickly. 

An  externa l  furnace consisting of two concentric 
quartz tubes wi th  longitudinal,  Kantha l  windings be-  
tween the tubes kept  the t empera tu re  of the upper 
chamber  at the desired level  wi th  a min imum of visual  
obstruction. Tempera tures  were  sensed wi th  a chro- 
me l - a lume l  thermocouple  and controlled with  a West 
Gardsman controller.  

Growth Procedure 

About  200g of SnTe or GeTe chunks were  packed in 
the crucible. This amount  of mater ia l  gave a melt  
vo lume about 3/4 that  of the crucible volume. Lower  
mel t  volumes caused difficulties in init ial  nucleation 
onto the quartz  rod. This problem would probably be 
a l leviated considerably if ra ther  large d iameter  (about 
~/4 in. or more)  SnTe or GeTe seeds were  used. 

Af ter  the externa l  furnace had reached the desired 
t empera tu re  of 600~176 for SnTe and 400~176 
for GeTe, the system was flushed several  t imes and 
filled to about 3 psi wi th  Ar  or He. The charge was 
then mel ted  [SnTe ,~ 805~ (5, 7) and GeTe N 725~ 
(8) ]. General ly,  the mel t  surfaces were  not completely  
clean. If too much surface scum was observed, the 
charge was frozen, the surface layer  ground off, and 
the charge remelted.  One such t rea tment  usually re -  
duced the surface contaminant  to an acceptable level  so 
that  most of the remainder  migra ted  to the crucible 
walls or to the f i rs t - formed polycrystal l ine boule. In 
ei ther  case the center  portion of the mel t  was rendered  
essentially free of contaminants.  [Care should be taken 
when  mel t ing  a SnTe or GeTe charge if it fits snugly 
in the crucible. This would be the case, for example,  
wi th  a charge that  had solidified in place. Rapid heat -  
ing, i.e., to about 400~ in 5 min  or so, caused several  
of the quar tz  crucibles to crack because of vast ly 
different coefficients of expansion. Most of the charges 
were  broken up to prevent  this problem.] 

When a sufficiently clean mel t  surface was obtained, 
an exper imenta l  crystal l ization tempera ture  was 
determined by slowly lower ing the t empera tu re  and 
noting the point at which freezing began. The t em-  
pera ture  was then raised about 20~ The quartz  seed 
rod was dipped about %/4 in. into the melt, and the 
t empera tu re  was then decreased unti l  nucleat ion on 
the rod was observed. Pul l ing was begun af ter  t empera -  
ture stabilization was attained. Pul l  speeds ranged 
from 1 to 3 in. /hr ,  with the lower  values general ly  
preferable.  A rotat ion rate  of about 15 rpm was satis- 
factory. 

The diameter  of the polycrystal l ine boule was in-  
creased to about %/4 in. by slowly decreasing the t em-  
perature.  The diameter  was then slowly decreased 
again to 1/8-1/16 in. by careful ly  raising the t empera -  
ture. This procedure general ly  yielded a single crys-  
tal, as indicated by reflections f rom developing faces 
as the crystal  rotated. The crystal  was then necked out 
to the desired diameter  (usually less than %/z in.) by 
careful  t empera tu re  control. Generally,  ra ther  large 
increases and decreases in t empera ture  (2~176 or so) 
were  necessary to show noticeable changes in crystal  
diameter.  This is in sharp contrast  to PbTe crystal  
growth where  very  small t empera ture  variat ions cause 
large crystal  d iameter  changes (1). 
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A problem was encountered in obtaining crystal  di- 
ameters  larger  than about 3/~ in. A shelf formed at the 
side of the crucible and in te r fe red  wi th  the growing 
crystal. The shelf was caused by the migra t ion  of sur-  
face impuri t ies  to a cold spot on the crucible. This 
problem could probably be helped considerably by 
rotat ion of the crucible. Other difficulties found in 
PbTe crystal  growth (1) such as copious vaporizat ion 
and rapid dendri te  growth on the chamber  walls and 
on the grown crystal, leading to poor visibility, were  
not severe  problems wi th  SnTe or GeTe. 

The grown crystals were  about 6 in. long and 3/s in. 
in d iameter  and general ly  had large flats (faces).  
Crystal  surfaces were  sometimes shiny and metal l ic  
in appearance and sometimes had a powdery  texture.  
All  as-grown, undoped crystals showed p - type  conduc- 
t ivi ty and grew with random orientation. 
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Preparation of Doped Germanium for Far Infrared Detectors 
E. M. Swiggard and H. Shenker 

United States Naval Research Laboratory, Washington, D. C. 

Efficient, extr insic germanium detectors for the far  
inf rared are now wel l  known (1, 2). In order to m a x -  
imize the performance  of these detectors it is neces-  
sary to have mater ia l  wi th  a low concentrat ion of 
compensat ing impurities,  i.e., donor  impuri t ies  in a 
p - type  mater ia l  or acceptor impuri t ies  in an n - type  
material .  It is also necessary to have  low-noise  elec-  
tr ical  contacts to the detector  to realize m a x i m u m  sig- 
na l - to-noise  ratios. This work  deals with the pro-  
cedures developed to prepare  low-compensat ion 
( ~ 4 X  10 TM cm -3 compensat ing impuri t ies)  boron- and 
ga l l ium-doped germanium detector mater ia l  and low-  
noise grown contacts. Horizontal  zone refining and 
crystal  growth techniques were  used throughout  this 
work. 

The  concentrat ion of compensating impuri t ies  (as- 
sumed singly ionized) was obtained by measur ing the 
Hall  effect vs. t empera ture  characterist ics of each 
sample and analyzing these measurements  by the 
methods described by Blakemore  (3) and Put ley  (4). 

Boron-doped germanium is a na tura l  choice for the 
manufac ture  of low-compensat ion  mater ia ls  since 
boron is the only electr ical ly act ive impur i ty  in ger-  
manium with  a distr ibution coefficient greater  than one. 
It, however ,  suffers f rom the difficulty that  a large 
amount  of the boron is lost f rom the ingot dur ing the  
zone refining process. This is presumably  due to the oxi-  
dation of the boron by trace oxidants in the system as 
discussed by Bridgers and Kolb (5). The use of high-  
pur i ty  pal ladium-diffused hydrogen did not remedy  
this difficulty. In order  to obtain the desired material ,  
the loss of boron per pass was measured,  and sufficient 
extra  boron was put in to correct  for the boron loss. 
It  was found that  af ter  eight zone passes /only  f rom 
0.1 to 1% of the original  boron remained .as electr ical ly 
act ive boron in the ingot. Severa l  ingots were  grown 
using this est imation procedure. One of these ingots 
contained a zone- leveled  port ion 6 cm long over  which 
the concentrat ion of boron remained within  20% of 
the  average  value, The concentrat ion of compensating 
impuri t ies  was measured on two samples f rom an-  
other  of the ingots and was found to be l X l 0  TM and 
1.5 X 10 TM cm -s,  respectively.  Detectors made f rom this 
ingot yielded the excel lent  detectors described in 
ref. (1). 

Because of the inevi table  var iabi l i ty  of the loss of 
boron in pur i fying an ingot, it was difficult to prepare  
zone leveled boron-doped germanium of a p rede te r -  

mined doping level.  For  this reason it was desirable to 
be able to prepare  low-compensat ion  germanium using 
another  group III  dopant. Two methods of prepar ing 
low-compensat ion  ga l l ium-doped ge rmanium were  de-  
veloped. 

The first method utilizes the fact (6) that  the slope 
of the u l t imate  distr ibut ion of an impur i ty  is ve ry  
sensit ive to the distr ibution coefficient of the impur -  
ity, the smaller  the distr ibution coefficient the steeper 
the slope. Since gal l ium has one of the largest  distr i-  
bution coefficients (k = 0.087) of any dopant in ger-  
manium the slope of its u l t imate  distr ibution is less 
steep than the slopes for most  other  impurities.  For  
example,  if there  are equal  numbers  of gal l ium and 
arsenic (k = 0.02) atoms in a ge rmanium ingot, then 
the rat io of arsenic to gal l ium concentrat ions is 0.0009 
at a point four zone lengths f rom the final end of the 
ingot having the u l t imate  distr ibution of each of these 
dopants. Essential ly this method uses this purification 
effect for reducing the compensation. In practice, a 
small  piece of gal l ium was placed on the end of a 
previously zone refined ingot of germanium and ten 
additional zone refining passes made. A zone about 
2.5 zone lengths ( the exact  distance depends on the 
desired gal l ium concentrat ion) f rom the final end of 
the ingot was then mel ted and carr ied to the begin-  
ning end of the ingot. The first 10 cm of the ingot was 
then zone leveled. A sample cut f rom this ingot was 
measured to have a gal l ium concentrat ion of 1.2• 
at. cm -3 and a compensat ing impur i ty  concentrat ion 
of 4 • 10 TM at. cm -~. 

The second method of prepar ing low-compensat ion 
gal l ium-doped germanium used a pe l le t -dropping  
technique adapted to horizontal  crystal  growth. While 
pe l le t -dropping to achieve varying doping levels and 
p-n  junctions is a common procedure in connection 
with  the Czochralski method of crystal  preparat ion,  
its adaptat ion to horizontal  crystal  growth appears to 
have  been neglected. The exper imenta l  apparatus is 
shown in Fig. 1. A quartz  spoon which holds the 
dropping pellet  containing the proper  amount  of gal-  
l ium-doped germanium was inserted into the zone re-  
fining tube through an "O" r ing connector. Previous ly  
zone refined germanium was placed in the zoner wi th  
a seed crystal, and 6-10 zone refining passes were  taken 
to remove  any impuri t ies  introduced during the 
handl ing and etching of the germanium. A zone was 
then mel ted  toward the front  end of the ingot and the 
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Fig. 1. Horizontal pellet dropping apparatus 

pellet  dropped into this mol ten zone. The pel let  dis-  
solved very  rapidly,  and the zone was backed up 
slightly to remel t  the polycrystal l ine growth caused 
by the sudden tempera tu re  drop in the zone. The 
zone is then carr ied out to the end of the ingot. A 
sample cut f rom an ingot grown in this manner  was 
measured  to have  a gal l ium concentrat ion of 1.2 • 1014 
at. em -3 and a concentrat ion of compensat ing impur -  
ities of 2X1O TM at. cm -3. Detectors made f rom ma-  
ter ial  grown by ei ther of these methods proved to be 
excel lent  detectors (2). A detector which used a piece 
of ga l l ium-doped ge rmanium grown by the pel le t -  
dropping method was found to have a detect ivi ty  of 
3.1• n cm-cpsl /2-W -1 at 104~ which is the highest 
detect ivi ty  for any detector of this type measured  to 
date at NRL. 

The chief source of extraneous current  noise in 
these detectors appears to be associated with  the con- 
tacts to the detector element.  In order to reduce this 
current  noise p +-p s ingle-crysta l  contacts were  grown 
by placing a heavi ly  doped piece of ge rmanium on 
each end of a 1 cm section of ga l l ium-doped ger-  
manium detector material .  The boat containing these 
pieces was placed in the zone refining apparatus and 
the contact piece was melted. The rf  coil was then 
moved unti l  the mol ten  contact piece wet  the detector 
section and mel ted  it back slightly; the coil was then 
slowly wi thd rawn  (5 c m / h r )  and a single crystal  con- 
tact was grown. The same procedure  was fol lowed with  
the other contact. It  was found that  when boron was 
used for the p+ dopant the lowest  noise contacts were  
obtained (7); however  when  indium was used for the 
p+ dopant re la t ive ly  high noise contacts were  ob- 
tained. Because the distr ibution coefficient of boron 
is greater  than  uni ty  it  forms a sharper  junct ion than 
indium which has a distr ibution coefficient of 0.001 
in germanium;  it is presumed that  an abrupt  p + - p  
junct ion is requi red  for a low noise junction. 

In order to carry  out the procedures described above 
it is essential that  single crystal  growth be easi ly 
maintained.  This was accomplished by using a quartz 
boat with a close-fitt ing graphi te  sleeve as shown in 
Fig. 2. The end pieces shown on top of the figure were  
used to raise the graphi te  sleeve off the quartz  re -  
action tube and to p reven t  the boat f rom sliding out 
of the graphi te  sleeve. The boat was sand-blasted and 
blackened with  soot f rom a paraffin candle. On top 
of the sooted layer  there  was deposited a thin layer  of 

Fig. 2. Components of the crystal growing boat arrangement. 
The upper pieces are two quartz supports, the next lower piece is 
a graphite sleeve, the next lower piece is the quartz boat covered 
with soot and pyrolytic carbon. The bottom piece is a typical ger- 
manium ingot. 

pyrolyt ic  carbon which was obtained f rom the decom- 
position of acetone at 800~ Before  use the boat and 
graphite sleeve were  heated at 10OO~ in a s t ream of 
pure  hydrogen to dr ive  off any water  or unreacted 
organic material .  The graphi te  sleeve is a simple but  
effective method of obtaining a vertical,  freezing in-  
terface in the germanium ingot. Single crystal  growth 
was re l iably mainta ined at all  speeds up to 20 cm/hr .  
The pyrolyt ic  carbon layer  on top of the soot layer 
serves to stabilize the soot layer  and has permi t ted  the 
use of the same boat many times wi thout  recoating. 
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The Vapor Pressure of Iodine in the 
Temperature Interval 43~176 

M .  Berkenbl i t  and A.  Reisman 

International Business Machines Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York 

In an earl ier  study of the react ive  t ranspirat ion in 
the system Ge-I2-He, we had occasion to de termine  the 
vapor pressure of iodine at 50.5 ~ and 61.8~ for com-  
parison with  l i tera ture  values to insure against the 
possibility of large systematic errors affecting our re -  
sults (1). The values obtained by us at the two t em-  
peratures  were  found to differ f rom those repor ted  by 

Baxter  and Grose (2), who also employed a t rans-  
pirat ion technique,  by 3.7% at 50.5 ~ and 2.3% at 61.8 ~ . 
Since our data showed an average  deviat ion of 2-3% 
due, it is believed, to an end point inaccuracy in the 
thiosulfate t i t ra t ion as well  as some tendency for solu- 
tions of the reducing agent  to oxidize dur ing the analy-  
sis (due to trace quantit ies of O2 in the carr ier  gas), 
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Table I. Summary of 12 vapor pressure calculations 

we had no reason to question the earl ier  work  at that  
time. Fur thermore ,  as the absolute values of vapor  
pressures were  less impor tant  than demonstra t ing that  
gas saturat ion was achievable  at all  flow rates in our 
system, subsequent  Ge-I2 react ion computations were  
based on iodine data repor ted  by Baxter  and Grose. 

More recently,  in quant i ta t ive  kinetic studies of the 
Ge-HI  react ion (3), the l i tera ture  iodine data came 
under  greater  scrutiny because of the effect errors in 
the absolute values of the I2 vapor  pressure would  
have on determinat ions of the reaction order. We had 
developed an HI generator  in the in te rvening  t ime 
period which suggested a new approach to the de- 
terminat ion of the vapor  pressure of iodine in which 
the iodine was converted to hydrogen iodide and the 
lat ter  was then quant i ta t ively  est imated via an acid- 
base volumetr ic  procedure. This technique is clearly 
superior to the thiosulfate method employed in our 
earl ier  work. In addition, it seems subject  to far  less 
cumulat ive  error  than would  be expected in the in-  
volved gravimetr ic  analysis resorted to by Baxter  and 
Grose. 

During the course of the studies to be described, 
we demonstra ted that  the modified iodine source de-  
sign employed was capable of equi l ibrat ion with  H~ 
carr ier  gas input flow rates of up to ca. 8 l i t e r s /min  
in the tempera ture  in terva l  43 ~ ~ 

Exper imental  Procedure 

Figure  1 is a schematic representat ion of the HI 
analysis train. The system consists of a controlled 
carr ier  gas supply (Matheson "ul t ra  pure"  H2 was used 
without  fur ther  purification) to an HI generator  fol-  
lowed by a reaction chamber.  To this point, the ap-  
paratus is the same one employed in the Ge-HI  kinet ic  
studies of ref. (3). For the purpose of the present  
study it was necessary to provide a means for t rapping 
and react ing HI and measur ing the vo lume of carr ier  
gas. This was accomplished via 3NaOH bubblers and 
a "Precision" wet  test meter .  The design of the HI 
generator  and its operation has been described p rev i -  
ously in detail  (4), as have  modifications in the iodine 
source bed length to accommodate  high flow rates 
needed for the kinetic studies (3). 

The exper imenta l  procedure  fol lowed was to place 
three traps in the line, each containing a measured  
quant i ty  of standardized 0.1N NaOH solution diluted 
to a final vo lume of 100 cc. The ent ire  system was 
flushed for 15 min with H2 through the bypass port ion 
of the HI generator.  The carr ier  gas was then passed 
through the iodine source and catalyst  chamber.  The 
effluent HI-H~ mix tu re  is then depleted of HI in the 
s tandardized NaOH solution traps, the wet  H~ volume 
being finally measured  in a cal ibrated wet  test meter .  
Af te r  passage of given volumes of carr ier  gas, 6-21 
liters, the iodine source was bypassed and the system 
was flushed for 30 min to insure complete  removal  of 
entra ined HI. Analysis of the unreacted NaOH re-  
maining in the bubblers was effected by t i t rat ing with  
a standardized 0.1N HC1 solution. All  of the HI gen-  
erated was found to have reacted in the first two 
bubblers, wi th  the final chamber  providing a t i t ra-  
t ion blank for the experiment .  F rom these t i t rat ions 
the mi l l iequivalents  of HI and Is per vo lume of H2 
were  determined.  

T ~  P1~ ( T o r t )  m e q .  HI  t i t r a t i o n  

43.0 1.19 2.636 ----- 0 . 0 0 4 / 2 1 . 0 0 1  
49.35 1.90 4,195 -+- 0 .007 /21 .00  1 
58.1 3.54 5.641 ----- 0 .002 /15 .00  1 
68.0 6,86 8.788 - -  0 .023/12 .00  1 
79.95 14.33 9.455 • 0 . 0 0 2 /  6.00 1 

Results and Discussion 
Iodine vapor pressures were  calculated wi th  the aid 

of Eq. [1]. Assuming ideal gas behavior  and a constant 
value  of atmospheric pressure (1 a tm) ,  the par t ia l  
pressure of iodine is given by 

T~I2 
P l2 (Wor r )  ~ 0.760 

V 
+ 

[1] 

where  7~.i2 is the number  of moles of iodine, de ter -  
mined by titration, that  are carr ied in the vo lume V 
measured at a wet  test mete r  whose tempera ture  is 
TM and where  PH~O is the vapor  pressure of water  at 
TM. 

Table I contains the t i t rat ion results and Is vapor  
pressures that  were  calculated f rom these data. The 
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deviat ion observed was 0.2% in the worst case. A 
comparison of the Baxter  and Grose data wi th  those of 
the present  study is shown by a plot of the var iat ion of 
I2 vapor pressure with tempera ture  in  Fig. 2. I t  can be 
seen that  there is approximately a 5% difference 
between the two sets of results through the entire tem-  
pera ture  range. 

A plot of log p~r vs. 1/T~ as shown in  Fig. 3 yields 
a straight l ine described by  Eq. [2] 

--3.25 • 108 
log PHI(Torr) = -b 10.35 [2] 

T~  

The slope of this curve has a value of 14.9 kcal /mole  
which is in  exact agreement  with hH~ the heat of 
subl imation at 298~ calculated from third law con- 
siderations using the free energy funct ions in  Stul l  
and Sinke (5). This is to be compared with the mean  
value of 14.7 kcal /mole  reported by Baxter  and Grose 
whose calculated values ranged between 14.6 and 15.0 
kcal/mole. 
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influence of Temperature on Illustrations of the Adoption of 
Limiting Values of Hydride Vapor Pressure and Hydrogen 

Contents by Highly Surface-active Cathodes of Palladium Alloys 
J. A. S. Green and F. A.  Lewis 

Chemistry Department, The Queen's University of Belfast, BeZ~a~t, Northern Ireland 

Measurements of the electrical resistance and elec- 
trode potential  of cathodes of certain pal ladium alloys 
at 25~ have provided evidence (1) that, wi th  highly 
catalytically active surfaces, the hydrogen content  of 
the cathodes (expressed here as H/Me, the atomic ratio 
of hydrogen atoms to the total  number  of metal  atoms) 
tends toward a l imit ing value  over the range  of cur-  
ren t  densities spanning the onset of the evolution of 
bubbles of gas. Such measurements  also provided evi-  
dence that  the adoption of l imit ing hydrogen contents 
results from the development  of a l imit ing supersa tura-  
t ion of the catholyte with hydrogen molecules prior to 
the evolution Of bubbles,  and not  to a l imit ing solu- 
bi l i ty of hydrogen wi th in  the cathodes. 

At the l imit  of supersaturation,  the concentrat ion of 
dissolved hydrogen molecules, C(lim), may be regarded 
as in equi l ibr ium with a hypothetical  equivalent  pres-  
sure of hydrogen gas, P(l~)- The hydrogen content  of 
the cathode under  these conditions may, in turn,  be 
designated H/Me(nm), and its corresponding hydride 
vapor pressure designated P(lim), where P(lim) should 
equal P(lim) in  the steady state dur ing  electrolysis. 

For pal ladium and some pal ladium alloys, electrical 
resistance (often convenient ly  expressed as relat ive 
resistance, R/Ro, where Ro is the "hydrogen-free" 
value) increases approximately l inear ly  wi th  increase 
of H/Me, and then exhibits a decrease following a re la-  
t ively broad maximum.  The relationships between 
H/Me and R/Ro can be v i r tual ly  independent  of tem- 
perature  over appreciable ranges of H/Me (2). 

The basis of i l lustrat ions of the a t ta inment  of l imi t -  
ing values by p and H/Me lies in  the form of the pres-  
sure (p)-composi t ion (H/Me) isotherms for the alloys. 
These should be such that  there wil l  be only a rela-  
t ively small  increase of H/Me for values of p up to 
P(,m). This increase of H/Me then should be reflected 
by only a small  increase of R/Ro up to R/Ro(lim). Any  
absorption of hydrogen in  excess of H/Me(lira) then 
can be reflected by  substant ia l  fur ther  changes of 
R/Ro. 

At 25~ alloys wi th  ~20% Ni and ~25% Rh have 
been found satisfactory in these respects (1). Results in  

Fig. 1 indicate how other alloys can provide good 
demonstrat ions at other temperatures.  

Figure l a  i l lustrates that, at 25~ a highly cata- 
lyt ical ly active cathode of an 18,99% Pt  alloy can 
exhibit  re lat ively substant ial  increases of R/Ro dur ing 
electrolysis at "160 ma cm -2. This current  density is 
sufficiently high for vigorous evolution of hydrogen 
bubbles to be occurring in  the steady state. Changes of 
R/Ro dur ing electrolysis were measured by an a-c 
bridge, and the electrolyte was in  fair ly low concen- 
t ra t ion in  order to reduce errors in  R/Ro due to co- 
conduction of the bridge current  through the solution. 

With increasing temperature,  alloys of the Pd + Pt  
series exhibit  (2, 3) a general  decrease of the value 
of H/Me corresponding with any value of p. Results 

1'6 ] I ! I L I 

I ',, (o1 I ~ (~1 

% 1-3 . .~ 
1-2 

I'I 

I,O 
0 S I 0  15 O 2 0  4 0  6 0  8 0  

Fig. 1. Changes of R/Ro with time both during (open symbols) 
and subsequent to (filled symbols) electrolysis in hydrogen-satu- 
rated 0.02N HCI for ~ 8  cm lengths of a 0.0122 cm diameter wire 
of an 18.99% Pt-91.01% Pd alloy coated thinly with palladium 
black. Prior to electrolysis, the "active" specimens [Fig. l(a)] had 
absorbed hydrogen from solution until they assumed a "zero" elec- 
trode potential with respect to a Pt/H2 reference electrode in the 
same solution. 
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in Fig. l ( a )  indicate that  the value  of H /Me  cor-  
responding to P(lim) had become so much lower at 
6O~ that  the highest va lue  of R/Ro which could be 
attained dur ing electrolysis was now only NI.1 in the 
case of a highly catalyt ical ly act ive specimen. 

Pr ior  to an otherwise duplicate exper iment  at 60~ 
a fur ther  18.99% Pt  specimen was immersed  in an 
arsenical  solution. This caused its surface to be poi-  
soned for equi l ibrat ion with  hydrogen molecules. Con- 
sequent ly  the concentrat ion of hydrogen atoms on its 
surface dur ing subsequent  electrolysis was l ikely to 
exceed (1,4) the concentrat ion of atoms comple-  
men ta ry  with  Pcl~n). 

Absorpt ion of hydrogen by this poisoned specimen 
in excess of P(llm) is indicated in Fig. 1 (b) by the sub-  
stantial increase of R/Ro beyond 1.l, and by its sub- 
sequent  passage through a maximum.  

F igure  1 (b) also shows that, af ter  in ter rupt ion  of 
electrolysis, a m a x i m u m  also is exhibi ted by plots of 

R/Ro against t ime dur ing the re la t ive ly  slow desorp-  
tion of hydrogen f rom such poisoned specimens. 
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Communication i@ 
Phase Diagram of the Pseudo-Binary System Ge-GaAs 

R. M. A. Lieth and H. J. M. Heyligers 

Solid State Physics Group, Department of Technical Physics, Technical University, ~indhoven, The Netherlands 

The main  object of the work  of J e n n y  and Braun-  
stein (1, 2) was to find the miscibi l i ty range for  solid 
solutions of Ge and GaAs. In this paper  we repor t  the 
phase diagram for the system Ge-GaAs,  de termined  by 
means of thermal  analysis in the region 100% Ge to 
Ge-35 mol. % GaAs. The eutectic composit ion lies at 
25 mol. % GaAs at a t empera ture  of 862 ~ _ 2~ In 
the course of our work  two articles appeared in the 
l i terature.  Glazov et al. (3) repor t  an eutectic alloy 
at 18.7 tool. % GaAs at a t empera ture  of 888 ~ • 3~ 
Takeda et al. (4) found the eutectic composit ion at 
15 mol. % GaAs at a t empera ture  of 865 ~ _ 2~ 

The alloys were  made by mel t ing  together  the com- 
ponents 1 in silica ampoules wi th  thermocouple  holes in 
the top. These ampoules were  sealed off af ter  evacu-  
ation to 10 -3 mm Hg. Af te r  fusion the Ge-GaAs  melts  
were  kept  at 1250~ for 3 hr, while  occasional shaking 
insured a thorough mixing  of the contents. The the r -  
mal  analysis of these alloys was made by recording the 
cooling curves with a Honeywel l  automatic  measur ing 
bridge. 

F rom the constant par t  in the t ime- t empera tu re  
curves a Tamman  t r iangle  was constructed, which 
enabled us to check the position of the eutectic com- 
position. 

The  cooling ra te  was 10~ Si lver  and sodium 
chloride were  used as re ference  materials.  

t M o n o e r y s t a l l i n e  G a A s  w a s  o b t a i n e d  f r o m  M o n s a n t o ;  m o n o c r y s -  
t a l l i ne  G e  w a s  p r o v i d e d  b y  t h e  M a t e r i a l s  S c i e n c e  Group of  our 
Phys ics  D e p a r t m e n t .  

In Table I the mel t ing points of the various alloys 
are  listed. The eutectic t empera tu re  of 860 ~ • 2~ is in 
good agreement  wi th  the work  of Takeda et al. who 
repor ted  865 ~ _ 2~ however  their  eutectic com-  
position of 15 tool. % GaAs differs from bur work. 

The eutectic t empera tu re  of 888 ~ • 3~ found by 
Glazov et al. is h igher  than that  found by Takeda and 
in our work. The corresponding eutectic composition of 
18.7 mol. % GaAs, which is in good agreement  wi th  
the work  of Takeda, differs f rom our eutectic com- 
position. 
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Table I. Melting point of various alloys 

1 0 0 %  5 t o o l .  % 10 t o o l .  % 15 t o o l .  % 2 0  t o o l .  % 2 5  r e a l .  % 3 0  t o o l .  % 3 5  r e a l .  % 
Ge GaAs GaAs GaAs GaAs GaAs GaAs GaAs 

1 s t  T h e r m a l  935" -4- 2 " C  915" ----- 2 ~  898 = -+- 2 ~  890" ----- 2 ~  8 8 0  ~ ----- 2 ~  860" ----- 2 ~  905"  ___ 2 ~  9 3 4  ~ ~ 2 ~  
arrest 

2 n d  T h e r m a l  8 6 0  ~ --4=- 2 ~  8 5 9  = ___ 2 " C  8 5 8  ~ -4- 2 + C  860" -4- 2 ~  8 6 0  = • 2 ~  8 6 0  ~ -4- 2 o c  8 6 2  = ~ 2 o c  
arrest 

Pure Ag: rap: literature. 800.4; found, 800=C (5); pure NaCI: rap: literature, 960.8; s 962~ 



Polarization Studies on Sintered Plate Electrodes 
Containing Various Amounts of Ni(OH)2 
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ABSTRACT 

Porous, sintered plate, nickel  oxide electrodes containing var ied  amounts  
of active mater ia l  (nickel  hydroxide)  were  invest igated wi th  a single pulse 
in ter rupt ion  technique. Double layer  capacitance measurements  and long 
t ime overvol tage  decay suggest that  the nickel  hydroxide  deposited in the 
pores in sequent ia l  impregnat ions  is deposited as a sponge of discrete particles.  
The avai lable  surface area proves, therefore,  to be propor t ional  to the Ni (OH)2 
weight.  The long decay t imes indicate solid-state diffusion or re laxat ion  
phenomena on top of l iquid concentrat ion overvol tage,  which becomes in-  
creasingly impor tant  wi th  heavi ly  impregnated  electrodes. 

Some investigations on the f i lm-type nickel oxide 
electrode seem to suggest that  the thickness of the 
nickel  hydroxide  layer  not only influences the polar iza-  
tion behavior  but  also strongly influences the coefficient 
of uti l ization of the act ive material .  Wynne-Jones  (1, 
2) prepared  f i lm-type electrodes of thicknesses ranging 
f rom approximate ly  1000 to 250,000A and found elec-  
tron yields on discharge ranging f rom 1.5 to 0.2 elec- 
trons per  Ni for thin and thick films, respectively.  
Thin films up to 10,000A were  prepared by electro-  
deposition of nickel  hydroxide  on nickel  substrates, 
thick films by oxidation of nickel  surfaces wi th  hy-  
pochlorites, and the results of the two prepara t ion 
methods may  not be direct ly comparable.  However ,  
thickness effects were  clearly present  in films p re -  
pared by the same method.  

The electrochemical  measurements  of Kuchinski j  
and Ershler  (3) on a large grain of nickel  oxide in an 
alkal ine electrolyte  established the existence of a con- 
t rol l ing solid-state diffusion mechanism which leads to 
the deplet ion of conduct ive species in the surface layer  
of the grain and ul t imately,  to the format ion of an 
insulating Ni(OH)2 layer  at the conductor /n ickel  ox- 
ide interphase, which prevents  the reduct ion of the 
higher  valence, conduct ive inter ior  of the grain. 

Such a mechanism would explain the lower  cou- 
lombic efficiency of thicker  nickel  oxide layers  if the 
su r face - to -vo lume  ratio decreases in thicker  layers or, 
in other  words, if the specific surface area of nickel  
oxide does not remain  constant as the layer  is in-  
creased. 

The existence of such potent ial  de termining surface 
layers was also discussed by Conway et al. in the 
series of papers on the nickel  oxide electrode (4-7). 
These authors used a technique for their  invest igat ion 
similar  to the one described in this paper. 

In v iew of these findings, it would  seem reasonable 
to expect  that  porous sintered electrodes may show 
similar  effects if the pores are coated with nickel oxide 
films of various thicknesses. 

On the other  hand, since the methods of prepara t ion 
of f i lm-type electrodes and porous electrodes differ, 
the morphology of these layers could vary  greatly.  On 
the one extreme,  the successive impregnat ion  cycles in 
porous electrodes could build up epi taxial  nickel  oxide 
layers, and the avai lable  surface would  remain  con- 
stant or sl ightly decrease wi th  every  impregnat ion  step. 
This surface would  be an image of the in ternal  surface 
area of the porous n icke l -carbonyl  plaque s t ructure  or 
approximate ly  0.1-0.2 m f / g  of plaque. 

On the other  ext reme,  the nickel oxide would be 
deposited as ve ry  small  discrete part icles independent  
of the previous deposit. In this case, the avai lable  sur-  
face area would increase in proport ion to the increase 
in nickel  oxide weight  or, in other  words, the specific 

area of nickel  oxide would be constant and of the order 
of magn i tude  of several  square  meters  per  gram of 
plaque. 

Such differences in avai lable surface area would re -  
sult in widely  different polarizat ion behavior  of the 
electrode. 

Experimental 
The porous plates used in this invest igat ion were  

5 x 5 cm squares and approximate ly  1 mm thick. The 
average  pore size was approximate ly  10~,, the porosity 
approximate ly  80%, and the BET surface area 0.1-0.2 
m2/g. 

Ten plaques were  washed with  t r ichloroethylene in 
a Soxhlet  ext ract ion apparatus and vacuum impreg-  
nated wi th  a nickel  ni t ra te  solution containing 0.25g of 
n i cke l / cm ~. The plaques were  then immersed  in 25% 
NaOH at 100~ cathodically polarized at 170 m a / c m  2 
for 30 min, washed with  disti l led water  for 3 hr, and 
dried. This impregnat ion  cycle was repeated up to ten 
times. Test plates were  w i thd rawn  after  one, three, six, 
and ten impregnat ion  cycles, respect ively.  In addition, 
two p l a q u e s  were  impregnated  with  diluted ni t ra te  
solution wi th  a nickel  content  equivalent  to one- th i rd  
of the normal ly  concentrated nickel  n i t ra te  solution. 
These plates are re fe r red  to as one- th i rd  impregnat ion 
plates. 

Table  I shows the plate  loading for these plates. 
The  plates were  assembled into cells using porous 

sintered plate cadmium counter  electrodes of approxi-  
mate ly  ten t imes excess capacity. The cells were  
flooded with  30% KOH electrolyte  and equipped with  
H g / H g O  reference  electrodes in 30% KOH solution. 

The cells were  closed to avoid access of atmospheric  
CO2. 

After  convent ional  forming, the cells received five 
charge and discharge cycles at a ra te  corresponding to 
the one used dur ing the par t icular  exper iment ,  usually 
the 1- or 2-hr  rate. In all cycles, the charge put into 
the cells was 140% of the theoret ical  e lectrochemical  
capacity. 

Results 
The most s t ra ight forward  method of s tudying bat tery  

electrode behavior  is the recording of charge and dis- 
charge curves measured  against  a suitable reference 
electrode. These charge and discharge curves, de ter -  

Table I. Plate Loadings 

I m p r e g n a t i o n  A c t i v e  m a t e r i a l s  % P o r e  v o l u m e  
cyc le s  p e r  g r a m  p l a q u e  u t i l i z a t i o n  

" 1 / 3 "  0.055 3 
1 0.137 8 
3 0.330 20 
6 0.525 30 

10 0.710 41 
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Fig. 1. Simplified equivalent circuit to illustrate double layer 
discharging after interruption of polarizing current: C, bulk 
capacity; R, faradaic impedance; R~z, ohmic impedance; Cdl, double 
layer capacitance. 

mined at different tempera tures  and current  densities, 
have  practical  importance,  but  are of l i t t le  theoret ical  
value, par t icular ly  wi th  porous electrodes, because 
they only record the total overpotential .  For  more 
detai led studies, exper imenta l  methods distinguish 
between the individual  components  of the overpoten-  
tial, namely,  be tween ohmic, act ivation and concentra-  
tion overpotential .  

A method of great  usefulness for this purpose is the 
measurement  of the decay or bui ld-up  of overpotent ia l  
as a funct ion of t ime (4-7). If  such measurements  are  
carr ied out in the t ime in terval  f rom a few micro-  
seconds to several  hours, it may be possible to measure  
the double layer  capacitance and to distinguish be- 
tween ohmic, activation, and concentrat ion overpoten-  
tials by the rates of potent ial  bu i ld-up  or decay and by 
the slopes of the theoret ical ly  significant overvot tage 
decay or bui ld-up  against  the logar i thm of time. 

The discharge process is given by the equivalent  
circuit, shown in Fig. 1 [see (8) for complete  equiva-  
lent  circuit] ,  where  C is the bulk or surface pseudo-  
capacitance, and Cdl is the double layer  contr ibution 
( C  ~ C d l ) .  Ra is the ohmic resistance. In the s teady-  
state of discharge, the p.d. across Cdl is V13. C will, in 
practice, be short-circui ted by another  reaction res!st- 
ance corresponding to the rate  of self-discharge on 
open circuit;  however ,  this can be neglected. The p.d. 
across C dur ing discharge is V13 - -  iR,  i. e., V~2~V13. 
When the current  is interrupted,  Ra decays ins tantane-  
ously. V13 wil l  eventua l ly  become equal  to V12 by an 
in ternal  current  flow f rom CdlC. This is a fast process 
observable  in the  microsecond range and allows the 
de terminat ion  of the double layer  capacitance and thus 
the surface area of the e lec t ro ly te /n icke l  oxide inter-  
phase. 

Act ivat ion and concentrat ion overpotent ials  requi re  
longer  decay t imes and with  this type of electrode 
cannot be c lear ly  discerned by decay ra te  measure -  
ment.  Act ivat ion overpotent ia l  decay, however ,  should 
show one slope if plot ted against  the log of t ime 
regardless  of cur ren t  density or s ta te-of-charge,  pro-  
vided there  is only one operat ive mechanism. In any 
case, it would  be expected that  one mechanism wi l l  
prevai l  over  distinct regions of current  density or 
s ta te-of-charge.  Therefore,  if the decay slopes against  
the log of t ime change propor t ional ly  to current  den-  
sity or s ta te-of-charge,  a concentrat ion overpotent ia l  
mechanism is indicated. 

The measuremen t  of ve ry  short t ransients  requires  
a fas t -act ing t r igger  circuit. Such a t r igger  circuit  is 
shown in Fig. 2. It  consists essentially of a 10-~sec 
monostable  mul t iv ibrator ,  a 250 kc flip-flop, and a 
transistorized switch. 

The typical  sequence of operat ion consists of put t ing 
the cell on a selected load across the switching t ran-  
sistor in its conductive mode. The ba t te ry  is then dis- 
charged for a p rede te rmined  period af ter  which the 
switch is activated. The oscilloscope is t r iggered ex-  
actly 10 ~sec before the switching transistor  goes into 
its nonconduct ing mode. 
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Fig. 2. Delayed-sweep trigger circuit used to obtain voltage time 
curves. (All diodes, 1N34A; oil transistors, 2N1307"s.) 

Figure  3 shows typical  vol tage t ime plots cover ing 
the six t ime decades f rom 10 ~sec to 10 sec for a cell at 
different s tate-of-discharge.  Each of these curves re-  
presents six oscillographic traces. 

This plot  c lear ly  shows three  different regions in 
the curves of the overvol tage  decay. Quite obviously, 
the ohmic overvol tage  does not change marked ly  with  
s ta te-of-discharge  of the electrode. It  should be under -  
stood that  the vol tage scale in this plot is relat ive,  i.e., 
the voltage level  of the 10 #sec pre in te r rupt ion  sweep 
was arb i t rar i ly  taken as zero in order  to allow a bet ter  
comparison of the curves. The ve ry  small  vol tage drop 
in the in terval  f rom 10 ~sec to approximate ly  100 msec 
is assigned to double layer  charging, as explained,  and 
reflects a large capacitance indicat ive of a ve ry  large 
surface area. 

The port ion f rom 100 msec to longer t imes is con- 
sidered to be due to concentrat ion and act ivat ion over -  
voltages and wil l  be discussed in more  detai l  later. 

The very  flat first port ion of the curve  is used for 
the est imation of the avai lable  area of the electrode. 

Up to 1 msec, the overvol tage  decay is almost  l inear  
wi th  time, and the use of the relat ionship 

C : i / ( d E / d r )  

where  C is the double layer  capacitance, i the pre-  
in terrupt ion current,  and dE/dr  the t ime differential  
of the voltage, allows one to est imate the double layer 
capacitance and the area of the active materials.  

In Fig. 4, the s ta te -of -charge  is plot ted against the 
capacitance per  gram of act ive mate r ia l  calculated 
f rom overvol tage  decay traces for plates containing 
0.18-2.5g of Ni(OH)2.  The discharge current  per gram 
of active mater ia l  was kept  constant in all curves, and 
therefore,  if the surface area of the act ive mater ia l  in 
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Fig. 3. Short-time overvoltage decay curves for an almost fully 
charged (FC), a 25% (25% d.c.) and a (70% d.c.) discharged 
electrode. 
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Fig. 5. Long-time overvoltage decoy of positive plates for an 
almost fully charged, a 50% and an 80% discharged electrode. 
Discharge current 0.2 A /g  active material. Active materio! per 
p l a q u e :  ~ O . 5 g ;  - -  - -  - -  l g ,  - - . - - .  1 . 5 g .  

Fig. 4. Change of double layer capacitance during discharge of 
�9 0.180g Ni(OH2)/plaque d.c., 26 ma; , 0.480g 

Ni(OH)2/plaque d.c., 70 ma; - -  - - - ,  1.100g Ni(OH)2/plaque 
d.c., 160 too; . . . . .  , 1.700g Ni(OH)2/plaque d.c., 250 ma; 
- - I1 - -H- - ,  2.500g Ni (OH)2/plaque d.c., 360 ma. Current density, 
145 ma g Ni(OH)2 ~ 7.25.10 7 amp/cm2; based on a Ni(OH)2 
area of 20 m2/g. 

the pores is proport ional  to the weight,  the curves 
should be identical. 

For  electrodes discharged up to 25%, the difference 
in capacitance be tween  plates wi th  0.18g of Ni (OH)2  
and plates with 2.5g of Ni (OH)2 is only approximate ly  
20-25%. If we assume a double layer  capacitance of 20 
~f /cm 2 for the hydra ted  nickel  oxide, the capacitance 
figures would suggest areas of the order  of at least 1 
13-16 m2/g of hydra ted  nickel  oxide in reasonable 
agreement  wi th  repor ted  surface areas for this oxide 
measured  by the BET method  (9, 10). 

The capacitance and, there lore ,  the  avai lable  surface 
area decreases wi th  discharge, and the differences be-  
tween  l ight ly  and heavi ly  loaded electrodes become 
greater.  It is suggested, however ,  that  this might  be 
due to in ter ference  of concentrat ion polarizat ion effects 
involving the electrolyte.  Such effects would  be con- 
siderably greater  in heavi ly  loaded cells since the cur-  
rent  (and, therefore,  mass t ransport)  to pore vo lume 
ratio is approximate ly  25 t imes higher.  The measure -  
ments wi th  75% charged plates are, therefore,  con- 
sidered more  significant, and these indicate that  the 
specific area does not  drast ical ly decrease with in-  
creased plate loading. 

Figure  5 shows the long t ime overvol tage  recovery  
of the same plates, again discharged at constant cur-  
rent  per gram of act ive material ,  this t ime 200 ma/g ,  
i .e.,  37 ma for the plate wi th  one- th i rd  impregnat ion  
and 510 ma for the plate wi th  10 impregnations.  The 
amount  of t ime requi red  to reach quas i -equi l ib r ium is 
a function of the s tate-of-discharge.  The ful ly  charged 
cells, i .e.,  cells which were  approximate ly  4% dis- 
charged, at tain equi l ibr ium in approximate ly  20 min. 
The 50% discharged cells requi re  approximate ly  16 hr, 
and the 80% discharged cells at tain equi l ibr ium only 
after  a 24-hr stand. 

The  magni tude  of recovery  increases wi th  the s tate-  
of-discharge and is 10 m y  for a ful ly  charged plate, 
40 my for 50% discharged cells, and 70 mv  for 80% 
discharged cells. 

Over  long t ime periods, the curves are l inear  wi th  
the logar i thm of time. At  different s ta tes-of-charge  
the slopes are considerably different, indicat ing surface 

1 T h e  c u r v e s  s u g g e s t  h i g h e r  c a p a c i t a n c e  fo r  f u l l y  c h a r g e d  n i c k e l  
o x i d e  e l e c t r o d e s .  

changes as previously seen for the capacitance meas-  
urements.  

For  the same s ta te-of-charge,  however ,  the slopes of 
the recovery  curves are ve ry  similar  i r respect ive of 
act ive mater ia l  loading if discharged at the same cur-  
ren t  per  gram of act ive material .  This behavior  indi-  
cates similar  current  densities resul t ing f rom close to 
constant specific surfaces for these plaques containing 
various amounts  of nickel  oxide. 

If the electrodes are discharged at the same current  
per gram of act ive material ,  i .e.,  with  26 ma  for the 
one- th i rd  impregnat ion  and 360 ma for the 10-im- 
pregnat ion cells, the discharge curves are almost 
identical  wi th  respect  to the vol tage level  as wel l  as 
wi th  respect  to faradaic  capacity. 

If, however ,  a plate  is discharged at var ious currents  
per  gram of act ive mater ia l  but  wi th in  the same 
apparent  current  density l imits as before, the difference 
is clearly visible in the reduced faradaic capacity 
del ivered by the electrode at the higher  current  den-  
sity (Fig. 6). 

Discussion 
These results indicate that  the nickel  hydroxide  de- 

posited in the pores in sequent ial  impregnat ion  cycles 
is deposited as a sponge of discrete particles. The avai l-  
able surface area is proport ional  to the Ni(OH)2 
weight,  and cells discharged at the same current  den-  
sity per gram behave ve ry  similarly,  a l though the 
apparent  current  density, i .e.,  the  current  density per 
unit  area of plaque, was var ied  14-fold. If the current  
density per gram of act ive mater ia l  is increased in the 
same limits, the effects are  c lear ly  discernible, main ly  
in the reduced faradaic capacity. 

The long decay times and the slopes of the decay 
curves indicate sol id-state diffusion or re laxat ion 
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Fig. 6. Discharge curves of one positive plate at 2 different 
current densities. 
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phenomena,  which again are ve ry  similar  for plates of 
different loading if discharged at the same current  per 
gram of active material .  

The vol tage decay measurements  in the mill isecond 
region indicate that  KOH concentrat ion overvol tage  
phenomena become impor tant  wi th  increasing s ta te-of-  
discharge of the electrode. These phenomena  are not 
reflected in measurably  decreased performance  at room 
temperature ,  but they might  be increasingly impor tant  
at lower temperature .  

Manuscript  received March 3, 1965; revised manu-  
script received Sept. 23, 1965. This paper  was pre-  
sented at the Washington Meeting, Oct. 11-15, 1964. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December  1966 
JOURNAL. 
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The Heat-Treatment of Anodic Oxide Films on Tantalum 
IV. Anodization in Phosphoric Acid Solutions 

D. M. Smyth, T. B. Tripp, and G. A. Shirn 
Research Laboratory,  Sprague Electric Company,  North  Adams,  Massachusetts  

ABSTRACT 

Dielectr ic  measurements  have been made on tanta lum which has been 
anodically oxidized in aqueous phosphoric acid of var ious concentrations 
and then heated in air. The resul t ing dielectr ic  consists of a highly conducting 
port ion adjacent  to the tanta lum and an outer, nonconducting portion. This 
s t ructure  is in terpre ted  in terms of the distr ibution of phosphorus incorporated 
into the oxide and its effect on the diffusion of oxygen dur ing hea t - t rea tment .  

The previous papers in this series have presented a 
model which explains  the dielectr ic  propert ies  of 
heat- t reated,  anodized tan ta lum (1-3). It  was proposed 
that  the tan ta lum extracts  oxygen f rom the oxide film 
at an appreciable ra te  dur ing hea t - t r ea tmen t  above 
200 ~ . When the heat ing is done in an oxygen atmos- 
phere, a dynamic equi l ibr ium is established with  fixed 
compositions in the oxide at the Ta-Ta20.~ and 
Ta205-O2 interfaces, and with  an appropriate  var ia t ion  
of composition across the film. On cooling, the com- 
positional var ia t ion with  position is quenched, and 
there  is then an exponent ia l  gradient  of conductivi ty 
across the oxide, decreasing f rom a max imum value  
at the Ta-Ta205 interface. The dielectric propert ies  are 
consistent wi th  such an exponent ia l  gradient  of semi-  
conduction with an act ivat ion energy of conduction of 
0.6 ev. 

The above analysis was based on exper imenta l  re -  
sults obtained f rom samples anodized in di lute  aque-  
ous electrolytes,  par t icular ly  0.01M H2SO4. Small  but  
reproducible  differences noted for samples anodized in 
dilute H3PO4 led to a more  detailed study of the role 
of the anodization electrolyte.  

Experimental 
The basic techniques have  been described previously 

(1-3). Electroless nickel  counter  electrodes were  de- 
posited by a s tandard deposition technique (4). The 
entire surface of the anodized sample was covered 
with nickel. Small  dots of acid-proof  paint  were  
painted on the nickel, and the exposed meta l  was dis- 
solved in concentrated HNO3. The paint  was r emoved  
with  successive toluene and alcohol rinses. This left  
small  dots of electroless nickel  on the Ta205 surface to 
which gold wires were  affixed by means of a conduct-  
ing epoxy resin. Measurements  on these samples were  
made with  a Genera l  Radio 716-C bridge. 

In all cases, the dielectric measurements  were  made 
in the tempera ture  range --70 ~ to q-100 ~ after  heat -  
t rea tment  in the range 300o-500 ~ . 

Unless specified otherwise,  all samples were  ano- 
dized to 75v, and all measurements  were  made in 40 % 
H2SO4 at 34* and 120 cps. 

Results 
It was observed that  samples anodized in 0.001M 

H3PO4 differed in the fol lowing ways f rom those 
formed in 0.01M H~SO4: 

1. The average equi l ibr ium capacitance increase for 
hea t - t r ea tmen t  at 400* in air was 24% for phosphate 
films, compared with  17% for sulfate films. 

2. The equi l ibr ium value was at tained somewhat  
more  slowly for phosphate films. 

3. The rate  of weight  increase during hea t - t r ea t -  
ment  (oxygen up- take)  was 25% slower for phosphate 
films (0.040 ~g/cm 2 min vs. 0.053 ~g/cm 2 rain) for 
samples anodized to 15v and heated  at 400 ~ 

The last two points are consistent wi th  a lower  oxy-  
gen mobil i ty  in phosphate films. Moreover,  the  fact  
that  there  are any observable differences indicates that  
a l lowance for an influence of the anodization electro-  
lyte must  be added to the simple mechanism pre-  
viously proposed for the hea t - t r ea tmen t  process. 

These observations led to an invest igat ion of the 
effects of hea t - t r ea tmen t  on samples anodized in 
H3PO4 and H2SO4 solutions of various concentrations.  
Results are shown in Fig. 1 which demonstrates  fac-  
tors 1 and 2 enumera ted  above. The equi l ibr ium in-  
crease of capacitance increases drast ically wi th  H3PO4 
concentrat ion up to 1M and then drops again for 14.6M 
(85% H3POD. Detai led data for samples anodized in 
H.~SO4 are shown only for a concentrat ion of 0.!M. The 
ver t ical  line which intersects the 0.1M H2SO4'line at 
60 rain, however ,  shows the spread of values obtained 
over  the concentrat ion range 0.01-1M. Compared with  
the phosphate samples, there  is almost  no effect of 
H2SO4 concentrat ion on the dielectric properties.  

The bias dependence of capacitance of hea t - t rea ted  
phosphate films increases wi th  increasing HsPO4 con- 
centrat ion up to 1M. The equiva len t  series resistance 
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Fig. 1. Effect of anodization electrolyte on the capacitance in- 
crease due to heat - t reatment  of anodized tantalum at  400 ~ in air. 

increases  up to a m a x i m u m  at  0.1M and  t h e n  decreases  
again.  F o r  t he  samples  anod ized  in 14.6IV[ H~PO4, e v e n  
though  the  capac i t ance  i nc rea sed  about  50% as a r e su l t  
of h e a t - t r e a t m e n t ,  the  bias d e p e n d e n c e  of capac i t ance  
and the  ser ies  res i s tance  r e m a i n e d  those  of an  u n h e a t e d  
film. Cha rac t e r i s t i c  da t a  a re  shown  in Tab l e  I. ( P r i o r  
to h e a t - t r e a t m e n t ,  a l l  of these  samples  had  capac i -  
t ances  in the  r a n g e  3.1-3.2 #f.) 

F i g u r e s  2 and  3 show the  t e m p e r a t u r e  d e p e n d e n c e s  
of capac i t ance  and d iss ipa t ion  fac to r  fo r  s amples  
anodized  in 1.0, 8.0, and  14.6M H3PO4 and  t h e n  h e a t e d  
for  45 m i n  at 400 ~ in air.  (The  da ta  for  the  1M sample  
w e r e  ob ta ined  in two  sepa ra t e  t e m p e r a t u r e  runs.  A 
d i f fe ren t  i m m e r s i o n  dep th  p r o b a b l y  accounts  for  the  
offset n e a r  20~ These  resu l t s  show tha t  t h e r e  is a 
smooth  t r e n d  of p rope r t i e s  w i t h  e l e c t r o l y t e  c o n c e n t r a -  
tion. The  b e h a v i o r  s h o w n  in these  f igures  is v e r y  
s imi la r  to t ha t  r e p o r t e d  ea r l i e r  fo r  h e a t - t r e a t e d ,  p a r -  
t i a l ly  r e anod i zed  samples  (2).  This  s im i l a r i t y  is 
shown  c l ea r ly  in Fig.  4 and  5, w h i c h  show t h e  f r e -  
q u e n c y  d e p e n d e n c e  of capac i t ance  at  s eve r a l  t e m p e r -  
a tu res  fo r  a s ample  anodized  in 14.6M H.~PO4 and  
h e a t - t r e a t e d  in a i r ;  and  for  a s ample  anod ized  in  0.01M 
H2SO4, h e a t - t r e a t e d  in vacuum,  and  p a r t i a l l y  r e a n o -  
dized. 

A n o t h e r  s ignif icant  o b s e r v a t i o n  w h i c h  is no t  r e l a t ed  
to h e a t - t r e a m e n t ,  is t he  effect  of  anod iza t ion  in t he  
m o r e  concen t r a t ed  HaPO4 solut ions  on the  i n t e r f e r e n c e  
color  of the  ox ide  film. F i lms  anodized  to t he  same  
vo l t ages  in solu t ions  of i nc rea s ing  H3PO4 concen t r a t i on  
a p p e a r  op t i ca l ly  to b e c o m e  p r o g r e s s i v e l y  th inner .  Thus  
a sample  anodized  to 75v in 14.6M H3PO4 has the  s a m e  
i n t e r f e r e n c e  color  as a sample  anod ized  to abou t  55v in 
0.01M H2SO4. F o r  a g iven  anod iza t ion  vo l t age  the  
capac i t ance  of the  u n h e a t e d  samples  a r e  e s sen t i a l ly  in -  
d e p e n d e n t  of  e l ec t ro ly t e  concen t ra t ion ,  h o w e v e r .  S i m i -  
la r  obse rva t ions  h a v e  b e e n  m a d e  b e f o r e  (5, 6). 

D i s c u s s i o n  
As we  h a v e  s h o w n  prev ious ly ,  the  shape  of the  t e m -  

p e r a t u r e  d e p e n d e n c e  of capac i t ance  is r e l a t e d  d i r ec t ly  

Table  I. Dielectric properties of anodized tantalum after  
heat - t reatment  at  400 ~ for 45 min in air, as a function of H3P04  

concentrat ion in the anodization electrolyte 

C a p a c i t a n c e  S e r i e s  r e s i s t a n c e  
b i a s  b i a s  

H:~PO i 0 v  1 0 v  0 v  1 0 v  
c o n c e n t r a t i o n ,  M /x~ #:f o h m  o h m  

0 .001  3 . 9 8 5  3 . 7 3 4  16 .3  6 .7  
0 .01  4 . 0 2 7  3 . 7 6 0  2 0 . 8  8 .0  
0 .1  4 . 4 3 7  4 . 0 4 3  2 7 . 0  9 .2  
1 5 . 4 0 4  4 . 7 4 0  1 5 .4  9 .9  

14 .6  4 . 6 5 6  4 . 6 3 2  2 .6  2 .2  
0 . 0 0 1  3 . 1 9 3  3 . 1 7 9  3 .2  2 .6  

( u n h e a t e d )  
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Fig. 2. Effect of H 3 P 0 4  concentration in the anodizat ion electro- 
lyte on the temperature dependence of capacitance of heat- t reated,  
anodized tantalum. 
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Fig. 3. Effect of H3P04  concentration in the anodizat ion electro- 
lyte on the temperature dependence of dissipation factor of heat-  
treated, anodized tantalum. 

to the  shape  of t he  c o n d u c t i v i t y  prof i le  across  the  ox ide  
film (1-3) .  In  fact ,  the  r e l a t i v e  shape  of the  conduc -  
t iv i ty  prof i le  is ob ta ined  by  ro t a t ion  of c a p a c i t a n c e -  
t e m p e r a t u r e  curves ,  such as Fig.  2, 90 ~ c lockwise .  Th is  
t h e n  has  the  same  a p p e a r a n c e  as a p lo t  of  log  o- (con-  
duc t iv i t y )  v s .  pos i t ion  in  t h e  film w i t h  t he  Ta-Ta205  
i n t e r f a c e  on the  l e f t - h a n d  side w h e r e  al l  conduc t ion  
has  been  e f fec t ive ly  q u e n c h e d  at  l ow  t e m p e r a t u r e s .  
This  t r a n s f o r m a t i o n  can be  e m p i r i c a l l y  unde r s tood  
f r o m  the  fac t  t ha t  t he  c o n d u c t i v i t y  is r e l a t e d  to the  
t e m p e r a t u r e  by  an  e x p o n e n t i a l  express ion ,  and the  
capac i t ance  is i n v e r s e l y  r e l a t e d  to a th ickness  of film, 
and  hence  a posit ion.  A r i g o r o u s  d e r i v a t i o n  is g iven  
in t he  A p p e n d i x .  

The  da ta  s h o w n  in  Fig. 2 a re  thus  used  to ob ta in  
t he  schemat i c  dep i c t i on  of the  c o n d u c t i v i t y  profi les  in  
Fig.  6. The  l eve l  of  ~o, w h o s e  i n t e r sec t i on  w i t h  a con-  
d u c t i v i t y  prof i le  def ines  a d ie lec t r i c  t h i ckness  (3) ,  is 
shown  for  a m e a s u r i n g  f r e q u e n c y  of 120 cps. I t  is seen  
tha t  the  c o n d u c t i v i t y  prof i les  a re  m a d e  up  of two  
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Fig. 4. Frequency dependence of capacitance of anodized tanta- 
lum heated for 2 hr in vacuum (5 x 10 -8  Torr) at 500 ~ , and re- 
anodized 1 hr at 50v. Original anodization to 75v in 0.01M 
H2504; counter electrode was 0.02 cm 2 electroless nickel. O, 19.2~ 
X, 11.5; A ,  --4.5; [ ] ,  --23.8; e, --45.7; A ,  --59.6. 
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Fig. 5. Frequency dependence of capacitance of tantalum, an- 
odized in 14.6M H3PO4, heat-treated in air at 400% Counter elec- 
trode was 0.02 cm 2 electroless nickel. �9 75.3~ X, 46.3; e, 26.4; 
/k, --4.6; r-I,--23.8; -F, - -37.6;  A , - -59 .8 .  

parts: a shallow, inner  gradient  which changes to a 
steeper gradient  fur ther  out in the film. The distinction 
be tween  the two slopes increases, and the transi t ion 
be tween them moves closer to the tan ta lum with  in-  
creasing concentrat ion of H3PO4 in the anodization 
electrolyte.  It  is clear that  these three  samples repre -  
sent a smooth trend, and that  the apparent  pecul iar i ty  
of the 14.6M sample in Table I results  f rom the par -  
t icular  choice of t empera tu re  and f requency  of meas-  
urement .  This resul ted in the inner  dielectr ic  bound-  
ary (the intersection of the conduct ivi ty  profile wi th  
zo) being on different characteris t ic  parts of the profile. 
For  the 1M sample the boundary  is on the shallow, 
inner  slope, and this ve ry  diffuse t ransi t ion f rom di-  
electric to electrode results  in high dielectr ic  losses 
and large dependences of capacitance on bias, t em-  
perature,  and frequency.  For  the 14.6M sample, on the 
other  hand, the boundary  is on the steep, outer  slope 
which is so steep that  it is as sharp a dielectric bound-  
ary as the Ta-Ta205 interface of an unheated  sample 
(see Table I) .  When the f requency  is increased or the 

across oxide films on tantalum, anodized in various concentrations 
of H3PO4, and heat-treated at 400 ~ in air. 

t empera tu re  decreased enough to move  the dielectric 
boundary up on the shallow, inner  gradient,  however ,  
the dielectric proper t ies  of the 14.6M sample deter io-  
ra te  as shown in Fig. 2, 3, and 5. 

These samples have  dielectric propert ies  which are 
very  similar to those of tan ta lum which has been 
anodized in dilute H2SO4, hea t - t r ea ted  in vacuum, and 
par t ia l ly  reanodized. Such t rea tment  gives a similar  
conduct ivi ty  profile, as seen in Fig. 4 and 5. In  these 
figures log frequency,  which is proport ional  to log 
conduct ivi ty  (3), has been plot ted against the reci-  
procal  capacitance, which is proport ional  to the di- 
electric thickness. Thus these plots are equiva len t  to 
plots of log conduct ivi ty  vs.  position. These results  at 
different tempera tures  could be normal ized to a given 
tempera tu re  by use of the act ivat ion energy of conduc- 
tion to give one continuous, over lapping curve  which 
would  represent  the conduct ivi ty  profile as shown in 
Fig. 6. 

The obvious s imilar i ty  be tween  the samples r ep re -  
sented by Fig. 4 and 5, and the fact  that  they yield 
identical  act ivat ion energies of conduction both by the 
t empera tu re  dependence of conduction at a g iven posi- 
t ion in the film, and by the f requency  dependence of 
the max ima  in the t empera tu re  dependence of tan 
(3), leads to the conclusion that  the dissipative mech-  
anism control l ing the dielectric propert ies  is the same 
for all of these samples, regardless  of the anodization 
electrolyte.  The problem of expla in ing the observations 
is thus reduced to an explanat ion  of why  the dis- 
t r ibut ion of conduct ivi ty  in the films which have  been 
hea t - t rea ted  in air  is affected by the anodization 
electrolyte.  

It  has been proposed that, dur ing the hea t - t r ea t -  
ment  in air, a dynamic equi l ibr ium is established 
whereby  the compositions at both sides of the oxide 
film are fixed and oxygen is continuously flowing 
through the oxide f rom the air to the meta l  where  
it is held in solution. This flow is exemplif ied by a 
constant ra te  of weight  increase dur ing the heating. 
The flux of oxygen can be expressed as 

d n  
J ----- D ~ [1] 

dx 

where  J is the flux density of oxygen at . /sec cm 2, D 
is the diffusion constant, and d n / d x  is the concentra-  
tion gradient  of the diffusing oxygen species. Af te r  
equi l ibr ium has been established, the flux must  be the 
same across the ent ire  film thickness. If these films 
consist of two layers, an inner  layer  where  the dif-  
fusion constant of oxygen is high and an outer  layer  
where  it is low, then, to satisfy [1], the gradient  of 
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oxygen content  would be low across the inner  layer  
and high across the outer  layer. At this point it should 
be recal led that  we have  described two observations 
which indicate that  oxygen has a lower ra te  of dif-  
fusion in phosphate films as compared with  sulfate 
films: the longer  t ime to reach the m a x i m u m  capaci- 
tance increase during the hea t - t rea tment ,  and the 
lower rate  of weight  increase. 

Recent  work  by Randall ,  Bernard,  and Wilkinson 
shows that  anodic oxide films on tantalum are indeed 
composed of two layers wi th  the outer  layer  con- 
taining mater ia l  incorporated f rom the anodization 
electrolyte  (7). They anodized tan ta lum in HsPO4 
solutions containing p~2 as a radiotracer.  By measur ing 
the residual  radioact ivi ty  of the samples as thin layers  
of oxide were  removed  by dissolution in HF, these 
authors found that  approximate ly  the outer  half  of 
the oxide film contains a uni form distr ibution of 
phosphorus with the concentrat ion increasing with  the 
HsPO4 concentrat ion in the anodization electrolyte.  
The boundary  be tween the outer, phosphorus-conta in-  
ing layer  and the inner,  phosphorus-f ree  layer  was 
found to be quite sharp. Randal l  e t a l .  concluded f rom 
this s t ructure  that  the oxide film is formed by the 
migra t ion  of both tan ta lum and oxygen species wi th  
new oxide growth thus occurring at both the Ta-Ta20~ 
and Ta2Os-electrolyte interfaces. Only the oxide which 
formed at the la t ter  in terface  would contain ma te -  
rial f rom the electrolyte.  Samples which were  anodized 
in 14.6M HnPO4 containing p32 and hea t - t r ea ted  in air 
were  examined by this same technique. It was found 
that, as oxide was removed  stepwise wi th  HF, the re -  
ciprocal series capacitance, a measure  of the effective 
dielectric thickness, and the residual  p32 act ivi ty  ap- 
proached zero together  at a point where  significant 
oxide remained,  as indicated by the in ter ference  color. 
Thus the effective dielectr ic  thickness of the hea t -  
t reated oxide in this case corresponded precisely to 
that  port ion of the oxide which incorporated phos-  
phorus f rom the electrolyte  during anodization. If we 
can assume that  the mobi l i ty  of oxygen in the oxide 
dur ing hea t - t r ea tmen t  is reduced by the presence of 
phosphorus, the conduct ivi ty  profiles shown in Fig. 6 
fol low logically: the phosphate films consist of an 
outer, phosphorus-conta ining layer  in which the ther -  
mal  diffusion of oxygen is low, and an inner,  phos-  
phorus- f ree  layer in which the the rmal  diffusion of 
oxygen is "normal ."  The mobil i ty  of oxygen decreases 
wi th  increasing phosphorus content. Thus when  equi-  
l ibr ium is at tained during hea t - t rea tment ,  Eq. [1] re-  
quires that  the composit ional  gradient  be shallow in 
the inner, phosphorus-f ree  layer,  and steep in the outer  
phosphorus-containing layer.  The conduct ivi ty  profile 
is, of course, direct ly re la ted  to the composition pro-  
file. A combination of the phosphorus distr ibution and 

0.65 d x 

Fig. 7. Schematic representation of the correlation between the 
conductivity profile and the phosphorus distribution for tantalum, 
anodized in 14.6M HsP04, and heat-treated in air. 
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the conduct ivi ty  profile in the oxide of the sample de-  
scribed above is shown schematical ly in Fig. 7. 

Observat ions on other  oxide systems indicate that  
the effect of incorporated phosphorus on oxygen mo-  
bil i ty may  be ra ther  general.  Bernard  has repor ted  
that  anodic oxides formed on a luminum in  phosphate 
solutions are ex t remely  resis tant  to hydra t ion  (8). It  
was found, for example,  that  films formed to 90v in 
30% ammonium pentaborate  in e thylene glycol and 
then continued to 100v in 0.1M NaH2PO4 were  re -  
sistant to hydration,  whereas  borate  films by them-  
selves hydra ted  rapidly. The  supposition is that  a thin, 
outer layer  of phosphorus-containing a luminum oxide 
was able to protect  the under ly ing oxide. Since the 
hydrat ion process presumably  involves the migrat ion 
of an oxygen-conta in ing  species, the effect of phos- 
phorus on the mobi l i ty  of such a species is reminiscent  
of the observations repor ted  here. A re la ted observa-  
tion has been repor ted  for the Si-SiO2 system by Kerr ,  
Logan, Burkhardt ,  and Pliskin (9). These authors have 
found that  silicon field-effect transistors have  greater  
stabil i ty if a layer  of phosphosil icate glass, which is 
formed on the outer  surface of the SiO2 dur ing proc- 
essing, is left  intact. If it is removed,  a posit ive space 
charge forms in the oxide adjacent  to the silicon. This 
space charge is a t t r ibuted to oxygen vacancies which 
are introduced at the oxide-e lec t rode  interface and 
migra te  across the oxide. K e r r  et al. at t r ibute  the s ta-  
bilizing effect of the phosphosil icate layer  to the 
"oxidizing power"  of the phosphorus which prevents  
the oxide f rom becoming oxygen-deficient.  The mo-  
bil i ty a rgument  presented here  seems more  s t ra ight-  
forward.  

This investigation, and the radiotracer  work  of 
Randall,  Bernard,  and Wilkinson, also have significance 
with  regard  to the mechanism of the anodization proc-  
ess. Both works  indicate that  the interface be tween 
phosphorus-f ree  and phosphorus-conta ining oxide 
moves toward the Ta-Ta205 interface as the concen- 
t rat ion of H3PO4 increases in the anodization electro-  
lyte. In other words, the amount  of oxide formed as 
a resul t  of oxide ion migra t ion  decreases as the 
amount  of phosphorus in the oxide increases. Thus it 
appears that  the presence of phosphorus in the oxide 
reduces not only the h igh - t empera tu re  mobi l i ty  of 
oxygen in the oxide, but  also the l ow- t empera tu re  
f ie ld-dr iven mobili ty.  Moreover,  as the H3PO4 concen- 
t ra t ion in the anodization electrolyte  increases, the in-  
te r ference  colors of samples anodized under  identical  
conditions correspond to th inner  films. If this color 
difference is indeed related to a thickness difference 
ra ther  than to changes in the optical properties,  then 
the flow of both Ta ions and oxide ions must  be re-  
tarded by the presence of phosphorus, al though the 
ear l ier  evidence indicates that  the oxide ion current  
is restr ic ted to the greater  extent.  

Thus in order to explain fu l ly  the kinetics of anodic 
oxidation, we must  have  expressions for the field de-  
pendence of ionic current  for not only both tan ta lum 
ions and oxide ions, but  for both of these ions in both 
regions of the oxide, wi th  the expressions for the outer  
layer  of oxide including a l lowance for the effect of 
e lectrolyte  mater ia l  incorporated into the oxide. This 
wi l l  necessitate te rms  for the ident i ty  of the e lect rolyte  
as wel l  as for the current  density and tempera tu re  of 
anodization. This means that  a full  unders tanding of 
the kinetics of anodization is much more  complicated 
than hi ther to  appreciated.  Of course the electrolyte  
effect can be minimized by the use of di lute solutions 
of re la t ive ly  iner t  solutes such as H~SO~. 

Al though the explanat ion described here  agrees wi th  
the observations in sat isfactory detail, there  are some 
basic inconsistencies which must  be pointed out. The 
oxygen diffusion model  which has been used to explain 
the origin of the gradient  of oxygen content  would 
normal ly  lead to a l inear distr ibution of the diffusing 
species across the film. The conduct ivi ty  profile, how-  
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ever ,  h a s  b e e n  f o u n d  to be  e x p o n e n t i a l ,  a n d  t h e  c o n -  
n e c t i o n  b e t w e e n  t h i s  a n d  t h e  o x y g e n  v a c a n c y  d i s t r i b u -  
t i o n  ha s  n e v e r  b e e n  clar i f ied.  T h e  t r e a t m e n t  of m o -  
b i l i t y  a n d  c o n c e n t r a t i o n  g r a d i e n t  e x e m p l i f i e d  b y  Eq.  
[1] a n d  t h e  s u b s e q u e n t  d i s cus s ion  i g n o r e s  t h i s  d i s -  
c r e p a n c y .  M o r e o v e r ,  t he  m o d e l  a s s u m e s  t h a t  a l l  s a m -  
p les  r e a c h  t h e  s a m e  e q u i l i b r i u m  c o m p o s i t i o n s  a t  t h e  
T a - T a 2 0 5  a n d  Ta2Os-a i r  i n t e r f a c e s  a f t e r  e q u i l i b r i u m  
is a t t a i n e d  d u r i n g  h e a t - t r e a t m e n t .  A s  s e e n  in  Fig.  6, 
h o w e v e r ,  t h e  ou te r ,  s t e e p  g r a d i e n t s  w i l l  n o t  e x t r a p o l a t e  
to a c o m m o n  c o n d u c t i v i t y  a t  t h e  o x i d e - a i r  i n t e r f a c e .  
T h e  d a t a  a r e  i n c o n s i s t e n t  w i t h  s u c h  a c o n v e r g e n c e .  
P o s s i b l y  t h e  p h o s p h o r u s  c o n t e n t  of t h e  ox ide  in f lu -  
ences  t h e  Ta205-O2 e q u i l i b r i u m .  T h e r e  is a lso e v i d e n c e  
t h a t  t h e  d i e l e c t r i c  c o n s t a n t  of t he  o x i d e  d e p e n d s  on  t h e  
p h o s p h o r u s  c o n t e n t  (7 ) .  T h i s  m a y  in f luence  t he  i o n i z a -  
t i o n  of o x y g e n  v a c a n c i e s  in  t h e  o u t e r  p o r t i o n  of t h e  
film. T h e s e  d i s c r e p a n c i e s  a r e  i m p o r t a n t  a n d  m u s t  n o t  
b e  o v e r l o o k e d ,  b u t  t h e y  s h o u l d  n o t  d e t r a c t  f r o m  t h e  
success  of t h e  o r i g i n a l  m o d e l  in  e x p l a i n i n g  t h e s e  c o m -  
p l e x  d i e l ec t r i c  p r o p e r t i e s  w i t h  t h e  a d d i t i o n  of o n l y  
t w o  o b s e r v e d  fac t s :  t h e  n a t u r e  of t h e  d i s t r i b u t i o n  of 
p h o s p h o r u s  in  t h e  oxide ,  a n d  t h e  effect  of p h o s p h o r u s  
on  t he  m o b i l i t y  of o x y g e n  in  t h e  film. 
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= Be ax e -E/kT [ l a ]  

w h e r e  a is t he  e x p o n e n t i a l  s lope,  x is t h e  p o s i t i o n  i n  
t he  o x i d e  m e a s u r e d  f r o m  t h e  T a u O 5 - e l e c t r o l y t e  i n t e r -  
face,  a n d  E is t h e  a c t i v a t i o n  e n e r g y  of c o n d u c t i o n .  T h e  
r a t i o  of c o n d u c t i v i t y  a t  t h e  T a - T a 2 0 5  i n t e r f a c e  
(~ = ~a a t  x = d)  to t h a t  a t  t h e  T a 2 O s - e l e c t r o l y t e  i n -  

t e r f a c e  (~ = ~1 a t  x = 0) is 

qd 
- -  - -  e ~ [ 2 a ]  

r 

S i n c e  z~t/al = 1021 b y  e x t r a p o l a t i o n  of e x p e r i m e n t a l  
o b s e r v a t i o n ,  a n d  d = 1.5 >< 10 -5  c m  (20 A / v  fo r  75v 
f i lm)  

a = 3.2 X 106 c m  -1  [3a] 

S o l v i n g  [ l a ]  fo r  B a n d  u s i n g  E = 0.6 ev, T = 300~ 
x = d = 1.5 X 10 -5  cm, a n d  ad = 3 >< 10 -7  o h m  -1  
c m  -1  (3) y ie lds  

log  B = - - 1 7 . 4  [4a] 

B = 4 >< 10 - i s  [5a] 

A t  t he  pos i t ion ,  x,  de f ined  b y  

C~ 

A P P E N D I X  

Temperature Dependence of Capacitance Derived from 
an Exponential Gradient of Conduction 

L e t  t h e  s p a t i a l  a n d  t e m p e r a t u r e  d e p e n d e n c e  of  s e m i -  
c o n d u c t i o n  ac ross  t h e  Ta205 fi lm b e  r e p r e s e n t e d  b y  

so f r o m  [ l a ]  

aeeo 

[6a] 

[7a] 

E 
[8a] 

2.3 kT 
- -  = l o g  - -  4 -  - -  

2.3 Cs B 

S u b s t i t u t i n g  a n d  s o l v i n g  for  Cs, t h e  e q u i v a l e n t  se r i e s  
c apac i t ance ,  w i t h  e = 27.6, eo - -  8.85 >< 10 -14 , a n d  
(o ~ 2:~f g ives  

3.4 T 
Cs = ~ I / c m  2 [9a] 

(6.6 -~ log $ ) T  zr 3030 

T h e  t e m p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  is t h e n  

dCs 10,300 
[10a] 

dT ( 6 . 6 T  ~ T l o g f  -t- 3030) 2 

A t  120 cps  a n d  30~ 

dCs 
- -  - -  3.22 X 10 -4 ~f/cm 2 ~ [ l l a ]  

dT 

A t  120 cps a n d  - -20~  

dCs 
- -  - -  3.77 X 10 -4  ~ f / c m  2 ~ [12a] 

dT 

Thi s  r e p r e s e n t s  a s lope  c h a n g e  of o n l y  17% o v e r  o u r  
u s u a l  t e m p e r a t u r e  r a n g e  of m e a s u r e m e n t .  T h u s  [9a] 
can  b e  c o n s i d e r e d  to b e  a q u a s i - l i n e a r  r e l a t i o n s h i p  
b e t w e e n  Cs a n d  T o v e r  t h i s  t e m p e r a t u r e  r a n g e ,  in  
a g r e e m e n t  w i t h  o b s e r v a t i o n .  
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A B S T R A C T  

The  aqueous  co r ros ion  of z i r c o n i u m  and  Z i r ca loy -2  has  b e e n  s tud ied  as a 
f unc t i on  of e l ec t rode  po ten t ia l ,  so lu t ion  pH,  a n d  t e m p e r a t u r e  be low  100~ 
The  inf luence  of these  v a r i a b l e s  and  of a l loy ing  is cons ide red  in t e r m s  of 
the i r  effect  on the  r a t e  and  t h e  t e m p e r a t u r e  d e p e n d e n c e  of corrosion.  The  
r e l a t i o n  b e t w e e n  the  cor ros ion  process  and  the  e lec t ron ic  conduc t ion  in the  
ox ide  is discussed.  

S o m e  w o r k  on the  l o w - t e m p e r a t u r e  aqueous  co r ro -  
s ion of  z i r c o n i u m  has b e e n  br ief ly  desc r ibed  in two  
p rev ious  pub l i ca t ions  (1, 2),  w h i c h  dea l t  chiefly w i t h  
the  cor ros ion  of u r a n i u m .  These  ea r ly  s tudies  i nd i ca t ed  
the  inf luence  of a n u m b e r  of e n v i r o n m e n t a l  and  o the r  
fac to rs  on  t h e  cor ros ion  b e h a v i o r  and  s h o w e d  t h a t  t h e  
r e su l t s  fo r  bo th  u r a n i u m  and z i r con ium could  be  
i n t e r p r e t e d  in the  same  g e n e r a l  te rms.  Recen t ly ,  
f u r t h e r  w o r k  on  u r a n i u m  has s h o w n  tha t  changes  in 
co r ros ion  r a t e  caused  by  a l t e r i ng  the  e x p e r i m e n t a l  
condi t ions  w e r e  associa ted  w i t h  s ignif icant  changes  in 
the  ac t i va t i on  e n e r g y  of t he  ox ide  g r o w t h  process,  and,  
in  addi t ion,  sugges ted  a r e l a t i onsh ip  b e t w e e n  the  e l ec -  
t ron ic  and  ionic  conduc t iv i t i e s  of the  ox ides  f o r m e d  in 
aqueous  e l ec t ro ly t e s  (3).  

The  p r e s e n t  pape r  descr ibes  t he  resu l t s  of a m o r e  
de ta i l ed  i nves t i ga t i on  of the  cor ros ion  b e h a v i o r  of 
z i r con ium w i t h  p a r t i c u l a r  r e f e r e n c e  to t he  effect  of 
ca thodic  po la r iza t ion ,  so lu t ion  pH,  and  a l loy ing  con-  
tent .  T h e  t e m p e r a t u r e  d e p e n d e n c e  of the  cor ros ion  
process  has  been  s tud ied  as a f unc t i on  of these  v a r i -  
ables. Changes  in the  cor ros ion  r a t e  h a v e  been  s h o w n  
to be a c c o m p a n i e d  in m a n y  ins tances  by changes  in 
the  ac t i va t i on  energy .  

Experimental 
The  e q u i p m e n t  d e v e l o p e d  for  the  e s t ima t i on  of cor -  

ros ion  ra tes  has  been  adap t ed  f r o m  a p r ev ious  des ign  
(4) w i t h  some  m i n o r  a l t e r a t i ons  and  a l lows  a s tudy  
of the  g r o w t h  of ox ide  fi lms w i t h o u t  r e m o v a l  of the  
spec imen  f r o m  the  tes t  e n v i r o n m e n t .  The  o p e r a t i n g  
p r inc ip le  of the  t e c h n i q u e  i n v o l v e s  a con t inuous  
m e a s u r e m e n t  of t he  i n t ens i t y  of l igh t  re f lec ted  f r o m  a 
m e t a l  co r rod ing  in an  aqueous  e n v i r o n m e n t  and  ca l -  
cu la t ion  of f i lm th ickness  by  c o m p a r i s o n  w i t h  t he  i n -  
t ens i ty  re f lec ted  f r o m  a c l ean  surface.  H o w e v e r ,  i t  is 
necessa ry  to a s sume  t h a t  t he  abso rp t ion  coefficient  of 
the  ox ide  is no t  s igni f icant ly  in f luenced  by its t h i ck -  
ness. 

The results reported in this paper are derived from 
measurements using an unfiltered high-pressure mer- 
cury lamp (Phillips HPK/125). The thickness of the 
ox ide - f i lm  is g iven  by  

I ~ Ioe -2ex 

w h e r e  Io is t he  re f lec ted  in t ens i ty  f r o m  the  c l ean  m e t a l  
surface,  I is the  i n t ens i t y  at f i lm th ickness  x, and  e is 
the  abso rp t ion  coefficient  of the  oxide.  If  x is some 
func t i on  of t i m e  ( t ) ,  t h e n  

I ~- Ioe -2of(t) 
and  

logeI - -  logelo ~ ,--28f ( t )  

A plot  of ( log I o - - l o g  I) vs.  t gives  r e l a t i v e  fi lm 
th ickness  as a f unc t i on  of t ime.  

T e m p e r a t u r e  con t ro l  in t he  cor ros ion  ce l l  was  
a c h i e v e d  w i t h  an i m m e r s i o n  h e a t e r  and  a t e m p e r a t u r e -  
con t ro l l i ng  t h e r m o m e t e r .  T h e  t h e r m o m e t e r  ( E l e c t r o -  
m e t h o d s )  w h i c h  cou ld  be  set  to con t ro l  to _ 0 . 1 ~  at 
any  t e m p e r a t u r e  b e t w e e n  0 ~ and 100~ was  pos i t ioned  

n e a r  the  s p e c i m e n  and ac t i va t ed  a r e l ay  w h i c h  
sw i t ched  the  h e a t e r  c ircui t .  

The  tes t  so lu t ions  w e r e  p r e p a r e d  by d i s so lv ing  A n a -  
l a r  g r a d e  r eagen t s  in  d i s t i l l ed  w a t e r  and  w e r e  con-  
s t i tu ted  as fo l lows:  pH  5.4 solut ion,  0.1N K2SO4; p H  13 
solut ion,  0.1N KOH.  

T h e  m a t e r i a l s  e x a m i n e d  w e r e  z i r con ium-10  and  
z i rconium-201 (Z i rca loy-2 )  supp l i ed  by  I m p e r i a l  Meta l  
Indus t r i e s  ( K y n o c h )  Ltd., in t he  f o r m  of 0.02 in. foi l  
and  0.028 in. foil, r e spec t ive ly .  

The  a v e r a g e  compos i t ion  da t a  a re  g iven  in Tab l e  I. 
The  tes t  e l ec t rodes  w e r e  p r e p a r e d  in the  f o r m  of 

s t r ips  and m o u n t e d  in glass tubes  w i t h  a co ld - s e t t i ng  
res in  (Ciba  A r a l d i t e )  so tha t  a r e c t a n g u l a r  w o r k i n g  
su r face  of about  4.5 cm 2 was  exposed  to t he  e n v i r o n -  
ment .  Be fo re  tes t ing,  spec imens  w e r e  d e g r e a s e d  in 
ace tone  and e t ched  to a b r i g h t  finish in a so lu t ion  c o m -  
posed by  v o l u m e  of 1 par t  of 40% HF, 4 par t s  of  70% 
HNO3, and 5 par t s  of wa te r .  

Tests  w e r e  m a d e  in the  t e m p e r a t u r e  r a n g e  50~176 
at va lues  of ca thod ic  po t en t i a l  m a i n t a i n e d  us ing  a po -  
t en t ios t a t  ( A E R E  t y p e  1465A) and  m e a s u r e d  w i t h  a 
v a c u u m  tube  v o l t m e t e r  (E.I.L. p H  m e t e r  Mode l  23A).  

Results 
F i g u r e s  1 and 2 i l lus t ra te ,  r e spec t ive ly ,  t he  cor ros ion  

of z i r c o n i u m  and  Z i rca loy-2  in 90~ 0.1N K2SO4 so lu-  
t ion a t  s eve r a l  va lues  of ca thod ic  potent ia l .  A s s u m i n g  
tha t  t he  abso rp t ion  coefficient  of t he  ox ide  f o r m e d  on 
z i r c o n i u m  is not  s ign i f ican t ly  d i f fe ren t  f r o m  tha t  of 
the  fi lm on the  al loy,  i t  is poss ib le  to a t t e m p t  a d i rec t  
compa r i son  of t he  cor ros ion  ra tes  of t he  two  meta ls .  
T h e  f o l l o w i n g  t h r ee  obse rva t ions  m a y  be  m a d e  f r o m  
the  f igures:  

1. P r o t e c t i v e  k ine t i cs  a p p e a r  to p r e d o m i n a t e  for  the  
cor ros ion  of bo th  me ta l s  w i t h i n  t he  p r e sen t  r a n g e  of 
m e a s u r e m e n t s .  (Ca lcu la t ions  show an a p p r o x i m a t i o n  
to t he  pa rabo l i c  l a w  e x c e p t  a t  t he  mos t  n e g a t i v e  po -  
t en t i a l s  w h e r e  t he  e x p o n e n t  of the  g r o w t h  l a w  is about  
1.5.) 

Z i r c o n i u m - 2 0  is t h e  t r a d e  d e s i g n a t i o n  u s e d  b y  I m p e r i a l  M e t a l  
I n d u s t r i e s  fo r  Z i r c a l o y - 2 .  

Table I. Average composition data 

E l e m e n t  Z i r e a l o y - 2 % *  Z i r c o n i u m - 1 0 *  

A1 50 40 
C 200 
Cr 0.11% 
Co 20 
H f  150 60 
F e  0 .12% 0 .05% 
P b  100 
M g  15 
Mn 30 
Mo 30 
N i  O.048% 
N 25 30 
O 1150 800 
Si  75 
Sn 1.48% 100 
T i  30 35 
W 100 

* A l l  v a l u e s  a r e  in  p a r t s  p e r  m i l l i o n  e x c e p t  w h e r e  i n d i c a t e d .  
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Fig. 1. Corrosion of zirconium as a function of cathodic polariza- 
tion, 0.1N K2SO4, 90~ 
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Fig. 2. Corrosion of Zircaloy-2 as a function of cathodic polariza- 
tion, 0.1N K2SO4, 90~ 

2. The corrosion rate  of both metals  increases wi th  
increasing cathodic polarization. 

3. The over -a l l  corrosion rate  of Zircaloy-2 is h igher  
than that of zirconium for equivalent  values of poten-  
tial. 2 

Some examples  of the corrosion of zirconium and 
Zircaloy-2 in 0.1N KOH are i l lustrated in Fig. 3. Com- 
parison with Fig. 1 and 2 shows that  over -a l l  corrosion 
rates in the alkal ine solution tend to be considerably 

2 EHA = EH + 2.3RT/F pH, w h e r e  E:~ i s  t h e  s t a n d a r d  h y d r o g e n  
p o t e n t i a l .  
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higher  than in acidic solution. Measurements  at more 
negat ive potentials  than  those shown in Fig. 3 were  
not general ly  pract ical  in 0.1N KOH due to i r repro-  
ducibil i ty of the corrosion kinetics. 

Figures  4 and 5 show the t empera tu re  dependence 
of the arbi t rary  rate  constant K for cathodically po- 
larized zirconium and Zircaloy-2, respectively,  in 0.1N 
KOH solution. (The kinetics of corrosion for each 
given value  of cathodic potent ial  being the same, K 
is taken as the reciprocal  of the t ime requi red  for the 
film to grow to a given thickness.) Act ivat ion energies 
were  calculated by the s tandard method and were  
found to lie be tween 13.4 and 23 kca l /g  mole for zir-  
conium and 8.0 and 8.6 kca l /g  mole  for the alloy. Two 
values of potent ial  are common to both sets of data. 

It is clear from a comparison of Fig. 4 and 5 that  
al loying results in a considerable reduct ion of the 
act ivation energy for the corrosion of zirconium. Cath-  
odic polarization appears to have  a similar  effect al-  
though this is too small  to be significant in the case of 
the alloy. 

It might  be wor th  ment ioning here  that  at a given 
tempera tu re  the measured  increase in corrosion ra te  of 
zirconium due to cathodic polarizat ion is considerably 
lower than the va lue  expected f rom the associated 
decrease in exper imenta l  act ivat ion energy. Thus, for 
example,  in Fig. 4 at t empera tu re  = 348~ K changes 
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Fig. 3. Corrosion of zirconium and Zircaloy-2 as a function of 
a cathodic polarization, 0 . IN  KOH, 90~ 
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Fig. 4. Temperature dependence of the corrosion of zirconium, 
0.1N KOH. 
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Fig. 6. Activation energy of corrosion as a function of potential, 
zirconium and Zircaloy-2, 0.1N K2S04, 0.1N KOH. 

from a value  of 0.0013 for EHA z - - 0 . 3 3  __ 0.02V to 
0.0016 for EHA ~ --0.41 -+- 0.02V (same rate  law ap- 
plies at both potentials) ,  an increase of 1.23 times, 
while, in fact, the change in ra te  caused by the ob- 
served reduct ion in act ivat ion energy f rom 23 to 16 
kca l /g  mole  should amount  to a factor of over  two 
thousand times. This calculation suggests that  de-  
creases in the exper imenta l  act ivation energy E of the 
Arrhenius  equat ion 

K ~ A exp -:E/RT 

are paral le led by decreases in the p re -exponent ia l  
t e rm A. Al though in the present  instance this does 
not appear  to be t rue for Zircaloy-2, similar  cor re la-  
tions be tween A and E have been found (5-7) for 
the corrosion of several  other metals  including ura-  
nium. 

Figure  6 shows the simple relat ionships which ap- 
pear to hold be tween  the exper imenta l  act ivat ion en-  
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ergy and the impressed cathodic potent ia l  for the 
corrosion of both zirconium and the alloy in alkaline 
solution. 

The t empera tu re  dependence of the corrosion ra te  
in 0.1N/K2SO4 was not studied in detail, and only one 
va lue  of act ivation energy was calculated for each 
meta l  (Fig. 6). These act ivat ion energies were  ob- 
tained by measurement  at ve ry  negat ive  potentials due 
to the law rates of corrosion in the acidic solution. 
Al though direct  comparison is not  possible, it would  
appear that  h igher  activation energies prevai l  for the 
corrosion of both zirconium and the alloy in 0.IN 
K2SO~ than in alkal ine solution. 

Discussion 

The present  results, which were  obtained under  re -  
stricted and controlled exper imenta l  conditions, are 
not direct ly comparable  wi th  the results  of the nu-  
merous detailed studies (8-11) of the h igh- t empera tu re  
corrosion of z i rconium and Zircaloy-2 avai lable  in the 
l i terature.  The main  contr ibution of a qual i ta t ive  in-  
vest igat ion such as this lies in the a t tempt  made to 
de termine  which parameters  involved in a given cor- 
rosion process are influenced by vary ing  externa l  fac-  
tors. 

Consider, then, the influence of cathodic polarizat ion 
on the corrosion rate  of the two metals  studied (Fig. 
1, 2, 3). It is clear that  in all cases decreasing the 
electrode potent ial  increases the rate  without,  in gen-  
eral, a l ter ing the mechanism. The corrosion kinetics 
for a given set of conditions remains constant over  a 
wide range of potential.  

Wanklyn  and Hopkinson (12) also showed in-  
creases caused by cathodic polarizat ion in the corro-  
sion rate  of z i rconium in 325~ water.  They re jec ted  
on two counts the cathodic reduct ion of the oxide 
formed as a possible explanat ion for this effect, but  
their  observations did not permi t  a de te rmina t ion  of 
the main sources of the ra te  increases, e.g., i t  was not 
possible to distinguish be tween changes in the dif-  
fusion constants in the protect ive film and changes 
in its thickness. More recently,  s imilar  observations 
(1, 2) on the corrosion of both u ran ium and zirconium 
at lower tempera tures  have been in terpre ted  in terms 
of higher  ionic diffusion rates associated with  in-  
creases in electronic conduct ivi ty  of the corrosion- 
product  oxide which follow the introduct ion of ca- 
thodically induced hydrogen ions. 

The enhanced electronic conduct ivi ty  can be dis- 
cussed in the case of the n - type  semiconducting oxide 
ZrOe-z formed during the corrosion of zirconium 
(13, 14) in terms of the fol lowing equat ion 

ZrO2-x = Zr 4+ ~- ( 2 - - x ) O  2-  4- 2 x e -  

where  2xe- is the number  of excess electrons requi red  
to mainta in  the charge balance. If the system is to 
remain  electrostat ical ly neutral ,  the  addit ion of an H + 
ion wil l  requi re  the incorporat ion of an ext ra  excess 
electron. 

If the effect of this increase in electronic conduc- 
t ivi ty is now considered, it becomes clear  that  the po-  
tent ial  gradients opposing ionic motion in the oxide 
are diminished and faster growth may  take place. 
Similar  relat ionships be tween the electronic conduc- 
t ivi ty and ionic diffusion coefficients h a v e  been dem-  
onstrated by Wagner  (15) for the system Ag-Ag2S-S 
and Jacobs (16) for anodic films on tantalum. 

In discussing the reduct ion in act ivat ion energy as- 
sociated wi th  increasing cathodic polarizat ion (Fig. 
4, 6), it is re levant  to compare the low values of ac- 
t ivat ion energies calculated here  and in other  work  
with the values repor ted  for self-diffusion in these 
oxides. 

Oxide growth on zirconium in air or oxygen at high 
tempera tures  occurs by the inward  diffusion of oxygen 
involving an act ivat ion energy  of 30 to 40 kca l /g  mole 
(17) ve ry  near  the value  of the act ivat ion energy 
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for the self-diffusion of oxygen in zirconia and un-  
doubtedly much lower  than the va lue  for self-diffu-  
sion of the metal. It  is known, however ,  that  aqueous 
conditions can cause a significant change in the mech-  
anism of oxide growth, and this applies over  a wide 
range of t empera tu re  to several  metals  (3, 6, 18) in-  
cluding zirconium (19) and Zircaloy-2 (20). In the 
case of Zircaloy-2, an est imate f rom the data of 
Thomas and Forscher  gave a value  as low as 10 kca l s /g  
mole for h igh - t empera tu re  aqueous corrosion. This is 
similar  to the range of values found in this inves t iga-  
tion but differs significantly f rom 28.6 kca l /g  mole 
quoted (21) for the oxidat ion of the alloy in oxygen 
at high temperatures .  Few explanat ions for the low-  
ering of the act ivat ion .energy due to the presence of 
water  are genera l ly  avai lable  in the l i terature.  One 
offered for the corrosion of magnesium (6) involves  
the assumption that  hydrogen ions wi l l  conver t  O 2- 
ions in the latt ice to O H -  ions, necessitating the in-  
t roduction of vacancies at cation sites to main ta in  
electr ical  neutral i ty.  I t  is bel ieved that  the consequent  
distort ion of the latt ice reduces the act ivat ion energy 
for the diffusion of Mg 2+, but  an explanat ion in these 
terms is unl ikely  for a system in which oxygen is 
the main  diffusing species. Al te rna t ive  arguments  
which invoke, for example,  ei ther the diffusion of 
both anions and cations in aqueous conditions or a 
lower energy barr ie r  in opposition to hydroxyl  ion 
diffusion than that  opposing oxygen ion diffusion are 
so far  unable to account for the lower act ivat ion en-  
ergies. Decreases in act ivat ion energy  due to diffu- 
sion via low-res is tance short-circui t  paths such as 
grain boundaries  ra ther  than ent i re ly  through the 
bulk by latt ice vacancies are probably  too small  to 
account for the very  low values obtained (22). 

Values of act ivation energy calculated under  the 
present  exper imenta l  conditions are difficult to recon-  
cile wi th  the ra te-cont ro l l ing  step dur ing corrosion 
being oxygen diffusion ei ther  via low-resis tance paths 
or through lat t ice vacancies. Nor do other  simple ex-  
planations appear applicable. In a previous invest iga-  
tion on uran ium (3) which yielded results  of a s im- 
i lar  nature,  it was shown that  act ivat ion energies for 
corrosion approximated  closely to established values 
of act ivation energy for electronic semiconduction in 
uran ium oxides. An extrapola t ion f rom the data of 
Johansen  and Cleary (23) gives a value  of about 15 
kca l /g  mole for the l ow- t empera tu re  dependence of 
n - type  semiconduction in zirconia in reasonable agree-  
ment  wi th  two values obtained here  for the corrosion 
of zirconium (Fig. 4). 

It is difficult at the present  stage of research to 
visualize a specific relat ionship be tween  the electronic 
and ionic conductivit ies in corrosion-product  oxides 
formed on metals  such as uran ium and zirconium. What  
does appear clear, however ,  is that  those factors which 
al ter  the electronic conduct ivi ty  appear  to exer t  an 
influence on the rate  and energetics of ionic diffusion. 
The  increase in corrosion ra te  of both zirconium and 
the alloy caused by increasing the solution pH, shown 
in previous work  (2), and i l lustrated here  by com- 
parison of Fig. 1 and 2 wi th  Fig. 3, is associated with  
lower  values of act ivat ion energy as was also the case 
for cathodic polarization. It  is interesting,  therefore,  
that, by t rea t ing the oxide as a solvent for hydrogen 
and hydroxyl  ions, the effect of increasing alkal ini ty  
can be described in similar  terms as the effect of po- 
tential. In alkal ine solutions there  wil l  be a grea ter  
tendency for the oxide to contain hydroxy l  ions aris-  
ing f rom an a t tempt  to achieve a balance be tween the 
O H -  act ivi ty  in both the aqueous and the oxide sol- 
vent. These hydroxyl  ions can also be produced in the 
film by the combinat ion of a hydrogen ion and a lat-  
tice oxygen ion, and this is probably the most favored  
state for a proton in the lattice. Thus alkal ine solu- 
tions should encourage the absorption of hydrogen  
into the oxide, which in turn leads to enhanced elec-  
tronic conductivity.  A recent  study (24) of anodic 

films on zirconium has shown that  oxides formed in 
alkal ine solutions are bet ter  electronic conductors than 
their  counterparts  formed in more  acidic solutions. 

The increase in the corrosion rate  associated wi th  
the al loying of zirconium (compare Fig. 1 and 2) may  
be in terpre ted  in terms of faster  ionic diffusion 
through a defect ive mixed  oxide. However ,  it is 
necessary to reconcile this wi th  the superior  pe r fo rm-  
ance of Zircaloy-2 in h igh- t empera tu re  water .  Ear l ier  
work  on u ran ium (1) showed that, al though init ial  
diffusion rates were  increased by alloying additions, 
the over-a l l  corrosion resistance was improved  by 
the greater  thickness to which  the protect ive  film 
could grow before  cracking. The present  w o r k  gives 
no indication of a similar  effect al though the pos- 
sibility cannot be excluded. An  a l ternat ive  explana-  
tion may, however ,  be tenable. It  can be shown by 
extrapolat ion of the Arrhenius  plots (Fig. 4 and 5) 
that  the corrosion of z i rconium cathodically polarized 
a t  EHA ~ .--0.33 _--+ 0.02v and --0.41 ___ 0.02v be-  
comes more  rapid than that  of Zircaloy-2 at about 
115 ~ and 160~ respectively.  Hence, it is possible that  
the superior resistance of the alloy is apparent  only 
at tempera tures  above the boil ing point of water.  

It  has been suggested that  the higher  ra te  of cor-  
rosion observed for the al loy at low tempera tu re  might  
be due to the presence of oxygen in the solution. While 
this is not impossible, the solubil i ty of oxygen in al-  
kal ine  solution is much below that  in pure  wate r  (25), 
and the effect of the h igher  tempera tures  wi l l  be to 
decrease this fur ther .  Moreover,  it is bel ieved that  
the effect of potentiostatic polarizat ion wi l l  be to 
absorb any small  amounts  of oxygen present  in a de-  
polarizing reaction. 

Conclusions 
It is established f rom the results that  the act ivation 

energy for the aqueous corrosion of zirconium is gen-  
era l ly  lower  than the act ivat ion energies  for  ei ther 
atmospheric oxidat ion or for the self-diffusion of ox-  
ygen in zirconia. Moreover,  it has been shown that  
variables  such as the format ion  potent ial  of the ox-  
ide, the al loying content, and the pH of the envi ron-  
ment  which have a significant effect on the corro-  
sion behavior  also tend to influence the act ivat ion en- 
ergy, and in this respect, the results appear  to be 
closely related to the ear l ier  observations (3) on the 
u ran ium-z i rcon ium alloy system. 

It is not clear at the present  stage what  mechanism 
permits  corrosion to proceed wi th  the low act ivat ion 
energies observed, but  the results  stress the sugges- 
tion previously made that  the electronic conduct ivi ty  
is an impor tant  parameter  in corrosion kinetics. 

Acknowledgments 
The authors wish to thank Professor J. G. Bal l  in 

whose depar tment  the work  was carr ied out, the 
Uni ted Kingdom Atomic Energy  Author i ty  for fi- 
nancial  support, and the Consiglio Nazionale  delle 
Richerche, Italy, f rom whom one of the authors 
(R. C.) was seconded. The authors are indebted to the 
Imper ia l  Metal  Industr ies (Kynoch) Ltd. for supplying 
the mater ia ls  examined.  

Manuscript  received Dec. 28, 1964; revised manu-  
script received Oct. 11, 1965. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1966 
JOURNAL. 

REFERENCES 
1. J. S. L lewelyn  Leach and A. Y. Nehru,  "Corrosion 

of Reactor  Materials," 1, 58, IAEA, Vienna 
(1962). 

2. J. S. L lewelyn  Leach and A. Y. Nehru, Th~s Jour- 
nat, l U ,  781 (1964). 

3. J. S. Llewelyn Leach and A. Y. Nehru, J. Nucl. 
Mater., 13, 270 (1964). 

4. A. E. Stebbens and L. L. Shrier,  This Journal, 1@8, 
30 (1961). 



Vol. 113, No. 2 CORROSION OF Zr AT LOW TEMPERATURES 109 

5. J. S. L lewelyn  Leach and A. Y. Nehru, Unpub-  
lished results. 

6. S. J. Gregg and W. B. Jepson, J. Inst. Metals, 87, 
187 (1958). 

7. A. R. Ubbelhode, Discussiovz Faraday Soc., 23, 128 
(1957). 

8. D. E. Thomas and S. Kass, This Journal, 104, 261 
(1957). 

9. J. Boulton, "Corrosion of Reactor  Materials ,"  2, 133, 
IAEA, Vienna (1962). 

10. W. E. Kuhn, Corrosion, 18, 103 (1962). 

11. B. Cox, ibid., 16, 380 (1960). 

12. J. N. Wanklyn  and B. E. Hopkinson, J. Appl. Chem., 
8, 496 (1958). 

13. K. Kiukkola and C. Wagner, This Journal, 104, 379 
(1957). 

14. M. W. Mallet and W. M. Albrecht, ibid., 102, 407 
(1955). 

15. C. Wagner,  J. Chem. Phys., 21, 1819 (1953). 

16. A. R. Bray, P. W. M. Jacobs, and L. Young, J. Nucl. 
Mater., 1, 359 (1959). 

17. D. L. Douglass, "Corrosion of Reactor  Materials," 2, 
223 IAEA, Vienna (1962). Severa l  references  are 
given in this paper. 

18. E. C. Pot ter  and G. M. W. Mann, "Proc. 1st Int. 
Congress on Metall ic Corrosion," But terworth ,  
London (19,62). 

19. D. E. Thomas, USAEC Rept. Westinghouse Electr ic  
Corp., WAPD-T-186 (1954). 

20. D. E. Thomas and F. Forscher,  J. Metals, 8, 640 
(1956). 

21. E. A. Gulbransen and K. F. Andrew,  Trans. AIME, 
212, 281 (1958). 

22. W. W. Smeltzer,  R. R. Haering,  and J. S. Kirkaldy,  
Acta Met., 9, 880 (1961). 

23. H. A. Johansen and J. G. Cleary, This Journal, 109, 
1076 (1962). 

24. P. G. H. Draper,  Pr iva te  communication.  
25. K. E. Gubbins and R. D. Walker,  Jr.,  This Journal, 

112, 469 (1965). 

Electrical and Structural Properties of Langmuir Films 

Robert M. Handy and Luciano C. Scala 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Bar ium and calcium stearate Langmui r  films f rom 1 to 10 monolayers  in 
thickness (approximate ly  25-250A) have been invest igated for use as u l t ra -  
thin insulat ing barr iers  be tween evaporated meta l  electrodes. These meta l -  
insu la tor -meta l  sandwiches showed highly n<mlinear and tempera tu re  de-  
pendent  conduction characteristics,  f rom which a the rmal  bar r ie r  height  of 
0.25-0.30 ev is calculated. Reproducibi l i ty  of electrical  propert ies  however  was 
poor, apparent ly  due to voids and inhomogeneit ies  in the organic insulat ing 
films. It  is calculated that  even in the best samples, 2 to 3 monolayers  were  
requi red  to e l iminate  voids penet ra t ing  completely  th rough the organic films. 
A react ive and hence oxidized surface was found to be necessary for the for -  
mation and retent ion of low porosity layers, t in being the most successful 
substrate electrode material .  Insulat ing behavior  could not be obtained f rom 
films t ransferred onto gold electrodes. F i lm structure  and adhesion was in-  
vest igated by s tudying the layer ing  process and the autoradiographs obtained 
f rom C 14 tagged films. The autoradiographs did not revea l  any significant 
defects in the layers down to the resolution of the negat ives (N25#). It  was 
found that  the physicochemical  na ture  of the substrate surface affected the 
adhesion of more than the first monolayer ,  and that  porosity alone was un-  
l ikely to account for the long- range  effect. Posi t ive ion adsorption, as described 
by Goranson and Zisman, is suggested as a possible a l te rna t ive  and shown to 
be consistent wi th  some aspects of the electrical  measurements .  

Metal  oxide layers  have  often been employed as 
thin insulat ing films, par t icular ly  for the observat ion 
of e lectron tunnel ing phenomena.  Our aim in the pres-  
ent work  was to invest igate  the feasibil i ty of using 
organic layers  for the same purpose, that  is, as in-  
sulating barr iers  10-100A thick sandwiched be tween  
conductive electrodes. Such an organic layer  must  be 
thin, homogeneous,  uni form in thickness, and an ex-  
cellent  insulator. Monomolecular  layers  appeared to 
satisfy most of these requ i rements  and could be easily 
obtained using the classic process developed by Lang-  
muir  and Blodgett.  It  was known that  Langmui r  films 
of certain mater ia ls  behaved as insulators, in the 
sense that  af ter  being charged by surface electrifica- 
tion to fields exceeding 106 v / c m  they showed ve ry  
slow rates of decay. It was not  known, however ,  
whether  voids, defects, or inhomogeneit ies  in the films 
could be reduced to such a level  as to pe rmi t  the 
construction of tunnel  sandwiches of useful  area, nor 
whe ther  the electronic propert ies  of the insulat ing 
monolayers  were  suitable for device applications. In 
pursuing the answer to these questions, we  have  ob- 
tained new informat ion on the behavior  of Langmui r  
mul t i layers  of small  total  thickness. 

The Langmui r -Blodge t t  (1-3) process consists typ-  
ically of spreading a monolayer  of amphipathic  mol-  
ecules (e.g., stearic acid) onto an aqueous surface, 

squeezing the monolayer  into a compact floating film, 
and t ransfer r ing  it to a solid substrate by passing the 
substrate through the wate r  surface. The molecules 
stand approximate ly  ver t ical  to the wate r  or substrate 
surface, so that  the compressed monolayer  may  be said 
to resemble  a dense carpet  whose thickness is de ter -  
mined by the molecular  length. The surface of this 
hypothet ical  rug is formed by the ends of the molec-  
ular  chains, and its na ture  depends on which end of 
the molecule  is at tached to the solid substrate.  A 
very  large amount  of data on the format ion  and ori-  
entat ion of fa t ty  acid or fa t ty  acid salt  mono-  and 
mul t i layers  is avai lable  in the l i tera ture  (1-13) and 
wil l  not  be repeated here. 

The higher  the la tera l  pressure applied to the float- 
ing monolayer  the more  compact it becomes unti l  it 
finally collapses. If t ransfer  is accomplished at a pres-  
sure significantly below the collapse pressure,  then 
voids or holes in the  monolayer  are inevi table.  This is 
shown direct ly  by the beaut i ful  e lectron micrographs 
of Ries et al. (14) and is reflected indirect ly  in the 
var iabi l i ty  of electr ical  measurements  made  on the 
Langmuir  films. Buchwald,  Zahl, and co-workers  (15) 
a t tempted to measure  the insulat ing propert ies  of 
s tearate films of f rom 1 to 41 monolayers  by immers -  
ing meta l  rods coated with  the mul t i layers  into con- 
duct ive salt solutions. A decrease in capacity and an 



110 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  February 1966 

increase in resistance was observed with increasing 
numbers of layers. However, there was at least a 
twofold variation in apparent dielectric constant and 
several orders of magnitude variation in resistivity, 
both of which were influenced by the choice and con- 
centration of the electrolyte. Small area probe meas- 
urements using water or mercury droplets were more 
successful. The mercury droplets in particular tend 
to bridge small defects in the layers because of their 
high surface tension. Porter and Wyman (8), work- 
ing in the range from 7 to 141 monolayers, obtained 
dielectric constant values ranging from 1.9 to 3.5, with 
an average value of ~2.5. Race and Reynolds (16) 
made similar measurements on somewhat thicker films 
using Hg droplets and obtained values of 2.50 for 
calcium stearate and 2.44-2.56 for barium stearate, vir- 
tually identical to the bulk values which we have 
measured. The dielectric constant was independent of 
frequency between 40 and 106 cps. 

Several workers (8, 16) studied both the resistivity 
and the breakdown strength of multilayer films. In 
general, the breakdown strength was higher with films 
formed at a higher bath pH. Breakdown voltages were 
generally rather low, e.g., L 0.5v. Moreover, they 
were often independent of thickness over a wide range 
and depended on whether water or mercury droplets 
were used as the top contact. Conduction through the 
films was highly nonlinear with increasing voltage and 
slightly asymmetric. No attempt was made to explain 
these observations other than to suggest that the 
water may be able to penetrate the films despite the 
hydrophobic nature of their surface. The variations in 
resistivity and breakdown strength observed with the 
mercury dots were generally ascribed to inhomogen- 
eities or voids in the films. Further interest in the 
electr ical  propert ies of Langmuir  layers lagged unti l  
Miles and McMahon (17) repor ted  the use of a s tearate 
monolayer  as an insulat ing barr ier  for electron tun-  
neling be tween  superconductors.  

The exist ing electr ical  data on Langmuir  films 
(8, 15-17) was obtained f rom layers deposited on 
metal  surfaces such as chromium, stainless steel, lead, 
tin, etc., which had been exposed to the  atmosphere.  
All  of these metals  oxidize readi ly  so that  the organic 
monolayer  was actual ly being deposited on the sur-  
face oxide, ra ther  than direct ly on the metal. One can 
expect  that  the thickness of this surface oxide is sig- 
nificant compared to a monolayer  thickness. In fact a 
brief exposure to the a tmosphere  is one of the stand- 
ard techniques (18) for producing thin insulat ing ox-  
ides for tunnel  conduction studies. The surface oxide 
adds another  semi- insulat ing region electr ical ly 
in series wi th  the organic film. For  optical studies on 
mul t i l ayer  films its presence can usual ly be ignored, 
but, for some electr ical  measurements ,  the surface 
oxide may dominate  the behavior,  par t icular ly  if the 
organic layer  contains holes so that  the oxide can come 
into in t imate  contact wi th  the counter electrode. The 
contr ibution of the surface oxide has apparent ly  been 
neglected by most previous workers.  Much of the data 
presented by Por ter  and Wyman (8) or Miles and 
McMahon (17), for example,  could be explained by 
assuming direct contact to semi- insula t ing oxide lay-  
ers. 1 As wil l  be shown, this is a l ikely occurrence. 

We have invest igated the electr ical  behavior  of 
s tearate  mult i layers.  For  the most part,  evaporated 
electrodes were  used ra ther  than mercury  dot probes, 
and the range f rom 1 to 10 monolayers  in thickness 
(25-250A) was explored. The evaporated electrodes 
lead to a h igher  incidence of shorts through defects 
in the films, but they also provide a realistic test of 
film uniformity  and of the practical  ut i l i ty  of Langmuir  
layers for use as u l t ra th in  insulat ing films. In order 
to reduce the occurrence of voids to a minimum, film 
transfer  was effected as close to the collapse pressure 

1 T h e  a u t h o r s  a r e  i n d e b t e d  to Dr .  J .  L. Mi le s ,  one  of t h e  a u t h o r s  
of  ref .  (17) ,  f o r  s u g g e s t i n g  t h i s  i n t e r p r e t a t i o n  of  t h e i r  r e s u l t s .  

as possible, using special apparatus developed for this 
purpose. The layer ing process was examined  in detail, 
and auto-radiographs  were  made using C 14 tagged lay-  
ers in order to study adhesion and the occurrence of 
gross defects in the film. Considerable a t tent ion was 
devoted to the problems presented by the surface ox-  
ide and the porosity of the organic layers. 

The organization of the paper was dictated by the 
complex in terre la t ion be tween  the electrical  and struc- 
tural  propert ies of the layers  and the difficulties en-  
countered in t ry ing to discuss one aspect wi thout  al-  
ready having said a great  deal about the other. The 
"results" section begins wi th  the electrical  measure-  
ments and carries through to the s t ructural  observa-  
tions. In the "discussion" section, however ,  the order 
has been inverted,  since the electr ical  measurements  
can be best understood in the l ight of the discussion of 
the s t ructure  and physicochemical  propert ies  of the 
films. 

Experimental 
The exper imenta l  s t ructure  consisted of glass slides 

on which a number  of para l le l  stripes of one or more 
metals  had been evaporated.  The organic film was 
then applied as described below, and finally the sec- 
ond electrode stripe was evaporated over  the top at 
r ight  angles to the first set. Each sample provided 
f rom 6 to 9 me ta l -o rgan ic -meta l  junctions approx-  
imately  1 mm ~. The capacity of these sandwiches was 
measured,  usual ly at 1 kc. Cur ren t -vo l t age  character -  
istics were  obtained at d.c. and 60 cps by four te rminal  
methods. For var iable  t empera tu re  measurements ,  the 
samples were  clamped to a heavy copper block, en-  
closed in a heat  shield, and cooled with l iquid ni t ro-  
gen. 

The Langmuir  film apparatus consisted of a modified 
Cenco Hydrophi l  balance of the L a n g m u i r - A d a m -  
Harkins  type, housed in a double wal l  thermosta ted 
cabinet mounted  on a heavy steel table. It is s imilar  in 
design to that described by Ries (19). The table was 
suspended from the ceiling by shock cords to e l iminate  
extraneous vibration.  The cabinet was sl ightly pres-  
surized with  dry filtered n i t rogen to minimize  atmos-  
pheric dust during prepara t ion  of the layers. The alu-  
minum trough and stainless steel compression bar-  
r iers were  Teflon coated. The stearic acid in these 
exper iments  (Eastman Kodak best grade, mp  69 ~ 
70~ was dissolved in Fisher  Spectranalyzed n - h e x -  
ane (0.0274g of acid/100 cc of solution).  A few drops 
of this solution were  used to form the film on the 
aqueous subphase, which contained Ba or Ca acetate 
or carbonate and which was appropr ia te ly  buffered 
(29). The water  for these aqueous subphases was 
original ly tr iple disti l led and was subsequent ly  pur i -  
fied by passing it through ion exchange resin col- 
umns (final resis t ivi ty of water  1-2 megohms) .  Smal l  
quanti t ies  of acetic acid or ammonium hydroxide  were  
used to control pH, which was held at a value of 6.8- 
6.9 for Y layers and 9.0 for X layers. 

Af ter  the monolayer  was spread, it was al lowed to 
rest for 10 rain to al low for the complete evaporat ion 
of the solvent. Compression of the monolayer  was 
carr ied out at a ra te  of 7 m m / m i n .  Pressure  readings 
were  taken every  10 mm of bar r ie r  t rave l  at the 
beginning, and every  mi l l imeter  of bar r ie r  t rave l  near  
the desired t ransfer  pressure. The t ransfer  pressure 
used throughout  this work  was 39 dynes/cm, and it 
was reproducible  wi th in  0.5 dynes/cm.  On at taining 
the t ransfer  pressure, the electrode bear ing slides were  
dipped at a ra te  of 2 m m / m i n ,  compression barr ie r  
speed being adjusted to main ta in  constant film pres-  
sure. 

The precautions observed to insure absence of im-  
purit ies f rom the surface of the aqueous substrate are 
summarized below. 

(A) Before each exper iment  the t rough was washed 
with  deionized water ,  CP acetone, Spectro Grade 
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benzene; it was then t reated in a t r ichloroethylene 
vapor  degreaser.  

(B) Before  the layer  was spread, the surface of the 
aqueous subphase was swept in f ront  of and behind 
the balance and the degree of cleanliness checked 
using the balance. 

(C) Sample  slides were  cleaned with  Alconox de- 
tergent  and warm water ,  r insed with  running de-  
ionized water,  blown dry in a clean ni t rogen stream, 
and then placed in a l iquid ni t rogen t rapped evap-  
orator for deposit ing the lower electrodes. 

(D) Af te r  electrode .evaporation and before mono-  
layer deposition, the slides were  dipped in the aque-  
ous substrate, and any impur i ty  contr ibuted by them 
was swept away as described in step (B). 

(E) All  the parts of the balance that  came in con- 
tact wi th  the aqueous substrate were  thoroughly 
cleaned with  Spectro Grade benzene or purified n-  
hexane, a l lowed to dry, and then coated with  a thin 
pe t ro leum ether  solution of hard wax. After  about 
1 hr, these wax-coa ted  pieces were  r insed abundant ly  
wi th  deionized water.  This t rea tment  tends to do away 
with  loose pieces of wax  which may, la ter  on, in ter -  
fere wi th  the film format ion and compression. 

In general,  clean room techniques were  fol lowed 
and every  effort was made to p reven t  contaminat ion 
of the monolayers  and the substrate surfaces dur ing 
prepara t ion of the sandwiches. A detai led description 
of the apparatus, and some pre l iminary  results were  
presented earl ier  (20). 

Results 
A large number  of samples were  prepared using 

noble metals  (e.g., Ag and Au) as the first electrode 
in order to minimize or avoid the presence of an ox-  
ide layer. On many  of these samples, half  of the 
first electrode stripes were  tin. F rom one to ten lay-  
ers of calcium or bar ium stearate were  t ransfer red  to 
these samples using the techniques described pre-  
viously. On each passage through the surface of the 
bath, the area of the floating monolayer  was observed 
to decrease, providing direct  evidence of the t ransfer  
of the monolayer  to the surface of the slide. In every  
case, however ,  electrical  tests of the finished samples 
showed a junct ion resistance of less than 1 ohm for 
the noble meta l  based junctions. By contrast, the t in-  
based junctions yielded significant numbers  of in-  
sulating devices showing nonl inear  cur ren t -vo l tage  
characteristics. It was not possible to obtain any in-  
sulating behavior  on an oxide- f ree  electrode, even 
when adjacent  tin based structures showed uniform 
stable insulat ing properties.  This suggests s trongly 
that  the oxide plays an essential role in determining 
the electrical  propert ies  of Langmuir  film sandwiches. 

Two explanat ions are possible: e i ther  the insulat ing 
behavior  is der ived direct ly  f rom the oxide, or the 
oxide and the react ive meta l  ions which it contains 
contr ibute significantly to the adhesion of the organic 
film. As wil l  be shown, both processes are important .  
The electrical  data which fol low were  der ived pr in-  
cipally f rom tin based junctions wi th  various metals  
(Sn, Ag, Au, Cu, Pb, etc.) serving for the upper  elec- 
trodes. A few copper based samples were  successfully 
prepared and have  been included. 

Capacity m e a s u r e m e n t s . ~ F i g u r e  1 shows the re -  
sults of capacity measurements  on some 75 samples. 2 
The average  electr ical  thickness, given in terms of the 
reciprocal  capacity ( l / C )  is plot ted as a function of 
the number  of layers predicted from the t ransfer  proc-  
ess (]Vp). The apparent  dielectric constant may be cal- 
culated using the s tearate  monolayer  thickness of 
~25A. It  is seen that  the data fal l  essentially be tween  
the dotted lines given by e = 2.1 and e = 4.2. The 
heavy dashed line corresponds to the bulk va lue  of 

On Fig .  1 m a n y  of the  c lus te r s  r e p r e s e n t  p o i n t s  w h i c h  w o u l d  
fa l l  on top  of each  other ,  and,  in  o rde r  to  s h o w  the  d e n s i t y  d i s t r i -  
b u t i o n  of the  data,  t h e y  h a v e  b e e n  s l i g h t l y  m i s p l o t t e d  to t he  l e f t  
or r i gh t .  
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e = 2.5. The spread in apparent  dielectric constant 
values is of the same order  as that  obtained by others 
(8) working  in a comparable  thickness range, but  
using l iquid contacts, i.e., water  or salt solution. 

If  the capacity is measured  as a funct ion of f re -  
quency, a slight change wi th  f requency is observed, 
as shown in Fig. 2 for a typical  sample. The upper  
curve gives C, and therefore  e vs. log f. Over  the range 
f rom 100 cps to 20 kc, the dielectric constant drops by 
about 5%. The lower curve shows the var ia t ion  with 
f requency of the imaginary  part  of the complex di- 
electric constant (proport ional  to C x D). It  is noted 
that  a slight m a x i m u m  occurs near  700 cps, suggest-  
ing the presence of a weak polar adsorption mechanism 
wi th  a characterist ic re laxat ion  t ime (1/2 ~ fm) of 0.23 
msec. At  h igher  f requencies  (i.e., ] > 10 kc) the  meas-  
u rement  uncer ta in ty  in the dissipation factor D be-  
comes comparable  wi th  the observed values. 

The contr ibution of the oxide region has been ne-  
glected in present ing the capacity measurements .  To a 
first approximat ion  this is reasonable, since, as wi l l  
be shown in the next  section, the resis t ivi ty of the 
oxide film is small compared to the resis t ivi ty of the 
organic layers. Calculat ion of the capacity of a com- 
posite oxide-organic  mul t i l ayer  s t ructure  shows that  
the porosity must  exceed ~ 5 %  of the total  area be-  
fore a significant depar ture  f rom the no-void  value  
occurs. Under  these circumstances, the sample re -  
sistance is usual ly so low that  capacity values are not 
measurable.  

L~ r 

~L3 

_P 

o.oo ~ i 

I I ] I = r r I ~ r 
Sample 217-5 

p i I I  r i e I !  i ]000 10, 000 
FreQuency. cps 

I I 

o3o 

070 ~ 

010 

[ I I ).0 
100, 000 

Fig. 2. Capacity C and capacity X dissipation factor v~, fre- 
quency. 



112 JOURNAL OF THE ELECTROCHEMICAL SOCIETY February 1966 

i0 / 

lO 6 

10 5 

NE 4 

i lO 

~ . lO ? 

19 l 

10 9 

10-1 

Number o( Monolayers, assuming E �9 2. 5 
i 2 4 6 8 19 12 14 

0.2 0.4 0.6 0.8 1.9 1.2 1.4 1.6 
RecJl)rocal Cal~city l/c, (mm2/ni) 

Fig. 3. Low voltage resistivity vs. reciprocal capacity (1/C) for 
barium stearate multilayers. Upper scale shows calculated number 
of monolayers assuming e ~ 2.5. * Indicates points of probably 
complete film coverage. 

Resis t iv i ty  m e a s u r e m e n t s . ~ T h e  r e s i s t i v i t y  of t h e  
j u n c t i o n s  was  m e a s u r e d  a t  low v o l t a g e  ( <  50 m v )  
w h e r e  t h e  c u r r e n t  v o l t a g e  c h a r a c t e r i s t i c s  a r e  l i nea r .  
I f  t h e  v a l u e s  a r e  p l o t t e d  as  a f u n c t i o n  of t h e  m e a s u r e d  
t h i c k n e s s ,  as in  Fig.  3, i t  is f o u n d  t h a t  t h e  p o i n t s  a r e  
a p p r o x i m a t e l y  u n i f o r m l y  d i s t r i b u t e d  w i t h i n  t h e  s h a d e d  
i n t e r v a l .  T h e  b o u n d a r y  l ines  d e n o t e  t h e  l i m i t s  of t h e  
o b s e r v e d  va lues .  T h e  p o i n t s  w h i c h  def ine  t h e  u p p e r  
l i m i t  of r e s i s t i v i t y  fo r  a g i v e n  t h i c k n e s s  a r e  g e n e r a l l y  
t h o s e  c o r r e s p o n d i n g  to t h e  p o i n t s  o n  t h e  u p p e r  l i m i t  
l i ne  of  Fig.  1, t h a t  is, t h e  t h i c k e s t  l a y e r s  o b t a i n e d  fo r  
a g i v e n  n u m b e r  of t r a n s f e r  s t rokes .  T h e  w i d e  r a n g e  
of r e s i s t i v i t y  v a l u e s  o b s e r v e d  fo r  t h e  s a m e  m e a s u r e d  
t h i c k n e s s  ( l / C )  s u p p o r t s  t h e  c o n t e n t i o n  t h a t  t h e  o r -  
gan i c  f i lms a r e  po rous .  I t  s eems  p r o b a b l e  t ha t ,  fo r  
s m a l l  v a l u e s  of l /C ,  t h e  m a j o r i t y  of t h e  l o w - v o l t a g e  
r e s i s t i v i t y  v a l u e s  a r e  c h a r a c t e r i s t i c  of t h e  oxide ,  a n d  
re f lec t  t h e  d e g r e e  of c o v e r a g e  o b t a i n e d ,  i.e., t h e  f r a c -  
t i o n a l  a r e a  of t h e  o x i d e  in  d i r e c t  c o n t a c t  w i t h  t h e  
t op  e l ec t rode .  T h e  u p p e r  l i m i t  w o u l d  c o r r e s p o n d  to  
t h o s e  l a y e r s  p o s s e s s i n g  t h e  s m a l l e s t  f r a c t i o n  of voids .  

T h e  s t e a r a t e  f i lms a r e  n e c e s s a r i l y  t r a n s f e r r e d  a t  a 
p r e s s u r e  s l i g h t l y  less  t h a n  t h e  co l l apse  p r e s s u r e ,  a n d  
h e n c e  t h e  l a y e r s  m a y  w e l l  c o n t a i n  s m a l l  o p e n  a r e a s  
s e p a r a t e d  b y  c o m p a r a t i v e l y  l a r g e  v o i d - f r e e  r e g i o n s  of 
film. T h e  co l l apse  p o i n t  c o r r e s p o n d s  to a f u l l y  c o m -  
p a c t e d  f i lm of m i n i m u m  area ,  w h i c h  p r e s u m a b l y  n o  
l o n g e r  c o n t a i n s  a n y  voids .  T h e  p r e s s u r e - a r e a  i s o t h e r m  
a l lows  one  to c a l c u l a t e  t h e  vo id  a r e a  fo r  p r e s s u r e s  
s l i g h t l y  less  t h a n  t h e  co l l apse  p r e s s u r e .  W e  a r e  i n -  
t e r e s t e d  in  a w o r s t - c a s e  e s t i m a t e ,  h e n c e  w e  n e g l e c t  
c h a n g e s  in  a r e a  d u e  to e las t i c  c o n t r a c t i o n  or  e x p a n -  
s ion  of m o l e c u l e s  a n d  a s s u m e  t h a t  fo r  p r e s s u r e s  less  
t h a n  t h e  co l l apse  p r e s s u r e  t h e  d e v i a t i o n  f r o m  t h e  m i n -  
i m u m  a r e a  cons i s t s  e n t i r e l y  of voids .  U s i n g  t h e  a c t u a l  
t r a n s f e r  p r e s s u r e ,  a n d  t h e  m e a s u r e d  p r e s s u r e - a r e a  
i s o t h e r m ,  w e  e s t i m a t e  t h e  v o i d  a r e a  to b e  less  t h a n  
2 -3% of t h e  t o t a l  a rea .  I f  t h e  o x i d e  is h i g h l y  i n s u l a t -  
ing,  t h e n  one  s h o u l d  b e  a b l e  to d u p l i c a t e  t h e  e l e c t r i c a l  
b e h a v i o r  of t h e  o r g a n i c  c o a t e d  s a m p l e s  b y  u s i n g  a n  
u n c o a t e d  s a m p l e  of  su f f i c ien t ly  s m a l l  a rea .  To t e s t  t h i s  
concep t ,  t h e  j u n c t i o n  a r e a  w a s  r e d u c e d  f r o m  1 to 0.02 
m m  2 (i.e., 2% of t h e  u s u a l  v a l u e )  a n d  t h e  j u n c t i o n  
r e s i s t a n c e  of c o a t e d  a n d  u n c o a t e d  s a m p l e s  c o m p a r e d .  
W i t h o u t  excep t ion ,  t h e  u n c o a t e d  s a m p l e s  g a v e  r e s i s t i v -  
i t i es  of  10 - 4  to  10 -5  o h m - c m  2, e v e n  w h e n  t r e a t e d  b y  
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Fig. 4. Current-voltage characteristics at 0.1 cps of a Sn-3 
layer calcium stearate-Sn sandwich of ~ 1  mm 2 area at two tem- 
peratures. Polarity is that of organic coated tin base layer. 

a 1 - h r  e x p o s u r e  to  a l o w - p r e s s u r e  o x y g e n  g low  d i s -  
c h a r g e  to p r o m o t e  o x i d e  g r o w t h .  B y  c o m p a r i s o n ,  1 m m  2 
s a m p l e s  coa t ed  w i t h  a s ing le  m o n o l a y e r  g a v e  l o w -  
v o l t a g e  r e s i s t i v i t i e s  a p p r o a c h i n g  10 3 o h m - c m  2, as c a n  
be  s e e n  f r o m  t h e  u p p e r  l i m i t  l i ne  on  Fig.  4. I n  o r d e r  to  
a c c o u n t  for  t h e  r e s i s t i v i t y  of t h e  o r g a n i c  c o a t e d  s a m -  
ple,  t h e  vo id  a r e a  of t h i s  s ing le  m o n o l a y e r  w o u l d  h a v e  
to b e  less  t h a n  10 - l ~  c m  2, o r  l ess  t h a n  1 0 - s %  of t h e  
t o t a l  a r e a  of a 1 m m  2 sample .  L a n g m u i r  f i lms a r e  
k n o w n  to b r i d g e  s m a l l  de f ec t s  or  vo ids  (21) ,  so t h a t  
a m u l t i l a y e r  s a m p l e  c o r r e s p o n d i n g  to t h e  u p p e r  l i m i t  
l i ne  w o u l d  h a v e  10-14% vo ids  t h r o u g h  t w o  l aye r s ,  
10-22% v o i d s  t h r o u g h  t h r e e  l aye r s ,  a n d  so f o r t h .  T h e  
p r o s p e c t  of s i gn i f i can t  v o i d  a r e a  e x t e n d i n g  t h r o u g h  
m o r e  t h a n  a b o u t  t w o  l a y e r s  is n e g l i g i b l e  u n d e r  t h e s e  
c o n d i t i o n s  e v e n  i f  c u r r e n t  f low is a s s u m e d  to t a k e  
p lace  p r e d o m i n a n t l y  a t  t h e  p e r i p h e r y  of t h e  j u n c -  
t ions  (27) r a t h e r  t h a n  u n i f o r m l y  ac ross  t h e  a rea .  I t  
c an  b e  s e e n  in  Fig.  3 t h a t  t h e  u p p e r  l i m i t  l i ne  u n d e r -  
goes  a s ign i f i can t  c h a n g e  in  s lope  a t  a c a l c u l a t e d  3 
t h i c k n e s s  (No) b e t w e e n  t w o  a n d  t h r e e  m o n o l a y e r s ,  
p r e s u m a b l y  c o r r e s p o n d i n g  to t h e  o n s e t  of  c o m p l e t e  
cove rage .  T h e  r e s i s t a n c e  b e y o n d  th i s  i n f l ec t ion  p o i n t  
c o r r e s p o n d s  to  a n  e q u i v a l e n t  b u l k  r e s i s t i v i t y  of  10 TM 

o h m - c m ,  w h i c h  is c o m p a r a b l e  w i t h  t h e  v a l u e  fo r  m a n y  
b u l k  i n s u l a t o r s .  Mos t  of t h e  s a m p l e s  a r e  n o t  so c o m -  
p a c t  as t h o s e  f a l l i n g  n e a r  t h e  u p p e r  l i m i t  l ine ,  a n d  
m o r e  t h a n  2-3 m o n o l a y e r s  a r e  r e q u i r e d  to a c h i e v e  t o -  
t a l  c o v e r a g e  of t h e  su r face .  T h e  l o w e r  l i m i t  l i n e  u n d e r -  
goes  a c h a n g e  in  s lope  a t  No ~ 8. A s s u m i n g  t h a t  t h e  
l ow  v o l t a g e  r e s i s t i v i t y  ( b e l o w  t h e  in f l ec t ion  p o i n t )  
p r o v i d e s  a m e a s u r e  of  t h e  o x i d e  a r e a  w h i c h  r e m a i n s  
exposed ,  t h e n  t h e  a v e r a g e  v o i d  a r e a  of t h e  m o r e  p o r -  
ous  f i lms c a n  a lso  b e  e s t i m a t e d :  e.g., Ro = 10 ~ o h m -  
cm 2 r e q u i r e s  1 0 - 6 %  voids.  T h e  a v e r a g e  v o i d  a r e a  p e r  
m o n o l a y e r  t h e n  s h o u l d  c o r r e s p o n d  to t h e  No th r o o t  of 
t h e  v o i d  f r ac t ion .  F o r  t h e  l o w e r  l i m i t  l ine ,  t h i s  g ives  
a n  a v e r a g e  v o i d  f r a c t i o n  p e r  m o n o l a y e r  of t h e  o r d e r  
of 6%, w h i c h  is s o m e w h a t  l a r g e r  t h a n  t h e  m a x i m u m  
v a l u e  e x p e c t e d  f r o m  t h e  t r a n s f e r  cond i t i ons .  

Conduction characteristics and temperatVCre de- 
pendence . - -Typical  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of 
t h e  m e t a l - o r g a n i c - m e t a l  s a n d w i c h e s  a r e  s h o w n  in  Fig.  

3 C a l c u l a t e d  f r o m  c a p a c i t y  m e a s u r e m e n t s  a s s u m i n g  e = 2.S a n d  
u s i n g  t h e  g e o m e t r i c  a r e a  o f  t h e  j u n c t i o n .  
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Fig. 5. Current-voltage characteristics of a one and a five-layer 
Sn-stearate-Sn sample. Np = predicted number of monolayers; 
No - -  observed number of monolayers as calculated from measured 
capacity assuming e = 2.5. ~ and O indicate polarity of organic 
coated base layer. 

4. 4 Near  zero vol tage the characterist ic is l inear  and 
presumably  control led by the voids present  in the or-  
ganic films. As the vol tage increases beyond 0.1-0.2v 
the current  rises ve ry  rapidly wi th  increasing vol t -  
age and, because of the current  densities required,  it 
must  flow increasingly through the organic film. The 
voltage requ i red  for significant depar ture  f rom l inear  
conduction increased sl ightly wi th  increasing layer  
thickness as would be expected, but  in general  was 
significantly less than the values typical ly observed 
for inorganic insulat ing films (e.g., A1208) of com- 
parable  thickness. F igure  5 shows a semi- log plot  of 
the I -V characterist ics of a thin (No ~ 0.9) and a 
thick (No ~ 6.5) sample plot ted on the same scale. 
The absolute current  levels differ by about four  or-  
ders of magni tude  as would  be expected f rom Fig. 3. 
The slope of the characterist ics also differs slightly, 
the thicker  film showing a more rapid increase in 
current  than  the th inner  film. The thicker  films are 
also more  t empera tu re  sensitive. F igure  6 shows the 
var ia t ion of current  wi th  t empera tu re  at constant vo l t -  
age for a ~3  layer  film and a --,5 layer  film. The slope 
at high t empera tu re  is approximate ly  the same in both 
cases, indicat ing that  the thermal  act ivat ion energy  
for conduction is also comparable.  At low tempera -  
tures, however ,  the slopes are qui te  different due to 
the different re la t ive  contr ibution of tunnel ing and 
thermionic currents  through the sandwiches in the 
two cases. 

The behavior  of the 3 layer  sandwich has been an-  
alyzed in detail  as shown in Fig. 7. By subtract ing 
the ext rapola ted  zero t empera tu re  current  value  I', 
the thermionic  contr ibut ion to the current  ( I - I ' )  r ep-  
resented by the heavy  dashed line, is obtained. This 
yields a s traight  line on a Schot tky plot of log 
[ ( I - I ' ) /T2)]  vs. 1 /T  as shown in Fig. 8. F rom the 
slope and the measur ing  voltage, the zero vol tage the r -  
mal  act ivation energy Cb is de termined  as 0.25 < Cb 

0.30 ev. This analysis presumes that  conduction is 
dominated by tunnel ing  at low temperatures ,  and by 

I n  a f ew  p r e l i m i n a r y  e x p e r i m e n t s  in  w h i c h  t h e  o rgan i c  f i lms  
w e r e  p r e p a r e d  b y  t he  c lass ic  p i s t o n  oi l  a n d  f loa t ing  t h r e a d  t ech -  
n i q u e s  b u t  u n d e r  v e r y  u n c e r t a i n  a n d  c rude  l a y e r i n g  cond i t ions ,  
some s a m p l e s  of r e m a r k a b l e  e l ec t r i ca l  u n i f o r m i t y ,  s t ab i l i t y ,  and  
v o l t a g e  t o l e r ance  (e.g.,  > l v )  w e r e  ob ta ined .  T h e y  cou ld  no t  be 
d u p l i c a t e d  once  t he  e x p e r i m e n t a l  p r o c e d u r e s  we re  ref ined.  I t  is 
poss ib le  t h a t  these  m a y  h a v e  r e p r e s e n t e d  n e a r l y  pe r f e c t  l aye r s ;  
h o w e v e r ,  the  h i g h  v i b r a t i o n  l e v e l s  a nd  f r e q u e n t  l e a ka ge  of p i s t o n  
o i l s  d u r i n g  t r a n s f e r  m a d e  t h i s  u n l i k e l y .  W h i l e  the  cha rac t e r i s t i c s  of 
F ig .  4 are  n o t  as a t t r a c t i v e  as t he se  ea r ly  resu l t s ,  t h e y  a re  m o r e  
r e p r e s e n t a t i v e  of  the  b u l k  of t he  samples .  
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thermionic emission over the insulat ing bar r ie r  of 
height  cb presented by the composite oxide-organic  
film at high temperatures .  Severa l  a t tempts  have  been 
made to analyze the I -V characterist ics using theo-  
ret ical  expressions der ived by Stra t ton (22), Simmons 
(23), and others in order to obtain addit ional  estimates 
of the various bar r ie r  parameters .  However ,  a fit could 
not be obtained over  any significant range of the var i -  
ables. This was t rue  even at low tempera tu re  and low 
thickness where  we bel ieve tunnel ing to be the p re -  
dominant  nonl inear  conduction mechanism. 

Layering and film s tructure. - - In  the present  invest i -  
gation considerable effort was expended to achieve 
reproducible  results  f rom the Langmui r -Blodge t t  mon-  
olayers. Extens ive  precautions were  taken wi th  regard  
to physical  and chemical  cleanliness of the mater ia ls  
and equipment,  and film t ransfer  was accomplished 
under  much more careful ly  controlled conditions than 
were  present  dur ing many  of the earl ier  studies of 
electr ical  properties.  Nevertheless ,  reproducibi l i ty  of 
electr ical  propert ies  was limited, and therefore  some 
of the aspects of layer ing and film t ransfer  onto solid 
substrates were  examined by other  means. 
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The uniformity  and compactness of the monolayers  
used to build the insulat ing films are of paramount  
importance.  These factors are most strongly influ- 
enced by the conditions dur ing transfer,  e.g., film 
pressure, bath pH, etc. Pressure-a rea  isotherms of 
bar ium and calcium stearates obtained during this 
study follow the course of the P / A  curves of con- 
densed monolayer  films as discussed by Alexander  
(24), and indicate that  the film forming techniques 
contained no gross defects. However ,  the area of 
monolayer  swept off the bath  by the compression bar 
dur ing the actual t ransfer  of layers was often differ- 
ent  f rom the cumula t ive  area of the sample being 
coated. 5 Using data f rom all of the samples prepared,  
it was found that  on the average the barr ier  motion 
exceeded the predicted values by about 20%, which is 
considerably grea ter  than the measurement  uncer -  
ta inty  of our apparatus. This phenomenon may arise 
for example,  f rom solution of a port ion of the mono-  
layer, or folding of the monolayer .  It has been re-  
ported (30, 31) that  stearic acid dissolves in the aque-  
ous subphase under  certain circumstances. In our case 
the rate  of solution may  have  been increased because 
of the re la t ive ly  high pressures employed throughout  
this work  (30). Of these possibilities, only folding 
would be of serious consequence to the electr ical  
measurements .  This possibility was e l iminated by 
autoradiograph studies described below. 

Autoradiograph s tudies . - -A visible demonstra t ion of 
the effectiveness of t ransfer  is provided  by autoradio-  
graphs of mono-  and mul t i layer  Langmui r  films con- 
taining C 14 tagged bar ium stearate. The radioact ive 
mater ia l  was obtained as stearic acid in benzene solu- 
tion f rom the Nuclear  Chicago Corporation, wi th  a 
total  act ivi ty of 12.3 mc/mi l l imole ,  and was diluted, 
spread, and t ransfer red  in the usual way, but  at 
sl ightly lower  pressures. Autoradiographs  were  taken 
by clamping a piece of Medical No-Screen  x - r a y  film 
against  the samples covered by the radioact ive layer. 
Exposure  t ime was approximate ly  one day at 5~ 
Results f rom four samples are shown in Fig. 9. It  wil l  
be noted that  the metal l ic  stripes and circles evap-  
orated onto the 1 x 3 in. glass slides and covered by 
the radioact ive Langmui r  films are visible. This is due 
to the difference be tween the back-scat ter ing  coeffi- 
cient of the glass and that  of the various metals. A 
number  of small  spots or scratches and a few large 
blemishes (e.g., the dark region adjacent  to the whi te  
clamp impr in t  at the top of Fig. 9a) can also be seen. 
With few exceptions these were  t raced to dust pa r -  
ticles which settled on the surface af ter  transfer,  to 
imperfect ions in the film introduced dur ing develop-  
ing, or to art ifacts of the reproduct ion and pr int ing 

51n m o s t  of  the  c lass ica l  s tud ie s  of L a n g m u i r  f i lms a f l ex ib le  
f loa t ing  t h r e a d  w a s  u s e d  a s  a ba r r i e r ,  and  hence  the  accu racy  of 
t h e i r  a rea  m e a s u r e m e n t s  is in  some doubt .  

Fig. 9. Autoradiographs of radioactive Ba stearate and Ba 
stearate: PVB mixture mono- and multilayers. From the top: (a) 
one monolayer of Ba stearate over tin stripe on glass; (b) one 
monolayer of Ba stearate over tin and copper stripes on glass, 
showing different contact angles between aqueous subphase and 
glass or metal; (c) one, three, and five monolayer steps of Ba 
stearate; (d) one, three, and five monolayer steps of equiweight 
mixture of Ba stearate and PVB. 

process. The general  conclusion f rom the autoradio-  
graphs is that the organic layers are ve ry  uni form and 
cover the glass and meta l  stripes satisfactorily. There  
are no apparent  gross defects. The resolut ion of the 
autoradiographs,  however,  is only 10-25~ depending 
on the film density, 6 so that  uni formly  distr ibuted 
voids of the sizes discussed ear l ier  would not be vis-  
ible. Nevertheless,  the large-scale  uni formi ty  over  
areas exceeding 3 in. 2 is reassuring tes t imony as to 
the qual i ty  of the t ransfer  procedures. None of the 
sample showed any evidence of "folded over"  regions, 
such as reported by Roberts and Gaines (25). 

The four  samples shown in Fig. 9 have been covered 
with varying numbers of monolayers as follows: (a) 
one monolayer over the whole slide, (b) one mono- 
layer over part of the slide, the wavy edge showing 
the location of the meniscus at the beginning of the 
transfer stroke, (c) one monolayer over the whole 
slide, three monolayers and five monolayers over part 
of the slide as shown by the bands of increasing op- 
tical density, (d) steps of 1:3:5 monolayers similar to 
(c), but using an equiweight mixture of stearic acid 
and polyvinyl benzoate (PVB). The optical density of 
the exposures taken of the 1:3:5 stepped multilayer 
samples was measured and found to correspond to 
radioactive emission intensities also in the ratio 1:3:5, 
providing direct confirmation of the transfer of a 
single monolayer on each dipping stroke. 

In those cases (Fig. 9b-d) where the slide was only 
partially immersed in the bath during some part of 
the transfer process, the optical density step gives an 
imprint of the meniscus where the floating monolayer 
met  the surface of the slide. Over  the different regions 
of the slide, i.e., glass, copper, tin, the meniscus reached 

6 T h e  r e s o l u t i o n  l i m i t  of t he se  f i lms  was  d i r e c t l y  d e t e r m i n e d  f r o m  
the  edge  de f in i t ion  a t  the  m o n o l a y e r  s teps,  (e.g., 0, to 1, 1 to 3, 
3 to  5, etc.),  u s i n g  a spec ia l  i n s t r u m e n t  d e v e l o p e d  by  Dr. A. Ben -  
n e t t  of  the  W e s t i n g h o u s e  Resea rch  Labora to r i e s .  We are i n d e b t e d  
to Dr. B e n n e t t  for  p e r f o r m i n g  the  m e a s u r e m e n t s .  
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Fig. 10. Electrode arrangement on the sample and meniscus 
formed with the surface of the Langmuir bath content. There are 9 
narrow electrodes and 2 wide end pads running parallel with the 
narrow dimensions of the slide. The 1st, 3rd, 5th, 7th, and 9th 
electrodes are gold. The remainder and the end pads are tin. 
Note the differences in the height of the meniscus over Sn, Au, and 
glass. 

different heights, yielding a wavy  pattern,  correspond-  
ing to the different contact angles assumed by the 
meniscus. The higher  the meniscus, the smaller  the 
contact angle. The same effect can be seen visual ly  
dur ing the actual t ransfer  operation. Figure  10 shows 
a photograph of the meniscus drawn up on a slide 
as it is being pulled up out of the bath. (The slide Ks 
inver ted with  respect  to those of Fig. 9.) The contact 
angle is small  against the glass, and increases pro-  
gressively against  Sn, Cu, and Au surfaces in that  
order. The differences in contact angle reflect differ- 
ences in the chemical  na ture  of each surface, and to 
a first approximat ion one can expect  that  the binding 
forces, which tend to make  the monolayer  adhere, de- 
crease as the contact angle increases. The first mono-  
layer, understandably,  should reflect these differences, 
as was seen in Fig. 10 and Fig. 9b. Once the first mono-  
layer  has been applied, however ,  the substrate surface 
is covered by a sheet of molecules 25A thick, so that  
subsequent  layers deposit on an organic base and are 
removed  fur ther  and fu r ther  f rom the substrate in 
25A steps. It is inconceivable that  the in tera tomic 
binding forces responsible for the adhesion of the first 
layer  could extend so far  f rom the surface as to di-  
rect ly influence the adhesion of the second layer,  much 
less the third and subsequent layers. The autoradio-  
graphs, however ,  show significant differences in con- 
tact angle to be present  at the edge defining the third 
layer, and still percept ible  differences to be present  
at the edge of the fifth layer. The effect was present  
on samples made wi th  bar ium stearate  as wel l  as wi th  
the s teara te -polyvinyl  benzoate mixture .  Clearly,  the 
physicochemical  na ture  of the substrate surface in-  
fluences the contact angle and hence the adhesion of 
considerably more than the first monolayer.  

We have observed that  the contact angle against the 
glass surface increases as the number  of dips increases. 
This corresponds to an over -a l l  reduct ion in the ad- 
hesive forces tending to bind the floating monolayer  
to the solid surface, and to a gradual  a t tenuat ion of 
the influence of the under ly ing  substrate surface. S im-  
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ilarly, the difference in meniscus heights over  the 
different regions of the slides, Fig. 10, becomes smaller  
as the number  of dips increases. Equal izat ion proceeds 
by means of the contact angle over  the glass increas-  
ing more  rapidly  than  the contact  angle over  the meta l  
surfaces. 

It  was considered possible that  this behavior  might  
be explained on the basis of porous films, as were  m a n y  
of the electr ical  results  discussed earlier. Inspect ion of 
the autoradiographs,  however ,  places several  condi- 
tions on this hypothesis:  (i) the m a x i m u m  hole size 
must  be less than 25~, (it) the distr ibution of holes 
must  be fa i r ly  uniform, and (iii) the percentage of 
holes must  be approximate ly  the same f rom layer  to 
layer. Computing the porosi ty f rom the t ransfer  pres-  
sure and the P / A  isotherms, one finds that  it can 
amount  to only a small  f ract ion of one per  cent through 
the mul t i layers  regions, and hence, by itself, porosity 
appears insufficient to account for the differences in 
wet t ing  angle visible in the mul t i l ayer  regions. Any  
tendency of the monolayers  to bridge defects in the 
surface will  fu r the r  reduce the possibility that  porosity 
has a significant bear ing on the adhesion of subsequent  
layers. Some long- range  force or order ing effect seems 
necessary. 

Discussion 

Germer  and Storks (26) have observed that  the 
azimuthal  or ientat ion of the molecules in the mono-  
layers depends upon the physicochemical  na ture  of the 
substrates. Fi lms deposited on a hydrophobic  surface 
(polystyrene resin) showed a high degree of hexag-  
onal symmet ry  even in a single layer.  On a metal l ic  
surface (chromium) the azimuthal  or ientat ion of the 
first monolayer  was random, but  a progressive increase 
in molecular  order was observed in succeeding layers. 
This undoubtedly  reflects the increased surface mo-  
bil i ty of the molecules which are not in direct  contact 
wi th  the chemical ly  act ive meta l  surface, or its oxide. 
Metal  layers, however ,  may  influence the adhesion of 
monolayers  in another  way. Goranson and Zisman (13) 
showed that  excess divalent  meta l  ions can become 
t rapped in the films as they are wi thd rawn  from the 
bath, so that  the mul t i l ayer  s t ructure  possesses a 
vo lume distr ibut ion of posit ive charge. The charges are 
dis tr ibuted along the carboxyl  group planes of the 
mul t i l ayer  and, unless they are compensated, the net  
posit ive charge wil l  increase wi th  successive mono-  
layers. The effect of this excess posit ive charge is to 
repel  the posit ive ions adsorbed on carboxyl  face of 
the floating monolayer .  This is observed macro-  
scopically as an increase in the contact angle wi th  in-  
creasing numbers  of layers. These authors also point 
out  that  the magni tude  of the effect wi l l  depend on 
whe the r  the substrate is conducting or insulating. The 
metal l ic  regions on the substrate provide  an equal  
negat ive  image charge which reduces the repuls ive  
force exper ienced by the floating monolayer .  According 
to this hypothesis, the progressive increase in contact 
angles should be greatest  over  the insulat ing glass 
regions of the  substrates, as we  have  observed. Un-  
fortunately,  we are not able to offer direct  evidence of 
posit ive ion t rapping in the mult i layers .  It  is recognized 
that  the arguments  leading to this conclusion are 
largely  circumstantial ,  being based on observations 
made dur ing the t ransfer  process and a study of the 
autoradiographs.  However ,  no other mechanism has 
been discovered which can account for the long-range  
influence of the substrate surface through the mul t i -  
layer  films, and which is also consistent wi th  all of 
the other  exper imenta l  data. 

If enough excess ions are being taken up by the 
films so as to per turb  the layer ing process, then one 
can expect  their  presence to al ter  the electr ical  prop-  
erties of the Langmui r  films as compared wi th  the bulk 
material .  F igure  2 shows this to be the case in that  the 
dielectr ic  constant is sl ightly f requency dependent,  and 
a weak  m a x i m u m  is observed in the loss factor. Nei ther  
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of these effects was present  in bulk samples tested over 
the same f requency range. 

The var iable  t empera tu re  measurements  per formed 
on the samples yielded a thermal  bar r ie r  height  0b 
of a few tenths of an electron volt. This is considerably 
smaller  than the values (e.g., 1-2 ev) repor ted  (27) 
for me ta l -ox ide -me ta l  s tructures using mater ia ls  such 
as A1203 for the insulat ing region. Not enough is 
known about the bulk electronic propert ies  of the 
stearates to decide whe the r  such low values are rea-  
sonable for a me ta l - s t ea ra t e -me ta l  barrier .  We suspect, 
however ,  that  the observed values of Ob may be 
characteris t ic  of the defects and impuri t ies  wi th in  the 
films, par t icular ly  in v iew of the evidence suggesting 
appreciable posit ive ion occlusion. 

It was noted ear l ier  that  the I -V characterist ics could 
not be satisfactori ly fitted to the theoret ical  expression 
der ived on the basis of simple homogeneous barriers.  
This is not  surprising considering the complex na ture  
of the composite Sn -SnO-s t ea r a t e -me ta l  barrier .  Even  
for those mul t i l ayer  samples in which we bel ieve  com- 
plete coverage of the lower  electrode has been attained, 
there  wi l l  still  be significant local inhomogenei ty  in 
thickness. Smal l  area variat ions in thickness wi l l  not 
have an impor tant  effect on the capacity measurements .  
However ,  both tunnel ing  and field-assisted t he rm-  
ionic emission depend exponent ia l ly  on thickness, so 
that  the conduction characterist ics wil l  be s t rongly 
affected. 

The results  of the many  at tempts  to form insulat ing 
mul t i layers  on gold surfaces present  an interest ing 
problem. We have  ample  evidence to show that  it is 
possible to seal off the surface of the tin electrodes. 
Given the same average  porosity we would expect  
that  at least some of the gold based samples would 
have  been successful. None were  successful, hence we  
conclude that  the average  porosity over  the gold films 
must have  been greater.  The contact angle observations 
show that  the adhesive forces be tween  the floating 
monolayer  and the gold surfaces were  not as strong as 
in the case of glass or tin surfaces. 

There  is evidence in the l i tera ture  (25, 28) to show 
that  free stearic acid, which most of our films contain 
to some degree, is less s trongly bound to noble sur-  
faces, and fu r the rmore  can be pumped-off  in vacuum. 
Thus, even though the porosity of the layers may  ini-  
t ial ly have been no greater  than that  of the layers 
over  the Sn or glass region of the samples, the layers 
on the gold surfaces wil l  be less stable and are l ikely 
to develop significant voids extending through the en-  
t i re  mult i layer .  

Summary 
A reactive, and in this case oxidized, electrode sur-  

face appears necessary for format ion and re tent ion  of 
low porosity layers. The  voids and inhomogeneit ies  in 
the films strongly influence the electrical  properties,  
giving rise to a 2 to 1 var ia t ion in capacity values and 
several  orders of magni tude  var ia t ion in low vol tage 
resist ivi ty for the same apparent  thickness. Examina-  
tion of the t empera tu re  dependence shows tunnel ing 
to be the dominant  nonl inear  conduction mechanism 
at low tempera ture  and low thickness, whi le  field 
assisted thermionic emission dominates at high t em-  
pera ture  and greater  thickness. 

It  was found that  the physicochemical  na ture  of the 
substrate surface affected the adhesion of more than 
the first monolayer,  and that  porosity alone was un-  
l ikely  to account for the long range effect. Posi t ive ion 
adsorption, as described by Goranson and Zisman, is 

suggested as a possible a l ternat ive  and shown to be 
consistent with some aspects of the electrical  measure -  
ments. 
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Surface Diffusion Processes and Dendritic Growth in the 
Electrodeposition of Silver from Molten Halides 

Thomas B. Reddy* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Studies of the rise t ime of the cathodic overpotent ia l  dur ing galvanostat ic  
pulsing of si lver electrodes in mol ten  AgC1-LiC1-KC1 mixtures  at 450~ show 
that  the mechanism of electrodeposit ion f rom fused salts includes a step for 
surface diffusion of adatoms f rom point of deposition to growth  sites on the 
meta l  surface. The concentrat ion of adatoms on the surface at equi l ibr ium and 
the surface diffusion ra te  have been de termined  and are compared to those 
found in aqueous e lect rolyte  solutions at 25~ The format ion of dendri t ic  
deposits of s i lver  is found to occur only when a concentrat ion gradient  
equivalent  to 4 mv polarizat ion is produced. Destruct ion of this gradient  
through the use of a high concentrat ion of si lver chloride and convection re -  
duces the concentrat ion polarizat ion and leads to the format ion of coherent  
deposits. Studies of the dendri tes  produced by electrodeposit ion show that  
they all contain two paral le l  twin  planes and indicate that  nucleat ion and 
growth in these dendri tes occur by the twin plane r e - en t r an t  edge mechanism 
previously shown to occur in the growth of ge rmanium dendrites f rom the 
supercooled liquid. 

There  has been much recent  interest  in the mech-  
anism of electrodeposit ion f rom aqueous solution. 
Bockris (1-3) and Gerischer  (4) have  advanced con- 
vincing theoret ical  and exper imenta l  evidence that  
the mechanism of si lver deposition involves a step 
fol lowing the charge- t ransfer  react ion for the diffu- 
sion of adatoms f rom point  of deposition to growth 
sites on the crystal  surface. Concurrent ly,  scientific 
interest  in electrode processes in mol ten  salt solvents 
has great ly  increased. 

There  have  been several  previous studies of various 
aspects of si lver deposition f rom mol ten  salts. Aten, 
den Hertog, and Westenberg (5) found low cathode 
polarizat ion during deposition of si lver f rom a large 
number  of salt mixtures.  Microcrystal l ine deposits 
were  obtained f rom mixtures  of KC1, NaC1, and AgC1 
at 705~ Drossbach (6) electrodeposited s i lver  f rom 
mixtures  of KC1-NaC1-AgC1 at a current  density of 0.20 
m a / c m  2 and a cathode polarization of 2 mv. Drossbach 
and Pet r ick  (7) de te rmined  the l imit ing current  for 
si lver deposition f rom dilute solutions of AgC1 in the 
LiC1-KC1 eutectic at 450~ If the carbon anode was 
not isolated, considerable convection in the mel t  was 
produced by chlorine evolution. With an isolated 
anode, s t i rr ing was found to increase great ly  the 
l imiting current  for si lver deposition. The  tendency 
for metals  to form dendrites when  deposited f rom 
fused salts is well  known. Yang, Chien, and Hudson 
(8) studied the format ion of si lver dendri tes grown 
from the LiC1-KC1 eutectic at 500~ The trunks of 
these dendri tes grew in the <211> directions wi th  
branching in the <211> and <110> directions. Shams-  
El -Din  and Wranglen  (9) invest igated the morphology 
of s i lver  dendri tes  grown by electrodeposit ion f rom a 
mol ten LiC1-KC1 eutectic wi th  10-40% added AgC1 at 
tempera tures  of 413~176 and current  densities of 
30-200 m a / c m  2 and found results similar  to those re-  
ported by Yang, Chien, and Hudson. The dendri tes 
were  shown to be planar  and the addition of a n u m -  
ber of inorganic salts to the mel t  was found to have 
lit t le effect on the morphology of the dendrites. Faust  
and John  (10) made metal lographic  examinat ions  of 
the dendri tes grown by Yang, Chien, and Hudson and 
found they contained two or more  twin planes. 

Bar ton and Bockris (11) studied the growth of 
si lver dendrites at 308~ f rom molten equimolar  so- 
dium ni t ra te-potass ium ni t ra te  containing si lver ni-  
trate. These authors found that  the growth of the 

* P r e s e n t  a d d r e s s :  A m e r i c a n  C y a n a m i d  Co., S t a m f o r d  R e s e a r c h  
L a b o r a t o r i e s ,  S t a m f o r d ,  C o n n e c t i c u t ,  06904. 

dendr i te  tip at constant overpotent ia l  was l inear wi th  
t ime after  an induct ion period. Data on growth ra te  at 
vary ing  overpotent ia l  were  obtained for a large num-  
ber  of dendri tes and data on growth rate, radius of 
curva ture  at the tip, and overpotent ia l  were  ob- 
tained for three  dendrites.  Bar ton and Bockris have 
developed a theory  of dendri t ic  growth by metal  dep-  
osition. Three  factors are  included in the theory to ac- 
count for the observed overpotent ial :  charge- t ransfer ,  
diffusion, and surface energy. The resul t ing equat ion 
predicts the growth rate  as a function of overpotential ,  
concentration, surface energy, and exchange current.  
In an a t tempt  to obtain a fit be tween exper iment  and 
theory, the exchange current,  t ransfer  coefficient, and 
surface energy are t reated as adjustable  parameters ,  
but  only fair  agreement  is obtained. This theory 
suffers f rom several  defects. The diffusion is assumed 
to be a spherical  t ip ra ther  than to the more  physical ly 
reasonable paraboloid. The na ture  of diffusion to these 
surfaces is quite  different. Diffusion control led growth 
of a sphere varies  as the square root of time, while  
that  of a paraboloid is l inear  in t ime (12). In addition, 
Bar ton and Bockris have  equated the thickness of the 
diffusion layer  to the radius of curva ture  of the den-  
dr i te  tip. 

Hamil ton  (13) has adopted the theory of dendri t ic  
growth in a supercooled l iquid meta l  developed by 
Ivantsov  (12) and Temkin  (14) to the case of elec- 
trodeposition. This development  of the theory  of elec- 
t rochemical  dendri te  growth, based on the assumption 
that  the rate  is control led by diffusion alone, shows 
remarkab le  accuracy in predict ing the tip radii  for 
the three  specimens studied by Barton and Bockris 
wi thout  the use of any adjustable  parameters .  An ex-  
pansion of the theory  to include terms for the curva-  
ture  of the tip and act ivat ion overpotent ia l  gives 
agreement  be tween  theory and exper iment  only if 
surface energy and exchange current  are t reated as 
adjustable  parameters .  The values of exchange cur-  
ren t  and surface energy requi red  to fit the  exper i -  
menta l  curves of growth rate  against overpotent ia l  
are h igher  by an order of magni tude  in the case of 
the exchange-cur ren t  and lower  by a s imilar  factor 
in the case of the surface energy than those known 
to be physical ly reasonable for  this system. These dis- 
pari t ies throw considerable question on the  val idi ty  of 
the extended theory  and reinforce the conclusion that  
diffusion is the dominant  factor in the electrochemical  
growth of dendrites.  The contr ibution to the overpo-  
tent ial  due to the curva ture  of the surface, given by 
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t h e  exp re s s ion  27V/Fp, is of t he  o rde r  of 1 m v  for  t he  
d e n d r i t e  t ips  m e a s u r e d  by  B a r t o n  and Bockris .  T h e  
effect  is a s econda ry  con t r ibu t ion  to t he  to ta l  o v e r -  
potent ia l .  The  ac t i va t i on  po la r i za t ion  u n d e r  t he  cond i -  
t ion  e m p l o y e d  by  B a r t o n  and Bockr i s  is on ly  of t he  
o r d e r  of 20 gv  at  a c u r r e n t  dens i ty  of 10 m a / c m  2 and  
can  be  ignored .  

T h r e e  d is t inc t  steps occur  in the  e l ec t rodepos i t ion  
process.  These  are:  

Mass t r anspor t :  
Ag  + ( s o l u t i o n ) ~ A g  + ( in t e r f ace )  (a) 

C h a r g e - t r a n s f e r :  
Ag  + ( in t e r f ace )  + e ~ Ag ~ ( sur face)  (b) 

Su r f ace  diffusion:  
Ago ( sur face)  ~ Ag  ~ ( la t t ice)  (c) 

La i t inen ,  Tischer ,  and Roe  (15) h a v e  d e t e r m i n e d  the  
e x c h a n g e  c u r r e n t  and  t r ans f e r  coefficient  for  t h e  
c h a r g e - t r a n s f e r  reac t ion  for  s i lve r  depos i t ion  f r o m  t h e  
m o l t e n  L iCi -KC1 eu tec t i c  at  450~ These  p a r a m e t e r s  
c o m p l e t e l y  define t he  k ine t ics  of t he  c h a r g e - t r a n s -  
f e r  react ion.  This  pape r  descr ibes  e x p e r i m e n t a l  
s tudies  of the  sur face  diffusion and mass  t r ans -  
po r t  r eac t ions  for  s i lve r  depos i t ion  in a LiC1-KC1 e u -  
tec t ic  at 450~ The  r ise  t i m e  of the  o v e r p o t e n t i a l  on 
app l i ca t ion  of ga lvanos t a t i c  pulses  has been  s tud ied  to 
d e t e r m i n e  if the  m e c h a n i s m  of e l ec t rodepos i t i on  f r o m  
fused  sal ts  i nvo lves  a su r face  diffusion process  in 
w h i c h  ada toms  m i g r a t e  f r o m  po in t  of depos i t ion  to 
g r o w t h  sites on the  c rys ta l  su r face  or  if  depos i t ion  
occurs  d i r ec t l y  at such  sites. S t e a d y - s t a t e  po l a r i za -  
t ion  m e a s u r e m e n t s  d u r i n g  the  depos i t ion  of s i lve r  
f r o m  the  m o l t e n  ch lo r ide  eu tec t ic  h a v e  been  m a d e  
and  the  resu l t s  co r r e l a t ed  w i t h  the  occu r r ence  of d e n -  
dri tes .  The  m e c h a n i s m  of nuc l ea t i on  and g r o w t h  of 
s i lve r  dend r i t e s  by fused  sal t  depos i t ion  has been  
e luc ida ted .  

T h e o r e t i c a L - - T h e  m e c h a n i s m  of c rys ta l  g r o w t h  by  
e l ec t rodepos i t ion  has  been  the  sub jec t  of m u c h  t heo -  
re t i ca l  and e x p e r i m e n t a l  cons ide ra t ion  recen t ly .  The  
su r face  diffusion of ada toms  as an i m p o r t a n t  s tep in 
the  o v e r - a l l  depos i t ion  process  has  been  d e r i v e d  
l a rge ly  f r o m  the  t h e o r y  of v a p o r  deposi t ion.  Bur ton ,  
Cabre ra ,  and  F r a n k  (16) first emphas i zed  the  ro le  of 
sc rew dis loca t ions  as si tes for  nuc l ea t i on  in c rys t a l  
g rowth .  C a b r e r a  and  B u r t o n  (17) s h o w e d  tha t  a m o d e l  
of c rys ta l  g rowth ,  based  on u n i f o r m  p roduc t i on  of ad-  
sorbed  a toms f o l l o w e d  by  diffusion of these  a toms to 
steps on the  su r face  and t h e n  a long  steps to k i n k  
sites, c o r r e c t l y  p r e d i c t e d  the  g r o w t h  r a t e  of iod ine  
crysta ls .  Bockr i s  and M e h l  (1, 2) and G e r i s c h e r  (4) 
s h o w e d  a lmos t  c o n c u r r e n t l y  tha t  the  a d a t o m  m e c h -  
an i sm occurs  in e l ec t rodepos i t ion  of me ta l s  f r o m  a q u e -  
ous solut ions  at l ow  overpo ten t i a l s .  Ga lvanos t a t i c  
pu l s ing  was  e m p l o y e d  u n d e r  condi t ions  w h e r e  mass  
t r anspo r t  in the  so lu t ion  phase  could  be  ignored ,  i.e., 
at h igh  concen t r a t i ons  of r e d u c i b l e  species.  A s t e a d y -  
s ta te  o v e r p o t e n t i a l  canno t  be  r e a c h e d  in a t ime  fas t e r  
t h a n  tha t  a l l owed  by  the  s lowes t  s tep in  the  o v e r -  
a l l  process.  Fo r  depos i t ion  f r o m  aqueous  solut ions,  i t  
has  been  es tab l i shed  tha t  su r f ace  diffusion is a s l o w e r  
s tep t h a n  c h a r g e - t r a n s f e r  because  the  r a t e  at  wh ich  
a s t e ady - s t a t e  o v e r p o t e n t i a l  is a p p r o a c h e d  is s ig-  
n i f icant ly  less than  p r e d i c t e d  if cha rge  t r ans f e r  a lone  
w e r e  con t ro l l i ng  the  r a t e  of deposi t ion.  

The  p r inc ipa l  d i f fe rence  b e t w e e n  t h e  m e t h o d  of 
Bockr i s  and  c o - w o r k e r s  and tha t  of G e r i s c h e r  lies in 
the  n a t u r e  of  the  m o d e l  emp loyed .  Ger i sche r ' s  a p -  
p roach  i nvo lves  a g e n e r a l i z e d  diffusion r a t e  f r o m  po in t  
of  depos i t ion  to g r o w t h  site, w h i l e  Bockr i s  has  r e -  
course  to a specific m o d e l  i n v o l v i n g  dif fus ion of 
ada toms  on a p l ane  b e t w e e n  two  pa ra l l e l  s teps on a 
c rys ta l  face.  In  this  s tudy,  t he  m o d e l  first p roposed  by 
Bockr i s  and  M e h l  w i l l  be  tes ted.  A l t h o u g h  a m o r e  in -  
v o l v e d  a p p r o a c h  was  l a t e r  d e v e l o p e d  by  Despic  and  
Bockr i s  (3),  the  s imple  m o d e l  was  chosen  because  
m e a s u r e m e n t s  of o v e r p o t e n t i a l - t i m e  cu rves  in fused  

salts  i n v o l v e  the  obse rva t i on  of o v e r p o t e n t i a l s  sma l l e r  
by  a fac to r  of t en  to fif ty and  at t imes  f a s t e r  by  a 
f ac to r  of 103 than  those  necessa ry  in s tudies  of depo-  
s i t ion f r o m  aqueous  solut ion.  The  ref ined  t h e o r y  of  
Bockr i s  and Despic  y ie lds  e s sen t i a l ly  the  same  resu l t s  
as t ha t  first a d v a n c e d  by  Bockr i s  and Mehl .  

This  s tudy  has  c o n c e n t r a t e d  on the  d e t e r m i n a t i o n  of 
o v e r p o t e n t i a l - t i m e  cu rves  r a t h e r  t h a n  the  log  c u r r e n t  
d e n s i t y - o v e r p o t e n t i a l  curves .  This  has  been  necessa ry  
aga in  because  the  o v e r p o t e n t i a l s  o b s e r v e d  in fused  
sal t  e l ec t rode  reac t ions  a re  sma l l  due  to t he  l a rge  
va lues  of the  e x c h a n g e  cur ren t .  I t  w o u l d  be  f ru i t l ess  
to look for  smal l  va r i a t i ons  in quan t i t i e s  w h i c h  a re  
a l r e a d y  small .  The  o v e r p o t e n t i a l - t i m e  cu rves  a r e  
t h e m s e l v e s  stil l  qu i te  s ens i t i ve  to a s low su r f ace  d i f -  
fus ion  step. The  B o c k r i s - M e h l  m o d e l  (1, 2) is de -  
ve loped  on the  a s sumpt ion  tha t  ada toms  act  as i n t e r -  
med ia t e s  in e s sen t i a l ly  al l  depos i t ion  or  d isso lu t ion  
processes  occu r r ing  on a m e t a l  surface .  The  o v e r p o t e n -  
t i a l - t i m e  re la t ion ,  a s suming  no  dep l e t i on  of ions  at  
t he  e l ec t rode  sur face ,  m a y  be  w r i t t e n  1 

nF  nF C(~l,t) e x p (  (1- -~)~-~-~1)]  

[1] 

E x p a n s i o n  of t he  e x p o n e n t i a l  fo r  sma l l  va lues  of ~, 
n e g l e c t i n g  the  p roduc t s  of sma l l  va r i ab le s  and a s sum-  
ing  C ( n , t ) / C o  is no t  g r ea t l y  d i f fe ren t  f r o m  [1] gives  2 

R T  i R T  [ C ( n , t ) - - C o ]  
- - n ( t )  - -  + [2] 

nF  io nF  Co 

The  r a t e  of change  of a d a t o m  c o n c e n t r a t i o n  at  any  
po in t  on a su r face  is g iven  by  the  d i f fe rence  b e t w e e n  
the  r a t e  at w h i c h  the  ada toms  a r r i v e  by depos i t ion  and 
the  r a t e  at wh ich  t h e y  diffuse a w a y  

dC i 
- -  v [ 3 ]  

dt nF  

T h e  diffusion r a t e  is a s sumed  p r o p o r t i o n a l  to t he  su-  
p e r s a t u r a t i o n  w i t h  adatoms.  

v = ~o Co [4] 

Subs t i t u t i ng  [4] in [3] and  so lv ing  the  d i f fe ren t ia l  
e q u a t i o n  sub jec t  to the  cond i t ion  tha t  C(~,t)  = Co at  
t ~ 0 g ives  

[ C ( ~ , t ) - - C o ]  _ _ _ i  [ l _ e x p ( - - , o  t ~ ]  [5] 
Co nF  ~o Co / .l 

Subs t i t u t i ng  [5] in [2] g ives  

- -  - -  1 - -  exp  
- - n ( t )  ~F io ~- (nF)  2 Vo Co / . l  

E q u a t i o n  [6] is t he  gene ra l  exp re s s ion  for  t he  o v e r -  
p o t e n t i a l - t i m e  curve ,  va l id  at sma l l  va lues  of o v e r -  
po tent ia l .  A t  sma l l  va lues  of t, t he  e x p o n e n t i a l  t e r m  
of Eq.  [6] m a y  be e x p a n d e d  g iv ing  

R T  i R T  i 
- - , ~  ( t )  - -~ t [ 7 ]  

nF  io (nF)  2 Co 
o r  

dn R T  i 
- - -  [8] 

dt (nF)  2 Co 

E q u a t i o n  [8] a l lows  e v a l u a t i o n  of  Co f r o m  t h e  l i n e a r  
po r t i on  of  the  n - t  c u r v e  at sma l l  t. I t  shou ld  be  era-  

1 A l i s t  of  s y m b o l s  u s e d  a n d  t h e i r  m e a n i n g  is g i v e n  a t  t h e  e n d  of 
t h i s  p a p e r .  

C (~,t) n F  nF 
2 I t  is  n e c e s s a r y  to a s s u m e  t h a t  ~t w h i l e  a s -  

Co R T  R T  
s u m i n g  AC(v, t )  ~ 0. T h e s e  t w o  a s s u m p t i o n s  a r e  n o t  w h o l l y  c o m -  
p a t i b l e ,  b u t  t h e  f a c t  t h a t  n F / R T  is s m a l l  m e a n s  t h e y  a r e  n o t  s e r i -  
o u s l y  in  e r r o r .  
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o r  

lated since 
R T  i 

- -  - -  e x p \ - - ~ o  / [9] 

d In (~--~) --% 
[10] 

dt Co 

In the steady-state,  the overpotent ia l  observed in 
most fused salt e lectrode processes are control led 
solely by mass t ransport  in the electrolyte  solution 
(6, 7, 30-43) since charge t ransfer  reactions are or-  
ders of magni tude  faster  at 450 ~ than they are in 
aqueous solutions (16, 18, 44-47), whi le  diffusion co- 
efficients and viscosities are comparable  to those found 
with aqueous solutions (19, 20, 28). The fundamenta l  
equat ion for diffusion-control led current  density at 
a planar  electrode under  conditions of l inear  diffusion 
is 

i = nF D [11] 
= 0  

If the concentrat ion gradient  is approximated  by a 
l inear  gradient  over  a finite thickness 

C ~ --  C* 
i = nF D - -  [12] 

5 

If the exchange-cur ren t  is ve ry  high, the overpoten-  
tia] in the s teady-state  wil l  be due solely to concen- 
trat ion polarization 

R T  C* 
~l = ~ in -- [13] 

nF C ~ 
o r  

( n ~ T )  C* = C ~ exp ~l [14] 

At small  overpotent ials  
nF 

C* = C o ( 1  + -~--~1) [15] 

Then 
- - ( n F ) 2  DC o 

i - -  ~l [16] 
R T  

This equation predicts l inear cur ren t -overpo ten t ia l  
curves in the s teady-s ta te  at low overpotent ia ls  wi th  
slopes proport ional  to concentration. The  diffusion 
layer  thickness in fused salt deposition wil l  be con- 
t rol led by both diffusion and convection in the s teady- 
state because a concentrat ion gradient  can be main-  
tained only for a mat te r  of a few seconds (19) at 
450~ before convection occurs. 

Star t ing f rom the assumptions that  t ransport  to a 
dendri te  tip growing in the z direct ion is control led 
by diffusion to the surface and growth of the tip into 
the solution and also that  the electrode surface is at a 
uni form potential,  Hamil ton  (13) has shown the con- 
centrat ion field about a parabolic tip is given in cyl in-  
drical coordinates by 

C(r,z)  = C  o +  ( C * - - C  ~ ) 

E i [  vp ( Z z 2 r 2 + )] 
P2 

[17] 

where  E l ( x )  is the exponent ia l  integral.  If the over -  
potential  is due only to the concentrat ion gradient,  it 
is found that  

( - -  v l  - -  e v p / 2 D  E i  - -  [ 1 8 ]  
R T  ~D 

If terms for the exchange current  and surface energy 
are included, the relat ion becomes 

C~ 

RT 1.33 FCoD 3.86 C~ 
1 +  --~ 

p io vp 2 R T  

vp eeo/2D Ei ( vp ) 
=-- 2D 2D [19] 

Experimental 
Eutect ic  salt m i x t u r e s . - - H i g h - p u r i t y  LiC1 (59%)-  

KC1 (41%) melts  were  obtained in glass ampoules 
containing a ni t rogen a tmosphere  f rom the Anderson 
Physics Laboratory,  Inc., Champaign, Illinois. These 
salt mixtures had been subjected to the rigorous puri- 
fication procedures described by Laitinen, Tiseher, and 
Roe (15). Residual currents measured at --2.0v against 
a Pt/Pt(II) reference electrode with a 0.020-in. diam- 
eter flush ground indicator electrode were of the 
order of 1 ~a for all melts. 

Silver chloride. Fisher or Mallinekrodt reagent 
grade silver chloride was finely ground and dried in a 
desiccator over magnesium perchlorate for several 
days before  use. 

Electrodes . - -Elec trodes  were  fabricated f rom 0.020- 
in. d iameter  p la t inum wire  sealed into a Corning 0120 
lead glass tube by means of a Corning 0100 (G-164- 
EC) glass. 3 Flush ground microelectrodes were  ob- 
tained by polishing the g lass- to-meta l  seal first with 
600 mesh silicon carbide, lapping with  1800 mesh 
silicon carbide abrasive, and polishing wi th  Linde A 
(0.3~ alumina)  on a polishing wheel.  Macroelectrodes 
were  prepared  by spot welding 1 cm x 1 c m x  0.015 in. 
p la t inum foil to 0.020 in. d iameter  p la t inum wire  pro-  
jec t ing through the g lass- to-meta l  seals described 
above. P la t inum cathodes were  plated wi th  si lver f rom 
the mel t  at low current  density (0.5 m a / c m  2) before 
overpotent ia l  measurements  were  made. Lai t inen et al. 
(15) have shown the roughness factor for polished 

p la t inum microelectrodes is about  2. A roughness fac-  
tor of 3 has been taken for the si lver plated microelec-  
trades used in the studies of the rise t ime of the over -  
potential,  based on microscopic observations of the 
electrodes before and after plating. 

Anodes were  si lver foil spot welded to si lver wire. 
A g / A g ( I )  reference  electrodes were  si lver wires 
dipped into the mel t  containing s i lver  chloride. These 
wires  were  positioned about 1 cm away from the cath-  
ode. Closer p lacement  is not requi red  because of the 
high conductivi ty of the melt. S i lver  electrodes were  
cleaned and etched in 1:1 HNOa, washed in distil led 
water,  soaked in concentrated NH3 solution, washed 
again, and dried. 

Procedure . - -Exper imen t s  were  conducted in 15 x 21~ 
in. OD medium wal led  Py rex  test tubes flanged to fit 
No. 12 silicone rubber  stoppers. These stoppers were  
frozen and dri l led to fit electrode sheaths, thermo-  
couple wells, etc. The test tubes were  immersed  in a 
three-zone  Hev i -Du ty  furnace whose t empera tu re  was 
control led at 450 ~ • I~ by a Wheelco Model 404 
tempera tu re  controller.  

Cells and electrodes were  cleaned in hot concen- 
t rated HC104 or cold chromic acid solution pr ior  to use. 
These mater ia ls  were  then washed thoroughly and 

Thi s  g lass  h a s  p r e v i o u s l y  been  desc r ibed  i n c o r r e c t l y  as C o r n i n g  
010 (lS,  20). C o r n i n g  0010 is a c o m m o n  t y p e  of l ead  glass  and  is 
u n s u i t a b l e  for  use  a t  m e t a l  seals in  f u s e d  sa l t  e l e c t r o c h e m i s t r y  be-  
cause  of i ts  h i g h  c o n d u c t i v i t y  a n d  t he  r e s u l t i n g  r e d u c t i o n  of lead  
ions  w h i c h  occurs.  C o m i n g  0010 is s i m i l a r  to C o r n i n g  0120 in  i ts  
p rope r t i e s .  

phasized that  the l inear  port ion does not  correspond to 
double layer  charging as is the usual case. Inman, 
Bockris, and Blomgren  (18) have  shown that  it is 
necessary to make  ~l-t observations in the nanosecond 
range in fused salt deposition studies to observe 
double layer  charging in the presence of reducible  
ions. Calculation of the apparent  capacitance f rom 
the linear portion of the ~l-t curves gives the pseudo- 
capacitance associated with the adatom layer. Now Co 
can be evaluated from Eq. [8], and % may be calcu- 
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d r i e d  p r i o r  to  use.  T h e  p r o c e d u r e  f o r  e v a c u a t i n g  a n d  
b r e a k i n g  t h e  a m p o u l e  h a s  p r e v i o u s l y  b e e n  d e s c r i b e d  
(15) .  

Instrumentation.--A T e l e t r o n i c s  L a b o r a t o r y  M o d e l  
P S - 1 1 0  c o n s t a n t  c u r r e n t  p o w e r  s u p p l y  w a s  e m p l o y e d  
to s u p p l y  c u r r e n t s  in  t h e  r a n g e  f r o m  1 ~a to 50 ma .  A 
16 ~F oi l  c a p a c i t o r  w as  c o n n e c t e d  a c r o s s  t h e  o u t p u t  
t e r m i n a l s  to r e m o v e  r e s i d u a l  a -c  r i pp l e .  C u r r e n t s  w e r e  
m e a s u r e d  w i t h  a S e n s i t i v e  R e s e a r c h  a m m e t e r .  I n  
m e a s u r e m e n t s  of t he  r i se  t i m e  of t h e  o v e r p o t e n t i a l ,  a 
T e k t r o n i x  T y p e  5.65 d u a l  b e a m  osc i l loscope  w i t h  T y p e  
2A63 p l u g - i n  u n i t s  w i t h  r i s e - t i m e s  of  1 ~sec was  
u t i l ized .  A m e r c u r y - w e t t e d  r e l a y  s y s t e m  ( W e s t e r n  
E l e c t r i c  T y p e  276B) w a s  u s e d  to s w i t c h  t h e  c u r r e n t  
f r o m  a d u m m y  r e s i s t o r  (10 o h m s )  to  t h e  e l e c t r o -  
c h e m i c a l  cell. T h i s  w a s  a c h i e v e d  b y  a p p l y i n g  a p u l s e  
f r o m  a b a t t e r y  w h i c h  a c t i v a t e d  t h e  r e l a y  coil  a n d  
t r i g g e r e d  t i m e  b a s e  A of t h e  d u a l  b e a m  osc i l loscope  
s i m u l t a n e o u s l y .  T i m e  b a s e  B w a s  o p e r a t e d  in  t h e  d e -  
l a y e d  m o d e  a f t e r  a n  i n t e r v a l  of 3.75 m s e c  w h i c h  co r -  
r e s p o n d s  to t h e  c l o s u r e  t i m e  of t h e  r e e d  in  t h e  m e r -  
c u r y  w e t t e d  r e l ay .  I n  t h i s  way ,  t i m e  b a s e  B w a s  
t r i g g e r e d  a f e w  m i c r o s e c o n d s  b e f o r e  a p p l i c a t i o n  of t h e  
c o n s t a n t  c u r r e n t  to  t h e  e l e c t r o c h e m i c a l  ce l l  a n d  o v e r -  
p o t e n t i a l - t i m e  c u r v e s  in  t h e  r a n g e  of 0-100 ~sec w e r e  
o b t a i n e d  on  t h e  B c h a n n e l  a n d  r e c o r d e d  w i t h  a T e k -  
t r o n i x  T y p e  C-12 osc i l loscope  c a m e r a  u s i n g  P o l a r o i d  
T y p e  47 f i lm ( A S A  3000).  

S t e a d y - s t a t e  p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  m a d e  
w i t h  a S a r g e n t  M o d e l  M R  p o t e n t i o m e t r i c  r e c o r d e r .  

Convection.--Solutions w e r e  s t i r r e d  w i t h  a p a d d l e  
s t i r r e r  r o t a t i n g  in  a Tef lon  g l a n d  a n d  d r i v e n  a t  600 
r p m  b y  a S a r g e n t  s y n c h r o n o u s  r o t a t o r .  

Results 

I n  s t ud i e s  of t h e  r i s e - t i m e  of t h e  o v e r p o t e n t i a l ,  c u r -  
r e n t  pu l ses  f r o m  2.5 to 500 m a / c m :  w e r e  a p p l i e d  to a 
f lush  g r o u n d  s i l v e r  p l a t e d  p l a t i n u m  e l e c t r o d e  in  a 
0.101M AgC1 so lu t ion .  I n  t h e  r a n g e  of c u r r e n t  d e n -  
s i t ies  f r o m  2.5-100 m a / c m  2, t h e  o v e r p o t e n t i a l  t i m e  
c u r v e s  a r e  s i m i l a r  to  t h o s e  s h o w n  b y  M e h l  a n d  B o c k r i s  
(1) .  A s t e a d y  s t a t e  is r e a c h e d  in  t i m e s  f r o m  60-100 

~sec o v e r  t h i s  r a n g e  of c u r r e n t  dens i t i e s .  I f  c h a r g e -  
t r a n s f e r  a l o n e  w e r e  r a t e  c o n t r o l l i n g ,  a s t e a d y  s t a t e  
s h o u l d  b e  r e a c h e d  in  ~c.t. ~ 5 • (RT/nF)(C/io) (2) .  
U s i n g  t h e  k n o w n  v a l u e s  of e x c h a n g e  c u r r e n t  f o r  O.IM 
A g  + s o l u t i o n s  a n d  t h e  d o u b l e  l a y e r  c a p a c i t y  w h i c h  
h a s  b e e n  e s t i m a t e d  f r o m  t h e  k n o w n  v a l u e  f o r  a P t  
s u r f a c e  (21) i n  t h e  s a m e  m e l t  a t  450~ t h i s  c a l c u l a t i o n  
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Fig. 1. Plot of overpotential against time for deposition of 
silver from 0.I01M AgCI in molten LiCI-KCI at 450 ~ . Current 
density, 98.7 ma/cm 2. 
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Fig. 2. Plot of  log (~1--~1| a g a i n s t  t ime for the  depos i t ion  of  
silver from 0.101M AgCI in molten LiCI-KCI at 450~ Current 
density, 983 ma/r 2. 
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Fig. 3. Plot of steady-state overpotential against current density 
for the deposition of siiver from AgCI in fused LiCI-KCI at 450~ 
Concentrations: - - �9  0.48%; --F~---, "1.36%; ~ A ~ ,  3.33% 
AgCL 

g ives  zc.t. ~ 2 ~sec. A t  c u r r e n t  d e n s i t i e s  a b o v e  100 m a /  
cm 2, t h e  c o n c e n t r a t i o n  o v e r p o t e n t i a l ,  ~ ,  b e c o m e s  s ig -  
n i f i can t  b e f o r e  a s t e a d y  s t a t e  is r e a c h e d .  T h i s  m a y  b e  
c a l c u l a t e d  f r o m  

RT ( ~al/2--t 1/2 ) 
In [20] 

~d  ~ T t r  Td 1/2 

w h e r e  ~a is t h e  t r a n s i t i o n  t i m e  fo r  c o n c e n t r a t i o n  p o -  
l a r i z a t i o n  

~D ( nFC~ ) 2 [21] 
Td = -~---  i 

Resu l t s  a r e  p r e s e n t e d  for  a c u r r e n t  d e n s i t y  of 98.7 
m a / c m 2 ;  t h e  h i g h e s t  c u r r e n t  d e n s i t y  e m p l o y e d  b e f o r e  
c o n c e n t r a t i o n  o v e r p o t e n t i a l  b e c o m e s  s ign i f i can t  d u r i n g  
t h e  c o u r s e  of t h e  m e a s u r e m e n t ,  s ince  t h i s  a f fo rds  t h e  
m a x i m u m  a c c u r a c y  of m e a s u r e m e n t .  F i g u r e  1 s h o w s  a 
p lo t  of ~ a g a i n s t  t i m e  fo r  s h o r t  t imes .  T h e  iR c o m -  
p o n e n t  h a s  b e e n  s u b t r a c t e d  f r o m  t h e  o b s e r v e d  o v e r -  
p o t e n t i a l  to  g ive  t h e  a c t i v a t i o n  o v e r p o t e n t i a l .  E v a l u a -  
t i on  of Co. t h e  c o n c e n t r a t i o n  of a d a t o m s  a t  t h e  e q u i -  
l i b r i u m  p o t e n t i a l ,  u s i n g  Eq.  [8] ,  g ives  a v a l u e  of 
9 x 10 -10 m o l e s / c m  2. C a l c u l a t i o n  of t h e  p s e u d o c a p a c i -  
t a n c e  a s soc i a t ed  w i t h  t h e  l a y e r  of a d a t o m s  f r o m  t h e  
l i n e a r  n - -  t c u r v e  g ives  a v a l u e  of 700 ~ F / c m  2. F i g u r e  
2 s h o w s  t h e  p l o t  of log  ( ~ l -  ~ )  a g a i n s t  t ime .  E v a l u a -  
t i o n  of t h e  r a t e  of s u r f a c e  d i f fus ion  u s i n g  Eq.  [10] a n d  
t h e  Co v a l u e  o b t a i n e d  a b o v e  g ives  nF ~o-~ 3.3 a m p /  
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cm 2. T h e  e x p e r i m e n t a l  da t a  a r e  seen  to fit Eq. [8] and  
[10] wel l .  

F i g u r e  3 shows s t e a d y - s t a t e  po la r i za t ion  c u r v e s  ob -  
s e r v e d  at m a c r o e l e c t r o d e s  for  0.48, 1.36, and  3.33 w / o  
( w e i g h t  pe r  cent)  AgC1 in the  LiC1-KC1 eutect ic .  The  
l inea r  i-,I cu rves  p r e d i c t e d  by  Eq. [16] a r e  obse rved  
sh owing  tha t  mass  t r a n s f e r  is l im i t i ng  the  r a t e  of 
e lec t rodepos i t ion .  L i n e a r  i -n  cu rves  a re  also e x p e c t e d  
at l ow  o v e r p o t e n t i a l s  w h e n  cha rge  t r a n s f e r  is r a t e  con-  
t rol l ing.  Ca lcu la t ions  of t he  ac t i va t i on  o v e r p o t e n t i a l  
at c u r r e n t  dens i t ies  of 1-5 m a / c m  2 s h o w  t h a t  t he  ob -  
s e r v e d  va lues  a re  f a r  g r e a t e r  t h a n  the  ca l cu l a t ed  ones. 
The  l i nea r  i-~ r e l a t ion  is thus  due  to mass  t r ans f e r  
and  no t  cha rge  t rans fe r .  T h e  s lopes  of the  t h r e e  l ines  
s h o w n  in  Fig.  3 a r e  a p p r o x i m a t e l y  p r o p o r t i o n a l  to 
c o n c e n t r a t i o n  as Eq.  [16] predicts .  T h e  sca t te r  s h o w n  
in Fig. 3 for  the  1.36 w / o  AgC1 ch lo r ide  so lu t ion  is due  
to  the  diff icul ty of es tab l i sh ing  a r e p r o d u c i b l e  d i f -  
fus ion  l aye r  th ickness .  T h e  diffusion l a y e r  th ickness  is 
con t ro l l ed  by  bo th  dif fus ion and  convec t ion .  S ince  Con- 
vec t ion  is difficult  to  r ep roduce ,  some  sca t t e r  in  t he  
obse rved  o v e r p o t e n t i a l  is expec ted .  In  a l l  ins tances ,  the  
n a t u r e  of t he  depos i t  was  s tud ied  by  o b s e r v i n g  the  
ca thode  in  t he  m o l t e n  b a t h  w i t h  a 2 0 - p o w e r  eyepiece .  
A t  ove rpo t en t i a l s  of less t h a n  4 mv,  c o h e r e n t  depos i t s  
a r e  a l w a y s  observed .  The  a v e r a g e  th ickness  of t he  d e -  
posi t  was  1.6 x 10 -4  cm. A t  o v e r p o t e n t i a l s  g r ea t e r  t h a n  
4 m v  bu t  less t han  10 my,  a f e w  w e l l - d e v e l o p e d  d e n -  
dr i tes  g r o w  at  f a i r l y  r ap id  ra tes  and a r e  r e ad i l y  ob-  
se rvable .  The  d e n d r i t e  shown  in Fig.  5 g r e w  to  a 
l e n g t h  of 6 m m  in 1 h r  at  a c u r r e n t  dens i ty  of 2.28 
~ a / c m  2 and  an o v e r p o t e n t i a l  of 5.3 m y  f r o m  a 3 w / o  
AgC1 solut ion.  A b o v e  10 m v  pola r iza t ion ,  a l a rge  n u m -  
ber  of sma l l  dend r i t e s  a r e  fo rmed .  These  resu l t s  
p a r a l l e l  those  of B a r t o n  and  Bockr i s  (11) w h o  found  
no  dendr i t e s  at  ove rpo t en t i a l s  less t h a n  3 m y  in t he i r  
s tudies  of s i lve r  depos i t ion  f r o m  a m o l t e n  n i t r a t e  so lu -  
t ion at 308~ These  s tudies  w e r e  conduc t ed  w i t h  
p l a t i ng  th icknesses  of 2 x 10 -3  cm and  p l a t i ng  t imes  
up to 20 h r  ( c u r r e n t  dens i ty  of 0.25 ~a /cm2) .  These  
obse rva t ions  l e ave  no doub t  t h a t  dendr i t e s  do no t  f o r m  
be low the  cr i t ica l  ove rpo ten t i a l .  B o t h  3 m v  at  308~ 
and  4 m v  a t  450~ co r r e spond  to t he  s a m e  d e g r e e  of 
c o n c e n t r a t i o n  o v e r p o t e n t i a l  [C*/C~ 0.94] and  in -  
d ica te  t ha t  dendr i t i c  g r o w t h  occurs  w h e n  ionic  d i f fu-  
s ion in t he  l iqu id  phase  cont ro ls  t he  g r o w t h  process .  
This  suggests  t ha t  des t ruc t ion  of t he  c o n c e n t r a t i o n  
g r a d i e n t  by  convec t ion  w o u l d  r e d u c e  the  o v e r p o t e n t i a l  
and  t h e  t e n d e n c y  for  d e n d r i t e  fo rma t ion .  F i g u r e  4 
shows  the  c u r r e n t - o v e r p o t e n t i a l  l ines  fo r  s t i r r ed  a n d  
u n s t i r r e d  3.33 w / o  AgC1 solut ions.  A t  a g iven  c u r r e n t  
densi ty ,  s imple  s t i r r i ng  s igni f icant ly  r educes  t h e  o v e r -  
po ten t i a l  and,  thus, a l lows  the  use of h i g h e r  c u r r e n t  
dens i t ies  b e f o r e  the  cr i t ica l  o v e r p o t e n t i a l  for  the  in i -  
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U 
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Fig. 4. Plot of steady-state overpotential against current density 
in 3.33% AgCI solution in LiCI-KCI ot 450~ �9  unstirred; 
--] - - I - - ,  solution stirred at 600 rpm. 
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Fig. 5. Typical silver dendrite grown from 3% AgCI solution 
in LiCI-KCI at 450~ Current density, 2.28 ma/cm 2, overpotential, 
5.3 my. 

Fig. 6. Etched cross section of silver dendrite trunk showing 
closely spaced parallel twin planes at approximately 370X mag- 
nification. 

t i a t ion  of dendr i t e s  is r eached .  The  c r i t i ca l  o v e r p o t e n -  
t ia l  was  found  to be  4 m v  in bo th  s t i r r ed  and  u n -  
s t i r r ed  solut ions.  

M e t a l l o g r a p h i c  s tudies  of t h e  dend r i t e s  f o r m e d  by  
e l ec t rodepos i t ion  of s i lve r  f r o m  the  fused  L i C I - K C I  
h a v e  b e e n  p e r f o r m e d .  F i g u r e  5 shows  a t yp i ca l  d e n -  
dr i te .  T h e  m o r p h o l o g i c a l  s tudies  of Yang,  Chien,  and 
H u d s o n  ind ica te  t h a t  this d e n d r i t e  bo th  g r e w  and  
b r a n c h e d  in t h e  < 2 1 1 >  di rec t ion .  F i g u r e s  6 and  7 show 
cross sect ions  of t he  t r u n k s  of  t w o  d i f fe ren t  dend r i t e s  
at a p p r o x i m a t e l y  370X and 1470X, r e spec t ive ly .  These  
dend r i t e s  w e r e  p o t t e d  in C I B A  A r a l d i t e  e p o x y  p o l y -  
mer ,  po l i shed  and  e t ched  w i t h  a 5% K C N - 5 %  
(N1-I4)2S208 solut ion.  In  Fig.  6, two  c lose ly  spaced 
p a r a l l e l  t w i n  p lanes  a r e  seen. In  Fig.  7, t he  t w i n  
p lanes  a re  m o r e  p r o m i n e n t  at  a p p r o x i m a t e l y  1470X. 
E t c h i n g  has  a p p a r e n t l y  p r o d u c e d  f ace t ing  of the  su r -  
face  b e t w e e n  the  planes.  I n  Fig.  8. the  cross sect ion 
of a d e n d r i t e  b r a n c h  is shown.  Here ,  the  t w i n  p lanes  
a re  cons ide rab ly  f a r t h e r  apar t .  A l l  d e n d r i t e  b ranches  
show at  leas t  two,  and  s o m e t i m e s  as m a n y  as seven.  
p a r a l l e l  t w i n  planes .  

Discussion 
The  fac t  t ha t  t he  r i se  t i m e  of t he  o v e r p o t e n t i a l  ob-  

s e rved  o v e r  a w i d e  r a n g e  of c u r r e n t  dens i t ies  is m u c h  
s l o w e r  t h a n  t h a t  p r e d i c t e d  f r o m  s imple  t h e o r y  fo r  
c h a r g e - t r a n s f e r  reac t ions  cons t i tu tes  p roo f  tha t  a p roc -  
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Fig. 7. Etched cross section of silver dendrite showing parallel 
twin planes at approximately 1470X magnification. 

Fig. 8. Etched branch of silver dendrite containing parallel 
twin planes at approximately 370X magnification. 

ess slower than charge- t ransfer  must  be ra te  con- 
trolling. Since these exper iments  were  conducted over  
t ime scales and current  densities where  concentrat ion 
changes at the electrode surface can be neglected, the  
slow step in the over -a l l  process can only be surface 
diffusion. Good agreement  is observed between the 
theory for the form of the overpotent ia l - t ime curves 
and the exper imenta l  results. The adatom concentra-  
t ion found for the si lver surface (9 x 10 -1~ moles /cm 2) 
at 450~ is approximate ly  twice that  found by Bockris  
and Mehl in aqueous solution at 25~ (4 x 10 -10 
moles/cm2).  This indicates that  the adatom mechanism 
is re la t ive ly  more  impor tant  in deposition processes 
f rom fused salts than f rom aqueous solutions. This fact 
is unders tandable  in terms of the re la t ive  rates of the 
charge- t ransfer  and surface diffusion processes. The 
molar  exchange current  for si lver deposition under  the 
conditions employed in this study is 190 a m p / c m  2, 
while  that  in aqueous solution at 25~ is 0.17 a m p / c m  2 
(2). The effect of t empera tu re  and change of medium 
gives an increase in ra te  by a factor of 1100. This is 
consistent wi th  the act ivation energies for e lectro-  
chemical  charge- t ransfer  reactions which are typical ly 
around 10 kca l /mole  (48, 11, 27). The surface dif-  
fusion process, however ,  increases f rom 0.014 a m p / c m  2 
(nF~o) at 25~ in an aqueous system to 3.3 a m p / c m  2 
at 450~ in the fused salt case. This represents  an in- 
crease by a factor of 230 only, because of the re la -  
t ively  low activation energy for the surface diffusion 
process, est imated to be about 3 kca l /mole  (4). Since 
the increase in rate  of charge- t ransfer  is several  t imes 
greater  than the increase in surface diffusion rate,  the 
surface diffusion step is re la t ive ly  more  impor tant  in 
de termining the rate  of the over -a l l  deposition process 
[see Eq. (b) and (c)] .  The adatom concentrat ion 
must  be greater  since adatoms are  essential  in ter -  
mediates in the total process and the ra te  at which 
they are formed is increased more than the ra te  by 
which they are removed  f rom the surface. 

The results of the present  s tudy indicate that  den-  
dritic deposits may  be expected when the electrode 
process is controlled p r imar i ly  by ionic diffusion in the 
l iquid phase. A calculat ion of the apparent  diffusion 
layer  thickness using Eq. [16] and the diffusion co- 
efficient for Ag (I) in IAC1-KC1 at 450~ as de termined  
by Thalmayer ,  Bruckenstein,  and Gruen  (28) gives 
0.071 and 0.026 cm as the apparent  diffusion layer 
thicknesses for the unst i r red and st irred 3.33 w / o  
AgC1 solutions. The fact that  a definite concentrat ion 
gradient  must be established before dendrit ic deposits 
occur has also been shown. To produce coherent  de- 
posits of si lver by deposition f rom fused salts, it is 
necessary to work  under  conditions such that  the 
critical overpotent ia l  for dendr i te  initiation, resul t ing 
f rom concentrat ion polarization, is not exceeded. The 
results shown in Fig. 3 and 4 prove that  this may  be 
accomplished by two means: the employment  of a high 
concentrat ion of reducible  ion, and the use of con- 
vection. Under  these conditions, the extent  of concen- 
t rat ion overpotent ia l  wil l  be minimized,  and it wi l l  be 
possible to produce coherent  deposits at higher  current  
densities than would  otherwise be the case. This con- 
clusion is in contradict ion of the s tatement  of Yang, 
Chien, and Hudson (8) that  dendri t ic  deposits wil l  
occur at high concentrat ion of reducible  ions and high 
current  density. These authors did not measure  the 
overpotent ia l  during deposition, however ,  and were  not 
cognizant of the fact that  overpotent ia l  is the re levant  
pa ramete r  de termining the morphology of the deposit. 
Undoubtedly,  the use of a rotated cathode would pro-  
vide the most efficient means of convection. A calcu- 
lation of the current  density necessary to produce 4 
mv  polarizat ion at a disk electrode rotat ing at 600 rpm 
in a 1M AgC1 solutions in LiC1-KC1 at 450~ gives 56 
m a / c m  e. Charge- t ransfe r  alone provides no limitation, 
since 12 a m p / c m  2 are necessary to produce 4 mv  of 
act ivat ion polarizat ion under  the same conditions. Al -  
though it has been proven only for silver, a critical 
overpotent ia l  for the ini t iat ion of dendri t ic  growth 
may exist for other  metals  as well. The low value  of 
the critical overpotent ia l  for si lver is probably re la ted 
to the low value  of the stacking fault  energy for 
si lver of 25 e rgs /cm 2 (29) which should be about half  
the energy necessary to form a twin plane. 

The t runks and branches of all  dendri tes examined 
in this study were  found to contain at least  two para l -  
lel twin  planes in agreement  wi th  the results  of Faust  
and John  (10). Since the morphological  studies (8, 9) 
have  shown that  these dendri tes grow in the <211> 
direction, the results suggest that  nucleat ion and 
growth of these dendri tes is occurring by the twin 
plane re -en t ran t  edge mechanism similar  to that  
known to occur in the growth of germanium den-  
drites (22-24). 

The groove be tween  two facets at the twin  plane 
provides a site for low energy nucleat ion and two 
paral le l  planes provide  a s t ructure  which growth 
cannot destroy (24). The recent  reports  of twin planes 
in electrodeposited dendri tes (10, 22, 26) suggests that  
this is a general  mechanism for their  growth. Dendri te  
formation in electrodeposit ion must  start  wi th  facet ing 
of the planar  surface (11). The idea that  penet ra t ion 
of the diffusion layer  by the facet  leads direct ly  to 
dendri te  format ion as suggested by Barton and Bockris 
(11) is incorrect,  however .  If this were  the case, con- 
vection, which decreases the thickness of the diffusion 
layer, should lead to increased incidence of dendri t ic  
growth. This is not the case. In reality, facet ing leads 
to increased mass t ransport  to the faceted surface as 
opposed to the planar  surface. Those facets containing 
two or more twin planes provide  a site for low energy 
nucleat ion and rapid propagation. The closely spaced 
twin planes found in the t runk  of the dendri tes in this 
study help explain the rapid growth of e lectrolyt ical ly  
grown dendrites since Wagner  (25) has shown that  
the growth ra te  of ge rman ium dendri tes is greater  
when  the paral le l  twin  planes are closer together.  
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SYMBOLS 
Current  density (positive for a cathodic proc- 
ess) 
Exehange current density 
Transfer coefficient (O < fl < i) 
Number of electrons in electrode process 
Overpotential [E-E (equilibrium) ]. Taken nega- 
tive for a cathodic process 
Adatom concentration at any overpotential and 
t ime (moles cm -2) 
Adatom concentrat ion at the equi l ibr ium po- 
tential  (moles cm -2) 
Rate of surface diffusion (moles sec -1 cm -2) 
Intr insic  rate constant  for surface diffusion 
(moles sec 1 cm-2)  
Diffusion coefficient of reducible ion (cm 2 
s e e - Z )  
Bulk concentrat ion of reducible ion 
Concentrat ion of reducible ion at electrode sur-  
face 
Apparent  diffusion layer thickness (cm) 
Concentrat ion overpotential  (polarization) 
Transi t ion time for concentrat ion overpotential  
(C* = 0) 
Time 
Double layer capacitance 
Gas eonstant  
Absolute temperature  
The Faraday 
Molar volume of metal  
Surface energy of metal  (ergs/cm 2) 
Radius of curvature  of dendri te  tip 
Growth rate of dendri te  tip (cm sec -D 
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Preparation and Luminescent Properties of 
Ti-Activated Zirconia 
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ABSTRACT 

Very pure  monoclinic ZrO2 prepared  f rom recrystal l ized zirconium oxy-  
chloride and act ivated with  0.08% Ti 4+ responds wel l  to 2537A and cathode-  
ray excitation. A room tempera tu re  quantum efficiency of 70%, re la t ive  to 
MgWO4, has been at tained with  2537A excitation. The emission band extends 
f rom below 4000 to above 6500A, peaking at 4800A. The phosphor has a broad 
excitat ion spectrum and responds almost  equal ly  wel l  to wavelengths  be tween 
2100 and 2600A. At  20~ the response to 2537A exci tat ion is about 82% of 
the m a x i m u m  response which occurs at about --60~ The initial decay is 
exponent ia l  wi th  ra te  constant ~ z 1.5 x 105 sec -1, but  the visual ly detectable  
persistence lasts several  minutes. The long persistence is associated wi th  glow 
peaks which were  found to exist  above 20~ Addit ional  s t ronger  glow peaks 
occur at lower temperatures .  

Pr ior  to this invest igat ion it was observed by the 
author that  several  commercia l  sources of monoclinic 
zirconia responded to 2537A and ca thode-ray  ex-  
citation, yielding a b lue -whi te  luminescence with  a 
long persistence. ZrO2 prepared  f rom an exper imenta l  
sample of hydrous zirconium carbonate, which is a 
re la t ive ly  high pur i ty  zirconium compound manufac-  
tured by the Ti tan ium Alloy Manufactur ing Division 
of the National  Lead Company, appeared to be only 
weakly  luminescent.  Similar  observations have been 
ment ioned previously  in the l i tera ture  (1, 2). 

Fur the r  interest  in this phenomenon was s t imulated 
by a paper  of Harrison, Melamed, and Subbarao (2) 
who prepared  several  compounds having the same 
general ized formula.  Of special interest  was a series 
of isostructural  compounds having the general ized 
formula  R22+ ZrR25+ 09 where  R 2+ is Sr  2+, Ba 2+, or 
Pb 2+, and R 5+ is p5+ or As 5+. These compounds re-  
sponded to 2537A excitat ion and exhibi ted broad emis-  
sion bands with  peak wavelengths  between 4840 and 
4920A. They also found a similar  emission for the 
monoclinic ZrO2 used in the prepara t ion of the te rnary  
compounds. The marked  s imilar i ty  in the absorption, 
excitation, and emission spectra of these isotypic com- 
pounds and of ZrO2 suggested to the authors that  the 
phosphors were  of the se l f -act ivated type, as are cer-  
tain tungstate and molybdate  compounds. They suggest-  
ed the possibility that  the luminescence is related to an 
asymmetr ic  coordination of oxygens about the Zr 4+ 
ions. The oxygen coordination of zirconium in mono-  
clinic ZrO2 is indeed asymmetr ic  and unusual. Ac-  
cording to McCullough and Trueblood (3), the zir-  

\ 

Fig. 1. Zr 4+ coordination polyhedron in monoclinie ZrO2 (Me- 
Cullough and Trueblood). 

conium ions are coordinated by seven oxygens and the 
Zr-O distances vary  f rom 2.04 to 2.26A. An idealized 
representat ion of the coordination polyhedron is shown 
in Fig. 1, in which the ZrO~ group can be thought  of 
as being der ived from a cube. Four  oxygens are at the 
base and one is located at one of the upper  corners of 
the cube. Two addit ional  oxygens are si tuated at the 
midpoints  of the cube edges between the unoccupied 
corners. If the three oxygens on the top of the cube 
are moved as indicated by the arrows, their  distances 
f rom the Zr 4+ ion at the center  of the cube are more 
near ly  equalized but still average  less than the Zr-O 
distances for the other  four oxygens. The actual in ter -  
ionic distances determined by McCullough and True-  
blood are  given in Table I. 

The hypothesis of Harr ison et al. regarding self- 
act ivation appears to be plausible if one considers 
their  observations that  cer ta in  zirconium compounds 
such as ZrP2OT, in which Zr 4+ is symmetr ica l ly  co- 
ordinated by six oxygens, are nonluminescent .  On the 
other  hand, a h igh-pur i ty  zirconia sample prepared by 
decomposing tr iply recrystal l ized zirconium oxy-  
chloride, ZrOC12"8H20, did not respond to u l t raviole t  
or ca thode-ray  excitation. The recrystal l izat ion pro-  
cedure for purification of the oxychlor ide was devel -  
oped by Hickok (4) in this laboratory,  and was based 
on solubili ty data for the oxychlor ide compound in 
hydrochloric  acid solutions cited by Blumentha l  (5). 
These observations suggested that  the luminescence ob- 
served in certain samples of ZrO2 is due to the pres-  
ence of some impur i ty  which functions as a pr imary  
act ivator  ra ther  than to a self-act ivat ion mechanism. 
As discussed in subsequent sections, this impur i ty  was 
shown to be Ti 4+. 

KrSger  and Overbeek (6) have prepared  several  
Ti -ac t iva ted  phosphors including zirconia. In the case 
of ZrOe, t i tanium was incorporated in amounts  of 
0.001 to 10 mole % by firing oxide mixtures  at 1300~ 
The phosphors yielded a greenish emission peaking at 
4700A when  excited by wavelengths  less than 3850A, 
and the opt imum activator concentrat ion was found to 
be 0.1 mole  %. The deve lopment  of only weak  emis-  
sion can probably  be a t t r ibuted to the presence of 
other  impuri t ies  such as i ron which is qui te  detr i -  

Table I. Zr-O distances in monoclinic zirconia in ~ (3) 

02- D i s t a n c e  0 =- Dis t ance  

I .  2.04 IIc 2.16 
Ie 2.10 I I .  2.18 
Ib 2.15 II~ 2.26 

IId 2.26 
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menta l  to the Ti 4+ emission Besides hafnium, two of 
the major  impuri t ies  in most commercia l  sources of 
monoclinic ZrO2 are iron and ti tanium. 

Phosphor Preparation 
Purification of zirconium oxychloride.--According 

to Blumenthal ,  the room tempera tu re  solubili ty of 
ZrOC12"SHzO in 8.72 NHC1 solution is 0.0547 moles /  
l i ter  and is highly t empera tu re  dependent  in this solu- 
tion. Based on this informat ion a purification process 
by repeated recrystal l izat ion of the oxychlor ide was 
developed by Hickok. A description of his process fol-  
lows. 

Approx imate ly  450g of TAM high-pur i ty  zirconium 
oxychlor ide is dissolved in 400 ml  of deionized or 
distil led wate r  and the so]ution is fil tered to r emove  
insoluble impurities.  The solution is heated and added 
slowly wi th  continuous heat ing to 800 ml of hot con- 
centrated HC1 so that  the final solution is approxi -  
mate ly  8N HC1. On cooling to room temperature ,  
ZrOC12"8H20 crystallizes and the yel low color of the 
supernatant  l iquid indicates that  iron has been at ]east 
par t ia l ly  removed  from the start ing material .  The 
supernatant  l iquid is vacuum-f i l te red  f rom the crys-  
tals which are then washed several  t imes wi th  cold 
8N HC1. The ent ire  process of dissolving, recrysta l l iza-  
tion, etc., is repeated for fur ther  purification. The zir-  
conium oxychlor ide is decomposed above 1000~ to 
form a white,  f ine-grained, polycrystal l ine monoclinic 
ZrO2 which does not respond to ei ther 2537A or cath-  
ode ray excitation. 

Spectrographic analyses.--In Table II, semiquant i ta-  
t ive spectrographic analyses of two commercia l  z ir-  
conia samples (A and B) are compared with  the 
analysis (C) of zirconia prepared  f rom the purified 
oxychloride which was der ived f rom oxychloride 
supplied by the TAM Division of the National  Lead 
Company. 

It is qui te  evident  that  the zirconia prepared f rom 
the recrystal l ized oxychlor ide is significantly purer  
than the other  two samples. As far  as possible act iva-  
tor impuri t ies  in the other  two samples are concerned, 
the major  differences occur for the elements  Cu, Fe, 
Pb, Sn, and Ti. The b lue-whi te  luminescence observed 
in sample A suggested that  the most l ikely act ivator  
should be Ti 4 +. Ti tanium was not detected in the oxy-  
chloride sample whereas  it  was present  in trace 
amounts  in sample B and in greater  amounts in sample 
A. Sample  A exhibi ted a more intense emission with  
2537A excitat ion than did the sample B. 

Phosphor synthesis.--Ti 4+ as phosphor grade TiO2 
was substi tuted for Zr 4+ in ZrO2 in molar  concentra-  
tions of f rom 0.06 to 0.6%. TiO2-ZrO2 mix tures  were  
reacted in air in p la t inum crucibles at 1200~ for 1 hr 
and finally at 1300 ~ for 2 hr  af ter  a second mixing. 
Fir ing in oxygen or mi ld ly  reducing conditions did not 
affect phosphor brightness. The lat ter  a tmosphere  con- 
sisted of 0.5% forming gas passed through water  at 
room temperature .  

All  of the preparat ions gave a b lue-whi te  emission 
with  2537A excitation. Opt imum plaque brightness for 
2537A excitat ion was observed for a Ti 4+ concentra-  

Table II. Spectrographic analyses of zirconia samples 

A B C A B C A B C 

Ag T T ND Cr T T ND 
AI x T ND Cu T * * 
As ND ND ND Fe x x ND 
B N D  N D  N D  H g  N D  N D  N D  
B a  T T N D  M g  x • T 
Bi ND ND ND Mn T T ND 
Ca T T x Mo ND N D  N D  
Cd N D  N D  N D  N a  Z r  I n t e r f e r e n c e  
Co .ND ND ND Ni * * ND 

P N D  N D  N D  
P b  T N D  N D  
Sb N D  N D  N D  
S i x  • T 
Sn  T * N D  
S r  x N D  N D  
TI x T ND 
V ND ND ND 
Zn T ND ND 

R e m a r k s :  *, l i n e  is  b a r e l y  v i s i b l e ;  •  g r e a t e r  t h a n  t r a ce ;  T,  l e s s  
t h a n  100 !oDrn. 

,oo~- 

ioo 
~- 4 o  

~. 3o 

i 

o,o O l 0.2 0.3 0.4 0.5 0.6 0.7 

Ti 4+ Concentration {mole %) 

Fig. 2. Plaque brightness vs. activator concentration for ZrO2:Ti 
phosphors. 
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Fig. 3. Emission curves for Ti-activated ZrO2 and magnesium 
tungstate (2537~ excitation). 

tion of 0.08 mole %. A plot of p laque brightness vs. 
t i tanium concentrat ion is shown in Fig. 2. All  of the 
subsequent  discussions of optical propert ies  wil l  per -  
tain to the optimized phosphor, i.e., ZrO~: 0.0008Ti. 

Optical Properties 
Emission spectrum.---With 2537A or ca thode-ray  ex-  

citation, Ti -ac t iva ted  zirconia exhibits a wide emission 
band extending f rom below 4000A to above 6500A with  
a peak emission at 4800A as shown in Fig. 3. The ab- 
sence of cathodoluminescence in unact ivated high-  
pur i ty  zirconia suggests that  the Ti 4+ impur i ty  ions 
function as a p r imary  act ivator  and not as a sensitizer 
for the observed emission. 

The emission spectrum is ve ry  similar to that  ob- 
served by Koelmans and Verhagen (7) for a similar 
concentrat ion of Ti 4+ in Ca2Ge~Os. They noted that  the 
emission is ve ry  much like that  of Sb-ac t iva ted  cal-  
cium halophosphate wi th  C1/F = 1 and that  the quan-  
tum efficiency was the same or sl ightly bet ter  than 
that  of the halophosphate.  F igure  3 also shows the 
emission spect rum of MgWO4 which was used as a 
s tandard for quan tum efficiency measurements .  

Excitation spectrum.--I t  was not possible to record 
an accurate exci tat ion spectrum for this phosphor con- 
t inuously because of a slow bui ld-up of the emission. 
With 2537A excitation, the emission at tained 90% of 
its m a x i m u m  after  4 sec exposure  but  did not attain 
a near ly  constant value  unti l  af ter  4 min of exposure 
(see Fig. 4). Therefore,  it was necessary to determine  
the exci tat ion spectrum point by point, a l lowing the 
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Fig. 4. Buildup of luminescence 

emission to equi l ibrate  at each wave leng th  of exci ta-  
tion. 

The exci tat ion spect rum shown in Fig. 5 was es- 
tablished using sodium salicylate as a standard for 
comparison at each wavelength .  The spectrum is 
ra ther  broad and the phosphor responds re la t ive ly  
well  to 2537A excitation. 

Reflectance spectra.--In Fig. 6, the u l t ravio le t  diffuse 
reflectance spectrum of purified unact ivated ZrO2, 

i o o  

9 0  

c 6 c  
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4 c  

~ 3 0  

2 0  

I I I I I I I 
1 4 0 0  I BOO 2 2 0 0  26OO 3 O 0 0  
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Fig. 5. Excitation spectrum 
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Fig. 6. Diffuse reflectance spectra for ZrO2 and ZrO2:Ti 

made from the recrystal l ized oxychloride,  is compared 
with the reflectance spectra of the two commercial  
sources of zirconia ment ioned previously. The spec- 
t rum for the act ivated sample clearly shows the effect 
of the Ti 4+ impuri ty  (800 ppm) .  Without  quant i ta t ive  
spectrographic analyses, it would not be possible to 
explain the lower  re la t ive  reflectance values for the 
two commercial  samples. A reasonable approximat ion 
would be that  both are considerably higher  in iron 
content  than ei ther  the purified sample or the phosphor 
made  from it and that  both contain Ti ~+ as a major  
impuri ty  since both are luminescent,  al though much 
weaker  than the phosphor under  discussion. According 
to a paper by Heffelfinger et al. (8), most commercia l  
monoclinic zirconia samples have  two major  impuri t ies  
in addition to hafnium;  t i tanium and iron. These im-  
puri t ies  will  int roduce absorption in the ul traviolet .  
Cr, Mn, Ni, Cu, etc., are general ly  present  in only 
trace amounts or less. 

Temperature dependence.--The dependence of the 
luminescence intensi ty on t empera tu re  is seen in Fig. 
7. The shift of the emission to longer  wavelengths  
(5100A at 77~ as repor ted  by Harr ison et al. for 
ZrO2 was confirmed visually.  At  20~ the re la t ive  r e -  
sponse to 2537A excitat ion is about 82% of the response 
at --60~ as measured with  a 1P21 photomult ip l ier  
tube and Corning UV filter. At  40~ the approximate  
tempera ture  at which ordinary  40 wat t  fluorescent 
lamps operate under  normal  ambient  conditions, the 
re la t ive  brightness is 70%. 

Decay and glow phenomena.~At  room tempera tu re  
the phosphor exhibits a ve ry  rapid initial exponent ia l  
decay with  rate  constant ~ = 1.5 x 105 sec -1, s imilar  
to CaWO4 and MgWO4 and some sulfide phosphors. 
Decay curves are shown in Fig. 8 and 9. Beyond about 
20 ~sec, the decay rate becomes much slower and the 
phosphorescence is visual ly  detectable  for a few min -  
utes. It was found that  the addition of certain min-  
eralizers or fluxes, in par t icular  1 mole % LiF, besides 
leading to an expected increase in part icle size during 

, I I I , I I ] I { 
- 2 0 0  -160 -120 - 8 0  - 4 0  0 40  80 

TEMPERATURE (~ 

~- 6c 

120 160 200  

Fig. 7. Temperature dependence of emission 
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Fig. 8. Luminescence decay (2537~ excitation) 
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Fig. 9. Luminescence decay (cathode-ray excitation) 

firing, also causes an increase in the intensi ty of the 
phosphorescence al though the intensi ty of the fluores- 
cence is v i r tua l ly  the same as ZrO2:Ti phosphors syn-  
thesized wi thout  mineralizers.  The effect of LiF on 
part icle size development  is shown in Fig. 10 and 11. 

The long persistence of the phosphor is explained 
by the presence of t rapped electrons which requi re  

Fig. 10. Monoclinic Zr02 prepared from ZrOCI2"8H20 

, = , I 

-160  - 8 0  - 4 0  O 4 0  60  ] 2 0  

TEMPERATURE (~  

Fig. 12. Glow behavior above --1%~ 

heating above room tempera tu re  for release. The glow 
curve  for this phosphor is shown in Fig. 12. In addi-  
t ion to the peaks above room temperature ,  there  are 
several  much s t ronger  peaks at lower  temperatures .  
There  is apparent ly  a ve ry  strong peak near  l iquid N2 
temperature .  The phosphor was i r radia ted for 60 rain 
at this t empera tu re  and al lowed to decay 5 min  before 
the heat ing was started at a ra te  of approximate ly  
15 ~ C/min.  

Quantum efficiency.--Using a MgWO4 phosphor as a 
s tandard for brightness comparison and BaSO4 as a 
reflectance standard, re la t ive  quan tum efficiency with  
2537A excitat ion was determined.  BaSO4 has a reflect-  
ance of 79% re la t ive  to MgO which is taken as 100% 
for 2537A radiation, but  the sulfate is much more  
stable under  normal  atmospheric  conditions for longer 
periods according to Jones (9). Data used in the  cal- 
culation of quantum efficiency are summarized in 
Table III. 

An  integrat ion of the normal ized photon plot, k ~ 
dE/dk vs. ?~(ev) for MgWO4 and the zirconia phosphor 
yielded re la t ive  areas of 0.79 and 0.80, respectively.  
Both photon plots peak at 5000A. The calculated re la-  
t ive quan tum efficiency for the zirconia phosphor is 
68 or 71%, depending upon whe the r  that  of MgWO4 is 
taken as 95 or 100% (10). 

Summary 
The luminescence phenomenon associated wi th  var i -  

ous commercia l  sources of zirconia and which has been 
cited in the l i te ra ture  has been shown to be a t t r ibut -  
able to the presence of t i tanium, a common impur i ty  
in commercia l  sources of ZrO2. The intensi ty of the 
emission not only depends on the concentrat ion of Ti 4+ 
present  but  also is s trongly dependent  on the concen- 
t rat ion of other  impurities,  in par t icular  iron. It  is 
therefore  necessary to reduce the level  of iron im-  
pur i ty  to less than trace amounts  before an efficient 
phosphor can be prepared.  This undoubtedly  serves to 

Table III. 2537,~, Reflectance and plaque brightness data 

R e f l e c t a n c e ,  R 
U n c o r -  C o r -  P l a q u e *  

S a m p l e  r e c t e d  r e c t e d  1 - R  b r i g h t n e s s  Q . E .  

Z r O . ~ : 0 . 0 0 0 8 T i  0 . 3 5  0 . 2 8  0 . 7 2  51  6 8 - 7 1 %  
M g W O 4  0 .13  0 . 1 0  0 . 9 0  89  9 5 - 1 0 0 %  
B a S O 4  1 .00  0 . 7 9  - -  - -  - -  

* A t  5 0 0 0 A .  Fig. 11. Monoclinic Zr02 prepared with 1 mole % LiF 
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reduce the amounts  of other  impuri t ies  also if the 
oxychlor ide recrysta l l izat ion process is used. I t  is ev i -  
dent that  commercial  sources of zirconia, if used in 
the prepara t ion of other zirconium compounds, wil l  
introduce the same undesirable impuri t ies  if lumines-  
cence phenomena  involving other  act ivator  ions are 
being considered, for example,  the ra re  earths. It is 
possible that  these impuri t ies  may  not have  as pro-  
nounced a de t r imenta l  effect in such compounds as 
they do in ZrO2 alone. 

It is probable that Ti 4+ replaces Zr 4+ in monoclinic 
ZrO2 substitutionally rather than interstitially. The 
usual coordination of Ti 4+ in oxide compounds is 
octahedral. In monoclinic ZrO2, however, the coordi- 
nation of Ti 4+ is likely the same unusual asymmetric 
sevenfold coordination discussed previously. This 
highly asymmetric environment may account for the 
strong emission which can be developed. 

The slow build-up of steady-state luminescence and 
the long persistence of irradiated samples at room 
temperature is probably related to the filling and 
emptying of a relatively large number of traps which 
were shown to exist. Several strong g10w peaks were 
detected above liquid nitrogen temperature. One of 
the peaks occurs between 0 ~ and 20~ 
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Sb 3§ Mn 2+ and Activated Calcium Halophosphate Phosphors from 
Flux-Grown Apatites 

A. Wachtel 
Lamp Division, Advanced Development Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

The crystal l ization of calcium chloro-  and chloro-fluoroapati tes f rom cal-  
cium halide fluxes was studied as a function of composition and heat ing 
schedules. Act ivat ion of Ca5 (PO4)3F0.9C10.1 was invest igated by vary ing  phos- 
phor s toichiometry and firing methods. The results indicate that  f lux-grown 
apatites are sl ightly deficient in PO43- and that  for a part icle size of pre-  
dominant ly  50-100~, 72-hr firing at 1150~ causes only l imited incorporat ion 
of Sb 3+, Cd 2+, and addit ional  PO43-. The incorporat ion of Mn 2+ is more ex-  
tensive and may be near ly  uniform. The ra te  of migra t ion  of Mn and Sb 
toward the interior  of the crystals increases with increasing PO48- [as 
(NH4)2HPO4] added prior to act ivat ion;  however ,  m a x i m u m  emission occurs 
at a calculated over-a l l  meta l /phosphorus  ratio of exact ly  5/3. High output 
of heterogeneously  emit t ing crystals suggests that  quan tum efficiency is in-  
dependent  of act ivator  concentration. 

The present  study consisted of preparat ion of Mn-  
and Sb-ac t iva ted  Ca-halophosphate  phosphors, based 
on apatites crystal l ized in fused salt media. Morton 
(1) repor ted  on the crystal l ization of CafPO4C1 and 
Caj(PO4):~C1 in fused CaC12, and Klement  and Har th  
(2) describe the prepara t ion  of C1- and Br-apat i tes  by 
fusion of Ca~(PO4)2 wi th  the respect ive Na halides. 
Nacken (3) reported on the system Ca3(PO4)2-CaC12- 
CaF2 in some detail, but  included no observations on 
morphology of the products. In v iew of the present  
need to obtain luminescence-pure  mater ia ls  and the 
versat i l i ty  wi th  which apatites are known to in-  
corporate  or exchange foreign ions, the choice of fluxes 
was confined to the system CaC12-CaF2. Melt ing points 
for this, in combination with  the respect ive Li salts, 
are reported by Bukhalova and Bergman (4). 

Johnson (5) prepared single crystals of Mn-ac t i -  
vated apatite grown f rom a mel t  containing this ele-  
ment  and repor ted  that  Mn- and Sb-ac t iva ted  Ca-ha lo-  
phosphates can be briefly fused whi le  re ta ining the 

original  luminescence properties.  In the present  case, 
the excess Ca halide (flux) results in a me ta l /phos -  
phorus ratio much higher  than 5/3 which would  pro-  
mote extensive oxidation of these activators.  There-  
fore, the incorporat ion of Mn and Sb was effected by 
additional firings, conducted after  removal  of the flux, 
and suitable ad jus tment  of s toichiometry of the crys-  
tallized apatites. 

Experimental 
Crystall izations were  conducted in covered round 

bottom plat inum dishes in a furnace kept  at a constant 
temperature ,  fol lowed by quenching in wa te r  so as to 
minimize format ion of CafPO4C1 in the t empera tu re  
range below about 1040~ Exper imenta l  batches 
amounted to a total of 2 x 10-2g atoms Ca 2+ (apatite 
+ flux),  while  for purposes of phosphor preparat ion,  
larger  batches were  crystallized, based on an expected 
yield of 0.5 moles Caj(PO4)3X. The reacted mater ia ls  
were  soaked in water,  careful ly  disintegrated, we t -  
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screened through 40 or 60 mesh, and freed of flux by 
several decantations, discarding all fines not settl ing in 
one minute.  In  this process, particles below about 10~ 
and almost all of the CaF2 occurring in  finely divided 
(gelatinous) form was also removed. After  alcohol 
washing and drying, the apatites were analyzed by  
conventional  chemical techniques. 

Activators were added in the form of 2 w/o  (weight 
per cent) MnCO~, 4 w/o  Sb203, 1 1.0 w/o  NH4C1, and 
varying  amounts  of (NH4)2HPO4 in aqueous s lurry  
and drying. The mixtures  were fired in capped silica 
tubes at 1150~ for 1 hr  to decompose volatile matter ,  
screened through 60 or 80 mesh, mixed wi th  1% 
NH~C1, and retired for longer times. Retiring of small  
samples for long times (72 hr) posed problems with 
respect to losses and oxidation of activators. In  this 
case, the retiring was done in sealed evacuated silica 
tubes, the quant i ty  of NH4C1 being l imited to provide 
approximately 1 atm pressure at 1150~ After firing, 
the phosphors were re-screened and washed in a solu- 
tion of 0.5M e thylene-d iamine  tetraacetic acid (EDTA) 
(6, 7) in 4M NH~OH at boiling tempera ture  for 15 
min, washed with water  followed by alcohol, and 
dried. 

Brightness readings were performed with a Spectra 
Brightness Spot Meter on samples prepared in  a lumi-  
num plaques. Maintenance was determined by i r ra -  
diating the plaques in  close proximity to a quartz low- 
pressure mercury  vapor lamp in  a N~ atmosphere for 
100 hr, and repeat ing the brightness readings. Crystal-  
lographic data were obtained on a Philips x - r ay  dif-  
fractometer operated at 35 kv and 15 ma, using a Cu 
target  and Ni filter. 

Results 

Calcium chloroapat i te . - -The  molar  proport ion of 
apati te/f lux was arb i t rar i ly  defined in terms of the 
ratio of Ca 2 + present  in  either of the two components, 
so that a mixture  of 1Cas(PO4)sC1 44- 5CAC12 is con- 
sidered equimolar  (1/1). Microscopic examinat ion of 
mater ial  crystallized at 1150~ for 2 hr showed needles 
predominant  at 30-50% apatite, and short hexagonal  
prisms at higher apatite concentrations. The largest 
prisms were obtained at 70-80% apatite. At 75% apa- 
tite and 1050~ and short firing times, the largest apa- 
rite crystals (50-80~) resulted, but  with numerous  in-  
clusions and surface imperfections. Higher or pro-  
longed heating caused at first a considerable reduction 
in particle size (10-30~) followed by a slight increase, 
while the general  appearance of the crystals was con- 
t inual ly  improved. One-half  mole batches with apa- 
rite/flux = 7/3, crystallized at 1050~ for 16 hr yielded 
well-crystal l ized Ca5 (1~ 3CI Of considerably larger 
particle size. Figure 1 shows photomicrographs of this 

z Based  on a m o l e c u l a r  w e i g h t  of Ca~(POD3Fo.gClo.~ ~ S05.95, t h i s  
co r r e sponds  to a d d i t i o n  of 0.088 Mn~+ a n d  0.137 SbS+/5 Ca 2+. Based  
on 3 P, a f t e r  a d j u s t m e n t  of s t o i c h i o m e t r y  b y  (NHDsHPO,  a d d i t i o n ,  
these  f igures  are  s o m e w h a t  r educed .  
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type, a crystal in  the upper  r ight  hand  corner i l lus t ra t -  
ing the growth habit. The d iamond- type  platelet  near  
top center  occurs only rarely. At bottom center we 
note a crystal with a typical inclusion, often appearing 
in  elliptical form. Focussing of the two crystals on the 
r ight  was chosen to show typical surface defects ap- 
pearing in  the form of raised ridges, p redominant ly  on 
larger particles. 

Calc ium chlorof luoroapat i te . - -Figure 2 shows the 
part i t ion of F between apatite and flux as obtained by 

~- 8C 
F- 

6c 
N 

4c 

u_ 
2E 

1 / /  

11 II 

,b 2'o 3'o 4'o 5'o 60 
MOLE % F IN C%(PO4}3X+SCoX2 RAW MIX, OR IN REACTED FLUX 

Fig. 2. Atom per cent F in crystallized apatite as a function of 
atom per cent F in raw materials with apatite/flux = 1/1 (dashed 
curve), and resulting in atom per cent F in reacted flux (drawn 
curve). The latter values are calculated from analyses of apatites 
and accounting for total Ca-halides present. 

Fig. 1. Ca5(P04)3CI crystallized in 0.5 mole quantity from CaCI2 
at I050~ 16 hr, apatite/flux ~ 7/3 in terms of Ca ~+ present 
in either phase. 

Fig. 3. Growth habit of Cas(PO4)3Fo.9CIo.1 crystallized from 
0.57CAF2 T 0.43CACI2 as a function of apatite/flux ratio, expressed 
as per cent of total Ca 2+ present in either phase. 
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crystall izing mixtures  of [Ca~ (PO~)3C1 + 5CaC12] and 
[Ca5 (PO~)3F + 5CaF2] in different ratios. The dashed 
curve is based on composit ion of the start ing mater ia ls  
(apat i te / f lux = 1/1) while  the drawn curve repre-  
sents the composition of the reacted flux as obtained by 
difference and is therefore  applicable for all apat i te / f lux 
ratios, assuming that  the apati te "sees" only the com- 
position of its immedia te  environment .  For  purposes 
of phosphor preparation,  a F/C1 ratio of 9/1 was of 
par t icular  interest,  and we note this composit ion to be 
stable in equi l ibr ium with 0.57CAF2 -5 0.43CAC12. The 
prefer red  incorporat ion of F into the apatite is for tu-  
nate inasmuch as leaching of the reacted mel t  depends 
on the solubility of the CaC12 and therefore  becomes 
increasingly difficult wi th  increasing CaF2 concen- 
tration. 

The influence of the apat i te / f lux ratio on the 
growth habit  of Ca~ (PO~)3F0.DClo.i, crystal l ized in dif-  
ferent  proportions of 0.57CaF2-0.43CaC12 flux is 
shown in Fig. 3 and closely resembles the effect ob- 
served for Ca~(PO~)3C1, except  that  in the present  
case, especially at low apatite concentrations, one also 
notes small  aggregates of finely divided mat te r  which 
are optically isotropic and probably consist of CaF2. 
The prismatic form of apati te is sl ightly more elon- 
gated than that  of Ca~(PO~)3C1. Toward higher  apa- 
rite concentrations, the needle form diminishes in f re -  
quency, occasionally growing out of prismatic crystals 
as shown for two instances in the in termedia te  con- 
centrat ion ranges. At 90% apatite, needles are es- 
sential ly absent and contaminat ion by CaFe is noted 
only rarely.  However ,  the part icle size is reduced and 
the crystal  faces appear more  distorted, often resembl-  
ing conchoidal fractures. At this point, owing to the 
preponderance of insoluble matter ,  the crystal l ized 
mass is also already more  difficult to leach. For  prac-  
tical purposes, an apat i te / f lux ratio of 8/2, i.e., 
1.6CaB(PO4)3F0.9C10.1 -5 1.14CaF~ -5 0.86CaC1~ was 
found to be a good compromise. 

Prepara t ion  of larger  batches was modified in ac- 
cordance with the fol lowing observations: (A) Anal -  
yses of apatites often showed a considerable deficiency 
in P, i.e., a high C a / P  ratio, possibly owing to CaF2 
contamination.  Substi tut ion of some of the raw mate-  
r ial  apatite by Ca2P207 2 helped to approach theo- 
ret ical  stoichiometry,  as wel l  as to promote  crystal  
growth. (B) The 9F/1C1 apatite grows best at 1250~ 3 
which during a 16-hr run, causes some loss of CaC12 
by evaporation. The initial composition, therefore,  
has to be adjusted empirically.  (C) Addit ion of CaCI.~ 
in the form of Ca2PO~C1 was found to be more con- 
venient  than CaC12 itself which is hygroscopic and 
often of quest ionable purity. Decomposit ion t empera -  
tures of Ca2PO4C1 of 945~ (1) and of 1040~ (3) 
have  been reported. Present  observat ion of Ca2PO~C1 
formed at 1000~ support  the lat ter  figure. 

Table I shows analyt ical  data for a number  of lots 
cf Ca~(PO~)3F0.DC10.1 prepared in this manner.  ~ Ana l -  
yses of the first two samples show high figures for 
C1, F, and Ca; the remainder  mere ly  indicate high Ca 
and low P content. All  of this suggests contaminat ion 
by some Ca halide which is reasonable in v iew of the 
l ikelihood of residual flux occlusion. 

Par t ic le  size increases pr imar i ly  with firing t em-  
perature.  The effect of batch size and firing t ime is 
much smaller. Increased firing t ime tends to decrease 
the amount  of fines (10-20~) as wel l  as decreases the 
amount  of visible crystal  imperfections.  Cooling was 
rapid in all cases and its contribution to crystal  growth 

= T h e  r e a c t i o n  of Ca~P~O~ a n d  C a F ~  ( f o r m i n g  a p a t i t e )  h a s  b e e n  
d e s c r i b e d  b y  R a b a t i n  a n d  G i l l o o l y  (8 ) .  

,~ T h i s  m a y  a l s o  h o l d  f o r  Ca~{PO~)aC1 ,  b u t  w a s  f o u n d  u n n e c e s s a r y  
a n d  i n c o n v e n i e n t  o w i n g  t o  e x t e n s i v e  v o l a t i l i z a t i o n  o f  CaCl~ .  F o r  
t h i s  r e a s o n ,  t e m p e r a t u r e s  a b o v e  1 2 5 0 ~  w e r e  n o t  e m p l o y e d .  

F o r  a t h e o r e t i c a l  y i e l d  o f  2 4 7 . 4 g  Ca~(PO~):~Fo.~C10.~ ( s l i g h t l y  l e s s  
t h a n  0 .5  m o t e s  b e c a u s e  o f  CaeP2OT s u b s t i t u t i o n ) ,  a s u i t a b l e  r a w  m a -  
t e r i a l  c o m p o s i t i o n  c o n s i s t e d  o f  9 7 . 2 g  CaB(PO~);~F + 2 6 , 7 g  Ca_oP,~O~ + 
1 5 0 . 3 g  Ca~PO~C1  + 3 7 . 9 g  CaF,~. 
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Table I. Analytical data on 0.5-mole batches of crystallized 
CaL(PO4)3Fo.9CIo.1 

Y i e l d  A n a l y s e s  i n  w / o  

B a t c h  N o .  G r a m s  % Ca~+ P O 4  s -  C1-  F -  

1 2 4 7 . 5  100  3 9 . 9  5 5 . 5  0 .82  3 . 8 5  
2 2 4 2 . 5  98  3 9 . 9  55 .8  0 . 8 4  3 . 6 4  
3 2 4 4 . 9  99  4 0 . 1 3  5 5 . 9 4  0 . 7 0  - -  
4 2 4 2 . 3  98  4 0 . 0  55 .9  0 .72  - -  
5 2 4 0 . 7  97  39 .8  5 5 . 9  0 . 6 7  - -  
6 2 3 0 . 7  93  3 9 . 8  5 6 . 0  0 . 6 3  

T h e o r y  2 4 7 . 4  (100)  3 9 . 6 1  56 .31  0 . 7 0  3 . 3 8  

is questionable. F igure  4 shows the part icle size dis- 
tribution, as de termined by screening, of typical  0.5 
mole lots of Ca5(PO4)3C1 crystal l ized 16 hr  at 1050~ 
(Fig. 1) and of CaB(PO4)3F0.DC10.1 crystal l ized 16 hr  
at 1250~ 

Phosphors . - -Ac t i va t ion  of Ca~(PO4)3C1 was l imited 
to re la t ive ly  short firing periods with fixed phosphate 
additions designed to adjust  the s toichiometry of the 
phosphors to a meta l /phosphorus  (M/P)  ratio of 
about 4.9/3. Emission colors ranged f rom re la t ive ly  
b luish-pink to orange, and close to the black body 
locus (9, 10), and brightness values ranged between 
80 and 90% of N.B.S. s tandard No. 1031. 

Act ivat ion of CaB(PO4)3F0.DC10.1 was per formed with  
varying PO43 additions and retir ing times. With nom- 
inal additions, a min imum of 4 hr was genera l ly  found 
necessary to obtain good output. Losses of Sb 3+ as 
well  as oxidation of Mn 2+ to Mn 3+ (11, 12) (the lat-  
ter noted to occur more  readi ly  at low M / P  ratios) 
was avoided by conducting the prolonged (72 hr) 
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Fig. 4. Particle size distribution of CaL(PO4)aCI shown in Fig. 1 
and of Ca5(PO4)3Fo.9CIo.1 crystallized in 0.5 mole quantity from 
0.57CaF2 -5 0.43CaCI2 (apotite/flux = 8/2) at 1250~ 16 hr. 
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NBS 1031 was 88%. 
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Fig. 6. Appearance of phosphors resulting from different 
(NH4)2HP04 additions (expressed as M/P ratio) and different 
firing times at 1150~ 

firing in sealed tubes as described. Figure  5 shows 
brightness and maintenance data on two series of 
phosphors ( represent ing two firing t imes and me th -  
ods) as a funct ion of phosphor stoichiometry.  We note 
that  the output  of phosphors act ivated by firing for 
72 hr goes through a m a x i m u m  at 5M/3P and is 
therefore  in agreement  wi th  a theory to this effect 
proposed by Ouwelt jes  and Wanmaker  (13) as wel l  
as calculations repor ted  by Gillooly, Rabatin,  and 
Vincent (14). On the other  hand, phosphors act ivated 
for 4 hr  improve  at h igher  phosphate additions. We 
also note that  differences due to EDTA washing de-  
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crease as the phosphor s toichiometry approaches the 
theoret ical  value  and it therefore  appears that  this 
effect is connected with  remova l  of an iner t  PO48--  
r ich surface layer. Depreciat ion under  u l t raviole t  i r -  
radiat ion was accompanied by development  of yel low 
body color due to color center  format ion (15, 16) 
which decreased with  M / P  ratio (17). Depreciat ion of 
phosphors prior  to EDTA washing (not shown) was 
severe and accompanied by black discoloration which 
increased with  decreasing M / P  ratio, i.e., opposite to  
the observed dependence of the yel low discoloration. 
The maintenance  of s tandard Ca-halophosphate  phos-  
phor N.B.S. No. 1031, under  the same conditions, was 
88%. 

With increasing phosphate addition, s intering and 
at tack of the apat i te  crystals increases. At tempts  to 
c i rcumvent  this by using SbPO4 and Mn2P207 instead 
of (NH4)2HPO4 (and the equivalent  amounts  of the 
respect ive oxide and carbonate)  were  of quest ionable 
value. Longer  firing periods, however ,  did result  in 
somewhat  more  fr iable products and also tended to 
e l iminate  small  surface i r regular i t ies  caused by high 
phosphate addition, but caused no actual re -c rys ta l -  
lization. Figure  6 shows these effects on a group of 
typical  phosphors represent ing short and long firing 
t imes as wel l  as low and high excess phosphate addi- 
tions. One of the photomicrographs (4.94M/3P, 4 hr)  
shows a ra re ly  occurr ing p la te - type  crystal  in the 
lower r igh t -hand  corner. I t  can be seen that  at low 
M / P  ratios, corrosion of the crystal  surfaces is severe, 
whi le  at high ratios (low phosphate addit ions),  the 
or iginal  morphology is wel l  preserved.  In the la t ter  
case, it was also found that  the par t ic le  size dis t r ibu-  
tion remained the same as that  shown for unact ivated 
Cas(PO4)~F0.gC10.1 in Fig. 4. 

Incorporat ion of Cd (17, 18) was a t tempted during 
the growth of raw mater ia l  apati te by replacing a por-  
t ion of the CaF2 by CdF2 in varying amounts  up ~o 
10 a /o  (atom per cent) substi tution based on total 
Ca 2+. However ,  analyses showed that  at the highest 
concentration, only about 0.1 a /o  Cd entered the apa-  
tite. Cd added with  act ivators had no effect on output, 
but sl ightly improved maintenance and e l iminated dis- 
coloration of 72-hr fired phosphors. Four -hour  (air) 
fired phosphors were  severe ly  degraded, probably ow-  
ing to re tent ion of an ul t raviole t  absorbing Cd-r ich 
surface layer. 

The extent  of act ivator  incorporat ion was invest i -  
gated by etching phosphors in 3N HC1 at room tem-  
perature.  Details on the prepara t ion of samples taken 
for this purpose are summarized in Table II. The 
depth of etching was calculated on a IBM 1401 com- 
puter  on the basis of the weight  loss of mater ia l  as- 
sumed to be spheres wi th  part ic le  size distr ibution 
equal  to that  of the raw mater ia l  apatite (Fig. 4). For  
sample 4 (f rom --400 mesh apati te)  a par t ic le  size 
dis t r ibut ion corresponding to the same slope but in-  
cluding only the range of 10-37~ (400 mesh)  was con- 

Table II. Phosphors examined by etching; all are EDTA-washed 

S a m p l e  R e t i r i n g  R e m o v e d  b y  e t c h i n g  

No.  x ( C a  + M n ) / 3 P  A m t ,  g Cont .* A t m .  T i m e ,  h r  w / o  R e m a r k s  

1 4.81 2 CT A i r  
2 4.81 150 CC A i r  
3 4.81 150 CC A i r  
4 4.81 80 CC A i r  

5 4.81 2 S T  Vac.  
6 4.92 2 S T  Vac.  
7 4.99 2 S T  Vac.  
8 5.06 2 S T  Vac .  
9 4.99 200 CT Ne 

i 0  P o o l e d  m a t e r i a l  f r o m  4.84 to 5.02 M / 3 P  (F ig .  5) 

4 64.5 
4 65.8 

20 74.7 
72 76.8 5.9 

72 57.6 
72 50.4 
72 56.9 10.1 
72 55.6 9.7 
72 85.0 22.1 

83.7 21.2 

R e t i r e d  1.5 h r  w i t h  1.8% Sb~Oz** 
F r o m  - -400  m e s h  f r a c t i o n  a p a t i t e ;  

a l so  r e t i r e d  as above .  

P h o s p h o r  p r e p a r e d  w i t h  0.059 Cd~+/ 
3 P  (1.8 w / o  Cd},  r e p l a c i n g  Cae+. 

* CT,  c a p p e d  t u b e ;  CC, c o v e r e d  c r u c i b l e ;  ST ,  s e a l e d  tube .  
** T h e s e  f i r i ngs  c o n d u c t e d  a f t e r  t h o s e  s h o w n  in  t h e  t a b l e  a n d  d e s i g n e d  to r e s t o r e  Sb los t  on  p r o l o n g e d  a i r  f i r ings .  
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Table III. h4n 2+, Sb 3+, and P043-  in weight per cent as a function of etching 

February 1966 

C o r e  O u t e r  l a y e r  

S a m p l e  N o .  M n  S b  P O 4  NIn S b  P O 4  

R a t i o  

M n  S b  P O ~  

1 0 .58  0 . 0 2 8  56 .3  0 .97  0 . 2 3 5  58 .0  
2 0 .46  0 . 0 3 4  - -  1 .07  0 . 0 7 8  - -  
3 0 .82  0 .125  - -  0 . 9 4  0 . 1 7 5  - -  
4 0 .64  0 .047  - -  0 .80  0 . 1 9  - -  
5 0 . 8 8  0 .37  - -  0 .77  1 .05  - -  
6 0 .75  0 .48  - -  0 .78  0 . 9 4  - -  
7 0 .70  0 .10  - -  0 .75  1 .02 - -  
8 0 . 1 2  0 . 0 0 8  - -  0.85  0 . 0 3 2  - -  

9 0 .79  0 . 0 3 4  55 .4  0 .92  0 .26  55 .6  
10 - -  - -  55.3  - -  - -  5 5 . 9  

0 .60  0 .12  0 .97  
0 .43  0 .46  - -  
0 . 8 7 5  0 . 7 1 5  - -  
0 .80  0 .25  - -  
1 .14  0 .35  - -  

0 .96  0 .51  - -  

0 .935  0 . 0 9 8  - -  

0 . 1 4  0 . 2 5  - -  
0 .86  0 .13  0 . 9 9 6  

- -  - -  0.99 

N o t e :  S a m p l e  9 a n a l y z e d  0 . 5 6 %  C d  ( c o r e )  a n d  1 . 0 2 %  C d  ( o u t e r  l a y e r ) ,  r a t i o  = 0 .55  

sidered applicable.~ The figures represent  max ima  be-  
cause for real  part icles whose surface area is larger  
than that  of spheres, the actual depth is correspond-  
ingly smaller.  For  larger  phosphate additions ( lower  
M / P  ratios),  corrosion of crystals was too severe  to 
allow this approximat ion and no data of this na ture  
were  computed. Table III shows analyses which indi-  
cate the presence of concentrat ion gradients of com- 
ponents added prior  to the activation step. Analyses 
for total Sb in unetched phosphors ranged in the 
neighborhood of 1 w / o ;  however  etching causes an 
apparent  enr ichment  by (insoluble) Ca-ant imonate ,  
and therefore  data on Sb analyses are confined to the 
t r iva lent  (soluble) portion. With one exception (sam- 
ple 3) the concentrat ion gradient  of Sb 3 + is quite  high, 
showing re la t ive ly  small  amounts in the interior  of 
the particles. Comparison of samples 1 and 2 show that  
this is fur ther  increased for small sample sizes where  
contact wi th  the a tmosphere  is more extensive,  and 
samples 5 through 8 show that  P043-  appears to pro-  
mote the migrat ion of Sb to the interior.  The incorpo-  
rat ion of Mn is general ly  more rapid than that  of Sb 
and is s imilar ly promoted by PO43- as wel l  as by 
extended firing t ime (samples 2 and 3). The single 
instance in which Cd was determined indicates more  
l imited incorporat ion compared to Mn; moreover  this 
observat ion is supported by those previously  men-  
tioned concerning Cd. Ratios in PO43- content  are 
necessarily close to unity, since total  phosphate great ly  
exceeds the port ion subsequent ly  added. Owing to 
act ivator content, the amount  of phosphate present  
can be lower than that  corresponding to stoichiometric 
Caa(PO4)3F0.9C10.1(56.31%), but the analyses suffice 

O w i n g  t o  t h e  l a r g e  s u r f a c e  a r e a  o f  t h i s  p h o s p h o r ,  e v e n  t h e  l a r g e  
p h o s p h a t e  a d d i t i o n  e m p l o y e d  r e s u l t e d  i n  l i t t l e  c o r r o s i o n  o f  t h e  
c r y s t a l s .  

to suggest the presence of a concentrat ion gradient  of 
this component  as well.  

The process of etching is accompanied by a reduc-  
tion in light output, more  so in thin than in thick 
layers. Figure  7 shows the fluorescence of a thin layer  
of sample 10 prior  to and after  etching. Al though 
these photomicrographs were  difficult to obtain wi th  
all particles in sharp focus, the fol lowing observations 
can be made: (A) All of the unetched particles show 
about equal  fluorescence which is pr incipal ly noted at 
edges, corners, and surface irregulari t ies.  (B) The 
fluorescence of etched particles shows vary ing  degrees 
of attenuation, ranging f rom occasional br ight ly  emit -  
t ing to completely nonluminescent  crystals, the  lat ter  
dimly outl ined by i l luminat ion f rom the surrounding 
field. The roughened surfaces emit  more or less uni-  
formly and, in some cases, a fine structure,  p resum-  
ably an etch pattern,  can be discerned. (C) There  is 
no apparent  relat ionship b e t w e e n  size or shape and 
the luminescence intensi ty of etched particles. (D) 
Visually, it was noted that  occasional crystals showed 
the characterist ic green emission associated with  com- 
pounds of Sb 5+, identified as fluoromeite (19), or Ca- 
ant imonate  or f luoroant imonate (11). It  was in teres t -  
ing to note that  etched crystals showing this effect 
appear uni formly  green luminescent  over  the ent ire  
surface wi thout  being otherwise dist inguishable (by 
shape or size) from neighboring white  or nonlumines-  
cent crystals. Only after  complete  solution of the apa-  
ti te does the Ca-ant imonate  appear  in the form of 
small  and i r regular ly  shaped fragments.  In the pres-  
ent materials,  the effect of a high M / P  ratio, oxygen, 
and l imited firing schedule in promoting the fo rma-  
tion of this phase (7, 20, 21) was very  pronounced. 
Thus, in 4-hr  air-f ired phosphors wi th  4.94M/3P, green 
emit t ing crystals were  abundant,  a very  small amount  
being visible even  prior  to etching, while  in 72-hr 
sealed tube fired phosphors these were  rare  and re-  
vealed only on etching. F ina l ly  in both cases, the 
amount  of green emit t ing mat te r  rapidly diminished 
with increasing (NH4)2HPO4 added prior to firing. 

The spectral  distr ibution of emission of etched phos-  
phors, taken in 2 m m  deep plaques, differs f rom that  
of the original phosphors by a reduct ion of the orange 
(Mn) band by about 10 to 20%, and a smal ler  reduc-  
tion of the blue (Sb) band. The extent  of reduct ion of 
orange emission increases wi th  increasing re la t ive  
orange emission of the unetched phosphor which, in 
turn, is a function of its previous history. Table IV 
i l lustrates this on a number  of phosphors ar ranged in 

Table IV. Emission characteristics of phosphors prior to and 
after etching 

Fig. 7. Fluorescence of sample 10 (Table I1) before and after 
etching in 3N HCI. The extent of etching was chosen so as to ob- 
tain an appreciable range of emission intensities; left, unetched; 
right, etched. 

S a m p l e  R a t i o  o f  e m i s s i o n  p e a k  h e i g h t s  ( M n / S b )  
N o .  O r i g i n a l  E t c h e d  R a t i o  

2 3 . 2 8  2 .34  0 . 7 1 5  
3 2 .78  2 .03  0 .73  
1 2 . 3 8  1 .95 0 .82  
9 2 .17  1 .91  0 .88  
4 1 .66  1 .73  1 .04  
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Table V. X-ray powder diffraction data on flux-grown apatites and phosphors 
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C l - a p a t i t e  u n a c t i v a t e d  
h k l  d i n  A I h k l  

9F /1C1 apat i t c  

U n a c t i v a t e d  
( B a t c h  6, T a b l e  I) 

d i n  A I 

C a - h a l o p h o s p h a t e  
A c t i v a t e d  p h o s p h o r  

( S a m p l e  9, T a b l e  I I I )  N B S  No.  1031 
d in  A I d in  A I 

160 8.30 8 100 8.11 35 
101 5.24 7 101 5.24 5 

200 4.06 34 
111 3.87 6 

201 3.54 5 002 3.43 29 
002 3.37 16 

210 3.15 7 102 3.16 11 
201 3.07 20 

3.00** 6 
211 2.85 56 211 2,80 76 

300,112 2,77 79 112 2.77 35 
300 2,71 408 

202 2.62 9 202 2.62 21 
212 2.31 22 212 2.29 5 

310 2.26 22 
221 

311 2.18 6 311 
400 2.034 12 
203 

222 1.959 23 222 1.938 30 
312 1.905 6 312 1.884 6 
213 1.833 20 213 1.836 13 
410 1.819 10 321 1.801 8 
402 1.776 5 410 1.776 20 

402 1.748 5 
N04 1.688 7 004 1,720 9 

322 

8.11 10 8.11 6 
5.24 6 
4.06 13 4.05 7 
3.86 7 
3.43 26 3.43 26 

3.32* 5 
3.21" 4 

3.16 8 3.16 10 
3.07 13 3.07 15 

2.80 70 2.80 70 
2.77 29 2.77 29 
2.71 90 2.71 51 
2.62 25 2.62 21 
2.28 6 2.29 6 
2.25 32 2.25 19 
2.21 5 
2 .15 5 2.14 5 

1.994 5 
1.936 17 1,93g 20 
1,883 11 1.886 10 
1.835 21 1.836 22 
1.799 13 1.799 11 
1.773 9 1.775 11 
1.748 6 1.751 11 
1.714 8 1.719 9 
1.638 6 1.639 6 

* P r o b a b l y  Ca2PeOz AST~VI No. 9-345 d = 3.30 (1OO), 3.21 (90) .  
** P r o b a b l y  Ca~P2Ov-I A S T M  No.  2-~647 d : 3.00 (100).  

decreasing re la t ive  intensi ty of the orange band. This 
correspondence indicates that these differences be-  
tween samples arise main ly  f rom differences in the 
concentrat ion gradient  of Mn. It can also be seen that  
longer firing times or smaller  part icle  size causes a 
shift  in emission color toward the blue, undoubtedly 
by promoting the migra t ion  of or iginal ly  high surface 
concentrations of Mn toward the interior.  Unfor tu -  
nately, a quant i ta t ive  correlat ion of re la t ive  peak 
heights and Mn content  (Tables IV and III) is usual ly 
not ve ry  satisfactory by v i r tue  of the appreciable in-  
fluence of Sb content which, depending on firing con- 
ditions, could vary  over  a wide range. 

Table  V shows x - r a y  powder  diffraction analyses 
of p r i sm- type  apatites and of a typical  phosphor 
(sample 9), ground to pass 400 mesh. In order to 
enable direct comparison, the usual  normalizat ion to 
100 for the strongest reflection in each sample was 
omitted. I t  can be seen that  in spite of the extensive 
grinding, the reflection intensities of the unact ivated 
apatites for the 100, 200, 300, and 400 planes were  all  
ve ry  high, indicating a high degree of p re fe r red  ori-  
entation for these planes. A slight degree of or ienta-  
tion is still re ta ined in the act ivated apati te when  
compared with  the standard (N.B.S. 1031) Ca-halo-  
phosphate phosphor. Microscopic comparison of the 
unact ivated and act ivated apatites (unground) under  
polarized l ight revea led  no significant differences; the 
crystal  planes in both samples show uni form ext inc-  
tion colors. This indicates that  the act ivation step 
did not introduce random orientat ion wi th in  individual  
particles. 

Discussion 
Uniform incorporat ion of activators into a ma t r ix  

whose average part icle size is much larger  than that  
of the conventional  Ca-halophosphate  phosphors is 
expected to proceed more  slowly, and one also ex-  
pects that  under  these conditions a greater  propor t ion 
of Sb is lost through volatilization as halides or ox- 
idation, even during the preliminary l-hr prefiring 
step. Thus, we note the amount of Sb 3+ incorporated 
in 72-hr sealed tube fired phosphors averaged 1 w/o 
in a surface layer not exceeding i0~, and less than 
half of that for the cores. For the outer layer, the 
figure is in fair agreement with values of Sb 3+ in- 
corporation reported by Ouweltjes and Wanmaker 

(13). Inasmuch as the output  of Ca-halophosphate  
phosphors does not decrease very  sharply unti l  the 
Sb concentrat ion drops below about 0.25% (19), it 
is l ikely that  the sharp concentrat ion gradient  of Sb 3 + 
in the phosphors does not in terfere  wi th  output  for an 
appreciable port ion of the crystal  volume. 

The presence of nonluminescent  crystals in etched 
samples is re la ted to the rate  of migra t ion  of activators, 
par t icular ly  Sb 3+ which, even during a 72-hr firing 
period is severe ly  limited. This is evidenced by the 
genera l ly  low figures of Sb 3+ in cores especially as 
the M / P  ratio approaches 5/3 (Table III, samples 7, 
9). While this condition is favored by high M / P  ra -  
tios which causes oxidation to Sb 5+ as mentioned,  it 
has also been observed on etched phosphors prepared  
wi th  large excess phosphate additions, al though to a 
lesser extent.  6 The observat ion that  reduct ion in lu-  
minescence intensity,  as a resul t  of etching, is less 
pronounced if the comparison is made on thick layers, 
suggests that  the nonluminescent  cores also have cor-  
respondingly low absorption in the ul traviolet .  This is, 
of course, consistent wi th  the analyt ical  results for 
Sb 3+ which is pr imar i ly  responsible for absorption at 
254 nm in this system (5). 

Inspection of Fig. 5 shows that  the output  and main-  
tenance of the present  phosphors can approach values 
for modern  convent ional  (powder)  phosphors p re -  
pared with  s imilar  act ivator  concentrations, al though 
different wi th  respect  to pa r t i c l e  size, homogeneity,  
crystal  habit, as wel l  as total  Sb 8 + content. For  optical 
reasons however ,  this requires  that  they be v iewed in 
layers  which are considerably deeper, in fact which 
indicates that  the absorption for 254 nm radiat ion of 
the luminescent  portions is no higher  (and, owing to 
low Sb ~+ concentration, probably worse) than in 
powder  phosphors. Moreover,  the luminescent  layer  
itself is heterogeneous with  respect to re la t ive  height  
of the two emission bands. This means that  high out-  
put  (present ly  measurable  only in plaques) has been 
brought  about by v iewing  the summed l ight  emit ted  by 
mater ia ls  of which only a port ion constitutes an effi- 
cient phosphor, whi le  other  portions contr ibute  l i t t le  
or no radiation. F rom this, it may be concluded that  at 

T h e  m e c h a n i s m  w h e r e b y  e x c e s s  p h o s p h a t e  p r o m o t e s  the  i n c o r -  
p o r a t i o n  of  a c t i v a t o r s  is ,  of  cou r se ,  f u r t h e r  a i d e d  by  c r y s t a l  c o r r o -  
s ion  (Fig .  6) w h i c h  d e c r e a s e s  the  a v e r a g e  p a r t i c l e  s ize a n d  g r e a t l y  
i n c r e a s e s  t h e  sur face  area  of  the  hos t  m a t e r i a l .  
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least wi thin  certain limits, the quan tum efficiency of 
Ca-halophosphates  is independent  of Sb and Mn con- 
centration. 

The scope of the present  study did not include x - r a y  
diffraction analyses and act ivat ion of the needle- type  
form of apati te crystals, as prepared by present  
methods. Results of such fur ther  investigations wi l l  
be repor ted  separately.  
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Preparation and Photoluminescence of Silicon Carbide Phosphors 
Doped with Group Ilia Elements and/or Nitrogen 

Arrigo Addamiano 
Lamp Research Laboratory, General Electric Company, Nela Park, Cleveland, Ohio 

ABSTRACT 

Silicon carbide phosphors were  prepared  by firing in an a tmosphere  of 
argon containing a trace of ni t rogen mixtures  of semiconductor grade silicon 
and spectroscopically pure  graphi te  to which a t race of group II Ia  e lement  
was added. Room tempera tu re  photoluminescence was observed only wi th  
boron doping. Doping wi th  other  group IIIa elements  resul ted in l ow- t empera -  
ture phosphors, whose brightness had not quite reached peak values at 77~ 

In the past few years and par t icular ly  since the ad-  
vent  of the Lely method for growing single crystals of 
silicon carbide (1), interest  in the physical  propert ies  
of silicon carbide has steadily grown (2). Recent ly  
at tention was drawn on the luminescent  propert ies  of 
silicon carbide. Lely and KrSger  (3) repor ted  lumines-  
cence over  all the visible spectrum at 77~ in single 
crystal  a-SiC. The t empera tu re  dependence of the 
luminescence of commercial  a-SiC crystals was in-  
vest igated by Gorban '  and Rud'ko (4). Yellow lumi-  
nescence in na tura l  a-SiC discovered in Bohemia was 
observed by Bauer, Fiala, and Hrichov~ (5). The low-  
t empera tu re  photoluminescence of n i t rogen-exci ton  
complexes in h igh-pur i ty  single crystal  SiC was in-  
vest igated in detail  for seven SiC polytypes by Choyke, 
Hamilton,  and Patr ick (6-10). Room tempera tu re  lu-  
minescence in a-SiC single crystals containing grown 
p-n  junct ions with B and N dopants was invest igated 
by Addamiano,  Potter ,  and Ozarow (11). More r e -  
cent ly relationships be tween band gaps and lumines-  
cence in different SiC polytypes doped with  boron 
were  repor ted  independent ly  by Addamiano (12) and 
Kholuyanov  (13). It seems l ikely that  the mechanism 
of light emission in different B-doped SiC polytypes 
is ve ry  much the same. The nature  of the luminescence 
center, however ,  is not  yet  known in detail. What  is 

known from x - r ay  (1) and E.S.R. studies in a-SiC 
single crystals (14, 15) is that  both B and N substi-  
tute for C in the latt ice of SiC. 

We thought  that  a comparison wi th  other SiC phos- 
phors containing group IIIa act ivators might  help im-  
prove  our unders tanding of SiC as a luminescent  ma-  
terial. In this paper we describe their  prepara t ion  and 
some of their  properties.  

Experimental 
Because of the avai labi l i ty  of "semiconductor  grade" 

silicon and of "spectroscopically pure"  graphi te  the 
prepara t ion of SiC phosphors is a re la t ive ly  simple one. 
The meta l  dopants (B,A1,Ga,In) were  usual ly added 
to graphi te  powder  in the form of a di lute solution, 
to make  a paste, which was dried under  i.r. heat. The 
doped graphi te  was then blended with  a fine powder  of 
silicon, usual ly in stoichiometric ratios. The mix ture  
was t ransfer red  to a crucible of spectroscopically pure 
graphi te  and fired at the desired t empera tu re  in a 
graphi te  tube furnace in a controlled atmosphere,  
usual ly argon containing a trace of nitrogen. Tem-  
peratures  of 2350~176 were  prefer red  for the syn- 
thesis of a-SiC phosphors, while  tempera tures  around 
2000~ were  used for the prepara t ion  of E-SiC phos- 
phors. Fir ing t imes ranged f rom 15 min to 2 hr fo l low- 
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ed by quenching2 With the furnace cool the charges 
w e r e  extracted,  and excess unreacted graphite,  main ly  
f rom the crucible walls, was e l iminated by 900~ fir- 
ing in air. The SiC so obtained was fu r the r  t rea ted 
with "whi te  etch" (i.e:, H F + H N O 3 )  to remove  oxide 
layers, if any. Final ly  it was washed and dried. 

The products resul t ing f rom high tempera ture ,  e.g., 
2500~ firing were  coarse green powders. F i r ing  at 
2000~ resul ted in re la t ive ly  fine powders  of ye l low-  
green color. Luminescence depended on doping level. 
The best results were  obtained with meta l  doping 
levels typical  of ZnS- type  phosphors, e.g., 5 x 10 -4 
A1/SiC. 

The meta l  doping had to be compensated or sl ightly 
more than compensated wi th  ni t rogen to produce mate -  
rials with l ight  body color and luminescence. Opera t -  
ing in a static a tmosphere  and using a charge of 10g, 
good results were  obtained by exhaust ing the furnace 
(volume circa 10 l i ters) ,  leaking in enough N2 to es- 
tablish a pressure of ~0.5 Torr  then adding 99.999% 
pure  argon to a final pressure of 5 psig at r.t. and fir- 
ing. Similar  results were  obtained by flowing through 
the furnace a mix ture  of Ar  + N2 in the approximate  
ratio 1000:1. Preparat ions  in the absence of ni t rogen 
resul ted in nonfluorescent mater ia ls  with the dark 
color typical of p - type  SiC. On the other  hand a high 
part ial  pressure of ni t rogen also resul ted in mater ia ls  
of dark body color, wi th  stabilization of the cubic, 
p-SiC, phase to ve ry  high tempera tures  (16). In 
some exper iments  BN was added to Si and C to sup- 
ply the necessary doping, or B4C + Si3N4 were  used. 
The first outl ined method, however ,  was preferred,  
insofar as more homogeneous products  were  obtained. 

Optical measurements . - -For the optical measure -  
ments a sample f rom each preparat ion was reduced to 
a ve ry  fine powder  by vigorously shaking in a plastic 
vial  containing a plastic sphere wi th  the sample. 2 Con- 
taminat ion from the plastic were  el iminated by 600 ~ 
700~ firing in air, fol lowed by a short t rea tment  wi th  
"whi te  etch" washing and drying. 

The emission spectra in the visible were  measured  
using a grat ing monochromator  in connection with  a 
cal ibrated 1P22 phototube. The data were  extended to 
1.0~ using a Pe rk in -E lmer  double pass monochromator  
wi th  NaC1 prism and a cal ibrated i.r. Du Mont 6911 
photomult ipl ier .  

With the exception of p-SiC:B,N, which has room 
tempera tu re  luminescence, all the powders were  cooled 
to 77~ Good thermal  contact wi th  the sample holder  
was insured by the use of a thin coating of Viscasil 
10,000, a high viscosity, pract ical ly  nonfluorescent 
silicone compound. 3 For  the exci ta t ion we used a Gen-  
eral  Electric AH-6 h igh-pressure  mercury  lamp. The 
broad beam produced was confined to a region close 
to 3650A by filtering through Corning 7-37 filters and 
through a solution of CuS04-CoS04 in water.  

The photoluminescence spectra of the mater ia ls  in-  
vest igated are shown in Fig. 1. 

Discussion 
We summarize  the results of our investigations on 

SiC phosphors in Table I, which includes some of the 
data published in a previous work  (12). 

As predicted in (12), p-SiC: B,N did show room t em-  
pera ture  luminescence with  a peak at 1.49 ev, in good 
agreement  with the expected value, 1.48 ev. All  the 
other SiC phosphors prepared in the course of the 
present  investigation, both cubic and hexagonal,  
showed luminescence only at low tempera tu re  and in 

1 The  f u r n a c e  used  in  ou r  w o r k  ( k i n d l y  l o a n e d  to  us  b y  Dr.  G. A. 
S lack ,  G e n e r a l  E lec t r i c  Resea rch  L a b o r a t o r y ,  Sc he ne c t ady ,  New 
York} is de sc r ibed  in  ref.  (2), p. 24-25. Because  of  the  s m a l l  h e a t  
capac i ty  of such  f u r n a c e  i t  was  poss ib le  e f f ec t ive ly  to q u e n c h  the  
p r o d u c t s  of t he  h i g h - t e m p e r a t u r e  p r epa ra t i ons .  T h u s  t he  p r o b a -  
b i l i t y  of f o r m i n g  l ayers  of  f l-SiC on a - S i C  g r a i n s  or m o r e  compl i -  
ca ted  s t r u c t u r e s  on coo l ing  was  v e r y  smal l .  

2 T he  a p p a r a t u s  u s e d  is k n o w n  as W i g - L - B u g ,  a p r o d u c t  of  t he  
Crescent  D e n t a l  M a n u f a c t u r i n g  C o m p a n y ,  Chicago,  I l l ino is .  

3 A p r o d u c t  of the  G e n e r a l  E lec t r i c  Company. 
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Fig. 1. Normalized emission curves for different SiC phosphors 
(kexc. = 3650~). 

a region of the visible spectrum closer to the band edge 
than for SiC:B,N phosphors. The behavior  is probably 
related to differences in the depth of the acceptor 
centers. The depth of the boron leve l  in a-SiC as 
given by Lomakina  (17) is EB = 0.39 - -  5.5 • 1O - s  
~ N D  ev. Of the other  group IIIa  elements  only the 
depth of the a luminum level  is known (3, 18, 19), wi th  
a value of 0.27 ev. F rom the shift  in the posit ion of the 
peak of luminescence in a-SiC:A1,N; a -S iC:Ga,N and 
a -S iC: In ,N the depth of the Ga and In levels can be 
est imated to be ~-,0.23 and ~0.12 ev, respectively.  

The a-SiC phosphors doped with  group IIIa  ele-  
ments  other than  boron were  br ighter  than the  cor- 
responding p-SiC phosphors. Measurements  of br ight -  
ness vs. t empera tu re  showed that  the i r  brightness 
has not yet  reached peak values at 77~ 
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Table I. Summary of data for the luminescence of SiC phosphors 

E m i s s i o n  L u m i n e s c e n c e  
C o m p o s i t i o n  S t r u c t u r e  peak, E~, e v  o b s e r v e d  a t  T ~  

a - S i C : B , N  4H 2.317 298 
a - S i C : B , N  6H 2.137 298 
a - S i C : B , N  33R 2.101 298 
a - S i C : B , N  15R 2.049 298 
a - S i C : B , N  21R 1.983 298 
/~-SiC:B,N 3C 1.49 298 
~ - S i C : G a , N  3C 1.89 77 
f l -S iC:N 3C 1.96 77 
a -S iC :A1 ,N  6H 2.48 77 
a - S i C :  Ga ,N 6H 2.52 77 
a - S i C : I n , N  6H 2.63 77 
a - S i C : N  6H 2.68 77 
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Structural and Optical Properties of Thin Films of ZnxCd._x,S 
Walter M. Kane, James P. Spratt, Lincoln W. Hershinger, and Imdad H. Khan s 

Applied Research Laboratory, Philco Corporation, Blue Bell, Pennsylvania 

ABSTRACT 

Films of the solid solution system ZnxCdr have been produced by 
simultaneous evaporat ion f rom two separately controlled sources onto a single 
substrate. Fi lms of uni form composition were  made covering the full  range 
f rom 0 to 100% ZnS concentration, and the dependence of energy gap, crystal  
habit, and latt ice parameter  on composition was investigated. Optical t rans-  
mission edge measurements  yielded a near ly  l inear  dependence of gap width  
on composition be tween  the values of 2.35 ev for pure cadmium sulfide and 
3.35 ev for pure  zinc sulfide. X - r a y  diffraction specimens were  prepared by 
scraping the films f rom the substrates. The powder  pat terns  obtained showed 
that  a gradual  t ransi t ion f rom the wurtz i te  s t ructure typical  of CdS to the 
characterist ic ZnS zinc-blende fo rm takes place be tween 60 and 85% ZnS 
concentration. At compositions where  both modifications are present, the basal 
plane spacing is the same for the hexagonal  (002) and cubic (111). Equiva len t  
hexagonal  latt ice parameters  could therefore  be defined for the cubic form, 
and a and c calculated for all compositions. The results show good agreement  
wi th  data obtained by others on bulk material .  

In certain device application (1), use is made of a 
semiconducting mater ia l  whose energy gap is a con- 
t rol lable function of composition. The present  paper 
deals wi th  the propert ies of thin evaporated films of 
the solid solution system ZnzCd(1-x)S. Fi lms of uni-  
form composition were  made covering the full  range 
f rom 0 to 100% ZnS concentration. The fol lowing 
propert ies  were  studied as a function of composition: 
(a) energy gap; (b) crystal  habit;  (c) latt ice pa ram-  
eter. 

Experimental 
Sample preparation.--The specimens were  prepared 

by vacuum evaporat ion onto glass substrates (Corn-  
ing cover glass No. 2) in an oil diffusion pumped sys- 
tem. All  evaporat ions were  made at pressures below 
3 x 10 -6 Torr, and the substrates were  glow-discharge 
cleaned just  prior  to deposition of the film. 

To evaporate  the composite films, two molybdenum 
boats, one containing zinc sulfide powder  and the 
other  containing cadmium sulfide powder,  were  heated 
simultaneously,  the heat ing currents  control led sep- 
arately so that  the evaporat ion rates were  in the 
proper  ratio to yield a film having the desired com- 
position. Detectors in the vicini ty  of the substrate 
monitored the rate  at which mater ia l  was being de- 
posited by each of the sources. This informat ion was 
fed back into a control system which automat ical ly  
adjusted the heater  current  to main ta in  the preset  
rates. The total film thickness was about 5000A. Al l  

1 P r e s e n t  addres s :  G e n e r a l  T e l e p h o n e  & E lec t ron ics  Labora to r i e s ,  
Bays ide ,  N e w  York .  

films were  annealed in vacuum for 15 min  at 450~ 
before any measurements  were  made. 

Measurements.--Energy gap.--The opt ical-band gap 
was determined on 20 uni form composition sulfide 
films, covering the full  composition range f rom pure 
cadmium sulfide to pure  zinc sulfide. The measure-  
ment  consisted of a t ransmission-edge determinat ion,  
using a Cary recording spectrophotometer,  Model l14R. 
Reflection was not taken into account. 

In ter ference  peaks in the transmission curves 
caused an apparent  shift  in the edge, but  measure -  
ments on films of different thicknesses and films whose 
surfaces were  t reated to cut down internal  reflection 
show that  the transmission edge could be read to an 
accuracy of _+50A. 

The energy  gap, de termined f rom the transmission 
edge, is plot ted as a function of composition in Fig. 1, 
and a near ly  l inear  dependence is observed. Data on 
bulk material ,  collected by Curie (2), are shown for 
comparison. The deviat ion in the high ZnS range may  
represent  a phase change f rom hexagonal  to cubic 
s t ructure  (discussed fur ther  below).  
Crystal habi t--Both zinc sulfide and cadmium sulfide 
are known (3) to exist in ei ther  the cubic (zinc 
blende) or hexagonal  (wurtzi te)  crystal  form, de- 
pending on the conditions of prepara t ion of the ma-  
terial. 

X- r ay  diffraction measurements  made ear ly  in this 
study showed that  thin films of zinc sulfide character -  
ist ically exhibit  the cubic phase, while  cadmium sul-  
fide films appear  to consist of the hexagonal  form. 
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Fig. 1. Energy gap vs. per cent ZnS of ZnxCd(1-x)S films 

One of the objectives of the s t ructural  studies has 
been to evaluate  the crystal  habit  of the composite 
films to de termine  the nature  of the t ransi t ion f rom 
cubic to hexagonal;  in particular,  to de termine  whe ther  
the t ransi t ion is a gradual  one wi th  the in termedia te  
compositions exhibi t ing both forms (polymorphism),  
or whether  it is an abrupt  one, the possibility of an 
abrupt  change in crystal  s t ructure  in a graded film 
in a device being an impor tant  consideration. 

Measurements  were  made on 12 uni form composi- 
tion films covering the ful l  range of zinc sulfide con- 
centrat ion f rom 0 to 100%. The films, prepared as de- 
scribed above, were  scraped f rom the substrates and 
glued to a quartz  fiber wi th  Canada balsam. The fiber 
was then mounted  in a 36-cm ci rcumference powder  
camera and exposed to Fe-f i l tered Co-Ka radiation. 

Analysis  of the x - r a y  powder  patterns, a l though 
complicated by the close s imilar i ty  be tween the face-  
centered cubic and the hexagonal  close-packed crystal  
structures, showed that  films containing less than 
about 60% ZnS are hexagonal  in form, that  films with  
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Fig. 3. Hexagonal lattice parameters vs .  per cent ZnS of 
ZnxCd(1-x)S films. 

a ZnS concentrat ion greater  than about 85% are cubic, 
and that  in the t ransi t ion range both modifications are 
present, the re la t ive  quanti t ies of the two polymorphs  
vary ing  with  composition. 

Transmission and reflection electron diffraction 
pat terns  made on some of the films show that  they 
are highly or iented with the basal plane paral le l  to 
the substrate. 
Lattice parameters.~From the values of plane spacing 
d measured on the x - r a y  patterns,  the latt ice param-  
eters were  calculated for both the hexagonal  and cubic 
forms. For  convenience in presentat ion of the data 
we have  made use of the equivalent  planes and de-  
fined equivalent  hexagonal  latt ice parameters  aH and 
CH for the cubic modification. That  is, since 

d002 ~ d i l l  
we have  CH ---- 2ac/(3) 1/2 
and since dl,0 = d220 
we can wr i t e  a H =  a t / (2 )  1/2 

Because of the coincidence of the equivalent  lines 
on the x - r a y  patterns,  no error  results f rom an as- 
sumption of the wrong  crystal  form in calculat ing lat-  
tice parameter .  

In Fig. 2 and 3 we compare the lat t ice parameters  
of ZnxCd(;-x)S films with bulk values g iven in the 
l i te ra ture  (4, 5), and find general ly  good agreement.  

Discussion 

From the we l l -behaved  dependence of energy gap 
and lat t ice parameter  on composition, we confirm that  
films prepared in the manner  described are substi tu- 
t ional solid solutions in which solubili ty exists in all 
proportions. 
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A transi t ion f rom the hexagonal  to the cubic crystal  
form does apparent ly  take place at high ZnS concen- 
trations, but  because of the close relat ionship be tween  
the two modifications, i.e., having the same plane 
spacings, the t ransi t ion is a gradual  one and no dis- 
continuity in the var ia t ion of composit ion dependent  
propert ies occurs. 
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Improved Properties of Silicon Dioxide Layers Grown Under Bias 
A. Goetzberger 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Oxidat ion of silicon was carr ied out under  the influence of an electric field 
which was applied by means of an electrode suspended close to the surface. 
Negat ive electrode potent ial  resul ted in a vol tage dependent  reduct ion of sur-  
face donor density dur ing s team oxidation. Above several  hundred  volts sur-  
face donor density saturates at about 4 x 1011 states per  cm 2. The results  tend 
to suport  the impur i ty  ion model  for channel and drift  effects. No influence 
of field on dry oxidation was found. MOS-dr i f t  exper iments  gave indications 
of great ly  improved stabil i ty of bias grown wet  oxides. 

Thermal  oxidation of silicon usually results in an 
n - type  inversion layer  at the surface of p - type  crys-  
tals. It  is general ly  accepted that  the inversion layer  is 
caused by posi t ively charged sites in the oxide close 
to the interface (1-3). Al though these sites do not 
seem to be capable of exchanging charge with  the 
silicon, they are commonly called slow surface states. 
Because it is more l ikely that  they are fast levels 
located close to the conduction band, they wil l  be 
re fe r red  to as surface donors in this paper. Surface 
donors wi th  which this paper is most ly  concerned, 
cause only a vol tage shift of the capacitance vol tage 
curve  of an MOS (meta l -oxide-semiconductor )  ca- 
pacitor wi thout  changing the curve  shape. Fast  sur-  
face states on the other hand are states which change 
their  state of charge when the band bending is al-  
tered by an externa l  field. These states produce a 
distort ion of the MOS curve. 

Various models have  been suggested to account for 
the surface donors. Kuper  and Nicoll ian (3) concluded 
that  the channels associated with the surface donors 
result  f rom hydra t ion  in wet  ambients. Seraphim et al. 
(4) propose format ion of posit ively charged oxygen 
vacancies in the oxide. Deal et al. (1), and Griffin 
et al. (2) recent ly  presented evidence that  the sur-  
face donors consist of alkali  ions which are present  as 
impuri t ies  in the oxide. 

Drif t  effects that  are observed in MOS structures  
dur ing tempera ture -b ias  aging are closely re la ted to 
the n - type  channels. MOS aging is carr ied out by 
applying a vol tage be tween  field plate and semicon- 
ductor at sl ightly e levated tempera tures  (100~176 
Posit ive bias at the meta l  electrode enhances the 
channel, negat ive  bias reduces it. This effect is caused 
by migra t ion  of charges through the oxide. Explana-  
tions of it  depend on assumptions about the nature  of 
the charges. In part icular ,  migra t ion  of oxygen vacan-  
cies (5, 4) or alkali  ions (1, 2) and electron t rapping 
effects (6) have  been suggested. 

In the present  investigation, oxide layers were  
grown under  the influence of an electric field. Growth  
of SiO2 in an electric field had previously been studied 

by Jorgensen  (7); however ,  he was only interes ted in 
the growth kinetics of the oxide film. In the present  
investigation, the influence of the field on the density 
of surface donors was the main  concern. The results 
obtained tend to support  the alkali  ion model. 

Experimental Arrangement and Procedure 
Oxide growth techn~que.--The equipment  used for 

oxide growth is shown in Fig. 1. Bias is applied be-  
tween the silicon sample and a Pt  electrode. The 
electrode is suspended about 1 cm above a silicon 
pedestal  which supports the sample. The pedestal  is 
heated by RF in an a r rangement  very  similar  to an 

~ PT ELECTRODE 

$I SAMPLE 

ol o9 s,  EOESTAL 
~ o 

v o 

Fig. 1. Epitaxial set-up for bias oxidation. The constriction 
in the pedestal prevents excessive heat conduction from the hot 
zone. The oxidation chamber is enclosed in an oven that is kept 
at 100~ to prevent condensation of water vapor. 
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e p i t a x i a l  g r o w e r .  Th i s  t e c h n i q u e  d i f fe r s  f r o m  J o r g e n -  
sen ' s  i n  t h a t  t h e  e l e c t r o d e  is n o t  in  c o n t a c t  w i t h  t h e  
g r o w i n g  oxide .  B y  t h i s  m e a n s  t h e  p r o b a b i l i t y  of c o n -  
t a m i n a t i o n  of t h e  o x i d e  f r o m  a n  e v a p o r a t e d  e l e c t r o d e  
is e l i m i n a t e d .  

I n  t h e  a r r a n g e m e n t  u s e d  he re ,  t h e  p o t e n t i a l  d r o p  
is d i v i d e d  b e t w e e n  t h e  o x i d e  l a y e r  a n d  t h e  gas  phase .  
T h e  s i t u a t i o n  is f u r t h e r  c o m p l i c a t e d  b y  t h e  f ac t  t h a t  
no t  o n l y  t h e  s u r f a c e  of t h e  s a m p l e  b u t  a lso i t s  r e a r  
s ide  a n d  t h e  s u r f a c e  of t h e  p e d e s t a l  is b e i n g  ox id ized .  
S i n c e  no d e p e n d e n c e  of o x i d e  g r o w t h  r a t e  on  b i a s  w a s  
o b s e r v e d ,  i t  c a n  be  c o n c l u d e d  t h a t  m o s t  of t h e  v o l t a g e  
d r o p  o c c u r r e d  in  t h e  gas. A c c o r d i n g  to J o r g e n s e n ' s  
r e su l t s ,  t h e  d r o p  ac ross  t h e  ox ide  l a y e r  m u s t  h a v e  
b e e n  b e l o w  2v. T h e  e l ec t r i c  f ield d i s t r i b u t i o n  d u r i n g  
g r o w t h  is p r e s u m a b l y  q u i t e  c o m p l e x .  I n  o r d e r  to  o b -  
t a i n  d e t a i l e d  i n f o r m a t i o n  a b o u t  i t  a g r e a t  d e a l  of 
f u r t h e r  e x p e r i m e n t a t i o n  w o u l d  b e  n e c e s s a r y .  T h i s  w a s  
no t  u n d e r t a k e n  b e c a u s e  t h e  p u r p o s e  of t h i s  w o r k  w a s  
t h e  s t u d y  of t h e  i n f l uence  of t h e  g r o w t h  t e c h n i q u e s  o n  
i n t e r f a c e  p r o p e r t i e s .  

I n  a t y p i c a l  o x i d a t i o n  r u n ,  a l a y e r  of  1000A w a s  
g r o w n  a t  1000~ G r o w i n g  t i m e  fo r  t h i s  t h i c k n e s s  w a s  
a b o u t  5 m i n  in  s t eam,  60 m i n  in  d r y  oxygen .  U n d e r  
t h e s e  cond i t ions ,  c u r r e n t  f low a t  t h e  b e g i n n i n g  w a s  
b e t w e e n  10 -7  a n d  10 -6  amp,  d r o p p i n g  d u r i n g  t h e  r u n  
b y  a b o u t  a n  o r d e r  of m a g n i t u d e .  T h i s  a p p l i e d  to 
n e g a t i v e  e l e c t r o d e  v o l t a g e s  a b o v e  100v. B e l o w  t h i s  
vo l t age ,  t h e  s y s t e m  d i s p l a y e d  a n  o h m i c  r e s i s t a n c e  of 
a b o u t  109 ohms .  

Evaluation by MOS capacitance m e a s u r e m e n t . -  
S u r f a c e  d o n o r  d e n s i t i e s  of t h e  o x i d i z e d  s i l i con  w e r e  
e v a l u a t e d  b y  t h e  M O S  c a p a c i t a n c e  t e c h n i q u e .  M e t a l  
dots  w e r e  e v a p o r a t e d  a f t e r  o x i d a t i o n .  I n  m o s t  cases,  
e v a p o r a t e d  C r - A u  c o n t a c t s  w e r e  used .  No s i gn i f i c an t  
d e p e n d e n c e  of p a r a m e t e r s  on  t he  c o n t a c t  m e t a l s  w a s  
f o u n d  w i t h  e x c e p t i o n  of t h e  d r i f t  effects  to b e  d e -  
s c r i b e d  be low.  

C a p a c i t a n c e  vs. v o l t a g e  c u r v e s  of t h e  M O S  s y s t e m s  
w e r e  m e a s u r e d  a t  100 kc. No s ign i f i can t  h y s t e r e s i s  
effect  w a s  no t iced ,  i n d i c a t i n g  t h a t  a l l  t h e  s u r f a c e  
s t a t e s  h a d  c o m e  to e q u i l i b r i u m  d u r i n g  t h e  m e a s u r e -  
m e n t .  As  p o i n t e d  ou t  above ,  o x i d a t i o n  in  s t e a m  r e -  
su l t s  in  a c h a n n e l  on  p - t y p e  si l icon.  T h e  M O S  c a p a c i -  
t a n c e  c u r v e  of s u c h  a s u r f a c e  h a s  a m i n i m u m  a t  
n e g a t i v e  f ie ld p l a t e  v o l t a g e  (Fig.  2) .  T h e  c o r r e l a t i o n  
b e t w e e n  t h i s  c h a r a c t e r i s t i c  a n d  c h a n n e l  p r o p e r t i e s  is 
w e l l  k n o w n  (8, 9) .  T h e  v o l t a g e  of t h e  c a p a c i t a n c e  
m i n i m u m  is p r o p o r t i o n a l  to t h e  d e n s i t y  of  s u r f a c e  
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charge .  I n  t h e  p r e s e n t  p a p e r ,  t h i s  v o l t a g e  w a s  c o n -  
v e r t e d  to s u r f a c e  d o n o r  d e n s i t y  w i t h  a r e l a t i o n  g i v e n  
b y  S a h  (10) .  T h i s  r e l a t i o n  app l i e s  to t h e  v e r y  l o w -  
f r e q u e n c y  case  w h e r e  t h e  e l e c t r o n  c o n c e n t r a t i o n  can  
f o l l o w  t h e  a p p l i e d  s igna l .  I t  is a lso a good  a p p r o x -  
i m a t i o n  fo r  t h e  p r e s e n t  case  w h e r e  t h e  i n c r e a s e  of 
c a p a c i t a n c e  is c a u s e d  b y  l a t e r a l  c u r r e n t  f low i n  t h e  
i n v e r s i o n  l aye r .  T h e  s u r f a c e  c h a r g e  m e a s u r e d  t h i s  
w a y  c o m p r i s e s  e l e c t r o n s  i n  t h e  i n v e r s i o n  l a y e r  p lus  a 
s m a l l  c o n t r i b u t i o n  f r o m  t h e  c h a r g e  i n  f a s t  s u r f a c e  
s ta tes .  T h e s e  s t a t e s  a r e  l o c a t e d  in  t h e  g a p  i n t e r v a l  
d e t e r m i n e d  b y  t h e  F e r m i  l e v e l  a t  ze ro  b i a s  a n d  a t  t h e  
c a p a c i t a n c e  m i n i m u m .  T h e  t o t a l  s u r f a c e  c h a r g e  is 
de f ined  h e r e  as s u r f a c e  d o n o r  d e n s i t y ,  Ns. No c o r r e c -  
t i on  fo r  w o r k  f u n c t i o n s  w a s  m a d e .  

Results 
Influence o,f growth conditions.--Oxidations w i t h  

d i f f e r e n t  p o s i t i v e  a n d  n e g a t i v e  b iases  w e r e  c a r r i e d  ou t  
i n  s t e a m  a n d  d r y  oxygen .  S u b s t r a t e  m a t e r i a l  w a s  p -  
t y p e  s i l i con  of  50 o h m - c m  r e s i s t i v i t y  w h i c h  h a d  b e e n  
e l e c t r o c h e m i c a l l y  po l i shed .  T h e  r e s u l t s  c a n  b e  s u m -  
m a r i z e d  as fo l lows :  

Steam, zero and positive bias on electrode: V e r y  
h i g h  d e n s i t y  of s u r f a c e  donors ,  l a r g e  a n d  u n c o n t r o l -  
l a b l e  f luc tua t ions .  

Steam, negative bias: R e d u c t i o n  of s u r f a c e  d o n o r  
dens i ty .  R e d u c t i o n  is b i a s  d e p e n d e n t  u p  to  a b o u t  300v. 

Dry ox~gen~ negative and positive and zero bias: No 
i n f l u e n c e  of b ia s  on  M O S  c h a r a c t e r i s t i c s .  

T h e  d e p e n d e n c e  of s u r f a c e  d o n o r  d e n s i t y  o n  b ias  
for  s t e a m  o x i d a t i o n s  w i t h  n e g a t i v e  b i a s  is s h o w n  i n  
Fig. 3. M O S  m i n i m u m  v o l t a g e s  a n d  t h e  c o r r e s p o n d i n g  
s u r f a c e  s t a t e  d e n s i t i e s  a r e  p lo t t ed .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  ze ro  b i a s  v a l u e s  a r e  
r e p r e s e n t a t i v e  o n l y  of t h i s  p a r t i c u l a r  r u n  a n d  c a n  
v a r y  w i d e l y  fo r  d i f f e r e n t  l eve l s  of c o n t a m i n a t i o n .  T h e  
s u r f a c e  d o n o r  d e n s i t y  s a t u r a t e s  w i t h  v o l t a g e  a t  an  
a v e r a g e  of 3.9 x 1011 cm -2. A t y p i c a l  M O S  c u r v e  o b -  
t a i n e d  a t  - -1500v  is g i v e n  i n  Fig.  2. T h e  s a t u r a t i o n  
l e v e l  a t  h i g h  bias ,  h e n c e f o r t h  c a l l e d  r e s i d u a l  s u r f a c e  
d o n o r  dens i ty ,  v a r i e s  o n l y  w i t h i n  n a r r o w  l i m i t s  (3.2 x 
1011 cm 2 to 6 x 1011 c m - 2 ) .  I t  does  n o t  d e p e n d  
n o t i c e a b l y  on  o x i d e  t h i c k n e s s ,  g r o w t h  t e m p e r a t u r e  or  
c r y s t a l  o r i e n t a t i o n .  R a n g e s  i n v e s t i g a t e d  w e r e  t h i c k -  
nesses  f r o m  500 to 6000A a n d  t e m p e r a t u r e s  b e t w e e n  
800 ~ a n d  1100~ 

I n  a n o t h e r  se t  of e x p e r i m e n t s ,  b i a s  w a s  a p p l i e d  o n l y  
d u r i n g  p a r t  of  t h e  o x i d a t i o n .  T h e  r e s u l t s  (Fig .  4) i n -  
d i ca t e  t h a t  no  r e d u c t i o n  of s u r f a c e  d o n o r  d e n s i t y  oc-  
cu r s  w h e n  t h e  b i a s  of 1500v is t u r n e d  off a f t e r  t h e  f i rs t  
1.4 r a in  of a 5 - m i n  o x i d a t i o n  r u n .  T u r n i n g  off t h e  b ias  
d u r i n g  t h e  l a s t  m i n u t e  g ives  a l ow  s u r f a c e  d o n o r  d e n -  
sity.  T h e  s a m e  r e s u l t  is o b t a i n e d  w h e n  t h e  b ias  is on  
o n l y  d u r i n g  t h e  l a s t  30 sec of t h e  r u n .  

T h e  c o n d i t i o n s  u n d e r  w h i c h  a h e a v y  c h a n n e l  cou ld  
b e  r e m o v e d  w e r e  i n v e s t i g a t e d .  F o r  t h i s  p u r p o s e  s t e a m  
o x i d e  l a y e r s  w e r e  g r o w n  w i t h o u t  b ias .  A n  a t t e m p t  w a s  
t h e n  m a d e  to r e d u c e  t h e  c h a n n e l  b y  e x p o s i n g  t h e  s a m -  
p les  to 1500v a t  d i f f e r e n t  t e m p e r a t u r e s .  R e s u l t s  i n -  

\ 
_'~ _~ _~ -; _~, _', ~) 

"~ , -  V 

Fig. 2. Capacitance-voltage curve of oxide grown in steam with 
--1500v applied to electrode. Oxide thickness 900Z~, frequency 
100 kc; substrate p-type S0 ohm-cm. 
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Fig. 3. Surface donor densities, Ns, and MOS minimum voltages 
vs.  negative electrode bias for steam oxidation. All values for 
1000A oxide on 50 ohm-cm silicon. 
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B I A S  VS T I M E  DURING 
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Fig. 4. Influence of interrupted bias during run. Oxidation time 
5 min, bias --1500v. 
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Fig. 5. Capacitance-voltage curve of oxide grown in dry oxygen 

dicate that  at 900 ~ and 1000~ a 1-min exposure re -  
duced the channel  to its residual  value. At  800~ 
however,  an increase in channel  s t rength was ob-  
served. There  is reason to bel ieve that  contaminat ion 
of oxide surfaces and growing equipment  has a major  
influence on these results. In another  set of exper i -  
ments, f reshly grown oxides were  contaminated  by 
exposure to a NaC1 solution. This contaminat ion could 
be removed  by a l - r a in  bias oxidat ion t reatment .  Con- 
trol samples which did not receive  the second oxida-  
tion t rea tment  showed a very  large MOS drif t  effect. 

Oxidat ion in dry oxygen could not be influenced by 
biasing during growth. A typical MOS curve  of a dry 
oxide is shown in Fig. 5. The capacitance rise at nega -  
t ive vol tage indicates posit ive surface charge, but  
there  is no inversion. If the surface were  inverted,  the 
capacitance would rise toward zero bias as in Fig. 2. 
In dry oxide, the Fermi  level  appears to enter  a r e -  
gion of high density of fast surface states at the onset 
of inversion. The same type of curve  is obtained when  
a wet  oxide is dried thoroughly  by heat ing in d ry  
gas. Occasionally curves are obtained which are in 
be tween those shown in Fig. 2 and Fig. 5. The densi ty 
of fast surface states in dry oxide is be tween  10 TM 

and 1013 cm -2. This is in str iking contrast  to oxides 
grown in steam or wet  oxygen  where  fast surface 
state density is around 1011 cm -2 (11, 12). 

Drift in MOS structures.--Drift exper iments  wi th  
positive bias dur ing drif t  gave an increase of surface 
donor density by 3 x 1011 cm -2 wi th in  60 min  at 

150~ This is more  than two orders of magni tude  
less than in steam oxide g rown in the same equipment  
wi thout  bias. It  was noticed that  great  care has to 
be exercised in applying the meta l  contacts to avoid 
contaminat ion of the surface. Another  effect in te r fe r -  
ing with drif t  measurements  is in-diffusion of ions 
f rom the oxide air in terface  into the MOS structures 
during long runs at e levated temperature .  For  these 
reasons it is not certain that  the figure quoted above 
is the l imit  of the bias oxidat ion technique. 

Surface preparation.--For t empera tu re  bias aging 
experiments ,  surface cleaning in acids and solvents 
before oxidation was found not advisable. Oxide layers  
of less than 2000A thickness had a tendency to develop 
shorts during aging. This effect could be avoided by 
oxidizing freshly grown epi taxia l  wafers.  

Discuss ion  

Wet oxide.--The results described here  can best be 
explained by assuming that  channels are caused by 
impur i ty  ions. I t  is l ikely  that, by oxidat ion under  
bias, ions are collected by the electrode f rom the gas 
phase. Ions wi th in  the SiO2 are  d rawn to the surface 
and, if the vapor  pressure of the ions or compounds 
formed by them is high enough, they evaporate.  I t  is 
possible, of course, to carry  out an oxidat ion in an 
exceedingly clean environment .  Under  these condi-  
tions, a ve ry  low surface donor density is expected 
even wi thout  an electric field. 

The kinetics exper iment  (Fig. 4) can be in te rpre ted  
as follows. Because short application of bias at the 
beginning of the run  does not  r emove  the channel,  
it can be concluded that  the ions do not resul t  only 
f rom surface contaminat ion of the silicon. If this were  
the case, they would  be r emoved  by bias at the start  
only. Much of the contaminat ion must  therefore  be 
introduced through the gas phase. Fur ther  conclusions 
can be drawn f rom the second exper iment  in Fig. 4, 
where  the bias was turned off i rain before the end 
of the oxidation, and a low surface donor density was 
observed. This shows that  the channel  cannot be due 
to the presence of water  or oxygen  vacancies because, 
in ei ther  case, equi l ibr ium would have  been estab- 
lished dur ing the unbiased par t  of the run. The same 
is t rue  for any polarizat ion of the oxide that  might  
have been introduced by the bias. 

The reasons for the res idual  channel  af ter  bias ox-  
idation are at present  unknown.  Possibly it  is caused 
by the s tructure of the in terface  itself or by ions that  
are ei ther immobile  or unable  to evapora te  f rom the 
oxide surface. 

Dry oxide.--No explanat ion exists at present  for 
the difference of characterist ics between dry oxides 
and wet  oxides. If one accepts the fact that  a dry ox-  
ide has a ve ry  high density of fast surface states, it 
is possible to speculate on a mechanism which might  
account for the independence of dry oxidat ion of bias. 
If a positive ion is located at an interface containing 
a high density of fast surface states, the probabi l i ty  
that  a surface state is close to the ion is high. The en-  
ergy level  of the fast surface state wil l  then be mod-  
ified by the coulomb field of the ion such that  it be-  
comes an electron trap. Thus the ion is bound to the 
surface state and cannot be removed  by an external  
field. This model  might  also explain the fact  that  as 
a rule  dry oxides exhibi t  only a small  MOS drif t  
effect. 

MOS dri#.--Since drif t  effects in MOS structures  
are closely re la ted to mobile  charges in the oxide, it 
can be expected that  r emova l  of the charges by grow-  
ing under  bias reduces drift. This is borne  out by the 
results described above. The fact  that  no drif t  was 
ever  observed with  negat ive bias leads to the conclu-  
sion that  there  are no mobile  negat ive  charges in the 
oxide. This refers  only to pure  SiO2. If  the oxide is 
modified, for instance by incorporat ing P20~, negat ive  
ions can be observed (13). 



VoL 113, No.  2 

The exper iments  wi th  posit ive bias during drif t  are 
still in a p re l iminary  stage and more  work  has to be 
done. It  can be stated, however ,  that  the drif t  effect 
is not inherent  in SiOe (1). Nei ther  does it seem to 
depend on the contact metal. Some influence of the 
metal  was found here, but  most of it could be corre-  
lated with  the difference of evaporat ion conditions. 

Conclusions 
The conclusions are: 
1. N- type  inversion in oxidized surfaces exceeding 

a density of about 4 x 10 n cm -2 is caused by posit ive 
impur i ty  ions. It is not direct ly  caused by the p r e s -  
ence of wa te r  during oxidation. Most of the ions  are 
highly mobile  at e levated tempera tures  and c ~ :  be 
removed  by an electric field. : 

2. Of the different models proposed for MOS drif t  
effects, alkali  ion drift  (1, 2) is the likeliest. Removal  
of these ions f rom SiO~ layers wil l  probably resul t  in 
d r i f t - f ree  structures. 

3. The bias oxidation technique described here  is 
capable of reducing the density of surface donors 
after steam oxidation reproducibly  to the range of 
3.5-6 x 1011 cm -2. Oxides produced this way exhibi t  
great ly  reduced drif t  effects. 
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The Substrate Orientation Effect on 

Impurity Profiles of Epitaxial GaAs Films 

R. R. Moest 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Undoped n- type  GaAs films have been grown epi taxial ly  on heavi ly  doped 
n- type  GaAs substrates of various crystal lographic orientat ions by the HC1/H2 
flow method. The thickness of the epi taxial  films ranged from 0.5 to 20.5#. 
The impur i ty  profiles of undoped films on the (100) and (110) planes were  
strongly dependent  on the film thickness but  independent  of the substrate 
dopants and their  concentration. Impur i ty  profiles of films grown on the 
(111) and (111) planes were  independent  of the substrate dopants and their  
concentrat ions as wel l  as of the film thickness. The steep impur i ty  gradients  
at the substrate-fi lm interface exclude the possibility of outdiffusion or auto-  
doping of donors from the substrate. The min imum net donor concentrations 
obtained were  in the low 1015 range. Reverse  bias b reakdown voItages vary  
f rom 5 to 60v for 0.5~ and 6~ thick films, respectively.  

The epi taxial  growth of GaAs films on GaAs sub- 
strates by the HC1/H~ flow method has been described 
in detail  by Will iams and Ruehrwein  (1) and by 
Weinstein, Bell, and Menna (2). 

The object ive of this communicat ion is to repor t  on 
a study made on the growth technique and evaluat ion 
of th in  n - type  epi taxial  GaAs films of low carr ier  con- 
centrat ion on highly doped, n - type  GaAs substrates. 

Experimental 
The system used in this work  has been described 

previously by other  authors (1, 2). 
A mix tu re  of HC1 and H2 gas is passed into a quartz  

react ion tube inside two coupled spl i t - tube micro 
combustion furnaces. The schematic drawing  of this 
a r rangement  and the t empera tu re  profile are shown 
in Fig. 1. Hydrogen  gas is  passed through a Deoxo 
Unit  I and two glass-wool packed l iquid ni t rogen traps 
to condense any moisture. Lecture  bot t le  HC1 gas of 

1 M a n u f a c t u r e d  b y  E n g e l h a r d  Indus t r i e s ,  Inc. ,  N e w a r k ,  N e w  
Je r sey .  

99.0% puri ty  2 is passed through an isopropanol-dry 
ice cold trap packed with  Py rex  beads before the gas 
is admit ted to the react ion tube. These purification 

~ S u p p l i e d  b y  M a t h e s o n  C o m p a n y ,  Inc. ,  E a s t  R u t h e r f o r d ,  N e w  
Je rsey .  
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Fig. 1. Furnace and temperature profile 
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procedures for hydrogen and hydrogen chloride seem 
to be adequate  for the system studied. 

The source mater ia l  used in this study was exclu-  
sively boat grown, undoped, n - type  GaAs from Mon- 
santo Chemical  Company with  a carr ier  concentrat ion 
of 1.7 x 10 TM at . /cm s, room tempera tu re  mobili t ies of 
4000 to 5000 cm2v -1 sec -1 and resist ivi t ies of approxi -  
mate ly  0.1 ohm-cm. 

The GaAs crystals used for substrates were  ei ther  
Br idgman or Czochralski grown ingots cut to various 
orientat ions wi th  an accuracy of approximate ly  15 
min. With the exception of one float-zoned GaAs 
crystal  supplied by R. G. Sobers of this Laboratory,  
all  substrate mater ia l  was obtained f rom Monsanto 
Chemical  Company. 

Wafers 25 mil  thick were  cut f rom the oriented 
crystals. They were  lapped with 12~ silicon carbide 
abrasive, mechanical ly  polished with  0.1~ alumina, and 
chemical ly polished with  Br2-CH3OH solution (3). 
The wafers  were  then thoroughly degreased in t r i -  
chloroethylene and acetone, r insed with  deionized 
water,  and etched in H2SO4-H202-H20 solution (4). 
Weight  measurements  were  made on a microbalance 
just  prior  to a run. 

It  has been observed that  the substrate preparat ion 
immedia te ly  before the growth of a film is of greatest  
importance to at least the physical perfect ion of the 
epi taxial  layers. Chemical  polishing has f requent ly  
revea led  surface imperfect ions in GaAs substrate 
wafers  wi th  carr ier  concentrat ions in excess of approx-  
imately 3 x 10 TM (at./cmS). In Czochralski grown ma-  

Fig. 2a. GaAs wafer, Czochralski grown, with "phonograph record 
groove" effect, (111). Magnification approximately 14X. 

Fig. 2b. GaAs wafer, Bridgman grown, (111). Magnification ap- 
proximately 14X. 

Fig. 2c. GaAs wafer, Czochralski grown; solid particles imbedded 
in the wafer, (111). Magnification approximately 73X. 

ter ial  these imperfect ions display a pa t te rn  which 
might  best be described as "phonograph record 
grooves" [see Fig. 2a (riTe4 x 10 ls) ]. It is assumed 
that  this pat tern is caused by radia l  impur i ty  segre-  
gation during the growth of the crystal. A similar  but  
more randomly distr ibuted impur i ty  segregation might  
be responsible for the fea thery  type of imperfect ions 
observed on boat grown material ,  shown in Fig. 2b, 
(nwe 3 X 101S). In both boat grown and pulled crystals, 
randomly distr ibuted solid part icles in the GaAs have 
also been revealed  by etching the mater ia l  [see Fig. 
2c (nsn 2 x 10 TM) ]. These imperfect ions become more  
pronounced if the wafers  are immersed  and etched in 
a Br2-CHaOH solution for 5 to 10 min. The H2SO4- 
H 2 0 2 - H 2 0  etching solution, on the contrary, seems to 
smooth out these surface irregulari t ies ,  and they may  
even disappear al together  after  prolonged etching with  
H2SO4-H202-H20. It  is apparent  that  these i r regula r i -  
ties wi l l  be reflected in the visual  perfect ion of epi- 
taxial  films grown on such substrate wafers. 

Five to ten GaAs source wafers  of approximate ly  
5 to 10 cm 2 total surface area were  placed in a quartz 
boat. The substrate wafers,  wi th  a surface area of 
approximate ly  0.5 cm 2 each, were  supported on a flat 
quartz  plate. They were  then positioned in the l iner 
so that  the source mater ia l  was at the peak and the 
substrates were  at the flat port ion of the t empera -  
tube profile as shown in Fig. 1. The deposition zone is 
indicated by a shaded area in Fig. 1. Heavier  GaAs 
deposition was exper ienced toward the lower t empera -  
ture zone. The weight  changes of substrate and source 
wafers  were  measured  to an accuracy of •  ~g. 

Since the object ive  of this work  was pr imar i ly  the 
growth and electr ical  evaluat ion of re la t ive ly  thin 
films, no at tempts were  made to study growth var i -  
ables such as hydrogen and hydrogen chloride flow 
rates, source and substrate t empera ture  ranges, and 
various ~T's in detail. The epi taxial  films were  all 
grown under  the fol lowing conditions: I-[2 f low,  300-500 
cm3/min; HC1 flow, 1-3 cm3/min;  t empera tu re  source, 
850~ substrate, 750~ react ion time, 15-30 min. At  
hydrogen flow rates of less than 100 cma/min,  counter -  
flow diffusion of arsenic has previously been observed 
resul t ing in arsenic condensation in the ups t ream por-  
tion of the react ion tube. Hydrogen  flow rates in excess 
of 600 cma/min normal ly  lead to etching of the sub- 
strate mater ia l  due to undersa tura t ion  of the react ing 
gas at the source wafers. It  appeared that  the t em-  
peratures  of source and substrate and their  t em-  
pera ture  differences were  not cri t ical  wi th in  certain 
limits. It  was, however ,  of greatest  impor tance  that  
the react ive H2-HC1 gas m ix tu r e  passing over  the sub- 
strafes was supersaturated wi th  source material .  The 
conditions of saturat ion depend as well  on tempera ture  
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Fig. 3a. Epitaxial film on (110) oriented substrate. Magnification 
approximately 140X. 
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Fig. 4A. Several of the evaluated profiles 

Fig. 3b. Epitaxial film on (111) oriented substrate. Magnification 
approximately 140X. 

and flow rates as on the geometry  of the system. No 
difference in the carr ier  concentrat ion of the profiles 
of the films could be detected by using ei ther  fresh 
source mater ia l  or the remainder  of previously used 
source wafers.  

Epi taxial  films f rom 0.5 to 20.5# thick have  been 
grown on (111), (111), (110), and (100) substrates. 
The surfaces of epi taxial  films grown on the (111) and 
(100) planes were  visual ly and microscopically smooth 
and genera l ly  free of growth  patterns,  whi le  films 
grown on (111) and (110) or iented substrates ex-  
hibited some surface t ex ture  (Fig. 3a and 3b). Growth  
rates were  found to vary  for different substrate or i-  
entations. The observed absolute growth  rates were:  
0.5-0.7 ~ /min  on (111) plane; 0.2-0.4 ~ /min  on (100) 
plane; 0.1-0.15 ~ /min  on (110) plane;  0.03-0.05 ~ /min  
on (111) plane. 

The thickness of the epi taxial  films was measured  
with a Beckman Infrared Spect rophotometer  (Model 
IR-5, NaC1 optics). Since the lower  l imit  for meas-  
urements  of film thicknesses wi th  this technique is ap-  
p rox imate ly  1~, the thickness of films less than  1# was 
calculated by area and weight  gain measurements .  

The carr ier  concentrat ion profiles in the films have  
been de termined  by the differential  capaci tance-  
voltage method at 100 kc as described by Thomas 
et. al. (5). Schot tky surface barr ie r  diodes were  used 
as rect i fy ing contacts. Nominal  10 rail diodes were  
formed by evaporat ing gold at pressures of ~10 -6 
Torr. Ohmic contacts were  formed by spot-welding 

5% Sn-Au  alloy wires to the bulk wafer.  The ohmic 
behavior  of these contacts and the characterist ics of 
the diodes were  checked on an I -V curve  tracer.  It  was 
necessary to measure  microscopical ly the d iameter  
of the Au diode since variat ions f rom 9.3 to 12.5 mils 
d iameter  were  encountered.  

Results and Discussion 

Epitaxial  films with  thicknesses f rom 0.5 to 20.5~ 
have been grown from "undoped," n - type  GaAs source 
mater ia l  on substrates doped wi th  various impuri t ies  
to a level  of 2 to 4 x 10 TM. The substrates were  cut to 
different crystal lographic orientations. Despite the 
fact that  only one type of source mater ia l  has been 
used, different results  were  obtained on films grown on 
different substrate orientations. The measurements  
were  genera l ly  made  wi thout  etching the units. It  has 
been found that  etching mesas f requent ly  deter iorated 
the breakdown characterist ics of the diodes to com- 
ple te ly  ohmic behavior.  It  seems appropria te  to dis- 
cuss the results  on the basis of different substrate 
orientations. 

F i l m s  g r o w n  on (111) or iented  subs t ra t e s . - - I t  has 
been observed that  the (111) plane is the slowest 
growing plane and yields the smoothest film surfaces. 
Epi taxia l  films grown on this plane also exhibi t  the 
lowest b reakdown voltages, ranging f rom 2 to 8v. Fi lms 
of various thicknesses have been grown on this plane 
using substrates doped wi th  different impurit ies.  F ig -  
ure  4A shows several  of the evaluated  profiles together  
wi th  the corresponding film thicknesses as de termined 
by the inf rared  method. The different substrate 
dopants and their  concentrations are included in  this 
figure. The zero-bias  space charge width  extended 
only to 0.1~ with  zero-bias capacitance values of 70 to 
90 pf. This indicates an  impur i ty  concentrat ion of 2 to 
3 x 1017 at only 0.1~ f rom the surface. To assure that  
these re la t ive ly  h i g h  carr ier  concentrat ions are not 
mere ly  surface layer  effects of the epi taxia l  films, sev-  
eral  samples have been s tep-e tched whereby  par t  of 
the epi taxial  film was etched off. A typical  example  is 
shown in Fig. 4B. In this case the total  epitaxia] 
film thickness was 1.0#. Par t  of the sample was coated 
with  Apiezon W wax  and the sample etched in 
H2SO4-H202-H20 solution to remove  0.75# of the epi-  
taxiaI  film. Af te r  remova l  of the wax  coating 10 rail 
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Fig. 4B. Typical example of sample that has been step etched 

diameter  gold dots were  evaporated on the surface and 
the diodes were  then evaluated  as described earlier.  
The fact that  the carr ier  concentrat ion of the  epi taxial  
film on the etched layer  is identical  with the one ob- 
served on the original  surface indicates that  the high 
carr ier  concentrat ion is uniform throughout  the epi-  
taxial  layer. These results seem to be complete ly  inde-  
pendent  of the film thickness and the type of substrate 
dopant. 

F i l m s  g r o w n  on (111) o r i e n t e d  s u b s t r a t e s . - - T h e  
(111) plane proved to be the fastest growing plane, 
but the surface perfect ion of the films is ve ry  poor. 
The characterist ics of the diodes on this plane are 
identical  wi th  the ones on the (111) plane. The im-  
pur i ty  profiles for the (111) films are the same as for 
the (111) films (see Fig. 4A, B).  Two films wi th  th ick-  
nesses of 19 and 20.5~ have  been grown showing the 
same film thickness independence of the impur i ty  pro-  
file as observed on (111) films. 

F i l m s  g r o w n  on  (110) o r i e n t e d  s u b s t r a t e s . - - D i o d e s  
of films grown on the (110) plane general ly  have 
VBs ranging f rom 3 to 8v for films of less than 1# 
thickness to approximate ly  20v for films 1-2# thick. 
The impur i ty  profiles are also r emarkab ly  different 
f rom those observed on (111) films. The  space charge 
width  at zero bias extends much fa r the r  into the film 
compared to {111} films. The impur i ty  profiles of sev-  
eral  films grown on the (110) plane are plotted to- 
gether  with the film thicknesses in Fig. 5. The space 
charge width  at zero bias increases wi th  the film thick-  
ness and the corresponding lowest  carr ier  concentra-  
t ion at zero bias drops f rom the low 1017 range f o r  

0.5~ thick films to the mid 1015 range for approximate ly  
1.5~, thick films. The slope of the impur i ty  profile at 
the apparent  f i lm-substrate  interface is very  steep, 
approximate ly  13-15 decades/~,. The discrepancy be-  
tween the f i lm-substrate  interface as indicated by the 
impur i ty  profile and determined by IR measurements  
can be explained by cummula t ive  errors  in the various 
measurements .  This is par t icular ly  the case wi th  the 
infrared thickness measurements  where  almost  the 
ent i re  width  of the re la t ive ly  small  substrate  wafe r  is 
exposed to the IR beam through a wide slit. The meas-  
urements  therefore  yield only an average  film thick-  
ness of the sample. 

F i l m s  g r o w n  on  (100) o r i e n t e d  s u b s t r a t e s . - - T h e  
highest  reverse  bias b reakdown voltages and the low-  
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Fig. 5. Impurity profiles of several films 

est carr ier  concentrations have  been obtained with  
films grown on the (100) plane. 

The Schottky surface barr ie r  diodes had VB values 
of 4-8v for approximate ly  0.5~ thick films and 40-60v 
f o r  3 to 6~, thick layers. The zero bias space charge 
width  increases wi th  the film thickness analogous to 
films grown on the (110) plane. The lowest  carr ier  
concentrat ion at zero bias is about one order of mag-  
ni tude lower than on (110) films of comparable  thick-  
ness. The impur i ty  profiles of (100) films thicker  than 
2~ exhibi t  some anomalous behavior  at low bias (see 
Fig. 6). The carr ier  concentrat ions as de termined  by 
differential  capaci tance-vol tage  measurements  at zero 
bias are in the low 1014 range, increasing rapid ly  wi th  
applied reverse  bias to some peak value  in the low 
or mid 1015 range and then decreasing sl ightly toward 
the substrate. Within  a few tenths of a micron of the 
interface, the carr ier  concentrat ions increase very  
rapidly toward the substrate doping level. The same 
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Fig. 6. Impurity profiles of several films 



Vol. 113, No. 2 S U B S T R A T E  O R I E N T A T I O N  E F F E C T  145 

peculiar  impur i ty  profile was observed on a (100) film 
af ter  etching. In this case the original  gold dots were  
removed with  a saturated aqueous solution of KI  and 
I2. The wafe r  was then etched wi th  H2SO4-H~O2-H20 
and thus thinned down by removing  par t  of the epi-  
taxial  film. New gold dots were  then  evaporated.  The 
impur i ty  profile, s imilar  to the one shown in Fig. 6 for  
a 6~ thick film, remained  essentially unchanged,  ex-  
cept that  the init ial  ascending slope and the peak 
shifted closer to the f i lm-substrate  interface, cor-  
responding to the new film thickness. Lawley  (6) has 
made similar observations on films grown with  the 
water  vapor  system. He also conducted some exper i -  
ments on bulk GaAs crystals wi th  carr ier  concentra-  
tions of 2 to 3 x 1015 and observed the same anomalies 
(7). 

The slope of the impur i ty  profiles of (100) films at 
the f i lm-substrate  interface is pract ical ly infinite. This 
indicates that  adverse reactions l ike outdiffusion of 
impuri t ies  f rom the substrate  into the film or sub-  
strate autodoping as described by Thomas et al. (5) 
were not encountered in the exper iments  wi th  films 
of this orientation. 

The impur i ty  profiles for epi taxial  films grown by 
the HC1/H2-method at substrate tempera tures  about 
750~ are general ly  independent  of the kind of sub- 
strate donors and their  concentrat ion up to 6 x 10 TM. 
This conclusion is evident  f rom the results obtained 
on (100) and (110) films. Not c lear ly  explained, how-  
ever, are the results on {111} films. It  might  be argued 
that  some mechanism like substrate autodoping or out-  
diffusion of impuri t ies  f rom the substrate into the film 
is or ientat ion dependent  and is p redominant  on the 
{111} orientation. If this were  the case one should be 
able to obtain {111} films of lower  carr ier  concentra-  
tion by using l ight ly or undoped {111} substrates. In 
Fig. 7 are depicted the results of such experiments .  
Two films were  grown on {111) oriented substrates, 
Te-doped with  a carr ier  concentrat ion of 2 x 10 zs. The 
films were  1. 3 and 1.2n. thick, and the impur i ty  pro-  
files were  essentially identical  to the ones observed 
on films grown on n+-substra tes .  The impur i ty  p ro-  
files of films grown on {111} oriented n+-subs t ra tes  
wi th  high carr ier  concentrat ions seem, therefore,  to be 
independent  of the kind and concentrat ion of sub- 
strate donors. In v iew of the results obtained on (110) 
and (I00) films it is improbable  that  the system itself  
could contr ibute to the high carr ier  concentrat ion of 
these {111} films. 
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If we assume that  no subs t ra te-or ig inat ing  effects 
occur which adversely  influence the properi tes  of the 
epi taxial  films, then it should be possible to place 
several  substrates of various orientat ions on the quartz 
plate during one exper iment  and still observe the 
results shown in Fig. 4, 5, and 6 for the appropriate  
substrate orientations. The resul t  of one such exper i -  
ment  is shown in Fig. 8. In this run  four substrates of 
two different orientations, but  approximate ly  the same 
carr ier  concentration, were  used. They were  spaced 
close together  on the quartz  plate  in the sequence in- 
dicated. The consistency of the results obtained on 
mul t ip le  substrate exper iments  wi th  the results  ob- 
tained on single substrate exper iments  indicates that  
no "downst ream" impur i ty  contaminat ion occurs due 
to outdiffusion or autodoping f rom the substrates. 

Conclusions 

From the results obtained in this work  we may 
conclude that  thin CaAs films of approximate ly  0.5# 
thickness can be grown by the HC1/H2 system at sub- 
strate tempera tures  low enough to e l iminate  impur i ty  
diffusion f rom the substrates into the f i l l s .  The im-  
pur i ty  profiles of the films are  strongly orientat ion 
dependent.  Only the (110) and (I00) orientat ions seem 
to yield low carr ier  concentrat ions in the films if 
source mater ia l  of low carr ie r  concentrat ion is used. 
The slope of the impur i ty  profiles at the f i lm-substrate  
interface is ve ry  steep and indicat ive of an abrupt  
change in carr ier  concentrations. For  {111} oriented 
films only re la t ive ly  high carr ier  concentrat ions can 
be obtained, regardless  of the substrate donor con- 
centrat ion and film thickness. For  films of comparable  
thickness there  appears to be a definite or ientat ion de- 
pendent  t rend in carr ier  concentrat ions towards lower 
values in the order (111) = (111) ~ (110) ~ (100). 

The peculiar  impur i ty  profiles for {111) films are not 
explained in this work. It  has been suggested by Wil-  
liams (8) that  anisotropic impur i ty  segregation might  
occur in this vapor  growth process s imilar  to the one 
observed in the crystal  growth f rom the melt.  
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Any discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1966 
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Kinetics of the Reaction Hi- 111  Ge 
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ABSTRACT 

Exper iments  are described which appear to differentiate be tween mass 
t ransport  and surface react ion kinetics in the open tube react ion of gaseous 
hydrogen iodide with  ~111~  germanium surfaces. Surface l imit ing reaction 
behavior  is not  observed unti l  average l inear gas s tream velocities in the 
neighborhood of 800,000 c m / m i n  are attained. The l imit ing react ion ra te  for 
the etching react ion is described by the equation log R~ ---- --  3.64 X 103/T~ 
~- log PHI -t- 5.42, Rf having the dimensions m g / c m  2 hr. The react ion order 
was found to be uni ty  which together  with other informat ion suggested that  
the desorption of ge rmanium iodides constitutes the ra te - l imi t ing  step. Auto-  
doping phenomena are examined  in view of the speed of the etching reac-  
tion, and calculated rate  data for probable deposition reactions are presented. 

The widespread usage of revers ib le  vapor-sol id  
chemical  processes for the epi taxial  growth of semi-  
conductors has focused considerable at tention on both 
the kinetic and equi l ibr ium propert ies  of the reactions 
involved (1-14). In general,  kinetic studies conducted 
in open tube systems have  not yielded reproducible  
data for ei ther the forward,  deposition, or the reverse,  
etching, processes. In the l ight of recent  work  by Sedg-  
wick, in fact, it is not  evident  that  open tube deposi-  
tion processes as normal ly  practiced should be t reated 
kinetically,  their  behaviors  more  near ly  approximat -  
ing equi l ibr ium states (1). Closed system invest iga-  
tions are f requent ly  quest ionable on the grounds that  
exper imenta l  evidence demonstra t ing a different ia-  
t ion be tween  mass t ransport  and surface l imitat ions is 
lacking, a point applicable also to open tube work. 

While a full  unders tanding of the nature  of the 
growth processes entails independent  evaluations of 
both the forward  and reverse  reactions, the former  
represents  a formidable  problem in that  deposition 
cannot be confined to the substrate alone. This sug- 
gests that investigations of the etching process are 
potent ial ly more  rewarding,  informat ion about the 
forward  react ion then being inferred from rela t ion-  
ships be tween  etch ra te  and equi l ibr ium constant in-  
formation. Using this approach one may  also obtain 
clues as to the extent  of possible back etching reac-  
tions in depositions which lead to autodoping of the 
deposits by impuri t ies  ini t ia l ly  present  in the sub- 
strate, etched during the growth process, and then 
incorporated in the growing crystal  via a gas phase 
segregation process. 

One typical  class of deposition reactions involves  the 
hydrogen reduct ion of a polyhal ide via the s toichiom- 
e t ry  depicted in Eq. [1]. It  is to be noted that  a product  
of this reaction is the halogen 

GeX4 -}- 2H2 ~ 4HX ~- Ge [ 1 ] 

acid, HX, and that  the reverse  react ion involving this 
acid occurs under  conditions of an essential ly con- 
stant, large H_9 ambient  atmosphere,  the te t rahal ide  
usual ly being present  in concentrations of less than a 
few mole per cent. The specific react ion of gaseous 
HI with  solid Ge in an open tube sys t em using an H2 
carr ier  gas has been discussed qual i ta t ive ly  by the 
authors with respect  to the parameters  affecting vapor  
polishing of Ge and Si (15). The present  work  was 

suggested by the results of the earl ier  etching study 
and is concerned with quant i ta t ive  aspects of the sur-  
face l imiting kinetics of the G e ( s o l i d ) - H I ( g a s )  reac-  
tion. Concomitantly,  techniques are described for 
separat ing surface and mass t ransport  phenomena in 
solid-gas reactions. 

Analysis of Open Tube Reactions 
Parameters  affecting an open tube process, that  in-  

volving HI and Ge for example,  Eq. [2], are the 
etchant concentration, etchant flux, t empera tu re  and 
reactor geometry.  If 

2 (x~-y)  H I + x G e ~  (x- -y)  GeI2+yGeI4-~ (x-t-y) H2 [2] 

surface kinetics alone are to be explored,  effects due 
to the last named parameter  must  be obviated,  the 
others being amenable  to control. It  is to be noted in 
Eq. [2] that two possible Ge-conta in ing species may 
be formed in the general  case by ei ther  paral le l  or 
sequent ial  react ion paths. Conditions must  be chosen 
to minimize one or the other  of these reactions. A 
thermodynamic  analysis of the type reported on earl ier  
(12) can provide information on the t empera tu re  and 
concentrat ion intervals  in which one or the other  of 
the over -a l l  reactions specified in Eq. [3] and [4] pre-  
vails. While this represents  a s tar t ing point, it is no 
guarantee  

2HI + Ge ~ GeI2 -~ H2 [3] 

4HI ~- Ge ~ GeI4 -~ 2H2 [4] 

that  the kinetics leading to the equi l ibr ium states pro-  
ceed via the gross mechanisms suggested by Eq. [3] 
and [4], and must  be considered in the l ight of other  
evidence (13).1 In an open tube system consisting of a 
source of HI and a react ion chamber  of defined geom-  
etry, etchant flux may  be var ied  simply by vary ing  
the input flow rate. In order  to provide some crude 
normalizat ion of the geometry  factor, it is wel l  to con- 
sider average l inear  gas s tream velocity, 1.g.s.v., ra ther  
than flow rate  in the react ion chamber.  The l.g.s.v, we 
will  consider is s imply the input  carr ier  gas flow rate  
divided by the cross-sectional  area of the reactor,  

1 K. Haq ,  for  e x a m p l e ,  ha s  s u g g e s t e d  on t he  bas i s  of  spec t ro -  
p h o t o m e t r i c  s tud ie s  t ha t ,  in  the  r e d u c t i o n  of GeC14, t he  t e t r a h a l i d e  
is r e d u c e d  in  t he  v a p o r  to  the  d i h a l i d e  f r o m  w h i c h  p o i n t  the  re-  
d u c t i o n  a c t u a l l y  proceeds .  I f  t h i s  is a c t u a l l y  the  case, t h e n  i t  
~ollows t h a t  e i the r  f ree  h a l o g e n  or h a l o g e n  ac id  is p r e s e n t  p r i o r  to 
depos i t ion .  
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correct ing for the t empera tu re  of the reactor  and the 
addition of etchant. 

Two distinct types of mass t ransport  l imitat ions are 
associated wi th  etchant  flux into the react ion cham- 
ber. The first of these depends solely on the ra te  of 
introduction of gaseous reactant  into the chamber.  The 
second depends on the movemen t  of this introduced 
mass to all portions of the chamber,  par t icular ly  the 
react ion site. It is this second phenomenon which is 
a geometr ical ly  governed limitation, and it is the com- 
bination of both phenomena that  establishes the mass 
t ransport  l imit ing aspects of a react ion taking place 
in a given open tube apparatus. Boundary  layers at 
the surface of the solid being etched need not be con- 
sidered in our qual i ta t ive  discussion since for al l  p rac-  
tical purposes it is the solid surface plus its inseparable 
boundary layer  that  must  be together  t reated as the 
"surface". 

In order  to proceed, we wil l  s implify our task sub- 
ject  to subsequent  exper imenta l  verification by as- 
suming that: (a) there  exists a distinct slow step in 
the reaction;  (b) the total  pressure is to a first ap- 
proximat ion  constant wi th  vary ing  1.g.s.v.; and (c) 
per t inent  vapor  phase species are accounted for. 

Low L.G.S.V. range-complete mixing- l inear  region. 
~ A t  low l inear gas s t ream velocities, the etchant  in- 
t roduced into the react ion chamber  has sufficient resi-  
dency t ime to come into equi l ibr ium wi th  the solid 
surface. In this 1.g.s.v. in te rva l  nothing can be learned 
of the surface kinetics since the react ion is mass 
t ransport  l imited by the first mass t ransport  process 
mentioned,  i.e., input  ra te  of reactants  into the re-  
action chamber.  A plot of etch rate, Rt, vs. 1.g.s.v. must  
be l inear  and it is a consequence of the si tuation 
specified that: (a) no species part ial  pressure gradi-  
ents exist;  (b) the part ial  pressures of reactant  and 
products are the equi l ibr ium values;  and (c) the re -  
action efficiency, fi, defined as the ratio of observed 
etch ra te  to that predicted thermodynamica l ly  is unity. 
These conditions, indeed, are those sought in a t rans-  
piration exper iment  of the type previously discussed 
by the authors (14), and coincide with  a state of 
affairs in which complete mix ing  obtains. 

Intermediate L.G.S.V.- incomplete  mixing,  sublinear 
region.--As the 1.g.s.v. is increased, a critical value  
is reached where  the residency t ime of etchant mole-  
cules introduced into the reactor  becomes equal  to, 
then less than the t ime requi red  for complete  equi l -  
ibration to occur. Since this situation is concomitant  
wi th  an increase of flux into the reactor,  it represents  
the point at which mass t ransport  into the reactor  
plays less of a role in l imit ing the react ion and where  
mass t ransport  of etchant  molecules f rom the walls of 
the reactor  to the solid surface, for example,  be-  
comes a major  ra te - l imi t ing  step. Since not all  of 
the introduced etchant molecules  in the reactor  are 
able to equi l ibrate  wi th  the solid surface being etched, 
the efficiency fl, whose value  may  vary  be tween  0 
and 1, becomes less than uni ty  and the etch rate-l.g.s.v. 
curve must  become sublinear. The shape of the curve  
is dependent  on the nature  of some complicated func-  
tion describing the relat ionship be tween  fi and 1.g.s.v. 
where  hydrodynamic  aspects, not s imply part ial  pres-  
sure differences, must  be incorporated. If in the ex-  
per iment  being considered the surface of the solid is 
paral lel  to the gas drift  veloci ty  direction (the axial  
direct ion),  it is evident  that  the par t ia l  pressure  of 
etchant immedia te ly  above the solid surface where  
react ion is deplet ing its vaIue wil l  be less then at the 
walls radial ly  removed  from the surface (the radial  
direction) .2 Informat ion re la t ing to the surface l imi t -  

2 In  ref .  (15) e x p e r i m e n t s  are  de sc r ibed  in  w h i c h  t he  ex i s t ence  of 
r a d i a l  g r a d i e n t s  was  d e m o n s t r a t e d .  I n  essence,  these  e x p e r i m e n t s  
i n v o l v e d  d e c r e a s i n g  t he  d i a m e t e r  of  t he  r e a c t i o n  c h a m b e r  w h i l e  
m a i n t a i n i n g  the  i n p u t  e t c h a n t  f lux  a n d  t e m p e r a t u r e  cons tan t .  De-  
sp i te  the  inc reased  1. g. s. v.  ( the re fo re ,  dec reased  r e s idency  t i m e  of 
HI  m o l e c u l e s  in  the  v i c i n i t y  of t he  s u r f a c e ) ,  t he  e tch  r a t e  i nc r ea sed  
m a r k e d l y .  The  effect  is, of  course ,  twofo ld ,  i .e . ,  b r i n g i n g  m o r e  of 
the  HI  to t he  su r face  a nd  s w e e p i n g  a w a y  r eac t i on  p r o d u c t s  a t  a 
f a s t e r  rate .  

ing kinetics is not obtainable in the subl inear  1.g.s.v. 
region because the radial  and very  probably axial  
par t ia l  pressure gradients make  it impossible to define 
etchant  par t ia l  pressure at the surface. In addition, 
the extent  of the reverse  react ion contr ibution to the 
etch rate  is unknown. In the sublinear region, there-  
fore, the case exists where  the system tends from a 
state of complete  mix ing  to one of zero mixing,  and 
where  the part ial  pressure gradients are not readi ly  
definable. 

High L.G.S.V.-zero mixing,  plateau region.--The ob- 
served etch rate, Rt, is assumed to represent  the dif-  
ferences in rates be tween the etching and reverse  re-  
actions, Eq. [5], where  kf and kr are the fo rward  and 
reverse  rate  

Re = k lPm x -- krPGel2 ~ [5] 

constants, respectively,  PHI and PaeI2 are the part ial  
pressures of HI and GeI2, respectively,  at the surface, 
and x and y are the react ion orders for the forward  
and reverse  reactions, respectively.  With increasing 
1.g.s.v. we see that, because of the decreased deplet ion 
of etchant, the average par t ia l  pressure of HI at the 
surface will  increase. This wi l l  increase the value  of 
the forward  react ion ra te  term, Rs, defined by Eq. [6]. 
Simultaneously,  

Rf = klPHi x [6] 

the increased 1.g.s.v. wi l l  sweep away the react ion 
product (s )  causing a diminut ion of its part ial  pres-  
sure and thereby decreasing the extent  of the reverse  
react ion defined by Eq. [7]. When 

Rr = krPGeI2 y [7] 

the 1.g.s.v. achieves a sufficiently high ra te  such that  
the depletion of etchant  is exper imenta l ly  insignificant, 
and the ex ten t  of the reverse  react ion tends toward 
zero, mass t ransport  effects are obviated, and the ob- 
served etch rate  is direct ly  that  demanded by Eq. [6]. 
Since PHI is effectively the input  va lue  at this point, 
fur ther  increase in 1.g.s.v. does not resul t  in a change 
in etch rate. I t  is in this ].g.s.v. range  that  the  reac-  
tion is surface l imited and reactor  geometry  inde-  
pendent  for the first time. It is in this 1.g.s.v. range 
also that  zero mixing prevai ls  for the first time. 

During the sequence of events represented  by the 
three  1.g.s.v. regions, the difference PHI(Walls)- 
PHi(solid) moves f rom a value  approaching zero 
through a maximum,  then back to a value  approaching 
zero. At  the two extremes,  however ,  the values for the 
walls and solid approach PequiIibrium in the l inear  re -  
gion and Pinput in the plateau region. In the in te rme-  
diate subl inear  region in which the wal l -sol id  etchant 
part ial  pressure  differential  is not zero, the part ial  
pressure at the wal l  or solid surface has a va lue  less 
than the input  value, but  greater  than the equi l ibr ium 
one. Fur thermore ,  the value of PH~ ranges closer to 
the equi l ibr ium value  over  a wider  1.g.s.v. in terva l  at 
the solid surface than it does at the walls. 
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Fig. 1. Schematic representation of variation in partial pressure 
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F i g u r e  1 s c h e m a t i c a l l y  dep i c t s  t h e  v a r i a t i o n  in  p a r -  
t i a l  p r e s s u r e  a t  b o t h  t h e  wa l l s  of t h e  r e a c t o r  a n d  a t  t h e  
sol id  s u r f a c e  o v e r  t h e  e n t i r e  1.g.s.v. r a n g e .  

B a s e d  on  t h e  r a t i o n a l e ,  i t  is c l ea r  t h a t  e x p e r i m e n t a l  
d a t a  m u s t  b e  a c q u i r e d  so le ly  in  p l a t e a u  reg ions .  T h e s e  
p l a t e a u  r e g i o n s  can  b e  de f ined  b y  s t u d y i n g  t h e  e t c h  
ra te- I .g .s .v ,  b e h a v i o r ,  a t  e a c h  e t c h a n t  c o n c e n t r a t i o n ,  
a t  d i f f e r e n t  t e m p e r a t u r e s ,  a n d  fo r  specif ic  c r y s t a l -  
l o g r a p h i c  s u r f a c e  o r i e n t a t i o n s .  S u c h  a n  a p p r o a c h ,  
w h i l e  n e c e s s a r y  in  f i nd ing  a s u i t a b l e  t e m p e r a t u r e  a n d  
c o n c e n t r a t i o n  r a n g e  to e x a m i n e ,  is v e r y  l a b o r i o u s ,  
r e q u i r i n g  t h e  a m a s s i n g  of  a n  e n o r m o u s  n u m b e r  of  
d a t a  po in ts .  A m o r e  p a l a t a b l e ,  b u t  n o n e t h e l e s s  l a b o r i -  
ous  a p p r o a c h ,  i n v o l v e s  t e s t i n g  e a c h  c o n c e n t r a t i o n  a n d  
t e m p e r a t u r e  i n t e r v a l  a t  a f e w  h i g h  1.g.s.v. v a l u e s  
on  e a c h  c u r v e  u n t i l  a s u i t a b l e  r e g i o n  is found .  

Exper imenta l  Procedure  

A n u m b e r  of p r e l i m i n a r y  t e s t s  w e r e  a p p l i e d  b y  us  
b e f o r e  a r e g i o n  w h i c h  a p p e a r e d  to r e p r e s e n t  a s t a r t -  
i ng  p o i n t  for  s t u d y i n g  Ge  s u r f a c e s  w a s  f o u n d .  E x -  
p e r i m e n t s  w e r e  c o n d u c t e d  in  a n u m b e r  of  d i f f e r e n t  r e -  
ac to r s  in  w h i c h  1.g.s.v. w e r e  c o n t i n u a l l y  i n c r e a s e d ,  
in  w h i c h  w a f e r  d i m e n s i o n s  w e r e  c o n t i n u a l l y  r e d u c e d  
to m i n i m i z e  a x i a l  d i r e c t i o n  effects,  a n d  t e m p e r a t u r e s  
w e r e  l o w e r e d  to ge t  to  a r e a s o n a b l e  r e a c t i o n  r a t e  
r a n g e .  H a v i n g  l oca t ed  a s t a r t i n g  po in t ,  m e a s u r e m e n t s  
w e r e  t h e n  m a d e  a t  t he  h i g h e s t  ve loc i t y  a t t a i n a b l e  b o t h  
b e l o w  a n d  a b o v e  t h e  t e s t  t e m p e r a t u r e s  a n d  a t  H I  
c o n c e n t r a t i o n s  g r e a t e r  a n d  l o w e r  t h a n  t h o s e  u s e d  i n  
t h e  test .  As  l o n g  as s u r f a c e  k i n e t i c s  p r e v a i l e d ,  p lo t s  
of  log  e t c h  r a t e  ( o r d i n a t e )  vs. 1/T ( a b s c i s s a )  w e r e  
e x p e c t e d  to p r o v i d e  l i n e a r  g r a p h s  if  a s i m p l e  r e a c t i o n  
p roce s s  o b t a i n e d .  W h e n  m a s s  t r a n s p o r t  c o n d i t i o n s  
b e c a m e  s igni f ican t ,  t h e  c u r v e s  w e r e  e x p e c t e d  to b e n d  
d o w n w a r d  i n d i c a t i n g  t h a t  a s u b l i n e a r  r e g i o n  h a d  
b e e n  e n t e r e d .  T h e  s t a r t i n g  c r y s t a l l o g r a p h i c  o r i e n t a -  
t i on  fo r  t h e  f ina l  s t ages  of t h e  c u r r e n t  s t u d y  w a s  t h e  
< 1 1 1 >  s u r f a c e  w h i c h  is r e p u t e d  to b e  t he  s l owes t  
g r o w i n g  of t h e  l o w  i nd i ce s  p l a n e s  and,  t h e r e f o r e ,  p r e -  
s u m a b l y  t h e  s l ow es t  e t ch ing .  I t  w a s  f e l t  c o n s e q u e n t l y  
t h a t  < 1 1 1 >  k i n e t i c s  w o u l d  b e  m o s t  a m e n a b l e  to r e s o -  
lu t ion .  F u r t h e r m o r e ,  to d u p l i c a t e  e t c h i n g  b e h a v i o r  i n  
a d e p o s i t i o n  process ,  t he  e t c h i n g  w a s  s t u d i e d  in  a 
h y d r o g e n  a m b i e n t  a t m o s p h e r e .  T h e  h y d r o g e n  c o n c e n -  
t r a t i o n  as a c o n s e q u e n c e  cou ld  b e  c o n s i d e r e d  c o n s t a n t  
w h i c h  a p p r o x i m a t e s  c o n d i t i o n s  in  c o n v e n t i o n a l  d e p o -  
s i t i o n  processes .  

F i g u r e  2 s h o w s  t h e  r e s u l t s  of a p r e l i m i n a r y  s t u d y  
c o n d u c t e d  on  < 2 1 1 >  s u r f a c e s  in  a 0.13 cm 2 c ros s -  
s e c t i o n a l  a r e a  r e c t a n g u l a r  c h a m b e r  in  w h i c h  1.g.s.v. 
u p  to 60,000 c m / m i n  w e r e  o b t a i n e d .  I t  is s een  t h a t  
p l a t e a u s  w e r e  a c h i e v e d  o n l y  a t  t h e  l o w e s t  t e m p e r -  
a tu re s .  I t  is a lso o b s e r v e d  in  Fig. 2 t h a t  in  a s i n g l e  
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Fig. 2. Results of study on < 2 1 1 >  surfaces. Reactor 4 13 x 1 
mm; pHI = 3.8 Torr; < 2 1 1 >  surfaces NaCI polished both sides; 
sample diameter ca. 9.8 mm. 

w a f e r  r e a c t o r  in  w h i c h  o n l y  a s m a l l  p o r t i o n  of t h e  
r e a c t o r  v o l u m e  is occup i ed  b y  t h e  w a f e r ,  e q u i l i b r i u m  
1.g.s.v. r e g i o n s  a r e  o b t a i n a b l e .  H e r e  a lso i t  w a s  d e m o n -  
s t r a t e d  b y  e t c h  r a t e  vs. t i m e  s t ud i e s  t h a t  edge  a n d  
d a m a g e  effects  w e r e  no t  i m p o r t a n t  s i nce  t h e  g r a p h s  
w e r e  l i nea r .  I t  w a s  a l so  f o u n d  t h a t  a x i a l  g r a d i e n t s  
w e r e  a p o t e n t i a l l y  s e r i ous  p r o b l e m  s ince  t h e  w a f e r  
l e a d i n g  edges  w e r e  t h i n n e d  p r e f e r e n t i a l l y .  3 A l so  t h e r e  
was  some  i n d i c a t i o n  t h a t  t h e  p r i m a r y  v a p o r  p h a s e  spe -  
cies was  GeI2 s ince  t h e  q u e n c h e d  e tch  p r o d u c t s  w e r e  
p r i m a r i l y  GeI2, l i t t l e  e v i d e n c e  fo r  t h e  r e d  t e t r a i o d i d e  
b e i n g  o b s e r v e d .  

Reagents.--HI was  s y n t h e s i z e d  in situ, o n  d e m a n d ,  
a n d  w i t h  i n p u t  f low r a t e s  u p  to 7.90 l / r a i n  a t  25~ 
u s i n g  t h e  mod i f i ed  g e n e r a t o r  d e s i g n  s h o w n  i n  Fig.  
3 (15) .  T h e  g e n e r a t o r  w a s  c o n s t r u c t e d  e n t i r e l y  of  P y -  
r e x  a n d  q u a r t z  a n d  e m p l o y e d  m a g n e t i c a l l y  a c t u a t e d ,  
h a n d  l a p p e d  b a l l  j o i n t  m e m b e r s  as va lves .  T h e  l e a k -  
age  r a t e  of t h e  v a l v e s  w h e n  c losed  was  e x t r e m e l y  
smal l ,  s ince  a t  2 - h r  b y - p a s s  f low of 7.90 1 / m i n  o v e r  
a G e  w a f e r  a t  910 ~ f a i l e d  to r e s u l t  i n  a m e a s u r a b l e  
w e i g h t  c h a n g e  or  v i s u a l l y  o b s e r v a b l e  s u r f a c e  d e g r a d a -  
t ion.  T h e  p l a t i n u m  woo l  c a t a l y s t  t o w e r  w a s  m a i n -  
t a i n e d  a t  450~ a n d  t h e  g e n e r a t o r  t e m p e r a t u r e  w a s  
c o n t r o l l e d  to • 0 .1~ in  a n  oi l  b a t h .  T h e  v a p o r  p r e s -  
s u r e  of i od ine  in  t h e  t e m p e r a t u r e  i n t e r v a l  43~176  
w a s  r e - e v a l u a t e d  fo r  p u r p o s e s  of t h e  p r e s e n t  s t u d y  b y  
a m e t h o d  to b e  r e p o r t e d  on  b y  t h e  a u t h o r s  (16) .  

M a t h e s o n  " u l t r a  p u r e "  H2 w a s  u s e d  as t h e  c a r r i e r  
gas  i n  a l l  e x p e r i m e n t s  w i t h o u t  f u r t h e r  pu r i f i ca t ion .  

G e r m a n i u m  w a f e r s  w e r e  p r e p a r e d  f r o m  C z o c h r a I -  
ski  p u l l e d  s ing le  c r y s t a l s  d o p e d  w i t h  G a  to  t h e  0.01- 
o h m - c m  p - l e v e l .  T h e  c r y s t a l s  w e r e  s l i ced  in  t h e  d e -  
s i r ed  < 1 1 1 >  or  < 2 1 1 >  o r i e n t a t i o n ,  t h e n  cu t  u l t r a -  
s o n i c a l l y  in to  c i r c u l a r  w a f e r s  h a v i n g  a n o m i n a l  d i a m -  
e t e r  of  195 mi l s  (ca.  5 r a m )  a n d  a t h i c k n e s s  of 30 mils .  
T h e  s l ices  w e r e  l a p p e d  p l a n a r  w i t h  3~ Al~O3 c o m p o u n d  
t h e n  p o l i s h e d  on  b o t h  s ides  b y  t h e  NaOC1 t e c h n i q u e  
r e c e n t l y  d e s c r i b e d  (17) .  Th i s  p r o v i d e d  a f i n i shed  w a f e r  
size of 184-190 m i l s  a n d  a t h i c k n e s s  of 19 mi ls .  T h e  
d i m e n s i o n s ,  p a r t i c u l a r l y  t h e  d i a m e t e r ,  w e r e  c h e c k e d  
be fo re ,  a n d  f r e q u e n t l y  a f t e r  e a c h  run ,  e a c h  s a m p l e  
b e i n g  u sed  o n l y  once.  A f t e r  po l i sh ing ,  in  w h i c h  s aw  
a n d  l a p p i n g  d a m a g e  w a s  a p p a r e n t l y  r e m o v e d ,  t h e  
edges  a n d  one  s u r f a c e  w e r e  c o a t e d  w i t h  SiO2 v i a  t h e  
p y r o l y s i s  of t e t r a e t h o x y  s i l a n e  a t  700 ~ T h e  b a c k  s ide 
of t h e  w a f e r  a n d  edges  w e r e  p r o t e c t e d  w i t h  b l a c k  
wax ,  a n d  t h e  r e a c t i o n  s ide  w a s  t r e a t e d  w i t h  H F  p r i o r  
to use  to  r e m o v e  a n y  SiO2 t h a t  m a y  h a v e  d e p o s i t e d  
on  it. P r i o r  to c o n d u c t i n g  t h e  e t c h i n g  e x p e r i m e n t ,  t h e  

3 In  t h e  p roce s s  of r e d u c i n g  t h e  c r o s s - s e c t i o n a l  a r e a  of o u r  r e a c -  
t o r s  s t a r t i n g  w i t h  t h e  7.77 c m  = r e a c t o r  d e s c r i b e d  in  re f .  (15),  w e  ob-  
s e r v e d  a s e q u e n c e  o f  e v e n t s  i n  w h i c h  a n  a x i a l  g r a d i e n t  b e c a m e  
p r o n o t m c e d  as  t h e  w a l l  s u r f a c e  to  w a f e r  s u r f a c e  d i s t a n c e  w a s  d e -  
c r e a s e d  w i t h  c o n s t a n t  w a f e r  size.  In  o r d e r  to e l i m i n a t e  t h i s  e f f ec t  
i t  w a s  n e c e s s a r y  a l so  to r e d u c e  w a f e r  d i a m e t e r s .  T h i s  e f f ec t  is  to  
be  e x p e c t e d  s ince  s u r f a c e  e t c h a n t  d e p l e t i o n  a t  t h e  l e a d i n g  e d g e  of  
t h e  w a f e r  w i l l  be  c o m p e n s a t e d  f o r  b y  d i f f u s i o n  f r o m  t h e  w a l l s  i f  
t h e  w a f e r  is  l a r g e  e n o u g h  in  a l a r g e  d i a m e t e r  r e a c t o r .  A s  the d i a m -  
e t e r  of  the  reac tor  is r e d u c e d ,  h o w e v e r ,  th is  d i f fu s ion  e f fec t  c a n n o t  
o v e r c o m e  t h e  d e p l e t i o n  r a t e  a t  t h e  l e a d i n g  e d g e  i f  t h e  w a f e r  a x i a l  
d i m e n s i o n s  are  too  large .  C o n s e q u e n t l y ,  w i t h i n  l i m i t s  i m p o s e d  b7r 
e x p e r i m e n t a l  n e c e s s i t y ,  the  a x i a l  e x t e n t  of  the  w a f e r  m u s t  be  m a d e  
of  m i n i m u m  d i m e n s i o n  (a w i r e  i f  f e a s i b l e ) .  W i t h  t h e  r e a c t o r  d e -  
s ign  to be  d e s c r i b e d  b e l o w ,  a x i a l  e f fec t s  w e r e  n o t  n o t i c e a b l e .  

, i-o  
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Fig. 3. Modified generator design 
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b l a c k  w a x  w a s  d i s s o l v e d  i n  t r i c h l o r e t h y l e n e .  T h e  o x -  
ide  coa t  m i n i m i z e d  edge  a t t a c k  a n d  c o m p l e t e l y  e l i m -  
i n a t e d  a t t a c k  of t h e  u n d e r  s u r f a c e  of t h e  s am p le .  T h e  
f inal  w e i g h t  of t h e  s a m p l e s  w as  of t h e  o r d e r  of 40 mg.  
F o r  e a c h  se t  of e x p e r i m e n t a l  cond i t i ons ,  e t c h i n g  t i m e s  
w e r e  v a r i e d  so as to p r o v i d e  w e i g h t  losses  of ca. 10- 
15 rag. T h e s e  r u n  t i m e s  v a r i e d  b e t w e e n  20 r a i n  a n d  
6 h r  w i t h  t h e  m a j o r i t y  of e x p e r i m e n t s  f a l l i n g  i n t o  t h e  
1-2 h r  r a n g e .  I n  g e n e r a l ,  t w o  to f o u r  d e t e r m i n a t i o n s  
w e r e  m a d e  u n d e r  e a c h  se t  of  cond i t ions .  E t c h  t i m e  w a s  
v a r i e d  to p r o v i d e  w e i g h t  loss v a r i a t i o n  so t h a t  c o n -  
t i n u e d  m o n i t o r i n g  of  pos s ib l e  edge  a n d  d a m a g e  ef fec ts  
cou ld  b e  m a d e .  G e n e r a l l y ,  w e i g h t  loss  r e p r o d u c i b i l i t i e s  
w e r e  w i t h i n  2 -3% of a m e a n  w i t h  t h e  w o r s t  case  in  
o n e  i n s t a n c e  b e i n g  8 %. 

Apparatus.--Figures 4 to 6 s h o w  t h e  d e s i g n  d e t a i l s  
of t h e  h i g h  v e l o c i t y  r e a c t o r  a n d  r e a c t i o n  t r a i n  u s e d  to 
a c q u i r e  o u r  f ina l  da ta .  T h i s  r e a c t o r  w a s  c a p a b l e  of  
d e v e l o p i n g  l.g.s.v, of a p p r o x i m a t e l y  800,000 c m / m i n  
a t  760~ w i t h  i n p u t  c a r r i e r  gas  f low r a t e s  a t  t h e  7.9 
1 / m i n  leve l .  T h e  m a i n  p o r t i o n  of t h e  r e a c t o r  ( t h e  i n -  
n e r  r e a c t o r )  cons i s t s  of p r e c i s e l y  m a c h i n e d  q u a r t z  
p a r t s  h a v i n g  a r e c t a n g u l a r  cross  s ec t i on  u n i f o r m  o v e r  
2 in. to w i t h i n  a f e w  s q u a r e  mils .  T h e  i n n e r  r e c t a n g l e  
d i m e n s i o n s  a r e  6.98 x 0.51 m m  (275 x 20 m i l s )  p r o v i d -  
ing  a c r o s s - s e c t i o n a l  a r e a  of 0.036 c m  2. B u i l t  i n t o  t h e  
c e n t e r  of t h e  i n n e r  r e a c t o r  is a 15-ra i l  d e e p  c i r c u l a r  
recess  h a v i n g  a d i a m e t e r  of  105 mi l .  I n  t h e  c e n t e r  of 
t h i s  recess ,  in  w h i c h  t h e  w a f e r  is pos i t i oned ,  is a 25-  
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m i l  d i a m e t e r  ho l e  c o n n e c t e d  to a v a c u u m  l ine .  T h i s  
v a c u u m  c h u c k  is n e c e s s a r y  to k e e p  t h e  w a f e r  pos i -  
t i o n e d  a t  t h e  h i g h  1.g.s.v. e m p l o y e d .  T h e  e n t i r e  i n n e r  
r e a c t o r  a n d  i ts  a s s o c i a t e d  v a c u u m  c h u c k  a n d  e f f luen t  
p a t h  a r e  m o v a b l e  w i t h i n  a r u b b e r  s l eeve  a t t a c h e d  to 
a f e m a l e  s t a n d a r d  t a p e r  j o i n t  w h i c h  i n  t u r n  c o n n e c t s  
t h e  i n n e r  r e a c t o r  to  t h e  o u t e r  r e a c t o r  i n to  w h i c h  e t c h -  
a n t  is f i rs t  i n t r o d u c e d .  

T h e  c o m b i n a t i o n  of  i n n e r  a n d  o u t e r  r e a c t o r  is r e -  
s i s t a n c e  h e a t e d  o v e r  a 14 in.  l eng th ,  a n d  t h e  s a m p l e  
t e m p e r a t u r e  is m o n i t o r e d  b y  a m o v a b l e  t h e r m 0 c o u p l e  
l oca t ed  in  t h e  v a c u u m  c h u c k  p o r t i o n  of t h e  a p p a r a t u s  
w h i c h  a lso  f u n c t i o n s  as a t h e r m o c o u p l e  wel l .  I n  o r d e r  
to ass i s t  t h e  gas  e n t e r i n g  t h e  o u t e r  r e a c t i o n  c h a m b e r  
in  a c h i e v i n g  t h e  r e q u i r e d  t e m p e r a t u r e ,  t h e  i n c o m i n g  
gas  w a s  f i rs t  p r e h e a t e d  o v e r  a n  11 in. l e n g t h  to t h e  
r e a c t i o n  t e m p e r a t u r e .  

T h e  e x p e r i m e n t a l  p r o c e d u r e  f o l l o w e d  w a s  to l o a d  
t h e  w a f e r ,  t h e n  f lush  t h e  s y s t e m  w i t h  t h e  v e n t  to  
t h e  o u t e r  r e a c t o r  o p e n  fo r  10 r a i n  a t  a n  i n p u t  I-I2 f low 
r a t e  of 4 l / r a i n .  T h e  s y s t e m  w a s  t h e n  b r o u g h t  to  t e m -  
p e r a t u r e  w i t h  t h e  o u t e r  c h a m b e r  v e n t  c losed  a n d  t h e  
e x p e r i m e n t  run .  A t  t h e  c o n c l u s i o n  of t h e  e t c h i n g  p r o c -  
ess, t h e  s y s t e m  w a s  f lu shed  fo r  5 to 30 r a i n  a t  t h e  
e x p e r i m e n t a l  f low r a t e ;  t h e  f u r n a c e  w a s  t h e n  t u r n e d  
off a n d  a l l o w e d  to cool  w h i l e  m a i n t a i n i n g  a f low r a t e  
of 4 1 /min .  

S o m e  i n s i g n i f i c a n t  b a c k  s t r e a m i n g ,  as e v i d e n c e d  b y  
t h e  m i n u t e  q u a n t i t i e s  of r e a c t i o n  p r o d u c t  a c c u m u l a t -  
i n g  in  t h e  o u t e r  c h a m b e r ,  d id  occur .  O v e r  t h e  c o u r s e  
of s e v e r a l  h u n d r e d  runs ,  a t h i n  G e  m i r r o r  f o r m e d  
in  t h e  co lde r  r e g i o n s  of t h e  o u t e r  r e a c t o r  c h a m b e r .  

Results 
F i g u r e  7 s h o w s  a p lo t  of t h e  log R i vs. 1/T o b t a i n e d  

o n  < 1 1 1 ~  s u r f a c e s  w i t h  a n  i n p u t  HI  p a r t i a l  p r e s s u r e  
of 3.8 Tor r .  T h e  a p p a r e n t  t e m p e r a t u r e  i n t e r v a l s  fo r  
m a s s  a n d  s u r f a c e - l i m i t i n g  r e a c t i o n  a r e  d e l i n e a t e d  in  
t h e  g r a p h .  T h e  a c t i v a t i o n  e n e r g y  for  t h e  s u r f a c e  l i m -  
i t ed  r e a c t i o n  w a s  c a l c u l a t e d  to b e  16.6 kca l ,  a n d  t h e  
r a t e  e x p r e s s i o n  d e s c r i b i n g  t h e  d a t a  o n  t h i s  c u r v e  is 
g i v e n  b y  Eq. [8].  

- -  3.64 
log  R s - -  + 5 . 9 9  [ 8 ]  

T ~  

w h e r e  Rf is t h e  e t ch  r a t e  in  m g / c m  2 hr .  

F i g u r e  8 s h o w s  a n u m b e r  of s u c h  cu rves ,  e a c h  r e p r e -  
s e n t a t i v e  of a d i f f e r e n t  i n p u t  p a r t i a l  p r e s s u r e  of HI .  
W i t h i n  e x p e r i m e n t a l  l imi t s ,  t h e  s lopes  of t h o s e  c u r v e s  
de f ined  b y  t h e  g r e a t e s t  n u m b e r  of d a t a  p o i n t s  a r e  
i den t i ca l ,  a n d  t h o s e  c u r v e s  t e s t e d  a t  o n l y  a f e w  
p o i n t s  c l e a r l y  e x h i b i t  s i m i l a r  s lopes.  I t  is n o t e w o r t h y  
t h a t  w i t h  i n c r e a s i n g  HI  m o l e  f r a c t i o n  t h e  t e m p e r a t u r e  
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at  w h i c h  m a s s  t r a n s p o r t  c o n d i t i o n s  b e g i n  to p r e v a i l  
dec reases .  

F i g u r e  9 is a p lo t  of log  Rf vs. log pHI ,  in  t h e  r a n g e  
2.38-9.84 T o r t  a t  500~ T h e s e  d a t a  p r o v i d e  a n  e x c e l -  
l e n t  s t r a i g h t  l i ne  r e l a t i o n s h i p  h a v i n g  a s lope  v e r y  
close to un i ty .  T h e  v a l u e  of kf w a s  d e t e r m i n e d  u s i n g  
Eq. [5], a n d  i ts  t e m p e r a t u r e  d e p e n d e n c y  w a s  d e t e r -  
m i n e d  f r o m  the  A h r e n n i u s  r e l a t i o n ,  Eq. [9].  

log kf ~ - -  3.64 x 1OS/T~ + 5.42 [9] 

k r ha s  t h e  d i m e n s i o n s  m g / c m  2 h r  Tor r .  F r o m  Eq.  [6] 
a n d  [9],  t h e  t e m p e r a t u r e  d e p e n d e n c y  of t h e  f o r w a r d  
r e a c t i o n  r a t e  was  c a l c u l a t e d  a n d  is g i v e n  in  Eq.  [10].  

log R~ ~ - -  3.64 x 1O3/T~ + log PHI + 5.42 [10] 

R f h a s  t h e  d i m e n s i o n s  m g / c m  2 hr ,  a n d  PHI is t h e  i n p u t  
p a r t i a l  p r e s s u r e  of t h e  h a l o g e n  acid.  

Discussion 
Separation of mass transport and surface limiting 

phenomena.--From t h e  r e s u l t s  c i t ed  i t  a p p e a r s  t h a t  
t he  q u a l i t a t i v e  d e s c r i p t i o n  of o p e n  t u b e  k i n e t i c  p r o c -  
esses  s a t i s f a c t o r i l y  p r e d i c t s  t h e  effect  of 1.g.s.v. i n  
a c h i e v i n g  a s e p a r a t i o n  b e t w e e n  t h e  g e o m e t r i c a l l y  g o v -  
e r n e d  m a s s  t r a n s p o r t  a n d  t h e  s u r f a c e  c o n t r o l l e d  r e a c -  
t ion.  In  d i f f e r e n t  s y s t e m s  a n d  w i t h  d i f f e r e n t  s u b -  
s t r a t e  o r i e n t a t i o n s  one  w o u l d  of c o u r s e  e x p e c t  t h a t  t h e  
b o u n d a r i e s  b e t w e e n  t h e  l inea r ,  s u b l i n e a r ,  a n d  p l a t e a u  
r e g i o n s  m i g h t  v a r y  g r e a t l y .  No a t t e m p t  to  a n a l y z e  t h e  
s u b l i n e a r  r e g i o n  a n a l y t i c a l l y  ha s  b e e n  m a d e  b e c a u s e  of 
t h e  c o m p l i c a t e d  n a t u r e  of d i f fus ion  p h e n o m e n a  in  
n o n s t a t i c  sys t ems ,  s t a t i c  t r e a t m e n t s  s u c h  as a p p l i e d  
b y  L e v e r  a n d  M a n d e l  n o t  b e i n g  a p p l i c a b l e  (18-23) .  
F u r t h e r m o r e ,  a t t e m p t s  o n  o u r  p a r t  to  c o m p u t e r  a n -  

February 1966 

a lyze  t h e  s u b l i n e a r  r e g i o n  i n v o k i n g  a c o m p l e t e  m i x -  
i ng  a s s u m p t i o n  w e r e  c o m p l e t e l y  u n s u c c e s s f u l  as 
m i g h t  h a v e  b e e n  a n t i c i p a t e d .  

Effect of etchant partial pressure increase at con- 
stant l.g.s.v, and temperature . - -While  i t  is t h e  case,  as 
c a n  b e  s e e n  f r o m  Eq. [3] a n d  [4],  t h a t  two  or  f o u r  
m o l e c u l e s  of HI  m u s t  r e a c t  a t  t h e  s u r f a c e  in  o r d e r  t h a t  
o n l y  one  m o l e c u l e  of  G e  c o n t a i n i n g  p r o d u c t  is g e n -  
e r a t ed ,  i t  is a lso e v i d e n t  t h a t  a t  c o n s t a n t  t e m p e r -  
a t u r e  a n d  1.g.s.v. t h e  f o r w a r d  r a t e  i n c r e a s e s  w i t h  a n  
i n c r e a s e  in  e t c h a n t  p a r t i a l  p r e s s u r e  as r e q u i r e d  b y  
Eq. [6]. A c o n s e q u e n c e  of t h i s  e n h a n c e d  e t ch  r a t e  is 
t he  b u i l d u p  of r e a c t i o n  p r o d u c t  p a r t i a l  p r e s s u r e  a t  t h e  
s u r f a c e  a n d  a n  i n c r e a s e  i n  t h e  r a t e  of  r e v e r s e  r e a c t i o n .  
Thus ,  w h a t  m a y  b e  a n  a d e q u a t e  1.g.s.v. v e l o c i t y  to  
s a t i s fy  b o t h  c o n d i t i o n s  n e c e s s a r y  for  r e s o l v i n g  t h e  
f o r w a r d  r e a c t i o n  k i n e t i c s  a t  a l ow  e t c h a n t  p a r t i a l  
p r e s s u r e  m a y  b e c o m e  i n a d e q u a t e  a t  h i g h e r  v a l u e s  
b e c a u s e  of a n  i n c r e a s e d  r e v e r s e  r e a c t i o n  ra t e .  

Speculation on the reaction mechanism.---From t h e  
e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  w e  h a v e  s e e n  t h a t  t h e  
f o r w a r d  r a t e  is d e p e n d e n t  on  t h e  H I  p a r t i a l  p r e s s u r e  
to t h e  f i rs t  p o w e r .  In  a t t e m p t i n g  to def ine  a r e a s o n a b l e  
m e c h a n i s m  c o n s i s t e n t  w i t h  this ,  Eq. [11 a - e l ,  a n u m -  
b e r  of a l t e r n a t i v e s  

H2(g )  ~- G e ( s )  ~ - -Ge  �9 H e ( a )  ~ L a n g m u i r  [11a] 

H I ( g )  + G e ( s )  ~ Ge �9 H I ( a )  J a d s o r p t i o n s  [ l l b ]  

Ge  �9 HI  (a )  ~- HI  (g)  ~ G e I u ( a )  -~ H 2 ( a )  [ l l c ]  

s l ow  
GeI2 (a )  ) GeI2 (g)  [ l l d ]  

H 2 ( a )  ~-- H2 (g)  [ l l e ]  

sugges t  t h e m s e l v e s .  T h e  f i rs t  i n v o l v e s  a m e c h a n i s m  i n  
w h i c h  t h e  a d s o r p t i o n  of H I  v i a  Eq. [ l l b ]  r e p r e s e n t s  
t h e  s low step.  S u c h  a r a t e - l i m i t i n g  s t ep  is n o t  too  
p r o b a b l e ,  h o w e v e r ,  s ince  i n i t i a l  s u r f a c e  c o v e r a g e  is 
l i k e l y  to be  r ap id .  In  fact ,  w i t h  t h e  l a r g e  q u a n t i t y  of  
H2 p r e s e n t  i t  is l i k e l y  t h a t  t h e  HI  a b s o r p t i o n  i s o t h e r m  
is so mod i f i ed  t h a t  e v e n  a t  v e r y  l ow  H I  p r e s s u r e s  t h e  
s u r f a c e  r a p i d l y  a c h i e v e s  s a t u r a t i o n  w i t h  r e s p e c t  to  
HI. Th i s  l eads  to e i t h e r  Eq.  [ l l c ]  or  [ l l d ]  as  r e p r e -  
s e n t i n g  t h e  pos s ib l e  r a t e - l i m i t i n g  step.  I n  a t t e m p t i n g  
to assess  t h e  r e l a t i v e  p r o b a b i l i t y  of e a c h  of  t h e s e  s t eps  
as r a t e  l imi t ing ,  some  p r e l i m i n a r y  o b s e r v a t i o n s  of 
< 2 1 1 >  e t c h i n g  r e s u l t s  a r e  w o r t h w h i l e  m e n t i o n i n g .  
T h e s e  d a t a  t o g e t h e r  w i t h  t h o s e  of Fig. 7 a r e  p r e s e n t e d  
in  Fig. 10 for  c o m p a r i s o n .  I t  is to  b e  n o t e d  t h a t  t h e  
e t ch  r a t e  on  < 2 1 1 >  s u r f a c e s  is s l o w e r  t h a n  o n  < 1 1 1 >  
sur faces .  In  o r d e r  for  t h e  e q u i l i b r i u m  c o n s t a n t  d e -  
s c r i b i n g  t he  r e a c t i o n  to b e  c o n s t a n t ,  t h i s  o b s e r v a t i o n  
i n d i c a t e s  t h a t  t h e  s u r f a c e - c o n t r o l l e d  g r o w t h  r a t e  on  
~ 1 1 1 ~  s u r f a c e s  m u s t  be  s l o w e r  t h a n  on  < 2 1 1 >  s u r -  
faces.  A l so  to b e  n o t e d  is t h e  a p p a r e n t  s i m i l a r i t y  of 
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Fig. 10. Observations of ~211 ~ etching results 
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Table I. Thermodynamic data for the system Ge-I2-H2 
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T I  2 Bed~ ~  PHI  inpu t ,  m m  T G e ,  ~  pGcI2/pGeI4. 

4 3 . b  2 . 3 8  5 0 0  1 .6  • 103 
6 0 0  1 .7  • 104 
7 2 0  2 ,2  • 105 

4 9 . 3 5  3 . 8 0  5G0 5 .3  • 16  '2 
6 0 0  7 .8  • 1O~ 
7 2 0  1.O • 105 

5 3 . 0  4 . 9 6  5 0 0  3 .7  • 10  -~ 
600 5.8 • 10 a 
7 2 0  6 .6  • 104 

58 .1  7 .0 8  5 0 0  2 .0  • 10  e 
6 0 0  2 .6  • 103 
7 2 0  3 .5  • 10~ 

63 .0  9 . 8 4  5 0 0  1 .3  • 102 
600 1.8 • 1O~ 
T20 2 .2  • 104 

activation energies for both <111> and <211> sur- 
face rates, indicative of similar rate-controlling steps. 
Whether this is general for other low indices planes 
is yet to be explored, but it would tend to point more 
to the reaction product desorption step, Eq. [ l ld] ,  
rather than a bond breaking step, Eq. [llc], as rate 
limiting. The former is more likely to involve similar 
activation energies on different planes than is the 
latter.  

R e v e r s e  r e a c t i o n  a n d  au todoTdng  p h e n o m e n a . - - I n  all 
of the exper iments  conducted, conditions were  chosen 
in which the thermodynamic  GeI2/GeI4 ratio was ca. 
102 or greater,  Table I (12). The data for the fo rward  
reaction, however ,  are  independent  of which  product  
is predominant  so long as the over -a l l  react ion mech-  
anism exhibits a distinct ra te - l imi t ing  step and pro-  
ceeds pr imar i ly  by a sequent ial  path. Assuming that  
the over -a l l  react ion mechanism coincides wi th  the 
thermodynamic  relationship,  Eq. [3], in which GeI2 
is formed, for which we have presented some indirect  
evidence, the equi l ibr ium constant may  be defined by 
Eq. [12]. In Eq. [12], the H2 has been taken as a con- 
stant having a value  of 755 Torr. 

pGeI2 
K [12] 

pHI 2 

In order for the kinetics to be consistent in both the 
nonequi l ibr ium and boundary  equi l ibr ium states, Eq. 
[12] may be rewr i t t en  as 

pGeI21/2 
K '  = K 1/2 - -  [13] 

pHI 

It will  be noted that  the pHI te rm is raised to the 
first power  consistent wi th  the react ion order  de ter -  
mined. The tempera ture  dependency of I<' as de te r -  
mined f rom data in ref. (12) is given by 

log K' = --  93.7/T~ --  0.631 [14] 

The total rate  expression for the reaction defined by 
Eq. [3] is given in Eq. [15]. 

R t  = k l P H i -  krPGeI21/2 [15] 

A similar expression assuming GeI4 as the end prod-  
uct is given by Eq. [16]. 

Rt" = k fP H I  - kr'PGeI41/4 [16] 

At equi l ibr ium where  the rates for the fo rward  and 
reverse  reactions are  equal, it is a consequence that  

k f P H I  = krPGeI21/2 [17] 
o r  

kfpHI = kr'PGeI41/4 [18] 
and 

k~ k~ 
kr = or [19] 

K '  K "  

where  K" is the equi l ibr ium constant for the reac-  

tion in which GeI4 is the end product. The t empera -  
ture  dependency of K " i s  given by Eq. [20]. 

log K "  = 1890/T~ - -  3.771 [20] 

Equations [14] and [20], together  wi th  the tempera ture  
dependency of ks, Eq. [9], enable us to calculate  the 
tempera ture  dependency of the specific ra te  constant, 
kr, for ei ther  of the assumed reverse  reactions. These 
relationships are given in Eq. [21] and [22]. 

--3.55 X 103 
log k, I-6.05 where GeI2 is involved [21] 

TOK 
--5.53 X 103 

log k'~ ~- 9.19 where GeI4 is involved [22] 
TOK 

Dimensionally kf has the value mg/cm 2 hr Torr. kr 
for the GeI2 reaction has the dimensions mg/cm 2 hr 
Torr 1/2, and kr' for the Gel4 reaction has the dimen- 
sions mg/cm 2 hr Torr 1/4. The activation energies cal- 
culated for the reactions involving GeI2 or Gel4 are 
16.2 and 25.3 kcal, respectively. 

The above has considerable implications concerning 
the extent to which autodoping is likely to occur in 
a deposition reaction involving the reduction of GeI2 or 
Gel4. Since the etching kinetics of the HCI-Ge reac- 
tion are even faster than those we have determined 
for the Ge-HI  system, the problem of autodoping is 
potent ia l ly  more  severe in the te t rachlor ide  process. 

In its simplest  sense, as ment ioned earlier, autodoping 
is a te rm used to describe an effect in a net  deposition 
reaction in which a react ion product  (here a halogen 
acid) reacts wi th  the substrate and substrate dopants 
br inging both the semiconductor  and the impuri t ies  
into the vapor  phase. These impuri t ies  then, ei ther by 
a deposition or segregation process, become incorpo-  
rated in the epi taxia l ly  grown layer. A drastic example  
of such an effect is observed in the growth of Ge on 
GaAs via the reduct ion of GeC14. Even though a net  
growth is observed, the GaAs is noticeably etched, 
and the deposited layer  of Ge is doped almost to de- 
generate  levels for some distance f rom the physical  
junction. Since the grown layer  shields the substrate, 
once the fo rmer  is thick enough, the autodoping de-  
creases with increasing grown layer  thickness. 4 The 
net effect is the format ion of a nonabrupt  impuri ty  
gradient  around the grown junction. Al ternately ,  
workers  in the field have  at t r ibuted the observed im-  
pur i ty  gradient  characterist ics to outdiffusion f rom 
the substrate or to the gas phase phenomena men-  
tioned. The fact that  our studies indicate such fast 
kinetics for the etching react ion is strong evidence to 
support  the gas phase mechanism as the major  factor 
in autodoping. If we consider fur ther  that  the de- 
position react ion is dependent  on ei ther the ~/z or 1/4 
power  of the Ge halide whi le  the etching is propor-  
t ional to the first power  of the halogen acid concen- 
tration, the gas phase mechanism becomes even more 
compelling. As we have  pointed out earlier,  the 1.g.s.v. 
normal ly  employed coincide with  those in which the 
rates approach equi l ibr ium values. This, of course, 
fur ther  favors a gas phase autodoping mechanism in 
view of our results. If these arguments  are indeed 
representa t ive  of the state of affairs in open tube 
halide deposition reactions, it would appear that  a 
means by which autodoping can be minimized is to 
increase 1.g.s.v. to values many  orders of magni tude  
greater  than are normal ly  employed at the start  of the 
deposition to obtain initial surface coverage. When this 
has been achieved and the surface is protected, more 
normal  conditions may  then be employed. 

As previously discussed, the t empera tu re  in terva l  in 
which surface- l imi t ing  kinetics could be achieved in 
the reactor  employed appeared to decrease wi th  in-  
creased HI part ial  pressure.  Since the faster  1.g.s.v. 

I n  t h e  i n i t i a l  g r o w t h  s t a g e s ,  n u c l e a t i o n  p r o c e s s e s  a r e  o c c u r r i n g  
s o  t h a t  e v e n  t h o u g h  a n e t  d e p o s i t i o n  o c c u r s ,  m o s t  o f  t h e  o r i g i n a l  
s u r f a c e  i s  e x p o s e d  t o  t h e  a t t a c k  o f  r e a c t i o n  p r o d u c t s .  



152 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  F e b r u a r y  1966 

apparent ly  needed to minimize autodoping would 
probably requi re  proport ionately  decreased concentra-  
tions of reactants  whose concentrat ion effect behavior  
hopeful ly  is similar in the deposition process to that  
observed in the etching process, both requi rements  for 
approaching surface- l imi t ing kinetics and minimizing 
autodoping in a deposition would appear  to be con- 
sistent. 
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Kinetic Effects in Temperature Gradient Zone Melting 
R. G. Seidensticker 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Exper iments  on the motion of l iquid zones in the ge rmanium-go ld  TGZM 
system indicate that  kinetics characterist ic of screw dislocations may play 
an impor tant  role. In many instances, dissolution ra ther  than deposition ap- 
peared to be the ra te - l imi t ing  mechanism. Finally,  it was found that  the 
motion of such zones was intr insical ly unstable under some conditions. 

Tempera tu re  gradient  zone melt ing (TGZM), some- 
times called the t ravel ing solven~ method  of crystal  
growth (TSM),  has been discussed in a number  of 
papers (1-9). Migrat ion of the zone occurs because a 
t empera ture  gradient  imposed on a sol id- l iquid-sol id  
sandwich creates a concentrat ion gradient,  l inear  for 
most cases of interest,  which provides a dr iv ing force 
for the diffusion of solvent  across the zone. Since the 
solvent  concentrat ion may be equated to a temperature ,  
Tliquidus, by the phase diagram liquidus curve, the con- 
centrat ion gradient  may be equated to an "equi-  
l ibr ium tempera tu re  gradient," G*. The migrat ion 
veloci ty is proport ional  to the flux of solvent so that  
v ~ fiG*, where  t~ includes the diffusivity of the liquid, 
and parameters  re la t ing to the phase diagram. A model  
f requent ly  used for analyzing zone motion assumes 
that  the l iquid alloy is in equi l ibr ium with  the solid 
at both the high and low tempera tu re  interfaces so that  
G* ~ G, the actual t empera tu re  gradient.  On the other  
hand, Til ler  (5) assumed that  both interfaces depart  
f rom equi l ibr ium due to kinetic effects and the resul t -  
ing equations show an addit ional  dependency on zone 
thickness and kinetic constant. 

This effect of kinetics on zone migrat ion can be 
easily seen f rom Fig. 1. Let  8Tm and 5Ts be the de-  
par tures  of the dissolving and solidifying interfaces 
f rom equi l ibr ium at a given velocity,  i.e., 8 T =  
Tliquidus - -  Tactual .  It  is easily seen that  

~ iTs-  8Tm 
G* = G [1] 

l 

where  bTm ~0--~6Ts,  and l is the zone thickness. 
Since the migrat ion velocity is proport ional  to G* 

v = ~G* = ~ G - - . ~  (~T~-- ~T~) [21 
l 

If kinetics are neglected (the 6T's ~ 0) or if I is ve ry  
large, then Eq. [2] reduces to the usual form v = G~; 
when  kinetic laws are specified, it reduces at once to 
Til ler 's  equations. 

Zone stability has been discussed qual i ta t ively  for 
isotropic kinetics by Pfann (1), and by Til ler  (5) who 
assert that  the zone should be stable when  moving  in 
the direction of the tempera ture  gradient.  For  the case 
of anisotropic interracial  energy [equivalent  to aniso- 

Solid Liquid Solid 
PZ 

Fig. 1. Schematic diagram of the actual and "phase diagram" 
temperatures in a migrating zone with kinetics limitations. 



Vol .  113, No.  2 K I N E T I C  E F F E C T S  I N  Z O N E  M E L T I N G  153 

t r o p i c  k i n e t i c s  ( 5 ) ]  t h e y  c o n c l u d e  t h a t  s t a b i l i t y  d e -  
p e n d s  on  t h e  o r i e n t a t i o n  of b o t h  t h e  zone  a n d  t h e  
t e m p e r a t u r e  g r a d i e n t .  

As  to t h e  r e s u l t s  of e x p e r i m e n t s ,  W e r n i c k  (4) r e -  
p o r t e d  t h a t  b o t h  go ld  a n d  a l u m i n u m  w i r e  zones  i n  g e r -  
m a n i u m  a n d  s i l i con  e x h i b i t e d  a d e p e n d e n c e  of v e l o c i t y  
o n  z o n e  size a n d  a s t a b i l i t y  d e p e n d e n c y  o n  t h e  o r i -  
e n t a t i o n  of b o t h  t h e  zone  a n d  t h e  g r a d i e n t .  M l a v s k y  
a n d  W e i n s t e i n  (7) ,  h o w e v e r ,  r e p o r t e d  no  i n d i c a t i o n  of 
a n  o r i e n t a t i o n  d e p e n d e n t  v e l o c i t y  i n  t h e  g r o w t h  of 
G a A s  f r o m  a G a  r i c h  zone ;  i ndeed ,  t h e y  a n d  t h e i r  
c o l l e a g u e s  h a v e  a s s e r t e d  in  s e v e r a l  p a p e r s  (7, 9) t h a t  
if  a d e q u a t e  w e t t i n g  is o b t a i n e d  b e t w e e n  t h e  so l id  a n d  
l iqu id ,  t h e n  t h e  zone  m o v e s  u n i f o r m l y  t h r o u g h  t h e  
s ample .  F o r  t h e  case  of z o n e  m o t i o n  in  GaAs ,  M l a v s k y  
a n d  W e i n s t e i n  d id  r e p o r t  t h a t  t h e  m i g r a t i o n  v e l o c i t y  
d e p e n d e d  on  zone  t h i c k n e s s ,  h o w e v e r ,  t h e i r  a n a l y s i s  as 
w e l l  as T i l l e r ' s  (6) i n d i c a t e s  t h a t  t h i s  w a s  d u e  to a 
c h a n g e  i n  l i q u i d  c o m p o s i t i o n  r a t h e r  t h a n  to k i n e t i c  
effects.  W e r n i c k ' s  i n t e r p r e t a t i o n  of h i s  d a t a  w a s  b a s e d  
on  u n d e r s a t u r a t i o n  in  t h e  l i q u i d  c o m b i n e d  w i t h  a n i s o -  
t r o p i c  d i s s o l u t i o n  a t  t h e  h o t t e r  i n t e r f a c e .  T i l le r ,  o n  t h e  
o t h e r  h a n d ,  c o n c l u d e d  t h a t  W e r n i c k ' s  d a t a  i n d i c a t e d  
t h a t  s c r e w  d i s l o c a t i o n  k i n e t i c s  l i m i t e d  t h e  z o n e  v e l o c -  
i ty,  b u t  fo r  l a ck  of d i s t i n g u i s h i n g  c r i t e r i a  a s s i g n e d  
e q u a l  w e i g h t  to  k i n e t i c s  a t  b o t h  i n t e r f a c e s ,  i.e., as -  
s u m e d  ~Tm = 6Ts. 

I n  t h i s  pape r ,  v a r i o u s  effects  of k i n e t i c a l l y  l i m i t e d  
m e c h a n i s m s  a n d  of i n t e r r a c i a l  e n e r g y  wi l l  b e  d i scussed .  
I n  m a n y  i n s t a n c e s ,  d i s s o l u t i o n  w a s  f o u n d  to b e  t h e  r a t e  
l i m i t i n g  p roce s s  so t h a t  k i n e t i c s  a t  t h e  h i g h e r  t e m p e r a -  
t u r e  i n t e r f a c e  do i n d e e d  l i m i t  t h e  ve loc i ty .  A q u a n t i -  
t a t i v e  e v a l u a t i o n  of zone  s t a b i l i t y  i n c l u d i n g  k i n e t i c  
effects  is m a d e ,  b a s e d  o n  a n  e x t e n s i o n  of  t h e  s t a b i l i t y  
a n a l y s i s  of M u l l i n s  a n d  S e k e r k a  (10) .  Th i s  t r e a t m e n t ,  
d e r i v e d  i n  a l a t e r  p a p e r  (11) ,  s h o w s  t h a t  t h e  m i g r a t i n g  
zone  m a y  b e  u n s t a b l e  e v e n  in  t h e  s t r i c t l y  i so t rop i c  
case.  

Experimental Apparatus and Procedures 
Z o n e  m i g r a t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  u s i n g  

b o t h  f la t  o r  " s l a b "  zone  a n d  w i r e  zones.  T h e  g e r m a -  
n i u m - g o l d  s y s t e m  w as  c h o s e n  b e c a u s e  t h e  low eu t ec t i c  
t e m p e r a t u r e  (12) p e r m i t t e d  e x p e r i m e n t s  to b e  d o n e  in  
a c o n v e n i e n t  t e m p e r a t u r e  r a n g e ,  a n d  t h e  n e g l i g i b l e  
so l id  s o l u b i l i t y  of go ld  i n  g e r m a n i u m  (13) a s s u r e d  
t h a t  t h e  go ld  c o n t e n t  of t h e  zone  w a s  c o n s t a n t  d u r -  
ing  a r u n .  

T h e  e x p e r i m e n t a l  a p p a r a t u s  is s h o w n  in  Fig.  2. A l l  
t h e  c o m p o n e n t s  a r e  e n c l o s e d  in  a V y c o r  " T "  t u b e  to 
p e r m i t  a cho ice  of a m b i e n t .  T h e  f u r n a c e s  w e r e  b r o u g h t  
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Fig. 2. Schematic diagram of the experimental apparatus 

~ T h e r m o c o u p l e  

~z/" / x----Silver 

Seperotor 

Plotes 

Fig. 3. Schematic diagram of the sample holder 

u p  to t e m p e r a t u r e  a n d  o u t g a s s e d  a t  a p r e s s u r e  of 10 -5  
Tor r .  W h e n  t h e  s a m p l e  h o l d e r  w a s  i n s e r t e d  in  t h e  ho t  
s ec t i on  to s t a r t  a r u n ,  a b o u t  5 T o r r  of H e  w a s  a d m i t t e d  
to a id  t h e r m a l  t r a n s p o r t .  H e a v y  g r a p h i t e  p i s t o n s  e x -  
t e n d i n g  i n to  t h e  h o t  zones  of t h e  f u r n a c e s  m a i n t a i n e d  
t h e  s a m p l e  h o l d e r  t e m p e r a t u r e s .  A b e l l o w s  a t  t h e  top  
of t h e  a p p a r a t u s  a l l o w e d  t h e  u p p e r  p i s t o n  to b e  r a i s e d  
so t h a t  t h e  s a m p l e  h o l d e r  cou ld  b e  ea s i ly  m o v e d ,  a n d  
ye t  p r o v i d e d  a good  p r e s s u r e  con tac t .  Caps  of 3 /16 
in. s i l v e r  on  t h e  e n d s  of t h e  p i s t ons  r e d u c e d  r a d i a l  
g r a d i e n t s  at  t h e  s a m p l e  h o l d e r .  

T h e  s a m p l e  h o l d e r  i t s e l f  is s h o w n  i n  Fig. 3. S i l v e r  
top  a n d  b o t t o m  p l a t e s  s e p a r a t e d  b y  a s t a i n l e s s  s t ee l  
r i n g  s e r v e  to f u r t h e r  m i n i m i z e  r a d i a l  t e m p e r a t u r e  
g r a d i e n t s .  T e m p e r a t u r e  m e a s u r e m e n t s  a t  t h e  p l a t e s  
w e r e  m a d e  u s i n g  c h r o m e l - a l u m e l  t h e r m o c o u p l e s ,  p r o -  
t e c t e d  b y  t h i n  w a l l e d  s i l ica  t ubes ,  a n d  i n s e r t e d  1 c m  
in to  t h e  p la tes .  A n  a d d i t i o n a l  5 cm of t h e  t h e r m o -  
coup l e s  w e r e  in  t h e  h o t  zone  of t h e  f u r n a c e  to m i n i -  
m i z e  i m m e r s i o n  co r r ec t i ons .  S i n c e  t h e  d i f f e r e n c e  in  
t e m p e r a t u r e  b e t w e e n  t h e  two  p l a t e s  w a s  m u c h  m o r e  
i m p o r t a n t  t h a n  t he  a b s o l u t e  t e m p e r a t u r e ,  s o m e  c a r e  
was  t a k e n  to i n s u r e  t h a t  t h e  coup le s  h a d  s i m i l a r  r e -  
sponse .  B o t h  j u n c t i o n s  w e r e  m a d e  f r o m  a d j a c e n t  r e -  
g ions  of t h e  t h e r m o c o u p l e  w i r e ;  c a l i b r a t i o n  of one  p a i r  
of coup le s  i n d i c a t e d  a n  a g r e e m e n t  of Y4"C or  b e t t e r ,  
i.e., a b o u t  1% of t h e  t e m p e r a t u r e  d i f f e r ences  u s u a l l y  
m e a s u r e d .  

T h e  t e m p e r a t u r e  g r a d i e n t s  in  t h e  s a m p l e  w e r e  u s u -  
a l ly  c o m p u t e d  f r o m  t h e  m e a s u r e d  t e m p e r a t u r e  d i f f e r -  
ence  ac ross  t h e  s a m p l e  ho lde r .  T h i s  t e c h n i q u e  r e q u i r e d  
good t h e r m a l  c o n t a c t  b e t w e e n  t h e  s a m p l e  a n d  t h e  
ho lde r ,  a n d  s e v e r a l  m e t h o d s  w e r e  t r i ed .  T h e  u se  of 
A q u a d a g  as a c e m e n t  was  r e a s o n a b l y  success fu l ,  h o w -  
e v e r  t h e  u se  of a p r e s s u r e  c o n t a c t  w i t h  t h e  s a m p l e  
s e p a r a t e d  f r o m  t h e  h o l d e r  p l a t e s  b y  t h i n  (75#) g r a p h -  
i t e  d i sks  w a s  m o r e  r e p r o d u c i b l e .  W h e n  t h e  d i sks  w e r e  
used,  t h e  s a m p l e  h a d  to b e  p r e p a r e d  so t h a t  t h e r e  w a s  
a so l id  r e g i o n  a r o u n d  t h e  l i q u i d  zone  fo r  s u p p o r t ;  t h e  
l i q u i d  was  e s s e n t i a l l y  enc losed .  C a l i b r a t i o n  r u n s  u s i n g  
s a m p l e s  w i t h  d i f f e r e n t i a l  t h e r m o c o u p l e s  e m b e d d e d  in  
t h e m  s h o w e d  t h a t  t h e  r a t i o  of s a m p l e  g r a d i e n t  to  t h e  
t e m p e r a t u r e  d i f f e r e n c e  ac ross  t h e  h o l d e r  w a s  c o n s t a n t  
to a b o u t  10%, e s p e c i a l l y  w h e n  t h e  p r e s s u r e  c o n t a c t  
t e c h n i q u e  w a s  used.  

T h e  s a m p l e s  t h e m s e l v e s  w e r e  p r e p a r e d  b y  f i rs t  a l -  
l o y i n g  go ld  p l a t i n g  or  go ld  fo i l  on to  t h e  i n d i v i d u a l  
g e r m a n i u m  slices. I f  a p l a t e d  depos i t  w a s  used ,  a d d i -  
t i o n a l  go ld  fo i l  w a s  a d d e d  to m a k e  u p  t h e  f inal  zone  
t h i c k n e s s .  T h e  a l l o y i n g  w a s  d o n e  e i t h e r  in  a h y d r o g e n  
a t m o s p h e r e  or  in  f o r e p u m p  v a c u u m .  B o t h  t e c h n i q u e s  
g a v e  s a t i s f a c t o r y  r e su l t s ,  h o w e v e r  v a c u u m  w a s  p r e -  
f e r r e d  s ince  g o l d - g e r m a n i u m  eu t ec t i c  h a s  a s m a l l  b u t  
i m p o r t a n t  s o l u b i l i t y  f o r  h y d r o g e n .  F o r  s o m e  of t h e  
r u n s ,  a n  a l loy  of A u  + 1/2 a / o  ( a t o m i c  p e r  c e n t )  S b  
was  u s e d  to e n h a n c e  b o t h  t h e  w e t t i n g  of t h e  g e r m a -  
n i u m  a n d  t h e  ea se  w i t h  w h i c h  t h e  r e d e p o s i t e d  m a t e r i a l  
cou ld  b e  d e l i n e a t e d .  T h e r e  w a s  no  s ign i f i can t  i m -  
p r o v e m e n t  in  w e t t i n g ,  so t h a t  i n  sp i t e  of t h e  i m p r o v e d  
d e l i n e a t i o n ,  p u r e  go ld  w a s  u s e d  fo r  m o s t  of  t h e  r u n s  
to r e d u c e  t h e  n u m b e r  of p a r a m e t e r s  in  t h e  sys t em.  I n  
t h e  w i r e  zone  r u n s ,  t h e  G e  s l ices  w e r e  g r o o v e d  l i g h t l y  
o n  one  s u r f a c e  a n d  p u r e  go ld  w i r e s  f u s e d  in to  t h e  
g rooves .  
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Fig. 4. Experimental data on the zone migration velocities. Zone 
velocity, v; temperature gradient in the liquid, G; zone thickness, 
I. �9 e,  ~ 525~ A A ,  ~ 625~ solid points, wire zone. 

T h e  b e h a v i o r  of t h e  zone  w a s  d e t e r m i n e d  o n  t h e  
bas i s  of one  or  m o r e  sec t ions  t h r o u g h  t h e  s ample .  
S t a n d a r d  p o l i s h i n g  a n d  e t c h i n g  t e c h n i q u e s  w e r e  
u s e d  to d e t e r m i n e  t h e  zone  t r ave l ,  a n d  h e n c e  t h e  
ve loc i ty .  

Mos t  of t h e  f iat  zone  r u n s  w e r e  m a d e  u s i n g  {111} 
w a f e r s  for  b o t h  t h e  s o u r c e  a n d  t h e  seed  c rys ta l s .  T h e  
axis  of t h e  w i r e  zones  w a s  u s u a l l y  < 1 1 0 >  a n d  t h e  
t e m p e r a t u r e  g r a d i e n t  in  e i t h e r  < 0 0 1 >  or  < 1 1 2 > .  
T h e  c a l c u l a t e d  g r a d i e n t s  in  t h e  l i q u i d  zone  r a n g e d  
f r o m  15 ~ to 6 0 ~  a n d  a v e r a g e  z o n e  t e m p e r a t u r e s  
of a b o u t  525 ~ a n d  625~ w e r e  used.  

E x p e r i m e n t a l  Resu l ts  

A l t h o u g h  t he  flat  zones  f r e q u e n t l y  m o v e d  as seg-  
m e n t s  r a t h e r  t h a n  as a s ing le  s lab,  t h e  s e g m e n t s  w e r e  
w i d e  a n d  t h i n  e n o u g h  to b e  c o n s i d e r e d  as i n d i v i d u a l  
f iat  zones.  O n l y  t h o s e  r u n s  w h e r e  t h e  s e g m e n t  v e l o c i t y  
was  u n i f o r m  o v e r  t h e  s a m p l e  w e r e  u s e d  fo r  t h e  e v a l u -  
a t i o n  of t h e  k ine t i cs .  T h e  e x p e r i m e n t a l  d a t a  on  t h e  m i -  
g r a t i o n  v e l o c i t y  is s h o w n  in  Fig.  4, w h e r e  t h e  f u n c t i o n  
v / G  2 is p l o t t e d  vs. t h e  zone  t h i c k n e s s .  D a t a  f r o m  t h e  
w i r e  zone  r u n s  w h i c h  s h o w e d  u n i f o r m  m o t i o n  a r e  a lso  
p l o t t e d  in  t h e  s a m e  f igure.  

I n  some  of t h e  runs ,  t h e  s e g m e n t s  w e r e  t h e  r e s u l t  of 
u n e v e n  w e t t i n g ;  in  m a n y  cases,  h o w e v e r ,  b u b b l e s  a p -  
p a r e n t l y  f o r m e d  in  t h e  l i q u i d  a n d  f o r c e d  s o m e  of i t  o u t  
of t h e  zone.  F u s i o n  a n a l y s i s  in  a m a s s  s p e c t r o m e t e r  
s h o w e d  t h a t  s a m p l e s  t h a t  h a d  b e e n  f u s e d  in  h y d r o g e n  
r e l e a s e d  suff ic ient  gases  to g ive  s u c h  b u b b l i n g ,  e v e n  in  
t h e  p r e s e n c e  of t h e  5 T o r r  H e  a m b i e n t .  S i m p l e  c a l c u -  
l a t i o n s  i n d i c a t e d  t h a t  w h e n  b u b b l i n g  h a d  f o r c e d  d r o p -  
le t s  of l i q u i d  ou t  of t h e  zone,  t h e  f r e e  e n e r g y  of t h e  sys -  
t e m  w a s  l o w e r e d  a n d  t h e  c o n f i g u r a t i o n  w a s  s t ab le .  T h e  
use  of s a m p l e s  f u s e d  in  v a c u u m  m a r k e d l y  r e d u c e d  t h e  
size a n d  n u m b e r  of voids .  

T h e  m o r p h o l o g y  of t h e  zone  w a s  u s e d  to d e t e r m i n e  
q u a l i t a t i v e l y  a t  w h i c h  i n t e r f a c e  t h e  k i n e t i c s  effects  
w e r e  m o s t  p r o n o u n c e d .  I f  one  i n t e r f a c e  b u t  n o t  t h e  
o t h e r  s h o w e d  f ace t ing ,  t h e n  i t  is r e a s o n a b l e  to  a s -  

Fig. 5. Longitudinal and transverse section of a wire zone. 
Dissolving interface faceted and solidifying interface curved. 

s u m e  t h a t  k i n e t i c  l i m i t a t i o n s  w e r e  m o r e  i m p o r t a n t  a t  
t h a t  i n t e r f ace .  I n  t h e  case  of f ia t  zones  b o u n d e d  b y  
{111} p l anes ,  t h e  d i s s o l v i n g  i n t e r f a c e  s h o w e d  i n d i c a -  
t ions  of f a c e t i n g  w h i l e  t h e  g r o w i n g  i n t e r f a c e  d id  
not .  T h e  effect  w a s  m o r e  p r o n o u n c e d ,  h o w e v e r ,  w i t h  
t h e  w i r e  zones.  F i g u r e  5 s h o w s  t r a n s v e r s e  a n d  l o n g i -  
t u d i n a l  s ec t ions  of a < 1 1 0 >  zone  w h i c h  h a s  m o v e d  in  
a < 0 0 1 >  g r a d i e n t .  T h e  zone  w a s  d i s s o l v i n g  i n  a 
f a c e t e d  t r o u g h  b o u n d e d  b y  {111} p l anes ,  w h i l e  t he  
g r o w i n g  i n t e r f a c e  w a s  h i g h l y  c u r v e d .  T h e s e  o b s e r v a -  
t ions  co n f i rm  W e r n i c k ' s  c o n c l u s i o n  t h a t  in  w i r e  zones,  
p a r t i c u l a r l y ,  t h e  r a t e  l i m i t i n g  s t ep  w as  d i s s o l u t i o n  
r a t h e r  t h a n  sol id i f ica t ion.  

T h e s e  o b s e r v a t i o n s  w e r e  g e n e r a l l y  a p p l i c a b l e  to 
zone  m o t i o n  w i t h  m o d e r a t e  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  
l iqu id ,  e.g., G < 6 0 ~  T w o  r u n s  w e r e  m a d e  u s i n g  
{111} f lat  zones  w i t h  g r a d i e n t s  a b o v e  100~  T h e s e  
runs ,  w h i c h  a p p a r e n t l y  h a d  good  w e t t i n g  a n d  f e w  if  
a n y  voids ,  s h o w e d  a n  i n s t a b i l i t y  c h a r a c t e r i z e d  b y  t h e  
b r e a k  up  of t h e  zone  i n to  s m a l l  d rop le t s .  T h e  poss ib l e  
cause  of s u c h  i n s t a b i l i t y  w i l l  b e  c o n s i d e r e d  l a te r .  

Discuss ion  

I n  o r d e r  to a n a l y z e  t h e  zone  m o t i o n  da ta ,  Eq.  [2] 
m u s t  b e  mod i f i ed  b y  a s s u m i n g  a specif ic  k i n e t i c  law.  
F o r  e x a m p l e ,  i f  l a y e r  g e n e r a t i o n  b y  a s c r e w  d i s loca -  
t ion  is t h e  a s s u m e d  m e c h a n i s m ,  t h e n  5 T s -  8Tm 
r v  1/2, w h e r e  P = (1/~s)  l/2 -4- (1/gin) 1/2 a n d  t h e  g 's  a re  
t h e  k i n e t i c  c o n s t a n t s  a t  t h e  s o l i d i f y i n g  a n d  m e l t i n g  i n -  
t e r faces .  Th i s  a s s u m p t i o n  a l l o w s  Eq. [2] to be  s o l v e d  
for  v g i v i n g  

1 +  - -  1 +  [3] V 2/2 ~ 

W h e n  k i n e t i c  effects  a r e  p r o n o u n c e d ,  ~r 2 > >  4Gl  2 a n d  
Eq. [3] m a y  be  a p p r o x i m a t e d  b y  

G212 
v ~ - -  [4] 1,2 

Fo r  t h e  case  of l i n e a r  k i n e t i c s  (6T = v /g)  a s i m i l a r  
a p p r o x i m a t i o n  l e a d s  to  

lG 
v _ ~ -  [5] s 

and,  for  a t w o - d i m e n s i o n a l  n u c l e a t i o n  p ro ce s s  

v = ~ G - -  [3A ( [6] 

Hence ,  a p lo t  of t h e  e x p e r i m e n t a l  d a t a  as log  ( v / G  2) 
vs. log l s h o u l d  g ive  a s t r a i g h t  l i ne  of s lope  2 i f  t h e  
s c r e w  d i s l o c a t i o n  l a w  app l i e s ;  log  ( v / G )  vs. log l 
s h o u l d  y ie ld  a s t r a i g h t  l i ne  of u n i t y  s lope  i f  l i n e a r  
k ine t i c s  o b t a i n ;  a n d  f ina l ly  a p lo t  of v / G  vs. 1/lG 
s h o u l d  b e  r e a s o n a b l y  s t r a i g h t  if e x p o n e n t i a l  k i n e t i c s  
fit t h e  da ta .  O n l y  t h e  p l o t  a p p r o p r i a t e  to  t h e  s c r e w  
d i s l o ca t i o n  k i n e t i c s  g a v e  a r e a s o n a b l e  r e p r e s e n t a t i o n  
of t h e  d a t a  (Fig.  4) .  T h e  v a l u e  of s c o m p u t e d  f r o m  
th i s  p lo t  is a b o u t  220 d eg  ( s e c / c m ) 2 / 2  g i v i n g  a k i n e t i c  
c o n s t a n t  of g = 2 x 10 -5  c m / s e c - d e g  2 if  o n l y  t h e  so-  
l u t i o n  i n t e r f a c e  w e r e  k i n e t i c a l l y  l imi t ed ,  a n d  t w i c e  
th i s  v a l u e  if  b o t h  i n t e r f a c e s  w e r e  e q u a l l y  i n v o l v e d .  
A l t h o u g h  th i s  v a l u e  is low fo r  a k i n e t i c  c o n s t a n t ,  i t  
is n o t  i m p l a u s i b l e .  (5 ) .  

W i t h  s u c h  s lugg i sh  k ine t i c s ,  t h e  effect  o n  z o n e  m o -  
t i on  is v e r y  p r o n o u n c e d ,  a n d  t h e  m i g r a t i o n  v e l o c i t y  
is m u c h  s l o w e r  t h a n  is p r e d i c t e d  b y  t h e  s i m p l e  t h e o r y  
w h i c h  a s s u m e s  t h a t  d i f fus ion  is t h e  l i m i t i n g  m e c h a n i s m .  
T h u s  t h e  use  of T G Z M  as a t e c h n i q u e  fo r  t h e  m e a s -  
u r e m e n t  of d i f fus iv i t i e s  is n o t  s t r a i g h t f o r w a r d ,  a n d  
d i f fus iv i t i e s  o b t a i n e d  in  t h i s  m a n n e r  c a n  o n l y  b e  c o n -  
s i d e r e d  as l o w e r  l imi ts .  

O n e  f ina l  p o i n t  s h o u l d  b e  m a d e  w i t h  r e g a r d  to t h e  
d a t a  in  Fig.  4, n a m e l y  t h a t  t h e r e  does  n o t  a p p e a r  to  
be  a n y  p r o n o u n c e d  d e p e n d e n c e  on  t h e  a v e r a g e  zone  
t e m p e r a t u r e ;  t h e  g r a d i e n t  a n d  zone  t h i c k n e s s  a r e  t h e  
c o n t r o l l i n g  p a r a m e t e r s .  T w o  of t h e  p o i n t s  a r e  t a k e n  
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Fig. 6. Schematic diagram of a completely faceted < 1 1 0 ~  wire 
zone in a < 0 0 1 ~  temperature gradient. 

from Wernick 's  paper  (3) and are in reasonable agree-  
ment  wi th  the present  results. 

Der ivat ion of the t empera tu re  gradient  in the liquid, 
G, used in the analysis of the data, requi red  several  
assumptions. First,  the use of the relations be tween 
the gradients in the l iquid and solid for static plane 
and wire  zones is justified since the latent  heat  con- 
t r ibut ion is two to three  orders less than the heat  
flux due to the t empera tu re  gradient  and may  be 
neglected. Second, when  the flat zone consisted of iso- 
lated segments, it was assumed that  the total  heat  flux 
passed through the l iquid (conduct ivi ty  through the 
voids being very  small)  and hence the l iquid gradient  
was increased in inverse  proport ion to the l iquid area. 
Differential  thermocouple  measurements  confirmed 
that  this assumption held to about  15%. 

Some knowledge  of the the rmal  conductivit ies is 
necessary, however  the calculations are  most sensitive 
to the value  for solid ge rmanium which for tunate ly  is 
wel l  known (14). The va lue  used for the the rmal  con- 
duct ivi ty  of the l iquid alloy was 0.5 w a t t / c m - d e g  and 
was based on a Wiedemann-Franz  calculation. The 
electr ical  conduct ivi ty  of the l iquid alloy was taken 
to be propor t ional  to the conductivit ies of pure  l iquid 
gold and ge rman ium adjusted for t empera tu re  and 
weighted by the l iquid composition. 

The facet ing at the solution interfaces of the zone 
may be in terpre ted  using a simple layer  source model.  
This model  in its simplest  form states that  the addi-  
t ion or remova l  of an atom f rom a close packed plane 
(the {111} planes in germanium)  is energet ical ly  less 
favorable  and hence slower than at a step or corner. 
The application of such a model  to zone motion may  
be most  c lear ly  i l lustrated by considering the fu l ly  
faceted form of a <110> wire  zone moving in a 
<001> tempera tu re  gradient,  as shown in section in 
Fig. 6. Dissolution at the hot ter  interface would  requi re  
an event  of type "A," the remova l  of an atom or 
group of atoms from the close packed plane. Once 
this event  occurred, subsequent  dissolution could pro-  
ceed by the remova l  of additional atoms f rom the edge 
so formed. Eventual ly ,  however ,  another  "A" event  
would be requi red  before  additional dissolution could 
take place. At  the colder interface, grooves or layer  
edges wil l  always exist, and an event  analogous to 
"A" wil l  never  be required.  Atoms can always be 
added by the re la t ive ly  easier events "B." Thus, a 
se l f -perpetuat ing  step generated by a screw disloca- 
tion provides l i t t le  advantage  at the solidifying in te r -  
face where  steps are  a l ready plent i fu l  but  would 
great ly  enhance the dissolution ra te  at the hot ter  in-  
terface. 

Break  up of several  runs at high gradient,  despite 
good wet t ing  of the in terface  and f reedom f rom voids, 
prompted  an analysis of zone stabili ty on a quant i ta t ive  
basis. The interfacial  stabil i ty t r ea tment  of Mullins 
and Sekerka  (10) was extended to include isotropic 
kinetics and specifically applied to the problem of 
TGZM. Details of the analysis wil l  appear  in a subse- 
quent  paper  (11), however  the centra l  resul t  is a 

stabil i ty function, S, which must  be evaluated for both 
interfaces of the zone. Only when  S < 0 is the in ter -  
face stable, and both interfaces must  be stable for 
stable migra t ion  of the zone as a whole. For  systems 
wi th  low solid solubili ty of the solute, S may be ap-  
p rox imated  by 

4~2~/Tm Lv [ K 1 -  Ks "~ 8T2 --  5T1 
S 

? e---"-~ Ks -Jr- El |\-~t-~--~s /GI +" l 
[7] 

where  7 is the interracial  f ree  energy, Tm the mel t ing 
t empera tu re  of the pure solvent, L the la tent  heat  
per uni t  volume, • the wave leng th  of the instability, 
Ks and K1 the the rmal  conductivit ies of the solid and 
liquid, v the average zone velocity,  G the the rmal  gra-  
dient  in the liquid, and l the zone thickness. 5T1 is 
the kinetic depar ture  at the in terface  under  considera-  
tion and gT~ is the kinetic depar ture  at the  other in-  
terface. When the growing interface  is being analyzed, 
~T2 < 0 < 5T1 but when  the dissolving interface is 
under  consideration, 8T1 < 0 < gT2. It  should also be 
emphasized that  because of the coordinate system 
used in the der ivat ion (positive direction into the 
l iquid) ,  G and v are negat ive  at a dissolving in ter -  
face. Thus it  can be seen that, for K~ > Ks, which is 
usual ly appropriate  for semiconductors,  the growing 
interface  is a lways stable, but  stabili ty of the dissolv- 
ing interface depends on )~, G and v. If the zone is 
stable for values of k much larger  than the total  wid th  
of the interface, then  the zone should be able to mi -  
grate considerable distances wi thout  appreciable dis- 
tortion. I t  can be seen, however ,  that  when  the gra-  
dient is increased, the value  of k necessary for stabili ty 
decreases. For  most metal l ic  systems, K1 < K~ so that  
instabil i ty terms are present  at both interfaces. Thus, 
the var ia t ion in the rmal  conductivit ies and interfacial  
energies for various systems may  wel l  account for the 
apparent  conflict in exper imenta l  data repor ted  for 
zone stability. 

Summary 
The exper imenta l  data for the motion of a gold- 

ge rmanium liquid zone through solid germanium in 
a t empera tu re  gradient  suggests that  the mot ion is 
l imited by kinetics characterist ic of screw dislocations. 
The appearance of facet ing on the dissolving interface 
but not on the growing interface indicates that  for 
some exper imenta l  situations, it is dissolution and not 
deposit ion which l imits the zone motion, especial ly in 
the case of wire  zones. 

Instabil i ty of the zone due to poor wet t ing  and to 
bubbles in the l iquid was found. In addition, an in-  
stabil i ty was observed in apparent ly  flawless samples 
at high gradient. Analysis of interface stabil i ty fol low- 
ing the technique of Mullins and Sekerka  indicated 
that  zone motion has regimes of intrinsic instability, 
par t icular ly  wi th  high gradients and sluggish kinetics. 
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In Situ Etching of Silicon Substrates Prior to Epitaxial Growth 
T. L. Chu, G. A. Gruber, and R. Stickler 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

A B S T R A C T  

The cleanness of the substrafe surface is impor tant  for  the epi taxial  g rowth  
of silicon. The in situ etching of substrates wi th  commercia l  hydrogen  chlo-  
r ide has been used successfully, and the resul t ing silicon films have  been found 
to be general ly  of good crystal  perfect ion by chemical  etching and optical 
microscope techniques. However ,  t ransmission electron microscopy has re-  
vealed the presence of high concentrat ions of precipitates in the substrate-  
film interface region. Thermochemica l  considerations indicated that  these 
precipitates were  most l ikely silicon nitride. Most of these precipitates can be 
removed  by using water  vapor  as an etchant. 

The s t ructural  perfect ion of an epi taxial  silicon film 
is an impor tan t  factor de termining its suitabil i ty for 
device applications. The  most  commonly observed im-  
perfections in epitaxial  silicon are dislocations, s tack- 
ing faults, precipitates,  hillocks, and inclusions of ran-  
dom orientations. With the exception of the disloca- 
tions propagated f rom the substrate, the major i ty  of 
these imperfect ions were  found to originate  at the 
substrate-deposi t  interface and were  a t t r ibuted mainly  
to contaminants  in the reactant  mix tu re  and foreign 
impuri t ies  on the substrate surface (1). The im-  
portance of cleanness of the substrate surface has been 
well-recognized,  and in situ etching techniques have 
been developed. In these techniques,  the substrates are 
chemical ly  etched in the growth apparatus imme-  
diately prior  to the deposition process, employing an-  
hydrous hydrogen chloride (2, 3) or water  vapor  (4). 
Using the thermal  reduct ion of silicon te t rachlor ide  
wi th  hydrogen,  epi taxial  silicon films grown on sub- 
strate surfaces t reated in this manner  were  found 
to have considerably improved  s t ructural  perfect ion 
by chemical  etching and optical microscope techniques.  
For  example,  the use of hydrogen  chloride etchant has 
produced silicon films wi th  stacking faul t  concentra-  
tions less than 200/cm 2 and dislocation densities no 
greater  than those of the substrates (2). These results  
are indeed remarkab le  in v iew of the fact that  the 
pur i ty  of commercia l  hydrogen chloride is not com- 
parable  to that  of other  reagents  customari ly  used in 
epi taxial  processes. On the other hand, imperfect ions 
of submicron dimensions cannot be readi ly  revea led  
by optical microscope examinations,  and submicro-  
scopic imperfect ions in epi taxial  silicon films, pa r -  
t icular ly  in the substrate-f i lm interface region, have  
not been extens ive ly  studied. 

We have prepared  a number  of epi taxial  silicon 
specimens using various in situ t rea tments  of the 
substrates, including the the rmal  etching and the use 
of commercia l  hydrogen chloride and wa te r  vapor  as 
etchants pr ior  to the deposition process. The sub-  
s t ra te-deposi t  interface regions in these specimens 
were  examined  by the transmission electron micros-  
copy technique.  The effects of var ious etchants on the 
s t ructural  perfect ion of the epi taxial  silicon films are 
summarized in this communication.  

Experimental 
The epi taxial  silicon specimens were  prepared  in 

the convent ional  manner ,  using the the rmal  reduct ion 

of silicon te t rachlor ide wi th  hydrogen  on heated sub- 
strate surfaces in a flow system (5). Electronic grade 
silicon tetrachloride,  purchased f rom the Stauffer 
Chemical  Company, was purified by fract ional  dis- 
t i l lat ion through a quar tz  column and was found to 
yield n - type  silicon wi th  an electr ical  resis t ivi ty of 
50 ohm-cm or higher.  Commercia l  grade hydrogen was 
purified by diffusion through a pa l lad ium-s i lver  alloy. 
The silicon substrates were  of {111} orientation, n- type,  
50 ohm-cm resistivity,  and had dislocation densities 
less than l0 s cm -2. They were  mechanica l ly  lapped 
with Amer ican  Optical Company No. 305 abrasive, and 
chemical ly etched with  CP4 to r emove  at least 50# of 
silicon f rom the surface. The substrates were  supported 
on a susceptor in a quartz react ion tube, and the sus- 
ceptor was heated ex te rna l ly  by an rf  generator.  Hy-  
drogen at a flow rate  of 6 to 20 1/min was used for 
the thermal  etching or as a di luent  for the etchant, 
hydrogen  chloride (HC1/H~ = 0.01-0.05) or wa te r  
vapor  (H20/H2 ~ 2 x 10 -4 to 10-3). The in situ etch- 
ing was carried out at a substrate t empera tu re  of ap- 
p rox imate ly  1270~ for 10-30 min. Subsequently,  0.3 
to 0.5# of silicon films were  deposited, wi thout  in ten-  
t ional doping, on the substrates at 1200~ 

To provide adequate  e lectron transmission for the 
electron microscope studies, the specimens must  be 
reduced to 1# or less in thickness. This was accom- 
plished by removing  the ma jo r  par t  of the substrate 
f rom a port ion of the specimen by je t  chemical  etch- 
ing (6). The geometry  of the resul t ing specimen is 
shown in Fig. 1. The specimen was mounted  on a 
specimen stage and the substrate-f i lm interface of 
the thin portions were  examined  in t ransmission in an 
electron microscope at 100 kv. 

Results and Discussion 
The thermal  etching of the silicon substrate is re -  

lated to the presence of an oxide film on the substrate 

Epitaxial Silicon 
~-0. 3-0. 51; ~--Approx. II~ / Film 

20~ ~- S ubstrate 

Fig. 1. Cross-section of an epitaxial silicon specimen thinned by 
jet chemical polishing for examination by transmission electron 
microscopy. 
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Table I. Impurity contents of hydrogen chloride specimens 
by mass-spectrographic analysis, ppm 
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Impur i t i es  Specimen 1 Specimen II  

O~ 380 450 
i~ 1250 1600 
SO~ 750 400 
Ar  15 20 
CO~ N.D. N.D. 

Organic Cpds. N.D, N.D.* 

* N.D., not detectable, less than  10 ppm. Sensitivity, approxi-  
mate ly  10 ppm. 

surface. The chemical  etching of silicon with  nitric 
acid and hydrofluoric acid mix tures  usual ly leaves an 
oxide film of the order  of 100A depending on the re-  
sistivity of silicon (7). At  high temperatures ,  this 
oxide film reacts wi th  the silicon undernea th  to form 
volat i le  silicon monoxide  according to the equat ion 

S i ( s )  + S i O 2 ( s )  ~ 2 S i O ( g )  [ 1 ]  

Silicon monoxide  has appreciable vapor  pressures at 
t empera tures  above 1100~ For  example,  the vapor  
pressure of silicon monoxide  in equi l ibr ium wi th  sili- 
con and silicon dioxide at 1300~ is approximate ly  2 
Torr  (8). In a flow system, this react ion approaches 
complet ion and an equiva len t  amount  of silicon is r e -  
moved from the substrate. The remova l  of silicon by 
this process is presumably  more  rapid than the evap-  
oration of silicon because of its low vapor  pressures in 
the tempera ture  range under  consideration. For  ex-  
ample, the vapor  pressure of silicon at 1510~ is 10 -5 
Torr  (9), and the evaporat ion rate  of silicon calculated 
on the basis of kinetic theory is approximate ly  10 -2 
~/min. However ,  the presence of minute  quanti t ies of 
oxygen or wa te r  in hydrogen  would  increase the ra te  
of remova l  of silicon as wi l l  be discussed later. When 
the substrates were  subjected to the thermal  etching 
prior  to the deposition process, the substrate-f i lm in-  
terface regions were  found by transmission electron 
microscopy to be genera l ly  clean, indicat ing that  the 
growth apparatus and the reactants  did not introduce 
any appreciable amount  of impurit ies.  

Commercia l  hydrogen chloride used for the in situ 
etching of silicon substrates was analyzed by mass 
spectrography for impuri t ies  in the mass range 2 to 120. 
The principal  impuri t ies  were  found to be oxygen, 
nitrogen, and sulfur dioxide (Table I).  When the hy-  
drogen chloride containing these impuri t ies  was used 
as an etchant, the epi taxial  silicon films were  found 
to be general ly  of good crystal  perfect ion by chemical  
etching and optical microscop e techniques. However ,  
the substrate-f i lm interface regions were  invar iably  
found to have  high concentrat ions of precipitates, a 
few hundred angstroms in dimensions. A typical  ex-  
ample is shown in Fig. 2. These precipitates were  not 
of sufficient concentrat ion to be identified by electron 
diffraction or other methods. However ,  one could de- 
duce the na ture  of these precipitates f rom the im-  
pur i ty  contents of hydrogen  chloride and the chemical  
behavior  of silicon toward these impurities.  It  is as- 
sumed in the fol lowing discussion that  the hydrogen-  
hydrogen chloride mix tu re  used as the etchant  contains 
oxygen, sulfur dioxide, and ni t rogen at part ial  pres-  
sures of 2 x 10 -5 , 3 x 10-~, and 7 x 10 -5 atm, re -  
spectively. 

The react ion be tween silicon and oxygen at high 
tempera tures  yields silicon dioxide or silicon monoxide,  
depending on exper imenta l  conditions. Silicon mon-  
oxide is volat i le  at high temperatures .  The free energy 
of format ion of silicon dioxide at 1500~ (1O) is 

Si(s)  + O~(g) : SiO2(s) AF~ ---- --146 kcal  [2] 

and the equi l ibr ium part ia l  pressure of oxygen over  
solid silicon and silicon dioxide is approximate ly  10 -21 
atm. Assuming that  chemical  equi l ibr ia  are approached 

Fig. 2. Typical example showing a high concentration of pre- 
cipitates in the substrate-film interface region of an epitaxial 
silicon specimen. The substrate was etched with commercial hydro- 
gen chloride prior to the deposition process. Magnification approxi- 
mately 36,000X. 

at tempera tures  used in the etching process, the reac-  
tion of oxygen in the etchant  wi th  the silicon substrate 
is thus essentially complete. The silicon dioxide formed 
fu r ther  reacts wi th  the substrate according to Eq. [1] 
to yield silicon monoxide  which has an equi l ibr ium 
vapor  pressure of approximate ly  10 -3 atm at 1500~ 
Since the par t ia l  pressure of oxygen in the etchant was 
considerably lower  than this vapor  pressure, it is un-  
l ikely that  silicon dioxide would  be deposited on the 
substrate surface dur ing the in situ etching process. 

The react ion be tween  silicon and sulfur dioxide at 
high tempera tures  yields a mix ture  of oxides and 
sulfides. Silicon disulfide is s imilar  to silicon dioxide 
in that  the disulfide reacts wi th  silicon at 850~ or 
above to form the volat i le  monosulfide (11). Thus, the 
monoxide  and the monosulfide are the predominate  
products at low par t ia l  pressures of sulfur dioxide. The 
chemical  reactions and the associated free energy 
changes at 1500~ (10) are 

Si(s)  + SIS2(1) ---- 2SiS(g)  AF~ = --45 kcal [3] 

3Si(s) + SOs(g) = S iS(g)  + 2SiO(g)  

AF~ : - - 7 8  kcal  [4] 

The presence of minute  quanti t ies of sulfur dioxide in 
the e tchant  is not l ikely to cause the format ion of 
precipitates on the substrate  surface. 

The react ion between silicon and ni t rogen at high 
tempera tures  yields silicon nitride. The s tandard f ree  
energy of format ion of alpha-si l icon ni t r ide at 1500~ 
(12) is 

3Si(s) + 2Nf(g)  = a-Si3N4(s) 

AF~ = - - 6 0  ~- 6 kcal  [5] 

The equi l ibr ium pressure of ni t rogen over  solid silicon 
and silicon ni tr ide is of the order  of 4.5 x 10 -5 atm. 
Since the par t ia l  pressure  of ni t rogen in the etchant 
was h igher  than this equi l ibr ium pressure, it is rea-  
sonable to assume that  the precipitates shown in Fig. 2 
were  alpha-si l icon ni tr ide part icles formed as a result  
of the ni t r idat ion of the silicon substrate by the ni-  
t rogen in the etchant. These part icles could be epi-  
taxial  wi th  respect  to the substrate  (12) and therefore  
had no appreciable  influence on the epi taxial  growth 
process. On the other  hand, the presence of silicon 
ni t r ide part icles in the vicini ty  of p-n  junctions is 
h ighly undesirable  since dielectr ic  precipi tates  may  en-  
hance the local electric resul t ing in reverse  break-  
down at low voltages (13). 
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Fig. 3. Substrate-film interface region of an epitaxial silicon 
specimen having only a few small particles. The substrate was 
etched with water vapor subsequent to etching with commercial 
hydrogen chloride. Magnification approximately 36,000X. 

Epitaxial  growth experiments  were also carried out 
in which the in situ etching of silicon substrates by a 
hydrogen-hydrogen  chloride mix ture  was followed by 
using a hydrogen-water  vapor mixture.  The use of 
water etching was found to el iminate many  of the pre-  
cipitates in the interface region (Fig. 3) due presum-  
ably to the hydrolysis of silicon nitride. 

SisN4(s) -~ 3H20(g) ~ 3SiO(g) q- 2N2(g) -k 3H2(g) 
AF~ -~ 9.5 kcal [6] 

The removal  of silicon ni t r ide is feasible because of the 
formation of volatile silicon monoxide. This resul t  also 
verifies the previous assumption that  the small concen- 
t rat ion of oxygen in the etchant would not cause the 
formation of silicon dioxide on the substrate surface. 

Conclusions 
Epitaxial  silicon films prepared by using commercial  

hydrogen chloride as an in situ etchant have been 

found to be general ly of good crystal perfection by 
chemical etching and optical microscope techniques. 
However, t ransmission electron microscopy has re-  
vealed the presence of high concentrat ion of precipi-  
tates, presumably  silicon nitride,  in  the substrate-fi lm 
interface region. Most of these precipitates can be re-  
moved by using water  vapor as an etchant. These re-  
sults i l lustrate the significance of using high pur i ty  
reagents for the in situ etching of substrates in  the epi- 
taxial  growth process. 

Manuscript  received Ju ly  29, 1965; revised m a n u -  
script received Oct. 14, 1965. This paper was presented 
at the San Francisco Meeting, May 9-13, 1965. The re-  
search reported in this paper  was sponsored by the 
George C. Marshall  Space Fl ight  Center of the Na- 
t ional  Aeronautics and Space Adminis t ra t ion  under  
Contract NAS8-11432. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1966 
JOURNAL. 
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A Raman Spectroscopic Study of the 
Molten Salt System ZnCI -KCI 

J. R. Moyer,  J. C. Evans, and G. Y-S. Lo 

The Dow Chemical Company,  Midland, Michigan 

ABSTRACT 

Using both polarized and normal  incident  radiation, spectra have been 
recorded over the tempera ture  range 280~ ~ for solutions with molar 
ratios of KCI:ZnCI2 between 0 and 2. The results are in terpreted in  terms of 
polymeric zinc chloride and a single complex ion, ZnC14 =. 

The structure of zinc chloride has been studied often 
and by many  different techniques. Brehler  (1) has 
determined that the solid is a three-dimensional  ne t -  
work of ZnC14 te t rahedra with chlorine atoms disposed 
symmetr ical ly  between the Zn atoms. Considerable in-  
direct evidence from viscosity measurements  (2), con- 
ductivi ty (3), and self-diffusion (4), indicate that this 
polymeric s tructure is main ta ined  in mol ten zinc 
chloride. Raman spectra of the solid (5, 6) and of the 
liquid (6-8) are v i r tua l ly  identical, indicat ing per-  
sistence of the ne twork  structure in the melt. Concen- 

trated aqueous solutions of zinc chloride contain 
(ZnC12)n polynuclear  aggregates (9). 

There remains  some uncer ta inty,  however, about the 
s tructure of the melt. Gruber  and Litovitz (2) have 
concluded that  the ne twork  s t ructure  is lost about 20 ~ 
above the mel t ing  point, whereas MacKenzie and 
Murphy (3) and Bockris and co-workers (4) find r em-  
nants  of polymer up to, and probably  beyond, 100 ~ 
above the mel t ing point. Irish and Young (8) found 
the anhydrous melt  to be polymeric near ly  200 ~ above 
the mel t ing point. Discrete molecules (ZnC12 or 
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ZnCln 2-n) were  postulated in addit ion to the dominant  
polymer.  

Zinc chloride is known to form stable salts in the 
presence of excess chloride ions. The phase diagram 
of the system ZnC12-KC1 shows the compound KfZnCI~ 
(10). An  x - r a y  crystal lographic study of several  solid 
compounds containing the ZnC]4 = anion shows it to 
have an almost perfect  te t rahedra l  s t ructure  (11). The 
vibrat ional  spectrum of this ion has been repor ted  for 
the solid (12) and for aqueous solutions (13). 

P lanar  MX3-  ions have  been repor ted  in zinc halide 
systems as wel l  as in cadmium and mercu ry  halide 
systems, which also have  the d l~ electronic structure.  
Bues (6), in Raman studies of mol ten  mix tures  of 
ZnCI2 and KC1, and of CdC12 and KC1, in terpre ted  his 
spectra in terms of both MX3-  and MX4 = ions. Morris, 
Short,  and Waters  (14) found ZnC13- and ZnBr~-  in 
nonaqueous solutions of zinc halides to which the 
corresponding hydrogen hal ide had been added. 

In Raman studies of re la ted systems, Janz  and James  
(15) repor ted  both HgX3-  and HgX4 = ions in mol ten  
mixtures  of HgX2 and KX. Tanaka et al. (16) found 
CdC13- to be the only complex ion in the mol ten  salt 
system CdC12-KC1. Bues (6) found both CdC13- and 
CdC14 = in the same system. 

Bredig and van Ar tsda len  (17) have  criticized Bues'  
in terpre ta t ion  of his data in terms of a MX~- species 
and have  quest ioned the existence of such ions in d 10 
systems on theoret ical  grounds. 

Experimental 
Reagent  grade ZnC12 was fused to expel  most of the 

water ,  then t r ip ly  sublimed. The subl imer  was 2 in. 
OD and 15 in. long wi th  the outer  portion, including 
the standard taper joint, made  of fused silica. About  
200g of fused zinc chloride was heated to 700 ~ under  
vacuum whi le  tap water  circulated through the cold 
finger. About  100g deposited overnight  in the form of 
t ransparent  platelets. Accumula ted  sublimates were  
combined for a second sublimation. Since the residue 
of the second sublimation showed a faint  ye l low color, 
that  product  was sublimed a third time. 

Reagent  grade KC1 was fused in p la t inum ware. Al l  
t ransfers of these mater ia ls  were  per formed in a dry 
box. 

Samples  were  prepared  in the mixing-f i l te r ing  ap-  
paratus shown in Fig. 1. The apparatus was cleaned, 
dried, and finally baked under  vacuum at 500~ P re -  
de termined  amounts  of ZnC12 and KC1 were  then 
added. 

VENT - -  

FRIT 

CONSTRICTION _ 

ARGON, THEN VACUUM 

RAMAN TUBE --  - -  I I 

U 
Fig. 1. Mixing filtering apparatus 

Fig. 2. High temperature Raman sample holder 

The mixing-f i l te r ing  apparatus was placed ver t ica l ly  
in a tube furnace and heated about 100 ~ above the 
mel t ing  point of the sample. During the melting, a 
s t ream of dry argon was passed through the fr i t  f rom 
the underside. Af te r  melting, this purge  served to mix  
the sample. Af te r  mixing,  the argon flow was stopped 
and the apparatus was evacuated.  The sample was 
filtered through the "fine" porosi ty f r i t ted  disk and 
dr ipped direct ly  into the Raman tube. The Raman  tube 
was sealed whi le  the system remained  under  vacuum. 
The sample was al lowed to freeze wi th  the Raman  tube 
lying in a horizontal  position. This is necessary to 
avoid f rac ture  of the Raman tube when the sample is 
r emel ted  for the recording of its Raman  spectrum. 

The Raman spectra were  recorded with  the sample 
in the cell shown in Fig. 2. Stainless steel caps con- 
cealed the meniscus and the window and also centered 
the tube on the optical axis of the spectrometer.  A 
ver t ica l  slot in the upper  cap permi t ted  the insert ion 
of two thermocouples.  This a l lowed measurement  of 
the the rmal  gradient  along the Raman tube. The spac- 
ing of windings of wire  on the heater  was adjusted 
unti l  a gradient  of 1 ~ was obtained at 500~ 

The heater  was a Vycor cyl inder  to which three 
binding posts w e r e  attached. A winding of 31 gauge 
Nichrome wire  was anchored to these posts. Spacings 
were  % in. for 1 in. at the bot tom and ~/4 in. above 
this. A second Vycor cyl inder  was placed around the 
heater  to reduce heat  losses by convection. 

The  sample and heat ing assembly were  placed inside 
a doublewal led Vycor jacket.  Circulat ing water  
through the jacket  kept its outside surface near  room 
tempera tu re  and permi t ted  the use of Polaroid sleeves 
for polarizat ion studies. Raman scattered l ight passed 
through the plane window at the bottom of the sam- 
ple tube, through holes in the bottom cap and bottom 
insulator,  and through a plane window on the bot tom 
of the jacket. 

Spectra  were  recorded over  the t empera tu re  range 
280* to 500~ with  a Hi lger  Model E612 (f/5.7) Raman 
spectrometer  having a reciprocal  dispersion of 16 
A / m m .  P re l imina ry  runs were  made using the Hilger  
source unit, but  this proved unsatisfactory. Excessive 
background emission extended out to about  120 cm -1 
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Table I. Raman frequencies of molten zinc chloride 

F e b r u a r y  1966 

Irish, M a c C a r r o l l  
P r e s e n t  a n d  Young (9), Irish and Salstrom and 

work, melt 13.0M aqueous Young (8), melt Harris (7), melt A s s i g n m e n t  

75 • 8, w 90 w 95 + lO, vw 98 (ZnC12)n p o l y m e r ,  b r i d g e  Zn-C1 
110 4- 10, vw deformation 

226 • 10, s ,p  230  s ,p 230  + 5, s 231 (ZnC12)n p o l y m e r ,  b r i d g e  Zn-C1 
s t r e t c h  

250 • 1O, w 266 w (ZnC12)~ polymer, bridge Zn-Cl 
s t r e t c h  

285 

305 + 10, w 335 w 305 (ZnCl~) n polymer, terminal Zn-C1 
s t r e t c h  

360 • 1O, w 360-400 w 375-400 (ZnCl~)n polymer, terminal Zn-C1 
s t r e t c h  

vw = very weak; w = weak; s = strong; p = p o l a r i z e d .  

f r o m  the  exc i t i ng  l ine.  To o v e r c o m e  th i s  a T o r o n t o  
arc  was  cons t ruc t ed .  E x c i t a t i o n  by  4358 a n d  4047A Hg  
l ines  w a s  e m p l o y e d ;  t h e  l a t t e r  w a s  p a r t i c u l a r l y  u s e fu l  
in  m e a s u r i n g  t h e  b a n d s  b e l o w  150 c m - 1 .  U n f o r t u n a t e l y ,  
it  w a s  no t  poss ib le  to use  p h o t o e l e c t r i c  r e c o r d i n g  a n d  
a l l  s p e c t r a  w e r e  r e c o r d e d  p h o t o g r a p h i c a l l y .  

Results and Discussion 
Zinc chloride.--The R a m a n  s p e c t r u m  of m o l t e n  zinc 

c h l o r i d e  s h o w s  five bands :  an  in tense ,  p o l a r i z e d  b a n d  
at  226 cm -1,  an u n c e r t a i n  s h o u l d e r  n e a r  250 cm -1,  a n d  
w e a k  b a n d s  n e a r  75, 305, a n d  360 c m - 1 .  The  r e su l t s  a r e  
c o m p a r e d  w i t h  t hose  of p r e v i o u s  s tud ie s  in  T a b l e  I. 

I t  w a s  o b s e r v e d  q u a l i t a t i v e l y  t h a t  t h e  w e a k  f e a -  
t u r e s  n e a r  300 and  360 cm -1 w e r e  eas ie r  to  d i s ce rn  on 
p la t e s  r e c o r d e d  w i t h  t h e  s a m p l e  at  425 ~ c o m p a r e d  w i t h  
290~ T h e  i n t ens i t i e s  of t he  b a n d s  a t  226 a n d  250 cm - I  
s e e m  i n d e p e n d e n t  of t e m p e r a t u r e .  I r i sh  a n d  Y o u n g  (8) 
also o b s e r v e d  t h a t  e l e v a t e d  t e m p e r a t u r e s  i n c r e a s e d  
t h e  i n t e n s i t y  of t he  305 cm 1 b a n d  h a d  no effect  u p o n  
t h e  230 cm - I  band .  On  the  o t h e r  hand ,  t h e y  n o t e d  d e -  
c r e a s e d  i n t e n s i t y  of t h e  266 cm -1 b a n d  o n  hea t ing .  A 
p l a u s i b l e  i n t e r p r e t a t i o n  is t h a t  t h e s e  f e a t u r e s  a r i se  
f r o m  t h e  d e p o l y m e r i z a t i o n  w h i c h  is f a v o r e d  b y  the  
h i g h e r  t e m p e r a t u r e .  The  h i g h e r  f r e q u e n c i e s  a re  t h e r e -  
fo re  a s s i gned  to t e r m i n a l  Zn-C1 s t r e t c h i n g  m o d e s  and  
the  b a n d s  n e a r  230 and  250 cm -1 to b r i d g e d  Zn-C1 
s t r e t c h i n g  modes .  

T h e s e  i n t e n s i t y  c h a n g e s  a re  cons i s t en t  w i t h  t he  ob -  
s e r v a t i o n s  of M a c K e n z i e  a n d  M u r p h y  (3) ,  of Bockr is ,  
R i cha rds ,  a n d  Nan i s  (4) and  of I r i sh  a n d  Y o u n g  (8) 
t h a t  t h e  n e t w o r k  s t r u c t u r e  of t h e  sol id  pe r s i s t s  we l l  
a b o v e  t h e  m e l t i n g  point .  Mo l t en  zinc ch lo r i d e  c o n -  
s is ts  of  p o l y m e r i c  (ZnC12)n spec ies  of va r i ous  sizes. 
T h e s e  spec ies  a re  m a d e  u p  of ZnC14 t e t r a h e d r a  j o i n ed  
a t  c o r n e r s  to g ive  a t h r e e  d i m e n s i o n a l  a r ray .  A t  i n -  
c r e a s i n g  t e m p e r a t u r e s  t h e  d e g r e e  of p o l y m e r i z a t i o n  is 
l owered ,  b u t  e v e n  a t  500 ~ t h e  s p e c t r a  s h o w  t h a t  t h e  
v a s t  m a j o r i t y  of Zn-C1 b o n d s  a re  b r i d g i n g  r a t h e r  t h a n  
t e r m i n a l  bonds .  B a n d  a s s i g n m e n t s  a re  g i v e n  in  Tab le  I. 

Chloride-rich solutions.--Addition of KC1 has  a s ig-  
n i f icant  effect  on  t h e  R a m a n  s p e c t r u m  of m o l t e n  z inc  
ch lor ide .  T h e  r e su l t s  a re  g iven  in  T a b l e  II. 

The  b r i d g i n g  Zn-C1 s t r e t c h i n g  f r e q u e n c i e s  of p o l y -  
m e r i c  ZnC12 a re  r e d u c e d  in  i n t ens i t y :  t he  w e a k  b a n d  

at  250 cm - I  d i s a p p e a r s  u p o n  t h e  first  a d d i t i o n  of KCI, 
t h e  in tense ,  p o l a r i z e d  b a n d  at  226 cm - I  g r a d u a l l y  
fades .  T h e  t e r m i n a l  Z n - C l  s t r e t c h i n g  b a n d s  a t  305 a n d  
360 cm - I  in  p u r e  zinc ch l o r i d e  a r e  s h i f t e d  to l o w e r  
f r e q u e n c i e s  and  b e c o m e  at  f i rs t  m o r e  in tense ,  t h e n  
f a d e  away .  In  t he  case  of t h e  305 cm - I  b a n d  th is  
p a t t e r n  is o b s c u r e d  by  the  e m e r g i n g  s p e c t r u m  of 
ZnCI4 =, bu t  c a r e fu l  s c r u t i n y  of  t h e  p h o t o g r a p h i c  p l a t e s  
i nd i ca t e s  t h a t  t h e  p a t t e r n  of t h e  360 cm - I  b a n d  is 
fo l lowed .  

T h e  b a n d s  o b s e r v e d  in  m i x t u r e s  c o n t a i n i n g  1.5 and  2 
mo les  of KCI  p e r  m o l e  of ZnCl2 a re  r e a d i l y  iden t i f i ed  
f r o m  p r e v i o u s  s tud ie s  (12, 13) as t hose  of t h e  t e t r a -  
h e d r a l  ZnC14 = ion. 

I n c r e a s i n g  t e m p e r a t u r e s  cause  t h e  b a n d s  in  t h e  340- 
360 a n d  290-300 cm -1 r eg ions  to b e c o m e  m o r e  i n t e n s e  
a n d  the  b a n d  at  226 em - I  to g r o w  w e a k e r .  These  
c h a n g e s  a r e  c o n s i s t e n t  w i t h  t h e  a s s i g n m e n t  of t he  
h i g h e r  f r e q u e n c i e s  to t e r m i n a l  ZnCl  s t r e t c h i n g  m o d e s  
a n d  t h e  226 cm - I  b a n d  to a b r i d g i n g  ZnCI s t re tch .  

A p h y s i c a l  m o d e l  c o n s i s t e n t  w i t h  t he  o b s e r v e d  s p e c -  
t r a  is one  of d e p o l y m e r i z a t i o n  a n d  c o m p l e x  ion  f o r m a -  
t ion.  A c c o r d i n g  to t h i s  p i c t u r e  t he  in i t i a l  p roces s  on 
a d d i t i o n  of KCI  to m o l t e n  ZnCl~ is t h e  f o r m a t i o n  of 
s m a l l e r  c lus te r s  of ZnCl4 t e t r a h e d r a .  The  c h l o r i d e  ion  
a d d e d  up  to a m o l a r  ra t io  of KCl :ZnCl2  of a b o u t  0.2 
is c o n s u m e d  l a r g e l y  in  t he  d e p o l y m e r i z a t i o n  r eac t i on  

( Z n C l 2 ) n  -~- e l -  ~ ( Z n C l e ) n - m  + (ZnCle)m " C1-  

Th is  p ro ce s s  c o n t i n u e s  u p o n  f u r t h e r  a d d i t i o n  of KC1 
bu t  a s econd  p roces s  p r e d o m i n a t e s  b e y o n d  the  m o l a r  
r a t io  KCI:  ZnC12 of  0.2 

(ZnC12)m " C1-  + C1-  = ZnC14 = + (ZnC12)m-1 

This  m o d e l  is c o n s i s t e n t  w i t h  t h e  s p e c t r a l  o b s e r v a t i o n s  
a n d  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  of t h e s e  mel t s .  I t  is 
r e m i n i s c e n t  of t he  m o d e l  p r o p o s e d  by  B l o o m  a n d  
Bockr i s  (18) to d e s c r i b e  t h e  b r e a k  up  of t h e  s t r u c t u r e  
of m o l t e n  SiO2 on  t h e  a d d i t i o n  of a m e t a l  oxide .  T h e s e  
a u t h o r s  d e s c r i b e  a se r ies  of  s t e p - w i s e  t r a n s i t i o n s  f r o m  
a t h r e e - d i m e n s i o n a l  n e t w o r k  of  SiO2 t e t r a h e d r a  
t h r o u g h  f u s e d  r ings ,  p l a n a r  r ings ,  chains ,  a n d  f inal ly  
SiO4 = ions. The  effect  of a d d i n g  MC1 to m o l t e n  ZnC12 
s e e m s  to be  r o u g h l y  ana logous ,  b u t  w i t h  ZnC14 = ions 

Table II. Observed bands in Raman spectra of molten mixtures 

ZnC12 4ZnCI~/KC1 2ZnC12/KCi ZnCI~/KCI 2ZnCI~/3KC1 ZnCI2/2KC1 

75 ~-8,w 80~8, w 75~8,  w 80___8, w 70___8, w 75 -4- 8, w 
125 • 10, w 120 • 5, w 124 • 5, w 

226 • 10, s, p 226 ~ 8, s, p 2 2 6 - -  8, s. p 2 1 8 _  5, v w  
250 -4- lO, w 
305 • 1O, w 288 ~ 5. w~ p 290 ,  m ,  p 292  ~- 5,  m .  p 2 9 4  ~ 5, s ,  p 283  -4- 3, s ,  p 
360 • 10, w 349 +-- 5. m ,  p 344  • 8, w ,  p 

p = polarized; w = weak; vw ~L very wea-k; m = medum; s = s t r o n g .  
A l l  bands are b r o a d .  
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split t ing out at all stages of the depolymerizat ion.  
The downward  t rend in several  f requencies  on addi-  

tion of KC1 is a t t r ibuted to this 
nature  of the melt. 

The data repor ted  here do not 
bil i ty of the format ion of ZnCt2 
complex ion ZnC13-. It  does seem 
explain the data wi thout  invoking 

Manuscript  received Sept. 13, 

A R A M A N  S P E C T R O S C O P I C  S T U D Y  

change in the basic 

el iminate the possi- 
monomer  or of the  

possible, however ,  to 
ei ther  species. 

1965; revised manu-  
script received Oct. 21, 1965. This paper  was presented 
at the San Francisco Meeting, May 9-13, 1965. 

Any  discussion of this paper wi l l  appear  in a Discus- 
sion Section to be published in the December  1966 
JOURNAL. 
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Determination of Resistance Factors of Porous 
Diaphragms and Electrodes 

K. S. Spiegler  

Sea Water  Conversion Laboratory, University o~ California, Berkeley,  California 

ABSTRACT 

Oxygen-a rgon  interdiffusion measurements  across two porous glass disks 
are compared to measurements  of the electr ical  resistance of these disks when 
saturated with  a dilute e lectrolyte  solution. The resistance factors (also called 
format ion factors) de termined by the two methods agree wi th in  about 10%. 
The gas diffusion method of resistance factor  measurement  is applicable to 
conduct ive porous bodies, e.g., sintered meta l  disks. Recording apparatus and 
method of interdiffusion measurement  are described in detail. The same ap- 
paratus can be used for permeabi l i ty  measurements .  

Porous diaphragms and electrodes used in electro-  
chemical  pract ice differ widely  in accordance wi th  
their  in tended use. They can be classified according to 
their  characterist ic pore dimension which ranges f rom 
macroscopic size to submicroscopic; according to th ick-  
ness, ranging f rom several  mi l l imeters  to fractions of 
mil l imeters;  according to mat r ix  conductivity,  which 
can be pract ical ly  zero, to the considerable ionic con- 
ductivit ies of ion exchange  membrane  separators and 
the electronic conductivit ies of metal l ic  electrodes; and 
according to many  other  factors. 

This study deals wi th  methods for the measure -  
ment  of resistance factors of porous diaphragms,  in 
par t icular  wi th  the gas diffusion method which is 
applicable to both conduct ive and nonconduct ive  ma t -  
rices. 

The definition of the resistance factor, also called 
format ion factor, of a nonconduct ive  ma t r ix  is s t ra ight-  
forward:  it is simply the resistivity,  p" (ohm cm),  of the 
mater ia l  when  the pores are filled wi th  a conduct ive 
l iquid divided by the resis t ivi ty of the conduct ive l iq-  
uid, p. It can be de termined  f rom two resistance meas-  
urements  in a system consisting of two electrodes, each 
of area A (cm 2) immersed  in an electrolyte  solution of 
resist ivi ty p. First, the  resistance, R1 (ohm),  is meas -  
ured wi thout  the separator  in place, then wi th  the 
separator of thickness l (cm) inser ted be tween  the 
electrodes and ful ly  wet ted  with  electrolyte.  This 
yields the h igher  resis tance R2. The format ion factor, 
F~, is then 

FE - ~  p ' / p  ~ [ A ( R 2 - - R 1 ) / ( l p ) ]  q- 1 [1] 

The difference R2--R1 is often t e rmed  "separator  re -  
sistance." Convenient  methods for these measurements  

have been described and are in rout ine  use in the ba t -  
te ry  industry  (1,2).  Other  types of apparatus have  
been used for the resistance measurement ,  including 
variants  of the classical a-c methods using a Whea t -  
stone bridge;  one such method was developed in this 
study and is described in the exper imenta l  section. 
Format ion  factors are often in terpre ted  in terms of the 
"spaghett i  model"  which describes the porous medium 
as bundles of nr tubes per uni t  volume,  all  of length ~. 
The radii  n are not necessari ly equal. The format ion 
factor can then be expressed in terms of ,2 and the 
porosity ( ~  vo lume fract ion of nonsolid space),  by 
considering the passage of current  under  the influence 
of a potential  gradient  E (volt) .  In this model  (Fig. 1), 
the porosity is 

Fig. 1. Capillary bundle model ("Spaghetti model") of porous 
diaphragm. Cube of unit edge length is shown, rl, r2, and r~ are 
pore radii. 
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e = ~nrr2nT [2] 
r 

and the cur ren t  density, i (amp cm -2) 

i = cross section of pores x conduct ivi ty  of elec-  
t ro lyte  x potent ial  drop 

Since 

it follows that  

= ~nrr2~(1/p) (E/z)  [3] 

p '=E/ i  [4] 

F~ = p , /p=~2/~ [5] 

The pore model  can be general ized by assuming a dis- 
t r ibut ion of pore radii  as de termined  by porosimeter  
measurements  (3, 4), but  even so it  is only of l imited 
value  for the description of flow phenomena  in real  
porous media. Since porosity, e, can be measured in- 
dependently,  z2, (the length of the fictional pore bun-  
dles per  uni t  macroscopic thickness of the porous 
medium) can be calculated f rom the resistance factor. 

is called the " tor tuosi ty"  of the pore model, but some 
authors call z2 by this name. 

When one deals wi th  solid matrices which are them-  
selves conductive, the determinat ion  of resistance 
factors by the electr ical  method  is of ten  inconclu-  
sive, because the solid can then act as a "short"  wi th  
respect to the current  path in solution. For  instance, 
both a-c and d-c measurements  of the conductance of 
a porous mass of ion exchanger  grains in a solution 
reflect not only the conductance of the solution, but  
also that  of the solid ion-exchange  mater ia l ;  in a-c 
measurements  of porous meta l  electrodes the current  
is carr ied pr imar i ly  electronical ly through the meta l  
mat r ix  r a the r  than through the pores which are filled 
with  electrolyte,  and this can even happen in d-c  
measurements ,  unless the conditions are proper ly  
chosen to p reven t  the current  f rom fol lowing this path. 
Yet it is f requent ly  impor tan t  to know the format ion 
factors (or tortuosities) of such conductive matrices. 
In this case one defines the format ion factor of the 
conductive mat r ix  as equal  to the format ion factor of 
a nonconduct ive  ma t r ix  of the same geometry  as the 
conduct ive one under  consideration. Since the pore re-  
sistant factors of meta l  electrodes affect the opera-  
tion of fuel  cells, it was deemed important  (a) to de-  
velop a method for format ion factor measurement  
which is applicable to both conductive and noncon- 
duct ive matrices, and (b) to compare the results for 
some nonconduct ive matrices wi th  measurements  by an 
a-c resistance method which is applicable only to non-  
conduct ive media. 

The thought  under ly ing  the gas diffusion measure -  
ments is the fol lowing: When gases interdiffuse across 
a porous diaphragm, they follow the same tortuous 
path  which ions fol low when  carrying the electric cur-  
rent  through the same diaphragm. Hence the ratio of 
the interdiffusion coefficient of two gases in free space 
to their  interdiffusion coefficient across the d iaphragm 
is equal  to the format ion factor. In other  words, it is 
assumed that  ionic migra t ion  under  the influence of an 
electr ical  potential  gradient  follows in a macroscopic 
sense the same path as the interdiffusion of gas mole -  
cules, caused by a chemical  potent ial  gradient.  Al -  
though this thought  is quite plausible, there  is not 
much direct  exper imenta l  verification in the l i terature,  
e.g., measurements  of diffusion of water  vapor  through 
a synthetic porous rock (5) and through plugs of fine 
powders  (6). 

It  wil l  be shown that  this simple hypothesis  has to 
be modified somewhat  because of the presence of 
"Knudsen"  diffusion in gas interdiffusion measure -  
ments, and that, moreover ,  the choice of the gases has 
to be made judiciously, so that  there  is indeed only a 
single interdiffusion ra ther  than two separate  indi-  
v idual  diffusion processes of the two gases proceeding 
at different rates. 

X BELLOWS VALVE ~ i ~F[ 

Fig. 2. Schematic of apparatus for interdiffusion and perme- 
ability measurement. 1, vacuum pump connection; 2, 100 ml cali- 
brated volume flask; 3, to manometer; 4, to McLeod gauge; 5, 
solenoid valve; 6, needle valve; 7, rotary seal; 8, stirrer motor; 
9, collapsible pressure transducer; 10, collapsible analysis cell; 11, 
collapsible peristaltic pump; 12, collapsible paddle. 

Exper imenta l  
Gas dif]usion measurements.--A schematic of the ap- 

paratus is shown in Fig. 2. The lower part  is largely  
metal,  the upper  glass, connected to a convent ional  
vacuum system. F lex ib le  connections are made  by vac-  
uum rubber  tubing. The electrode is held be tween  two 
flanges, s i lver-soldered to the gas containers. A special 
gasket wi th  "U" cross section ( I rving B. Moore Cor-  
poration, Boston, Massachusetts) is used to p reven t  
t ransport  of gases through the edge of the  electrode. 
The standard size of the electrode samples is a disk 2 
in. in diameter.  For  samples yie lding very  high in ter -  
diffusion rates, part  of the surface is masked on both 
sides wi th  masking tape, care being taken that  the two 
openings calender perfectly.  

Vessels LI and RI are first evacuated and shut off 
f rom the vacuum system, Spheres  LU and RU are filled 
with  argon and oxygen, respect ively,  at about twice 
the pressure desired in the experiment .  The solenoid 
valves  (Circle Seal Products  Corporation, Pasadena, 
California)  are opened s imultaneously for about  1 min 
and closed by a small  p rogrammer  buil t  for  the pur-  
pose, thus admit t ing the gases to spheres LI and RI. 
The needle va lve  be tween spheres RU and RI has a 
micrometer  head cal ibrated so that  the pressure differ- 
ence be tween LI and RI at the end of the filling process 
is as small  as possible. To insure fu r the r  that  the  ex-  
per iment  is started at equal  pressure  of the two gases, 
the top connection be tween  spheres LI and RI  is 
opened for about 15 sec immedia te ly  after the solenoid 
valves  close. 

The "peris tal t ic"  pumps (Sigmamotor  Pump Cor-  
poration, Middleport,  New York) and paddle st i rrers  
are now started, to circulate  and mix  the gases in 
spheres LI and RI. (Since pumping  alone is not suffi- 
cient for  perfect  mix ing  in the spheres the paddle 
st irrers have been added.) The composition of the gases 
is de termined f rom the continuous record of the the r -  
mal  conduct ivi ty  cells which have  been cal ibrated be-  
fore wi th  mix tures  of argon and oxygen of known 
composition. 

The composition of the gases in  spheres LI and RI  
is recorded unti l  they contain 40 v / o  oxygen  and 
argon, respect ively.  The  upper  connection be tween  the 
spheres is then opened and the composit ion equal ized 
by vigorous gas recirculat ion through both spheres. 
This is done to ver i fy  that  the final composit ion is 50% 
02-50% A. In general,  some small  deviat ion f rom this 
ideal condition is occasionally observed and suitable 
correct ion made. 

The interdiffusion process is mathemat ica l ly  equ iv-  
alent  to heat  flow be tween  two identical  good conduc- 
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Fig. 3. Oxygen-argon interdiffusion across GS-I sintered glass 
disk. Exposed diameter 2r = 2.22 cm, thickness ~z ~ 0.549 cm, 
pressure 400 Torr, stirring rate 200 rpm. 

t o r s  c o n n e c t e d  b y  a p o o r  c o n d u c t o r .  L i k e  t h e  l a t t e r  
p h e n o m e n o n  i t  f o l l ow s  a n  e x p o n e n t i a l  d e c a y  l a w  

Ac 
- -  e x p  [--2D12At/ (V~z)  ] [6] 

AC o 

w h e r e  Ac a n d  ~co a r e  t h e  o x y g e n  c o n c e n t r a t i o n  d i f f e r -  
ences  b e t w e e n  t h e  t w o  s p h e r e s  a t  t i m e  t ( sec)  a n d  a t  
ze ro  t i m e  r e s p e c t i v e l y ,  D12 t h e  i n t e r d i f f u s i o n  coeff ic ient  
in  t h e  p o r o u s  m e d i u m  ( c m  2 s e c - 1 ) ,  A ( c m  2) a n d  Az 
( cm)  t h e  gross  c ross  s ec t ion  a n d  t h i c k n e s s  of t h e  disk,  

r e s p e c t i v e l y ,  a n d  V ( c m  3) t h e  s p h e r e  v o l u m e .  T h e r e f o r e  
a s t r a i g h t  l i n e  is o b t a i n e d  w h e n  log  Ac/hco is p l o t t e d  
a g a i n s t  t ime .  F i g u r e  3 s h o w s  s u c h  a p l o t  i l l u s t r a t i n g  
t h e  g r a p h i c a l  i n t e r p o l a t i o n  fo r  f i nd i ng  t h e  h a l f - t i m e ,  
t l / 2 ( sec ) ,  f r o m  w h i c h  t h e  i n t e r d i f f u s i o n  coeff ic ient  is 
c a l c u l a t e d  

/912 = 0.347 V ~z/(At1/2) [7] 

T h e  a r e a  A is c o r r e c t e d  fo r  e d g e  effects  f r o m  a c u r v e  
c o m p u t e d  b y  A u s l e n d e r  e t  al. (7) s h o w n  in  Fig.  4. 

B e c a u s e  of t h e  e x p o n e n t i a l  n a t u r e  of Eq.  [6] t h e  
zero  t i m e  c a n  b e  a r b i t r a r i l y  se t  a t  a n y  t i m e  a f t e r  t h e  
s t a r t  of t h e  e x p e r i m e n t .  A l t h o u g h  t h e  e x p e r i m e n t s  a r e  
s t a r t e d  w i t h  p u r e  gases ,  m e a s u r e m e n t s  a t  t h e  v e r y  b e -  
g i n n i n g  of t h e  e x p e r i m e n t  w e r e  d i s r e g a r d e d  b e c a u s e  
of s o m e  t r a n s i e n t  effects  i n  t h e  i n s t r u m e n t a t i o n  a n d  
also b e c a u s e  t h e  a s s u m p t i o n  of a s ing le  i n t e r d i f f u s i o n  
coeff ic ient  f o r  t h e  gases,  r a t h e r  t h a n  s e p a r a t e  i n d i v i -  
d u a l  coeff ic ients ,  is  w e a k e s t  a t  t h e  b e g i n n i n g  w h e n  a c  
is l a rge .  Z e r o  t i m e  is u s u a l l y  t a k e n  a t  a b o u t  85 a n d  
15 v / o  o x y g e n  in  t h e  t w o  sphe re s ,  r e s p e c t i v e l y .  

T h e  i d e a l  gas  p a i r s  fo r  i n t e r d i f f u s i o n  m e a s u r e m e n t s  
a r e  p a r a  a n d  o r t h o  h y d r o g e n ,  or  i so top ic  p a i r s  of v e r y  
s i m i l a r  m o l e c u l a r  w e i g h t  a n d  h e n c e  s i m i l a r  s e l f - d i f f u -  
s ion coeff ic ients  (7a ) .  W e  u s e d  o x y g e n  a n d  a r g o n  
( w h i c h  do  n o t  q u i t e  m e e t  t h e  l a t t e r  c r i t e r i o n )  b e c a u s e  
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Fig. 4. Edge effect correction factors, h ~ (equivalent area of 
disk with no edge effect) / ( true area of disk), r ~ disk radius, 
~z ~- disk thickness. 

t h e i r  t h e r m a l  c o n d u c t i v i t i e s  a r e  v e r y  d i f f e r e n t  ( t h u s  
s i m p l i f y i n g  t h e  c o n t i n u o u s  m o n i t o r i n g  of t h e  gas  c o m -  
p o s i t i o n s )  w h i l e  t h e i r  s e l f - d i f f u s i o n  coeff ic ients  a r e  n o t  
too f a r  a p a r t .  I t  s h o u l d  b e  r ea l i z ed ,  h o w e v e r ,  t h a t  t h e  
i n t e r d i f f u s i o n  of d i f f e r e n t  gases  ac ross  a p o r o u s  d i a -  
p h r a g m  p r o c e e d s  a t  d i f f e r e n t  r a t e s ,  a p h e n o m e n o n  
w h i c h  b e c o m e s  t h e  m o r e  a p p a r e n t ,  t h e  l o w e r  t h e  gas  
p r e s s u r e  a n d  t h e  s m a l l e r  t h e  c h a r a c t e r i s t i c  p o r e  d i -  
m e n s i o n ,  i.e., t h e  h i g h e r  t h e  r a t i o  of  g a s - w a l l  to  g a s -  
gas  col l i s ions .  A s  a c o r o l l a r y ,  t h e r e  s h o u l d  d e v e l o p  a 
t r a n s i e n t  p r e s s u r e  g r a d i e n t  b e t w e e n  t h e  t w o  s p h e r e s  
(8) .  W e  m e a s u r e d  t h i s  ef fec t  in  a t y p i c a l  e x p e r i m e n t  
w i t h  a V - s h a p e d  oil  m a n o m e t e r  a n d  f o u n d  t h e  m a x -  
i m u m  p r e s s u r e  d i f f e r e n c e  b e t w e e n  t h e  s p h e r e s  to r i s e  
r a p i d l y  to a b o u t  0.1 T o r r  a n d  t h e n  to d e c r e a s e  m o r e  
or  less  e x p o n e n t i a l l y  as d i f fus ion  p r o g r e s s e d .  I n  t h i s  
e x p e r i m e n t ,  t h e  s a m p l e  w a s  a p o r o u s  d i sk  of t h i c k n e s s  
0.26 cm, e x p o s e d  d i a m e t e r  1.0 cm,  p o r o s i t y  a b o u t  75% 
a n d  c h a r a c t e r i s t i c  p o r e  d i m e n s i o n  s e v e r a l  m i c r o n s .  T h e  
v o l u m e  of e a c h  s p h e r e  was  a b o u t  4 l i te r .  

M e a s u r e m e n t s  w e r e  c a r r i e d  o u t  a t  d i f f e r e n t  p r e s -  
su res ,  t h u s  e n a b l i n g  us  to e l i m i n a t e  t h e  K n u d s e n  d i f -  
f u s i o n  resistance term by use of the Bosanquet for- 
mula [8] 

1 FGp 1 
+ - -  [8] 

D12 [912] la tm DK 

w h e r e  1912 a n d  [D12] 1 atm a r e  t h e  m e a s u r e d  i n t e r d i f f u -  
s ion  coeff ic ient  ac ross  t h e  m e d i u m  a n d  t h e  o x y g e n -  
a r g o n  i n t e r d i f f u s i o n  coeff ic ient  in  f r e e  space  a t  1 a tm ,  
r e s p e c t i v e l y ,  ( c m  2 s e c - 1 ) ,  p t h e  p r e s s u r e  ( a t m ) ,  
FG ( > 1 )  t h e  r e s i s t a n c e  f a c t o r  for  gas  i n t e r d i f f u s i o n  a n d  
D~: a pos i t ive ,  p r e s s u r e - i n d e p e n d e n t  c o n s t a n t  f o r  a 
g i v e n  p o r o u s  m e d i u m  a n d  t h e  o x y g e n - a r g o n  gas  p a i r  
a t  25~ In  o t h e r  w o r d s ,  w h e n  p l o t t i n g  t h e  m e a s u r e d  
1/912 vs. p r e s s u r e  p, s t r a i g h t  l ines  w e r e  o b t a i n e d  w i t h  
p o s i t i v e  o r d i n a t e  i n t e r c e p t s .  T h e  s lope  of t h e s e  l i ne s  
is FdD12. W e  u s e d  a r e c e n t  l i t e r a t u r e  v a l u e  of D12 = 
0.195 c m  2 sec -1  a t  25 ~ (9) a n d  t h u s  w e r e  a b l e  to ca l -  
c u l a t e  FG f r o m  t h e  s lopes.  

E q u a t i o n  [8] w a s  o r i g i n a l l y  d e r i v e d  f r o m  t h e  k i n e t i c  
t h e o r y  of  gases  (8) ,  b u t  i t s  m a i n  f e a t u r e s  c a n  also b e  
u n d e r s t o o d  f r o m  t h e  f a m i l i a r  f r i c t i o n  m o d e l  fo r  l i n e a r  
t r a n s p o r t  p r o c e s s e s  in  m e m b r a n e s  a n d  d i a p h r a g m s  
(10, 11). A c c o r d i n g  to t h i s  mode l ,  1/D12 r e p r e s e n t s  a 

r e s i s t a n c e  to i n t e r d i f f u s i o n ,  w h i c h  Eq.  [8] sp l i t s  i n t o  
t w o  a d d i t i v e  t e r m s  viz., ( a )  a t e r m  p r o p o r t i o n a l  to  t h e  
p r e s s u r e .  T h i s  r e p r e s e n t s  t h e  r e s i s t a n c e  due  to co l -  
l i s ions  b e t w e e n  t h e  i n t e r d i f f u s i n g  gases ;  a t  1 a t m  a n d  
in  t h e  a b s e n c e  of t h e  p o r o u s  m e d i u m  t h i s  r e s i s t a n c e  
e q u a l s  1/[D1211atm, b u t  w h e n  t h e  p o r o u s  m e d i u m  is 
p r e s e n t  t h i s  r e s i s t a n c e  i n c r e a s e s  to  FG/ (D12) l a tm ,  FG 
e x p r e s s i n g  t h e  d e c r e a s e d  a v a i l a b l e  c ross  s ec t ion  a n d  
i n c r e a s e d  t o r t u o s i t y  of  t h e  i n t e r d i f f u s i o n  p a t h .  T h u s  FG 
is c o n s i d e r e d  i d e n t i c a l  w i t h  t h e  e l e c t r i c a l  r e s i s t a n c e  
f a c t o r  ( f o r m a t i o n  f a c t o r ) ,  FE, w h i c h  e x p r e s s e s  t h e  
s a m e  s t e r i c  f ac to r s .  ( b )  A p r e s s u r e - i n d e p e n d e n t  r e -  
s i s t a n c e  t e r m ,  1/DK, d u e  to co l l i s ions  b e t w e e n  gas  
m o l e c u l e s  a n d  p o r o u s  m a t r i x ,  w h i c h  b e c o m e s  p r e -  
d o m i n a n t  a t  l ow  p r e s s u r e s  a n d  is t h e r e f o r e  iden t i f i ed  
w i t h  t h e  r e c i p r o c a l  of  t h e  K n u d s e n  i n t e r d i f f u s i o n  co-  

efficient,  DK. 
I t  is of i n t e r e s t  t h a t  t h e  a p p a r a t u s  s h o w n  i n  Fig.  2 

c a n  also b e  c o n v e n i e n t l y  u s e d  fo r  t h e  r a p i d  d e t e r m i n a -  
t i o n  of  p e r m e a b i l i t y  o v e r  t h e  p r e s s u r e  r a n g e  of  a b o u t  
100 to 800 Tor r .  I n  t h i s  case  t h e  s p h e r e s  a r e  f i rs t  f i l led 
w i t h  t h e  t e s t  gas  a t  t h e  d e s i r e d  p r e s s u r e .  A p r e s s u r e  
d i f f e r e n t i a l  of a f e w  T o r r  is t h e n  c r e a t e d  b y  o p e n i n g  
one  of  t h e  so l eno id  v a l v e s  to  t h e  v a c u u m  fo r  a b o u t  1 
sec b y  m e a n s  of  a p r o g r a m m e d  t i m e r .  T h e  in f lux  of 
a i r  f r o m  t h e  o t h e r  sphe re ,  w h i c h  fo l l ows  a n  e x p o n e n -  
t i a l  l a w  s i m i l a r  to  Eq.  [6] is t h e n  d e t e r m i n e d  f r o m  
t h e  g r a d u a l  p r e s s u r e  i n c r e a s e  b y  m o n i t o r i n g  c o n t i n u -  
o u s l y  t h e  t r a n s d u c e r  ou tpu t .  

Electrical resistance Sactor m e a s u r e m e n t . - - A  s c h e -  
m a t i c  of  t h e  ce l l  is  s h o w n  i n  Fig.  5. I n  t h i s  a p p a r a t u s  
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Fig. S. Schematic of cell for electric resistance factor determina- 
tion: material, plexiglas; connectors, nylon. 

t he  e l ec t r i ca l  r e s i s t ance  is m e a s u r e d  w i t h  a l t e r n a t i n g  
cur ren t .  The  e lec t rodes  n e v e r  touch  the  d i a p h r a g m .  
The  porous  disk, con ta ined  in the  gaske t  of U - s h a p e d  
cross sec t ion  is s a t u r a t e d  w i t h  a d i lu te  KC1 solut ion 
and  p laced  b e t w e e n  the  f langes of the  two  ha l f -ce l l s ,  
w h i c h  a re  fi l led w i t h  t he  s a m e  solut ion.  T w o  p la t in i zed  
p l a t i n u m  e lec t rodes  of t he  same  d i a m e t e r  as t he  po rous  
shee t  can  be  m o v e d  f o r w a r d  and  b a c k w a r d  in t he  cel l  
by  m e a n s  of a sc rew d r ive  so tha t  the  e l ec t rodes  r e -  
m a i n  p a r a l l e l  to the  p l a n e  of the  sample .  One  e l ec t rode  
u sua l l y  r e m a i n s  s t a t i ona ry  close to the  sample ,  bu t  
no t  in d i r ec t  con tac t  w i t h  it. The  o the r  is p l aced  at  
d i f fe ren t  d i s tances  f r o m  the  porous  ma te r i a l ,  and  the  
r e s i s t ance  b e t w e e n  t h e  e lec t rodes  m e a s u r e d  w i t h  an  
a - c  b r i d g e  ( Indus t r i a l  In s t rumen t s ,  Inc., Ceda r  Grove ,  
N e w  J e r s e y )  at  60 cps. The  posi t ion change  can  be  
m e a s u r e d  to 0.005 cm by  m e a n s  of a r u l e r  a t t ached  to 
the  cel l  and  subdiv i s ions  of the  s c r ew  head.  

W h e n  the  m e a s u r e d  res is tance ,  R1 (ohm)  is p lo t t ed  
aga ins t  t he  d i s tance  b e t w e e n  the  e lec t rodes ,  a s t r a igh t  
l ine  is ob t a ined  wh ich  is desc r ibed  by O h m ' s  l a w  

1 
R1 : - -  [p'Az + p(z--  Az)] [9] 

A 

A is t h e  e f fec t ive  cross sect ion (cm2),  • the  d i a -  
p h r a g m  th ickness  ( cm) ,  z the  l e n g t h  coo rd ina t e  ( c m ) ,  
p' and  p the  specific res i s tances  of t he  s o l u t i o n - s a t u -  
r a t ed  d i a p h r a g m  ( o h m - c m )  and of the  solut ion,  r e -  
spec t ive ly ,  p can  be  t a k e n  f r o m  l i t e r a t u r e  va lues ,  bu t  
i t  is p r e f e r a b l e  to d e t e r m i n e  i t  u n d e r  t he  s a m e  cond i -  
t ions by r e p e a t i n g  the  m e a s u r e m e n t s  in the  absence  of 
the  porous  med ium.  This  is done  in o rde r  to gua rd  
aga ins t  i naccurac ie s  due  to m i n o r  dev ia t ions  f r o m  cy l -  
i nd r i ca l  geome t ry .  

In  this  case, t he  r es i s t ance  is 

pZ 
Ro = - -  [10] 

A 

3O ' 

EC 
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Fig. 6. Dependence of interdiffusion on pressure, Bosanquet plot 
shows reciprocal of oxygen-argon interdiffusion coefficient, D12 
(cm 2 sec -1 )  as function of pressure (atm). Porosities of sintered 
disks GS-1 and GP-1 are 30.2 and 65.0% respectively. 
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Fig. 7. Electrical resistance factor determination of sintered disk 
GS-1. Resistance between electrodes of measuring cell (Fig. 5) is 
shown as function of electrode distance. Upper line: dilute KCI 
solution and fllt; lower line: solution only. Extrapolation of straight 
lines to distance ~z yields resistance of saturated disk, Rz and 
solution (of same thickness), Ro, respectively. Electrical resistance 
factor, FE, is Rlh/Ro = 116 x 1.085/21.2 ~ 5.95, where h is edge 
correction factor taken from Fig. 4. 

I t  is seen  tha t  bo th  cu rves  shou ld  h a v e  the  same  slope, 
p/A, and  tha t  the  e lec t r i ca l  r e s i s t ance  factor ,  ( f o r m a -  
t ion  fac to r )  FE, is g iven  by  

p' 
rE = - -  ~ (R1)~z/(Ro)az [11] 

p 

since, for  z = • Eq. [9] y ie lds  

A 
p ' ~ -  ( R I ) ~  [12] 

w h e r e  (R1)~z and  (Ro)~z a re  t he  va lues  of R1 and  Ro, 
r e spec t ive ly ,  at the  e l ec t rode  s epa ra t i on  • 

In  prac t ice ,  r es i s tances  of d i a p h r a g m  and  p u r e  e lec -  
t r o l y t e  so lu t ion  a r e  m e a s u r e d  in t h e  s a m e  m a n n e r ,  e x -  
cept  tha t  for  e l e c t r o l y t e  m e a s u r e m e n t  a d u m m y  m a d e  
up of c i r cu la r  p las t ic  r ings  of s imi la r  th ickness  as t he  
d i a p h r a g m  is p laced  in  t he  cel l  ( sma l l  d i f fe rences  in 
th ickness  a re  a l l owed  for  by  g raph ica l  co r r ec t i on ) .  

Results and Discussion 
O x y g e n - a r g o n  in te rd i f fus ion  m e a s u r e m e n t s  across  

t w o  c o m m e r c i a l  glass fr i ts ,  GS-1  and  GP-1 ,  r e spec -  
t ive ly ,  (Ace  Glass  Company ,  Vine land ,  N e w  J e r s e y ) ,  
at d i f f e ren t  p re s su res  a re  shown  in Fig. 6 in t e r m s  of 
B o s a n q u e t  plots.  F r o m  the  s lope  of the  s t r a igh t  l ines  
the  gas in t e rd i f fus ion  res i s t ance  fac to rs  FG w e r e  ca l -  
cu l a t ed  by  the  p r o c e d u r e  desc r ibed  in t he  e x p e r i m e n t a l  
section.  

F o r  compar i son ,  t he  e l ec t r i ca l  r e s i s t ance  f ac to r  m e a s -  
u r e m e n t  of one  of these  glass fr i ts ,  GS-1,  is i l l u s t r a t ed  
in Fig.  7. The  e lec t r i ca l  r e s i s t ance  fac to r  for  G P - 1  was  
d e t e r m i n e d  in t he  s a m e  m a n n e r .  

T h e  res i s t ance  fac tors  ( f o r m a t i o n  fac tors )  ca lcu-  
la ted  f r o m  t h e  diffusion and f r o m  the  res i s t ance  m e a s -  
u r e m e n t s  a re  l i s ted  in Tab le  I, a long  w i t h  some p e r -  
t i nen t  da t a  on the  glass fri ts .  

I t  is seen  tha t  t he  res i s t ance  fac to rs  of t he  t w o  f r i t s  
a re  qu i te  dif ferent ,  due  m a i n l y  to t h e  l a rge  d i f fe rence  
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Table I. Properties of glass frits used in tests 

D e s i g n a t i o n  G S - I  G P - I  

To ta l  d i a m e t e r ,  cm 5.08 5.08 
E x p o s e d  d i a m e t e r  for  gas  d i f fus ion ,  cm 2.22 1.20 
E x p o s e d  d i a m e t e r  for  e lec t r i ca l  res i s tance ,  cm 3.85 3.85 
Th ickness ,  cm 0.549 0.315 
Pore  size, m i c r o n  4-8* 3* 
Open  poros i ty ,  v o l u m e  pe r  cen t  30.2 65* 
S lope  of  B o s a n q u e t  plot ,  cm-2 sec arm-1 28.1 13.3 
R e s i s t a n c e  f a c t o r  for  gas  i n t e rd i f fu s ion ,  Fo  5.48 2.61 
E l e c t r i c a l  r e s i s t ance  fac tor ,  FB 5.95 2.34 
To r tuos i t y ,  ~-, f r o m  Eq. [5] 1.32 1.27 

* S t a t e m e n t  by  m a n u f a c t u r e r .  

in porosity. The measurements  by the gas diffusion and 
electr ical  method agree wi th in  about 10 %. 

In v iew of the results in Table I and the ear l ier  
findings of other  investigations wi th  radical ly  differ-  
ent samples (5, 6) one can indeed assume that  gas 
diffusion measurements  can be used to de te rmine  the 
format ion factors of the pores, i r respect ive  of the con- 
duct ivi ty  of the ma t r ix  itself, provided (a) the ge- 
omet ry  of the mat r ix  in the dry and wet  state is the 
same, and (b) due correct ion is made  for Knudsen  
diffusion resistance. 

Gas diffusion is not the only method for the meas-  
u remen t  of the format ion factors of conduct ive 
matrices. Instead, one can measure  the diffusion of 
solutes or ionic self-diffusion across the porous body 
(12) and compare the measured  diffusion coefficients 
to those in free solution. The appropr ia te  ratios again 
yield the format ion factor, provided the mat r ix  have 
no surface conduct ivi ty  due to the type of ions whose 
diffusion is being measured.  Fo r  instance, for porous 
ion-exchange  materials,  the electr ical  and self-diffu-  
sion measurements  do not yield the same format ion 
factor unless elaborate corrections are made (10, 13). 
On the other  hand, ionic self-diffusion measurements  
in metal l ic  diaphragms should yield the correct  for-  
mation factor. Yet another  method is based on elec-  
tr ical  potent ial  drop measurements  across polarized 
porous meta l  diaphragms. For  instance, if a porous 
nickel  disk is immersed  in a solution of pure  NaOH 
and a sufficiently small  d-c potent ial  difference ap-  
plied to large electrodes on opposite sides of the disk, 
the current  wil l  pass only through the NaOH solution 

in the pores and not through the meta l  matr ix ,  pro-  
vided the potent ial  difference is too small  to main- 
tain continuous electrode reactions at the nickel-so-  
lut ion boundary (14). The electrode resistance is cal-  
culated f rom the current  and the potent ial  difference 
across the porous disk, as measured  be tween  two 
small  probe electrodes placed close to the d iaphragm 
faces, (4-electrode method) .  
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Differential Capacity Measurements at Carbon Electrodes 
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A Division of North American Aviation, Incorporated, Canoga Park, California 

ABSTRACT 

Vol tammet ry  at continuously changing potentials has been used to deter -  
mine the differential  double- layer  capacity of carbon materials.  The total 
capacity of carbon microelectrodes was of sufficient magni tude  to necessitate 
the use of slower scan rates than are normal ly  used with  the dropping mer -  
cury electrode. The differential  double- layer  capacities of A i r -Spun  graphite,  
ac id- t rea ted  A i r - S p u n  graphite, and MA-Nor i t  graphi te  were  1.4, 1.8, and 60 
farads per  gram, respectively.  At  low applied potentials  charging of the double 
layer  was the major  e lectrochemical  process. In this potent ial  range the mag-  
ni tude of the double- layer  capacity did not  va ry  wi th  potential .  

Electrodes,  fo rmed  by the impregnat ion  of Dacron 
wi th  chemical ly  t reated carbon paste, have  been used 
for water  demineral izat ion (1). The determinat ion  of 
the double- layer  capacity of various carbon pastes was 
part  of a basic study of the mechanism of deminera l -  
ization at carbon- type  electrodes. 

The theory and application of vo l t ammet ry  at con-  
t inuously changing potentials  to the determinat ion  of 

the differential  capacity of the double layer  has been 
presented in detai l  by Loveland and Elv ing  (2-5). At  
potentials  where  no reduct ion or oxidation occurs, the 
currents  observed using this technique are the sole re -  
sult  of the charging and discharging of the double 
layer  (6). The expression for differential  capacity, Cd, 
is 

Cd -~ dQ/dE [1] 
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w h e r e  Q is t h e  s u r f a c e - c h a r g e  d e n s i t y  of t h e  d o u b l e  
l aye r ,  a n d  E i s  t h e  e l e c t r o d e  p o t e n t i a l .  W h e n  t h e  r a t e  
of c h a n g e  of p o t e n t i a l  ac ross  t h e  d o u b l e  l a y e r  is e q u a l  
to t h e  r a t e  of c h a n g e  of a p p l i e d  p o t e n t i a l ,  t h i s  e x p r e s -  
s ion  c a n  be  r e a r r a n g e d  to 

1 dQ 
C~ [2] 

v d t  

w h e r e  v is t h e  s can  r a t e  in  vo l t  sec  -1,  a n d  dQ/dt is 
t h e  d i f f e r e n t i a l  c a p a c i t y  c u r r e n t  (ic). I t  w i l l  b e  s e e n  
t h a t  t h e  l i m i t a t i o n s  i m p o s e d  b y  t h i s  c o n d i t i o n  (dE/dt 

v)  a r e  m o r e  s e v e r e  in  t h e  case  of h i g h  s u r f a c e - a r e a  
c a r b o n  p a s t e s  t h a n  w i t h  t h e  d r o p p i n g  m e r c u r y  e l e c -  
t rode .  T h e  d i f f e r e n t i a l  c a p a c i t y  c an  b e  d e t e r m i n e d  e x -  
p e r i m e n t a l l y  a c c o r d i n g  to  

i c  
Cd [3] 

s can  r a t e  

T h e  i n t e g r a t i o n  of t he  c a p a c i t y  c u r r e n t  as a f u n c t i o n  of  
c h a n g i n g  p o t e n t i a l  c a n  also b e  u s e d  to e v a l u a t e  t h e  
d i f f e r e n t i a l  c a p a c i t y  in  a c c o r d a n c e  w i t h  Eq.  [1].  

Experimental 

T h e  t e s t  e l e c t r o d e  a n d  t h e  s i l v e r - s i l v e r  c h l o r i d e  
r e f e r e n c e  e l e c t r o d e  w e r e  c o n t a i n e d  i n  t h e  s a m e  c o m -  
p a r t m e n t  of t h e  H - t y p e  ce l l  (Fig.  1).  T h e  p o t e n t i a l  a t  
t h e  t e s t  e l e c t r o d e  w as  d e t e c t e d  t h r o u g h  a L u g g i n  c a p i l -  
l a r y  w h i c h  c o n t a i n e d  a s i l v e r  w i r e  c o a t e d  w i t h  s i l v e r  
ch lo r ide .  T h i s  A g - A g C 1  e l e c t r o d e  w a s  in  c o n t a c t  w i t h  
t h e  e l e c t r o l y t e  (e.g., 10% NaC1) .  T h e  p o t e n t i a l  of t h e  
t e s t  e l e c t r o d e  w a s  v a r i e d  l i n e a r l y  w i t h  r e s p e c t  to  t h e  
r e f e r e n c e  e l ec t rode .  T h e  ce l l  c u r r e n t  w a s  m e a s u r e d  as 
a f u n c t i o n  of t h e  p o t e n t i a l .  

T h e  t e s t  e l e c t r o d e  (Fig .  2) c o n s i s t e d  of a Tef lon  cup  
e q u i p p e d  w i t h  m a t i n g  t h r e a d s  a n d  a 1/4-in. d i a m e t e r  
g r a p h i t e  r o d  c e m e n t e d  to a Tef lon  p l u n g e r .  T h e  spec -  
t r o s c o p i c - g r a d e  g r a p h i t e  r o d  w a s  w a x  i m p r e g n a t e d  
a n d  i n s u l a t e d  on  t h e  s ides  so t h a t  a g e o m e t r i c a l  a r e a  
of  0.3 cm 2 w a s  exposed .  A k n o w n  a m o u n t  of c a r b o n  
m a t e r i a l  w a s  s u p p o r t e d  on  a d i sk  of W h a t m a n  No. 42 
f i l te r  p a p e r .  

T h e  v o l t a g e - s c a n n i n g  i n s t r u m e n t  w a s  c o n s t r u c t e d  of 
c o m m e r c i a l  h i g h - g a i n  o p e r a t i o n a l  ampl i f i e r s .  T h e  bas ic  
p o t e n t i o s t a t  c i r c u i t r y  w a s  s i m i l a r  to  t h a t  d e s c r i b e d  b y  

BOTTOM VIEW I 
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Fig. 2. Test electrode assembly 

L a u e r ,  Sch le in ,  a n d  O s t e r y o u n g  (7) .  C u r r e n t  w a s  r e -  
c o r d e d  on  t he  X - a x i s ,  a n d  p o t e n t i a l  on  t h e  Y - a x i s  of a 
M o s e l e y  X - Y  r e c o r d e r .  A t  h i g h - s c a n  ra t e s ,  t h e  c u r v e s  
w e r e  p h o t o g r a p h e d  f r o m  t h e  s c r e e n  of a D u m o n t  os-  
c i l loscope.  

I n  o t h e r  e x p e r i m e n t s  t h e  c u r r e n t  w a s  e l e c t r o n i c a l l y  
i n t e g r a t e d ,  a n d  d i r e c t  p lo t s  of  c h a r g e  vs. i n p u t  v o l t a g e  
w e r e  o b t a i n e d .  I n  a t y p i c a l  e x p e r i m e n t ,  t h e  t e s t  e l ec -  
t r o d e  w a s  m a i n t a i n e d  p o t e n t i o s t a t i c a l l y  a t  a f ixed  po -  
t e n t i a l  fo r  10 r a in  p r i o r  to  s c a n n i n g  a n o d i c a l l y  or  ca -  
t hod i ca l l y .  G e n e r a l l y  t h e  s c a n  r a n g e  was  0.1 o r  0.3v 
f r o m  t h e  s t a r t i n g  po t en t i a l .  T h e  p o l a r i z a t i o n  c u r v e s  
w e r e  d e t e r m i n e d  a t  v a r y i n g  s c a n  r a t e s  i n  a 10% NaC1 
s o l u t i o n  i n  t h e  p r e s e n c e  of a i r  a n d  w i t h  a n i t r o g e n  
a t m o s p h e r e .  

T h e  c a p a c i t a t i v e  c h a r a c t e r i s t i c s  of A i r - S p u n  g r a p h -  
ite, m i x e d - a c i d  t r e a t e d  A i r - S p u n  g r a p h i t e ,  " c a t i o n -  
r e s p o n s i v e "  pas te ,  a n d  t h e  g r a p h i t e  s u p p o r t  r o d  of t h e  
t e s t  e l e c t r o d e  w e r e  s tud ied .  T h e  c a t i o n - r e s p o n s i v e  
p a s t e  h a s  b e e n  u s e d  e x t e n s i v e l y  in  d e m i n e r a l i z a t i o n  
e x p e r i m e n t s  a n d  w a s  p r e p a r e d  a c c o r d i n g  to e s t a b -  
l i s h e d  p r o c e d u r e s  (1) .  Br ief ly ,  a 2 :1  m i x t u r e  of II2SO4 
a n d  HNO3, w a s h e d ,  f i l te red ,  a n d  d i s p e r s e d  w i t h  t a n n i c  
acid.  T w e n t y - f o u r  h o u r s  l a t e r  t h e  d i s p e r s i o n  w a s  s t a -  
b i l i zed  b y  t h e  a d d i t i o n  of  a m m o n i u m  h y d r o x i d e .  T h i s  
is r e f e r r e d  to  as M A - N o r i t  g r a p h i t e  ( w h e r e  M A  m e a n s  
m i x e d - a c i d  t r e a t m e n t ) .  

Results 

Air-spun graphite.~The c h a r a c t e r i s t i c s  of A i r - S p u n  
g r a p h i t e  (2.8 m g )  w e r e  s t u d i e d  o v e r  a 0.3v r a n g e  (vs. 
A g - A g C 1 )  a t  s c a n  r a t e s  v a r y i n g  f r o m  0.02 to 20 v / s e c .  
A t  r a t e s  a b o v e  0.1 v / s e c  a c c u r a t e  r e s u l t s  w e r e  n o t  ob -  
t a ined .  D o u b l e - l a y e r  c a p a c i t a n c e  v a l u e s  c a l c u l a t e d  
f r o m  p o l a r i z a t i o n  d a t a  a r e  g i v e n  in  T a b l e  I. R e p r e -  

FEFLON N 2 %  
GLAND 

REFERENCE ELECTRODE 

PASTE ELECTRODE-- 

AUXIL~RY ELECTROOE (PLATINUM), 

N (I~ 

, ~ l b .  

l i ,  
Io :ENTIMETERS 

-,*-2,2-"-* CENTIMETERS 

Table I. Double-layer capacity of air-spun graphite 

O p e n - c i r c u i t  Scan  
po ten t i a l ,  ra te ,  Capac i t ance ,  mr,  

C u r v e  t ype  v vs .  Ag-AgC1 v / s e c  / / s c a n  r a t e  d Q / d E  

Cathod ic  0.14 0.i 4.0 
0.10 0.I 3.9 
0.13 0.1 3.9 
0.14 0.1 4.0 
0.I0 0.i  3.8 (scope) 
0.14 0.05 4.3 

0.05 4.0 
0.02 4.5 
0.02 4.6 

A n o d i c  0.11 0.I 4.5 
0.12 0.1 4.2 
0,10 0.1 4.0 (scope) 
0.06 0.05 5.0 
0.13 0.02 4.7 
0.08 0.02 4.2 

Fig. 1. H-cell S a m p l e  size, 2.8 m g ;  so lu t ion ,  10% NaC1; range ,  0.3v. 
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Fig.  3. Cathodic polarization curves determined on Air-Spun 
graphite ( Ccz ~ i t~scan rate). 
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Fig. 4. Integrated cathodic scan for Air-Spun graphite 

DIFFERENTIAL CAPACITY MEASUREMENTS 

-0.3 

s e n t a t i v e  c u r v e s  o b t a i n e d  f r o m  c a t h o d i c  s cans  (Fig .  3 
a n d  4) w e r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  d e -  
t e r m i n e d  anod ica l l y ,  a n d  t h e  p r e s e n c e  of  ai~r h a d  n o  
n o t i c e a b l e  effect  on  t h e s e  d e t e r m i n a t i o n s .  T h e  m a g n i -  
t u d e  of t h e  s o l u t i o n  r e s i s t a n c e  b e t w e e n  t h e  t e s t  a n d  
r e f e r e n c e  e l e c t r o d e s  w a s  35 o h m s  as  e s t a b l i s h e d  b y  a 
c u r r e n t - i n t e r r u p t e r  t e c h n i q u e .  T h e  r e s u l t s  of e x p e r i -  
m e n t s  on  a c i d - t r e a t e d  A i r - S p u n  g r a p h i t e  (1.7 m g )  
a r e  s h o w n  i n  T a b l e  II. 30 

M A - N o r i t  graphi te . - -Linear  c u r r e n t - p o t e n t i a l  c u r v e s  25 
w e r e  o b t a i n e d  w i t h  a 3 - m g  s a m p l e  of t h e  p a s t e  a t  0.1 
a n d  0.05 v / s e c .  A de f in i t e  c u r r e n t  p l a t e a u  (0.55 m a )  ~: 20 
w a s  o b s e r v e d  a t  0.0032 v / s e c .  T h i s  c o r r e s p o n d s  to a ~" ~- 

L U ~  15 c a p a c i t y  of t h e  o r d e r  of 170 m f  (57 m f / g  of p a s t e )  = < 
�9 r r  O 

P l o t s  of  dQ vs. dE y i e l d e d  s i m i l a r  r e su l t s .  ~ ~ ,o 
To  o b t a i n  m o r e  q u a n t i t a t i v e  r e su l t s ,  s m a l l e r  s a m p l e s  

of p a s t e  w e r e  r e q u i r e d .  A c c o r d i n g l y ,  0.39 m g  of p a s t e  5 
w a s  s tud ied .  T h e  r a n g e  s t u d i e d  w a s  r e s t r i c t e d  to  0.1v o 
f r o m  a p o t e n t i a l  w h i c h  h a d  b e e n  p o t e n t i o s t a t i c a l l y  - o , o  

Table II. Double-layer capacity of mixed-acid treated air-spun 
graphite 
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Table III. Double-layer capacity of MA-Norit graphite 

S t a r t i n g  L i m ~ i n g  
p o t e n t i a l ,  c u r r e n t  / / s c a n  

C u r v e  t y p e  v v s .  A g - A g C 1  R a t e ,  v / s e e  ( i ) ,  ~a  r a t e ,  m f  

C a t h o d i c  0.2 0.0053 12 23 
0.19 0.0007 15 21 
0.2 0.001 21 19 
0.18 0.0033 80 24 
0.1 0.0053 14 26 
0.1 0.0011 25 23 
0.1 0.0022 50 23 
0 0.00053 14 26 
0 0.0007 15 21 
0 0.0011 27 25 
0 0.0022 50 23 

- - 0 . I  0 .00053 15 28 
- -0 .1  0.0011 29 26 

A n o d i e  -- 0.05 0.00053 13 25 
- -0 .03  0.0007 20 29 
- -  0.05 0.0OI1 25 23 
- -0 .05  0.0022 50 23 
- -0 .065  0.00S3 86 26 

0.05 0.00053 14 26 
0.05 0.0011 23 21 
0.i 0.0053 12 23 
0.1 0.0011 22 20 
0.15 0.00053 13 25 
0.15 0.0011 23 21 
0.2 0.0007 14 20 
0.195 0.0033 55 17 

S a m p l e ,  0.39 r ag ;  r a n g e ,  0 .1v.  

f ixed fo r  I0 rain.  A n o d i c  a n d  c a t h o d i c  p o l a r i z a t i o n  
c u r v e s  w e r e  d e t e r m i n e d  f r o m  s e v e r a l  s t a r t i n g  p o t e n -  
t i a l s  as a f u n c t i o n  of s c a n  ra t e ,  a n d  t h e  r e s u l t s  a r e  
s h o w n  in  T a b l e  III .  R e p r e s e n t a t i v e  a n o d i c  p o l a r i z a t i o n  
c u r v e s  d e t e r m i n e d  a r e  i l l u s t r a t e d  i n  Fig.  5. 

A t y p i c a l  a n o d i c  p o l a r i z a t i o n  c u r v e  d e t e r m i n e d  o v e r  
a 0.3-v  r a n g e  (Fig.  6) e x h i b i t s  a s t e a d y  c a p a c i t a n c e  
c u r r e n t  o v e r  t h e  e n t i r e  r a n g e .  Th i s  r a n g e  w a s  n o t  u s e -  
f u l  fo r  c a t h o d i c  p o l a r i z a t i o n ,  s ince  t h e  r e d u c t i o n  of  
w a t e r  c o m m e n c e d  a t  a p p r o x i m a t e l y  - -0 .4v  w i t h  r e -  
spec t  to  t h e  A g - A g C 1  e l ec t rode .  A n o d i c  p o l a r i z a t i o n  
cu rves ,  d e t e r m i n e d  i m m e d i a t e l y  a f t e r  t h e  t e s t  e l ec -  
t r o d e  was  s u b j e c t e d  to c a t h o d i c  p r e t r e a t m e n t  b e l o w  
th i s  v o l t a g e  (i.e., m o r e  n e g a t i v e ) ,  e x h i b i t e d  c u r r e n t  
w a v e s  p r e s u m a b l y  r e s u l t i n g  f r o m  t h e  o x i d a t i o n  of  a d -  
s o r b e d  h y d r o g e n .  

Graphite support rod. - -Anodic  a n d  c a t h o d i c  p o l a r i -  
z a t i o n  c u r v e s  w e r e  d e t e r m i n e d  o n  t h e  g r a p h i t e  s u p p o r t  
r o d  a t  s c a n  r a t e s  of  1, 2, 10, 20, 40, a n d  80 v / s e c .  T h e  

F 

-0.05 0 0.05 0.10 0.15 

P O T E N T I A L  VS A g - A g C I ,  VOLTS 

0.20 0.25 

Fig. 5. Representative anodic polarization curves for Ma-Norit 
graphite paste. (Range, 0.1v starting from --0.05, 0.1, and 0.15v 
vs. Ag-AgCI; upper curves, 0.001 v /sec;  lower curves: 0.00053 v/sec). 

S t a r t i n g  
p o t e n t i a l ,  S c a n  r a t e ,  L i m i t i n g  G/scan 

C u r v e  t y p e  v v s .  A g - A g C 1  v / s e e  c u r r e n t  (6), s a  r a t e ,  m f  
I0C 

C a t h o d i c  0 0.025 0.80 3.2 80 
0.065 0 .0049 16 3.3 ~ m 
0 .087 0 .0025 7 2.8 z o. 6r 
0.065 0 .0025 7 2 8 uJ <~ 
0.065 0.0016 4.5 2.8 r o 4c 
0.065 0.0016 4.2 2.6 ~ a: (4) L) 

A n o d i e  0 .074 0.1 275 2 8  
0.074 0.1 305 3.1 ~ 2c 
0.074 0.1 290 2.9 
0 0.025 90 3.6 
0 0,0049 15.5 3.2 
0.087 0.0025 7.5 3.0 
0.065 0.0025 7.5 3.0 
0,065 0.0016 4.2 2.6 

S a m p l e ,  1.7 m g ;  so lu t i on ,  10% NaC1. 

/ 
I { f I ll 

0.05 0 0.05 O.IO 0.15 0.20 0.25 0.30 

P O T E N T I A L  VS A g - A g C I ,  VOLTS 

Fig. 6. Anodic polarization curve of MA-Norit graphite paste. 
(Range, 0.3v; rate: 0.0033 v/sec). 
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Fig. 7. Polarization of analog RC series circuit 

r e su l t i ng  p h o t o g r a p h s  of t he  osci l loscope t race  r e -  
v e a l e d  tha t  dQ/d~ was  cons tan t  o v e r  t he  r a n g e  of 10 
to 80 v / sec .  The  d o u b l e - l a y e r  capac i t ance  was  30 • 5 
~f for  this  a r ea  of the  rod. The  pu rpose  of this  e x p e r i -  
m e n t  was  to assess the  r e l a t i v e  m a g n i t u d e  of c o n t r i b u -  
t ions f r o m  the  suppor t  rod  in e x p e r i m e n t s  w h e r e  a 
sample  was  present .  T h e r e  was  no s ignif icant  d i f fe r -  
ence  in po la r i za t ion  charac te r i s t i c s  w h e n  the  f i l ter  
p a p e r  was  present .  

Analog RC series circuit.--Polarization cu rves  w e r e  
d e t e r m i n e d  on a ser ies  RC c i rcu i t  as a f u n c t i o n  of  scan  
ra te ,  w i t h  R ~ 35 ohms  and C ~ 13 mf  (Fig.  7). T h e  
m e a n  capac i t ance  v a l u e  d e t e r m i n e d  at  scan ra tes  less 
t h a n  0.1 v / s ec ,  u s ing  the  r e l a t i onsh ip  C ---- / / s c a n  ra te ,  
was  13.3 ___ 0.3 inf. 

Surface-area measurements . - -The su r f ace  a reas  of 
N o r i t  A, A i r - S p u n  graphi te ,  and  the  M A - N o r i t  g r a p h -  
i te  pas te  w e r e  found  to be  1200, 4, and 270 m2/g,  r e -  
spec t ive ly .  T h e  E n g e l h a r d  I sorp ta  A n a l y z e r  ( B E T  
m e t h o d )  was  used.  The  samples  w e r e  h e a t e d  o v e r n i g h t  
in a s low s t r e a m  of h e l i u m  at  200~ A m i x t u r e  of 
10% N2 in h e l i u m  was  used  in d e v e l o p i n g  the  n i t r o g e n  
adso rp t ion  i so therm.  F r o m  the  l o w e r  po r t i on  of th is  
i s o t h e r m  (p/po ---- 0.15-0.25) the  su r face  a r e a  was  ob-  
t a ined  by  the  app l i ca t ion  of the  B E T  method .  

Discussion and Conclusions 
T h e  d e t e r m i n a t i o n  of d i f f e ren t i a l  capaci ty ,  us ing  

v o l t a m m e t r i c  s cann ing  t echn iques ,  is i dea l ly  u n d e r -  
t a k e n  w h e n  f a rada ic  con t r i bu t i ons  can  be  ignored .  
U n d e r  such condi t ions  (h igh  f a rada ic  i m p e d a n c e )  t h e  
e l ec t rode  e q u i v a l e n t  c i rcu i t  can  be  r e g a r d e d  as a 
ser ies  RC circui t ,  w h e r e  R r ep re sen t s  the  so lu t ion  r e -  
s is tance,  and  C is t he  capac i ty  of t he  d o u b l e  l ayer .  In  
an  ana log  RC c i rcu i t  the  m a g n i t u d e  of the  t i m e  c o n -  
s tan t  (RC p r o d u c t ) ,  T, l imi t s  t he  use fu l  r a n g e  of scan 
ra tes .  Ana lys i s  of t he  t i m e - v a r i a n t  v o l t a g e  app l i ed  to  
such an RC c i rcu i t  r evea l s  t ha t  a f t e r  a pe r iod  to  t ime,  
T, has  e lapsed,  the  r a t e  of  change  of  po t en t i a l  across  
t he  capac i to r  is e q u a l  to t he  r a t e  of change  of app l ied  
vol tage .  Thus,  for  h igh  t i m e  cons tan ts  (R = 35 ohms,  

C ~ 13 mr )  the  e x p e r i m e n t a l  u p p e r  l im i t  of scan  r a t e  
for  the  0 .3-v  r a n g e  was  0.1 v / s e c  (Fig.  7). A n  ana log  
R C - s e r i e s  c i r cu i t  w i t h  R ~ 35 ohms  and  C ~ 25 ~f 
was  s tud ied  success fu l ly  in this  l a b o r a t o r y  f r o m  0.02 
to 40 v / sec .  

T h e  condi t ions  u n d e r  w h i c h  such  d e t e r m i n a t i o n s  a re  
m a d e  on the  d ropp ing  m e r c u r y  e l ec t rode  (2) canno t  
be  e x t e n d e d  to i nc lude  e l ec t rodes  of h igh  su r face  area.  
Because  of t he  l a rge  e f fec t ive  capac i ty  of e v e n  smal l  
samples  of carbon,  s l ower  scan ra tes  m u s t  be  used. 
The  l imi t  of scan r a t e  is d e t e r m i n e d  by the  l e n g t h  of 
t i m e  r e q u i r e d  for  t he  r a t e  of change  of the  po ten t i a l  
across  the  doub le  l aye r  to b e c o m e  equa l  to t h e  scan 
r a t e  (6).  Thus,  w h i l e  the  e f fec t ive  capac i ty  of the  
g r a p h i t e  suppor t  rod  (30 ~f) was  success fu l ly  d e t e r -  
m i n e d  at scan ra tes  f r o m  10 to 80 v / sec ,  s l o w e r  scan 
ra tes  and  sma l l e r  samples  w e r e  necessa ry  w i t h  h igh  
s u r f a c e - a r e a  carbons.  

The  d o u b l e - l a y e r  capac i ty  of A i r - S p u n  g r a p h i t e  was  
found  to be 1.4 f / g  or  35 ~ f / c m  2 based  on the  m e a s -  
u r e d  su r f ace  area.  S ince  the  I so rp ta  A n a l y z e r  is b e t t e r  
su i ted  fo r  l a r g e r  su r f ace  areas,  the  v a l u e  shou ld  be 
cons ide red  app rox ima te .  The  d o u b l e - l a y e r  capac i ty  
for  m i x e d - a c i d - t r e a t e d  A i r - S p u n  g r a p h i t e  was  1.8 f /g ,  
and for  the  M A - N o r i t  g r a p h i t e  pas te  i t  co r r e sponded  
to 60 f /g ,  or  19 ~ f / c m  2. The  l a t t e r  v a l u e  is based  on 
the  m e a s u r e d  su r face  area.  

I t  can  be  seen tha t  o v e r  a sma l l  po t en t i a l  r a n g e  and 
at  s eve r a l  scann ing  speeds,  t yp i ca l  c apac i t a t i ve  b e h a v -  
ior  was  obta ined.  S ince  the  r e d u c t i o n  of w a t e r  begins  
at a p p r o x i m a t e l y  - -0 .4v  vs. t he  A g - A g - C 1  e lec t rode ,  i t  
is des i r ab le  to l imi t  t he  ca thod ic  r a n g e  to  a p p r o x i -  
m a t e l y  0.1v. D e v i a t i o n  f r o m  capac i t a t i ve  b e h a v i o r  was  
no ted  fo r  A i r - S p u n  g r a p h i t e  at  a p p r o x i m a t e l y  - -0 .1v 
vs. Ag-AgC1.  S ince  the  o x i d a t i o n  of w a t e r  was  found  
to occur  at  a p p r o x i m a t e l y  0.9v vs. t he  A g - A g C 1  e lec -  
t rode,  capac i t a t i ve  charac te r i s t i c s  w e r e  o b s e r v e d  ove r  
a w i d e r  r a n g e  (Fig.  6) .  

I t  is conc luded  t h a t  at l ow  app l i ed  potent ia ls ,  c h a r g -  
ing  of t he  double  l aye r  is t he  m a j o r  e l e c t r o c h e m i c a l  
process.  In  this  p o t e n t i a l  r a n g e  t h e  d i f fe ren t i a l  c a p a c -  
i ty  did not  v a r y  w i t h  po t en t i a l  and  d id  no t  d e p e n d  on 
w h e t h e r  the  po la r i za t ion  c u r v e  was  d e t e r m i n e d  anod -  
ica l ly  or  ca thodica l ly .  

T h e r e  was  no d i f fe rence  in  po l a r i za t i on  w h e n  a i r  
was  p r e sen t  or  exc luded ,  i nd i ca t i ng  tha t  o x y g e n  was  
not  reduced .  C h r o n o p o t e n t i o m e t r i c  s tudies  on ca rbon  
b lack  e lec t rodes  ind ica t ed  the  absence  of an  air  b l a n k  
s t  ca thodic  po t en t i a l s  (8).  

M a n u s c r i p t  r e c e i v e d  J u l y  14, 1965; r ev i s ed  m a n u -  
scr ip t  r e c e i v e d  Nov.  5, 1965. This  w o r k  was  suppor t ed  
by  the  office of Sa l ine  Wate r ,  D e p a r t m e n t  of t h e  I n -  
ter ior ,  u n d e r  Con t r ac t  14-01-0001-334. 

A n y  discuss ion of this pape r  w i l l  appea r  in  a Discus -  
s ion Sec t ion  to be  pub l i shed  in t he  D e c e m b e r  1966 
J O U R N A L .  
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The Characterization of Anodic Aluminas 
I. Composition of Films from Acidic Anodizing Electrolytes 

G. A. Dorsey, Jr. 
Department 05 RIetal~urgicaZ Research, Kaiser A~uminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

High-pur i ty  a luminum sheet was anodized in e leven different acidic elec- 
trolytes:  boric, chromic, phosphoric, sulfuric, oxalic, malonic, succinic, tartaric,  
fumaric,  glutaric, and adipic acids. These anodic coatings were  analyzed by 
inf rared  to de termine  the composit ion and nature  of each. We found, aside 
f rom alumina differences par t icular  to each electrolyte,  that  the anodic 
barr ie r  layer can be dist inguished f rom the porous layer  by an absorption 
band in the 1000-900 wavenumber  region. Background informat ion for the 
in terpre ta t ion  of anodic coating infrared data was obtained f rom the in-  
f rared  analysis of known minera l  forms of alumina. A band correlat ion table 
was devised. 

Anodic a lumina films are genera l ly  prepared  in 
acidic electrolytes,  such as di lute sulfuric acid, and 
have proper t ies  a t t r ibutable  to the specific electrolyte,  
the anodizing conditions, and the a luminum substrate 
compositions. Films formed at tempera tures  near  0~ 
are hard, abrasion resistant, and are often dark-co l -  
ored and semi-opaque.  F i lms  prepared  near  25~ may 
be clear and colorless, as wi th  h igh-pur i ty  a luminum 
alloys anodized in sulfuric acid electrolytes;  however ,  
these are softer than coatings prepared at lower  t em-  
peratures.  

Anodic coatings formed in room tempera tu re  elec- 
trolytes are often immersed,  af ter  anodizing, for short 
periods in hot water  solutions; this process is re fer red  
to as sealing. Thick anodic coatings have  been shown 
to have  a porel ike structure,  and sealing is thought  to 
close these pores at the outer  surface of the coating; 
sealed films are more protect ive against corrosive en-  
v i ronments  than are unsealed films, and this is gen-  
era l ly  thought  to be due to this pore-c losure  mechan-  
ism. Al though the protect iveness of anodic films may 
be due, in part, to propert ies  wi th in  the coating itself, 
much work  has been done re la t ing film propert ies  to 
sealing conditions (1). 

At tempts  to obtain informat ion about  anodic films, 
using x - r a y  and electron diffraction techniques, have  
genera l ly  been unsuccessful owing to the coatings'  
amorphous or i l l -defined state (2). Elect ron micros-  
copy has contr ibuted much informat ion  on the geo- 
metr ic  structure,  but  not  molecular  structure,  of anodic 
coatings (3, 4). Other means have  been employed, 
such as film part icle electrophoresis  (5), resis t ivi ty 
measurements  (6), and infrared analysis (7). Since we 
are concerned here  wi th  the molecular  s t ructure  of 
these aluminas, inf rared analysis has proven  to be our 
most powerfu l  tool for general  use. 

Inf rared  analysis has been wide ly  used in the exam-  
ination of mineralogical  aluminas. Freder ickson (8) 
characterized the A1-OH stretch and bend modes for 
most of the common monohydrates  and proposed a 
hydrogen bonded s t ructure  for at least one alumina, 
the ~-monohydra te  diaspore. Others have used inf ra-  
red in studies of the rmal ly  induced a lumina  phase 
transitions (9). Newsom has combined the various 
analyt ical  and physical  p roper ty  data into an excel lent  
rev iew for mineralogical  aluminas (10), as has Lip-  
pens (11). 

Our purpose here  is to combine the general  knowl-  
edge of anodic a lumina propert ies with the molecular  
s t ructure  and composition to bet ter  characterize ano- 
dizing mechanisms, film compositions, and structures.  

Experimental 
Reference aluminas.--A series of pure alumina 

phases was obtained f rom our Pe rmanen te  Metals Di- 

vision Laboratory.  These a lumina phases had been 
identified by x - r a y  diffraction and differential  thermal  
analyt ical  techniques. These samples, l isted below, 
were  taken as being representa t ive  of the a lumina  
minera l  system and were  used as reference  standards 
for our infrared analysis. 

1. Alumina  t r ihydrates:  ~, t r ihydra te  (gibbaite);  ~, 
t r ihydra te  (bayer i te) .  

2. Alumina  monohydrates :  ~, monohydrates  (bo- 
ehmite  and pseudoboehmite) ;  ~, monohydra te  (dias- 
pore) .  

3. Anhydrous  aluminas:  a, 7, pseudo-7, n, 0, x. 

Other  a luminum compounds were  also examined. 
A luminum isopropoxide was used as an addit ional  re f -  
erence for the a luminum-oxygen  linkage. In addition, 
much informat ion was made avai lable  through the in-  
vest igat ion of sodium aluminates;  these w e r e  exam-  
ined ini t ia l ly  and after  a series of bakings. 

Infrared analysis--re]erence aluminas.--These were  
examined using the potassium bromide disk and nujol  
mul l  techniques. Nujol  mulls were  used as a supple-  
n-.ent to the disk method since the lat ter  occasionally 
a l tered the water  content  of the sample; disks are pre-  
pared in a vacuum press whi le  mulls  are simply oil 
dispersions of the sample. Both sampling methods 
were  used over  the 4000-600 cm -1 range  of a Beckman 
IR-7, in double-beam operation. A blank disk was used 
as a reference  wi th  the potassium bromide  method, 
while  the mulls were  spread on cleaned sodium chlo-  
r ide plates, and spectra were  prepared using air as a 
reference.  

Anedic aluminas.--Cleaned 99.99% a luminum sheet  
was used as the substrate mater ia l  for the samples. 
Electrolytes were  prepared f rom each of the following, 
using distil led water :  

Inorganic electrolytes:  Orthoboric acid, 2.2M; Chro-  
mium (VI) oxide, 0.3M; Phosphoric acid, 3.1M; Sul-  
furic acid, 1.5M. 

Organic electrolytes:  Oxalic acid, 0.6M; Malonic 
acid, 0.6M; Succinic acid, 0.6M; Tartar ic  acid, 0.6M; 
Fumar ic  acid, 0.6M; Glutar ic  acid, 0.6M; Adipic acid, 
0.6M. 

Curren t  densities, e lect rolyte  temperatures ,  and 
coating thicknesses are listed in the Results  section, 
along with other  per t inent  data. When  used, the seal-  
ing process was carried out in boil ing distil led wate r  
adjusted to pH of 6.0 wi th  sodium hydroxide.  

Infrared analysi~--anodic aluminas.--The samples 
were  examined  over  the 4000-600 cm -1 range of the 
IR-7 operated in double-beam mode. The flat anodized 
sheets were  mounted  in the sample stage of a C.I.C. 
ATR-1 reflectance a t tachment  at the 45 ~ incidence 
angle, and spectra were  prepared using a f ron t - sur -  

169 
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f a c e d  a l u m i n i z e d  m i r r o r  as  a r e f e r e n c e ;  t h e  l a t t e r  w a s  
m o u n t e d  i n  a n  i d e n t i c a l  f a s h i o n .  T h e  r e f l e c t a n c e  
m e t h o d  e l i m i n a t e d  t h e  s ide  ef fec ts  c o m m o n  to o t h e r  
s a m p l i n g  t e c h n i q u e s  a n d  p r e s e r v e d  t h e  i n t e g r i t y  of  
t h e  s a m p l e .  T h e  o r t h o b o r i c  ac id  s a m p l e s  w e r e  a l so  e x -  
a m i n e d  i n  t h e  800-33 c m  -1  r eg ion ,  u s i n g  t h e  M o d e l  
IR-11  a t  t h e  B e c k m a n  F u l l e r t o n  L a b o r a t o r i e s .  As  w i t h  
t h e  IR-7  s p e c t r a ,  t h e s e  w e r e  p r e p a r e d  u s i n g  45 ~ r e -  
f lec tance .  

T h e  a t t e n u a t e d  to t a l  r e f l e c t a n c e  t e c h n i q u e  of F a h r e n -  
f o r t  (12) w a s  a lso  used ,  in  i s o l a t e d  i n s t a n c e s ,  w i t h  t h e  
s a m e  a t t a c h m e n t s .  To a c c o m p l i s h  th is ,  a t h i n  s i l v e r  
c h l o r i d e  s h e e t  w a s  f i rs t  p r e s s e d  a g a i n s t  t h e  a n o d i c  
c o a t i n g  s u r f a c e ;  a flat  c h r o m e - s u r f a c e d  p l a t e  w a s  u s e d  
to  p r e s s  a g a i n s t  t h e  o p p o s i t e  s ide  of t h e  s i l v e r  ch lo r ide .  
T h e  a n o d i z e d  s p e c i m e n ,  w i t h  t h e  s i l v e r  c h l o r i d e  o v e r -  
l ay e r ,  w a s  t h e n  c l a m p e d  in  p l ace  a g a i n s t  a C.I.C. s i l v e r  
c h l o r i d e  A T R  p r i a m ;  t h i s  p r o c e d u r e  g a v e  f a r  b e t t e r  
s a m p l e - p r i s m  op t i ca l  c o n t a c t  t h a n  cou ld  be  a c h i e v e d  
w i t h o u t  t h e  s a m p l e  o v e r l a y e r .  

I n  e a c h  case,  t h e  i n s t r u m e n t  w a s  o p e r a t e d  w i t h  a 
s l i t  p r o g r a m  a n d  ga in  s e t t i n g  y i e l d i n g  a n  u n l o a d e d  
S B / D B  ra t io  of  1.5; s p e e d  a n d  p e r i o d  w e r e  a d j u s t e d  
fo r  e a c h  s a m p l e  so t h a t  t h e  i n s t r u m e n t  r e s p o n s e  w a s  
a d e q u a t e .  

Results and Discussion 
Alumina-system correlation.--The o b j e c t i v e  h e r e  

w a s  to r e l a t e  i n f r a r e d  a b s o r p t i o n s  w i t h  specif ic  a l u -  
m i n a - s y s t e m  c h e m i c a l  l i n k a g e s .  F o u r  b o n d  t y p e s  w e r e  
de t ec t ed ,  or  w e r e  p r e v i o u s l y  r e p o r t e d :  A 1 0 - H  s t r e t c h -  
i n g  v i b r a t i o n ,  A 1 - O H  bend ,  A I = O  s t r e t c h i n g  v i b r a t i o n ,  
a n d  A1-OA1 s t r e t c h i n g  v i b r a t i o n .  T h e  a n h y d r o u s  a l u -  
m i n a  r e f e r e n c e  p h a s e s  a n d  a l u m i n u m  i s o p r o p o x i d e  
s p e c t r a l  d a t a  y i e l d e d  i n f o r m a t i o n  a b o u t  t h e  A1-OA1 
reg ion ,  w h i l e  t h e  h y d r a t e  p h a s e s  w e r e  u s e d  to  de f ine  
t h e  A1OH s t r e t c h  a n d  b e n d  r eg ions .  T h e  A I - ~ O  s t r e t c h  
r e g i o n  w a s  d e t e r m i n e d  f r o m  s p e c t r a l  d a t a  o b t a i n e d  
with sodium aluminate samples and from pseudoboeh- 
mite samples. 

Once each of the four infrared absorption regions 
had been located, the upper and lower wavenumber 
limits for each region were determined by using the 
following relation with appropriate reduced mass val- 
ues for each limit 

w h e r e  k is t h e  b i n d i n g  c o n s t a n t  e x p r e s s e d  in  d y n e s  
M 1  X M2 

p e r  c e n t i m e t e r  a n d  ~ - -  r e d u c e d  m a s s .  
M1 ~- M2 

If  w e  c o n s i d e r  t h e  b o n d  R O - H ,  t h e n  M1 = 1 a n d  M2 
b e c o m e s  i n c r e a s i n g l y  l a r g e  fo r  i n c r e a s i n g  m a s s  i n c r e -  
m e n t s  w i t h i n  t h e  r e m a i n d e r  of t h e  m o l e c u l e ;  h e r e  
L im .  ~ ---- 1. S i m i l a r  c o n s i d e r a t i o n s  a p p l y  to t he  o t h e r  
M2--> oo 

bonds ,  l e a d i n g  to t h e  f o l l o w i n g  r e s u l t s :  

Limiting value 
Bond M1 of reduced mass 

RO-H 1 1 
R~AI-OH 17 17 R represents the remain- 
RAI:O 16 16 der of the molecule 
RzAI-OAIO 59 59 

(The AI-OAI bond has no limiting reduced mass 
value for the system R2AI-OAIR2, and R2AI-OAIO 
was used as an approximation.) 

F u r t h e r m o r e ,  it  f o l l o w s  t h a t  t h e  l i m i t s  of v a r i a t i o n  
of ~ wi l l  d e t e r m i n e  t h e  l i m i t s  of  v a r i a t i o n  of t h e  a b -  
s o r p t i o n  f r e q u e n c y .  A s  t h e  m o l e c u l a r  w e i g h t  i n c r e a s e s ,  
t h e  r e d u c e d  m a s s  i n c r e a s e s  to a m a x i m u m ,  a n d  t h e  
a b s o r p t i o n  f r e q u e n c y  d e c r e a s e s  to a m i n i m u m  as  i n d i -  
c a t e d  be low.  

T h i s  b e h a v i o r  w a s  e x p l o i t e d  to good  a d v a n t a g e  fo r  
o u r  w o r k .  T h e  l o w e s t  o b s e r v e d  w a v e n u m b e r  of t h e  
b a n d  b e l o n g i n g  to e a c h  b o n d  t y p e  w a s  c o n s i d e r e d  as  
b e i n g  a s s o c i a t e d  w i t h  a l a r g e  r e d u c e d  m a s s ;  t h e r e f o r e ,  
t h e  l o w e s t  o b s e r v e d  w a v e n u m b e r  fo r  e a c h  b o n d  t y p e  

t 
ABSORPTION 

WAVE 
NUMBER 

I 

REDUCED MASS 

Fig. 1. Reduced moss vs .  obsorption wovenurnber for relotion 

v = 1307 

w a s  t a k e n  to be  a n  a p p r o x i m a t i o n  to t h e  l o w e r  a b s o r p -  
t i on  f r e q u e n c y  l i m i t  fo r  t h e  b o n d  type .  F r o m  th is ,  p l u s  
t h e  l i m i t i n g  v a l u e  of t h e  r e d u c e d  m a s s ,  b i n d i n g  c o n -  
s t a n t s  w e r e  c a l c u l a t e d  fo r  e a c h  of t h e  b o n d  t y p e s  p r e -  
v i o u s l y  m e n t i o n e d .  T h e  m i n i m u m  l i m i t  of  t h e  r e d u c e d  
m a s s  fo r  e a c h  b o n d  t y p e  w a s  n e x t  c a l c u l a t e d ,  a n d  th is ,  
t o g e t h e r  w i t h  t h e  b i n d i n g  c o n s t a n t ,  p r o d u c e d  a v a l u e  
fo r  t h e  h i g h e s t  a b s o r p t i o n  f r e q u e n c y  w i t h i n  e a c h  of  
t h e  c a l c u l a t e d  f r e q u e n c y  r a n g e s  fo r  e a c h  t y p e  of  bond ,  
as is s h o w n  be low :  

Infrared 
absorption 

Alumina-system wavenumber 
chemical bond range Interpretation 

A10 ~ H (stretch) From 3660 to 
2940 cm -1 

AI ~--~ O (stretch) From 1696 to 
1345 cm-1 

A1 ~ OH (bend) From 1162 to 
900 cm -1 

AI ~ OA1 (stretch) Below 900 cm-1 

Bands in this region indi- 
cate the presence of water; 
either free, adsorbed, or 
combined as hydroxide 

The presence of double 
bonds indicates an adsorp- 
tive or reactive material 
that probably does not have 
much crosslinking. 

Absorption here indicates 
the presence of aluminum 
hydroxides. Monohydrates 
are characterized by bands 
near 1070 em -~, while nor- 
mal trihydrates show bands 
below 1025 em -1. 

Bands in this region indi- 
cate a high degree of cross- 
linking in the material; 
strong bands in this region 
are often associated with an 
absence of AI=O bonds. As 
the degree of crosslinking, 
i.e., molecular weight, in- 
creases, the bond absorption 
frequency will shift to lower 
values. 

Infrared data ~o~ anodic aluminas.~Table I p r e s e n t s  
the infrared data that were obtained with the anodic 
aluminas; anodizing conditions and coating thicknesses 
are included in the table. The average anodic coating 
thicknesses were taken from metallographie cross-sec- 
tion determinations. 

The anodie coating on aluminum may consist of one 
or more layers. The first layer to form, during anodiz- 
ing, is termed the "barrier layer," further anodizing 
thickens this layer and may also cause a second layer 
to form on top of it. Unlike the barrier layer, this sec- 
ond layer is generally quite porous and is referred to 
as the "porous layer." 

While the porous layer readily dissolves in acid 
solutions such as chromic-phosphoric mixtures, the 
barrier layer is less rapidly attacked. The barrier layer 
is also a better dielectric than the porous layer; the 
bulk of the voltage drop through an anodic coating, 
during anodizing, is thought to be due largely to the 
barrier layer. Many anodizing electrolytes can be used 
to produce the composite barrier and porous-layered 
coating; however, some yield only barrier layers. 
Orthoboric acid is commonly used when it is desired 
only to produce the barrier layer. 
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Table I. Infrared data for anodic aluminas 

T h e  f o l l o w i n g  n o t a t i o n s  a r e  u s e d  to d e s c r i b e  t h e  i n t e n s i t y  of t h e  i n f r a r e d  b a n d s :  S,  s t r o n g ;  NI, m o d e r a t e ;  W,  w e a k ;  b ,  b r o a d ;  s, s h a r p ;  sh,  
s h o u l d e r  on  a n o t h e r  b a n d .  

E l e c t r o l y t e s  a n d  a n o d i z i n g  p a r a m e t e r s  

I n f r a r e d  a b s o r p t i o n s  ( w a v e n u m b e r s )  

A 1 0  <---) H A1 < = > O A1 ~ O H  A1 e - e  OA1 
s t r e t c h  s t r e t c h  bend~ s t r e t c h  

A. 2.2N[ o r t h o b o r i c  a c i d  
10O~ 250v ,  U n s e a l e d  N o n e  N o n e  955 M,s 
100~ 450v ,  u n s e a l e d  N o n e  N o n e  055 ~,s  

( O r t h o b o r i c  a c i d  f i lms w e r e  e x a m i n e d  o v e r  t h e  4000-33  cm-X r e g i o n ,  u s i n g  I R - 7  a n d  I R - 1 1  i n s t r u m e n t s )  

B.  0 .3M c h r o m i u m  (VI)  o x i d e  
41~ 0.216 a m p / d m  s, 1.7~, u n s e a l e d  

41~ 0 .216  a m p / d i n  ~, 1.7~, s e a l e d  

41~ 0.216 amp/a lma ,  8,9~, unsealed 

41~ 0.216 a m p / r i m  2, 8.9~, s e a l e d  

C. 3 .1M o t h o p h o s p h o r i c  a c i d  
25~ 0.756 amp /dmU,  2.05,  u n s e a l e d  

25~ 0.756 a m p / d i n  ~, 2.0~, s e a l e d  

250C, 0 .756  a m p / d m  2, 5.3~t, u n s e a l e d  

25~ 0.756 a m p / d i n 2 ,  5.3~, s e a l e d  

D. 1.5M s u l f u r i c  a c i d  
25~ 1.30 a m p / d m  2, 1.8/~, u n s e a l e d  

25~ 1.30 a m p / d i n  ~, 1.8~, s e a l e d  

25~ 1.30 a m p / d m  ~, 6.9/~, u n s e a l e d  

25~ 1.30 a m p / d m  2, 6.9~, s e a l e d  

25~ 1.30 a m p / d m  ~, 1.6~, s ea l ed ,  
A T R  s p e c t r u m  

25~ 1.30 a m p / d m  e, 6.9~, s ea l ed ,  
A T R  s p e c t r u m  

N o n e  
N o n e  

3380s. b N o n e  1100 w,b 670  s'b 
1060 s, s 

925s,b 
3360s,  b N o n e  1100 w,b 670 s'b 

1O60S,s 
925s,b 

~ ' i n  ge  p a t t e r n  N o n e  1003 s, s h. s 725M. b 
i n t e r f e r e n c e  1002 s,s 

920 M, sh,s 

F r i n g e  p a t t e r n  N o n e  1112 s, s 900  M, sh, b 
i n t e r f e r e n c e  1025 s'b 835 M'b 

975s, sh,s 

3000 w,b None 1150o-)s, s 700 s,b 
1140o-)s, sh, s 

908 M , b 

3000 M, b N o n e  1150 (1) s, b 700S, b 
908M, b 

3400M,b N o n e  1150 (1) s,b 725 ~ 'b  
950s,b 

3450M, b N o n e  1150 (1)s,b 726S'b 
950s.b 

3400 M,b 1 3 2 5  M,b l 1 5 0 ( 2 )  S,b 6 5 0  M,b 
1 0 9 0  S,sh, s 6 1 0  ~ , s  

900M, b 

3450S,s 1325M,b 1125 (2) s,b 650M, b 
3420S, s 1090S, sh, s 
3390M,sh.s 9DOM, b 

F r i n g e  p a t t e r n  1200~. b 1125 (2) s.~ 750 M . b 
i n t e r f e r e n c e  1075 s'b 

920  s, s 

F r i n g e  p a t t e r n  1200s.b 1125 (s)s,b 750 M,b 
i n t e r f e r e n c e  1015 s, s 

970 s. B 

3600 M, s 1300 w,b 1120(s)~,b 680 s,b 
3520~.s  1O70S. s 
3440s,  s 
3420s,s  
3390s,s  ( n o  b a n d  i n  1 0 0 6 - )  
3300s,  s L 900  c m  -1 r e g i o n  J 
3310s , ,  
3250 ~ , s 
3550  M, sh,s N o n e  l l2O(s) s. s 675S,b 
3370  s,s i070 s,s 
3310s, s 
3280s,s  
3180S,b ( n o  band in "1000-~ 
3120s,  s L 900 e m  -z r e g i o n  ) 
31OOS,~ 
3050,s, s 
3000s,  s 

E. 0 .6M oxa l i c  a c i d  
3~ 1.08 a m p / d m  e, 1.3~, u n s e a l e d  N o n e  1480s . ,  940s, s 610s, b 
10~ 1.08 a m p / d m ~ ,  2.8~,  u n s e a l e d  N o n e  1470M, s 935  s'~ 740w'b 

650W,b 

F. 0 .6M m a l o n i c  a c i d  
68~ 1.08 a m p / d m  '2, 2.5~,  u n s e a l e d  N o n e  1470M, s 1130 M's 61OS'b 

960 s,s 

90~ 1.08 a m p / d m  2, 1.7~, u n s e a l e d  3400W,b N o n e  933 s's 675w'b 

G. 0 .6M S u c c i n i c  a c i d  
50~ 1.08 a m p / d m  e, t h i c k n e s s  n o t  N o n e  1470W,b 960 s 's  755 w'sh'b 
m e a s u r a b l e ,  u n s e a l e d  
85~ 1.08 a m p / d m  '2, t h i c k n e s s  n o t  N o n e  N o n e  965s ' s  755W'sh'b 
m e a s u r a b l e ,  u n s e a l e d  

H. 0.TM t a r t a r i c  a c i d  
25~  1.08 a m p / d m ~ ,  t h i c k n e s s  n o t  N o n e  1450w,b 955 M.s 610 s,b 
m e a s u r a b l e ,  u n s e a l e d  
75~ 1.08 a m p / d m  2. 2.8/L, u n s e a l e d  N o n e  1475 M,s 970 s 's  610S'b 

I. 0 .6M f u m a r i c  a c i d  
10~ 1.08 a m p / d i n  2, t h i c k n e s s  n o t  N o n e  1468M, s 965 s 's  61OS'b 
m e a s u r a b l e ,  u n s e a l e d  
10O~ 1.08 a m p / d m ~ ,  t h i c k n e s s  n o t  N o n e  N o n e  960 s,~ 725 w'b 
m e a s u r a b l e ,  u n s e a l e d  

J .  0 .TM g l u t a r i c  a c i d  
98~  1.08 a m p / d i n 2 ,  t h i c k n e s s  n o t  N o n e  N o n e  957 M'" N o n e  
m e a s u r a b l e ,  u n s e a l e d  

K.  0 .6M a d i p i e  a c i d  
95~ 400v ,  t h i c k n e s s  n o t  m e a s u r -  N o n e  N o n e  970 s,s N o n e  
a b l e  a n d  C.D. n o t  c o n s t a n t ,  u n s e a l e d  

(l) T h i s  b a n d  m a y  be  d u e  to  a l u m i n u m  p h o s p h a t e .  T h e  2.0~ f i lm t h i c k n e s s  c o n t a i n e d  6%,  by  w m g h t ,  PO4 -8 w h i l e  t h e  5.3~ c o a t i n g  c o n t a i n e d  
8 w / o  PO4 -3. 

(2) T h i s  b a n d  m a y  be  d u e  to a l u m i n u m  s u l f a t e .  T h e  1.8~ f i lm t h i c k n e s s  c o n t a i n e d  13%,  b y  w e i g h t ,  SO4 -2 w h i l e  t h e  6.9~ c o a t i n g  c o n t a i n e d  
14 w/o SO4-S 
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The preceding table shows that  the barr ie r  layer  
electrolyte,  orthoboric acid, yields an anodic coating 
having only one inf rared  absorption band in the 4000 
to 33 cm -1 region: at 955 cm -1. Similarly,  each of the 
other electrolytes produce coatings wi th  one inf rared  
band in the 1000-900 wavenumber  region. Often, the 
wavenumber  placement  of this band shifts to h igher  
values as the thickness of the coating increases: ex-  
ample, orthophosphoric,  sulfuric, and malonic acids. 

The ATR spectra, which show only the surface com- 
position, and bulk reflectance spectra of sulfuric anodic 
films are similar, however  the 1000-900 cm -1 band is 
missing in the sulfuric anodic film ATR spectra. This 
indicates that  the 1000-900 cm -1 band corresponds to 
an a lumina composition not found on the sulfuric 
anodic coating surface. We conclude, therefore,  that  
the anodic bar r ie r  layer  is character ized by an inf ra -  
red absorption band lying within the 1000 to 900 wave -  
number  region. The basis for this conclusion is re -  
i terated below. 

1. Orthoboric acid electrolytes produce only bar r ie r  
layer  oxide types. These anodic films have  only one 
absorption band in the 4000 to 33 cm -1 region: be-  
tween 1000 and 900 c m - L  

2. The reflectance spectra of the ent ire  group of 
coatings, f rom various electrolytes,  have  one common 
absorption region: 1000 to 900 c m - L  

3. The surface composit ion of a porous coating is 
similar  to the bulk composition (example,  sulfuric 
anodic f i lm);  however  the 1000 to 900 cm - t  region is 
blank. 

Al though the barr ie r  layer  a lumina apparent ly  can 
be identified with  an infrared absorption in the 1000- 
900 wavenumber  region, this presents an anomaly.  The 
barr ie r  layer  infrared band is wi th in  the region 
ascribed to a lumina hydrates;  specifically, the band is 
in the t r ihydra te  region. Alumina  hydrates  normal ly  
have  a second band located in the h igher  f requency 
region near  3400 cm-1;  bar r ie r  layers normal ly  do not 
have  a band here. However ,  when  there  is a band in 
the 3490 region, the bar r ie r  layer  band has usual ly  
shifted f rom a low to h igher  f requency  (example:  
25~ phosphoric coatings);  this f requency shift nor-  
mal ly  corresponds to a b reak ing-up  of a high molecu-  
lar  weight  polymer  to give a series of lesser polymers.  
We bel ieve that  our data show the barr ie r  layer  to be 
a hydra ted  alumina, specifically a t r ihydrate ,  which is 
al tered in s t ructure  as anodizing progresses in a 
porous f i lm-forming electrolyte.  
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Conclusions 
Inf rared  analysis of anodic and nonanodic aluminas 

can revea l  much about their  composition and structure. 
The fol lowing correlat ion chart  was der ived f rom our 
pre l iminary  work  here. 

I n f r a r e d  a b s o r p t i o n  
A l u m i n a  b o n d  type frequency  range 

( w a v e n u m b e r s )  

AIO <-----> H 3660-2940  
A1 ~-- - ->  O 1696-1345 
A1 ~ O H  1162-900  

( B a r r i e r  l a y e r  AI  <----> O H  1000-900)  
AI  ~ OAI  B e l o w  900 

Inf rared  absorptions of composite anodic films may 
be used to distinguish the porous layer  f rom the bar-  
r ier  layer;  the barr ie r  layer  absorption is l imited to 
the 1000-900 cm - I  region whi le  the porous layer  may  
show bands above 1000 cm - I  or below 900. 
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A correlat ion chart, which we described previously,  
re la ted a lumina-sys tem chemical  l inkages wi th  absorp-  
t ion regions in the inf rared  (1). We were  able to make  
a distinction be tween  the infrared absorption of the 
anodic barr ie r  layer  and absorptions characteris t ic  
of the various porous layers. The composition of the 
porous layer  var ied  with  the anodizing electrolyte  
used. The purpose of this present  work  is to show the 

The Characterization of Anodic Aluminas 
II. Effect of Anodizing Temperature on Coatings from Aliphatic Dicarboxylic Electrolytes 

G. A. Dorsey, Jr. 
Department of Metallurgical Research, Kaiser Aluminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

High-pur i ty  a luminum sheet was anodized in eight dicarboxylic  e lectro-  
lytes: oxalic, malonic, succinic, and tar tar ic  acids, ammonium tar trate ,  and 
fumaric,  glutaric and adipic acids. The anodic coatings were  quant i ta t ive ly  
analyzed by infrared techniques to evaluate  the amounts of porous and 
barr ier  layers  in each. We found that  the anodizing t empera tu re  influenced 
the amount  of porous layer  formed and appeared to be re la ted to the dissolv- 
ing tendency of the electrolyte.  Fur thermore ,  we found a shift in the absorp-  
t ion w a v e n u m b e r  of the barr ie r  layer  that  correlates  wi th  the amount  of po-  
rous layer.  A mechanism for format ion of porous layer  f rom barr ier  layer  is 
proposed. 

effect of anodizing t empera tu re  on the amounts of both 
barr ie r  and porous layers wi th in  the same anodic film. 

It is commonly accepted tha t  the thickness of the 
barr ier  layer  is defined by a relat ionship with  the 
applied voltage : ~14 A/v .  However ,  as is pointed out 
by van Geel and Schelen (2), this relat ionship exists 
only under  a certain set of conditions. When the peak 
anodizing vol tage is reached, it must  be held con- 
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stant unti l  the anodizing current  density has decayed 
to a low s teady-s ta te  value. No fu r the r  bar r ie r  layer  
should be formed at this fixed voltage. If the anodiz- 
ing electrolyte  and conditions are such that  both por-  
ous and barr ie r  layers  form, the anodizing current  wi l l  
not  correspondingly decay at fixed voltages and the 
14 A / v  re la t ion should not be applied to compute bar -  
r ier  layer thicknesses. 

Since we  are interested in the amounts  of both 
porous and barr ie r  layers which were  formed at con- 
stant current  density, the 14 A / v  re la t ion could not be 
applied. Instead, we  used the infrared absorbance of 
bands which could be identified wi th  the porous and 
barr ier  layers, respectively.  The absorbance of an in- 
f rared  band is governed by two factors: (i) the ab-  
sorbancy index, a relat ionship be tween  re f rac t ive  
index and wave leng th  for a specific molecular  absorp-  
tion band, and (if) the "amount"  of absorbing material .  
The amount  is de te rmined  by two factors: concentra-  
t ion of mater ia l  per uni t  volume and thickness of the 
contained material .  

As described earl ier  (1), our procedure  for the in-  
f rared  analysis of anodic aluminas is one of 45 ~ in-  
cident angle reflectance. The readings for each an-  
odized sample are made over  equal  areas so that  only 
differences in coating density or coating thickness in-  
fluence the quant i ta t ive  reproducibi l i ty  be tween  sam- 
ples of the same anodic material .  The effective beam 
area is a fixed paramete r  and depends only on the 
angle of incidence for the sample and the optical ge- 
omet ry  of the system. 

We can make  quant i ta t ive  measurements  on a re la -  
t ive basis wi thout  knowing the sample thickness or 
effective beam area but, to do this, we sacrifice the 
abili ty to express our data in terms of units. As a m a t -  
ter  of expediency, our final data were  obtained in 
unitless absorbance values that  express the effects of 
coating thickness, density, and bond absorbancy in-  
dices. In this paper, therefore,  we  chose to re fer  to 
our quant i ta t ive  results as amounts  ra ther  than in 
more  normal  concentrat ion terms. A thin, dense coat-  
ing could present  the same amount  of a par t icular  
molecular  bond to the beam as would a thicker,  but  
lighter, film. 

Exper imenta l  

Anodic aluminas.--Cleaned 99.99% a luminum sheet 
was used as the substrate mater ia l  for the samples. 
The fol lowing electrolytes were  prepared,  using dis- 
t i l led water :  oxalic acid, 0.6M; malonic  acid, 0.6M; 
succinic acid, 0.6M; tar tar ic  acid, 0.6M; ammonium tar -  
trate, 0.2M-solution of pH 6; fumar ic  acid, 0.6M; 
glutaric acid, 0.6M; adipic acid, 0.6M. 

The a luminum panels were  anodized at a constant 
current  density of 1.08 a m p / d m  2 or, where  the cur-  
rent  density could not be maintained,  to a m a x i m u m  
of 400v. The  samples were  anodized for 5.0 and 10.0 
min at tempera tures  ranging f rom near  0 ~ through 
100~ At  the lower  temperatures ,  some solutes were  
not sufficiently soluble to obtain the desired concen- 
tration; at h igher  temperatures ,  the desired concen- 
t ra t ion was obtained. The samples were  not sealed but 
were  analyzed immedia te ly  af ter  anodizing. 

Infrared analysis.--The samples were  examined,  as 
before, over  the 40.00-600 cm -1 range of the Beckman 
IR-7. The flat anodized sheets were  mounted  in the 
sample  stage of a C.I.C. ATR-1 reflectance a t tachment  
at a 45 ~ angle of incidence. Double beam spectra were  
obtained vs. a f ront -sur faced  aluminized mir ror  which 
was mounted  in an identical  fashion as the sample. 

Quant i ta t ive  determinat ions  were  made using a 
we igh t -method  of graphical  integration.  Checks 
showed that  the total  precision, using this method, was 
within  ___ 1.3%. 

Results and Discussion 

Inf rared  absorption bands were  assigned to porous 
or barr ier  layers according to the results  of previous 
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studies (1, 3, 4). A summary  of these background data 
is g iven below: 

A l u m i n a  b o n d  type  

I n f r a r e d  a b s o r p t i o n  
f r e q u e n c y  range  
( w a v e n u m b e r s }  

A I O  ~ H s t r e t c h  3 6 6 0 - 2 9 4 0  
A t  ~ ~ O stretch 1696-1345 
A1 ~ O H  b e n d  1 1 6 2 - 9 0 0  
( B a r r i e r  l a y e r  1 0 0 0 - 9 0 0 )  

A1 ~ O A 1  s t r e t c h  B e l o w  9 0 0  

The 1470 cm -1 A I = O  band is used as a measure  of 
the apparent  amount  of porous layer  obtained f rom 
the dicarboxylic  electrolytes. This band has been found 
only in the porous layer  and is wel l  defined, whereas  
the A1-OA1 band is broad and often extends below 
the 600 cm -1 l imi t  of our instrument .  The  1570 A I = O  
band was not used, since this may  be al tered by the 
degree of sorbed water .  

We recognize that  a one- to-one  correlat ion has not  
been established between the A I = O  absorbance and 
the amount  of porous layer. Fur ther ,  the concentra-  
t ion of this bond group may  va ry  wi th  the th ick-  
ness of a porous layer. Pending fur ther  work,  we wil l  
refer  only to the amount  of porous layer  A I = O ,  or to 
the apparent  amount  of porous layer, and not to the 
amount  of porous layer  itself. 

A band in the 1000 to 900 cm -1 region is due to 
absorption by the anodic bar r ie r  layer  (1). Accord-  
ingly, its absorbance is used as a measure  of the 
amount  of bar r ie r  layer.  

The coating thicknesses were  general ly  too small to 
be measured by metal lographic  cross-sectional tech-  
niques and are therefore  not  included here. 

Figures 1 through 8 show the results that  were  ob- 
tained on coatings produced in each electrolyte  and 
over  a range of anodizing temperatures .  Peak  voltages 
are included wi th  the barr ie r  layer  data. 

It  is wel l  accepted that  electrolytes which do not 
dissolve alumina produce only barr ie r  layer  coatings. 
Electrolytes which can dissolve a lumina may  produce 
both barr ie r  and porous coatings. If the dissolving ac- 
tion of the e lect rolyte  is weak, the anodic oxidat ion of 
a luminum may be less efficient at low anodizing t em-  
peratures;  wi th  such electrolytes,  successively thicker  
coatings may be obtained as the t empera tu re  is in-  
creased under  otherwise identical  conditions of current  
and time. However ,  at h igher  temperatures ,  the dis- 
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Fig. 1. Effect of anodizing temperatures on coating layers formed 
in oxalic acid; 0.6M at 1.08 amp/dm 2. A (left), Apparent porous 
layer: porous coating trends, the amount of porous coating A I ~ O  
was greatest at low temperature. Increased anodizing time did not 
appear to change the amount obtained after 5 rain of anodizing. 
The bond group did not form above 80~ B (right), Barrier layer: 
Barrier layer trends; the barrier layer predominated at intermediate 
temperatures and reached a maximum amount near 60~ above 
this temperature, it, too, ceased to form, and the metal then 
electropolished. (~  , 10-mln anodize; _ _ w _ ~ - - . ~  5-min 
anodize; - - ~  � 9  anodizing voltage. 
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Fig. 2. Effect of anodizing temperatures on coating layers 
formed in malonic acid; 0.6M at 1.08 amp/dm '~. A (left), Apparent 
porous layer: porous coating trends, the apparent amount of coating 
was greatest at low temperatures. The porous coating A I = O  did 
not form above 90~ (B) (right), Barrier layer: barrier layer trends, 
the barrier layer predominated and increased steadily in amount 
with increasing temperature. O , 10-min anodize; - - ~ - - - ,  5- 
min anodize; - - - - O  - - - - ,  anodizing voltage. 
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Fig. 3. Effect of anodizing temperatures on coating layers formed 
in succinic acid; 0.6M at 1.08 amp/dm 2. A (left), Apparent porous 
layer: porous coating trends, the apparent coating formed only at 
mid-range temperatures and at high voltages. The coating did not 
form below 1S~ nor above 60~ and the amount of A I ~ O  ob- 
tained did not change after the first 5 rain of anodizing. B (right), 
Barrier layer: Barrier layer trends, the amounts of barrier layer 
showed maxima in the temperature region where a porous coat- 
ing formed. O , 10-min anodize; - - ~ / ~ - - ,  S-min anodize; 
- -  - -  O - -  - - ,  anodizing voltage. 

solving action wil l  predominate  so that  the porous 
layer  is at tacked (Fig. 1, 2, 3, 5, and 8). At  still  h igher  
tempera tures  the porous layer,  and thereaf ter  the bar -  
r ier  layer, will  dissolve; this sequence is demonstra ted 
in Fig. 1 for the oxalic acid electrolyte.  

Tar tar ic  acid, Fig. 4, however  appears to show two 
relat ionships between the dissolving ra te  and the 
formation rate  of the coatings. We theorize that  this 
behavior  is due to the existence of two dissolving 
mechanisms with tar tar ic  acid. Tar tar ic  acid may form 
two distinct a luminum complexes:  one which forms 
readi ly  and a less-solubil izing complex that  forms 
only at h igher  temperatures .  The presence of such a 
dual complexing mechanism for tar tar ic  and other  
polyhydroxy acids is wel l  known (5). 

Under  such a system, thicker  anodic coatings would 
be produced at successively higher  anodizing t emper -  
atures unti l  the dissolving action of the more  readi ly  

0.20 0 20 400 

Temp, C 100 Temp, C 100 

Fig. 4. Effect of anodizing temperatures on coating layers formed 
in tartaric acid; 0.6M at 1.08 amp/din 2. A (left), Apparent porous 
layer: porous coating trends, the amount of A I = O  showed two 
temperature-dependent maxima: at 60~ and near I00~ The 
amount obtained was also dependent on the anodizing time. 
B (right), Barrier layer: harrier layer trends, the barrier layer 
amount also exhibited two maxima that were temperature-depend- 
ent: at 20~ end near 100~ An explanation for the occurrence of 
these dual maxima follows in this section. O , 10-mln anodize; 
- - ~ - - ,  S-min anodize; - -  - -  ~ )  - -  - - ,  anodizing voltage. 

20 400 
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Fig. 5. Effect of anodizing temperatures on coating layers formed 
in ammonium tartrate; 0.2M at 1.08 amp/dm 2. A (left), Apparent 
porous layer: porous coating trends, a trace amount of A I ~ O  was 
always present regardless of anodizing temperature or voltage. An- 
odizing beyond 5 mln had no further effect on the total amount 
present. B (right), Barrier layer: barrier layer trends, the amount in- 
creased gradually with increasing temperature and went through a 
maximum of 80~ afterwards decreasing slightly. O , 10-min 
anodize; - - - ~ - - ,  5-min anodize; - - - - ~ ) - - - - ,  anodizing voltage. 

formed a luminum tar t ra te  complex approached the 
rate of a luminum oxidation. In this t empera tu re  re -  
gion, th inner  coatings would be formed. At  still h igher  
temperature ,  the first complex would  r eve r t  to the 
weaker,  less act ive form. This would  resul t  in a net 
decrease in the dissolving action of the solution, and 
the coating thickness would  again increase wi th  in-  
creasing temperature .  

Fur the r  examinat ion of these data revea led  a pecu-  
liar t rend for the anodic bar r ie r  layer. The t rend was 
par t icular ly  wel l  developed when  the tar tar ic  acid 
e lect rolyte  was used; this e lec t ro lyte  does not  appear 
to exer t  a dissolving action on the bar r ie r  layer  under  
the conditions employed here. F igure  9 shows that, 
when a porous coating was formed in conjunction 
with  the barr ie r  layer, the bar r ie r  layer  inf rared  band 
tended to shift toward higher  frequencies.  A f requency  
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Fig. 6. Effect of anodizing temperatures on coating layers formed 
in fumaric acid; 0.6M at 1.08 amp/dm 2. A (left), Apparent porous 
layer: porous coating trends, the apparent amount showed a sharp 
maximum near 15~ and rapidly decreased to an undetectable 
amount above 30~ the porous coating A I ~ O  did not form above 
30~ B (right), Barrier layer: barrier layer trends, the amount 
steadily increased with increasing temperature, from 0 to 100~ 
the increase was uniform and without any apparent maximum. 

O , 10-min anodize; - - ~ - - ,  5-min anodize; - - - - ~  , 
anodizing voltage. 
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Fig. 8. Effect of anodizing temperatures on coating layers formed 
in adipic acid, 0.6M (current density could not be held constant 
at 1.08 amp/dm2). A (left), Apparent porous layer: porous coating 
trends, the apparent amount decreased with increasing temperature 
and was not detectable above 60~ B (right), Barrier layer: 
Barrier layer trends, the amount increased with increasinq tempera- 
ture and reached a plateau above 40~ Effects of anodizing beyond 
the first 5 min were only apparent at temperatures below 40~ 

O , 10-min anodize; - - ~ - - ,  S-min anodize; - - - - ~ n - - ,  
anodizing voltage. 
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Fig. 7. Effect of anodizing temperatures on coating layers tormed 
in glutaric acid; 0.6M at 1.08 amp/din 2. A (left), Apparent porous 
layer: porous coating trends, no detectable A I ~ O  formed during 
anodizing from 0 to 100~ B (right), Barrier layer: barrier layer 
trends, the barrier layer amount increased with anodizing tem- 
perature; the increasing amount conformed well with increasing 
voltage increments. No change was detectable after the first 5 rain 
of anodizing. 0 , 10-min anodize; - - - ~ - - ,  5-min anodize; 
- - - -  e - -  - - ,  anodizing voltage. 

shift of this type normal ly  corresponds to a reduct ion 
in polymer  weight,  indicating a breaking up of a high 
polymer  to give a series of lesser polymers.  This 
tendency appeared to be independent  of the anodizing 
t empera tu re  and was influenced by increasing amounts  
of the porous layer  A I : O  bond. 

We also found that  coatings formed in chromic, 
oxalic, phosphoric, and sulfuric acids all show a sim- 
i lar  relat ionship be tween porous layer  A I : O  absorb-  
ance and barr ie r  layer  wavenumber  (1). Tar tar ic  acid 
is the only example  for which a complete  set of data 
was avai lable;  previous data show the effect for the 
other  acids, but  the data are for two coating thick-  
nesses and not for a un i formly  increasing series of 
samples. 
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Fig. 9. Relationship between amount of porous layer and infra- 
red positioning of barrier layer band: 0:6M tartaric acid; amount of 
porous layer vs .  absorption wavenumber of barrier layer. 

This effect was not evident  if  the amount  of porous 
coating remained unchanged with  increasingly higher  
tempera tures  or anodizing times. Moreover,  coatings 
formed in barr ie r  layer  electrolytes did not show a 
shift in the w avenum ber  of the absorpt ion band with  
increasing anodizing temperatures .  We pos tu l a t e  f rom 
these observations that  porous coatings are not formed 
from the barr ie r  layer  unless the surface of the barr ie r  
layer  is first a l tered;  this surface a l terat ion appears to 
be a conversion of the barr ie r  layer  into a react ive 
hydrous a lumina layer. Unless this surface layer,  
which we wil l  call the "parent  layer,"  is first formed, 
the barr ier  layer  wi l l  apparent ly  continue to grow 
wi thout  undergoing conversion to a porous overlayer .  

This proposal of a two-phase  barr ie r  layer  is con- 
sistent wi th  earl ier  findings by Heine and Pryor  (6), 
who found two regions of different h igh- f requency  a:c  
resistance wi th in  an ammonium tar t ra te -anodized  bar -  
r ier  layer. One such region lay next  to the meta l  whi le  
the second region was about 90A beyond the meta l -  
oxide interface. Altenpohl ,  also, has repor ted  two ap-  
parent  sublayers wi th in  the anodic bar r ie r  layer  (7);  
of the two, the innermost  sublayer  showed the least 
tendency to dissolve in chromic-phosphoric  acid mix -  
tures. 
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Conclusions 
Quant i ta t ive  infrared analyses of the barr ie r  and 

porous layers,  wi th in  the same anodic film, can be 
used to fol low the effects of e lectrolyte  t empera ture  
on the format ion and dissolution of the coating. Acids 
which readi ly  form stable complexes (here, oxalic or 
malonic) showed a high dissolving effect on the anodic 
film; the film was formed only at low temperatures ,  
and it dissolved in the electrolyte  at h igher  t emper -  
atures. Tartar ic  acid, a weaker  complexing agent, r e -  
quired a higher  t empera tu re  to produce a similar  dis- 
solving action; two dissolving mechanisms were  ap- 
parent  here. Other  acids, which were  not  complexing 
agents under  these conditions, produced only barr ie r  
layers. 

We found, too, that  the barr ie r  layer  apparent ly  un-  
dergoes a change as the porous over layer  forms. The 
apparent  po lymer  weight  of the barr ie r  layer  de-  
creases as the apparent  amount  of porous over layer  
is increased. 
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Theory of Potentiostatic and Galvanostatic Charging of 
the Double Layer in Porous Electrodes 

F. A. Posey and T. Morozumi 2 
The Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

A theory of potentiostatic and galvanostat ic  transients which occur during 
charging of the double layer  in porous electrodes is developed. Solutions are 
presented for transients  due to charging processes in the inter ior  of idealized, 
one-dimensional  porous and tubular  electrodes of finite length. In addition, the 
effect of IR drop which occurs in solution be tween  the tip of the re ference  
electrode capil lary and the front  surface of the porous electrode is calculated. 
The effect of the ex te rna l  surface of the electrode on the charging transients  
is also assessed. Solutions for charging transients are presented for the 
case of potentiostat ic and galvanostat ic  single pulse methods, for measure-  
ments made with square waves  of current  or voltage, and for t r iangular  cur-  
rent  or voltage sweeps. The effect of the conduct ivi ty  of the metal l ic  phase on 
the observable transients  is considered. Graphical  solutions of the theoret ical  
equations are presented. 

Double layer  capacity measurements  provide an im-  
por tant  means for the study of electrode systems. The 
capacity of the double layer  is a function of the nature  
of the metal l ic  phase, e lectrode potential ,  tempera ture ,  
and composition of the solution. Double layer capaci-  
ties reflect the presence of adsorbed substances at the 
interface, and for this reason capacity measurements  
may  be useful  for the study of processes occurr ing in 
porous electrodes of large surface area in which ad- 
sorption plays a significant role. This paper presents 
equations which may be used for analysis of potent io-  
static and galvanostat ic  transients  which occur dur ing 
charging of the double layer  in porous or tubular  elec-  
trodes of finite length. 

Galvanostat ic  charging transients  of semi-infinite 
porous electrodes were  first considered by Ksenzhek 
and Stender  (1, 2) for the case of combined double 
layer  charging and Faradaic  react ion which was as- 
sumed to fol low a l inear polarizat ion relation. These 
authors la ter  used their  formulas  in studies on the 
propert ies  of graphit ized anodes in the electrolysis of 
aqueous chloride solutions (3, 4). Fu r the r  t rea tments  
of Ksenzhek and Stender  considered galvanostat ic  
charging transients  for combined double layer charg-  
ing and Faradaic  react ion for electrodes of finite 
length, as wel l  as e f fects  of the externa l  surface of 
the electrode and of concentrat ion polar izat ion (5, 6). 
De Levie  (7) der ived  potentiostat ic and galvanostat ic  
charging transients  for semi-infini te porous e l e c t r o d e s  

1 Research  sponsored b y  The  Office Of Sal ine  Water,  Un i ted  States 
D e p a r t m e n t  of the  Interior,  under  Union  Carbide Corporation's 
contract  w i t h  the  Uni ted  States Atomic Energy  Commission. 

J Presen t  address:  Facul ty  of Engineer ing ,  Hokkaido  Univers i ty ,  
Sapporo,  Japan,  

in the absence of any Faradaic  reaction. Similar  re la -  
tions and some other special cases of galvanostatic 
charging were  developed by Bonnemay,  Brono~l, 
Levart ,  Pilla, and d 'Orsay (8). Various cases of the 
response of porous electrodes to a l ternat ing current  
were  invest igated by Ksenzhek and Stender  (1-6), 
Winsel (9), DeLevie  (7, 11), Feui l lade  (10), Coffre 
and Feui l lade (12), and Vergnol le  (13). 

Equations are presented below for potentiostatic 
and galvanostat ic  charging transients of porous and 
tubular  electrodes of finite length in the absence of 
appreciable Faradaic  currents.  Solutions are also given 
for potentiostatic and galvanostat ic  single pulse me th -  
ods, for measurements  made  with  square waves  of 
current  or voltage, and for t r iangular  current  or vol t -  
age sweeps. Complications due to the effect of IR drop 
in solution be tween  the tip of the reference  electrode 
capi l lary and the front  surface of the electrode are 
considered. Effects of the externa l  surfaces of the 
electrode and of the conduct ivi ty  of the metal l ic  phase 
upon the observable transients are also discussed. 
Graphical  solutions of the theoret ical  equations, ob- 
tained by use of a h igh-speed digital computer,  are 
presented. 

Fundamental Relations 
A schematic d iagram of an idealized, one -d imen-  

sional porous or tubular  electrode is shown in Fig. 1. 
The current  density of the non-Faradaic  process for 
charging of the double layer,  j ( x , t ) ,  is re la ted to the 
ra te  of change of interracial  potential  difference by 
Eq. [1]. 

0~r (x,t) On (x,t) 
j (xr  = C = C - -  [1] 

Ot Ot 
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0 X ~  Jt 

Fig. 1. Schematic diagram of idealized, one-dimensional porous 
electrode. 

} {e re ,  C is the  d i f f e r e n t i a l  c a p a c i t y  ( F a r a d s / c m 2 ) ,  
Ar = CM - -  Cs(X,t) is the  p o t e n t i a l  d i f fe rence  
b e t w e e n  m e t a l  and  so lu t ion  phases ,  and  ~](x,t) is t he  
o v e r p o t e n t i a l  or  change  in i n t e r f ac i a l  po ten t i a l  d i f fe r -  
ence  [we  assume  in t he  usua l  case tha t  ~(x ,0)  ----- 0]. 

Because  of the  f ini te  c o n d u c t i v i t y  of t he  so lu t ion  
phase,  3 t he  passage  of c u r r e n t  i n t roduces  a g r a d i e n t  
of  ~ (x , t )  t h r o u g h o u t  t he  l e n g t h  of t he  pores.  T h e  f u n -  
d a m e n t a l  d i f fe ren t ia l  equa t i on  g o v e r n i n g  the  d i s t r i bu -  
t ion  of po ten t i a l  in porous  e lec t rodes  was  d e r i v e d  by  
D a n i e l ' - B e k  (14). This  r e l a t i o n  is g i v e n  by  Eq.  [2] 
fo r  t he  o n e - d i m e n s i o n a l  case, w h e r e  x is t he  

O2n ( x , t  ) S 
= - -  j (x , t )  [2] 

Ox 2 aA 
l e n g t h  coo rd ina t e  ( cm) ,  S is the  i n t e r n a l  su r f ace  a r e a  
of t he  porous  e lec t rode  p e r  un i t  l e n g t h  ( c m e / c m ) ,  6 is 
t he  specific conduc t ance  of t he  so lu t ion  ( o h m  -1  c m - 1 ) ,  
and A is t he  a v e r a g e  c ross - sec t iona l  a r ea  of t he  e l ec -  
t ro ly t e  in  the  e l ec t rode  (cm 2) .4 

C o m b i n a t i o n  of Eq. [1] and  [2] and  in t roduc t ion  of 
a d imens ion less  length ,  ~ = x / l ,  and  of the  t i m e  con-  
s tan t  T = SC12/ffA ( sec) ,  l ead  to Eq.  [3] 

o2n ( ~,t ) On ( ~,t ) 
-- T -  [3] 

O~ 2 at 
w h i e h  is t he  f u n d a m e n t a l  r e l a t i on  fo r  c h a r g i n g  of 
the  doub le  l a y e r  in o n e - d i m e n s i o n a l  po rous  e lec t rodes .  3 
T h e  t i m e  cons tan t  m a y  be  exp re s sed  as t he  p roduc t  of 
t he  r e s i s t ance  of t he  so lu t ion  in  t he  pores  of  t he  e l ec -  
t rode,  Ro ~ l / zA ,  t imes  the  to ta l  d i f fe ren t ia l  capac i ty  
of the  e lec t rode ,  CT=SCI;  thus  T ~ RoCT. 

Solu t ions  of Eq.  [3] for  a n u m b e r  of b o u n d a r y  c o n -  
di t ions c o r r e s p o n d i n g  to po ten t ios t a t i c  and  g a l v a n o -  
s ta t ic  c h a r g i n g  modes  a re  p r e s e n t e d  be low.  These  r e -  
la t ions  w e r e  ob t a ined  by  use of t he  m e t h o d  of Lap lace  
t r a n s f o r m s  (16, 17), and  g r a p h i c a l  so lu t ions  w e r e  
c o m p u t e d  by  use of a h i g h - s p e e d  d ig i t a l  compute r .  5 

Galvanostat ic  Transients  
Basic solut ion.-- -Boundary condi t ions  for  the  so lu t ion  
of Eq. [3] w h e n  a cons tan t  cur ren t ,  i ( t )  = i = c o n -  
stant ,  is app l i ed  to the  e l ec t rode  a r e  g i v e n  by  

O~l ( ~,t ) = - -  iRo ; = 0 

The  in i t ia l  cond i t ion  is s imp ly  ~1(~,0) ---- 0. E q u a t i o n  
[4] g ives  t he  p o t e n t i a l  d i s t r i bu t ion  in t he  e l ec t rode  
as a func t ion  of t ime.  

2 ~ i  ( - -1 )k  *l (~,t) t 
- -  -I- ~-'~ k 2 cos [~k (1--~) ] 

iRo �9 = 
[1 - -  exp(- -~2k~t /~)  ] [4] 

P o t e n t i a l  t r ans i en t s  a t  va r ious  posi t ions  in  t he  e l ec -  
t rode ,  c a l cu l a t ed  f r o m  Eq.  [4], a r e  s h o w n  in  Fig .  2. 
The  d i r ec t l y  o b s e r v a b l e  po ten t i a l s  a r e  ~ ( 0 , 0  and  
n(1 , t ) ,  the  po t en t i a l s  of  t h e  f ron t  and b a c k  sides of  

s We a s s u m e  for  the  m o s t  p a r t  tha t  t he  re s i s t iv i ty  o f  t he  m e t a l l i c  
p h a s e  is  e s s e n t i a l l y  zero  so  tha t  4,~ ---- cons tant .  T h i s  re s t r i c t ion  is 
r e l a x e d  below in c o n s i d e r i n g  cases  w h e r e  t he  conductivit ies of 
metal l ic  a n d  so lu t ion  p h a s e s  are  comparable .  We assume also tha t  
the  differential  capacity is i n d e p e n d e n t  o f  t he  potential .  This as- 
sumption m a y  limit  strict applicabil i ty of the equations to small  
potential  excursions in some cases. 

~Equation [2] has been in tegrated for a n u m b e r  of impor tan t  
cases occurr ing in the operat ion of porous electrodes [see, for ex- 
ample ,  ref.  (15) ]. 

Control Dat~ Corporation Model 1604-A. 

t he  e lec t rode .  T h e  s lope  of t he  l i nea r  po r t i on  of t h e  
t r ans i en t s  in  Fig.  2 is g i v e n  by  d~ (0, t)~dr = d~] (1,t)~dr 
= iRo/~ = i /CT. R e l a t i o n s  for  the  i n t e r cep t s  ( e x -  
t r apo l a t ed )  of t h e  l i n e a r  po r t ions  a re  s h o w n  in  Fig .  
2. T h e  p a r a m e t e r s  Ro and  CT m a y  be  e s t i m a t e d  f r o m  
e x p e r i m e n t a l  t r ans i en t s  by  use  of these  re la t ions .  D u r -  
i ng  the  first m o m e n t s  a f t e r  app l i ca t ion  of t he  cu r ren t ,  
~l(0,t) fo l lows  Eq. [5], a r e l a t i o n  va l id  for  s e m i - i n -  
f ini te  

n (o,t) 
= 2 (t/z~T) 1/2 [5] 

iRo 
e lec t rodes  w h i c h  was  d e r i v e d  ea r l i e r  by  K s e n z h e k  
and  S t e n d e r  (1, 2) ,  K s e n z h e k  (5) ,  de  L e v i e  (7) ,  a n d  
B o n n e m a y  e t a l .  (8).  T h e  t r a n s i e n t  p r e d i c t e d  b y  Eq.  
[5] is shown  as t he  do t t ed  l ine  in  Fig.  2; i t  ho lds  w e l l  
fo r  f ini te  e lec t rodes  for  t imes  less t h a n  abou t  t ----- ~/3. 

C h a r g i n g  of t he  e l ec t rode  occurs  in a " w a v e , "  and  
a ce r t a in  de l ay  t i m e  is r e q u i r e d  for  the  c h a r g i n g  c u r -  
r e n t  to p e n e t r a t e  to t he  back  side of the  e lec t rode .  Th is  
de l ay  t i m e  m a y  be  ob ta ined  by  e x t r a p o l a t i o n  of t h e  
*l(1,t) t r a n s i e n t  b a c k  to i ts  i n t e r sec t ion  w i t h  t he  t i m e  
axis. Use  of Eq.  [4] t h e n  l eads  to t (de lay )  ---- T/6; 

w i i i i i i t i 
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Fig. 2. Variation of potential with time during galvanostatic charg- 
ing of finite porous electrode as o function of position. 

t.4 I I I I ---T i I i L 

15 G ,~ OO1 
B 002 
C 005 

12 D 010 

1,1 F 0.50 

Q o 0.8 F 

~ 0.7 

~" 0.6 

0.5 - E 

0,4 

0 . 5 ~  

0.2 

0,t 

0 0~ 02 0.3 0.4 0.5 06 0.7 o.s 0.9 ~0 
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vaaostatie charging of finite porous electrode. 
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Fig. 4. Current density distribution as a function of time during 
galvanostatic charging of finite porous electrode. 

the delay t ime is directly proport ional  to the differen- 
tial capacity and to the square of the pore length since 
T -~ SCI2/~A. Figure 3 shows the potent ial  d is t r ibu-  
t ion as a funct ion of t ime; at the delay t ime the 
potent ial  of the back side of the electrode [~l(1,t)] be-  
gins to change significantly. 

The current  density dis t r ibut ion dur ing  the charg-  
ing t rans ient  may be calculated by differentiation of 
Eq. [4] and use of Eq. [1]. F igure  4 shows how the 
current  density dis t r ibut ion changes wi th  time. For 
times greater than about ~/3, the cur ren t  densi ty is 
constant throughout  the length of the pores and all 
parts of the electrode change potential  at the same rate 
(cf. Fig. 2). In  this region of constant  current  den-  
sity, the potential  profile is parabolic and obeys Eq. 
[6]. I t  follows that  the potent ia l  

(O,t) - -  ~ (~,t) 
= ~(1 --  ~/2) [61 

iRo 

difference between the f ront  and back sides of the 
electrode for t > ~/3 is simply related to the resistance 
of the electrolyte in  the pores by the expression [n(0,t) 

- -  ~1 (1 , t ) ] / i  ~ Ro/2. Both of the parameters  Ro and CT 
of the simple one-dimensional  model may  be estimated 
from exper imental  data by use of these relations, 
whereas only the ratio Ro/CT may be obtained by 
use of Eq. [5] alone. 
El~ect o~ IR drop.--In the case where  the tip of the 
reference electrode capil lary is located between the 
front  side of the porous electrode and the polarizing 
electrode (cf. Fig. 1), some IR drop is included in 
the measurement  of the ~l(0,t) t ransient .  The meas-  
urable  t rans ient  is then given by the relat ion ~l~(0,t) 
: ~ l (0 , t )  --}- iRREF,  where  ~T(O,t) is the potent ial  t r an -  
sient measured with respect to the reference electrode, 
RREF is the solution resistance between the tip of the 
reference capil lary and the front  side of the electrode 
(~ = 0), and ~](0,t) is obtained from Eq. [4]. In  the 
case of a reference electrode located at the back side 
of the electrode (~ = 1), the ~(1,t) t rans ient  and the 
delay t ime are unchanged.  
Single pu lse .~For  the case where  a single galvano-  
static pulse of current,  i, is applied to the finite elec- 
trode for a time, to, the potent ial  dis t r ibut ion dur ing  
the pulse up to the t ime to is given by Eq. [4]. After 
the current  is switched off, a type of re laxat ion process 
occurs and the potential  of the electrode becomes un i -  
form throughout  the length  of the pores. The ini t ia l  
condit ion for the re laxat ion t rans ient  is given by 
Eq. [4] with t ---- to. Appropriate  boundary  conditions 
are 

L 4  ' I ' I , - ~ r  I ' I ' I ' I ~  L ' I ' 
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Fig. 5. Variation of potential with time during galvanostatic 

charging of finite porous electrode with single pulse. 

( . ~ l ( ~ , t ) )  ___(O~l(~,t) )~ -~0 

6q~ 1 ~ = 0  a ~  = 1  

t>to t>to 
The corresponding solution of Eq. [3] for the potent ial  
dis t r ibut ion dur ing  the re laxat ion t rans ient  is given 
by Eq. [7]. The current  density dis t r ibut ion 

n(~,t) to 2 ~-'  (--1) k 

iRo T 

[ ~ k ( l _ ~ )  ] [exp(~k2to/T)-- l]exp(--n2k2t /~)  [7] 

may be calculated from Eq. [1] and [7]. F igure  5 shows 
a graph of the charging t rans ien t  for the case, to = ~. 
The dotted l ine is the charging curve of a p lanar  elec- 
trode having the same total differential capacity as 
the porous electrode. Up to t = to, the ~l(0,t) and 
B(1,t) t ransients  are the same as those shown in Fig. 
2; for t > to, the re laxat ion t ransients  are described by 
the appropriate cases of Eq. [7]. 

The single pulse galvanostatic method provides a 
very simple way of de termining Cr for finite porous 
electrodes when Faradaic currents  are negligible. For 
t > >  to, Eq. [7] approaches the l imit  to/% so that  CT 
is easily calculable from the relation, CT = i to/~l (oo), 
where ~1 (oo) is the final change in  potential  produced 
by the current  pulse. For to greater  than about ~/3, the 
final potential,  ~1(oo) = ~](0,oo) -= ~l(1,oo), bears a 
definite relat ion to the potentials exhibited by the 
electrode at to [~(0,to) and ~l(1,to)]; this relat ion is 
given by Eq. [8]. For to less than about T/3, Eq. [8] 

( ~o ) - -n  (1,to) 
1/3 [8] 

n (0,to)--n (1,to) 
is no longer valid, and the value of the ratio lies 
be tween 0 and 1/3. 
Square wave.--Applicat ion of a symmetr ical  square 
wave of current  to a finite porous electrode produces a 
symmetrical  potent ial  wave which may convenient ly  
be displayed on an oscilloscope or other recording de- 
vice. The square wave of current  may be expressed as 

i ( t )  = ( - - 1 )  ( n - l )  i 
where 

( n - - l )  n 
~ T ~ t < - - T  

2 2 
where  T is the period of the square wave and n the 
number  of half  cycles applied at t ime t (n  = 1, 2, 
3 . . . .  ). The value of the cur ren t  i ( t )  therefore al-  
ternates between + i and - -  i. In i t ia l  and boundary  
conditions are the same as those for the basic solu- 
tion, and the expression for the potential  t rans ient  is 
the same as Eq. [4] when  the r igh t -hand  side of this 
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equat ion is mul t ip l ied  by the factor, (--1) ~--~). The  
ampti tudes of the potential  excursions are given by 
Eq. [9] and [10]. When  T < <  % 
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T 

exp (--~2k2T/2~) [9] 
oo 

T I 4 ~-~ (--1) ~ 
iRo �9 3 n 2 ~= k 2 

exp (--~k2T/2~) [10] 
the ampli tude of the potential  wave  is re la ted to the 
t ime constant (~) by Eq. [11]. Since �9 ---- RoCT, meas-  
urements  wi th  f requencies  much higher  than 

~l (0,T/2) - -  ~ (0,T) = [-~/2-(1 -5 ~/2) ] (T/n~) ~/2 [11] 
iRo 

1/~ yield informat ion only about  the ratio, Ro/CT. 
When T > >  ~, the summed terms in Eq. [9] and [10] 
approach zero, so that  CT could be est imated f rom 
measurements  at f requencies  considerably lower  than 
1/~. 
Triangular wave.--Solution of Eq. [3] for the case 
of applicat ion of a t r iangular  wave  of cur ren t  to the 
finite porous electrode makes  use of the same init ial  
and boundary conditions as those for the basic solu- 
tion. The current  wave  may  be expressed as: 

i ( t )  = #t (O <= t < T/2) 
i ( t ) :  ~(T--t)  (T/2 <= t < T) 

where  ~ (amp/sec)  is the constant ra te  of change of 
applied current  and T is the period of the t r iangular  
current  wave.  As in the case of the square wave,  the 
low- and h igh- f requency  solutions are of most imme-  
diate applicability. For  T < <  x, the m a x i m u m  poten-  
tial excursion of the front  side of the electrode is 
given by Eq. [12], and only the rat io Ro/Cr 

n (O,T/2) 
(2/3) (2T/nx) 1/2 [12] 

i iT /2)  Ro 
can be determined at high frequencies.  For  low f re -  
quencies (T > >  ~) of the t r iangular  wave,  Eq. [13] 

(0,T/2) 
= T/4T [13] 

i i T / 2 )  Ro 
gives the m a x i m u m  potent ial  excursion. L o w - f r e -  
quency t r iangular  waves  therefore  permi t  a direct es- 
t imation of CT, the total  differential  capacity of the 
porous electrode. 
El~ect oI external sur Iace . - -The  galvanostat ic  charging 
transient  of a finite porous electrode may  be affected 
considerably by the externa l  surfaces of the electrode 
provided the ex te rna l  surface area is comparable  to 
the in terna l  surface area. ~ Par t  of the total  current  (i) 
applied to an electrode is used to charge the front  
surface, par t  is involved  in charging the inter ior  sur-  
face of the electrode, and par t  charges the back sur-  
face. The fraction of the total current  involved  in each 
charging process depends on the electrode parameters  
and on the time. The total current  may  be divided into 
three  parts, i = iF(t)  -5 i~(t) -5 in ( t ) ,  where  i~(t) 
is the current  used in charging the f ront  surface, ii i t)  
is the current  involved in charging the in ter ior  sur-  
face, and in it)  is the current  which charges the back 
surface of the electrode. If a ---- A~ /S l  is the ratio of 
the f ront  (or back) surface area (AM) to the inter ior  
surface area of the electrode (St) ,  the rates of change 
of ~](0,t) and ~](1,t) may  be expressed by Eq. [14] 
and [15]. Equat ion [3] may  be solved subject  to the  
constraints imposed 

0n (0,t) iv(t) iv(t)Ro 
- -  - - -  [14 ]  

c~t A MC a~ 
B Internal sur(ace areas ot most real Dorous electrodes are very 

large compared to their external surface areas. However, the rela- 
tions derived in this section and in a later section on the Potentto- 
static charging transient may be useful in analysis of charging 
curves of very thin porous electrodes or of finely Derforatecl planar 
electrodes. 

0n (1,t) ~n(t) iB(t)Ro 
. . . .  [151 

0t A~C at  
by Eq. [14] and [15] by use of the ini t ial  condition, 
~] (},0) ---- 0, and the boundary  conditions 

(O~(~, t )  ) = - - [ i i ( t )  +in(O]Ro;  
O~ ~=o 

( On(~'t) I~ =1 

The potential  distr ibution in the e lect rode is given 
as a function of t ime and of the area rat io (~,) by Eq. 
[16]. Values of the index m 

n (~,t) t/T 

iRo ( l + 2 a )  
~-~ a m s i n  [m(1- -} ) ]  - - c o s  [m(1- -~) ]  

+ 2 
m m2A (m) 

[1 --  exp (--m2t/~) ] [16] 
where  

a ( m )  = 2m a (1 -5 a) sin (m) - -  (1 -5 2 a - -  a2m 2) cos (m) 
are the posit ive roots of the auxi l iary  equat ion 
t a n ( m )  = 2 am/(a2m 2 -  1). Equat ion [16] reduces to 
Eq. [4] for a ---- 0. An increase of the area  rat io a re -  
duces the slope of the t ransients  in the region where  
n(0,t) and n i l , t )  change l inear ly  wi th  t ime;  this slope 
is s imply equal  to 1/(1 -5 2a) according to Eq. [16]. 
The intercept  obtained by extrapola t ion of the l inear  
par t  of the n(0,t) curve  back to t = 0 decreases wi th  
increasing ~, and the delay t ime increases wi th  in-  
creasing a. F igure  6 shows how the ~](O,t)/iRo in ter -  
cept and the delay t ime change with  the value  of a. 
For  small  ex te rna l  areas, the n(O,t)/iRo intercept  is 
equal  to 1/3 and the delay t ime is g iven by t (delay) ---- 
T/6. For  large ex te rna l  areas (a greater  than  about 10), 
the ~(O,t)/i Ro in tercept  approaches the va lue  u and 
the delay t ime becomes propor t ional  to a according to 
the relat ion t (delay) ---- ~-~/2. 

Essential ly all the  current  is concerned with  charg-  
ing of the front  surface of the e lec t rode  dur ing the ini-  
t ial  par t  of the transient.  Dur ing the first moments  
~](0,t) changes l inear ly  wi th  t ime according to 
n(O,t)/iRo = t/a~ as implied by Eq. [14]. With  time, 
the interior  of the electrode is charged and n (0,t) may  
va ry  according to Eq. [5]. F ina l ly  the current  begins to 
penetra te  to the back side of the electrode. For  
t > >  t (delay) ,  the current  is dis tr ibuted according to 
the rat io of areas. 
Effect of conductivity o] metallic phase.--Galvanostatic 
charging transients  of finite porous electrodes differ 
f rom the predictions of Eq. [4] if the conduct ivi ty  of 
the metal l ic  phase is comparable  to that  of the l iquid 
phase. The expected charging t ransient  for this case 
may be der ived by use of a modification of the basic 
model  shown in Fig. 1. The potent ial  of the  metal l ic  
phase, tM (},t), is no longer  constant in the x direction, 
so that  the interracial  potent ial  difference is given by 

" 2 " 0  t ' [ I I ' I ~ 10"54 
r  o INTERCEPT = 4/3 FOR a= 0 1 

0 3 2  

+ 1.O 

~- 0 . 3 t  ~f 

0 . 5 0  

- i  

AY~\/~,,o k ,OR LARGE, / FOR LARGE a 0.28 

J 0 . 2 7  ~ 
J 

- t . 0  .t(D. 

FOR LARGE. .~ , , . ~___~ '~ .  0 .Z5  t~ 

- 2 . 0  L , 1 ~ _ 1 , I , I 0 . 2 4  
- 2 , 0  - t 0  0 ~ I . 0  §  

LOG a 

Fig. 6. Variation of delay time and ~l(O,t)/iRo intercept with area 
ratio (~) for galvanostatic charging of finite porous electrode. 

o0 

n(0,T/2) --n(0,T) T 2 4 7~ 1 
iRo + 3  ~2 = - ~  

n (1,T/2) -- ~l (1,T) 
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Ar = t M ( ~ , t ) - - r  If AT is the total cross- 
sectional area of the electrode, AM is the cross-sectional 
area of the metall ic phase, A is the cross-sectional area 
of electrolyte as before, ~ is the specific conductance of 
the metall ic phase, and ~ is the specific conductance of 
the electrolyte phase as before, then the porosity (~) 
is given by ]----A/AT and Eq. [3] becomes Eq. [17]. 
the new 

02n ( ~,t ) On ( ~,t ) 

O~ 2 at 

SCl 2 [ ~ : f + ~ ( 1 - - , )  ] 

[17] 

where: 

t ime constant, ~', can be set equal to CT(RM-]-Ro), 
where CT = SCl and Ro = l/eAT have the same signifi- 
cance as before and RM = I / K A T ( 1 -  f) is the resist-  
ance of the metall ic phase in the x direction. When 
RM approaches zero, z' approaches z of the basic solu- 
tion. 

The electrical lead to the porous electrode is assumed 
to be attached at x = I (or ~ = 1), so that  ~M varies 
only in the x direction. Boundary  conditions for this 
case are: 

(O~l(~'t) ) , : o : - - i R o ;  (a~l(~ ' t )  ),=1 = - t - i R  M 
o~ o~ 

Solution of Eq. [17] with these boundary  conditions 
and the ini t ial  condition ,I (~,0) = 0 leads to the poten-  
tial dis t r ibut ion of Eq. [18], 

,l(~,t) t 2 ~ (--1) k 

i R ~ - -  (1 + ~/) "~7 + ~ #i= k - - - - - - -~  ' 
{~cos[~k~] 

4-cos [~k (1 - -~ ) ]} [1 - - exp ( - -=Uk2 t /~ ' ) ]  [18] 

where ~ is the ratio of the resistance of the metal l ic  
phase to that  of the solution phase (~/= RM/Ro). For 
~, = 0, Eq. [18] reduces to Eq. [4]. 

The potent ia l - t ime characteristics, , l (0 , t ) / iRo and 
~(1, t ) / i  Ro, are similar in  form to those shown in Fig. 
2, except that  the slopes and intercepts of the l inear  
regions of the t ransients  depend on the value of ~. The 
n (O,t)/i Ro intercept is given by 1 / 3 - - y / 6 ,  and the de- 
lay t ime for propagation of the current  to ~ = 1 is 
given by 

t ( d e l a y ) -  1 _ _  ( 1 -y ) 

�9 ' (I + 7 )  6 3 

For sufficiently large values of -~ = RM/Ro, the back 
side of the electrode is charged up before the front 
side. This fact accounts for the negative delay times 
predicted for the ,l(l,t) transient for large ~. On the 
basis of Eq. [18], one can derive the symmetry relation, 
n(},t,'~) ---- ~-n(l --},t,i/~). This expression may be 
useful for visualizing the effect of ~ on the observable 
transients. The difference between the front side and 
back side potentials in the linear region of the charg- 
ing transient is also affected by the resistance ratio ~. 
Use of Eq. [18] for this region leads to [ , l (0 , t ) -  
n( l , t ) ] / i=Ro(1--~) /2 .  Therefore ,~ may be calcu- 
lated provided Ro is known. For sufficiently large % 
this potential difference is given by [n (l,t) --n (0,t)]/ 
i ~ RM/2. Under the same conditions, the potential of 
the back side changes in the initial moments according 
to '1 (1, t ) / i  Ro = 2~ ( t / ~ ' )  ~/2. 

Potentiostatic Transients 
Basic solution.--Boundary conditions for the solution 
of Eq. [3] when the potent ia l  of the f ront  side of a 
finite porous electrode is suddenly  changed to the va lue  
no are 

_ 0  ~t (O,t) = n o ;  a~j r 

As before, the ini t ial  condition is ,l(~,0) = 0. The re-  
sul t ing potential  distr ibution is given by Eq. [19], 
where  all quanti t ies have their  previously 

F e b r u a r y  1966 

I ~ i I i I i I i 

5 I 

4 

~ o  5 JMITING LAW FOR ! ~( r : 

"e\  o /~ LIMITING LAW FOR ! -- r : 

2 

~ / z  J'(,)~ . _ 2 , 2exp (-~2f/4v) 

I ! i I .3. I I 
O, 3 4 5 6 7 8 9 •0 

Fig. 7. Variation of current with time during potentiostatic 
charging of finite porous electrode. 

2 ~ (--I) ~ 
n (~,t) 1 cos 

no n k=o ( k + % )  
[ (k  -{- ~)~(I--~)] exp [ - - ( k  4- 1/2)2n2t/T] [19] 

defined significance. The observable current  t ransient  
may be obtained by differentiation of Eq. [19] wi th  use 
of the relat ion 

1 ( O n ( ~ , t ) )  
i (t) -- Ro " O~ ~ = o 

This result  is given in  Eq. [20]. Figure  7 shows the 
current  t ransient  

i ( t )  Ro 
= 2 ~.~ e x p [ - - ( k  + ~)2n2t/~] [20] 

TIo k = 0  

plotted against  reciprocal square root of time. For 
t < <  T, this type of plot is linear. Equat ion [21] gives 
the relat ion followed dur ing this period 

i ( t )Ro  
(~/nt) 1/2 [21] 

TIo 

(cf. dashed line in Fig. 7); it was derived previously 
by de Levie (7) for the case of potentiostatic charging 
of semi-infini te  electrodes. For  t > >  T, the current  
decreases according to i ( t )  Ro/no ----- 2 exp ( - -~ t /4~)  ; 
this l imit ing law is shown as the dotted l ine in Fig. 7. 

t , 0  I L L i I I L l l - -  2 . 5  
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0,2 0.5 
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0. t 0 .2 0.3 0 4  0.5 0.6 0.7 0.8 0 .9  t.O 
/ / T  

Fig. 8. Time variation of potential of back side of finite porous 
electrode and its time derivative during potentiostatic charging of 
the double layer. 
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The slope of such a plot of current  against  reciprocal  
square root of t ime enables one to est imate the va lue  
of the ratio CT/Ro by use of Eq. [21]. 

Charging of the electrode occurs in a "wave,"  just  as 
in the case of galvanostat ic  charging. The current  den-  
sity distr ibution may  be obtained by differentiat ion of 
Eq. [19] wi th  use of Eq. [1]. As in the case of galvano-  
static charging, a certain delay t ime is requi red  for 
the current  to penet ra te  to the back side of the elec-  
trode. F igure  8 shows how ~ (1,t), the  potent ial  of the 
back side, varies with time. The  delay t ime may  be 
identified with  the inflection in this curve. F igure  8 
also shows how the t ime der iva t ive  of ~(1,t),  which 
has a m a x i m u m  at the t ime of inflection or the delay 
time, changes wi th  time. The delay t ime is given by 
t (de lay)  = t( inflection) ---- x/6, just  as for ga lvano-  
static charging. The delay t ime may  be de te rmined  
exper imenta l ly  by use of a differentiat ing circuit  for  
the measurement  of ~(1,t).  A knowledge  of the delay 
time, together  wi th  the slope of the plot of current  
against reciprocal  square root of t ime (cf. Fig. 7), 
allows estimates to be made of both Ro and CT f rom an 
exper imenta l  transient.  
E~ect of IR drop.--When the resistance be tween  the 
tip of the re ference  electrode and the front  surface 
of the porous electrode (RREF) is considered, boundary  
conditions for the solution of Eq. [3] become 

~(O,t) =~o- - i ( t )Ro;  ( O~(~'t) = 0  
O~ ~=~ 

The potent ial  distr ibution in this case is given by Eq. 
[22], where  values 

-- i - - 2  ~ c~ [22] 

~o m m[ (1  + p)s in(m)  + # t acos (m) ]  

of the index m are the posit ive roots of m t a n ( m )  
1/p. The resistance ratio p is equal  to RREF/Ro. When 
p = 0, Eq. [22] reduces to Eq. [19]. The observable  
current  t ransient  is given by Eq. [23]; this equat ion 
was used 

i (t) Ro s in(m)  exp (--m2t/~) 
2 ~ [23] 

no m (1 4- p)s in(m)  + pmcos (m) 

to calculate the results in Fig. 9, which depicts the 
effect of p on potentiostatic charging transients. For  
large values of p, a long t ime may be requi red  for 
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Fig. 10. Effect of RREF o n  delay time for potentiostatlc charging 
of finite porous electrode. 

~1 (0,t) to reach the value  ~o; during this t ime charging 
of the electrode occurs essentially at constant current.  
For  in te rmedia te  values of p, nonl inear  plots of cur ren t  
against reciprocal  square root of t ime wil l  be o brained. 
Potentiostat ic  charging transients  are therefore  most 
easily in te rpre ted  if RREF is kept  small  compared to 
Ro. 

The current  l imitat ion imposed on the potentiostatic 
charging t ransient  by large values of p affects the de-  
lay t ime for propagat ion of the charging "wave"  
through the electrode. F igure  10 shows how the delay 
t ime varies  wi th  p and gives l imit ing expressions for 
the delay time. If  p can be estimated, then �9 can be 
obtained f rom the curve  in Fig. 10 if t ransients  of the 
form shown in Fig. 9 are observed exper imental ly .  
Single pulse.--If a potentiostatic pulse of magni tude  
~1o is applied to the front  side of a porous electrode 
for a t ime to, then the current  t ransient  up to the t ime 
to is given by Eq. [20]. Equat ion [3] may  be solved for 
the t ransient  in the region t ~ to by use of the fo l low-  
ing boundary  conditions 

( 0 n ( ~ , t )  ) = 0  
n (0,t) = 0; a~ ~=~ 

At the t ime to the potential  dis tr ibut ion is given by 
Eq. [19] wi th  t = to. Equat ion [24] gives the current  
t ransient  for t ~ to. If ~o is positive, the 

6 i I I i [ L ~ L 

CURVE p = RREF/R O 

c 0.05 / / / -  
D o,, / /B / 

o2 / / /  g o:g 

t 2 5 4 5 6 7 8 9 t 0  
V)qT 

Fig. 9. Effect of RREF o n  variation of current with time during 
potentiostatic charging of finite porous electrode. 

i ( t )  Ro 
2 ~ e x p [ - - ( k  + 1~)2~2t/z] 

~ 1 o  k ~ O  

6 
- - 2  .~r e x p [ - - ( k  + 1/2)2n2(t--to)/~] [24] 

k=O 

current  of Eq. [24] is negat ive  for t > to. For  to < <  z, 
the value of the current  at the t ime to, i (to), is g iven 
approximate ly  by Eq. [21] with t = to. This relat ion 
may  be used to est imate the ratio CT/Ro f rom potent io-  
static measurements  wi th  short single pulses. 
Square wave.--If  the potent ial  of the front  side of a 
porous electrode is forced to a l ternate  be tween  the 
values +no and --no by use of a potentiostat  which  
supplies a symmetr ica l  square  wave  of potent ial  to the 
electrode, the boundary  conditions for the solution 
of Eq. [3] a r e  

( 0 ~ l ( ~ , t ) )  = 0 
n(0,t) = (--1) (~- ' )  no; 0~ ~=, 

where  ( n - - 1 ) T / 2 < = t < n T / 2  and T is the period of 
the square wave  (n = 1, 2, 3 , . . .  ). The corresponding 
cur ren t  t ransient  is given by Eq. [20] when  the r igh t -  
hand side of the equat ion is mul t ip l ied  by the 
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fac to r ,  ( - - 1 )  (n-~).  F o r  T < <  x, t h e  d i f f e r e n c e  b e -  
t w e e n  t h e  a m p l i t u d e s  of t h e  c u r r e n t  t r a n s i e n t  a t  
t = T / 2  a n d  a t  t = T  is g i v e n  b y  Eq.  [25].  T h i s  r e l a -  
t i on  m a y  b e  u s e d  to 

[i (T/2)  - -  i ( T ) ]  Ro 
= (1 + ~/2)  ( '~/~T) 1/2 [25] 

e s t i m a t e  t h e  p a r a m e t e r  �9 f r o m  p o t e n t i o s t a t i c  m e a s -  
u r e m e n t s  w i t h  s q u a r e  w a v e s  of f r e q u e n c y  h i g h e r  t h a n  
1/~. 
Triangular wave.- -For t h e  case  w h e r e  t h e  p o t e n t i a l  
of t h e  f r o n t  s ide  of a p o r o u s  e l e c t r o d e  is f o r c e d  to fo l -  
low a t r i a n g u l a r  w a v e ,  t h e  p o t e n t i a l  e x c u r s i o n  m a y  b e  
e x p r e s s e d  b y  

2A~1 
n (O,t) - -  t (0 ~ t < T/2) 

T 

2An 
n(O,t) = - - ( T - - t )  ( t /2 <-- t < T) 

T 

w h e r e  An is t h e  a m p l i t u d e ,  a n d  T is t h e  p e r i o d  of  t h e  
t r i a n g u l a r  p o t e n t i a l  w a v e .  T h e  i n i t i a l  c o n d i t i o n  a n d  
t h e  b o u n d a r y  c o n d i t i o n  a t  } = 1 a r e  t h e  s a m e  as t h o s e  
u s e d  above .  E q u a t i o n  [26] g ives  t h e  r e s u l t i n g  c u r r e n t  
t r a n s i e n t  

i (t) Ro 2x 
- -  - -  ( - - 1 )  ( . - 1 )  _ _  

An T 

o o  

[ ] 1 - -  - -  e x p  {--~2(k+l/2)~t /~}  [26] 
~2 = ( k + 1 / 2 ) 2  

w h e r e  (n  - -  1 ) T / 2  _< t < nT/2 w i t h  n = 1 ,2 ,  3, . . . .  
F o r  T < <  x, t h e  a m p l i t u d e  of t h e  c u r r e n t  t r a n s i e n t  
is g i v e n  b y  Eq.  [27], w h i c h  m a y  b e  u s e d  

i (T /2 )Ro  
-- (~/nT) '/2 [27] 

to e s t i m a t e  r w h e n  t r i a n g u l a r  w a v e s  of f r e q u e n c y  
h i g h e r  t h a n  1 / r  a r e  used .  F o r  T > >  x, t h e  e l e c t r o d e  is 
c h a r g e d  v e r y  s l o w l y  a n d  t h e  s u m m e d  t e r m s  i n  Eq.  
[26] m a y  b e  n e g l e c t e d  a t  l a r g e  T. T h e  c u r r e n t  a m p l i -  
t u d e  in  t h i s  c a s e  is g i v e n  s i m p l y  b y  i ( T / 2 )  Ro/A~] = 
2x/T, a n d  CT m a y  b e  e s t i m a t e d  d i r e c t l y  f r o m  t h i s  
r e l a t i on .  

Effect of external surface.~Potentiostatic c h a r g i n g  
t r a n s i e n t s  of p o r o u s  e l e c t r o d e s  m a y  b e  a f fec ted  b y  t h e  
e x t e r n a l  s u r f a c e s  of t h e  e l ec t rode .  6 A l t h o u g h  t h e  f r o n t  
s u r f a c e  of t h e  e l e c t r o d e  is c h a r g e d  v e r y  q u i c k l y  b y  t h e  
p o t e n t i o s t a t ,  t i m e  is r e q u i r e d  b e f o r e  t h e  i n t e r i o r  a n d  
b a c k  s u r f a c e s  of  t h e  e l e c t r o d e  a r e  c h a r g e d  u p  to t h e  
p o t e n t i a l  of t h e  f r o n t  s ide  (~](0,t) = ,lo). T h e  t o t a l  
c u r r e n t  d u r i n g  t h e  t r a n s i e n t  m a y  b e  d i v i d e d  i n to  t w o  
pa r t s ,  i ( t )  ~ i i ( t )  -F i B ( t ) ,  w h e r e  i[(t) is t h e  c u r r e n t  
u s e d  for  c h a r g i n g  t h e  i n t e r i o r  su r f ace ,  a n d  iB( t )  
c h a r g e s  t h e  b a c k  s u r f a c e  of t h e  e l ec t rode .  I f  a ~ A ~ / S l  
is t h e  r a t i o  of t h e  b a c k  (o r  f r o n t )  s u r f a c e  a r e a  (AM) 
to t h e  i n t e r i o r  a r e a  of  t h e  e l e c t r o d e  (Sl) ,  t h e  r a t e  of 
c h a n g e  of ~ (1 , t )  is t h e  s a m e  as t h a t  in  Eq.  [15] fo r  
t h e  case  of g a l v a n o s t a t i c  c h a r g i n g .  T h e  c u r r e n t  t r a n s i -  
e n t  m a y  be  o b t a i n e d  b y  i n t e g r a t i o n  of Eq. [3] t o -  
g e t h e r  w i t h  t h e  c o n s t r a i n t  of Eq.  [15] a n d  t h e  f o l -  
l o w i n g  b o u n d a r y  c o n d i t i o n  

( 8~(~'t) )~ =~ 

I n t e g r a t i o n  l eads  to t h e  c u r r e n t  t r a n s i e n t  of  Eq.  [28] ,  
w h e r e  v a l u e s  of 

i ( t )Ro s i n ( m )  -F ~m c o s ( m )  

0o m ( l + ~ ) s i n ( m )  + ~ m c o s  ( m )  

exp  (--m2t/T) [28] 
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Fig. 11. Effect of external surface of the electrode on the variation 
of current with time during p o t e n t i o s t a t i c  c h a r g i n g  o f  f ini te  porous  

electrode. 

t h e  i n d e x  m a r e  t h e  pos i t i ve  roo t s  of  m t a n ( m )  = 1/~. 
F o r  a = 0, Eq.  [28] r e d u c e s  to  Eq.  [20].  

C u r r e n t  t r a n s i e n t s  c o r r e s p o n d i n g  to Eq.  [28] a r e  
p l o t t e d  in  Fig. 11 as a f u n c t i o n  of t h e  a r e a  r a t i o  ~. 
A d d i t i o n a l  c u r r e n t  is r e q u i r e d  to  c h a r g e  t h e  b a c k  s ide  
of t h e  e l e c t r o d e  c o m p a r e d  to t h e  bas ic  p o t e n t i o s t a t i c  
c h a r g i n g  t r a n s i e n t  (cf. Fig.  7) .  F o r  l a r g e  v a l u e s  of a, 
a l i m i t i n g  c u r r e n t  is o b s e r v e d .  I n  t h i s  r eg ion ,  i ( t ) /~o 
-~ Ro a n d  c o n s i d e r a b l e  t i m e  m a y  b e  r e q u i r e d  b e f o r e  
n (1,t)  b e g i n s  to c h a n g e  s ign i f i can t ly .  T h e r e f o r e ,  p o t e n -  
t i o s t a t i c  c h a r g i n g  of t h e  b a c k  s ide  of a n  e l e c t r o d e  w i t h  
a l a r g e  e x t e r n a l  s u r f a c e  t a k e s  p l ace  b y  e s s e n t i a l l y  a 
g a l v a n o s t a t i c  p rocess ;  t h e  c u r r e n t  a v a i l a b l e  fo r  c h a r g -  
i ng  t h e  b a c k  s ide  is d e t e r m i n e d  b y  t h e  p o t e n t i a l  c h a n g e  
o n  t h e  f r o n t  s ide  01o) a n d  b y  t h e  p r o p e r t i e s  of t h e  
p o r e  s y s t e m  e x p r e s s e d  b y  t h e  q u a n t i t y  Ro. F o r  t i m e s  
less  t h a n  a b o u t  x/lO, e s s e n t i a l l y  a l l  t h e  c u r r e n t  is u s e d  
in  c h a r g i n g  t h e  i n t e r i o r  of t h e  e l ec t rode .  F o r  t i m e s  
g r e a t e r  t h a n  a b o u t  ~/2, t h e  c u r r e n t  r a t i o  i i ( t ) / iB ( t )  
is e s s e n t i a l l y  c o n s t a n t  w i t h  t i m e  a n d  d e p e n d s  o n  t h e  
v a l u e  of t h e  a r e a  r a t i o  a. 
Effect of conductivity of metallic phase.--The m o d e l  
u sed  a b o v e  to d e r i v e  t h e  g a l v a n o s t a t i c  c h a r g i n g  t r a n -  
s i e n t  of a p o r o u s  e l e c t r o d e  w h e n  t h e  c o n d u c t i v i t y  of 
b o t h  t h e  m e t a l l i c  a n d  t h e  e l e c t r o l y t e  p h a s e s  a r e  c o m -  
p a r a b l e  m a y  also b e  u s e d  to d e r i v e  t h e  c o r r e s p o n d i n g  
p o t e n t i o s t a t i c  c h a r g i n g  t r a n s i e n t .  In  th i s  case,  Eq. [17] 
is s o l v e d  s u b j e c t  to t h e  c o n s t r a i n t ,  n (0,t)  = no, a n d  t h e  
f o l l o w i n g  b o u n d a r y  c o n d i t i o n s  

( 8~(~,t) ) ~ _ i ( t )Ro  . ( 8~](~,t) )~ 
0~ " ~=o ' O~ " - - l =  -k i ( t )RM 

T h e  p o t e n t i a l  d i s t r i b u t i o n  is g i v e n  b y  Eq. [29], w h e r e  
v a l u e s  of t h e  i n d e x  

~l(~,t) 1 _ 2 ~  " ~  ~ , c o s ( m ~ )  - F c o s  [ m ( 1 - - ~ ) ]  

no m m s in  ( m )  

e x p  ( - -m2t / ,  ') [29] 

m a r e  t h e  p o s i t i v e  roo t s  of m = c o s - l ( - - ~ ) .  A s  b e -  
fore,  -y ~ RM/Ro : a f / K ( 1 - - f )  is t h e  r a t i o  of t h e  r e -  
s i s t a n c e  of t he  m e t a l l i c  p h a s e  [ R M  : 1/KAT ( l - - f ) ]  
to  t h e  r e s i s t a n c e  of t h e  s o l u t i o n  p h a s e  (Ro = l/aA~f).  
E q u a t i o n  [29] r e d u c e s  to  Eq.  [19] w h e n  ~ = 0. T h e  
v a l u e  of -y c a n  b e  d e t e r m i n e d  q u i t e  s i m p l y  b y  m e a s -  
u r i n g  t h e  s u d d e n  c h a n g e  in  t h e  p o t e n t i a l  of  t h e  b a c k  
s ide  of t h e  e l e c t r o d e  w h e n  t h e  p o t e n t i a l  of t h e  f r o n t  
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Fig. 12. Effect of resistance of metallic phase on variation of 
current with time during potentiostatic charging of finite porous 
electrode. 

side is changed potentiostat ical ly by the amount  ~]o. 
Thus 7 = n (1,0)/~]o. 

Differentiat ion of Eq. [29] and use of the boundary 
conditions at ~ ---- 0 lead to Eq. [30] for the observable  
current  transient.  Equat ion [30] 

i ( t )  Ro 
2 ~ exp ( - - m 2 t / ~  ') [30] 

I~ o 7~ 

reduces to Eq. [20] for 7 = 0. Figure 12 shows the 
effect of the resistance ratio 7 on the observable cur- 
rent transient. Solutions of Eq. [29] and [30] exist only 
when the resistance ratio lies in the range 0 =< 7 =- 1. 
In the limiting case when 7 = i, the potentials of both 
front and back sides of the electrode immediately at- 
tain the value no at the start of the charging transient. 
For values of 7 greater than unity, the potentiostatic 
constraint ~](0,t) = ~lo cannot be fulfilled; in this 
case most of the charging current crosses the interface 
near ~ = I, and the potential of the front side of the 
electrode cannot be polarized to no by use of a normal 
potentiostatic configuration. 

Summary 
Solutions to a number  of boundary  value  problems 

occurr ing in the theory of potentiostatic and galvano-  
static charging of porous or tubular  electrodes of finite 
length are presented above. Charging of the double 
layer  is assumed to be the only interracial  process of 
significance; Faradaic  reactions are not  considered. 
Exper imenta l  t ransients  obtained on systems which 
reasonably satisfy these stipulations may  be analyzed 
by use of the appropriate  relat ions to yield values of 
Ro and CT, the resistance of the electrolyte  phase and 
the total  differential  capacity of the electrode. Com- 
plications may arise in the in terpre ta t ion of the charg-  
ing transients because of IR drop in solution be tween  
the front  surface of the electrode and the tip of the 
reference  electrode capillary, because of charging proc-  
esses on the external  surfaces of the electrode, and be-  
cause of a l imited conduct ivi ty  of the metal l ic  phase. 
The forms of the charging transients  in these cases 
are sufficiently different f rom the basic charging t ran-  
sients so that  in favorable  instances some informa-  
tion may also be obtained about the complicat ing 
parameters .  Real porous electrodes have  intr icate  
geometr ies  and the parameters  of the simple, one-  
dimensional  model  used here  should be regarded  as 
averages which may never theless  be useful  for the 
study of porous electrodes. 

Manuscript  rece ived  Apr i l  22, 1965; revised manu-  
script received Oct. 8, 1965. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1966 
J O U R N A L .  

SYMBOLS 

A Cross-sectional  area  of electrolyte  in 
porous or tubular  electrode, cm ~ 

AM Cross-sect ional  area of metal l ic  phase 
(also area of f ront  or back surface of 

electrode) ,  cm 2 
AT AT = A -5 A ~ ;  total cross-sectional  

area of porous electrode, cm 2 
C Differential  capacity, F a r a d / c m  2 
CT Cr  --- SCl ;  total  differential  capacity 

of electrode, Farad. 
f $ = A / A T ;  porosity of porous elec-  

t rode 
i,i ( t )  Total  current  applied to porous elec- 

trode, amp 
iF( t )  Curren t  used to charge f ront  surface 

of electrode, amp 
i i ( t )  Curren t  used to charge inter ior  sur-  

face of electrode, amp 
iB (t) Curren t  used to charge back surface 

of electrode, amp 
# (x,t) ,  j (~,t) Curren t  density used to charge double 

layer  (non-Farada ic ) ,  amp 
k Summat ion  index 
I Pore  length,  cm 
m Posi t ive roots of auxi l iary  equations 

(cf. Eq. [16], [22], [28], and [29]. 
n Number  of half-cycles  of square  wave  

of current  or vol tage applied to elec- 
t rode or of transients observed at 
t ime t. 

RM RM = l/KAM = I / K A T ( 1 - -  ~f), resist-  
ance of metal l ic  phase, ohms 

Ro Ro = l / a A  = l / r  resistance of 
electrolyte  phase, ohms 

RREF Resistance of electrolyte  be tween 
front  surface of porous electrode and 
tip of reference  electrode capillary, 
ohms 

S Inter ior  surface area of porous elec- 
t rode per uni t  length, cm 

t Time, sec 
to Time of application of single current  

or vol tage pulse, sec 
T Period of square or t r iangular  wave  

of current  or voltage, sec 
x Distance coordinate, cm 

~ = A M / S I ;  ratio of area of metal l ic  
phase (also area of f ront  or back sur-  
face) to total  inter ior  surface area of 
electrode 

7 7 • RM/Ro;  ratio of resistance of me-  
tall ic phase to resistance of solution 
phase 

~](x,t), n(~,t) Change of interracial  potent ial  dif-  
ference dur ing potentiostatic or gal-  
vanostat ic  charging t ransient  volts. 

~ Change of potent ial  of f ront  side of 
electrode by potentiostat ,  volts 

n (oo) Final  potent ia l  change exhibi ted by 
porous electrode after application of 
single galvanostat ic  pulse, volts 

~lT(O,t) Total potent ial  change of f ront  side of 
porous electrode including effect of 
RREF, volts 

A~I Ampl i tude  of t r iangular  potential  
wave,  vo]ts 
Specific conductance of metal l ic  phase, 
o h m - l c m - 1  
Rate of change of current  wi th  t ime 
during application of t r iangular  cur-  
rent  wave  to electrode, amp/sec  
~ = x / l ;  dimensionless distance co- 
ordinate 

p p = R R E F / R o ,  ratio of e lectrolyte  re -  
sistance be tween front  surface of po- 
rous electrode and tip of re ference  
electrode capi l lary to resistance of 
solution in pores of electrode. 
Specific conductance of solution phase, 
o h m - l c m - 1  
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CM, CM (~,t)  

*S (x,t) ,  CS (~,t) 

~r (x,t) ,  ~r (~,t) 

~ RoCT ~ SCI2/ffA; t ime constant 
for propagat ion of charging cur ren t  
through porous electrode, sec 
�9 ' ~ (Ro ~ RM)CT; t ime constant for 
propagat ion of charging cur ren t  
through porous electrode taking into 
account resistance of metal l ic  phase, 
s e e  
Potent ia l  of metal l ic  phase of porous 
electrode, volts 
Potent ia l  of solution phase of porous 
electrode, volts 
Interfacial  potent ial  difference of 
porous electrode, volts 
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Electrochemical Studies of Single Crystals 
of Lithiated Nickel Oxide 

Distribution of Charge and Potential at Oxide Electrolyte Interface 

T. O. Rouse and J. L. Welninger 
General Electric Research and Development  Center, Schenectady, New York  

ABSTRACT 

Lithiated nickel oxide is a p - type  semiconductor.  Electrodes were  made 
f rom single crystals of this mater ia l  and their  d-c and a-c behavior  was 
studied in acid electrolytes.  These electrodes are near ly  ideal ly polarizable 
over  an appreciable potent ial  range. At  0.5-1.0v, wi th  respect  to a hydrogen  
electrode in the same solution, there  is observed a capacit ive impedance,  which 
is associated with  the charging of a space charge region due to the exhaust ion 
of holes near  the NiO surface. The exper imenta l ly  de termined  f lat-band po-  
tent ial  for NiO is p i t -dependent ,  which indicates the existence of an adsorbed 
surface layer  in equi l ibr ium with protons in the electrolyte.  Near  zero poten-  
tial hydrogen evolut ion is observed, and above l v  faradaic processes occur. 

Elect rochemical  processes at metal l ic  electrodes are 
often influenced by the react iv i ty  of a semiconducting 
surface oxide. A fundamenta l  description of these 
processes should reflect the interact ion of the semi-  
conducting propert ies  and the surface react iv i ty  of the 
oxide. A necessary first step in a r r iv ing  at such a de- 
scription is the determinat ion  of the relat ionship be-  
tween surface charge and the potent ial  at the oxide-  
e lectrolyte  interface in the absence of any reaction. 

Li thia ted nickel  oxide is one of the few transi t ion 
meta l  oxides wi th  wel l -charac ter ized  semiconducting 
properties.  This repor t  describes a study of the distr i -  
bution of charge and potent ial  across the interface of 
the l i thiated NiO single crystal  e lectrode in an acid 
electrolyte.  This distr ibution of charge and potent ial  
depends on the degree of doping of the semiconductor 
bulk, the pH of the solution, and the applied potential  
across the interface. 

The energy band s t ructure  of oxides of the 3d- 
transi t ion metals  are discussed in detail  by Morin (1). 
Among these oxides, NiO has been studied most ex-  
tensively.  It  has a ve ry  wide band gap and, therefore,  
is an insulator  in the pure  state. When doped with  
l i thium ions (LizNi+2i_2xNi+3xO) it becomes a p - type  
semiconductor.  Verwey  et al. first suggested (2) that  
this conduction arises because the addition of Li + 
generates  an equal  number  of Ni (III) ionm The mech-  
anism of conduction is then thought  to consist of the 
exchange of holes be tween  Ni ( I I )  and Ni ( I I I )  ions in 
the cation latt ice and is t e rmed a "hole-hopping"  
mechanism. The exchange takes place over  an energy 

barr ier  (3); hence the drif t  mobil i ty  of the holes is 
very  small  and increases wi th  temperature .  This mech-  
anism, which may also occur in other  3d-transi t ion 
metal  oxides, e.g., Fe304, is quite  unl ike that  usual ly 
described by the band theory  of semiconduction. 

The electrochemical  behavior  of zinc oxide single 
crystals has been studied by Dewald  (4). ZnO is an 
n - type  semiconductor  which conducts through bands 
no comparable  invest igat ion for oxide electrodes which 
conduct by the hole-hopping process has been made 
Li thiated NiO was chosen for this study because it is 
the best character ized of this class of oxides. Second, 
large crystals of NiO can be grown, and these crystals 
can be doped with  l i th ium under  control led condi-  
tions. Third, p re l iminary  d-c measurements  indicated 
that  there  were  no appreciable faradaic processes, in-  
cluding dissolution, at the single crystal  surface in 
nondepolarizing acid solutions. 

There  are impor tant  differences be tween  the semi-  
conduction process found in nickel  oxide and that  
found in oxidic or e lementa l  semiconductors to which 
the band theory of conduction applies (5). In  common 
with  all semiconductor  electrodes, however ,  on apply-  
ing a potential  to the nickel  oxide electrode in solu- 
tion, the potent ial  difference f rom the inter ior  of the 
semiconductor  to the bulk of the electrolytic solution 
wil l  consist of two individual  contributions. There  wil l  
be a potential  difference across a region of accumu-  
lated electronic charge in the oxide, the space charge 
region, and another  across a region of accumulated 
ionic charge in the electrolyte.  The characterist ics of 
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Fig. 1. Equivalent circuits. (a) Representation of system-semicon- 
ductor/electrolytic solution. (b) Experimentally measured quantities, 
Cp, R m and their series equivalents. 

the space charge port ion of this double layer  are de- 
te rmined by the bulk proper t ies  of the semiconductor;  
the solution side of this double layer  is de termined by 
the propert ies  of the electrolyte  and by the interact ion 
of the electrolyte  wi th  the oxide surface. 

The potent ial  difference, U, of the galvanic cell  

M1/Semiconduc tor /So lu t ion /Refe rence  Electrode/M2 
I II III  IV V 

can be given by 

U = Ar III "~- Ar V 

where  the subscripts refer  to the appropr ia te  phases 
and interfaces. Thus, CN would be the inner potent ia l  
associated with  phase N. ACm, v is defined as zero for 
the normal  hydrogen reference  electrode. 

The potent ial  difference Ar m is f requent ly  r ep re -  
sented by the voltage drop across an equiva len t  circuit  
such as that  shown in Fig. la. Usually, the solution 
resistance is considered separately,  and another  solu- 
tion layer,  the Gouy layer  (not shown),  is assumed to 
be absent at high concentrations of the electrolyte.  

In practice, at a given f requency  one measures  a re-  
sistance and capacitance in a simple series or para l le l  
connection as shown in Fig. lb. For  example,  the im-  
pedance of the elements in series, Z, is given by 

Z = R s  + l l  (# . o~ . C s )  

R s  and Cs are the measured quantities.  Therefore,  the 
central  problem in in terpre t ing  exper imenta l  results 
is the correlat ion of impedance measurements ,  at sev-  
eral  f requencies  and applied potentials, wi th  the indi-  
vidual  components of the circuit  in Fig. la. Two of 
these components,  the bulk resistance, Rb, and the 
space charge capacitance, C s o  are re la ted to the bulk 
propert ies of the semiconductor.  

The theory of the space charge layer  at a semicon- 
ductor -e lec t ro ly te  in terface  has been developed by 
several  workers  (4-8). In l i thiated NiO holes and 
electrons are distr ibuted among energy levels local-  
ized about nickel  cations and isolated acceptors (Li + 
ions).  The levels will  be al tered by a change in poten-  
tial A~(x), hence, the local distr ibution of holes and 
electrons wi l l  be altered. 

The relat ion be tween space charge capacitance and 
potential  is der ived from Poisson's equat ion for the 
distr ibution of space charge and potential.  This dis- 
t r ibut ion must  fol low semiconductor  statistics in the 
same way  as the more usual  band- type  semiconduc-  
tors. The behavior  of the space charge in l i thiated NiO 
can simply be considered that  of a p - type  semiconduc- 
tor  wi th  acceptor exhaustion. 
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r -- @s is the potent ial  difference be tween the bulk 
and surface, and is zero for the isolated semiconductor.  
We use the usual e lectrochemical  notation, having @B 
--  r larger  than zero for an anodic surface. The posi- 
t ive sign in [ i ]  is used for posit ive values of @B -- ~s; 
the negat ive sign for negat ive  values of ~B --  ~s. JVLi 
is the concentrat ion of Li+;  e, the dielectric constant of 
NiO; eo, the charge of the electron; k and T have  their  
usual significance. 

Two approximat ions  are applicable to Eq. [1]. 
At  large posit ive values of CB -- Cs the surface is 

enriched with  holes and 

C ~ ( e~ eNLi )I/2. {exp [eo(r - -  C s ) / k T ] p / 2  [2] 
\ 8 ~ k T  / 

For large negat ive  values of r --  Cs the surface is 
depleted of holes and the space charge is due to un-  
compensated occupied acceptors. 

( eo2 eNLi ~ I/2 i 
C~ [3] ] "[--eo(~B--r 

This is the well-known Mott-Schottky approximation. 
The total applied potential, U, across the interface is 

U = (~b B --~bs) -}- ( ~ b s -  ~bSoln) -]- (~bM 1 --~bB) 

Csoln and r are inner  potentials  of the solution and 
of the contacting metal,  respectively.  Equat ion [3] can 
be rewr i t t en  kT[ (.eo2Nu~/C2 ] 

U=UFB---- i+ [41 
eo \ 8 ~ k T  I 

where  U and U~B are re fe r red  to the normal  hydrogen 
electrode. 

Al though in NiO there  is no conduction in bands we 
re ta in  the definition of a "f lat-band potential ,"  UFB, 
as that  value of the applied potent ial  at which the 
potent ia l  at the surface and in the bulk of the semi-  
conductor are equal. At  that  value,  the ent ire  potential  
difference in the cell ( v s .  NHE) is concentrated across 
the meta l -semiconductor  contact and the solution side 
of the double layer,  the Helmhol tz  layer.  This is i l lus- 
t rated in Fig. 2. It  is tacit ly assumed in obtaining Eq. 
[4] that  ( ~ s -  Csotn) is not a l tered by a change in U. 
This assumption is usual ly val id  in the case of semi-  
conductors whose carr ier  and surface state concentra-  
tions are low compared to the electrolyte  concentra-  
t ion in the solution (5). Its val idi ty  in the present  
case wil l  be discussed in connection with  the exper i -  
menta l  results. (r --  CB) is not a funct ion of U for  
an ohmic contact. 

SOLUTION SEMICONDUCTOR 

~s- r 

onodic 

coihodic 

t (~,- ~s) >o U > UFB 

dI~sl/dx < 0 

~ qsc >0 

o ---_-=- 

I /  (~B-~s) < o 
U < UFB 

T d(~B-~s)/dx " 0  

qsc < 0 

(r o 
- X U =UFB 

d(~B-(~s)/dx = 0 

qsc = 0 

Fig. 2. Distribution of potential in the electrode 
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The space charge region is t rea ted as if its imped-  
ance were  pure ly  capacitive. This capacity is in series 
wi th  the resist ive impedance beyond the space charge 
layer  (Rb in Fig. l a ) .  At the f lat-band potential ,  the 
space charge region has been compressed to zero thick-  
ness, and the charge carr ier  distr ibution is un i form 
throughout  the bulk of the semiconductor.  The capaci-  
t ive impedance then is associated only with  the surface 
charge distribution, and the resist ive impedance is a 
measure  of the bulk resis t ivi ty  of the ent i re  crystal. 
The conductivity,  e, of the crystal, and the bulk re -  
sistance Rb, respectively,  are given by 

~ NAeo~ 
and 

d 
R b  - -  - -  [5] 

N Aeo/zA 

where  d is the thickness of the crystal;  A, its area; 
and #, the drift  mobi l i ty  of the  hole. 

Experimental 
Single crystals of NiO were  grown by the method 

of Cech and Alessandrini  (9); this method produces 
very  pure  crystals, wi th  a (100) orientation,  and a 
geometry  suitable for flat, large, and thin electrode 
structures. In this method NiBr2 vapor  is hydrolyzed 
at 640~ and at a wa te r  vapor  pressure of 25 mm in 
a flowing system. NiO deposits epi taxia l ly  on the {100} 
surface of an MgO single crystal  substrate. Subse-  
quently,  the crystals are separated by dissolving the 
MgO substrate in boil ing 1N H2SO4 or 1N H3PO4. This 
acid t rea tment  does not  affect the NiO crystals ad-  
versely.  The size of the crystals depends only on the 
avai labi l i ty  of large MgO substrate crystals  and sur-  
face areas of one square  inch can be achieved. Maxi -  
mum thickness is about  400#, but  th inner  crystals are 
used for electrodes in order  to reduce the t ime re-  
qui red  for uni form doping. The pur i ty  of the crystals 
can be judged by their  conductivi t ies  which were  de- 
te rmined  to be of the order of 10 - l a  o h m - l - c m  -1. Any  
extraneous cations or cation vacancies would  increase 
this value to about 10 -6 o h m - l - c m  -1, depending on 
the impur i ty  concentration. 

Cooling f rom the format ion t empera tu re  introduces 
some strain into these crystals. The degree of strain is, 
however ,  much lower  than that  found in crystals 
grown by other  methods, e.g., the f lame-fusion tech-  
nique. 

The crystals were  doped by heat ing (1600~176 
in air for var ious  t imes (3-50 hr)  wi th  a powdered  
mix ture  of NiO and Li20. The lat ter  serves as the 
source of Li + ions, and the former  presents a means 
of mainta in ing  a l i th ium oxide a tmosphere  over  the 
NiO single crystals for  a longer  period of t ime than 
would be possible using Li20 alone at these high t em-  
peratures.  The t ime and tempera tu re  of doping is cal-  
culated f rom the diffusion coefficient of Li in NiO, D 

2.0 exp (--  3.55 e v / k T ) ,  in cm2/sec, which has been 
determined by Garfinkel  (10). 

With this method NiO crystals were  doped wi th  Li 
1~o to a concentrat ion of 0.48 a /o  (atom per  cent).  The 
conduct ivi ty  of the highest  doped crystals is of the 
order of 10 -2 o h m - l - c m  -1. L i th ium concentrat ions 
were  de termined  by f lame-photometr ic  analyses. 

NiO crystals were  mounted  in P y r e x  electrode hold-  
ers. Ag was chosen as the contact material ,  but  Ni, 
Pt, and a Ga-A1 alloy were  also tried. Such electrodes 
w-ere used in a convent ional  cell containing a hydrogen 
reference  electrode and a large plat inized Pt  counter  
electrode. The reference  electrode dipped into the same 
solution, but  was separated f rom the bulk of the solu- 
tion by a porous diaphragm. This permit ted  st i rr ing 
the solution with  Ar  gas while  measur ing the test 
e lectrode direct ly  wi th  respect  to the hydrogen re fe r -  
ence. Unless otherwise noted, potentials  are re fe r red  
to the hydrogen electrode in the same solution as the 
test electrode. 

The fol lowing solutions were  used: 1N H2SO4, 1N 
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Rz 200E 

R 3 200KO 

R 5 IOOfi 
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Fig. 3. Schematic circuit diagram: A1, A2, Ballantine decade am- 
plifiers; PA, Tektronix type D plug-in unit in power supply used as 
preamplifier; RCI, Solartron-resolved component indicator, Model 
VP 250; G, Hewlett-Packard oscillator, type 200CD; O, Tektronix 
502 double beam oscilloscope; FG, Exact Electronics function gen- 
erator, type 250; P, Wenking potentiostat with connections for V, 
applied voltage; 1", test electrode; R, reference electrode; C, coun- 
ter electrode; and EXT, output. Dashed box: a-c instrumentation. 

HC104, and 1N NaC104 adjusted to pH 4 wi th  HC104. 
The circuit  used in this s tudy is shown in Fig. 3. I t  

is a modification of an ear l ier  circuit  which combined 
ins t rumenta t ion  for d-c  potentiostat ic and a-c  imped-  
ance measurements  (11). Because the previous circuit  
introduced a phase shift  be tween  the reference  and 
test signals above 3000 cps the circuit  was al tered by 
taking the a-c re ference  signal f rom R7 (Fig. 3) in-  
stead of the previously used Re. This placed the com- 
parison of reference  and test signals on adjacent  com- 
ponents wi thout  introducing the phase shift  due to the 
potentiostat.  The h igh- f requency  l imit  now became 
that  of the resolved component  indicator, namely  20 
kcps. 

A-c  impedances were  measured  in a d-c potential  
range  f rom 0 to 1.5v (with respect  to the hydrogen 
electrode) at 200 cps, 1, 2, 5, 10, and 20 kcps, wi th  the 
resolved component  indicator. This ins t rument  gives 
direct ly the in-phase  and out -of -phase  currents,  ir 
and ic, of Fig. lb. The electrolyt ic  solution resistance, 
RsoL of Fig. la, was determined separately.  F rom the 
exper imenta l  currents  ir and ic, the para l le l  impe-  
dance Rp and Cp were  calculated. The para l le l  cir-  
cuit of Fig. lb  was conver ted into the equiva len t  
series circuit, and the exper imenta l ly  de te rmined  
electrolytic resistance was subtracted f rom the cal-  
culated series resistance. Final  corrected values were  
then computed for tan 5 (tan ~ = 1/r Rs', and 
Cs. Rs' is the equiva len t  series resistance after  e l im-  
ination of the electrolytic resistance be tween  the 
working electrode and the reference  electrode. All  
computations were  per formed on a G.E. 225 computer,  
which also plotted the data against  applied potential.  

D-c measurements  were  per formed galvanostat ic-  
ally, potent iostat ical ly at steady state, and potent io-  
statically with a t ransient  t r iangular  vol tage sweep 
method with  rates up to 1 v/sec .  

Galvanostat ic  measurements  were  made wi th  a con- 
vent ional  constant current  circuit. Potentials  were  
measured by a Kei th ley  Model 610A electrometer ,  wi th  
an input  impedance of 1014 ohms, which  in tu rn  drove 
an X - Y  recorder.  

Results 
A schematic comparison of the exper imenta l  results  

obtained by the four  methods ment ioned above is 
shown in Fig. 4. In this figure the potent ia l  scale is 
drawn accurately  to indicate the different regions of 
potent ial  where  e lectrochemical  processes may  be oc- 
curring. Only the magni tude  of the dependent  va r i a -  
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Fig. 4. Schematic curves of time, current, and capacitance vs. ap- 
plied potential for Li-doped NiO single crystal electrodes. 

bles are noted because their  actual  values depend on 
doping. 

Figure  4a shows the galvanostat ic  curve  obtained on 
passing a current  of 60 #a /cm 2. A charging step is ob- 
served beginning at about 0.75v. This step is fol lowed 
by a slow rise in potential  above 1.20v. Oxygen evolu-  
lution becomes appreciable  at 1.7v. The i . t  product  for  
the potential  step is independent  of current,  and for 
this crystal  it has a value  of 0.18 m C / c m  2. 

In the s teady-s ta te  potentiostatic measurements  
(Fig. 4b) only a small  anodic cur ren t  (1-5 ~a /cm 2) is 
observed above 1.1v. At higher  potentials oxygen is 
evolved,  and at low potentials a cathodic reaction, pos- 
sibly hydrogen  reduction, is observed. 

In the t ransient  method (Fig. 4c) a t r iangular  vo l t -  
age sweep is applied to the electrode under  potent io-  
static conditions at a high sweep rate  of approximate ly  
1 v/sec.  Transient  phenomena appear. The close cor-  
respondence of anodic and cathodic current  peaks at  
such a high sweep ra te  demonstra te  the revers ib i l i ty  
of the process beginning at potentials above 0.75v. The 
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Fig. S. Series capacitance at 200 cps, 2 kcps, and 20 kcps as a 
function of applied d-c potential. 
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Fig. 6. Series resistance at 200 cps, 2 kcps, and 20 kcps as a 
function of applied d-c potential. 

very  small  t ransients  below 0.5v, are not observed at 
s lower sweep rates. 

F igure  4d shows a characterist ic m a x i m u m  of Cs for 
a crystal  wi th  0.48 a /o  Li in a solution of pH 4. 

I t  should be pointed out tha t  af ter  the crystals are 
subjected to a high current  density other  phenomena 
appear. Under  these circumstances crystals f requent ly  
develop cracks. Results repor ted  here  re fer  only to 
crystals which were  not  subjected to h igh  cur ren t  
density. 

F igure  5 through 11 show the a-c behavior  of a NiO 
electrode doped with  0.48 a /o  Li, in 1N NaC104 solu- 
tions adjusted with  HCIO4, respect ively,  to pH 1 and 4. 
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Fig. 7. Series capacitance as function of frequency at applied 
d-c potentials; open symbols, pH 1; solid symbols, pH 4; O, �9 
1.20v; A ,  �9 0.75v; I~, I I ,  0.50v. 281 24 
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Fig. 8. Series resistance as function of frequency at applied d-c 
potentials; open symbols, pH 1 ;solid symbols, pH; �9 e, 1.20v; 
/% � 9  0.75v; I-I, I I ,  0.20v. 
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Fig. 9. Phase shift, tan i~, as a function of frequency at different 
applied d-c potentials. 
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Fig. ]0. Comparison of Cs function v s .  applied d-c potentials at 
pH 1 and 4. Potential scales: pH 1 vs.  0.1 NHE; pH 4 vs .  10 - 4  
NHE. 

The series capacitance and resistance are shown, 
respectively,  in Fig. 5 and 6 as a function of applied 
potent ial  at several  frequencies,  and in Fig. 7 and 8 
as functions of f requency for several  potentials.  At  
the lower  frequencies,  both resistance and capacitance 
show pronounced f requency dependence. At  10 and 20 
kcps the resistance is independent  of f requency and 
the capacitance is only slightly dependent  on it. 

The values of the series resistance and capacitance 
did not change on adding detergent  or N - m e t h y l - 2 -  
pyrrol idone to the solution. 

Al though the crystals represented  by these figures 
belonged to the most h ighly  doped group of NiO crys-  
tals, the data obtained wi th  crystals having lower  
l i th ium concentrat ions differ only in magni tude  f rom 
those shown in these figures. 

The var ia t ion  of the phase shift, tan ~, wi th  rec ipro-  
cal f requency  at several  values  of applied potent ial  is 
shown in Fig. 9. I t  is apparent  that, at lower  f r equen-  
cies, the simple equiva len t  circuit  of Fig. lb does not  
describe the semiconductor-e lec t ro ly te  interface ade-  
quately.  No peaks are observed in the tan ~ curve  
which can be associated wi th  re laxat ion  processes. At  
10 and 20 kcps tan 8 approaches a s traight  l ine wi th  
an intercept  at zero (dashed line, Fig. 9). F rom this 
we conclude that  the simple equiva len t  circuit  of Fig. 
lb  describes the interface adequate ly  at 20 kcps. The 
capacitance vs.  potent ial  curves of Fig. 10 were  ob- 
tained for the same NiO electrode in pH 1 and pH 4 
solutions. In the exper imenta l  setup the hydrogen  re f -  
erence electrode dipped into the same elect rolyte  in 
which the NiO was immersed.  Thus, in Fig. 10 the 
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Fig. 11. Mott-Schottky plot for lithium-doped NiO crystals at pH 
1 and 4. Dashed curves, reference potential 1 NHE; solid curves, 
experimental. 

potentials  for the pH 1 curve  re fer  to a 0.1 NHE and 
those for  the pH 4 curve  re fer  to a 10 -4 NHE. The Cs 
--  U curves are then shifted by near ly  180 my  vs.  the 
NHE for a pH change of three. Fur thermore ,  the ca- 
pacitance values were  always lower  in the more alka-  
l ine electrolyte.  

The resistivit ies of several  of these crystals were  
obtained after  the impedance measurements  had been 
made. The outer face of the crystal  was coated with  
s i lver  while  still in the electrode assembly. The re -  
sistances were  then de termined  f rom the slope of the 
cur ren t -vo l tage  curve  for this two-contact ,  dry, Ag-  
NiO-Ag system. The l inear i ty  of the curve  indicates 
that  Ag forms an ohmic contact wi th  NiO, a conclusion 
in agreement  with the findings of This t le thwai te  et al. 
(12). 

F igure  11 shows a typical  plot  of 1/C 2 vs.  U for a 
given crystal  in the two electrolytes in the range 
0.50-1.00v. The Mot t -Schot tky  plots in this potential  
region are l inear  for all crystals at all frequencies.  
The inverse slope decreases wi th  increasing f requency;  
the in tercept  is independent  of f requency.  The results 
obtained at 20 kcps for several  crystals are given in 
Table I, in which the slopes SexpU and Scalcd are  com- 
pared. S e x p t l  is the inverse slope of Fig. 11, d U / d  
(1/C~), and Scalcd is the va lue  calculated f rom Eq. 
[4]. In  the lat ter  calculat ion a value  of 12 was assumed 
for the dielectric constant for NiO (13). Crystals 1 
and 2 were  cut f rom the same original  crystal  af ter  
doping; crystals 3 and 4 were  f rom the same doping 
run. Crystal  3 was ra ther  small, its analysis should ob- 
viously be v iewed with  caution. 

The measured resist ive component  of the impedance 
at UFB was used to calculate the conduct ivi ty  of the 
crystals. Drif t  mobil i t ies  were  calculated f rom Eq. [6], 
using the resistances obtained e lect rochemical ly  and 
those obtained f rom the sol id-state measurements  
(Ag-NiO-Ag) .  These are shown in Table II. 

Discussion 
The general  t rend of the exper imenta l  resul ts  by 

all methods, shown in Fig. 4, indicates that  a revers i -  
ble process occurs in the potent ial  range 0.5-1.0v. This 
process is not diffusion control led;  it is not affected 
by surfactants;  and it is associated wi th  an increasing 
equiva len t  series capacitance. At  potentials above and 
below this range, small  d-c currents  indicate the  pres-  
ence of other minor  reactions. 

The mobili t ies repor ted  in Table  II  are in good 
agreement  with those found by van Houten (14) on 
polycrystal l ine samples of Li -doped NiO and wi th  
those estimated by Koide (15) for  single crystals simi- 
lar  to those used in the present  work. 

Linear i ty  of the Mot t -Schot tky  plots and a l inear  
dependence of the slope, S, on dopant concentrat ion 
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Sexpt. 
E x p e r i m e n t a l  F l a t - b a n d  p o t e n t i a l s  

~eal e �9 s lopes  UFB 
C r y s t a l  L i t h i u m  C a l c u l a t e d  p H  1 p H  4 p H  1 p H  4 

lifo. con ten t ,  a / o  s lope  ~f2 v cm -4 v vs. I~HE 

1 0.48 -4- 0.1 3.47 2.50 1.08 0.79 0.66 
2 0.48 + 0.1 3.47 1.01 0.71 0.85 0.67 
3 0.05 ~- 0.05 0.31 0.12 0.12 1.04 0.86 
4 0.19 + 0.03 1.39 0.17 0.10 0.86 0.78 
5 0.16 • 0.10 1.14 0.48 0.15 0.84 0.67 

Table II. Conductivities and mobilities of Li-doped NiO crystals 

L i  
C r ys t a l  c o n t e n t  

No.  a / o  

A v e r a g e  m o b i l i t i e s  
e l ec t rochem,  so l id - s t a t e  

C o n d u c t i v i t i e s  a t  m e a s u r e m e n t  m e a s u r e m e n t  
p i l l  10H4 ]L x 104 

ohm- l - cm-~  cme-sec-l-v-1 

1 0.48 0.0165 0.0100 2.88 1.20 
2 0.48 0.0125 0.0115 2.57 1.69 
3 0.05 0.00103 0.00126 2.20 1.10 
4 0.19 0.00068 0,00068 0.37 0.08 
5 0.16 0.00158 0.00103 0.85 - -  

are diagnostic for a space charge region in a semicon- 
ductor wi th  charge exhaustion. The Mot t -Schot tky  
plots found here  were  invar iably  l inear  over  a poten-  
tial range of about 250 inv. These plots began to devi-  
ate f rom l inear i ty  only at potentials less than 0.55v 
(with respect  to the hydrogen electrode in the  same 
solution),  where  fast potent ia l  sweeps (Fig. 4c) 
show the occurrence of another  process. The observed 
values of the slopes at a given f requency  are  fa i r ly  
reproducible.  They show clear ly  the predictect de-  
pendence on l i th ium content. 

The discrepancy be tween  observed and predicted 
values of the slopes wi l l  be discussed later. 

The existence of a surface dipole due to a specific 
interact ion of the surface with  protons is shown by 
the pH dependence of the f lat-band potent ial  

UFS = 0.94-- 0.050 p H  (U vs.  NHE) 

At the f lat-band potential,  the ent i re  potential  differ- 
ence be tween  bulk oxide and solution is concentrated 
across the Helmhol tz  layer. Ideally, for the case of 
ions specifically adsorbed on a surface in equi l ibr ium 
with  protons in solution, the potent ial  difference is 
given by 

~H + - -  ~surface 
~r = 0.059 pH 

F 

This pH-dependen t  Helmhol tz  potent ia l  difference has 
been found for ge rmanium (6, 16), where  the effect 
was a t t r ibuted to the presence of an acidic surface 
oxide. I t  has also been observed for the TalOs-e lec t ro-  
lyre system (17). In that  case, the effect is a t t r ibuted 
to protons adsorbed on the oxide surface. 

The discrepancy be tween  predict ion and exper iment  
at 20 kcps is manifes ted in two ways:  the observed 
Mot t -Schot tky  slope is about  half  a decade low, and 
the observed capacities are low by a factor  of about 
two to three. This discrepancy cannot be due to the 
presence of slow surface states. Because surface states 
store charge in para l le l  to the space charged layer,  
their  presence would resul t  in capacitances h igher  than 
predicted and slopes h igher  than predicted. Fu r the r -  
more, a l though surface states could conceivably be 
dis tr ibuted in such a way  as to give a l inear  Mott-  
Schot tky slope over  a l imi ted range of applied poten-  
tial, it is unl ikely  that  any such single distr ibution 
could apply to crystals of different bulk  doping (4). 
Slow surface states do not appear  to contr ibute  to the 
capacitance at 20 kcps; they may  contr ibute  at the 
lower f requencies  where  the  tan 8 - -  1/f  curve  (Fig. 9) 
indicates the simple series circuit  is not  applicable. 

I t  does not  appear  that  incomplete  dissociation of 
L i ( 1 ) - N i ( I I I )  ion pairs can account for this discrep- 

0.88 ~ 0.06 0.73 ----- 0.07 

ancy. MacDonald (18) has t rea ted  the case of incom- 
ple te ly  ionized donors in local equi l ibr ium wi th  charge 
carriers.  This t r ea tment  is applicable here  and results  
in an equat ion of the fo rm 

eoleNLi ~ 1 / 2  1 

C ~ \ - ~ - ~ - /  [-- eo (r - -  ~S) /kT - -  ] -~ in 1] 1/2 

for an exhaust ion space charge region, i.e., for large  
negat ive  valves  of (r - -  Cs). 1 ] is the f ract ion of ion 
pairs dissociated to form free  carriers, and NLi is the 
total  number  of Li ions. The  slope of the Mott-  
Schot tky plot is not  a funct ion of the degree  of ioniza- 
tion, but  the in tercept  is a funct ion of $. The repro-  
ducibil i ty of the flat band potentials  found for  the 
dopings used here  is too low to give any in.formation 
on the degree of ionization. 

The discrepancy cannot be a t t r ibuted to the He lm-  
holtz capacitance in the case of simple specific adsorp-  
tion of protons; al though in this case CH should be 
dependent  on pH and applied potential,  i t  should not  
be less than that  of the double layer  in the absence of 
specific adsorption, i.e., 20-40 ~f /cm 2. The magni tude  
of the discrepancy then is too large to be accounted 
for in this way. 

The Helmhol tz  port ion of the double l ayer  may, 
however ,  have  a more  subtle influence in the charge-  
potent ial  relationship. In der iv ing  Eq. [4] it was as- 
sumed that  (r162 was independent  of applied 
potential.  If this is not  the case, i t  can be shown sim- 
ply that  the observed slope, ~U/5  (1/C2), is given by 

5U 5 (r - -  Cso, n) ] - -  k T  e~ _ 1-~ 

5(1 /C 2) e \ 8~kT  / 5(r --  Cs) 

The discrepancy be tween  theory  and predict ion can be 
resolved if ~ ( r  CSoln)/8(r162 is independent  
of capacitance and if its magni tude  is somewhat  
greater  than unity. A definitive considerat ion of this 
point  cannot be given at this t ime;  however ,  some 
tenta t ive  estimates of the magni tude  of this ratio can 
be made. Verwey  and Niessen (20) have considered 
the potential  distr ibution across a double layer,  both 
sides of which are diffuse. We have  given pre l iminary  
consideration to the case more  near ly  applicable here, 
i.e., a diffuse layer  in the semiconductor  and a layer  
in solution bounded by a Helmhol tz  plane. In both 
cases, because of the high doping concentrat ions avai l -  
able in nickel  oxide, the magni tude  of the ratio ap- 
pears to be of the order of unity. 

A final consequence of the high carr ier  concentra-  
tion is that  the thickness of the space charge layer  is 
quite small. For  the potent ia l  range over  which the 
Mot t -Schot tky  approximat ion holds for NiO and for 
the doping concentrat ions used in this study, most of 
the space charge is due to uncompensated l i th ium ions 
in the first two or three lat t ice layers. The quant i ta-  
t ive discrepancy may conceivably be a t t r ibuted to 
nonhomogeneous acceptors near  the surface. 

At potentials  more  posit ive than UFB the  behavior  
of the capacitance is also complex. Equat ion [4] pre-  
dicts that  the space charge capacitance should increase 

1 D e w a l d  (19) ha s  a r r i v e d  a t  a s i m i l a r  l i m i t i n g  s o l u t i o n  to  t h i s  
p r o b l e m .  
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exponent ia l ly  as (r - -  Cs) increases. As Cs ap- 
proaches a value corresponding to the Fermi  level, the 
Boltzman dis t r ibut ion is not  applicable, and the sur-  
face becomes degenerate. Charge should then accumu- 
late more slowly than predicted by the Boltzman ap- 
proximation.  In  the case of the hole-hopping mechan-  
ism of conductance a densi ty-of-states  funct ion is not 
known, and the exact dependence of the space charge 
capacitance on the potential  in  the degenerate region 
cannot be derived. However, in  the degenerate region 
the capacitance should increase only slowly with po- 
tential  and should become independent  of doping. The 
predicted rapid rise in capacitance of UFB and the 
subsequent  slower increase in capacitance is not ob- 
served. This finding is in general  agreement  with 
Dewald's observations (4) of the enr ichment  region 
in  n- type  ZnO. It appears l ikely that  for NiO at po- 
tentials greater than UF~ the complex dependence of 
the capacitance on applied d-c potential  is due to 
faradaic or adsorptive processes which give rise to a 
small  d-c current  above lv  in the steady-state  poten-  
tiostatic measurements  (see Fig. 4b). At these high 
anodic potentials the space charge capacitance will  
have become sufficiently large that  the measured ca- 
pacitance is pr imar i ly  due to the charge distr ibution 
in the Helmholtz layer. 

Conclusions 
In  summary,  it is concluded that:  
1. Single crystals of NiO, doped with l i thium, are 

near ly  ideally polarizable electrodes over an appre-  
ciable potential  range. Near zero potential  (with re-  
spect to the normal  hydrogen reference) there is some 
evolution of hydrogen and above 1v, on the same 
scale, there is evidence for faradaic processes. 

2. A space charge region due to the exhaust ion of 
holes near  the surface of the NiO is observed at 
weakly anodic potentials (vs. NHE). 

3. The f lat-band potential  for NiO is given by  

UFB ~ 0.94 - -  0.050 pH 

At the f lat-band potential,  the potential  drop in  the 
Helmholtz region is controlled by an adsorbed layer 
on the oxide in equi l ibr ium with protons in  solution. 

4. The resistive component  at the f lat-band potential  
is determined by the crystal resistance. 

5. The measured capacitance at potentials more 
anodic than UFB is not controlled by the semiconduc- 

tor. The behavior is complex and is probably  related 
to the faradaic processes at the electrode surface. 
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Technical Notes @ 
Comparison of Platinum and its Group VIII Nearest Neighbors 

as Anode Electrocatalysts in Propane-Phosphoric Acid Fuel Cells 
W .  T.  Grubb 

Research and Development Cente% General Electric Company, Schenectady, New York  

Low-tempera ture  survey experiments  have ind i -  
cated that  p la t inum black is the best simple electro- 
catalyst for the anodic oxidation of hydrocarbons near  
room temperature  (1). More recently,  high per form-  
ance p la t inum black hydrocarbon anodes operating in 
phosphoric acid fuel cells at 110~176 (2,3) have 
been reported. I t  was therefore of interest  to re -ex-  
amine the question of whether  p la t inum is still su- 
perior to other group V I I I  noble metals under  such 
conditions. A l imited series of experiments  was carried 
out to help provide an  answer to this question. 

Experimental  
Teflon-bonded fuel cell electrodes were prepared by 

techniques previously described (4). Commercial  
blacks of platinum,1 palladium,2 rhodium,1 and i r -  
idium 1 were used. Their  areas as measured by a BET 
method were respectively, 20, 28, 0.6, and 82 m2/g. 
Electrocatalytic abil i ty was compared by observing the 
performance of these electrodes as propane anodes in 
complete fuel cells at 150~ using the same Teflon- 
bonded p la t inum black cathode and 85% I-I~PO4 as 
electrolyte. Anode overvoltage vs. an unpolarized hy-  
drogen reference electrode in  the same electrolyte was 
also obtained. All  of the anodes performed well  with 
hydrogen as fuel indicat ing that  effective gas electrode 
structures had been achieved in each case. 

Results 
A comparison of propane current  densities at an 

anode overvoltage vs. reversible hydrogen of 0.5v are 
presented in Table I. The superiori ty of p la t inum is 
clearly indicated. The performance comparison be-  
tween p la t inum and i r id ium is par t icular ly  s tr iking as 
Fig. 1 shows. The current  density vs. voltage is plotted 
for hydrogen-oxygen and propane-oxygen cells under  
the same conditions. Both p la t inum and i r id ium black 
electrodes gave extremely high performance on hydro-  
gen as fuel and in fact supported cur ren t  densities in 
excess of 800 ma /cm 2 in both cases. By contrast, a very  
strong difference in activity with propane was ob- 
served. P la t inum black supported more than three 
orders of magni tude  higher current  density than ir id-  
ium in spite of its being of somewhat  lower specific 
surface area. 

1 E n g e l h a r d  I n d u s t r i e s ,  I n c o r p o r a t e d ,  N e w a r k ,  N e w  J e r s e y .  

$. B i s h o p  a n d  C o m p a n y ,  M a l v e r n ,  P e n n s y l v a n i a .  

Table 1. Comparison of propane current densities 

C U r r e n t  d e n s i t y  a t  
E l e c t r o c a t a l y s t  E a / r  = 0.5v in  m a / c m  ~ 

P t  125 
P d  0.7 
]~h 0.05 ~ 0,05 
i r  0.05 ~ 0.05 

1.2 
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GEOMETRIC CURRENT DENSITY (ma/r 

Fig. 1. Comparison of Pt and Ir as anode electrocatalysts in 8S% 
H3P04 at 150~ cathode v s .  anode voltage as a function of cur- 
rent density; anodes: O, H2-Pt; [-1, H2-1r; e, C3Hs-Pt; and Ig, 
C3Hs-lr; cathode: 02-Pt (the ordinate is the iR-free cell voltage). 

Discussion and Conclusions 

The data support the conclusion that  p la t inum is the 
best simple electrocatalyst for the direct oxidation of 
hydrocarbon fuels under  conditions where, in the case 
of plat inum, high hydrocarbon reactivi ty is observed. 
It  appears to be orders of magni tude  better  than  its 
nearest  neighbors in  the periodic table. 

This result  is the more surpris ing in view of the 
many  similarities among these metals. Taking pla t -  
i num and i r idium as an example: both have par t ia l ly  
filled d electron orbitals, both are of face-centered 
cubic crystal structure, the lattice parameters  (ao) 
differ by less than 3%, and both are known to be 
excellent  catalysts for m a n y  nonelectrochemical  reac-  
tions involving hydrocarbons (5). Apparen t ly  some 
very specific proper ty  or set of properties is required 
for catalyzing the direct electrooxidation of hydro-  
carbons in the moderate tempera ture  region. It  is 
hoped that  fur ther  study of the electrooxidation mech- 
anisms wil l  shed light on this point.  

The results described here do not of course preclude 
the possibility of improving the electrocatalytic ac- 
t ivi ty of p la t inum by various means such as alloying. 
Considerable l i te ra ture  exists (6-8) indicative of the 
possibility that  such measures may result  in increased 
activity in fuel cell electrodes. However,  the na ture  
of  the fuel  and electrolyte are expected to have an 
impor tant  bear ing on the detailed requi rements  for a 
suitable electrocatalyst. 
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Hydrogen Plasma Transport of Se, As, and Te 
S. W. Ing, Jr., and Y. S. Chiang 

Fundamental Research Laboratory, Xerox Corporation, Webster, New York 

We have  t ransported Se, As, and Te f rom ei ther  a 
vapor  source or a solid source to substrates located 
some distance away f rom the source by using a low- 
pressure hydrogen plasma. It  is suggested that  en- 
ergetic species of hydrogen react  wi th  these e lements  
to form hydrides. The gaseous hydrides formed are  
thermodynamica l ly  unstable  in the absence of the 
plasma and decompose rapidly  when  these hydrides 
have been t ransported out of the plasma region. The 
element,  Se, As, or Te is then deposited out. 

A continuous flow system was employed in which 
hydrogen gas was continuously fed into and pumped 
out of the react ion chamber.  The hydrogen discharge 
was ignited and sustained by using an ex te rna l  in-  
duct ively  coupled exci tat ion source. The genera tor  
consisted of a wate r -cooled  copper coil wound around 
a section of the Py rex  react ion tube near  the hydro-  
gen inlet. This coil was connected to a 30 Mc r.f. source. 
It was found that  under  a pressure of 20 to 100# the 
plasma could be easily sustained using such an exci ta-  
tion source. The visible l ight intensi ty of the plasma 
appeared to be highest  at the r.f. coil region, gradual ly  
decreased downst ream of the coil and finally t e r -  
minated  at the end of the tube. 

When a solid source was used, it was usual ly placed 
inside the tube in the region of the r.f. coil. The  plas-  
ma was te rminated  by using a grounded electrode, 
strapped to the outside of the tube wall, a short dis- 
tance downst ream of the r.f. coil. It  was seen that  the 
e lement  began to deposit  out in a thin film form along 
the tube wall, downst ream of the plasma front, which 
was dist inguishable by its glow color. No deposition 
occurred on the section of the tube wal l  whe re  the 
glow color extended ve ry  close to the wall. This sug- 
gests that  any Se deposited in this region was quickly  
removed  by the plasma and re turned  to the gas phase. 
All  three elements,  Se, As, and Te, have  been t rans-  
ported and deposited in this manner .  

In order to demonstra te  the  effectiveness of the hy-  
drogen plasma t ransport  of Se, for example,  an argon 
plasma has been tr ied under  otherwise identical  con- 
ditions. No significant amount  of Se t ransport  took 
place. Only a slight amount  of deposition was observed 
in the immedia te  vicini ty  of the solid source. 

We have also shown that  this t ransport  process is 
not mere ly  a localized heat ing and evaporat ing process. 
We have applied heat  to the solid selenium exposed to 
a flowing stream of normal  hydrogen under  a reduced 
pressure. The selenium vapor  s imply condensed out 
on a na r row section of the tube wal l  adjacent  to the 

heated zone, wi thout  being t ransported along the tube 
to any appreciable  length. 

The over -a l l  chemical  reactions that  possibly are 
occurr ing in this plasma t ransport  process can be 
visualized as follows. The first step is the format ion 
of act ive hydrogen species, such as atomic hydrogen 
and energetic molecular  hydrogen,  by electron bom- 
bardment  of the hydrogen molecule.  These act ive 
hydrogen species, on collision with  the elements,  in 
ei ther the solid or the gaseous phases, can form me-  
tastable gaseous hydrides. Radford (1) has, for ex-  
ample, observed an appreciable amount  of hydr ide  
radicals of Se and Te in the gas phase when  he ex-  
posed these solid elements to a reduced pressure hy-  
drogen plasma formed by a d.c. discharge. The ratio 
of hydrogen to Se, Te, and As in these hydrides is not 
known. Presumably,  this rat io could vary  over  a wide 
range. The hydr ide  species formed are l ikely to de- 
compose on collision with the wal l  surface to deposit 
out the elements.  

The ra te  of deposition can be increased substant ial ly 
by pumping these elements  into the plasma in a vapor  
form. This technique has been applied to t ransport ing 
Se. The solid source was placed in a small  closed end 
tubular  side arm. This side a rm was si tuated close to 
the hydrogen gas inlet  to the react ion chamber,  hence 
on the up-s t ream side of r.f. coil. Heat  was applied to 
the solid source causing it to evaporate  rapidly,  and Se 
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Fig. 1. Relative deposition rate vs .  distance along the reaction tube 
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vapor  was thus injected into the plasma. The h igh-  
f requency coil used to generate  the plasma was wa te r -  
cooled, and, being in contact  wi th  the react ion tube, it 
also served the purpose of cooling the react ion tube 
wall. No Se deposition was observed on the tube wal l  
closest to the r.f. coil. The plasma was al lowed to ex-  
tend approximate ly  12 in. down stream of the coil, i.e., 
near  the grounded electrode. The glow intensi ty ap- 
peared to diminish only very  gradual ly  f rom the r.f. 
coil, to the region where  the plasma was terminated.  
The plasma was seen to break away from the tube 
wal l  outside of the coil region; in this region deposition 
pr imar i ly  took place. 

Thin Py rex  glass slides were  placed along the length  
of the plasma for moni tor ing the amount  of Se de- 
posited. Relat ive  rates of deposition were  obtained by 
measur ing the weight  increase of these glass slides at 
various locations fol lowing a certain t ime length of 
operation. These results are shown in Fig. 1. The zero 
distance on the abscissa indicates the region where  the 
r.f. coil ends. The deposition rate  is seen to rise rapidly  
and reaches a broad plateau. This broad peak extends 
over a distance of 6-7 in. The ra te  then decreases as 
the glass slides are fu r the r  r emoved  f rom the source. 
This suggests that  the deposition process itself is l imi t -  
ing the net  deposition rate. It is l ikely that  the de- 
posited Se is being removed  constant ly by the hydro-  
gen plasma, and the net  deposition rate  is therefore  
strongly dependent  on the remova l  rate. Since the 
plasma intensi ty and the remova l  ra te  are highest in 
the region of the r.f. coil, there  is no net  deposition in 
this area. The glow intensi ty gradual ly  decreases down 
s t ream of the coil p r imar i ly  due to the recombina-  
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t ion of act ive species at the tube wall, which  allows 
deposition to occur. The deposition ra te  is then de-  
pendent  on the concentrat ion of the  gaseous Se species 
and the act ive hydrogen;  both quanti t ies are  expected 
to decrease s imultaneously down the react ion tube. 
This effect could give rise to the observed deposition 
ra te  dis tr ibuted along the tube wall. 

The hydrogen plasma deposited Se films have  been 
studied under  an electronmicroscope. The film, wi th  
a mean thickness of a few hundred  angstroms, is con- 
structed of close packed nodules of around a thousand 
angstroms in diameter .  Elect ron diffraction measure -  
ments  show that  these films are amorphous.  The sub- 
strafe surface where  Se deposition occurred is ap-  
parent ly  less than 60 ~ or 7O~ Above these t empera -  
tures Se crystall izes ve ry  rapidly.  Electr ical  resist ivi ty 
measurements  of the deposited Se films in the dark 
have been made using evapora ted  gold electrodes as 
the contacts. Because of carr ier  t rapping effects no 
quant i ta t ive  measurements  could be made, however ,  
the film resis t ivi ty is es t imated to be of the order of 
101~ ohm-cm. 
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Diffusion of Transition Metal Ions into Rutile (Ti02) 

James P. Wittke 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

Although the diffusion of hydrogen (1), boron (2), 
and l i th ium (3) into single crystal  ru t i le  has been 
previously reported,  we have not found any reference  
to diffusion of the larger,  heavier  t ransi t ion metals  into 
this material .  This Note reports  the observat ion of the  
diffusion of Cr, Fe, Co, and Ni into rutile. These ob- 
servations are impor tant  for at least two reasons. In 
the past, measurements  of the electr ical  and other  
propert ies  of rut i le  have  led to somewhat  conflicting 
conclusions (4, 5) We bel ieve that  the observed dis- 
crepancies reflect different states of pur i ty  of the crys-  
tals on which the measurements  were  made, and the 
observat ion that  many  metals  readi ly  diffuse into 
rut i le  offers an explanat ion of why  this may  be so. 
Second, rut i le  doped wi th  chromium or wi th  i ron is 
perhaps the most impor tant  mater ia l  yet  found for use 
in mic rowave  masers  (6, 7). For  masers, un i formi ty  
~f doping and accurate control  of paramagnet ic  ion 
concentrat ion are ve ry  important .  The techniques re -  
ported below for introducing paramagnet ic  impuri t ies  
by diffusion offer promise of bet ter  maser  mater ia ls  
than can be achieved by introducing them during 
crystal  growth.  

When transi t ion meta l  ions are int roduced into ruti le,  
the absorption edge at about 4100A that  gives pure  
rut i le  its yel lowish cast is shifted fur ther  toward the 
red. This results in an o range-brown coloration by 
means of which the presence of these ions can be 
monitored.  [The color of rut i le  depends strongly on the 
t rea tment  of the sample as wel l  as on the doping; e.g., 
if chromium-doped  rut i le  (brown) is reduced by hea t -  
ing in a vacuum, the absorption at about 1.2g that  gives 
" reduced"  (nonstoichiometric)  pure  rut i le  its blue 
appearance also appears in the doped sample, resul t -  

ing in a green crystal.] The b rown  colorat ion associ- 
ated wi th  ful ly  oxidized rut i le  doped wi th  transi t ion 
meta l  ions was  used to moni tor  the diffusion of these 
ions into the crystal. 

Ruti le  has the cassiterite s tructure;  its te t ragonal  
uni t  cell contains two TiO2 molecules. The  s t ructure  
can be considered as composed of t i tanium ions in  a 
body-centered  sublattice, wi th  pairs of oxygen  ions 
placed between the t i tanium ions in a l te rna t ive  face-  
diagonal directed pairs normal  to the c-axis. The t i -  
tanium ions lie in rows directed along the c-axis, the 
rows forming a square a r ray  when  v iewed  along this 
axis. The ru t i le  lat t ice has "channels"  of low electron 
density, lying along the centers of these squares (8). 
These channels lead to great ly  enhanced interst i t ia l  
diffusion of impur i ty  ions, compared to diffusion via 
substi tut ional  lat t ice sites (8). 

As in the cases of boron (2) and l i th ium (3), the 
diffusion of t ransi t ion meta l  ions is exceedingly aniso- 
tropic, proceeding along the c-axis  (as evidenced by 
the coloration) faster  by orders of magni tude  than 
perpendicular  to this axis. This is strong evidence 
that  t ransi t ion meta l  ions diffuse into ru t i le  by means 
of the same inters t i t ia l  mechanism found for l i th ium 
and boron. That  this is plausible can be seen f rom an ar -  
gument  based on lat t ice geometry.  F r o m  the e lectro-  
negat iv i ty  of t i tanium and oxygen (9), we  est imate the 
Ti -O bond to be about 60% ionic. Using Paul ing 's  
values (9) for ionic and covalent  radii  for  Ti and O, 
and interpolat ing l inear ly  wi th  degree of ionicity gives 
radii  of R (Ti) = 0.90A and R (O) = 1.06A. Using 
these values and the latt ice parameters  ao = 4.593A 
and Co = 2.959A determined  by Cromer  and Her r ing-  
ton (10), we  find the inters t i t ia l  diffusion channels  
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Table I. Ionic radii 

I o n  R a d i u s  (9) ,  A 

Cr  ~+ 0.69 
FeS+ 0.64 
Co ~+ 0. '/4 
Ni2+ 0.72 
N i  ~+ 0.62 

(8) to consist of chains of "voids" of approximate ly  
0.77A radius, joined by deformed regions of comparable  
cross-sectional area. Thus, the observed ra ther  rapid  
inters t i t ia l  diffusion of the t ransi t ion meta l  ions ( ionic 
radii  g iven in Table I) is understandable.  The much 
larger  ra re  ear th  ions [R (Yb 3+) = 0.94A to R (Ce ~+) 

1.11A (9)] do not give measurable  diffusion even at 
a t empera ture  (1200~ wel l  above those requi red  to 
make  the transi t ion meta l  ions mobile. 

An  interest ing aspect of rut i le  is that  all of the para-  
magnet ic  ions we have diffused into it, wi th  the notable 
exception of Ni, are preferent ia l ly  found on substi-  
tut ional  sites, as shown by our paramagnet ic  resonance 
studies. This is in agreement  wi th  the results  repor ted  
by Gerr i tsen (11) for rut i le  wi th  impuri t ies  incor-  
porated dur ing crystal  growth. [In the case of Fe 3+ in-  
corporated at growth, paramagnet ic  resonance studies 
(12) indicated that  over  70% of all  the i ron was in a 
substi tutional site.] The fact that  the bulk of the ions 
are found on substi tut ional  sites argues strongly for 
rapid, energet ical ly  pre fe r red  reactions in the crystal  
in which interst i t ia l  t ransi t ion meta l  ions (except  Ni) 
are captured at vacant  Ti sites. Whether  there is a 
valence change accompanying these reactions is at 
present  unknown.  

The transi t ion meta l  ions can be applied to the sur-  
face of the crystal  pr ior  to diffusion in any of a n u m -  
ber of ways. We have used metal l ic  evaporat ion in a 
vacuum successfully; a l ternat ively,  we have  coated the 
surface of the crystal  wi th  an alcohol solution of the 
t ransi t ion metal  ni t ra te  or acetate, which we subse- 
quent ly  evaporated to remove  the solvent. Upon heat -  
ing to diffusion temperatures ,  the ni t ra te  or acetate 
decomposed, leaving an oxide residue that  acted as the 
dopant source for the diffusion. We have  also immersed  
the rut i le  crystal, at the diffusion temperature ,  in a 
vapor  of FeC13 or CrC13, both of which react  at the 
crystal  surface to yield TIC14, which comes off as a 
vapor. 

Based on visual examinat ion  of the colorat ion in-  
duced by diffusion, all transit ion meta l  ions have ap- 
proximate ly  the same diffusion rate, al though nickel  
diffuses perhaps twice as fast as iron; chromium also 
diffuses somewhat  faster  than iron. While accurate 
diffusion constants have  not been measured,  we est imate 

D ~  10 -6 cm2/sec for tempera tures  of about 1000~ 
Chemical  analysis indicated that  we were  able to in-  
corporate  over  0.04% Fe (by weight)  by diffusion, and 
much higher  concentrations can presumably  be 
achieved (13). At  our highest  doping levels  of Fe  we 
observed paramagnet ic  resonances that  could not be 
associated with  simple substi tut ional  sites. These might  
be due to inters t i t ia l  ions or to substi tutional sites wi th  
associated latt ice defects (other  impur i ty  ions on ad- 
jacent  sites, oxygen vacancies, interst i t ia l  Ti 3+ ions, 
etc.). We have  prevented  loss of oxygen ions dur ing 
diffusion, wi th  a t tendant  nonstoichiometry (14), by 
carrying out the diffusion in an a tmosphere  of flowing 
oxygen. 

By controll ing the amount  of t ransi t ion meta l  ion 
applied to the surface of a ru t i le  crystal, a p rede te r -  
mined amount  of dopant can be int roduced into the 
crystal  in a few hours by holding it at  readi ly  a t ta in-  
able temperatures .  Since it apparent ly  is ve ry  difficult 
to control closely the doping level  when  the transi t ion 
metals  are introduced during crystal  growth, this tech-  
nique makes possible many  exper iments  requ i r ing  a 
controlled doping concentrat ion that  o therwise  would  
be difficult to do. 

Manuscript  received Sept. 24, 1965; revised manu-  
script received Nov. 8, 1965. 

�9 Any  discussion of this paper  wil l  appear  in a Discus- 
slon Section to be published in the December  1966 
JOURNAL. 
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The Phase Diagram of the BI3-Sil, System and 
Its Relationship to Zone Refining 

A. F. Armington 
Air Force Cambridge Research Laboratories, O~ce  o~ Aerospace Research, Bedford, Massachusetts 

and E. O. Fisk 
Wentworth Institute, Boston, Massachusetts 

Exper iments  wi th  zone refining have indicated un-  
favorable  effective segregat ion coefficients 1 for silicon 
te t ra iodide (SiI4) in boron tri iodide (BI3) and for 
boron tr i iodide in silicon te t ra iodide (1, 2). In order  to 
de te rmine  whe ther  these segregation coefficients were  

1 The s e g r e g a t i o n  coef f i c i en t  is  K : Cs/CL w h e r e  Cs is  t h e  i m -  
p u r i t y  c o n c e n t r a t i o n  of  so l id  . a f t e r  zone  r e f i n i n g  a n d  CL is  t h e  i m -  
p u r i t y  c o n c e n t r a t i o n  in  t h e  l i q u i d  zone .  

due to exper imenta l  problems or to a high equi l ibr ium 
segregation coefficient, the authors have  constructed 
the phase diagram for the system BI~-SiI4. A rough 
curve  for the l iquidus port ion of this d iagram was 
published previously  (3), but  the solidus port ion 
needed for  zone refining evaluat ion was not  reported.  

Two methods were  used in this study. Usual ly  the 
phase transitions were  de termined  by the rmal  analysis 
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using the cell shown in Fig. 1. With  this apparatus,  
mel t ing  of the samples could be examined  prior  to 
p lacement  of the cell into a Dewar  flask. Measurements  
were  made using a bare  copper constantan the rmo-  
couple immersed  into the sample through the hollow 
paddle- type  stirrer. This was found to be more sensi- 
t ive than the use of a thermocouple  inser ted in a well.  
The thermocouple  output  vol tage was moni tored on a 
0-400 #v potent iometr ic  recorder  (L&N Speedomax G).  
A potent iometer  (Rubicon model  No. 2748) was used 
to compensate part  of the thermocouple  vol tage wi th  a 
precisely known voltage.  This "bucking" vol tage was 
changed each t ime the  pen reached the edge of the 
chart;  thus the cooling curve  consisted of a number  of 
successive curves on the chart. Repeated runs on the 
same mix tu re  were  wi th in  _+0.5~ Variat ions in the 
cooling ra te  provide a small  t ime lag (par t icular ly  near  
the ends of the diagram) so that  in general  the l iquidus 
t empera tu re  is accurate to _+0.6~ and the solidus to 
_+1.2~ 

A potent ial  source of er ror  tending to give lower  
t ransformat ion t empera tu re  is the possible presence 
of hydrolysis  products. To test the magni tude  of this 
effect the fol lowing checks were  made:  pure  BI3 con- 
raining 0.47% each of I2 and 8208 showed a mel t ing  
point lower ing  of 1.47~ a BI3-SiI4 mix tu re  (59.27% 
SiI4) containing 0.34% I2 showed the l iquidus t empera -  
ture to be lowered by 0.60~ and the solidus t empera -  
ture  to be lowered by 0.72~ 

For  di la tometer  measurements  a simple vo lume 
apparatus consisting of a tubular  container (of about 
10 ml volume)  with a capil lary tube attached by 
means of a tapered joint  was used. The capil lary tube 
had an internal  d iameter  of approximate ly  0.7 mm and 
was approximate ly  60 cm long. The sample was placed 
in the container  and covered with  Dow Corning 704 
fluid as a inert  liquid. By proper  ad jus tment  of the 
amount  of fluid a plot could be made of t empera tu re  
vs. volume (cm of fluid height  in the capi l lary tube) .  
The di la tometer  was contained in a water  bath in a 
Dewar  flask along wi th  a thermometer ,  immers ion 
heater,  and stirrer. Using the di la tometer  it was not 
possible to obtain eutectic t empera tu re  indications for 
mixed  compositions as close to the edges of the dia-  
gram as it was wi th  the cooling curves. However ,  wi th  

[HI-RMOCOUPLE LEADS 
' BEARING 

.~EBERBACH POWER STIR, 
MODEL 58 

] RUBBER TUBING 
CON N ECTOR 

BAFFLE 

TAPES 

HOLLOW PADDLE 
STI RRER 

HELIUM 

Fig. 1. Sketch of thermal analysis apparatus used for solidus and 
liquidus temperatures. 
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the  d i la tometer  it  was possible to approach the eutectic 
tempera tures  f rom both sides and obtain a more  ac- 
curate  t empera tu re  by slowing down the heat ing and 
cooling rates, thus nar rowing down the distance be-  
tween  the lags in temperature .  

The boron tr i iodide was disti l led f rom a 30 plate 
Oldershaw column and was approximate ly  99.99% 
pure. The  silicon te t ra iodide was purified by recrys ta l -  
lizing f rom toluene and was approximate ly  99.9% 
pure;  some points were  determined using sublimed 
SiI4. No difference in results could be detected with  
this mater ia l  however .  

Since both mater ia ls  hydrol ize  readi ly  in the pres-  
ence of water  vapor, they were  stored in sealed con- 
tainers;  the weighings were  done as rapidly  as pos- 
sible into the the rmal  analysis cell  in air  and immedi -  
ately covered by a flow of dry helium. 

The results of the exper imenta l  work  on the phase 
diagram are shown in Fig. 2. F rom this, it can be seen 
that the phase diagram consists of a simple eutectic 
system wi th  no evidence of compound formation.  The 
eutectic appears at 30% by weight  of SiI4 and a t em-  
pera ture  of 33.8o-- + I~ Since Niselson and Chernyaev  
did not accurately de te rmine  the eutectic, but  based it 
on a single point near  the eutectic, it is difficult to com- 
pare  their  value  wi th  the eutectic repor ted  here. How-  
ever,  their  eutectic appears to be in the 23-25 mole % 
SiI4 region ra ther  than at the 30 mole % SiI4 va lue  
found in this study. Using the equipment  discussed in 
the previous section, the authors were  not able to de-  
tect the solidus points below 2% or above 97.5% SiI4. 

Thus the m a x i m u m  equi l ibr ium segregat ion coeffi- 
cients would be 0.028 for BI3 in SiI4 and 0.067 for 
SiI4 in 813. Since these values are  marked ly  lower  
than the exper imenta l  values of 0.42 for the  former  
and about one for the latter, it is evident  that  the 
fai lure  of zone purification in these cases is not  due to 
high equi l ibr ium segregat ion coefficients, but  is due 
to exper imenta l  conditions. In both cases cited here, 
considerable f rac ture  of the solid was observed at the 
freezing interface and the authors bel ieve the filling 
of the cracks wi th  impure  l iquid could be responsible 
for the fa i lure  of the zone purification of these ma te -  
rials. 

A c k n o w l e d g m e n t  
The authors would  like to acknowledge Major  Guy 

H. Moates, AFCRL,  for his helpful  discussions on this 
work. Par t  of this work  was sponsored by Contract  
AF19 (604) -8503 with  Wentwor th  Institute.  
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Any  discussion of this paper  wi l i  appear in a Discus- 
sion Section to be published in the December  1966 
JOURNAL. 
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Tetragonal Germanium Dioxide Layers on Germanium 
W. A. Albers, Jr., E. W. Valyocsik, and P. V. Mohan 

Research Laboratories, General Motors Corporation, Warren Michigan 

The desirabi l i ty of exploi t ing as -grown oxide layers  
of germanium and silicon for diffusion masking and 
electronic surface passivat ion in semiconductor  de- 
vice technology has been recognized for some time. In 
recent  years  this concept has been unambiguously  suc- 
cessful in the fabricat ion of silicon devices. A similar  
development  for ge rmanium devices has not  been 
for thcoming because the oxide that  na tura l ly  forms on 
a ge rmanium surface is chemical ly very  reactive. Na-  
tura l ly  occurr ing GeO2 invar iab ly  assumes e i ther  an 
amorphous or an hexagonal  (hex) crystal l ine state. 
Germanium dioxide can also occur in a te t ragonal  (tet) 
crystal lographic modification (1, 2). An  examinat ion  of 
the chemical  and physical  propert ies  of the  te t  GeO2, 
as listed in Table I, suggests that  i t  migh t  provide the 
same advantages  for  ge rmanium devices as SiO2 does 
for silicon devices. In order  to test this conjecture,  a 
means of prepar ing germanium specimens with  tet  
oxide layers had to be developed. The purpose of this 
note is (a) to repor t  a method which we have em-  
ployed for obtaining tet  oxide layers  on germanium 
and (b) to describe pre l iminary  observations on the 
semiconductor  surface propert ies  as influenced by the 
oxide. 

Our approach to the prepara t ion of tet oxide layers 
on germanium centered on the fact  that  the hex form 
can be completely  conver ted to tet  by a solid-solid 
phase t ransformat ion at re la t ive ly  low tempera tures  
(2-4). This t ransformat ion  can be effected ei ther  by 

heat ing hex powders  in the presence of small  quanti t ies  
of a mineral izer ,  such as an a lka l i -meta l  salt, to t em-  
peratures  in the 800~176 range  at a tmospheric  
pressure, or by heat ing to tempera tures  in the 300 ~ 
600~ range under  several  hundred  atmospheres  of 
pressure (hydro thermal ly ) .  We confined our at tent ion 
to the first of these. The hydro the rmal  conversion of 
GeO2 layers has been invest igated in another  lab-  
oratory (5). 

The exper imenta l  p rogram consisted of two parts: 
(a) a detai led study of the t ransformat ion  kinetics of 
bulk powders  employing 1% by weight  Li2COs as the 
mineral izer ,  and (b) an invest igat ion of the direct  

Table I. Properties of germanium and its crystalline oxides 

P r o p e r t y  G e r m a n i u m  H e x a g o n a l  Tetragonal  

C o o r d i n a t i o n  Tetrahedral  Tetrahedral  O c t a h e d r a l  
C r y s t a l  t ype  D i a m o n d  Q u a r t z  R u t i l e  
D e n s i t y  @ 25~ 5.35 4.228 6.239 

g / m l  
M o l a r  vo lume ,  cc 13.57 22.24 16.77 
Melt ing  poin t ,  ~ 937 1116 • 4 1086 -4- 5 
T r a n s i t i o n  po in t ,  - -  1033 • 10 1033 "4- 10 

~ 
I n d e x  of r e f r a c t i o n  4.0 1.735 2.05-2.10 
T h e r m a l  coefficient 61 • 10 -7 95 • 10-7 ~ 6 0  • 10 -7. 

of  e x p a n s i o n  
S o l u b i l i t y  in  H~O I n s o l u b l e  4.53 ~0 .005  

@ 25~ g / l i t e r  
A c t i o n  of H F  None  Reac t s  v e r y  r ap -  None  

i d l y  
A c t i o n  o f  I-ICl None  Reac t s  r a p i d l y  None  
A c t i o n  of  5/% r N a O H  None  Dis so lves  r a p i d l y  Dissolves  v e r y  

@ 100~ s l o w l y  

* A p p r o x i m a t e  a v e r a g e  o f  s e v e r a l  c r y s t a l l o g r a p h i c  d i r e c t i o n s  [see  
J.  F.  S a rve r ,  J. A m e r .  Cevam. Soe., 46, 195 (1963)I. 

conversion of as -grown crystal l ine oxide layers on 
germanium employing l i th ium carbonate to promote 
the phase transformation.  The study of bulk powders 
was carried out in the hope that  it would provide a 
description of the t ransformat ion  mechanism which 
could be applied to the conversion of as -grown hex 
oxide layers. Only the per t inent  aspects of the bulk 
conversion work  are repor ted  here;  a detailed report  
wil l  be published e lsewhere  (6). 

The exper imenta l  procedure  for the bulk powder  
t ransformat ion studies involved  baking commercia l ly  
avai lable hex GeO2 (obtained f rom K & K Labora-  
tories, Pla inview,  New Je rsey) ,  to which had been 
added 1% by weight  Li2CO3, at t empera tures  in the 
range 800 ~ to 1000~ Smal l  portions of the powder  
were  extracted at cer ta in  in tervals  and analyzed for 
re la t ive  weight  percentages of hex and tet  GeO2 by 
x - r a y  diffraction techniques (4). This procedure  was 
repeated for several  different tempera tures  in the 
above range. The resul t ing data are summar ized  in 
Fig. 1 where  the fraction, f, of hex  mater ia l  t rans-  
formed is plot ted vs. the tempera ture ,  T, wi th  react ion 
t ime as a parameter .  

The samples for invest igat ing the conversion of as- 
grown oxide layers  were  prepared  f rom oriented (111) 
single crystal  ge rmanium slices. Af te r  lapping and 
etching by s tandard methods, they were  oxidized in 
several  ways. One of these was direct oxidat ion in wet  
oxygen at 5O0~ A second method consisted of anodic 
oxidation in a 0.25N solution of sodium acetate in 
glacial acetic acid and a th i rd  involved  chemical  oxi-  
dation in concentrated (15N) nitric acid. X - r a y  and 
electron diffraction observations of the resul t ing oxide 
layers revea led  that  the the rmal ly  grown oxide was 
amorphous while  those prepared  anodically were  
ei ther amorphous or hexagonal  depending on a n u m -  
ber of factors. The samples tha t  were  oxidized in con- 
centrated HNO3 were  invar iably  the hex crystal l ine 
form. 

At tempts  to conver t  these oxide layers were  carr ied 
out by placing a specimen in a ceramic crucible along 

1.0 

f 

.4 

I 

T(e) 
Fig. 1. Fraction of material transformed, f, as a function of 

temperature, T, for the hexagonal.to-tetragonal phase transforma- 
tion of germanium dioxide, with time as a parameter. 
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with  ei ther pure  Li2CO3 or hex  GeO2 powder  con- 
taining 1% by weight  LifCO3. The crucible was cov-  
ered with  a loosely fitting lid and heated to t empera -  
tures in the 700~176 range for periods vary ing  be-  
tween several  hours and a day. The crystal l ine fo rm 
of the oxide layer  was then de termined  by electron 
diffraction or by chemical  techniques based on the 
re la t ive  react iv i ty  of the two forms as listed in Table  
I. The samples were  weighed before and after  the 
above processing and any weight  change noted. Al l  
exper iments  were  conducted in a room atmosphere  of 
about 40 % re la t ive  humidity.  

An analysis of data for the bulk powder  t ransfor-  
mat ion presented in Fig. 1 suggests the fol lowing de- 
scription of the hex - to - t e t  conversion (6). The tet  
phase is nucleated through the format ion  of alkal i-  
meta l  oxide groups in the host hex crystallites. These 
oxide groups promote  a local octahedral  coordination 
of ge rmanium atoms consistent wi th  the s t ructure  of 
the tet  GeO2 phase. Since the tet phase is the more  
stable phase below tempera tures  of about 1000~ (2), 
some of these nuclei  grow at the expense of the host 
hex phase. The macroscopic features  of this growth 
are adequate ly  described by the phenomenological  
theory of diffusion-like phase t ransformat ions  (7, 8), 
which takes into consideration the influence of strain 
in the host and t ransformed lattices. We bel ieve that  
strain energies play an impor tant  role  in the GeO2 
phase t ransformat ion in v iew of the large  specific vo l -  
ume difference be tween  the hex and tet  phases (see 
Table I) .  

The results of the conversion of as -grown oxide 
layers can be summarized as follows: 

(a) In all cases in which pure  LiaCO~ was employed,  
the oxidized specimens were  destroyed, p resumably  
because of a react ion of the a i 2 c o 3  with  germanium;  

(b) Systems employing  the 1% LLfCO3-99%GeO2 
mix ture  also resul ted in the destruct ion of the sam- 
ples when the conversion was a t tempted above 80O~ 

(c) Between 700 ~ and 800~ the crystal l ine oxide 
layers were  completely  conver ted to the tet form when  
the LifCO3-GeO2 mixtures  were  used and react ion 
times were  about 16 hr. No change of weight  was ob- 
served. Under  the same conditions, the samples wi th  
amorphous oxide layers remained  unchanged.  

Severa l  features  of the successful ox ide- layer  con- 
versions are wor th  noting. For example,  the complete  
conversion of the layer  was accomplished at t empera -  
tures wel l  below those necessary for conversion of the 
bulk powders;  indeed, Fig. 1 indicates that  the bulk 
t ransformat ion rates are essential ly zero below about 
830~ Also, the GeO2 hex powder,  which was included 
in the oxide- layer  t ransformat ion systems, was not 
conver ted to the tet  form, consistent wi th  the results  
of the bulk powder  studies. 

It appears reasonable that  the oxide layers grown on 
germanium are more highly s t rained than the bulk 
powders and that  this strain could be responsible for 
the lower  conversion t empera tu re  of the oxide layers. 
As already noted, strain is an impor tant  fea ture  of the 
t ransformat ion  mechanism and therefore  could also ac- 
count for the differences observed in the conversion 
kinetics. 

The  fact that  GeO2 powders had to be included in 
the systems which resul ted in successful oxide layer  
conversions suggests that  GeO plays an impor tant  role. 
It is wel l  established that  the vapor  of GeO2 is pre-  
dominant ly  GeO at the tempera tures  of interes t  (9). 
Also, considering the react ion Ge (s) -~ GeO2 (s) 
2GeO(g), which we feel  is dominant  in the destruct ion 
of samples in the unsuccessful conversion, the impor t -  
ance of the  GeO can be appreciated.  Below 800~ the 
GeO vapor  pressure associated wi th  the GeO2 powder  
is sufficient to inhibit  this react ion f rom proceeding to 
the right. On the other  hand, above 800~ the react ion 
apparent ly  proceeds to the r ight  at a ra te  large enough 
to etch the germanium sample. 

2 
I I i I i I i I , I i L , ] i L I 

'a 4 5 

WAVELENGTH (microns) 

Fig. 2. Infrared spectra of hexagonal ( ) and tetragonal 
( - - - )  oxide layers on single crystal germanium. Note the differ- 
ence in transmittance associated with the O-H stretching frequency 
near 3#. 

A final r emark  about the ox ide- layer  conversion 
studies pertains to the unsuccessful conversion of 
amorphous oxide layers under  any of the conditions 
described. We conclude that  the crystal l ini ty of the 
oxide is an impor tant  fea ture  of the conversion proc-  
ess. Evidently,  a stage of recrystal l izat ion is necessary 
before thermal  oxides can be converted.  

The successful prepara t ion of tet  oxide layers on 
germanium led us to a considerat ion of the  influence 
of such layers on the surface propert ies  of germanium.  
To this end, several  single-crystal ,  p - type  specimens of 
ge rmanium were  oxidized in 15N nitric acid, and the 
fol lowing exper iments  were  set up: 

(a) The oxide was conver ted  to te t  and checked as 
a potent ial  diffusion mask by exposing the sample to 
arsenic vapor  for 2 hr  at 750~ 

(b) Sheet  resis t ivi ty of the germanium surface was 
measured before and after  conversion to de termine  the 
possible effect of the expected diffusion of l i thium into 
the germanium substrate. 

(c) Inf rared  absorption of the oxide layers before  
and after conversion was observed. 

(d) Field-effect  measurements  were  carr ied out on 
samples before and after conversion to charaeterize 
the surface electronic propert ies  by a m e t h o d  pre -  
viously developed (10). All  of the oxides in these ex-  
per iments  were  conver ted by heat ing at 750~ for 16 
hr  in the presence of the LifCO3-GeO2 mix tu re  as de-  
scribed earlier.  

The  results of the diffusion mask exper iments  were  
negative.  The ent i re  sample was invar iab ly  conver ted 
to an n - type  semiconductor  which is characteris t ic  of 
arsenic doping. We at t r ibute  this resul t  to the poly-  
crystal l ine na ture  of the oxide layer  since large voids 
be tween  grains were  observed by electron micros-  
copy subsequent  to the diffusion studies. The  sheet re -  
sistivity measurements  indicated that  l i th ium was not 
a problem; the resis t ivi ty was the same before and 
after  conversion to tet. 

A typical  set of inf rared  spectra for  an oxide layer,  
before and after  conversion, is presented in Fig. 2. The 
re la t ive ly  strong absorption in the 3.0~ wave leng th  re -  
gion is associated wi th  the O-H stretching frequency.  
It is evident  that  the density of O-H groups is la rger  
for hex  than for tet. The field-effect studies revea led  
that, a l though both ge rmanium surfaces were  n- type,  
the surface bear ing the tet oxide layer  was invar iably  
less n - type  than the surface covered by a hex  oxide. 
Since the O-H of the oxides can be associated wi th  
adsorbed water ,  known to cause ge rmanium surfaces to 
exhibi t  n - type  propert ies  (11), the above results sup- 
port  the conjecture  that  water  vapor  in the a tmosphere  
wil l  not  influence ge rmanium specimens protected by 
tet oxide as seriously as those bear ing hex oxide layers. 
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Growth and Preferential Doping of Zircon and Thorite 
A. B. Chase and Judith A. Osmer 

Aerospace Corporation, El Segundo, California 

Single crystals of stable, t ransparent  meta l  oxides 
that  can incorporate  ra re  ear th  ions are of research in-  
terest  and may also be of va lue  for electronic applica-  
tions. Zircon (ZrSiO4) and thor i te  (ThSiO4), an iso- 
morph of zircon, meet  these basic requirements .  Zir-  
con and thori te  are te t ragonal  crystals and belong to 
the space group I41/amd (1,2) .  Natura l ly  occurr ing 
zircon has been reported to have  Y203 and U203 as im-  
purit ies (3). In the present  work, synthetic crystals 
of both ThSiO4 and ZrSiO4 were  readi ly  doped with  
various lanthanides and UO2. 

Espig has grown crystall i tes of zircon f rom Li2MoO4 
by the use of mass t ransport  techniques for both nu-  
cleation and growth of crystals (4). Using similar  tech-  
niques, Finch et al. (5) have  grown thori te  wi th  
Li20.2MoO~, Lif0.2WO3, or Naf0.2WO3 as solvents. 
These techniques normal ly  involve  placing the solute 
in a hot zone and re ly  on ei ther  diffusion or diffusion 
and convection in the solvent  to carry  the solute to a 
cooler region to nucleate  and grow crystals. Bal lman 
and Laudise have grown crystals of zircon by slow 
cooling of Lif0.3MoO3 melts  (6). 

In the present  work, crystals as large as 7 mm 
across have  been grown f rom mol ten  Li2MoO4-MoO3 
and doped with  UO2 and various lanthanide  ions. The 
method of crystal  growth is similar  to that  used by 
Bal lman and Laudise. I t  involves mixing the solute 
and solvent and relies on p rogrammed cooling for 
crystal  nucleat ion and growth.  Crystal  g rowth  runs of 
3 to 5 days' durat ion genera l ly  produce crystals large 
enough for crystal  growth and spectroscopic studies. 

The melts  f rom which the largest  zircons were  
grown consisted of 3 mole % ZrO2, 3 mole % Li2SiO3, 
5-10 mole % Li2MoO4, and 84-89 mole % MOO3. The 
mater ia ls  used were  99.7% pure  ZrO2 obtained f rom 
the Zirconium Corporation, h igh-pur i ty  grades of 
Li2SiO3 and Li2MoO4 (Li th ium Corporat ion and 
Chemical  Procurement  Laboratories,  respect ively) ,  and 
an analyt ical  reagent  grade of MoO3 (All ied Chemical  
Corporat ion) .  Appropr ia te  amounts  of the powders 
were  mechanical ly  mixed  and placed in t ight ly  cov- 
ered 50 to 100 ml  standard form pla t inum crucibles. 
The crucibles were  heated to 1250~ in Supe r -Kan tha l  
muffle furnaces that  have ver t ica l  t empera tu re  gradi-  
ents of no more  than 0.5~ The crucibles were  held 
at 1250~ for 2 to 8 hr and program cooled at 2 ~ or 
4~  to 1000~ At  this t empera tu re  the crucibles 
were  r emoved  f rom the furnaces and al lowed to cool 

to room temperature .  The  crystals were  separated f rom 
the contents of the crucibles by leaching with  hot 25% 
ammonia  solutions. The weight  loss of a s tandard run 
was be tween 25-35 w / o  (weight  per  cent).  

The procedure used to grow thori te  was similar  to 
that used for zircon. The ThO2 was 99.9% pure  (pur-  
chased f rom the Lindsay Company) .  Silicon dioxide 
was used instead of Li2SiO3 in these runs. All  other 
mater ia ls  were  the same as those used for the zircon. 

The pr imary  differences in the procedure  were  that  
a lower  soaking tempera tu re  and a different flux 
composition were  necessary for the growth of thorite. 
Finch (3) indicated that  only thori te  could be grown 
below 1225 ~ ~ 10~ and only hut toni te  could be grown 
above this temperature .  1 Having  substantiated this 
conclusion, we used a soak tempera tu re  of 1220~ wi th  
cooling rates of 2~176 The crucibles were  removed  
from the furnaces at 900~ 

The melts  used for thori te  contained 3 mole % ThOf, 
3 mole % SiOf, 74 mole % Li2MoO4, and 20 mole  % 
MoO~. Hut toni te  was obtained f rom a mel t  consisting 

1 H u t t o n i t e  (ThSiOD,  ~he h i g h - t e m p e r a t u r e  p o l y m o r p h  of t ho r i t e ,  
is  a m o n o e l i n i c  c rys ta l  b e l o n g i n g  to  space  g r o u p  P 2 J n  (7) a n d  Js 
r e t a i n e d  m e t a s t a b l y  a t  r o o m  t e m p e r a t u r e  w h e n  g r o w n  f r o m  th i s  
sys tem.  

Fig. 1. Zircon crystals showing the change in habit due to rare- 
earth doping. The crystal on the right is from a doped run, the one 
on the left from an undoped run, Magnification approximately 8X. 
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Fig. 2. A UO2-doped zircon crystal with the dark areas more 
heavily doped with U02 than the light areas. Magnification 12X. 

of 5 mole % ThO2, 5 mole % SiO2, 70 mo]e % Li2MoO4, 
and 20 mole  % MoO~ wi th  a m a x i m u m  tempera tu re  of 
1250~ Because the solubil i ty of ThSiO4 in Li2Mo4- 
MoO3 fluxes increases wi th  increasing MOO3, it was 
necessary to use 10% ThO2 and 10% SiO2 to produce 
thori te  wi th  a MoO3-to-Li2MoO4 ratio of 1 to 1. 

Uti l izat ion of the above mixtures  for both thori te  
and zircon provided between 5 and 20 single crystals 
of good optical qual i ty per run. The crystal  sizes in a 
run var ied  f rom 2 to 7 mm long, and the yield for 
a normal  run  was 60 to 80% of the start ing material .  
Most of the crystals grew on the bot tom of the crucible 
wi th  a few at tached to the sides of the crucible below 
the mel t  surface. The largest  crystals t rapped small 
amounts  of solvent in layers paral le l  to the major  
growth planes, dur ing ear ly  growth. The normal  habit  
of the crystals f rom an undoped mel t  was that  of a 
{110} rod with  {111} terminat ing pyramids.  

The habits of the crystals changed when  the m i x -  
tures were  doped with  the lanthanide  ions. The  {111} 
faces became larger  as the lanthanide doping was in- 
creased, until, at about a 1 to 3 ratio of the lanthanide 
sesquioxide to ZrO2 in the melt, the  {110} faces dis- 
appeared completely.  F igure  1 is a photograph of a 
crystal  f rom an undoped run and one f rom a doped 
run. With  up to 0.8 mole  % lanthanide ions in the 
melt, the  resul tant  crystals were  clear. Above  this 
level  of doping the crystals were  cloudy wi th  what  
appeared to be an unidentified exsolved phase. The 
exper imenta l  evidence implies that  the disappearing 

{110} faces are re la t ive ly  uncontaminated  and grow 
out of existence as the growth  rates of the {111} faces 
decrease owing to contamination. The par t icular  mech-  
anism of habit  change is s imilar  to that  described by 
F rank  (9) when  an impur i ty  ion is adsorbed onto a 
face, thereby re tard ing  the propagat ion of steps on 
that  face and decreasing the growth rate  of that  face. 

While  the lanthanide  ion changed the habit  of zir-  
con, UO2 contaminat ion had no appreciable effect on 
the habit. However ,  the amounts  of UO2 that  were  
incorporated in the crystal  var ied  in direct re la t ion-  
ship to the different faces on the crystal.  The  differ- 
ences are readi ly  apparent  by the color of the crystal. 
The volume of the mater ia l  below the {111} faces is 
a dark green and that  below the {110} faces is l ight  
green. F igure  2 is a photograph of such a crystal. 
Spectroscopic analysis of the absorption spectra of the 
crystals indicated that  the color was due to differences 
in the concentrat ion of the U 4+ ion. Spectrographic  
analysis showed 0.08 mole % UO2 incorporated in a 
crystal  obtained f rom a run  where  the UO2-to-ZrO2 
ratio in the mel t  was 1 to 2. The U 4+ ion is much 
larger  than the Zr 4+ ion and presents a fa i r ly  difficult 
size fit problem for rep lacement  of a Zr 4+ ion in the 
lattice. 2 This may account for the re la t ive ly  small  
amount  of U 4+ incorporated in the lattice. 
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Incorporation of Zinc into Epitaxial GaAs Using Diethyl Zinc 
R. W .  Conrad and R. W .  Haisty 

Texas Instruments Incorporated, Dallas, Texas 

Genera l ly  two approaches have  been taken in in-  
corporat ing acceptor impuri t ies  into epi taxia l ly  grown 
I I I -V semiconductors (A) doped source material ,  and 
(B) a separate  reservoir  of the dopant inside the dep-  
osition system, heated to provide an appreciable vapor  
pressure. 

Method (A) has been applied to z inc-doping of 
epi taxial  GaAs (1) and GaAsxPl -x  (2) and found to 
be unsatisfactory. Reproducible  doping levels  could 
not be obtained, apparent ly  because of rapid deple-  
tion of the dopant  in the source material ,  perhaps by 
outdiffusion. 

Method (B) has been employed wi th  some success 
to the doping of epi taxial  GaAs (3) and GaAsxPl -x  
(2) wi th  e lementa l  cadmium. This method,  however ,  
has several  disadvantages,  viz., very  accurate  t emper -  
a ture  control of the dopant is required,  the dopant 
cannot easily be turned on and off abruptly,  and non-  
constant doping profiles cannot easily be produced ex-  
cept by using elaborate  t empera tu re -p rog ramming  
equipment.  

Recent  work  in our laboratories  wi th  the volat i le  
organometal l ic  diethyl  zinc (bp 118~ shows this 
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mater ia l  to be very promising for the controlled in -  
t roduction of zinc into epitaxial  GaAs. 

Epitaxial  GaAs was prepared on chromium-doped,  
semi- insula t ing  (100) oriented GaAs substrates in  an 
open- tube  deposition system. Undoped, pul led-crysta l  
GaAs was used as source mater ia l  and AsC13 in  hy-  
drogen as the t ransport  agent. Source and deposition 
temperatures  were 840 ~ and 735~ respectively. The 
background excess donor concentrat ion of undoped 
epitaxial  GaAs prepared in this system was typical ly 
1-2 x 1016cm -~. Diethyl zinc from the Gal lard-Schles-  
inger  Chemical Company was used without  fur ther  
purification. 1 Figure 1 i l lustrates the deposition and 
doping systems. 

A very small  flow of purified hydrogen is metered 
into the diethyl  zinc reservoir  where it is saturated 
wi th  diethyl  zinc vapor, then  swept by a di lut ion hy-  
drogen flow (35 cc/min)  into the deposition zone of 
the reactor. Ini t ia l  exper iments  in which the hydrogen 
was introduced through a capil lary tip below the sur-  
face of the diethyl  zinc were unsuccessful because of 
persistent  clogging of the tip by a white  solid. This 
solid, al though not positively identified, was probably  
zinc oxide produced by the reaction of diethyl  zinc 
with traces of oxygen known  to be present  in the 
hel ium used as a flush gas. The ul trafine quartz fr i t  
situated at the exit end of the dope tube serves to 
restrict  the passage of part iculate  mat ter  such as zinc 
oxide or carbonaceous material.  After several doping 
experiments  the quartz fri t  would become discolored, 
bu t  the mater ia l  causing the discoloration was present  
in  only trace amounts  and could not be identified. 

A series of GaAs depositions was made with various 
rates of flow through the diethyl zinc system ma in -  
ta ined either at room tempera ture  or 0~ Figure  2 
shows the var iat ion of hole concentrat ion in  the 
deposits (from room tempera ture  Hall  measurements)  
as a funct ion of dopant  flow rate. In  general, the sur-  
face qual i ty of the deposits was very  good at doping 
levels < 10 TM cm -3. Scanning reflection x - ray  topo- 
graphic examinat ion  (4) of several  of these samples 
did not reveal  any macroscopic inclusions. At > 1019 
cm -3, however, several samples exhibited what  ap- 
peared to be small  inclusions, when  examined with 
t ransmit ted  infrared light. Also, at these high doping 
levels, deposition rates were substant ia l ly  reduced, 
and surface qual i ty degraded. F igure  3 shows the 
variat ion of room tempera ture  hole Hall  mobil i ty  with 
hole concentration. Included for comparison are the 
data of Meyerhofer (5) for zinc- and cadmium-doped 
bulk  GaAs. 

Two possible explanations for the decrease in  depo- 
sition rate and surface qual i ty at high dopant flow 
rates are (a) a di lut ion effect, in which the depositing 

1 C a u t i o n  s h o u / d  be u s e d  i n  h a n d l i n g  t h i s  m a t e r i a l ,  s ince  i t  i s  
spontaneously  f l a m m a b l e  in  a i r  and highly toxic .  

DEPOSITION Z O N ~ S O U R C E  ZONE FURNACE 
SEED HOLDER 7 I .......... | ~/-I--REACTOR TUBE 

T.C. t ~ 1  > u i ' + " < " ' t 7  I I I ~ , T.C. 
WELL L ~ ~ WELL __[ _-~ . , - -  

TEl ~ -F-'~ : ,.~MICROMETER NEEDLE VALVE AsCIi3/H2 

.2 ' 1'~4._mET~YL 

~-'-D :;NACR FLASK 
Fig. 1. System for introducing diethyl zinc into GaAs vapor depo- 

sition reactor. 
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species are l i teral ly swept away from the vicini ty 
of the substrate by the high gas flow issuing from the 
dope tube outlet and, (b) an inhibi t ion of deposition 
by the high concentrat ion of zinc and /o r  carbonaceous 
mater ia l  smaller  than  the pore size of the quartz frit. 
To clarify this, epitaxial  GaAs was deposited with a 
high flow of hydrogen only issuing from the dope out- 
let tube (20 cc /min  plus the usual  di lut ion flow of 
35 cc /min) .  The rate of deposition was drastically re-  
duced and the surface qual i ty  seriously degraded, 
indicat ing that  the di lut ion effect is a contr ibut ing 
factor in the production of poor qual i ty  deposits. 
To evaluate more ful ly the role of dopant  concentra-  
tion, it wil l  be necessary to employ a more volatile 
zinc compound such as dimethyl  zinc. 

The room tempera ture  hole inabili t ies in  diethyl 
zinc-doped epitaxial  GaAs compare favorably with 
the published values for zinc- and cadmium-doped 
bulk  GaAs, implying  that  carbon, if incorporated, is 
not seriously affecting the electrical properties. An 
improvement  in  the hole mobili t ies in diethyl  zinc- 
doped epitaxial GaAs should be realized by reducing 
the background donor impur i ty  concentration. 

Exper iments  are present ly  being conducted in these 
laboratories on the doping of various epitaxial  I I I -V 
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compounds and alloys wi th  several  zinc and cadmium 
alkyls. 
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Purification of Lithium Metal by 
High-Vacuum Fractional Distillation 

Paul H. Schmidt  

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

Lithium, the l ightest  of all metals, has a high the r -  
mal  conductivity,  low mel t ing  point, a n d  small  the r -  
mal  neutron cross section. I t  is, therefore,  of interest  
to nuclear  scientists as a heat  t ransfer  fluid. Its ad- 
vantages as compared to other  alkali  metals  are, 
however ,  l imi ted in part  by the presence of impuri t ies  
both gaseous and metal l ic  which great ly  accelerate  
the corrosion process of l i th ium wi th  its container  
material .  High pur i ty  is also a r equ i remen t  for the 
invest igat ion of the electronic band s t ructure  of a 
metal,  this being the p r imary  mot iva t ion  for the 
present  study. 

The purest  commercia l ly  avai lable  l i th ium pro-  
duced today approaches 99.99% pur i ty  (Table I) and 
is p repared  chiefly by the electrolytic reduct ion of a 
fused eutectic mix tu re  of l i th ium chloride and po-  
tassium chloride (1). Purif ication beyond this level  
ei ther by zone refining (2) or by dist i l lat ion (3-7) 
has not been achieved. At tempts  to pur i fy  l i th ium by 
vacuum disti l lat ion have  general ly  been ineffective 
because of the small  differential  vapor  pressures be-  
tween l i th ium and its contaminants  at high t emper -  
atures. Fur thermore ,  the improper  choice of suitable 
container  mater ia ls  for still  construction and marg ina l  
design and operat ion has led to the belief  that  the pur i -  
fication of l i th ium metal  by vacuum disti l lat ion was not  
feasible. L i th ium meta l  of 99.9999% purity,  1 however ,  
has been prepared in this laboratory by h igh-vacuum 
fract ional  distillation. 

Apparatus 
Distil lations were  carr ied out in a 2�89 in. d iameter  

16�89 in. long stainless steel column (Fig. 1). All  seams 
were  hel ium arc welded dur ing fabricat ion of the re -  
tort. A 0.010 in. thick rol led molybdenum sheet wi th  
a 1,4 in. over lapping seam was used as the liner. It  

1purity as determined from the analysis of detectable metallic 
contaminants. 

Table |. Emission spectrographic analysis of raw material in ppm 

Charge for runs 1-3 Charge for runs 4-5 

Foote Mineral Company Lithium Corporation of America  
Paoli, Pennsylvania Bessemer City, North Carolina 

A1 1 1 
Ba 2 2 
Ca 7-10 10-300 
Cu 4 4 
Fe 5 2-30 
Ga 2 -- 
K 5-50 2-5 
Mg 2 2 
Na 2-30 1-40 
Si 6-10 5-50 

extended f rom the top to the bot tom of the  chamber.  
A molybdenum crucible was used to contain the raw 
material .  Ten perforated molybdenum sieve plates 
served as the rect i fying port ion of the column pro-  
ducing approximate ly  a ten to one reflux ratio and a 
ve ry  low holdup at operat ing temperatures .  Each plate, 
0.010 in. thick, contained four  % in. d iameter  holes 
and was rotated f rom the adjacent  plates by 45 ~ to 
prevent  vapor  channeling.  The plates were  held to-  
gether  wi th  three  molybdenum rods and separated 
with  molybdenum tube spacers 0.292 in. long. The en-  
t i re  assembly fit snugly into the chamber  for posit ive 
the rmal  contact wi th  the wal l  and rested on the 

Fig. 1. Diagramatic view of the distillation apparatus: 1, collec- 
tor adapter (water cooled); 2, Pyrex viewing port; 3, roughing pump 
line; 4, to diode type getter-ion pumping system; 5, copper cool- 
ing coils; 6, nichrome wound furnace; 7, collector (321 stainless 
steel); 8, shell (321 stainless steel); 9, distillate; 10, molybdenum 
liner; 11, molybdenum baffle plates; 12, molybdenum crucible (100 
cc capacity); 13, thermocouples to monitor zone temperatures. 
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crucible. A 3/4 in. d iameter  stainless steel tube, closed 
and pointed at one end, was welded to the inside of 
the top flange. It projec ted  downward  into the column 
and served as the sol id-state condenser. The t emper -  
ature of the condenser could be mainta ined at any de-  
sired t empera tu re  in the in te rva l  f rom --196 ~ to 800~ 
by cooling l iquid nitrogen, gas, or water  or by heat ing 
with  an electric heater.  

The column was heated wi th  a n ichrome wound 
resistance furnace. A tempera tu re  gradient  of 2~176 
was main ta ined  f rom plate to plate  of the rect i fying 
column by shunting windings on the furnace. The 
t empera tu re  during disti l lation was controlled to _ 
0.5~ using a digital set point proport ional  control ler  
and continuously moni tored  using seven thermocouples  
spaced along the column's  length. The upper  port ion 
of the still, not in the furnace,  was water-cooled.  

A 15 1/sec d iode- type  get ter - ion  pumping system 
employing 1 �89 in. d iameter  tubing and copper O- r ing  
seals was used in conjunct ion wi th  the  dist i l lat ion 
chamber.  The pumping  system incorporated a v iewing  
window to permit  observat ion of the l ight f ract ion as 
it condensed in the wate r  cooled section of the still. 
A va lve  be tween  the ion-pump and the chamber  per -  
mi t ted  remova l  of the still, under  vacuum, to a dry 
box for sample removal .  

Container Materials 

Choice of suitable container mater ia ls  both for dis- 
t i l lat ion and sampling procedures  was essential  for 
the success of these experiments .  Since most metals  
are severely  corroded by l iquid l i th ium and l i thium 
hydroxide  the choice of a container mater ia l  is diffi- 
cult. The metals  modybdenum, 2 tantalum, and tungsten 
are perhaps the most resistant  to corrosion by l iquid 
l i thium (8, 9). Unfor tunately ,  these metals  are diffi- 
cult  to weld  and fabricate  and fu r the rmore  become 
embri t t led  on exposure to the a tmosphere  at dist i l la-  
t ion temperatures .  The use of these metals  was re -  
stricted to structures wi thin  the dist i l lat ion chamber  
(liners, crucibles, and baffiles). Stainless steel types 
304 and 321 were  the mater ia ls  selected for s t ruc-  
tures exposed to the atmosphere.  The use of a molyb-  
denum liner  in the dist i l lat ion chamber  prevented,  for 
the most  part, excessive contact of l iquid l i thium wi th  
the stainless steel shell. Fai lures  due to corrosion 
were  not exper ienced even af ter  2000 hr  at 500~ 
using the molybdenum liner. 

Experimental Procedure 

Careful  chemical  cleaning of the still  and all its 
associated components preceded each distillation. The 
still was then assembled and at tached to the pump-  
ing system. The column was then baked overnight  at 

s S o l u b i l i t y  ~ 1  p p m  a t  9 5 0 ~  

700~ in vacuum. The bakeout  served the twofold 
purpose of reducing to a min imum those volat i le  con- 
taminants  not previously chemical ly removed  and 
insured that  no leaks had occurred ei ther  dur ing the 
chemical  cleaning procedures or through corrosion 
f rom a previous distillation. The  molybdenum crucible 
was filled with  l i th ium metal,  a l lowed to cool, and 
then loaded into the still along with  the rect i fying 
column. Fol lowing the init ial  pumpdown to 1 • 10 -9 
Torr, the column tempera tu re  was slowly increased to 
400~176 Typical  vacuum conditions at dist i l lat ion 
tempera tures  ranged from 5 • 10 -6 to 4 • 10 -6 Torr  
measured at the ion pump. During this phase of the 
disti l lation those impuri t ies  having a high vapor  pres-  
sure were  separated f rom the bulk charge, enriched 
in the rect i fying baffles, and dr iven up the column. 
The collector was mainta ined at a high t empera tu re  
prevent ing  condensation at this time. Approx imate ly  
10-25% of the charge was dr iven  to the top of the 
column and la ter  discarded, the amount  being de-  
te rmined  by the vola t i le  impur i ty  content  in the raw 
material .  The  collector t empera tu re  was then decreased 
and l i th ium al lowed to condense. By control l ing the 
vapor  density through the rect i fying baffles and the 
t empera tu re  of the collector, the grain size of the 
disti l late could be var ied  f rom finely polycrystal l ine 
to ve ry  coarsely polycrystal l ine.  Once the desired f rac-  
tion was collected on the condenser, the still was shut 
down and al lowed to cool under  vacuum. Enriched 
low-vapor -p ressu re  contaminants  were  thus contained 
in the balance of the l i th ium remaining  in the cru-  
cible and on the baffles. The va lve  isolating the  vac-  
uum system was then closed and the still moved  to 
an argon-fi l led dry  box. Samples  were  r emoved  f rom 
the disti l late wi th  molybdenum knives and stored in 
degassed and prereacted  minera l  oil. 

Discussion 
Analysis for residual  metal l ic  impuri t ies  indicated 

that  group II elements,  especially calcium, were  the 
most difficult to remove  (Table II) .  Disti l lat ion effects 
wi th  uran ium metal  and boric oxide addit ives to the 
charge were  studied in an effort to change the differ- 
ential  vapor  pressures be tween l i th ium and its meta l -  
lic contaminants.  Addi t ive  amounts were  control led 
to compensate for the known impur i ty  concentrat ion 
in the raw material .  The results indicate that  the 
addit ion of uran ium meta l  as an addi t ive to the charge 
did not affect the pur i ty  of the distillate. It was ob- 
served, however ,  that  addit ion of a small  amount  of 
boric oxide to the charge improved  the pur i ty  con- 
siderably (Table II) (Fig. 2). Only trace amounts  of 
impuri t ies  were  detectable. In distillations carr ied out 
under  similar conditions, but  in the absence of boric 
oxide, 14-31 ppm metal l ic  impuri t ies  remained  in the 
distillate. The mechanism bel ieved to be responsib}e 

Table II. Emission spectrographic analysis of distilled lithium in ppm 

E l e m e n t  T o p s  

R u n  2 

Temperature  520~ 
D i s t i l l a t e  Bottoms 

R u n  3 R u n  4 

Temperature  500~ Temperature  450~  
Tops Distillate Tops Distil late 

(p lus  B2(Ya) 

Run 5 

T e m p e r a t u r e  4 5 0 ~  
Tops D i s t i l l a t e  

Mineral 
oil B20s  

A g  0,5 
A1 2 6 5 
B a  3 
Ca 5 6 9 
Co 
Cr  
Cs 
Cu 0.5 0.5 7 
Fe  2 
G a  4 4 1 
K 5 5 5 
M g  10 2 2 
M n  
Mo 
N a  10 2 2 
N i  
R b  
Si  6 6 6 
T i  

t o t a l  42.5 31.5 42.5 

<1 
2 2 4 0.1 1 1 <1 

4 
8 8 7 0.7 8 5 1 

2 <1 <1 0.5 0.1 
2 1 1 1 0.S 1 

�9 ~ 2 3 3 0.5 
5 1 2 0.6 2 0.7 t r  < 1  
1 0.8 0.5 

8 3 1 < 0 . I  0,8 <0 .1  t r  
< < 1  

5 5 6 0.5 2 2 

37 23 26 1-2 19 14 t r  ~ 4  
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Fig. 2. Total metallic impurities vs. distillation temperature. The 
distillate purity approaches an apparent asymptotic level of ap- 
proximately 10 ppm at temperatures near 450~ 

for the pur i ty  reduct ion is the format ion of a stable 
oxide. 

vacuum 
6Li + B203 > 3Li20 ~- 2B [1] 

<-- 

Li20 + Ca impuri t ies  > CaO + 2Li [2] 

Reaction [2] favors the format ion  of calcium oxide 
which is more stable thermodynamica l ly  than l i thium 
oxide. Calcium oxide would  be stable at dist i l lat ion 
tempera tures  and not decompose. Separat ion based 
on the differential  vapor  pressures of calcium oxide 
and l i thium would now apply. The stable compound 
would  therefore  remain  in the "bottoms" on dist i l la-  
tion of the l i th ium charge. 

A direct correlat ion of t empera tu re  vs. puri ty  is 
observed dur ing distillation, lower disti l lation t em-  
peratures  being associated with  h igher  purit ies (Fig. 
2). This is not surprising in v iew of the increasing 
re la t ive  volat i l i ty  a, as tempera tures  are reduced. 
Variat ion of vacuum conditions f rom 4 >< 1O - s  to 5 X 
10 -4 Torr  did not seem to affect the disti l late puri ty.  
Disti l lat ion below 450~ did not seem practical,  even 
though greater  pur i ty  might  u l t imate ly  be achieved 
(Fig. 2), since disti l lation rates are ve ry  low (0.005 
g / h r  at 400~ and 0.042 g / h r  at 450~ At  the lowest  
t empera ture  of the present  series of exper iments  
(450~ the total  dist i l lat ion t ime was 21 days. 
Cleaning and bakeout  of the chamber  and vacuum 
system requi red  another  six days. 

Analysis.--The eddy current  decay method of 
measur ing resis t ivi ty  ratios (10) was used as a rapid 
means of ascertaining the electronic qual i ty  and "pur -  
i ty" of l i th ium samples. Resist ivi ty ratios P300OK/p4.2OK 
of the purest  commercia l ly  avai lable  l i thium, 99.9- 
99.99% purity,  ranged f rom 500 3 to approximate ly  
1000 4 while  ratios as high as 4000 were  recorded on 

Table II1. Emission spectrographic analysis of lithium carbonate 

( E s t i m a t e d  l i m i t s  of  s e n s i t i v i t y  fo r  t he  e l e m e n t s  i n  p p m  
u s i n g  s t a n d a r d s  of  100, 50 10, 4, a n d  1 ppm)  

A g  <0 .1  Cr  < 1  Ni  1 
A1 <0 .1  Cu  <0 .1  P > 1 0 0  
As 100 Fe <0 .5  P b  1 
A u  4 Ga 1 Sb 10 
B <4 Ge I0 Sl < i  
Ba < i  Hg 100 Sn <1 
Be < 4  In  1 Sr 10 
Bi  < 4  K < 1  T i  1 
Ca < 1  Mg <0 .1  V 1 
Cd 4 M n  <0.1  W 100 
Co 4 Mo < 1  Z n  50 

Na < 1  Z r  5 

a Foo te  M i n e r a l  C o m p a n y ,  Paol i ,  P e n n s y l v a n i a .  

L i t h i u m  C o r p o r a t i o n  of  Amer i ca ,  B e s s e m e r  Ci ty ,  N o r t h  Caro l ina .  
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samples taken f rom the disti l late of the run  using the 
boric oxide additive. Resist ivi ty ratios measured  on 
samples taken f rom the disti l lates of other runs never  
exceeded 1100. Even  though spectrographic analyses 
indicated a reduct ion in the total  metal l ic  impur i ty  
level, the resis t ivi ty ratios were  not great ly  affected. 
Calcium impuri t ies  were  thought  to affect the re-  
sist ivity ratios more  than any other  impuri t ies  in 
these samples. 

Samples of l i th ium metal  f rom different sections 
in the still as wel l  as the raw mater ia l  were  analyzed 
for metal l ic  impuri t ies  (Table II, Table  I I I ) .  Bulk  
specimens of l i thium meta l  were  used for x - r a y  fluo- 
rescent  analyses while  l i th ium carbonate samples were  
used for analysis by emission spectroscopy. Specimens 
of metal l ic  l i th ium were  conver ted to l i th ium car-  
bonate by react ing the meta l  wi th  wate r  and carbon 
dioxide gas. Polypropylene  containers were  used for 
the reduct ion process and pla t inum containers 
for drying. Fused silica containers were  found to 
contaminate  the samples wi th  5-30 ppm of silicon. Ex-  
cellent correlat ion was obtained for potassium and 
calcium impuri t ies  using the two methods of analysis. 
The usefulness of x - r a y  fluorescence was, however ,  
l imited by the di lute na ture  of the other  metal l ic  im-  
purities. 

A study of the electron spin resonance of bulk 
metal l ic  l i th ium specimens (11) at 12 kMc f requency 
has fur ther  substantiated the above analyt ical  data. 
Using our 4000 residual  resis t ivi ty ratio l i th ium metal,  
the spin resonance line is approximate ly  0.2 gauss 
wide, the nar rowest  l ine width  thus far  observed in 
bulk l i thium. Line widths of the raw mater ia l  are at 
least a factor of four broader.  

Conclusion 

Distil lations carr ied out using an addit ive of boric 
oxide in the charge yielded a higher  pur i ty  disti l late 
than disti l lations wi thout  the additive. Disti l lations 
carr ied out at lower  tempera tures  yielded higher  pur -  
i ty distillates. Group II elements,  especially calcium, 
were  the most difficult impuri t ies  to r emove  by dis- 
t iI lation techniques. 
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Hydrogen Oxidation on Platinum 
M. P. Makowski, 1 Ewald Heitz, 2 and Ernest Yeager 

Western Reserve University, Cleveland, Ohio 

The anodic react ion of hydrogen on p la t inum has 
been studied by a n u m b e r  of authors in both acid 
(1-14, 16) and basic (1, 6, 11-13, 17) media, bu t  some 
questions cont inue to exist as to the na tu re  of the 

1 P r e s e n t  a d d r e s s :  C l e v i t e  R e s e a r c h  C e n t e r ,  C l e v e l a n d ,  Ohio .  

2 P r e s e n t  a d d r e s s :  D E C t t E M A ,  F r a n k f u r t / M a i n ,  G e r m a n y .  

results and in par t icular  the kinetics of the reaction. 
Of part icular  interest  is the work of F r u m k i n  and 
Aikazyan (5, 6, 17) who found a zero or near  zero- 
order dependence of the anodic l imit ing current  for 
hydrogen oxidation on the hydrogen concentrat ion 
in the solution adjacent  to the electrode in  acid media. 
These authors used slow sweep vol tammetry  in con- 

E 
r 

0 
E 

v 

.4 . -  

t- 
OO 
r'~ 

E 

o 

7 135 

6 

5 

4 120 

3 

P 

~ n  �9 �9 

324 
O--  --Owm~ 

325 

144 

144 

r o l l  64 
�9 - -  NO m i A - -  �9 , ~ .~ i  

0 O~m,A ~ 
- -&__  

�9 6 4  

2110  

1 1 5  

tie 0 0 

,--m--o o ~  I00 
_ O ~ o  - �9 "-,,,,,,~,~,,~_ a 
F o_ m o ~ - o ~ o  o~-~ 

20 40  60  80  I00  120 

Overpotent iol  (mV) 

Fig. 1. Anodic hydrogen polarization curves on a smooth platinum disk in various electrolytes (1N H2S04 or 1N HBr) at various pressures 
(1, 5, and 10 arm) and rotation rates (indicated by number on curves in rps). � 9  HBr, 1 arm, permanganic acid pretreatment; e, HBr, 1 
arm, chromic acid pretreatment; A ,  HBr, 5 arm, permanganic acid pretreatment; A ,  HBr, 10 arm, permanganic acid pretreatment; n ,  
H2S04, 1 arm, permanganic acid pretreatment; dashed curve data of Frumkin and Aikazyan. 



Vol. 113, No. 2 H Y D R O G E N  O X I D A T I O N  O N  P L A T I N U M  205 

junct ion with the rotat ing disk method to obtain these 
results. 

In a re la t ive ly  recent  r ev iew (17) F rumkin  has 
cited the work  of other  electrochemists  which indicates 
first order dependence on hydrogen  concentrat ion for 
the oxidat ion of hydrogen in acid media. Included in 
this other work  is reference  to pre l iminary  studies 
conducted in our laboratories in 1961 under  conditions 
similar  to those employed by F r u m k i n  and Aikazyan 
wi th  the added fea ture  of var iab le  pressure. These 
data have never  been submit ted for publication. Sub-  
sequently,  addit ional  more  extensive data support ing 
the ear l ier  unpubl ished results  have  been obtained. 
The purpose of this note is to present  these data. 

Slow sweep vo l t ammet ry  (20-95 m v / m i n )  has been 
used to study the anodic hydrogen react ion on plat-  
inum in conjunct ion wi th  the ro ta t ing disk technique 
at pressures f rom 1 to 60 arm and disk velocities up 
to 20,000 rpm. Severa l  exper iments  also have  been 
conducted by vary ing  the disk veloci ty whi le  holding 
the potent ial  constant in the range of the l imit ing cur-  
rents. The p la t inum anodes had an apparent  area of 
0.283 cm 2 and were  machined f rom reference  grade 
p la t inum supplied by Englehard  Industr ies  wi th  a 
pur i ty  of 99.999%. The electrolyt ic  cell  was made of 
Teflon and was mounted  in a h igh-pressure  stainless 
steel enclosure together  wi th  the dr ive  system used 
in conjunct ion with  the rota t ing disk technique. The 
whole system was located in a thermosta ted  bath 
mainta ined at 26~ Details of the apparatus and 
exper imenta l  procedures  are given e lsewhere  (16). 
The solutions used in the present  work  included 1N 
H2SO4, 1N HBr, and 1N HC104. Considerable effort was 
directed to the purification of the solutions and the hy -  
drogen gas used to saturate  the  solutions. Al l  polar iza-  
tion runs were  preceded by a pre-electrolysis  t rea t -  
ment  extending for 48 hr  wi th  a revers ible  hydrogen  
cathode (smooth or plat inized p la t inum) and a polar-  
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Fig. 2. Anodic current density (IA) for hydrogen oxidation on a 
smooth platinum disk in 1N acids as a function of angular velocity 
(m); I arm; T ~ 25~ 1, solid points, maximum current density, 
permanganic acid pretreatment, electrochemical activation, 1N HBr; 
open circles, current density at + 1 0 0  my from Fig. 1; other condi- 
tions same as curve 1; 2, HBr pretreatment; other conditions same as 
open circles for curve I;  3, maximum current density, chromic acid 
pretreatment, electrochemical activation, 1N HBr; 4, current dens- 
ity at -~100 my from Fig. 1; HBr pretreatment, no electrochemical 
activation, 1N HBr; 5, maximum current density in 1N HBr accord- 
ing to Frumkin and Aikazyan; 6, maximum current density, per- 
manganic acid pretreatment, electrochemical activation, 1N H2SO4; 
7, maximum current density in 1N H2SO4 according to Frumkin and 
Aikazyan; 8, same as curve 6 except no distillation of acids or pre- 
electrolysis; 9, same as curve 6 except in 1N HCIO4; 10, limiting 
current density for pure diffusion control. 

ized smooth pla t inum anode of at least several  square 
cent imeters  apparent  area unless otherwise noted. 

Pr ior  to the introduct ion of the solution into the 
cell, both the cell and the electrodes were  given a 
p re t rea tment  wi th  ei ther  chromic acid or an acid 
permangana te  solution at room tempera tu re  for a few 
minutes. The cell and electrodes were  then washed 
profusely wi th  dist i l led wa te r  and the solution to be 
used in the subsequent  measurements  prior  to com- 
mencing final preparat ions for the exper iment .  

Before  obtaining the anodic polarizat ion curve, the 
disk electrode was polarized usual ly  at a potent ial  
of --0.40v (re. revers ib le  hydrogen electrode)  for a 
period of 1 min. This act ivat ion procedure  is to be 
compared with  the cyclic procedure  used by Frumkin  
and Aikazyan,  in which they polar ized their  p la t inum 
al te rna te ly  anodical ly and cathodically in sulfuric 
acid at unspecified potentials.  

In Fig. 1 are presented  typical  po ten t ia l -cur ren t  den-  
sity curves obtained at various angular  velocities. The 
current  m a x i m u m  was observed for the oxidat ion of 
hydrogen  in all instances where  the vo l t ammet ry  
sweep was extended to sufficiently anodic potentials. 
In instances where  the upper  l imi t  on the current  den-  
sity was imposed by the kinetics of the electrode reac-  
tion ra ther  than t ransport  in the solution, the max i -  
m u m  was observed at re la t ive ly  low anodic poten-  
tials. In instances where  combined react ion and diffu- 
sion control  are involved,  the m a x i m u m  is ve ry  broad 
and difficult to see f rom the curves shown in Fig. 1 
(e.g., HBr, 1 atm, permanganic  acid pre t rea tment )  
because of the l imited range of the anodic sweep. The 
shape of the curve  and in par t icular  the position of 
the m a x i m u m  were  cri t ical ly dependent  on the nature  
of the electrolyte,  the type of p re t r ea tmen t  g iven to 
the electrode, the rate  of vol tage scan, and the ro-  
tat ion rate. 

The least act ive electrodes ( lowest  current  density 
max imum)  were  found in exper iments  wi th  electrodes 
pre t rea ted  wi th  chromic acid solution. The  per -  
manganic  acid t rea tment  resul ted in much more  ac- 
t ive electrodes, using the m a x i m u m  current  density 
as a cr i ter ion of activity. A comparison of the results 
obtained in the present  work  and those repor ted  ea r -  
l ier  by F rum kin  and Aikazyan shows that  the i r  e lec-  
trodes had activit ies comparable  to the electrodes pre-  
t reated wi th  chromic acid solution and considerably 
less than those prepared  wi th  the permanganic  acid 
pre t reatment .  

Two or more  runs were  made  to check each of the 
curves given in Fig. 1. The agreement  of all  the curves 
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repor ted  was within  a few per cent. Hysteresis  was 
also checked in some instances by recording currents  
wi th  decreasingly anodic potentials. While  some hys-  
teresis was observed, in general  the magni tude  was 
not sufficient to modify  the over -a l l  shape of the curve. 
The re la t ive ly  small  hysteresis effects observed are 
what  one would anticipate for a system in which large 
anodic Faradaic  currents  are involved.  The currents  
associated wi th  the adsorption and desorpt ion of an-  
ions dur ing the course of the slow sweep vo l t ammet ry  
would be ve ry  small  compared to the anodic Faradaic  
current  associated with  hydrogen oxidation. 

In Fig. 2 are plot ted m a x i m u m  current  densities as a 
function of the square root of the angular  velocity.  
Super imposed on these curves is the curve  of F rum k in  
and Aikazyan  for hydrobromic  acid and the curve  
expected f rom the Levich  equat ion for a pure ly  diffu- 
s ion-control led process. The  sharp break in the curve  
of F r u m k i n  and Aikazyan is evidence for zero order  
or very  low fract ional  order  dependence  of the l im-  
i t ing current  on the hydrogen concentrat ion in the so- 
lution adjacent  to the electrode. 

The only instance in the present  work  under  which 
the zero or near  zero order dependence of the l imit ing 
current  on hydrogen  concentrat ion has been observed 
is that  represented  by curve 8 in Fig. 2. The data 
corresponding to this curve  were  obtained in 1N H2SO4 
which had not been subjected to any special purifica- 
tion procedures.  

F igure  2 includes data for electrodes prepared wi th -  
out ei ther  chromic acid or permangana te  p re t rea tment  
and also electrodes not subjected to cathodic polar iza-  
tion pr ior  to the anodic run. The differences in the 
activities of the electrodes g iven these various pre-  
t rea tments  are se l f -evident  f rom the figure. Electrodes 
given the acid permangana te  t r ea tment  and cathodic 
polarization pr ior  to the anodic run  were  the most 
reproducible.  

In Fig. 3 are  graphed the anodic m a x i m u m  current  
densities in HBr  and HC104 as a funct ion of the square 
root of the angular  veloci ty  for various par t ia l  pres-  
sures of hydrogen gas. While there  is some scatter 
of the data, these results genera l ly  support  the con- 
clusion that  the l imit ing current  has a first order  de-  
pendence on concentrat ion of hydrogen dissolved in 
the HBr solutions. 

No kinetic control  has been found in 1N HC104 (see 
curve 9, Fig. 2) over  the range of potentials invest i -  
gated in the present  work. A plot of the overpotent ia l  
vs. the funct ion log (iL - -  i)/iL has a slope of ap- 
p rox imate ly  30 m y / d e c a d e  as would  be expected for 
pure diffusion control. 

At tempts  have been made by the authors to explain 
the curves in Fig. 1 quant i ta t ive ly  on the basis of 
combined kinetic and diffusion control  with hydrogen  
dissociative adsorption and hydrogen  ionization to- 
gether  responsible for the kinetic control. Temkin-  

type adsorption kinetics for hydrogen adsorption and 
ionization and double layer  behavior  in the vicini ty 
of the point of zero charge have been considered. A 
quant i ta t ive  correlat ion wi th  theory, however ,  has not 
been accomplished. Perhaps  the difficulty is asso- 
ciated with inadequate  quant i ta t ive  considerat ion of 
the competi t ive adsorption of anions and hydrogen 
in the presence of wa te r  dipoles, par t icular ly  near the 
point of zero charge. 
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Theory of the Performance of Porous Fuel Cell Electrodes 
John A. Rockett and Ralph Brown 
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ABSTRACT 

A theoret ical  analysis of the polarization mechanisms in a porous fuel  cell 
e lectrode was made employing a model  consisting of a single pore coated by 
a thin film of electrolyte.  The analysis accounted for those polarizations asso- 
ciated with  t ransport  of e lectrolyte  species, t ransport  of dissolved gas, chem- 
ical react ion at the sol id-l iquid interface, and ohmic losses in the electrolyte.  
The theory  was compared with  data f rom biporous nickel electrodes operat ing 
on oxygen  in 80% KOH at tempera tures  ranging f rom 300 ~ to 500~ 

An impor tant  adjunct  to the development  of a high 
performance  fuel  cell electrode is the development  of 
a satisfactory theoret ical  description of the electrode. 
We have devoted a good deal of effort in the last five 
years to the deve lopment  of biporous, sintered, meta l  
electrodes and to the development  of a theory  for 
them. 

The cri terion for judging any theoret ical  description 
is its abil i ty to match accurately the measured per -  
formance of practical  electrodes. Some of our previous 
attempts, one of which considered only the polar iza-  
tions associated with  diffusional t ransport  processes, 
and one which considered only the chemical  reaction, 
gave no satisfactory agreement  wi th  any of our porous 
electrode data. The foundations of the theory which 
is presented here  were  first suggested in an unpub-  
lished paper  by Wagner  (1). His paper  presented a 
good, comprehensive  theoret ical  study. It  contained 
no data. Wagner  had combined aspects of both the 
t ransport  and chemical react ion in his theory. A sim- 
ilar fusion of these processes is the hear t  of this 
theory. This theoret ical  approach has also been dis- 
cussed by other authors (2, 3). In the work  presented 
here, however ,  par t icular  care had to be exercised in 
the description of the t ransport  processes in the elec- 
trolyte. The compositions of the electrolytes in our 
applications are considerably different f rom the low 
solute concentrat ions often discussed in the published 
l i terature.  Molar ratios of solute to solvent  of over  
one are common. A satisfactory description of the 
t ransport  in these highly concentrated electrolytes is 
often a formidable  problem. 

This theory represents  an a t tempt  to make  a com- 
prehensive  analysis of the processes taking place in a 
porous gas-diffusion electrode. After  making  a basic 
assumption regarding the geometry  of the gas- l iquid-  
solid interface, the theory accounts for those polar iza-  
tions associated wi th  t ransport  of e lectrolyte  species, 
t ransport  of dissolved gas, chemical  react ion at the 
sol id-l iquid interface, and ohmic losses in the elec- 
trolyte.  

TheoTetical Model 
The first and one of the most dramatic  of the as- 

sumptions which must  be made is the selection of a 
~FINE PORE ~COARSE PORE 

CROSS SECTION OF SINTERED ELECTRODE 
(UAC PHOTO BY W. LASKO) 
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Fig. I. Idealized electrode 

geometr ical  model  for the porous structure.  F igure  1 
shows a cross section of a typical  biporous sintered 
electrode and a cross section of the analyt ical  model  
adopted. The sinter part icles which are seen in cross 
section are interconnected below the focal plane of 
the microscope to form a coherent  mass; the walls of 
the analyt ical  model  are connected below the section 
plane of the drawing to form a circular  cylinder.  Bet -  
ter  representat ions  of the sinter can be readi ly  pro-  
posed, and a few of these are being developed.  The 
model  presented here  is the simplest which has proved  
quant i ta t ive ly  useful. The bulk e lect rolyte  completely  
fills the fine pore layer  represented in the model  by 
an ar ray  of small  d iameter  tubes, and coats the entire 
surface of the coarse layer  wi th  a thin l iquid meniscus. 
The var iable  thickness meniscus is thickest  at the fine 
pore-coarse  pore interface and thinnest  at the gas side. 
The reactant  gas occupies the vo lume to the r ight  of 
the coarse pore and also fills the central  port ion of 
the tubular  meniscus coated coarse pore. 

The second assumption deals wi th  the hal f -ce l l  elec-  
trode reactions. The theory, as presented here, applies 
to the cathode of a hydrogen-oxygen  fueI cell. These 
arguments,  wi th  minor  variations, could equal ly  wel l  
be  phrased for the anode or other gas diffusion elec- 
trodes. The over -a l l  react ion for the complete  reduc-  
tion of oxygen in alkal ine electrolyte  is as follows 

0 2  ~- 2H20 -F 4 e -  ~ 4 O H -  [1] 

At the re la t ive ly  high tempera tures  and concentra-  
tions which have been of specific interest  to us, the ex-  
per imenta l  open-ci rcui t  potentials are ve ry  close to 
those calculated f rom the free energy change of the 
H2-O2 reaction as shown in Fig. 2. 

The fact that  the exper imenta l  open-ci rcui t  values 
are not below their  theoret ical  values suggests that  
any competing reactions that  could lower the open- 
circuit  potential  are of re la t ive ly  l i t t le importance.  
Reaction [1], therefore,  substantial ly represents  the 
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Fig. 2. Open-circuit voltage. �9 Measured 85% KOH; [] ,  A,  
measured 78% KOH. 
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net cathode reaction. In order  to wr i te  a precise ki-  
netic expression for the net  ha l f -ce l l  reaction, how-  
ever, the sequence and re la t ive  rate  constants for each 
react ion step must  be known. To i l lustrate  the prob-  
lem, suppose the over -a l l  react ion can be divided into 
two steps 

2M + O2 + 2e -  ~ 2MO-  [2] 

M O -  + H 2 0 +  e - , ~ M + 2 O H -  [3] 

where  the first of these is presumed to be the ra te-  
l imit ing step. The kinetic expression for react ion [1] 
is 

/ o. o V 
6 =  i l  

~02  ~ \ ~ H 2 0  ~ / \ GKOH ~ / 

[4] 

where  ~i is the local act ivi ty of species 6, ~i ~ is the 
reference act ivi ty  for the bulk electrolyte,  il is the 
exchange current,  and ~ is the local meta l -so lu t ion  
potent ia l  difference. 

On the other  hand, the kinetic expression for the 
sequence of reactions [2] and [3] is 

i = i2 
2F 2F 

ao_.~2 (all20 12 eRT __ ( a K O I - I  / 4 e  R T  

c~02~ \ a H 2 0 ~  \ a K O H  ~ / 
[5] 

F F 1 2 
/ 

t ( 1 - - 0 o )  - -  e + Oo e 
\WHoO ~ / NOKOH ~ / J 

where  0o is the equi l ibr ium fract ional  coverage of ad- 
sorbed oxygen. 

Note that  the numera tor  of Eq. [5] is identical  to 
Eq. [4]. The impor tant  addition in Eq. [5] is the de- 
nominator  which changes the exponentials  and alters 
the funct ional  dependence of the water  act ivi ty term. 
In spite of the apparent  differences in the specific 
expressions for various hypothet ical  reaction se- 
quences, it is a practical  fact that  the complete elec-  
t rode theory is a synthesis of many  interact ing parts 
and is not h ighly sensitive to the detai led react ion 
mechanism. Af ter  t rying a var ie ty  of possible react ion 
sequences, the insensi t ivi ty of the results  became ap- 
parent. Considering this fact, and considering the con- 
jec tura l  basis for choosing any par t icular  reaction se- 
quence, we decided to employ Eq. [4] because of its 
re la t ive  simplicity. This choice does impose certain as- 
sumptions on the nature  of the react ion sequence, the 
principal  one being that  the control l ing step involves  
diatomic oxygen species, and does not take place af ter  
the O-O bond is broken. This is a good assumption 
because the s t rength of the O-O bond suggests that  
O-O dissociation is l ikely to be the control l ing step. 
This assumption also yields the impor tant  result  that  
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Fig. 3. Meniscus model 
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the  exchange current  is direct ly proport ional  to oxy-  
gen par t ia l  pressure. 

Mathematical Formulation 
The analysis considers a differential  slice cut f rom 

the meniscus port ion of the electrode as shown in Fig. 
3. The local current  density on the meta l  surface is 
given by the kinetic expression. The potential,  E, of 
the electrode is measured  re la t ive  to a re ference  probe 
located in the bulk l iquid to the left  of the electrode 
fine pore. The potent ial  of the electrolyte  is chosen 
as zero at the left  edge of the fine pore and chosen 
to have increasingly posit ive values in the posit ive X 
direction. The local meta l -solut ion potent ial  difference 
at any point in the meniscus is given by the difference 
be tween the electrode potential  and the solution po- 
tential. The kinetic expression in Eq. [4] can then 
be wr i t ten  with the dr iv ing  potent ials  in terms of the 
solution potential.  

2F 
- - ( E  - r  
R T  

e 

2F 1 
- - - ( E  -- r 

( a K O H  ~ 4  R T  
- -  e [6 ]  

\ a K O H  ~ ] 

The gas consumed in the differential  port ion is as- 
sumed to diffuse direct ly  across the meniscus. For  
most practical  geometr ies  the part ial  pressure of the 
reactant  gas is constant all along its length. This being 
the case, the local current  density in the differential  
e lement  can be expressed in terms of the Fick's  law 
diffusion expression for the diffusion of the reactant  
gas across the meniscus. 

4FD~176176 ( ) i -  1 -  so2 [7] 
s O 2 ~  

where  8 is the meniscus thickness. 
Simultaneous solution of Eq. [6] and [7] al lows the 

el imination of the gas act ivi ty  ratio f rom the expres-  
sion for local current  density. 

61 

2F 2F 
----(E - r  - - - ( E  - r  

( aH2__~O/2e RT __( aKOH / 4 e  RT 

O~HoO ~ / \ r ~ / 
[8] 

2F 
- - ( E  -- r  

6 1 ~ i  ( a l l 2 0  ~ 2  RT 
1 +  e 

4 F D o 2 a o 2  o \ ~ H 2 0  o / 

The local current  density is re la ted to the current  in 
the axial  direct ion of the meniscus by making  a cur-  
ren t  balance on the differential  element.  

1 dJ 
i --  [9] 

2nR dx 

The cur ren t  in the axial  direction of the meniscus is 
re la ted to the ohmic potent ial  in the electrolyte  by 
Ohm's law. 

- - J  : 2~R6~ --d~ [10] 
dx 

where  ~ is the conduct ivi ty  of the electrolyte.  
Subst i tut ion of Eq. [10] into Eq. [9] relates the 

ohmic potent ial  in the electrolyte  to the local current  
density. In making  this substitution, the meniscus 
thickness wil l  be assumed constant wi th  X. This as- 
sumption is justified by the fact  that  only a f ract ion 
of the total meniscus length is utilized. 

d2r 
= -- 8~ [II] 

dx 2 
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Equat ion [11] represents  the second order differ- 
ential  equat ion which is to be solved in order to ob- 
tain the total cur ren t  produced in the pore. If we can 
obtain the water  and KOH activi ty ratios as a func-  
tion of electrolyte  potential,  the local current  density 
can then be expressed solely as a function of this po- 
tential. The total current  produced by the pore is 
given by the axial  current  (Eq. [10]) evaluated  at 
the fine pore-coarse  pore interface. Al though some 
current  is produced in the fine pore as gas diffuses 
into it, this is assumed to be negl igible  because of 
the low diffusion rate  of the gas into this flooded por-  
t ion of the electrode. The total current  is then given by 

[12] 

2 ~ R S a ~ x  / ] e v a l u a t e d  at fine pore-  

J 

/ coarse pore interface 

The ohmic gradient  at the fine pore-coarse  pore in-  
terface is obtained by one integrat ion of Eq. [i1] over  
the act ive length of the meniscus. Equat ion [11] is 
mul t ip l ied  by dr  and the fol lowing differential  
ident i ty  is applied 

dr d2r 

dx  I dx dx  2 

[14] 

Equat ion [11] can then be writ ten.  

d ( d~ ~ 2 _ 2i 
\ d x  I - - - - ~ r  d~ 

This fo rm of Eq. [11] can then be direct ly  in tegrated 
to obtain dr Substi tut ion of the result  into Eq. 
[12] yields an expression for the pore  current  as a 
function of a definite integral  in r 

_ j  = =R [ 8 r  f 6 o i ( r 1 6 2  ]l/2 [15] 
L ~ ~1 

The lower  l imit  of integrat ion is the potential,  r at 
the fine pore-coarse  pore interface. This must  be ob- 
tained by simultaneous solution of Eq. [15] and an 
Ohm's law expression which describes the propor t ion-  
ali ty be tween  the axial  current  through the fine pore 
and this potential .  The expression is corrected for the 
number  of fine pores associated wi th  each coarse pore. 

PFP~CPr 
- -  J ~- ~R 2 ~I [ 1 6 ]  

PCPTFp2t 

The requi rements  for computing the current  f rom 
one pore have been indicated. The solution is given as 
a funct ion of definite in tegra l  in Eq. [15], but  a nu-  
merical  in tegrat ion is requi red  for even the most s im- 
ple react ion mechanism. In order  to include the re-  
sistance of the fine pore, this solution must  be solved 
s imultaneously wi th  the l inear  expression of Eq. [16] 
to find the lower  l imit  of integration.  A numerica l  ap- 
proach is also requ i red  to solve for the root of a t rans-  
cendental  equat ion to find the upper  limit. The pore 
radius is chosen to correspond to an average  pore size 
of the structure.  Using a "spaghet t i"  model, the num-  
ber of pores in a given area of electrode is 

N PcP 1 
[17] 

A ~cP ~R 2 

The electrode current  density is found by mul t ip ly ing  
the current  for each pore by the number  of pores per  
uni t  area. 

--JPcP 
I - -  - -  [18] 

~R2"rcp 

The discussion to this point has been predicated on 
the assumption that  a means of obtaining the wate r  
and KOH activities as a funct ion of solution potential  
is available. This problem is discussed below. 

Transp~' t  o.y ElectT~olyte Species 
The hydroxyl  ion that is produced in the react ion 

must  diffuse axia l ly  through the meniscus f rom the 
react ion surface to the bulk electrolyte.  If ideal solu- 
tions are assumed and bulk t ransport  is neglected, the 
t ransport  equations for both potassium and hydroxyl  
ions show a te rm proport ional  to KOH concentrat ion 
gradient  and a te rm proport ional  to ohmic potential.  

[ dCoH ~oHCKoH ~__~X ] [19] J = ~R 2 --FDoH dx 

where PFP is the fine pore porosity, PcP is the coarse 
pore porosity, T is the tortuosity, and t is the fine pore 
thickness. 

The upper  l imit  of the integrat ion is that  potent ia l  
at which the local current  density becomes zero. In-  
spection of the numera tor  of Eq. [8] shows that  as the 
ohmic potent ial  increases along the meniscus, the for-  
ward  react ion dr iving potent ial  decreases, the water  
act ivi ty ratio decreases, and the KOH act ivi ty  ratio 
increases. 

The resul t  is that  the forward  and reverse  react ion 
rates approach each other, and the local cur ren t  be-  
comes zero. It  was pointed out ear l ier  that  a va r ie ty  
of react ion sequences are described by expressions 
that  differ only  in the denominator.  Whereas  the nu-  
mera tor  specifies the upper  l imit  of integration,  the 
value  of the upper  l imit  is common to these various 
mechanisms. This is the reason that  the final resul t  
is fa i r ly  insensit ive to the choice of the react ion mech-  
anism. The upper  l imit  of integration,  which is re la ted 
to the working  length of the meniscus, is a far  more  
impor tant  factor than the funct ional i ty  of the denom- 
inator of the ra te  expression. In most practical  cases, 
the working  length of the meniscus is just  a fract ion 
of its total  length. 

dCKoi-i dr ] 
o = [ - - F D K  -Gx +  KCKo. 7X [20] 

Equat ion [20] can be in tegrated using a reference  
c o n c e n t r a t i o n ,  CKGH ~ as that  in the bulk electrolyte  
where  the reference  electrolyte  potent ial  is zero. The 
var ia t ion of the diffusivity and ion equivalent  conduct-  
ance with concentration are  neglected. 

CKOI. I FD~: 
- -  - -  e [ 2 1 ]  

CKOH ~ 

In ex t remely  dilute solutions, the Nerns t -Eins te in  re-  
lation could be applied to the coefficient of r in Eq. 
[21] and the concentrat ion var ia t ion as a function of 

would  be known. In a nonideal  electrolyte,  however ,  
the correct  dr iv ing force for the diffusive t ransport  
is not  the concentrat ion gradient,  but  the gradient  of 
chemical  potential.  Equat ion [21] can be corrected to 
the proper  diffusive dr ive force by a simple ad- 
jus tment  to the diffusivity. 

a (In ~Kon) 
D~: = DK ~ [22] 

0 (ln CKOH) 

Applicat ion of the correction in Eq. [21] assumes the 
correction factor does not va ry  s t rongly wi th  concen- 
tration. There  are other  correction factors for the 
diffusivity which are functions, of the electrolyte  fluid 
propert ies  such as viscosity and density. These same 
corrections apply to the equivalent  ion conductance so 
that  the conductance to diffusivity ratio is assumed 
constant. With these assumptions, the Nerns t -Eins te in  
re la t ion can be applied. 

~K F 
[23] 

FDK ~ RT  
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T h e  K O H  c o n c e n t r a t i o n  v a r i a t i o n  as a f unc t i on  of 
po t en t i a l  can  n o w  be w r i t t e n  by subs t i tu t ing  Eq. [22] 
and  [23] in to  Eq. [21] 

Fr 

0 (ln aKOH) 
RT 

CKOH 0 (In CKOH) 
= e [24] 

CKOH ~ 

I t  is neces sa ry  to  r e l a t e  t h e  c o n c e n t r a t i o n  changes  
to ac t iv i ty  changes  as a r e  r e q u i r e d  in the  k ine t i c  
equa t ion .  A c t i v i t y  coefficients  for  K O H  h a v e  been  
m e a s u r e d  bu t  on ly  to 50 w / o  (5). W a t e r  v a p o r  p r e s -  
sures  h a v e  b e e n  m e a s u r e d  o v e r  h i g h l y  c o n c e n t r a t e d  
K O H  o v e r  a w i d e  r a n g e  of t e m p e r a t u r e  (6).  T h e  sol-  
v e n t  a c t i v i t y  is def ined as the  r a t i o  of e l e c t r o l y t e  
v a p o r  p r e s su re  to p u r e  so lven t  v a p o r  pressure .  The  
w a t e r  v a p o r  p re s su re  da ta  g ives  us t he  w a t e r  ac t iv i ty  
as a f unc t i on  of the  so lven t  concen t ra t ion .  Specif ical ly ,  
t he  w a t e r  v a p o r  p r e s s u r e  da ta  w a s  r e l a t e d  to the  
w a t e r  c o n c e n t r a t i o n  by  the  f o l l o w i n g  e m p i r i c a l  e x -  
p ress ion  

In PH2O ~ AFit2o 2 + BFH2o Jr- C [25] 

w h e r e  Fti2o is t he  w e i g h t  f r ac t ion  w a t e r ;  A : --34.135; 
B : 4 5 . 1 1 0 -  0.024055 T; C ~ 0.021597-14.01648 T; 
T : t e m p e r a t u r e  ~ 

In  o rde r  to ca lcu la te  the  w a t e r  ac t iv i ty ,  the  above  
express ion  is d iv ided  by  the  p u r e  w a t e r  v a p o r  p r e s su re  
w h i c h  can  be  r e l a t e d  to t e m p e r a t u r e  by  t h e  C laus ius -  
C l a p e y r o n  equa t ion .  The  w a t e r  ac t iv i ty  is t h e n  k n o w n  
as a func t i on  of the  w a t e r  m o l a r  dens i ty  or  the  K O H  
m o l a r  dens i ty  f r o m  the  f o l l o w i n g  express ions  

FH2O : CH2O MH20/P [26] 

1 - -  F•2o ~ CKoHMKoH/p [27] 

T h e  w a t e r  ac t iv i ty  ra t io  co r r e spond ing  to the  K O H  
m o l a r  dens i ty  ra t io  of Eq.  [24] is t h e n  g iven  by  sub-  
s t i tu t ion  of Eq.  [27] into Eq.  [25] and t ak ing  w a t e r  
v a p o r  p r e s s u r e  ra t ios  

in ~t~2~ A [ ( I  CK~ ) 2 

c t { 2 ( )  ~ p 

- -  ~- S ( C K o H  ~  CKOtt)  
p p 

[28] 

T h e  K O H  ac t i v i t y  ra t io  is r e l a t ed  to t he  w a t e r  a c t i v -  
i t ies  by  app l i ca t ion  of t he  G i b b s - D u h e m  expre s s ion  

In aI~OH ~ l n  O~H20 CH20 d ( ln  aH20) [29] 
C~KOH ~ In CtH20 ~ CKOH 

A p p l i c a t i o n  of the  G i b b s - D u h e m  re l a t ion  can  also be  
e m p l o y e d  to ob ta in  t he  O n s a g e r - F u o s s  co r rec t ion  e m -  
p loyed  in Eq. [24]. E q u a t i o n  [29] is s imp ly  d i f f e ren -  
t i a ted  w i t h  r e spec t  to In CKOH. 

8 ( ln  aKOH) 8 ( ln  CeH20) 
CH20 [30] 

( ln  CKOH) 0 (ln CKOH) 

T h e  above  r e l a t i on  is c o m p u t e d  at t he  r e f e r e n c e  K O H  
c o n c e n t r a t i o n  since, as p r e v i o u s l y  indica ted ,  it va r i e s  
s l igh t ly  w i t h  concen t ra t ion .  

I t  was  a s sumed  in i t i a l l y  tha t  bu lk  t r a n s p o r t  p r o p e r -  
t ies w o u l d  be  neg lec ted .  This  is on ly  p rec i se ly  co r rec t  
in a po re  w h e r e  the  ax ia l  w a t e r  di f fus ion m o l a l  f lux 
is equa l  and  oppos i te  to t he  h y d r o x y l  ion flux. If, 
fo r  example ,  t he  p roduc t  w a t e r  of the  to ta l  cel l  is 
a l l owed  to e v a p o r a t e  in to  the  h y d r o g e n  gas, t he  ax ia l  
w a t e r  diffusion flux does no t  ba l ance  the  h y d r o x y l  
ion flux. I t  was  found  e x p e r i m e n t a l l y ,  h o w e v e r ,  tha t  
the  ca thode  po la r i za t ion  was  unaf fec ted  by  wide  v a r i -  
a t ions  in t he  f low ra tes  of  p u r e  o x y g e n  o v e r  t he  e l ec -  
t rode.  These  f low va r i a t i ons  affect  the  w a t e r  v a p o r  
p r e s su re  in  t he  gas and so con t ro l  t he  a m o u n t s  of 
w a t e r  t r a n s p o r t e d  t h r o u g h  the  w o r k i n g  e lec t rode .  This  

e x p e r i m e n t a l  r e su l t  ind ica tes  t ha t  the  a s sumpt ion  of 
no b u l k  flow is a good one. 

C o m p a r i s o n  w i t h  E x p e r i m e n t  

O x y g e n  e lec t rode  h a l f - c e l l  da t a  w e r e  m e a s u r e d  for  
K O H  concen t r a t ions  r a n g i n g  f r o m  60 to 85 w / o  and 
t e m p e r a t u r e s  f r o m  300 ~ to 500~ The  c u r r e n t - p o t e n -  
t ia l  m e a s u r e m e n t s  had  been  m a d e  on e lec t rodes  h a v -  
ing  essen t i a l ly  the  s a m e  proper t i es .  A set  of p o l a r i z a -  
t ion c u r v e s  for  va r i ous  t e m p e r a t u r e s  and  80% K O H  
is chosen  as an e x a m p l e  to desc r ibe  t he  t h e o r y - d a t a  
fits. Equa t ions  [15] and  [16] a r e  r e a r r a n g e d  into  a 
c o n v e n i e n t  form.  

1 [Pcp (32FDo2ao2Oo.)l/2] [ i18 ]112 
I ~ - ~  Tc1, {1} 4 FDo2ao2 ~ J {2) 

r = - -  I [32] 
PcP~ _1{4} 

Var ious  t e rms  a re  b r a c k e t e d  and  subsc r ip t ed  for  r e f -  
e rence .  I n  Eq. [31], t he  coarse  p o r e  r ad ius  is chosen  
to co r r e spond  to a m e a n  for  t h e  s t r u c t u r e  as ob t a ined  
by p o r o s i m e t e r  m e a s u r e m e n t s .  This  r a d i u s  was  3# 
for  t he  e lec t rodes  e m p l o y e d  in this  s tudy.  The  b r a c k -  
e ted  t e r m  {4), w h i c h  is a f unc t i on  on ly  of t he  conduc -  
t iv i ty  and fine p o r e  p rope r t i e s  is ca lcula ted .  This  t e r m  
specifies t h e  m a g n i t u d e  of t he  po l a r i za t i on  losses r e -  
su l t ing  f r o m  the  ohmic  and c o n c e n t r a t i o n  po la r i za t ion  
in t he  fine pore.  The  b r a c k e t e d  t e r m  {1} can  act  as a 
scale  fac to r  to ob ta in  the  co r r ec t  m a g n i t u d e  of  cu r -  
r e n t  and was  d e t e r m i n e d  in this  m a n n e r  d u r i n g  the  
e x p e r i m e n t a l - t h e o r e t i c a l  f i t t ing. R o u g h  es t ima t ions  of 
this f ac to r  a re  possible,  and  compar i son  of t he  es t i -  
m a t i o n  w i t h  t he  e m p i r i c a l l y  d e t e r m i n e d  q u a n t i t y  p r o -  
v ides  a basis for  check ing  the  v a l i d i t y  of t he  t heo -  
r e t i ca l  model .  The  b r a c k e t e d  t e r m  {3} is the  i n t e g r a -  
t ion  of t he  local  c u r r e n t  dens i ty  ove r  t he  ac t ive  
po r t i on  of the  meniscus .  T h e  ac t iv i ty  ra t ios  in the  
local  cu r r en t  dens i ty  exp re s s ion  a re  p r e d i c t e d  by  the  
m e t h o d s  p r e v i o u s l y  indica ted ,  and  the  e x c h a n g e  c u r -  
r e n t  is f ac to red  out  of the  in t eg rand .  T h e  r e m a i n i n g  
u n k n o w n  is t ha t  w h i c h  appea r s  in t he  d e n o m i n a t o r  
of Eq.  [8] and is in t he  b r a c k e t e d  t e r m  {2}. This  
t e r m  is p r o p o r t i o n a l  to the  p roduc t  of  t he  e x c h a n g e  
c u r r e n t  and men i scus  th ickness .  T h e r e  is no accu ra t e  
w a y  to e s t ima te  e i t he r  of these  quan t i t i e s  so t he  t e r m  
has  b e e n  app l i ed  s t r i c t ly  as an  e m p i r i c a l  p a r a m e t e r .  
Phys ica l ly ,  this t e r m  is t he  r a t io  of the  e x c h a n g e  
c u r r e n t  and  a cha rac t e r i s t i c  o x y g e n  diffusion cur ren t .  
The  v a l u e  of the  e x c h a n g e  cur ren t ,  w h i c h  cont ro ls  
the  d e g r e e  of ac t iva t ion  po la r iza t ion ,  has  a s t rong  in -  
f luence on the  shape  of t h e  c u r r e n t - p o l a r i z a t i o n  c h a r -  
acter is t ic .  In  s u m m a r y ,  one  t e r m  is app l i ed  as an 
ad ju s t ab l e  p a r a m e t e r ,  a n o t h e r  is also ad ju s t ab l e  bu t  
m u s t  h a v e  a v a l u e  r e a s o n a b l y  c o m p a r a b l e  w i t h  p r e -  
dict ion,  and  al l  o the r  quan t i t i e s  a re  p red ic ted .  

T h e  t h e o r e t i c a l  cu rves  and  t h e i r  co r r e spond ing  da ta  
po in ts  a re  s h o w n  in Fig. 4. Va lues  of the  t h r ee  p a r a m -  

Z 
0 

N 

0.4 

~r j I EXPERIMENTAL POINTS 

O.I 

0 400 

I00 2 0 0  300  400 500  6 0 0  

CURRENT D E N S I T Y ~ A M P / F T  = 

Fig. 4. Comparison of dQta ond theory, 80% KOH 
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Table I. Values of three parameters 

T, OF 

F i t t e d  e x c h a n g e  
c u r r e n t  t o  

C a l c u l a t e d  o x y g e n  d i f f u s i o n  
g e o m e t r i c  f a c t o r ,  c u r r e n t  S c a l e  f a c t o r  

[ \ o h m s - c m ~  (i~6) ( a m p / e r a )  
tcprFp ~ POP 

3 0 0  0 .23  6 .7  • 10 -s  9 .32  • 10 -a 
3 2 5  0 . 2 0  1 .8  • 10  -'t 8 .42  x 10  ~ 
3 5 0  0 . 1 8  4 .6  x 10 -7 7 . 4 9  • 10  -3 
375  0 .16  1.2 • 10 -6 6 .51  • 10 -a 
4 0 0  0 .14  4 .0  • 10-~ 5 .95  • lO-S 
4 2 5  0 .13  8 .0  • 10 -8 5 .22  • 10 4 
4 5 0  0 .12  2 .0  • 10 -5 4 .37  • 10  4 
5 0 0  0 .10  1.4 • 1'0 - t  3 .51  • 10 -a 

e t e r s  r e q u i r e d  fo r  t h e  t h e o r e t i c a l  l i n e  i n  Fig.  4 a r e  
s h o w n  in  T a b l e  I. T h e  l o g a r i t h m  of  t h e  r a t i o  of e x -  
c h a n g e  c u r r e n t  to  c h a r a c t e r i s t i c  o x y g e n  d i f fus ion  c u r -  
r en t ,  w h i c h  is t h e  a d j u s t a b l e  p a r a m e t e r ,  is p l o t t e d  vs. 
r e c i p r o c a l  t e m p e r a t u r e  in  Fig.  5. T h e  s t r a i g h t  l i n e  is 
i n d i c a t i v e  of a n  A r r h e n i u s  l a w  d e p e n d e n c e  on  t e m -  
p e r a t u r e  as s h o u l d  b e  e x p e c t e d  of a q u a n t i t y  p r o p o r -  
t i o n a l  to  t h e  r a t i o  of a k i n e t i c  r a t e  c o n s t a n t  a n d  a 
l i q u i d - p h a s e  d i f fus iv i ty .  

In  o r d e r  to  e s t i m a t e  t h e  b r a c k e t e d  t e r m  {1}, t h e  
d i f f u s i v i t y - s o l u b i l i t y  p r o d u c t  m u s t  b e  k n o w n .  R o t a t -  
ing  e l e c t r o d e  d a t a  o b t a i n e d  in  ou r  l a b o r a t o r i e s  in  
85% K O H  a n d  a t  450 ~ i n d i c a t e  t h a t  Do22/3ao2 ~ ~ 2.3 x 
10 -12. T h e  d i f fu s i v i t y  of o x y g e n  w a s  e s t i m a t e d  f r o m  
t h a t  in  p u r e  w a t e r  (7) b y  a p p l y i n g  v i s c o s i t y  d a t a  a n d  
t h e  S t o k e s - E i n s t e i n  r e l a t i o n .  T h e  r e s u l t i n g  d i f f u s i v i t y -  
s o l u b i l i t y  p r o d u c t  fo r  80% K O H  a n d  450~ is 4 x 10 -12. 
A p p l y i n g  v a l u e s  of t h e  o t h e r  c o n s t a n t s  

P C P  0 . 6  
- - ( 3 2  FDo2ao2Ocr) 1/2 = - - ( 3 2  x 96,500 x 
�9 ce 2 

4 x 10 -12 x 2.16) 1/2 = 1.55 x 10 -3  a m p / c m  

In  t he  80% K O H  a n d  450~ case,  t h e  e m p i r i c a l  v a l u e  
of th i s  q u a n t i t y  r e q u i r e d  to o b t a i n  a t h e o r y - d a t a  fit 
was  4.37 X 10 -3  a m p / c m .  I t  c a n  b e  s h o w n  t h a t  t h e  
c o r r e s p o n d e n c e  b e t w e e n  t h e  e m p i r i c a l  a n d  e s t i m a t e d  
q u a n t i t i e s  is s a t i s f a c t o r y  b y  c o n s i d e r i n g  t h e  u n c e r -  
t a i n t y  in  t h e  cho ice  of j u s t  one  p a r a m e t e r .  N o t e  t h a t  
a c o a r s e  p o r e  t o r t u o s i t y  f a c t o r  of t w o  w a s  a s s u m e d .  
M e a s u r e m e n t s  of t h e  t o r t u o s i t y  f a c t o r  b y  c o m p a r i s o n  
of gas  d i f fus ion  r a t e s  t h r o u g h  p o r o u s  s t r u c t u r e s  a n d  
f r e e  gas  d i f fus iv i t i e s  h a v e  s h o w n  a r a n g e  of v a l u e s  
b e t w e e n  one  a n d  two.  So i f  t h e  l o w e r  l i m i t  of  t h e  

2 xlO - 4 -  
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Fig. 5. Variation of kinetic parameter with temperature 

m e a s u r e d  r a n g e  w a s  app l i ed ,  t h e  c a l c u l a t e d  v a l u e  
w o u l d  h a v e  b e e n  3.1 • 10 -3  a m p / c m .  F u r t h e r m o r e ,  a 
f a c t o r  of two  w a s  a lso  a s s u m e d  in  t h e  f ine  p o r e  t o r -  
tuos i ty .  T h e  o h m i c  d r o p  t h r o u g h  t h e  f ine pore ,  b e i n g  
p r o p o r t i o n a l  to  t h e  s q u a r e  of th i s  f ac to r ,  w o u l d  h a v e  
b e e n  c o n s i d e r a b l y  less  if  a s m a l l e r  t o r t u o s i t y  w a s  
a s sumed .  Th i s  w o u l d  d e c r e a s e  t h e  l o w e r  l i m i t  of i n -  
t e g r a t i o n  in  t h e  b r a c k e t e d  t e r m  {3}. T h i s  t e r m  w o u l d  
t h e n  h a v e  b e e n  g r e a t e r ,  a n d  so a s m a l l e r  v a l u e  of t h e  
s ca l i ng  f a c t o r  cou ld  h a v e  b e e n  a p p l i e d  to o b t a i n  t h e  
e x p e r i m e n t a l - t h e o r e t i c a l  fit. 

C o n s i d e r i n g  t h e  i n e x a c t n e s s  of t h e  cho ice  of a t o r -  
t u o s i t y  f ac to r ,  t h e  c o m p a r i s o n  of t h e  t h e o r e t i c a l l y  ca l -  
c u l a t e d  sca le  f a c t o r  w i t h  t h a t  e m p i r i c a l l y  d e t e r m i n e d  
is w e l l  w i t h i n  t h e  i n h e r e n t  l i m i t a t i o n s  of t h e  mode l .  
S i m i l a r  c o m p a r i s o n s  c o u l d  b e  s h o w n  fo r  d a t a  a t  o t h e r  
c o n c e n t r a t i o n s ,  b u t  t h i s  c o m p a r i s o n  is  suff ic ient  to i l -  
l u s t r a t e  t h e  po in t .  

Discussion 
W h a t  does  t h e  t h e o r y  t e l l  u s  a b o u t  h o w  a p o r o u s  

e l e c t r o d e  b e h a v e s ?  I n s p e c t i o n  of t h e  e q u a t i o n s  g i v i n g  
t h e  c u r r e n t  i n  a p o r e  (Eq.  [15] or  [31])  w i l l  s h o w  
t h a t  t h e  c u r r e n t  is p r o p o r t i o n a l  to  a g e o m e t r i c  m e a n  
of t w o  k i n e t i c  o r  t r a n s p o r t  p r o p e r t i e s .  A t  l ow  e lec -  
t r o d e  p o t e n t i a l s ,  w h e r e  t h e  loca l  c u r r e n t  d e n s i t y  n e a r  
t h e  b a s e  of t h e  m e n i s c u s  is  a c t i v a t i o n  c o n t r o l l e d ,  t h e  
p o r e  c u r r e n t  is p r o p o r t i o n a l  to  a g e o m e t r i c  m e a n  of  
e l e c t r o l y t e  c o n d u c t i v i t y  a n d  e x c h a n g e  c u r r e n t .  A t  
i n t e r m e d i a t e  e l e c t r o d e  po t en t i a l s ,  w h e r e  t h e  loca l  c u r -  
r e n t  d e n s i t y  n e a r  t h e  b a s e  of  t h e  m e n i s c u s  is gas  
d i f fus ion  con t ro l l ed ,  t h e  c u r r e n t  is p r o p o r t i o n a l  to  a 
g e o m e t r i c  m e a n  of e l e c t r o l y t e  c o n d u c t i v i t y  a n d  a 
c h a r a c t e r i s t i c  o x y g e n  d i f fus ion  r a t e  ac ross  t h e  m e n -  
iscus.  A t  p o t e n t i a l s  a p p r o a c h i n g  t h e  l i m i t i n g  c u r r e n t  
r e g i m e ,  t h e  c u r r e n t  is p r o p o r t i o n a l  to  a g e o m e t r i c  
m e a n  of a c h a r a c t e r i s t i c  o x y g e n  d i f fus ion  r a t e  a n d  
a c h a r a c t e r i s t i c  e l e c t r o l y t e  species  d i f fus ion  ra t e .  I t  
is t h i s  e l e c t r o l y t e  spec ies  d i f fus ion  r a t e  f r o m  w h i c h  
t he  e x i s t e n c e  of a l i m i t i n g  c u r r e n t  is d e r i v e d ,  as t h i s  
d i f fus ion  l i m i t s  t h e  l e n g t h  of a c t i v e  m e n i s c u s .  I n  e a c h  
p o t e n t i a l  r eg ion ,  t h e  n e t  c u r r e n t  is d e t e r m i n e d  b y  
t h e  g e o m e t r i c  m e a n  of a loca l  c u r r e n t  c h a r a c t e r i s t i c  
( e x c h a n g e  c u r r e n t  or  o x y g e n  d i f fus ion  c u r r e n t )  a n d  
a n  e l e c t r o l y t e  p r o p e r t y  f r o m  t h e  i n t e g r a t i o n  a l o n g  t h e  
m e n i s c u s  ( c o n d u c t i v i t y  or  e l e c t r o l y t e  d i f fu s ion ) .  T h e  
f a c t  t h a t  t h e  p o r e  c u r r e n t  is p r o p o r t i o n a l  to  t h e  geo -  
m e t r i c  m e a n  of t w o  p r o p e r t i e s  i l l u s t r a t e s  a g e n e r a l  
f e a t u r e  of gas  d i f fus ion  e l e c t r o d e s ;  t h e i r  p e r f o r m a n c e  
is n o t  l i m i t e d  b y  o n e  ef fec t  b u t  b y  a n  i n t e r p l a y  of s e v -  
e ra l .  I n  fact ,  t h e  c o u p l i n g  of effects  is so i m p o r t a n t  
t h a t  a p p r o x i m a t i o n s  w h i c h  e l i m i n a t e  one  o r  a n o t h e r  
of t h e  t r a n s p o r t  p rocesses ,  a l t h o u g h  p e d a g o g i c a l l y  
u s e f u l  s ince  t h e y  l e a d  to a n a l y t i c  so lu t ions ,  o f t e n  t u r n  
ou t  to  b e  u n a c c e p t a b l e  fo r  d a t a  ana ly s i s .  T h e  c h a r a c -  
t e r i s t i c  r a t e  c o n s t a n t  fo r  t h e  loca l  c u r r e n t  d e n s i t y  is 
d i r e c t l y  p r o p o r t i o n a l  to t h e  gas  p a r t i a l  p r e s s u r e ,  
w h e t h e r  i t  is r e p r e s e n t e d  b y  t h e  e x c h a n g e  c u r r e n t  o r  
a gas  d i f fus ion  ra te .  T h i s  r a t e  c o n s t a n t  is c o n t a i n e d  in  
a g e o m e t r i c  m e a n  w i t h  e i t h e r  t h e  c o n d u c t i v i t y  o r  
e l e c t r o l y t e  spec ies  d i f fus ion  ra t e ,  w h i c h  a r e  e l e c t r o -  
l y t e  p r o p e r t i e s  a n d  i n d e p e n d e n t  of r e a c t a n t  gas  p a r -  
t i a l  p r e s s u r e .  T h u s  t h e  m e a n ,  b e i n g  t h e  r o o t  of t h e  
p r o d u c t ,  v a r i e s  w i t h  t h e  s q u a r e  r o o t  of p a r t i a l  p r e s -  
sure .  T h i s  ef fec t  is i l l u s t r a t e d  in  Fig.  6. T h e  c u r r e n t s  
w i t h  d i l u t e  gases  a r e  sca led  to t hose  a t  100% o x y g e n  
b y  d i v i d i n g  t h e m  b y  t h e  s q u a r e  r o o t  of t h e  m o l e  f r a c -  
t i on  oxygen .  L e t  us  e x a m i n e  t h i s  effect  m o r e  c lose ly  
to b e t t e r  u n d e r s t a n d  i ts  o r ig in .  C o n s i d e r  t h e  r e g i o n  
close to t h e  b a s e  of t h e  m e n i s c u s  w h e r e  m o s t  of t h e  
c u r r e n t  is g e n e r a t e d .  T h e  r e a c t a n t  gas  is t h e n  d i l u t e d  
to b e l o w  i ts  o r i g i n a l  p a r t i a l  p r e s s u r e  k e e p i n g  t h e  
t o t a l  p r e s s u r e  a n d  e l e c t r o d e  p o t e n t i a l  c o n s t a n t .  A t  t h i s  
r e d u c e d  p r e s s u r e ,  less  gas  is a v a i l a b l e  to r e a c t  i n  t h e  
a c t i v e  r eg ion .  T h i s  m e a n s  t h a t  less  c u r r e n t  wi l l  b e  
g e n e r a t e d  a t  e v e r y  p o i n t  a l o n g  t h e  pore ,  a n d  t h e r e  
w i l l  b e  less  a c c u m u l a t e d  o h m i c  a n d  c o n c e n t r a t i o n  p o -  
t e n t i a l  i n  th i s  r eg ion .  T h e  a c t i v e  r e g i o n  of t h e  m e n i s -  
cus  is t h e n  e x t e n d e d .  A l t h o u g h  t h e  loca l  c u r r e n t s  a t  
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Fig. 6. Effect of oxygen pressure on cathode performance, veri- 
fication of square root pressure low. 

each point  along the meniscus have decreased pro-  
port ional ly  to the par t ia l  pressure reduction, the use- 
ful active area of the electrode has increased. The 
net  quant i ta t ive  resul t  is the square- root  proport ion-  
ality of current  on the reactant  gas part ial  pressure. 

The useful  length of the electrode depends not only 
on the gas par t ia l  pressure  but also on the catalytic 
act ivi ty of the electrode. Had we introduced a cata-  
lytic poison into our electrolyte,  the current  would 
again have decreased all along the pore and again 
the active area would have  increased. Conversely,  a 
more act ive electrode would have  a smaller  useful  
area. If the electrode potential  were  decreased, this 
t o o  would increase the useful, work ing  electrode area 
unti l  ve ry  close to open circuit, where  the ent i re  
wet ted  area of metal  would  become active. 

The local current  density can be computed along 
the meniscus by a second integrat ion of Eq. [11]. This 
was done by employing a Runge-Kut t a  technique. 
The location along the meniscus where  the local cur-  
rent  equals zero is plotted v s .  electrode potent ial  in 
Fig. 7 for the 400 ~ and 500~ case. This i l lustrates 
some of the arguments  in the preceding paragraphs.  
At low potentials, the ze ro-cur ren t  location decreases 
wi th  potent ia l  and has values of 104-105. As soon as 
the potent ial  is high enough so that  e lectrolyte  freezes 
at the ze ro-cur ren t  point on the meniscus, the length 
to thickness ra t io  drops very  rapidly wi th  increasing 
potential.  The length to thickness ratio at zero cur-  
rent  then becomes constant with polarizat ion at l ira- 
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Fig. 7. Active lengths of meniscus, 80% KOH 

i t ing current  density. The potent ia l  region beyond that  
at which electrolyte  freezes is only of theoret ical  in-  
terest, this potent ial  region being wel l  above that  at 
which the electrodes operate. The theoret ical  f reezing 
takes place at current  densities ve ry  close to the cal-  
culated l imit ing current.  F igure  7 shows how the less 
active electrode at 400~ has a longer  working  area 
except  in the l imit ing cur ren t  range. At l imit ing cur-  
rent, where  current  is affected only by diffusion proc- 
esses, the active length decreases wi th  t empera tu re  
reduct ion because of the smaller  diffusivities. In or-  
der to give some suggestion of the shape of the local 
current  v s .  location characteristic,  the location f rom 
the base of the meniscus to where  a local of 95% 
of the pore current  is produced is shown on Fig. 7 
for 500~ This shows that  95% of the current  is pro-  
duced in about 30% the Iength of the act ive meniscus 
at the operat ing potentials,  0.1-0.3v. Apparent ly ,  the 
ohmic and electrolyte  concentrat ion polarizations along 
the rest  of the meniscus make  the local current  den-  
sities re la t ive ly  small. At  potentials  approaching that  
of l imit ing current  density, however ,  the shape of the 
local current - locat ion  characterist ic changes drast ical ly 
as the 95% pore current  point is almost coincident wi th  
the 100% pore current  point. 

The length of the electrode requi red  to give enough 
active meniscus is, of course, dependent  on the m e n -  
iscus thickness. If we use the 0.5~ thickness f rom light 
in terference measurements  (8), this means that  the 
length of the active meniscus is about 0.5 cm. The 
electrodes in this study were  0.25 cm thick, but  the 
meniscus lengths are no doubt a few factors longer  
due to their  tortuous shapes. It  is also possible that  
the meniscus thicknesses in a porous s t ructure  are 
less than the repor ted  values in which a flat is plate 
par t ia l ly  immersed  in 3.5N KOH at room t emper -  
ature. We have found that  the thickness of electrodes 
having  the same propert ies  of those in this study 
could be reduced by a factor of two wi th  no change 
in performance.  

The comparison of the porous electrode theory  with 
exper iment  has suggested that  the model  does give a 
good representat ion of the polarizat ion mechanisms in 
porous electrodes. This means that  in addition to pro-  
viding a systematic scheme for data correlation,  the  
theory gives useful  quant i ta t ive  estimations for the 
design of fuel  cell electrodes and fuel  cell  systems. 
For  example,  it shows how much polarizat ion is as- 
sociated wi th  the fine pore and how variat ions in fine 
pore porosity or thickness wi l l  affect performance.  By 
var ia t ion of the exchange current,  it shows what  
fraction of this electrode polarizat ion is act ivat ion po- 
larization. This tells what  gains are possible by im-  
proved catalysis. The theory also provides a quant i -  
ta t ive  predict ion of the effect of reactant  gas part ial  
pressure on performance.  

Having  a theory  that  seems to work  leads us to a 
bet ter  unders tanding of the behavior  of porous gas 
diffusion electrodes. There  are, however ,  certain l im-  
itations. Since certain empir ical  values of inest imable  
physical quanti t ies are requ i red  in the fitting, the 
proof of the theory  is, in part,  circumstantial .  Fu r the r -  
more, the results of the theory,  being fa i r ly  insensi-  
t ive to the details of the react ion mechanism, can tel l  
us l i t t le about this mechanism. Finally,  the assump- 
tion of cylindrical  pores of one size el iminates the 
possibility of est imating the effects of both pore-size 
distr ibution and the re la t ive  gas-filled to l iquid-f i l led 
volumes in the electrode. In spite of these limitations, 
we have  a beginning and can go on f rom here  to refine 
and bet ter  define the model. 

Manuscript  received Ju ly  16, 1964; revised manu-  
script received Oct. 28, 1965. This paper  was presented 
at the New York Meeting, Sept. 29-Oct. 3, 1963. 

Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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NOMENCLATURE as o~j ~ 

so2 solubil i ty of oxygen, mole/cm~ 8 
A empir ical  constant which is a function of n 

t empera tu re  0o 
B empirical  constant which is a function of 

t empera tu re  
C~ concentrat ion of species j, mole/cm~ ~OH 
C empirical  constant which is a function of 

t empera tu re  kk 
D~ diffusivity of species, cme/sec 
D~ ~ diffusivity of species j at infinite dilution, TFp, TCp 

cm2/see 
~, electrode potential,  v 
F Faraday  constant, 96500 cou lombs /equ iva len t  e 
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weight  fract ion of water  in electrolyte  
local current  density on surface of pore, 
a m p / c m  2 
exchange currents,  a m p / c m  2 
electrode current  density, a m p / c m  2 
current  generated in one pore, amp 
symbol represent ing an active adsorption site 
water  vapor  pressure over  electrolyte,  atmo. 
porosity of the fine pore sinter and coarse 
pore sinter, respect ive ly  
gas constant, 8.314 j o u l e s / ~  
mean radius of the coarse pores, cm 
thickness of the fine pore sinter, cm 
absolute temperature ,  ~ 
distance f rom e lec t ro ly te - -e lec t rode  in ter -  
face, cm 
act ivi ty  of species j 
reference act ivi ty of species 
thickness of meniscus, cm 
local meta l -solut ion potential  difference, v 
equi l ibr ium fract ional  coverage of adsorbed 
gas 
conduct ivi ty  of electrolyte,  ohm-cm -1 
Equiva len t  conductance of hydroxy l  ions, 
cm2/equ.-ohm 
equiva len t  conductance of potassium ions, 
cm2/equ. -ohm 
tortuosity factor of the fine pore sinter  and 
coarse pore sinter, respect ively  
potent ial  in electrolyte,  v 
density of electrolyte,  g m / c m  2 

A Comparison of the Passivity of Iron in Acid 
and Neutral Electrolytes 

J. L. Ord 
Department of Physics, University of Waterloo, Waterloo, Ontario, Canada 

ABSTRACT 

The results of similar sets of measurements  on a passive iron electrode in 
acid and neut ra l  e lectrolyte  indicate that  a high-field conduction process, 
l imited by an act ivat ion barr ier  of fixed energy, is operat ing in both systems. 
The exchange current  density across the act ivat ion barr ie r  is not constant in 
ei ther system and depends on the applied current  density. Changes in the 
exchange current  density requi re  appreciable charge transfer,  and overshoot 
is observed when the applied current  density is changed. Differences in the 
conduction mechanism repor ted  in previous work  are a t t r ibuted to the tech- 
niques of data analysis used. 

Recent  work  on the passivity of iron indicates that  
the conduction mechanism through the passive layer  
in acid electrolyte  is quite different f rom the mech-  
anism in neutra l  electrolyte.  Ord and Bar t le t t  (1), 
working in 2N H2SO4, conclude that  the current  is 
control led by the electric field at an act ivat ion barrier .  
They find the act ivation energy to be constant and 
the electric field to va ry  inversely  wi th  the layer  
thickness. Sato and 'Cohen  (2), work ing  in a buffered 
neut ra l  electrolyte,  also find an act ivat ion-control led  
process, but  conclude that  the act ivation energy is 
proport ional  to the layer  thickness and that  the con- 
duction process is independent  of the electric field in 
the layer.  

A recent  study (3) of the exper imenta l  de te rmina-  
tion of overpotent ia l  parameters  on passive electrodes 
finds that  the values obtained for the parameters  de-  
pend strongly on the measur ing technique. The con- 
clusions described above concerning the conduction 
mechanism are  based on different types of measure-  
ment  in the two electrolytes.  The work  described 
below consists of a set of similar  measurements  per -  
formed on a passive iron electrode in acid and neut ra l  
electrolyte.  The aim of the work  is to de termine  
whe ther  the reported differences in the conduction 
mechanism are genuine, or are due to the difference 
in measur ing technique. 

Experimental 
The exper imenta l  equ ipment  is a modification of 

that  used in previous work. The simple ba t te ry  and 
Helipot  combinat ion used previously acts as a poten-  
tiostat only if the cathode is stabilized ei ther  by work-  
ing in hydrogen-sa tura ted  electrolyte  or by using a 
two-component  cathode (4). This potentiostat  is not 
satisfactory for work  in argon-sa tura ted  neut ra l  elec- 
trolyte, and it has been replaced by an electronic po- 
tentiostat. The development  of small sol id-state dif-  
ferent ia l  operat ional  amplifiers (Phi lbr ick SP2A) has 
simplified the design of electronic potentiostats. A 
schematic diagram of the circuit  used is shown in 
Fig. 1. One operat ional  amplifier is used as a poten-  
tiostat, the other  as an e lec t rometer  fo l lower  to dr ive  
a fast recorder.  A galvanostat  can be designed using 
an operat ional  amplifier, but  in this work  a ga lvano-  
stat consisting of resistors in series wi th  a 200v bat-  
tery bank is used to simplify switching problems. The 
switch shown in Fig. 1 connects the cell to ei ther the 
potentiostat  or the galvanostat.  This switch is a lever  
switch with open contacts which can be bent  for 
proper  phasing. Current  is measured using a ba t te ry-  
operated e lec t rometer  VTVM with  shunt  (Kei thley 
200B with  2008 shunt) operated off ground. The po- 
tentiostat  automat ical ly  compensates for the voltage 
drop across the VTVM. A mercurous  sulfate electrode 
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Fig. i. Circuit schematic: A, operotio.-I omplifier; 13, galvaao- 
star; M, electrometer VTVM with shunt; P, potentiometer; R, 
recorder; c, cathode; r, reference electrode; a, anode. 

w i t h  a 0.1N K2SO4 sa l t  b r i d g e  is u s e d  as a r e f e r e n c e  
fo r  p o t e n t i a l  m e a s u r e m e n t s ,  a n d  a l l  p o t e n t i a l s  a r e  
e x p r e s s e d  r e l a t i v e  to t h e  p o t e n t i a l  of t h i s  e l ec t rode .  

J a c k e t e d  f i v e - n e c k  f lasks  w i t h  g r o u n d  glass  j o i n t s  
a r e  u s e d  as cells.  T h e  e l e c t r o l y t e  is s a t u r a t e d  w i t h  
L i n d e  a rgon .  T h e  i m p u r i t y  spec i f i ca t ions  of t h i s  gas  
m a k e  f u r t h e r  p u r i f i c a t i o n  u n n e c e s s a r y .  T h e  a r g o n  
l eaves  t h e  cel l  t h r o u g h  a w a t e r  t r a p  w h i c h  m a i n t a i n s  
a s l i g h t  excess  p r e s s u r e  w i t h i n  t h e  cell. Q u a n t i t a t i v e  
r e s u l t s  on  t he  ef fec t  of t h e  d i s s o l v e d  o x y g e n  in  t h e  
e l e c t r o l y t e  a r e  r e p o r t e d  be low.  T w e l v e  h o u r s  of b u b -  
b l i n g  w i t h  a r g o n  w e r e  f o u n d  to  b e  suff ic ient  to r e -  
m o v e  d i s s o l v e d  o x y g e n  f r o m  t h e  500 m l  of  e l e c t r o l y t e  
u s e d  in  t h e  cell. T h e  ac id  e l e c t r o l y t e  u s e d  is I N  
H2SO4, a n d  t h e  n e u t r a l  e l e c t r o l y t e  is t h e  O.15N s o d i u m  
b o r a t e - b o r i c  ac id  bu f f e r  ( p H  8.4) u s e d  b y  Sa to  a n d  
C o h e n  (2) .  I r o n  e l e c t r o d e s  of 0.2 cm 2 a r e a  a r e  p r e -  
p a r e d  b y  c o a t i n g  i r o n  s i n g l e  c r y s t a l s  w i t h  epoxy .  T h e  
e l e c t r o d e s  a r e  m o u n t e d  in  t h e  ce l l  w i t h  t h e  e x p o s e d  
s u r f a c e  ve r t i c a l .  

Results and Discussion 

S t u d i e s  of t h e  p a s s i v i t y  of i r o n  a l l  i n d i c a t e  t h a t  t h e  
c u r r e n t  dens i ty ,  i, d e p e n d s  e x p o n e n t i a l l y  on  t h e  o v e r -  
p o t e n t i a l ,  V, a b o v e  t h e  F l a d e  p o t e n t i a l .  T h i s  d e -  
p e n d e n c e  c a n  b e  w r i t t e n  in  t h e  s i m p l e  f o r m  

i = io exp  (V/Vo) [1] 

w h e r e  t h e  p a r a m e t e r s  io a n d  Vo h a v e  t h e  s a m e  u n i t s  
as t h e  m e a s u r e d  q u a n t i t i e s  i a n d  V. T h e  o b s e r v a t i o n  
t h a t  t h e  s t e a d y - s t a t e  c u r r e n t  d e n s i t y  in  1N H2SO4 is  
i n d e p e n d e n t  of p o t e n t i a l  is c o n s i s t e n t  w i t h  t h e  e x -  
p o n e n t i a l  d e p e n d e n c e  e x p r e s s e d  in  Eq.  [1],  fo r  t h e  
p a r a m e t e r  Vo is f o u n d  to b e  p r o p o r t i o n a l  to t h e  
s t e a d y - s t a t e  p a s s i v a t i n g  p o t e n t i a l  (1, 3) .  T h e  d i f f e r -  
e n t i a l  e q u a t i o n  of a g e n e r a l  t r a n s i e n t  is 

C dV/d t  + io exp  (V/Vo) : il [2] 

w h e r e  C is t h e  l a y e r  c a p a c i t a n c e  a n d  il  is  t h e  t o t a l  
c u r r e n t  f l owing  in  t h e  c i rcui t .  Mos t  m e a s u r e m e n t s  
i n v o l v e  one  or  t h e  o t h e r  of t w o  spec i a l  cases  of t h e  
g e n e r a l  t r a n s i e n t .  O n e  can  def ine  a f a s t  (o r  c a p a c i t i v e )  
t r a n s i e n t  as one  for  w h i c h  dV/d t  is l a r g e  e n o u g h  to 
r e q u i r e  t h a t  t h e  f irst  t e r m  in  Eq. [2] b e  r e t a i n e d .  ( T h e  
l a y e r  t h i c k n e s s  does  n o t  c h a n g e  a p p r e c i a b l y  o v e r  a 
f a s t  t r a n s i e n t ,  a n d  h e n c e  i t  is o f t e n  a s s u m e d  t h a t  io 
a n d  Vo also r e m a i n  c o n s t a n t  o v e r  t h e  t r a n s i e n t . )  A 
s low (o r  o x i d a t i o n )  t r a n s i e n t  is one  fo r  w h i c h  dE/dr 
is s m a l l  a n d  t h e  f i rs t  t e r m  in  Eq. [2] c a n  b e  n e g l e c t e d .  
F o r  such  a t r a n s i e n t  t h e  c u r r e n t  g o i n g  i n t o l a y e r  f o r -  
m a t i o n  f a r  e x c e e d s  t h e  c u r r e n t  c h a r g i n g  t h e  l a y e r  c a -  
p a c i t a n c e .  A c c o r d i n g  to t h e s e  def in i t ions ,  a l l  p o t e n t i o -  
s t a t i c  t r a n s i e n t s  a re  c l a s sed  as s low, w h e r e a s  g a l v a n o -  
s t a t i c  t r a n s i e n t s  h a v e  f a s t  a n d  s low reg ions .  T h e s e  
r e g i o n s  a r e  u s u a l l y  q u i t e  d i s t inc t ,  a n d  a r e  c h a r a c -  

t e r i z e d  b y  dV/dt 's  w h i c h  d i f fe r  b y  o r d e r s  of m a g n i t u d e .  
In  a t y p i c a l  e x p e r i m e n t  one  d e t e r m i n e s  t h e  d e p e n d -  

e n c e  of  t h e  p a r a m e t e r s  to, Vo, a n d  1/C on  t h e  e x p e r i -  
m e n t a l l y  c o n t r o l l a b l e  v a r i a b l e s  s u c h  as t e m p e r a t u r e ,  
pH, a c c u m u l a t e d  cha rge ,  etc.  T h e  e x p e r i m e n t a l  d a t a  
o b t a i n e d  a r e  t h e n  u s e d  in  c o n j u n c t i o n  w i t h  t h e  e q u a -  
t ion  r e l a t i n g  c u r r e n t  d e n s i t y  to  o v e r p o t e n t i a l  across  
a n  a c t i v a t i o n  b a r r i e r  

kT 
i ~ K}~e - -  al  exp  ( - -U/kT)  [exp(~?~e~/kT) 

h 
- -  e x p  ( - -  (1--/~) )~e~/kT) ] [3] 

to  d e d u c e  bas ic  f e a t u r e s  of t h e  c o n d u c t i o n  m e c h a n i s m  
a n d  o x i d a t i o n  r eac t i on .  I n  Eq.  [3] ,  K is t h e  t r a n s m i s -  
s ion  coefficient ,  ~, is t he  v a l e n c e  of t h e  c h a r g e  ca r r i e r s ,  
a l  is t h e  a c t i v i t y  of t he  c a r r i e r s  m o v i n g  in  t h e  f o r -  
w a r d  d i r e c t i o n  across  t h e  b a r r i e r ,  U is t h e  a c t i v a t i o n  
e n e r g y  in  t he  f o r w a r d  d i r e c t i o n  a t  t h e  r e v e r s i b l e  p o -  
t en t i a l ,  a n d  fi is t h e  f r a c t i o n  of  0, t h e  o v e r p o t e n t i a l ,  
a i d i n g  m o t i o n  in  t h e  f o r w a r d  d i r e c t i o n ;  t h e  o t h e r  s y m -  
bo l s  h a v e  t h e i r  s t a n d a r d  m e a n i n g s .  I n  m o s t  e x p e r i m e n t s  

is suf f ic ien t ly  l a r g e  t h a t  t h e  s e c o n d  t e r m  o n  t h e  r i g h t  
of Eq. [3] ( w h i c h  r e p r e s e n t s  t h e  r e v e r s e  c u r r e n t  
ac ross  t h e  b a r r i e r )  c a n  b e  n e g l e c t e d .  

F a s t  g a l v a n o s t a t i c  t r a n s i e n t s  h a v e  b e e n  u s e d  to 
s t u d y  t h e  p a s s i v i t y  of i r o n  in  ac id  e l e c t r o l y t e  (1, 3 ) .  
In  t he  s i m p l e s t  se t  of e x p e r i m e n t s ,  t h e  e l e c t r o d e  is 
h e l d  a t  a c o n s t a n t  p a s s i v a t i n g  p o t e n t i a l  u n t i l  t h e  c u r -  
r e n t  s h o w s  no  f u r t h e r  t i m e  d e p e n d e n c e .  I n  t h i s  s t e a d y  
s t a t e  t h e  r a t e  a t  w h i c h  t h e  l a y e r  is b e i n g  f o r m e d  is 
b a l a n c e d  b y  t h e  r a t e  a t  w h i c h  i t  d i s so lves  in  t h e  acid.  
Once  a s t e a d y  s t a t e  is r e a c h e d ,  t h e  c i r cu i t  is opened ,  
a n d  t h e  r e s u l t i n g  fa s t  t r a n s i e n t  is a n a l y z e d  (3) to  
d e t e r m i n e  Vo a n d  1/C. W h e n  t h e  c i r cu i t  is opened ,  t h e  
c u r r e n t  across  t h e  m e t a l - l a y e r  a n d  l a y e r - e l e c t r o l y t e  
i n t e r f a c e s  is r e d u c e d  to zero,  b u t  t h e  c u r r e n t  t h r o u g h  
t h e  l a y e r  d e c r e a s e s  g r a d u a l l y  to ze ro  as i t  d i s c h a r g e s  
t h e  l a y e r  c apac i t ance .  T h e  r e g i o n  o v e r  w h i c h  t h e  
t r a n s i e n t  is f i t ted  i n v o l v e s  a c h a n g e  in  t h e  c u r r e n t  
d e n s i t y  b y  a f a c t o r  of a b o u t  20. B e y o n d  th i s  r e g i o n  
t h e  r e v e r s e  c u r r e n t  ac ross  t h e  a c t i v a t i o n  b a r r i e r  ( t h e  
s e c o n d  t e r m  on  t h e  r i g h t  of Eq.  [3 ] )  c a n n o t  b e  n e -  
g lec ted .  In  Fig.  2, Vo a n d  1/C a r e  p l o t t e d  vs. s t e a d y -  
s t a t e  p a s s i v a t i n g  p o t e n t i a l  fo r  a n  i r o n  e l e c t r o d e  in  
a r g o n - s a t u r a t e d  1N H2SO4 a t  25~ T h e  s t e a d y - s t a t e  
c u r r e n t  d e n s i t y  is 5.5 # a / c m  2. I f  t h e  ze ro  of o v e r p o -  
t e n t i a l  is t a k e n  to be  - -0 .16v on  t h i s  p o t e n t i a l  scale,  ~o 
is f o u n d  to b e  c o n s t a n t  a n d  e q u a l s  0.06 ~ a / c m  2. T h e  
d a t a  p l o t t e d  in  Fig. 2 w e r e  t a k e n  in  a n  i n c r e a s i n g  
s e q u e n c e  of p a s s i v a t i n g  po t en t i a l s .  T h e  e l e c t r o d e  w a s  
a l l o w e d  to s t ab i l i z e  f o r  1 h r  a n d  20 r a in  a f t e r  e ach  
0.1v i n c r e m e n t  in  p a s s i v a t i n g  p o t e n t i a l .  T h e  v a l u e  of 
Vo s h o w s  l i t t l e  f u r t h e r  t i m e  d e p e n d e n c e  a f t e r  th i s  
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Fig. 2. Dependence of Vo and 1/C on steady-state possivoting 
potential in 1N H2SO4 at 25~ The open circles represent Vo, the 
solid circles, ]/C. 
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interval ,  but the reciprocal  capacitance continues to 
change with  t ime for at least a week  (5), and hence 
the state is not t ru ly  steady. This t ime dependence 
complicates, the in terpre ta t ion of capacitance meas-  
urements,  and hence it is s impler  to use only the 
parameters  io and Vo to compare the behavior  in acid 
and neutra l  electrolyte.  

The in terpre ta t ion of the ac id-e lec t ro ly te  data is 
carr ied out by direct comparison with  Eq. [3]. Since 
io is constant, both U, the act ivation energy, and al, 
the act ivi ty of ions crossing the barrier ,  must  be con- 
stant. The overpotent ia l  in the steady state, Vp, is the 
passivating potential  used as abscissa in Fig. 2 plus 
0.16v. Figure  2 shows that  Vp/Vo is constant, and 
hence the overpotent ia l  across the barrier,  n, must  also 
be constant, independent  of the overpotent ia l  above 
the Flade potential,  Vp. Therefore  the electric field at 
the act ivation barr ie r  must  be independent  of V~. This 
will  be the case if Vp appears across a layer  of thick-  
ness D which is proport ional  to Vp. Using this model  
Vo is proport ional  to D through the equation 

Vo ~ (kT /ea)  D [4] 

where  a is the ha l f - jump  distance of the act ivation 
barrier.  The two main features  of the conduction 
mechanism which emerge  f rom these considerations 
are: (i) the ionic current  through the layer  is con-  
trolled by the high electric field (V /D)  within  the 
layer, and (if) the act ivi ty  of the charge carriers is 
constant at a l imit ing act ivat ion barr ie r  of fixed en- 
ergy. It must  be emphasized that  in the exper iments  
on which these conclusions are based, Vp, the init ial  
s teady-sta te  passivat ing overpotential ,  is a pa ramete r  
describing the init ial  state of the electrode. The points 
plotted in Fig. 2 were  obtained f rom transients  in 
which V sweeps out a range of values f rom Vp to zero. 
The Vo and 1/C values in Fig. 2 essentially are plotted 
vs. layer  thickness. 

In neut ra l  e lectrolyte  the passive layer  is insoluble, 
and hence it is not genera l ly  possible to achieve a 
steady state in which the current  and potential  are 
independent  of time. The simplest  t ransients  in such 
a system are slow galvanostat ic  and potentiostatic 
transients. Sato and Cohen (2) found that, except  for 
the init ial  stages, potent ia l  increases l inear ly  with 
t ime for slow galvanostat ic  transients. The slope of 
these transients is proport ional  to the oxidation cur-  
rent, and hence dV/dQ,  where  Q is the charge accu- 
mula ted  at the electrode, is independent  of the oxi-  
dation current.  The displacement  be tween transients  
start ing f rom the same layer  thickness is proport ional  
only to the logar i thm of the current  ratio. They found 
in addition that, for  potentiostatic transients, the 
logar i thm of the current  density decreases l inear ly  
wi th  Q, and that  the slope of this decrease is inde-  
pendent  of the passivat ing potential.  

These exper imenta l  results can be summarized in 
two equations 

3-6 = 

( O l n i )  _ 1 
r6j 

where  fi and B are constants de termined  f rom the ex-  
per imental  data. These equations can be in tegrated to 
give an equation be tween  i and V 

i ~ k' exp (~V -- Q/B)  [7] 

where  k' is an addit ional  constant. This equat ion can 
be compared to Eq. [3] to deduce a conduction mech-  
anism in the same way  as the conduction mechanism 
is deduced in acid electrolyte.  A comparison of the 
potential  dependent  factors shows that  n, the act iva-  
tion overpotential ,  is proport ional  to V and inde-  
pendent  of Q. A comparison of the other  exponential  
factors indicates that  U, the act ivat ion energy, is pro-  
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port ional  to Q which is, in turn, assumed proport ional  
to layer  thickness. Since k' is constant, the act ivi ty  of 
ions in the init ial  state, al, must  be constant. Sato and 
Cohen conclude that  a suitable conduction mechanism 
consistent wi th  these observations is one in which 
ions move through the layer by a correla ted flipping 
of ion pairs. This mechanism has an act ivat ion energy 
which is proport ional  to the length of the chain of 
ion pairs (in this case the thickness of the layer) ,  
and the act ivation overpotent ia l  appears across the 
entire passive layer.  The features of this proposed 
mechanism to be compared with  the mechanism pro-  
posed for acid electrolyte  are (i) the ionic current  
through the layer  is control led by the overpotent ia l  
across the layer  and not by the field within the layer, 
and (if) the act ivi ty of the charge carr iers  is constant, 
but the energy of the act ivat ion barr ie r  is propor-  
t ional to the layer  thickness. 

Both proposed conduction mechanisms requi re  the 
act ivi ty  of the charge carriers to be constant, but in 
all o ther  features  they differ markedly .  There  is l i t t le 
doubt as to the val idi ty  of the exper imenta l  data, but  
it is impor tant  to note that  the ac id-e lec t rolyte  data 
were  obtained using fast t ransients  whereas  the neu-  
t ra l -e lec t ro ly te  data were  obtained using slow t ran-  
sients. A recent  study (3) of the exper imenta l  de- 
terminat ion of overpotent ia l  parameters  on passive 
electrodes, with iron in acid electrolyte  as the system 
under  study, shows that  the values obtained for these 
parameters  depend strongly on the measur ing tech- 
nique used. Hence it is possible that  the repor ted  dif-  
ference in the conduction mechanism is due to the 
measur ing  technique and not to the electrolyte.  This 
possibility can be explored by making  similar  meas-  
urements  in the two systems. 

The selection of an exper iment  to be per formed in 
both acid and neut ra l  e lectrolyte  requires  some care. 
In neut ra l  e lectrolyte  it is not possible to per form 
s teady-s ta te  measurements  similar  to those used to 
obtain the data plot ted in Fig. 2 for acid electrolyte.  
The slow galvanostat ic  transients  used by Sato and 
Cohen can be used in acid electrolyte  (3, 6), but  the 
analysis is complicated by the fact that  the rate of 
dissolution of the layer  under  these conditions is not 
necessari ly the same as it is in the steady state (7). 
The layer  dissolution in sulphuric acid electrolytes is 
governed by an act ivat ion energy of approximate ly  
0.7 ev, and hence the effects of this process can be 
reduced by a factor of 10 by working  near  0~ ra ther  
than at 25~ For  this reason the electrolytes were  
held at 0.3~ for the experiment .  The exper iment  
chosen, consisting of galvanostat ic  oxidation transients  
in ter rupted  by brief  open-circui t  transients, combines 
the techniques used by Ord and Bart le t t  in acid elec- 
t rolyte and Sato and Cohen in neut ra l  electrolyte.  
During galvanostat ic  oxidation, the layer  thickens at 
a uni form rate. When the circuit  is opened, the ca- 
pacitance discharges through the layer, and the over -  
potent ial  across the layer and current  through the 
layer  decay together  to zero over  the transient.  This 
process increases the layer  thickness only slightly, and 
hence the open-circui t  t ransient  can be used to de- 
te rmine  the dependence of the current  through the 
layer  on the overpotent ia l  across the layer  at a fixed 
value  of the layer  thickness. Analysis of the open-  
circuit  transients determines  the overpotent ia l  pa ram-  
eters at a series of potentials along the oxidation 
transient.  The overpotent ia l  parameters  chosen are io 
and Vo from Eq. [1]; they are re la ted to the pa ram-  
eters used in Eq. [7] through Vo = 1/fi and io = k' 
exp ( - -Q/B) .  These parameters  can be plotted vs. 
either the charge accumulated at the electrode or the 
potent ial  of the electrode just  before the circuit  is 
opened. In this work, the potent ial  at which the cir-  
cuit is opened, designated the passivat ing potential,  
is chosen as abscissa for plots of exper imenta l  data. 
The data are expected to depend also on the oxidation 
current  density. The oxidation current  densities used 
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Fig. 3. Dependence of Vo on passivating potential in 1N 
H2SO4 at 0.3~ The oxidation current density is 25 #a/cm 2 for the 
data represented by open circles, 5 #a/cm 2 for the solid circles. 

in acid electrolyte  are at least an order  of magni tude  
greater  than the s teady-sta te  current  density at 0.3~ 

The results of this exper iment  per formed in 1N 
H2SO4 a r e  plotted in Fig. 3 for oxidation current  den-  
sities of 5 and 25 ga /cm 2. The l inear  increase of Vo 
with passivat ing potent ial  is s imilar  to the plot in 
Fig. 2, a l though the slope is somewhat  lower. The 
straight  line in the figure is fitted to the average of 
the data at the two current  densities. If the data are 
fitted to two straight lines, one for each current  den-  
sity, their  slopes differ only slightly. The conduction 
mechanism proposed above for acid electrolyte,  for 
which al and hence io are constant, predicts that  the 
reciprocals of the slopes differ by the na tura l  log- 
ar i thm of the ratio of the oxidation current  densities. 
For  these data, this amounts  to a difference of 22% in 
the slopes themselves.  (This effect shows up more 
clearly in neut ra l  e lectrolyte  where  the absence of 
layer  dissolution permits  the use of a wider  range 
of oxidation current  densities.) The conduction mech-  
anism proposed for acid electrolytes can be made con- 
sistent with the data plotted in Fig. 3 if the requ i re -  
ment  that  al be constant is relaxed.  Variations of io 
with current  density in acid electrolyte  have been 
reported previously (1). 

Results of a similar exper iment  per formed in neu-  
t ral  e lectrolyte  are plotted in Fig. 4 for oxidation cur-  
rent  densities of 2.5 and 25 ~a /cm 2. Figure  4 shows 
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Fig. 4. Dependence of Vo on passivating potential in 0.15N 
sodium borate-boric acid buffer at 0.3~ The oxidation current 
density is 25 Fa/cm 2 for the data represented by open circles, 2.5 
Fa/cm '2 for the solid circles. 

that  Vo increases l inear ly  wi th  passivat ing potential,  
vary ing  by a factor of 6 over  the passive region. Re-  
sults plotted in Fig. 4 are s imilar  to the results  plotted 
in Fig. 3 for acid electrolyte.  The slopes of the least-  
squares lines differ by only 14%. [The deviat ion of the 
Vo value  at --0.7v in Fig. 4 is s imilar  to the deviat ion 
observed in acid electrolyte  (1) where  it is a t t r ibuted 
to the existence of a min imum thickness for a con- 
tinuous passive layer.] There  can be l i t t le doubt that  
the same conduction mechanism is operat ing in both 
electrolytes.  The sixfold var ia t ion  in Vo ( l /B)  is not  
consistent wi th  Eq. [7] (in which /3 is constant) nor 
the conduction mechanism based on it. I t  is consistent 
wi th  the high-field conduction process proposed for 
acid electrolyte.  The Vo values fall  on a straight line 
which intersects the passivat ing potent ia l  axis at or 
near  the Flade potential.  Since V/Vo  = In (i/ io),  this 
result  requires  In (i/io) to be independent  of film 
thickness, and hence the act ivat ion energy cannot be 
proport ional  to film thickness. 

The discrepancy between the Vo values plotted in 
Fig. 4 and the 1/~ value determined f rom slow t ran-  
sients is re la ted to the fact that  both sets of data in 
Fig. 4 fall  approximate ly  on the same straight  line. 
If two lines are used to fit the data, their  slopes differ 
by 10%, increasing with decreasing current  density. 
This result  can be checked over  a wide range of cur-  
ren t  densities by in ter rupt ing  a potentiostatic t ransient  
with brief open-circui t  transients. The data obtained 
confirm the galvanostat ic  result,  i.e., an increase of 
approximate ly  10% in Vo is associated with a tenfold 
decrease in current  density. If io is independent  of 
the oxidation current  density, Eq. [1] requi res  a 
36% increase in Vo for a tenfold decrease in the oxi-  
dation current  density. Since only a 10% increase is 
observed exper imental ly ,  io must  be a function of 
the oxidation current  density. A tenfold decrease in 
the oxidation current  density is associated with  a 
10% increase in Vo and a fivefold decrease in to. 
There  are two factors in Eq. [3] which can produce 
changes in to: the act ivi ty factor and the act ivation 
energy factor. Because io is independent  of layer  
thickness for a fixed value of the oxidation current  
density, it is assumed by this author  that  the var ia -  
tions in io are direct ly  proport ional  to changes in the 
act ivi ty  of charge carriers in the init ial  state. (Other  
explanations, based on different assumptions, are pos- 
sible also.) Under  this assumption, the act ivat ion en- 
ergy is constant, but  it is ex t remely  difficult to meas-  
ure exper imental ly .  Data obtained at 25~ are almost 
indist inguishable f rom the data plotted in Fig. 4 which 
were  obtained at 0.3~ A direct  proport ional i ty  be-  
tween io and the oxidation current  density, considered 
in conjunct ion wi th  Eq. [1] and the data in Fig. 4, 
results in a constant slope, d V / d Q ,  for slow galvano-  
static transients. If, as the exper iments  indicate, io 
varies somewhat  more slowly than a direct propor-  
t ionali ty requires, d V / d Q  should increase sl ightly with 
oxidation current  density. Sato and Cohen (2) find 
a small  deviat ion in this direction. 

The dependence of io on the oxidation current  den-  
sity raises a question concerning the val idi ty  of the 
analysis of open-circui t  transients. Over  the course 
of such a t ransient  the current  density through the 
layer  decreases to zero. The analysis requires,  and in 
fact indicates, that  io is constant over  the transient. 
This is consistent with evidence f rom overshoot ex-  
per iments  which indicates that  changes in io requi re  
charge t ransfer  across the layer  interfaces. F igure  5 
shows a slow galvanostatic t ransient  in which oxida-  
tion current  density is switched f rom 11 to 25 #a /cm 2 
and then back to 11 #a /cm 2. On the slow t ime base 
used in the figure, the capacit ive switching transients  
appear as ver t ica l  lines. Af te r  each switching t ran-  
sient there  is an overshoot,  and appreciable t ime is 
requi red  before the t ransient  again becomes linear. 
This delay indicates the changes in io requi re  charge 
t ransfer  since io cannot fol low rapid changes in the 
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Fig. 5. Recorder trace of potential vs. time for an oxidation 
transient in which the current density is switched from 11 ~a/cm 2 
to 25 ~a/cm 2 and then back to 11 ~a/cm 2. The electrolyte is 
0.15N sodium borate-boric acid buffer at 25~ 

oxidation current  density. For  a discussion of Fig. 5 
it is convenient  to differentiate Eq. [1] wi th  respect 
to Q 

dV/dQ = In (~/io) dVo/dQ -- Vo/io dio /dQ [8] 

The posit ive te rm on the r ight  is the s teady-growth  
term; the negat ive  te rm arises f rom changes in io. 
dVo/dQ is a constant proport ional  to the ra te  of 
change of thickness of the layer  wi th  accumulated 
charge. When the oxidation current  density is in-  
creased, there  is first a capacit ive transient,  then io 
begins to increase. The increase in io decreases the 
magni tude  of the posit ive term, and introduces the 
negat ive  term, thus decreasing dV/dQ (and perhaps 
making it ini t ial ly negat ive) .  S imi lar ly  when  the ox-  
idation current  density is decreased, io begins to de- 
crease, increasing the first term and making  the sec- 
ond te rm positive, thus increasing dV/dQ.  I t  is im-  
portant  to note that  no overshoot is observed when 
the circuit  is reclosed after  an open-circui t  transient.  
This resul t  is expected if io is unchanged over  the 
course of such a transient  as is asserted above. 

It has been reported (2) that t race amounts  of 
oxygen dissolved in neut ra l  e lectrolyte  affect the elec-  
tr ical  behavior  strongly. This is t rue of the measure-  
ments used in this investigation. Figure  6 shows a plot 
of potential  vs. t ime for an iron electrode immersed  
in oxygen-sa tura ted  neutra l  e lectrolyte  under  open- 
circuit  conditions. One can calculate the potential  de- 
pendence of the oxidat ion current  density requi red  
to produce a t ransient  of the form shown in Fig. 6 
for an oxygen- f ree  electrolyte.  This equiva len t  oxida-  
tion current  density is ve ry  high at low potentials, 
but falls off rapidly as the potential  increases (ac- 
tual ly as the layer  thickness increases) and becomes 
insignificant over  the upper  two- th i rds  of the passive 
region. Galvanostat ic  oxidation in oxygen-sa tura ted  
electrolyte  is masked by this effect at low poten-  
tials. A sensitive test for traces of dissolved oxygen 
in the electrolyte  is provided by an open-ci rcui t  t ran-  
sient at a passivat ing potent ial  of --0.Tv. In oxygen-  
free e lectrolyte  the decrease of potential  wi th  t ime is 
monotonic. If a small  amount  of oxygen is present  in 
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Fig. 6. Plot of potential vs. time for an iron electrode immersed 
in oxygen-saturated 0.15N sodium borate-boric acid buffer at 25~ 

the electrolyte,  the potential  ini t ial ly decreases, but  
then begins to increase slowly. This test indicates that  
bubbl ing argon through the electrolyte  for a 12-hr 
period is sufficient to remove  traces of oxygen from 
the electrolyte.  

Conclusions 
This comparison of the passivi ty of iron in acid 

and neut ra l  electrolytes leads to three  main conclu- 
sions: 

1. The conduction mechanism through the passive 
layer is the same in the two electrolytes. 

2. The differences in the conduction mechanism re-  
ported in other investigations are due to the tech-  
nique of data analysis and are not due to the data 
themselves.  

3. A high-field conduction mechanism, l imited by 
an activation barr ier  of fixed energy, operates through 
the passive layer,  and the act ivi ty of the charge car-  
r iers  depends on the oxidation current  density. 
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A B S T R A C T  

I n f r a r e d  t e c h n i q u e s  fo r  o b s e r v i n g  s p e c t r a  of a d s o r b e d  m o l e c u l e s  w e r e  
u sed  to s t u d y  t h e  m e c h a n i s m  of c o r r o s i o n  i n h i b i t i o n .  A t t e m p t s  w e r e  m a d e  to 
s t u d y  t h e  c h e m i s o r p t i o n  of b u t y l  n i t r i t e  a n d  n i t r i c  ox ide  on  r e d u c e d  i r o n  a n d  
o n  i r o n  o x i d e  su r faces .  I t  w a s  p o s s i b l e  to  d e t e c t  d i f f e r ences  b e t w e e n  n i t r i c  
ox ide  c h e m i s o r p t i o n  on  i r on  o x i d e  a n d  on  r e d u c e d  i r o n  e v e n  t h o u g h  t h e  l a t -  
t e r  b e c a m e  o x i d i z e d  b y  r e a c t i o n  w i t h  n i t r i c  oxide.  O n  a p r e o x i d i z e d  su r face ,  
n i t r i c  o x i d e  p r o d u c e s  a b a n d  a t  1820 cm -1 w h i c h  is a t t r i b u t e d  to F e  + + : N = O  + 
O x i d a t i v e  c h e m i s o r p t i o n  o n  i n i t i a l l y  r e d u c e d  i r o n  p r o d u c e s  a b a n d  a t  1750 
cm -1 w h i c h  is a t t r i b u t e d  to F e - - O - - N = O .  B u t y l  n i t r i t e  d e c o m p o s e s  d u r i n g  
c h e m i s o r p t i o n  to g ive  c h e m i s o r b e d  h y d r o c a r b o n  a n d  c h e m i s o r b e d  n i t r o g e n  
oxides .  N e i t h e r  o x y g e n  n o r  w a t e r  v a p o r  d i sp l aces  t h e  o b s e r v e d  c h e m i s o r b e d  
spec ies  f r o m  o x i d e  su r faces .  T h e  r e s u l t s  s u g g e s t  t h a t  t h e  c o r r o s i o n  i n h i b i t o r  
p r o p e r t i e s  i n v o l v e  b o t h  t h e  o x i d i z i n g  a c t i o n  of n i t r o g e n  o x i d e s  a n d  t h e  s t r o n g  
c h e m i s o r p t i o n  of n e u t r a l  or  ca t ion ic  i n h i b i t o r  spec ies  on  t h e  ox ide  su r f ace .  

C o r r o s i o n  of i r o n  a n d  s t ee l  c a n  s o m e t i m e s  b e  r e -  
t a r d e d  b y  i n h i b i t o r s  w h i c h  h a v e  n i t r o g e n  ox ide  f u n c -  
t i o n a l  g roups .  M a n y  i n v e s t i g a t o r s  a t t r i b u t e  t h e  i n -  
h i b i t i v e  p r o p e r t i e s  of t h e s e  g r o u p s  to t h e i r  a b i l i t y  to 
p r o m o t e  t h e  d e v e l o p m e n t  of p r o t e c t i v e  o x i d e  f i lms 
(1 -3 ) .  O t h e r  w o r k e r s  b e l i e v e  t h a t  t h e  p r o t e c t i v e  
m e c h a n i s m  i n v o l v e s  c h e m i s o r p t i o n  of o x y g e n - c o n t a i n -  
ing  i n h i b i t o r  on  t h e  m e t a l  s u r f a c e  (4, 5) .  I n  a s t u d y  
of a m i n e  i n h i b i t o r s ,  Yu  Yao e m p h a s i z e d  t h e  i m p o r -  
t a n c e  of c h e m i s o r p t i o n  of i n h i b i t o r  on  t h e  o x i d e  f i lm 
r a t h e r  t h a n  c h e m i s o r p t i o n  on  t h e  m e t a l  (6) .  S h e  s u g -  
ges ts  t h a t  c h e m i s o r b e d  i n h i b i t o r  r e n d e r s  t h e  o x i d e  
b a r r i e r  m o r e  e f fec t ive  b y  d e c r e a s i n g  t h e  e l ec t r i c  f ield 
g r a d i e n t  ac ros s  t h e  o x i d e  a n d  t h e r e b y  s l o w i n g  t h e  
t r a n s p o r t  of m e t a l  ions  t h r o u g h  t h e  oxide .  T h e  w o r k  
to b e  p r e s e n t e d  h e r e  s h o w s  t h a t  s t r o n g  c h e m i s o r p -  
t i o n  of n i t r o g e n  ox ide  i n h i b i t o r  a lso occurs  on  t h e  
ox ide  f i lm a n d  thus ,  to  some  e x t e n t ,  s u p p o r t s  t h e  Yu 
Yao m e c h a n i s m .  

Th i s  p a p e r  is m a i n l y  c o n c e r n e d  w i t h  t h e  i n f r a r e d  
s p e c t r a  of b u t y l  n i t r i t e  a n d  n i t r i c  ox ide  a d s o r b e d  on  
s a m p l e s  w h i c h  cons i s t  of s m a l l  p a r t i c l e s  of i r o n  or  
i r o n  ox ide  d i s p e r s e d  on  h i g h  a r e a  sil ica.  In  t r a n s m i s -  
s ion t h r o u g h  th i s  t y p e  of s ample ,  t h e  i n f r a r e d  b e a m  
t r a v e r s e s  suff ic ient  a d s o r b e n t  s u r f a c e  to p r o v i d e  
m o n o l a y e r  d e t e c t i n g  s ens i t i v i t y .  T h e  b u t y l  n i t r i t e  a n d  
n i t r i c  ox ide  a r e  r e l a t e d  b e c a u s e  b u t y l  n i t r i t e  d i s so -  
c ia tes  d u r i n g  c h e m i s o r p t i o n ,  a n d  one  of t h e  f r a g m e n t s  
a p p e a r s  to b e  n i t r i c  oxide.  

T h e  t e c h n i q u e s  for  o b s e r v i n g  t h e s e  s p e c t r a  of 
m o l e c u l e s  a d s o r b e d  on  s m a l l  p a r t i c l e s  w e r e  d e v e l o p e d  
in  s t ud i e s  of c h e m i s o r p t i o n  s y s t e m s  r e l a t e d  to c a t a l -  
ysis  (7) .  I t  w i l l  b e  s een  t h a t  t he  s m a l l  p a r t i c l e  s a m p l e s  
i n t r o d u c e  f ac to r s  w h i c h  a r e  no t  p e r t i n e n t  to c o r r o s i o n  
r e s e a r c h .  H o w e v e r ,  t h e  i m p o r t a n t  a s pec t s  of t h e  o b -  
s e r v e d  c h e m i s t r y  a t  i r o n / i r o n  o x i d e / i n h i b i t o r  i n t e r -  
faces  a p p e a r  to be  w i d e l y  a p p l i c a b l e  to c o r r o s i o n  
s tud ies .  

Experimental Procedure 
Recording spectra.--The s p e c t r a  (of  t h e  4000-1300 

cm -1 r e g i o n )  w e r e  o b t a i n e d  u s i n g  a CaF2 p r i s m  in  a 
P e r k i n - E l m e r  M o d e l  12C s p e c t r o m e t e r  w h i c h  h a d  b e e n  
modi f i ed  to a l l o w  t h e  b e a m  to pa s s  v e r t i c a l l y  t h r o u g h  
a 10 in.  l o n g  s a m p l e  cel l  (8) .  T h e  cell,  s h o w n  in  Fig. 
1, was  m a d e  f r o m  P y r e x  t u b i n g  45 m m  in  d i a m e t e r .  
I n f r a r e d  t r a n s m i t t i n g  CaF2 e n d  w i n d o w s  w e r e  s ea l ed  
to t h e  b o d y  of t h e  cel l  w i t h  g l y p t a l  r es in .  T h e s e  w i n -  
dows  w e r e  cooled  w i t h  a i r  j e t s  w h e n  t h e  ce l l  w a s  
h e a t e d .  T h e  ce l l  cou ld  b e  e v a c u a t e d  to 10 -6  m m  Hg 
b y  m e a n s  of a c o n v e n t i o n a l  m e c h a n i c a l  p u m p - o i l  
d i f fus ion  p u m p - c o l d  t r a p  sys t em.  

T h e  s a m p l e  p o w d e r  w a s  p r e s s e d  a t  12,000 psi  i n to  a 
s e l f - s u p p o r t i n g  d i sk  a n d  t h e n  p l a c e d  o n  a g lass  r i n g  
s t a n d  ( r i n g  n o t  s h o w n  in  Fig.  1). T h e  s a m p l e  d i sks  
w e r e  26 m m  in  d i a m e t e r  a n d  w e i g h e d  a b o u t  0.15g. 
T h e  c o m p o s i t i o n  of t h e  s a m p l e s  is d e s c r i b e d  la te r .  

T h e  i n f r a r e d  s p e c t r a l  d a t a  w e r e  s u p p l e m e n t e d  b y  
m a s s  s p e c t r a l  a n a l y s i s  of t h e  gas  phase .  A C o n s o l i d a t e d  
V a c u u m  C o r p o r a t i o n  M o d e l  21-611 m a s s  s p e c t r o m e t e r  
w a s  c o n n e c t e d  to t h e  cel l  t h r o u g h  a v a r i a b l e  l e a k  
va lve .  

Sample preparation.--Samples w e r e  p r e p a r e d  b y  i m -  
p r e g n a t i n g  Cabos i l  t y p e  s i l ica  w i t h  a n  a q u e o u s  s o l u t i o n  
of Fe (NO3)3 ,  d r y i n g ,  a n d  t h e n  r e d u c i n g  w i t h  f low-  
ing  h y d r o g e n  a t  350~176 fo r  50 hr .  O n  t h e  bas i s  of 
e x p e r i e n c e  w i t h  a s i m i l a r  p r e p a r a t i o n  of n i c k e l  a n d  
p l a t i n u m  sample s ,  i t  w a s  e x p e c t e d  t h a t  t h i s  m e t h o d  
w o u l d  p r o d u c e  s m a l l  p a r t i c l e s  of i r o n  ( ~ 5 0 A  d i a m -  
e t e r )  d i s p e r s e d  on  si l ica.  Suff ic ien t  F e ( N O s ) ~  w a s  
u s e d  to y ie ld  a s a m p l e  w h i c h  w o u l d  c o n t a i n  12 w / o  
i r o n  a f t e r  c o m p l e t e  r e d u c t i o n .  

I n  p r a c t i c e  i t  was  f o u n d  to b e  i m p o s s i b l e  to r e d u c e  
a l l  of t h e  i r o n  to  t h e  m e t a l l i c  s ta te .  Th i s  d i f f icul ty  is 
a t t r i b u t e d  to a t y p e  of d i s p e r s i o n  ( p e r h a p s  as i n -  
d i v i d u a l l y  a d s o r b e d  f e r r i c  n i t r a t e  m o l e c u l e s )  w h i c h  
p r e v e n t e d  suff ic ient  a g g r e g a t i o n  of i m p r e g n a t e d  m a -  
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t e r i a l  fo r  s u b s e q u e n t  r e d u c t i o n  to t h e  m e t a l l i c  s ta te .  
U s i n g  t h e  c o n c e p t  t h a t  f o r m a t i o n  of d i s c r e t e  f e r r i c  
n i t r a t e  c r y s t a l l i t e s  is l i k e l y  to f a c i l i t a t e  r e d u c t i o n  to 
me ta l ,  e f for t s  w e r e  m a d e  to d e t e r m i n e  t h e  m o s t  s a t i s -  
f a c t o r y  m e t h o d  of p r e p a r i n g  i r o n  on  s i l ica  s amples .  
Th i s  p r o b l e m  w a s  no t  c o m p l e t e l y  so lved,  b u t  i t  w a s  
poss ib l e  to p r e p a r e  s a m p l e s  h a v i n g  suff ic ient  r e d u c e d  
i ron  to a l l o w  a c o m p a r a t i v e  s t u d y  of r e d u c e d  a n d  o x -  
id ized  i ron .  I n  t h e  m o s t  s a t i s f a c t o r y  s amp le s ,  r e d u c -  
t i on  w a s  c a r r i e d  to t h e  s t a t e  w h e r e  a b o u t  20% of t h e  
e x p o s e d  i r o n  was  in  t h e  r e d u c e d  s t a t e  a n d  80% w a s  
u n r e d u c i b l e  a n d  r e m a i n e d  in  a n  o x i d i z e d  s ta te .  D e t e r -  
m i n a t i o n  of t h e  r e l a t i v e  a m o u n t s  of s u r f a c e  i r o n  in  
t h e  r e d u c e d  a n d  o x i d i z e d  s t a t e s  w a s  b a s e d  on  t h e  c o n -  
cep t  t h a t  c a r b o n  m o n o x i d e  a d s o r b s  on]y  on  r e d u c e d  
i r o n  w h i l e  n i t r i c  o x i d e  a d s o r b s  o n  b o t h  r e d u c e d  a n d  
o x i d i z e d  i ron .  De t a i l s  of th i s  d e t e r m i n a t i o n  w i l l  b e  
g i v e n  la te r .  

T h e  specif ic  p r o c e d u r e  f o u n d  to b e  t h e  m o s t  s a t i s -  
f a c t o r y  in  a t t e m p t s  to p r e p a r e  r e d u c e d  i r o n  s a m p l e s  
i n v o l v e d  a d d i t i o n  of t h e  a m o u n t  of F e ( N O 3 ) 3  so lu -  
t i on  n e e d e d  to  f o r m  a t h i c k  p a s t e  w i t h  t h e  si l ica,  
r a p i d  d r y i n g  of t h e  p a s t e  u n d e r  v a c u u m  a t  30~ 
p r e s s i n g  t h e  s a m p l e  disk,  i n s t a l l a t i o n  of  t h e  d i sk  in  
t h e  ce l l  w i t h  m i n i m a l  loss of t ime ,  f u r t h e r  v a c u u m  
d r y i n g  a t  105~ a n d  f ina l ly  r e d u c t i o n  w i t h  h y d r o g e n  
a t  350~176 P a l l a d i u m  d i f fused  h y d r o g e n  w a s  u s e d  
a t  a f low r a t e  of 40 m l / m i n .  A f t e r  r e d u c t i o n ,  t h e  h y -  
d r o g e n  w a s  e v a c u a t e d  f r o m  t h e  ce l l  a t  400~ a n d  t h e  
s a m p l e  w a s  t h e n  coo led  to r o o m  t e m p e r a t u r e .  S a t i s -  
f a c t o r y  s a m p l e s  w e r e  u s e d  in  s e v e r a l  d i f f e r e n t  e x -  
p e r i m e n t s  w i t h  i n t e r m e d i a t e  r e d u c t i o n s  a t  400~ fo r  
16 hr .  U n l e s s  s t a t e d  o t h e r w i s e ,  a l l  s p e c t r a  d i s c u s s e d  
in  th i s  p a p e r  w e r e  r e c o r d e d  a t  r o o m  t e m p e r a t u r e .  

Determinat ion o] reduced iron surface area . - -S tud-  
ies of t h e  s p e c t r u m  of c a r b o n  m o n o x i d e  c h e m i s o r b e d  
on  s i l i c a - s u p p o r t e d  i r o n  h a v e  b e e n  r e p o r t e d  (7,9) so 
t he  i n t e r p r e t a t i o n  of t h e s e  s p e c t r a  w i l l  n o t  b e  d i s -  
cus sed  he re .  I t  n o w  a p p e a r s  t h a t  n o t  m o r e  t h a n  10% 
of t h e  s u r f a c e  i r o n  w a s  in  t h e  r e d u c e d  s t a t e  in  t h e  
p r e v i o u s  s tud ies .  

As  i n d i c a t e d ,  t h e  e x t e n t  of r e d u c t i o n  w a s  d e t e r -  
m i n e d  f r o m  t h e  r a t i o  of t h e  v o l u m e s  of c a r b o n  m o n -  
o x i d e  a n d  n i t r i c  o x i d e  w h i c h  w e r e  a d s o r b e d .  T h i s  d e -  
t e r m i n a t i o n  i n v o l v e d  o n l y  s u r f a c e  a t o m s  so s t a t e m e n t s  
r e g a r d i n g  e x t e n t  of r e d u c t i o n  a p p l y  to  t h e  f r a c t i o n  
of t h e  s u r f a c e  w h i c h  w as  r e d u c e d .  T h e  r a t i o  of t h e  
t o t a l  a t o m s  in  t h e  r e d u c e d  or  ox id i zed  s t a t e  c a n  b e  
d i f f e r e n t  f r o m  t h e  s u r f a c e  r a t i o s  if  p a r t i c l e  s ize  is a 
f a c t o r  in  ease  of r e d u c t i o n  (as  i t  p r o b a b l y  is w i t h  
l a r g e r  p a r t i c l e s  b e i n g  t h e  m o r e  eas i ly  r e d u c e d ) .  

T h e  m e a s u r e m e n t s  of t h e  a m o u n t s  of c a r b o n  m o n -  
ox ide  a n d  n i t r i c  o x i d e  c h e m i s o r b e d  w e r e  o b t a i n e d  b y  
d o s i n g  in  m e a s u r e d  v o l u m e s  of gas  u n t i l  t h e  i n f r a r e d  
b a n d s  a t t r i b u t a b l e  to t h e  c h e m i s o r b e d  species  r e a c h e d  
m a x i m u m  i n t e n s i t y .  T h e  v o l u m e  of gas  r e t a i n e d  in  t h e  
ga seous  p h a s e  w a s  s u b t r a c t e d  f r o m  t h e  t o t a l  added .  
T h e  m e t h o d  fo r  d e t e r m i n i n g  t h e  e n d  p o i n t  fo r  c a r b o n  
m o n o x i d e  c h e m i s o r p t i o n  is d i s cus sed  b e l o w  w h i l e  t h e  
e n d  p o i n t  fo r  n i t r i c  o x i d e  w i l l  be  d i s c u s s e d  l a t e r  in  
c o n n e c t i o n  w i t h  t h e  s t ud i e s  of n i t r i c  ox ide  c h e m i s o r p -  
t ion.  

C h e m i s o r b e d  c a r b o n  m o n o x i d e  p r o d u c e d  s t r o n g  
b a n d s  in  t h e  1900-1990 cm -1  r eg ion .  As  c a r b o n  m o n -  
o x i d e  w a s  dosed  i n to  t h e  cell,  t h e  i n t e n s i t y  of t h e  
b a n d s  i n c r e a s e d  u n t i l  a t e r m i n a l  p o i n t  w as  r e a c h e d .  
F u r t h e r  a d d i t i o n  of c a r b o n  m o n o x i d e  p r o d u c e d  a 
b a n d  a t  2020 cm -1  w h i c h  w a s  a t t r i b u t e d  to i r o n  c a r -  
b o n y l  f o r m a t i o n .  T h e  c a r b o n y l  b a n d  w a s  r e m o v e d  b y  
e v a c u a t i o n  at  30~ w i t h o u t  a f f ec t i ng  t h e  b a n d s  of 
c h e m i s o r b e d  c a r b o n  m o n o x i d e .  T h e  b e s t  s a m p l e s  w e r e  
c a p a b l e  of c h e m i s o r b i n g  0.16 cc (0.15g s a m p l e ) .  T h i s  
w o u l d  c o r r e s p o n d  to a b o u t  2000 cm 2 of  r e d u c e d  i r o n  
su r f ace .  

Al l  gas  v o l u m e s  r e p o r t e d  in  t h i s  p a p e r  ( i n c l u d i n g  
v a p o r s  of w a t e r  a n d  b u t y l  n i t r i t e )  a r e  g i v e n  as cc 
s.t.p. 
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T h e  s i l ica  d id  no t  a d s o r b  e i t h e r  c a r b o n  m o n o x i d e  
or  n i t r i c  o x i d e  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  
u s e d  i n  t h e  c h e m i s o r p t i o n  d e t e r m i n a t i o n s .  

Purification of adsorbates . - -Commercial  t a n k  n i t r i c  
o x i d e  ( M a t h e s o n - 9 9 %  p u r i t y )  c o n t a i n s  n i t r o u s  o x i d e  
a n d  n i t r o g e n  d iox ide .  T h e s e  i m p u r i t i e s  w e r e  r e m o v e d  
b y  d i s t i l l a t i o n  t h r o u g h  co ld  t r a p s  (10) .  T h e  s a t i s f a c -  
t o r y  p u r i t y  of b u t y l  n i t r i t e  v a p o r  ( E a s t m a n  K o d a k  
w h i t e  l a b e l  g r a d e )  w a s  e s t a b l i s h e d  b y  o b s e r v i n g  t h e  
i n f r a r e d  s p e c t r u m  a t  13 m m  p r e s s u r e  in  a 9 c m  p a t h  
l e n g t h  gas  ce l l  (11) .  T h e  c a r b o n  m o n o x i d e  (Airco ,  
s p e c t r a  a s s a y e d  g r a d e )  a n d  t h e  c o m m e r c i a l  t a n k  o x -  
y g e n  w e r e  u s e d  a s - r e c e i v e d .  

Bulk  iron oxides . - - Iron o x i d e  ( C a b o t ' s  E - 7 )  w a s  
o b t a i n e d  in  t h e  f o r m  of 7-Fe208.  T h i s  m a t e r i a l  h a d  a 
specif ic  s u r f a c e  a r e a  of 35 m2/g .  B e c a u s e  t h e  i n f r a r e d  
t r a n s m i s s i o n  w a s  poor ,  o n l y  a b o u t  0.0075 g / c m  2 of 
t h e  -y-Fe203 cou ld  b e  t o l e r a t e d  in  t h e  b e a m  p a t h .  T h i s  
t h i c k n e s s  d id  n o t  a l l o w  p r e p a r a t i o n  of a s e l f - s u p -  
p o r t i n g  d i sk  so i t  w a s  d i l u t e d  w i t h  a b o u t  t h r e e  t i m e s  
as m u c h  s i l ica  in  o r d e r  to m a k e  t h e  d i sk  for  i n -  
f r a r e d  e x a m i n a t i o n .  

A d s o r b e n t s  of Fe304  a n d  ~-Fe203 w e r e  p r o d u c e d  b y  
c o n v e r s i o n  of t h e  ~-FeuO3. E v a c u a t i o n  a t  250~ fo r  
s e v e r a l  h o u r s  r e m o v e d  a n y  a d s o r b e d  w a t e r  a n d  a lso  
p r o d u c e d  a n  Fe304 a d s o r b e n t  (12, 13). T h e  s a m e  
s a m p l e  was  c o n v e r t e d  to a n  ~-Fe203 a d s o r b e n t  b y  
h e a t i n g  a t  350~ in  1 a t m  of o x y g e n  fo r  16 h r  f o l l o w e d  
b y  r a p i d  coo l ing  to r o o m  t e m p e r a t u r e  in  t h e  p u r e  
o x y g e n  a t m o s p h e r e  (14) .  

Results and Discussion 
Nitric oxide on oxidized i r o n . - - S i n c e  i t  w a s  n o t  p o s -  

s ib le  to o b t a i n  c o m p l e t e l y  r e d u c e d  i r o n  s amp le s ,  s t u d -  
ies of n i t r i c  o x i d e  c h e m i s o r p t i o n  w e r e  l i m i t e d  to c o m -  
p l e t e l y  ox id i zed  s a m p l e s  a n d  s a m p l e s  w h i c h  w e r e  o n l y  
p a r t i a l l y  r e d u c e d .  T h e  c o m p l e t e l y  o x i d i z e d  s a m p l e s  
a r e  c o n s i d e r e d  f i rs t  b e c a u s e  t h e y  p r o v i d e  t h e  s i m p l e r  
sys t em.  

S a m p l e s ,  h a v i n g  c o m p l e t e l y  o x i d i z e d  i r o n  su r faces ,  
m a y  be  o b t a i n e d  e i t h e r  b y  s t a r t i n g  w i t h  b u l k  i r o n  
ox ide  or b y  t a k i n g  a s i l i c a - s u p p o r t e d  s a m p l e  t h r o u g h  
t he  p r e p a r a t i v e  s e q u e n c e  p r e v i o u s l y  desc r ibed ,  a n d  
t h e n  e x p o s i n g  t h e  p a r t i a l l y  r e d u c e d  s a m p l e  to o x y g e n  
(2 m m  Hg)  a t  30~ E x p o s u r e  to o x y g e n  u n d e r  t h e s e  
c o n d i t i o n s  w a s  e x p e c t e d  to f o r m  15-20A t h i c k  f i lms of 
Fe804, or  m i x t u r e s  of Fe304 a n d  7-Fe203,  on  t h e  i r o n  
w h i c h  h a d  b e e n  r e d u c e d  (13, 14). O x i d i z e d  i r o n  s a m -  
p les  p r e p a r e d  b y  th i s  m e t h o d  w e r e  m o r e  a m e n a b l e  to 
i n f r a r e d  s t u d y  t h a n  t h e  b u l k  i r o n  oxides .  Th i s  a d -  
v a n t a g e  w a s  d u e  to t h e  s m a l l e r  p a r t i c l e  size of t h e  
s i l i c a - s u p p o r t e d  i r o n  oxide.  T h e  s m a l l e r  p a r t i c l e  size 
g a v e  b e t t e r  i n f r a r e d  t r a n s m i s s i o n  a n d  h i g h e r  a d s o r p -  
t i ve  c a p a c i t y  p e r  u n i t  w e i g h t  of oxide .  

S a m p l e s  w h i c h  w e r e  s t u d i e d  d i r e c t l y  a f t e r  r e d u c -  
t i on  w i t h  h y d r o g e n  w i l l  b e  r e f e r r e d  to  as " r e d u c e d "  
e v e n  t h o u g h  i t  is u n d e r s t o o d  t h a t  t h e  r e d u c t i o n  w a s  
o n l y  p a r t i a l l y  successfu l .  S a m p l e s  p r e p a r e d  b y  e x p o s -  
i ng  r e d u c e d  i r o n  to o x y g e n  w i l l  b e  r e f e r r e d  to as 
" p r e - o x i d i z e d "  to d i f f e r e n t i a t e  t h e m  f r o m  " b u l k "  i r o n  
o x i d e  a n d  f r o m  s a m p l e s  in  w h i c h  t h e  i r o n  b e c a m e  
o x i d i z e d  d u r i n g  c h e m i s o r p t i o n .  

S p e c t r u m  A of Fig. 2 s h o w s  t h e  1900-1700 c m  -1  
r e g i o n  fo r  a p r e - o x i d i z e d  s a m p l e  a n d  s p e c t r u m  B 
s h o w s  t h i s  r e g i o n  a f t e r  c h e m i s o r p t i o n  of 0.095 cc of 
n i t r i c  oxide.  T h e  c h e m i s o r p t i o n  of n i t r i c  o x i d e  p r o -  
d u c e d  a s t r o n g  b a n d  a t  1824 c m  -1. No o t h e r  b a n d s  
w e r e  o b s e r v e d  i n  t h e  4000-1300 c m  -1  r e g i o n  w h i c h  
w a s  s c a n n e d  in  t h e  p r e s e n t  w o r k .  

C h e m i s o r p t i o n  of n i t r i c  o x i d e  on  b u l k  FesO4 p r o -  
d u c e d  a s p e c t r u m  s i m i l a r  to B w i t h  a s i n g l e  b a n d  
n e a r  1830 c m  -1. No  b a n d  a t t r i b u t a b l e  to c h e m i s o r b e d  
n i t r i c  o x i d e  w a s  d e t e c t e d  w h e n  ~-Fe20~ w a s  e x p o s e d  
to n i t r i c  oxide .  

T h e  b a n d  o b s e r v e d  a f t e r  c h e m i s o r p t i o n  of n i t r i c  
ox ide  on  e i t h e r  p r e - o x i d i z e d  i r o n  or  on  b u l k  Fe~O4 is 
a t t r i b u t e d  to t h e  n i t r o g e n - o x y g e n  s t r e t c h i n g  f r e q u e n c y  
of a n  a d s o r b e d  n i t r o g e n - o x i d e  spec ies  w h i c h  w a s  
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Fig. 2. Nitric oxide chemisorbed on pre+oxidized iron. A, back- 
ground after exposure to oxygen at 30~ B, after chemisorption 
of nitric oxide. 

b o n d e d  to t he  s u r f a c e  t h r o u g h  t h e  n i t r o g e n .  M o r e  spe -  
cifically,  t h e  n i t r o g e n  is t h o u g h t  to  b e  b o n d e d  to F e  + + 
s i t e s  on t h e  ox id i zed  i r o n  s u r f a c e s  as F e + + : N = O  +. 

The  c o n c l u s i o n  r e g a r d i n g  t h e  F e  + + s i tes  is i n d i -  
c a t e d  b y  t h e  d e t e c t i o n  of c h e m i s o r p t i o n  on  Fe304 b u t  
no t  on  a-FeeO3. P a r t i a l  s u p p o r t  fo r  t h i s  c o n c l u s i o n  
comes  f r o m  t h e  r e p o r t e d  o b s e r v a t i o n  of  a s i m i l a r  b a n d  
n e a r  1850 cm -1 w h e n  n i t r i c  ox ide  w a s  a d s o r b e d  on  
F e  + + s i t es  of FeSO4 (15) .  

T h e  p o s i t i v e  c h a r g e  a s s o c i a t e d  w i t h  t h e  a d s o r b e d  
n i t r i c  ox ide  r e p r e s e n t s  a f o r m a l  c h a r g e  w h i c h  is i n -  
d i c a t e d  b e c a u s e  a c o o r d i n a t e  c o v a l e n t  a d s o r p t i o n  b o n d  
is v i s u a l i z e d  w i t h  b o t h  b o n d i n g  e l e c t r o n s  d o n a t e d  b y  
t h e  n i t r i c  o x i d e  (15) .  

A g e n e r a l  d e c r e a s e  in  t r a n s m i s s i o n  o v e r  t h e  e n t i r e  
4000-1300 c m - ~  r e g i o n  w a s  o b s e r v e d  w h e n  a r e d u c e d  
s a m p l e  was  e x p o s e d  to o x y g e n  to p r o d u c e  a p r e - o x -  
id i zed  s amp le .  T h e  effect  w as  f r e q u e n c y  d e p e n d e n t  
w i t h  t h e  t r a n s m i s s i o n  loss  b e i n g  g r e a t e r  in  t h e  h i g h e r  
w a v e n u m b e r  r e g i o n s  of t h e  s p e c t r u m .  I n  t h e  case  of 
t h e  s a m p l e  used  fo r  s p e c t r u m  A of Fig.  2, t he  t r a n s -  
m i s s i o n  was  90-100% p r i o r  to  e x p o s u r e  to oxygen .  I t  
c an  b e  s e e n  t h a t  e x p o s u r e  to  o x y g e n  d e c r e a s e d  t h e  
t r a n s m i s s i o n  of  th i s  s a m p l e  b y  a b o u t  one  h a l f  in  t he  
1900-1700 c m - ~  reg ion .  T h e  o b s e r v e d  d e c r e a s e  in  
t r a n s m i s s i o n  poses  a n  i n t e r e s t i n g  s o l i d - s t a t e  p r o b l e m  
b e c a u s e  a t  f irst  t h o u g h t  i t  w o u l d  b e  e x p e c t e d  t h a t  
c o n v e r s i o n  of  m e t a l  to o x i d e  w o u l d  i n c r e a s e  t h e  i n -  
f r a r e d  t r a n s m i s s i o n .  

A n  u n d e r s t a n d i n g  of t h e  m e c h a n i s m  of t he  o b -  
s e r v e d  d e c r e a s e  in  t r a n s m i s s i o n  is n o t  v i t a l  to t h e  
p r e s e n t  w o r k ,  a n d  a t  t h i s  t i m e  i t  is n o t  pos s ib l e  to  p u t  
f o r t h  a n o n s p e c u l a t i v e  e x p l a n a t i o n  of t h i s  p h e n o m e -  
non .  H o w e v e r ,  i t  is. r e a s o n a b l e  to  e x p e c t  t h a t  t h e  
q u a n t i t a t i v e  e x p l a n a t i o n  wi l l  be  r e l a t e d  to t h e  s m a l l  
d i a m e t e r  of t h e  m e t a l  pa r t i c l e s .  T h e  d i a m e t e r  of t he  
p a r t i c l e s  (~50A)  is less  t h a n  t h e  n o r m a l  m e a n  f r e e  
p a t h  of e l e c t r o n s  in  m e t a l s ,  a n d  i t  is r e a s o n a b l e  t h a t  
t h i s  f a c t o r  a c c o u n t s  for  t h e  r e l a t i v e l y  h i g h  t r a n s m i s s i o n  
of t h e  r e d u c e d  s a m p l e s  (16) .  T h e  i r o n  o x i d e  o b t a i n e d  
a f t e r  e x p o s u r e  to  o x y g e n  p r o b a b l y  h a d  s e m i c o n d u c t o r  
p r o p e r t i e s  a n d  cou ld  h a v e  b e e n  a b e t t e r  c o n d u c t o r ,  a n d  
c o r r e s p o n d i n g l y  a p o o r e r  t r a n s m i t t e r ,  t h a n  t h e  s m a l l  
m e t a l  pa r t i c l e s .  A n o t h e r  pos s i b i l i t y  is t h a t  t h e  t r a n s -  
m i s s i o n  loss was  p r i m a r i l y  d u e  to i n c r e a s e d  s c a t t e r i n g  
loss as i n d i c a t e d  by  t he  o b s e r v e d  f r e q u e n c y  d e p e n d -  
ence.  T h i s  d e m a n d s  t h a t  g r o w t h  of  o x i d e  f i lm on  t he  
m e t a l  p a r t i c l e s  i n c r e a s e d  l i g h t  s c a t t e r i n g  losses  d u e  
to i n c r e a s e d  p a r t i c l e  s izes  m o r e  t h a n  i t  d e c r e a s e d  t h e i r  
a b s o r p t i v i t i e s  due  to c o n v e r s i o n  of m e t a l  to  oxide.  

Nitric oxide on reduced iron.--Figure 3 s h o w s  t y p i -  
ca l  s p e c t r a  o b s e r v e d  w h e n  a r e d u c e d  s a m p l e  w a s  e x -  
posed  to n i t r i c  oxide .  S p e c t r a  A, B, C, a n d  D c o r r e -  
spond_ to n i t r i c  ox ide  a d s o r p t i o n s  of 0, 0.08, 0.14, a n d  
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Fig. 3. Nitric oxide chemisorbed on reduced and oxidized iron: 
A, background of freshly reduced sample; B ta D, after cheml- 
sorption of: fi, 0.08 cc; C, 0.14 cc and D, 0.41 cc of nitric oxide. 

0.41 cc, r e s p e c t i v e l y .  T h e  b a n d  a t  1820 c m  -1  is a t t r i b -  
u t e d  to n i t r i c  o x i d e  c h e m i s o r b e d  on  o x i d i z e d  i ron ,  
Fe  + + : NO +, as d i s c u s s e d  fo r  Fig.  2. 

T h e  1750 cm -1  b a n d  is r e l a t e d  to c h e m i s o r p t i o n  of 
n i t r i c  o x i d e  o n  p o r t i o n s  of t h e  s a m p l e  w h i c h  w e r e  in  
t he  r e d u c e d  m e t a l l i c  s t a t e  p r i o r  to  c h e m i s o r p t i o n .  Th i s  
is n o t  e q u i v a l e n t  to  c h e m i s o r p t i o n  of n i t r i c  o x i d e  on  
r e d u c e d  m e t a l  s ince  t h e  c h e m i s o r p t i o n  p r o c e s s  a p p e a r s  
to i n v o l v e  a n  ox ida t ion .  

T h e  s a m p l e  u s e d  fo r  Fig.  3 h a d  c h e m i s o r b e d  0.050 
cc of c a r b o n  m o n o x i d e  in  t h e  t e s t  fo r  r e d u c e d  i r o n  
su r face .  P r i o r  to  n i t r i c  o x i d e  a d s o r p t i o n  t h e  s a m p l e  
w a s  r e - r e d u c e d  fo r  2 h r  a t  350~C to  r e m o v e  t h e  c h e m i -  
s o r b e d  c a r b o n  m o n o x i d e .  

D u r i n g  t h e  a d d i t i o n  of n i t r i c  oxide ,  t h e  r e s i d u a l  g a s  
w a s  a n a l y z e d  b y  a m a s s  s p e c t r o m e t e r .  A to t a l  of 0.026 
cc of  n i t r o g e n  w a s  e v o l v e d  d u r i n g  t h e  s e q u e n c e  of 
s p e c t r a  s h o w n  in  Fig.  3. O n  t h e  bas i s  of t h e  a p p r o x i -  
m a t e l y  2 /1  r a t i o  f o r  t h e  v o l u m e s  of n i t r o g e n  e v o l v e d  
a n d  c a r b o n  m o n o x i d e  p r e v i o u s l y  c h e m i s o r b e d  i t  a p -  
p e a r s  t h a t  t he  n i t r i c  ox ide  w a s  i n v o l v e d  in  a n  o x i d a -  
t ive  c h e m i s o r p t i o n  o n  t h e  r e d u c e d  i ron .  T h e  o x i d a t i v e  
p h a s e  of th i s  r e a c t i o n  c a n  be  e x p r e s s e d  a s  

2NO + 2Feted. ~ 2FeOaa~. q- N2~ [i] 

E q u a t i o n  [1] i n d i c a t e s  t h a t  e a c h  m o l e c u l e  of n i t r o -  
gen  c o r r e s p o n d s  to loss of t w o  r e d u c e d  m e t a l l i c  s u r f a c e  
sites.  Th i s  is t h e r e f o r e  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  
t h a t  t h e  n u m b e r  of e v o l v e d  n i t r o g e n  m o l e c u l e s  is one  
h a l f  t h e  n u m b e r  of c a r b o n  m o n o x i d e  m o l e c u l e s  w h i c h  
c o u l d  b e  e h e m i s o r b e d .  

In  Eq. [1] t h e  o x y g e n  a t t a c h e d  to t h e  i r o n  is i n d i -  
c a t ed  as b e i n g  a d s o r b e d .  T h i s  d e s i g n a t i o n  is u s e d  to 
e m p h a s i z e  t h e  d i f f e r e n c e  b e t w e e n  t h e  s u r f a c e  o x i d e  
f o r m e d  by  t he  o x i d a t i v e  c h e m i s o r p t i o n  of n i t r i c  ox ide  
a n d  t h e  b u l k  or  p r e - o x i d i z e d  t y p e  of i r o n  o x i d e  w h i c h  
w e r e  d i s c u s s e d  p r e v i o u s l y .  T h i s  d i f f e r e n t i a t i o n  is 
n e c e s s a r y  b e c a u s e  c h e m i s o r p t i o n  of n i t r i c  o x i d e  on  t h e  
Eq.  [1] ox ide  p r o d u c e d  a b a n d  a t  1750 cm -1  w h i l e  
c h e m i s o r p t i o n  of n i t r i c  o x i d e  on  t h e  b u l k  or  p r e -  
ox id i zed  i r o n  o x i d e  p r o d u c e d  a b a n d  a b o v e  1820 c m - L  

T h e  b a n d  o b s e r v e d  a t  1750 c m  -1  is a t t r i b u t e d  to t h e  
n i t r o g e n - o x y g e n  s t r e t c h i n g  f r e q u e n c y  in  a spec ies  
f o r m e d  b y  c h e m i s o r p t i o n  of n i t r i c  o x i d e  o n  FeOaas 

NO + FeO~d~ --> Fe--O--N ---- Oads [2] 

P a r t i a l  s u p p o r t  fo r  t h i s  a s s i g n m e n t  c o m e s  f r o m  the  
o b s e r v a t i o n  of  b a n d s  n e a r  1700 cm -1  in  o r g a n i c  n i -  
t r i t e s  of t h e  t y p e  R O N O  (11) .  



Vol.  113, No.  3 I N F R A R E D  S T U D Y  ' O F  C O R R O S I O N  I N H I B I T O R S  221 

4 0  

5O 
Z 
o 
U) 
m 6 0  
2E (,D 
z 

~ 70 

Z i , f  

~ 80 
w 
n 

90 
J 

2100  

o 
r 
a, o 

0 

f 

I I I I 
2 0 0 0  1900  1 8 0 0  1 7 0 0  

WAVENUMBERS (CM -~) 

Fig. 4. Co-adsorbed carbon monoxide and nitric oxide on iron: 
A, carbon monoxide chemisorbed on the reduced iron; B, after 
co-adsorbing nitric oxide on the unreducible iron phase. 

T h e  p r e s e n t  w o r k  i n d i c a t e s  t h a t  i t  is n o t  pos s ib l e  to  
p r e s e r v e  i r o n  s u r f a c e s  i n  t h e  r e d u c e d  s t a t e  a f t e r  e x -  
p o s u r e  to  n i t r i c  o x i d e  a t  r o o m  t e m p e r a t u r e .  F o r  t h i s  
r e a s o n  t h e  1750 cm -1 b a n d  is a t t r i b u t e d  to n i t r i c  o x i d e  
c h e m i s o r b e d  on  i r o n  w h i c h  w a s  in  t h e  r e d u c e d  s t a t e  
p r i o r  to  e x p o s u r e  to n i t r i c  ox ide  a n d  is n o t  r e f e r r e d  to 
as n i t r i c  o x i d e  on  r e d u c e d  i ron .  T h e r e  is  a d i s c r e p a n c y  
b e t w e e n  t h i s  c o n c e p t  a n d  t h e  c o n c l u s i o n s  of T e r e n i n  
a n d  R o e v  (15) .  T h e s e  w o r k e r s  o b s e r v e d  a b a n d  a t  2008 
c m - 1  w h i c h  t h e y  a t t r i b u t e  to n i t r i c  o x i d e  c h e m i s o r b e d  
on  r e d u c e d  i r o n  as F e - - N = - O  +. I n  t h i s  case  t h e  i r o n  
a t o m  is c o n s i d e r e d  as a c o n s t i t u e n t  of a r e d u c e d  
m e t a l l i c  pa r t i c l e .  T h u s  i t  is s i gn i f i c an t l y  d i f f e r e n t  
f r o m  t h e  i r o n  in  o u r  F e  + + : N O  + s t r u c t u r e  b e c a u s e  
h e r e  t he  F e  ++ r e f e r s  to  a n  i r o n  c a t i o n  in  a n  oxide.  
T h e  2008 cm -1  b a n d  h a s  no t  b e e n  o b s e r v e d  in  t h e  
p r e s e n t  w o r k  e v e n  t h o u g h  i t  s h o w s  up  s t r o n g l y  in  t h e  
T e r e n i n  a n d  R o e v  s p e c t r u m .  M o r e o v e r ,  if  t h e  2008 
c m  -~ b a n d  w e r e  o b s e r v e d ,  i t  w o u l d  n o t  be  pos s ib l e  to 
a t t r i b u t e  i t  to n i t r i c  o x i d e  on  r e d u c e d  i r o n  w i t h o u t  
a b a n d o n i n g  t h e  c o n c e p t  of t h e  o x i d a t i v e  n a t u r e  of 
n i t r i c  o x i d e  c h e m i s o r p t i o n .  

Co-adsorption of carbon monoxide and nitric oxide. 
- - T h e  a b o v e  d i s cus s ion  i m p l i e s  t h a t  t h e  1750 cm -1 
b a n d  is p r o d u c e d  b y  a n  o x i d a t i v e  c h e m i s o r p t i o n  of 
n i t r i c  o x i d e  on  t h e  r e d u c e d  i ron  s i t es  w h i c h  w e r e  
i n i t i a l l y  c a p a b l e  of c h e m i s o r b i n g  c a r b o n  m o n o x i d e .  
Th i s  c o n c l u s i o n  is s u p p o r t e d  b y  o b s e r v a t i o n s  m a d e  
w h e n  n i t r i c  ox ide  is a d d e d  to r e d u c e d  s a m p l e s  on  
w h i c h  c a r b o n  m o n o x i d e  is c h e m i s o r b e d .  S p e c t r u m  A 
of Fig. 4 was  r e c o r d e d  a f t e r  c h e m i s o r b i n g  0.09 cc of 
c a r b o n  m o n o x i d e  on  a r e d u c e d  i r o n  s am p l e .  T h e  
s t r o n g  b a n d  a t  1980 cm -~ is a t t r i b u t e d  to t h e  c a r b o n -  
o x y g e n  s t r e t c h i n g  f r e q u e n c y  in  F e - - C - - O .  S p e c t r u m  
B of Fig.  4 w a s  o b s e r v e d  a f t e r  d o s i n g  in  s m a l l  q u a n -  
t i t i es  of n i t r i c  ox ide  u n t i l  a t o t a l  of 0.12 cc of n i t r i c  
ox ide  h a d  b e e n  added .  E v e n  t h o u g h  a s l i g h t  p e r t u r -  
b a t i o n  of t h e  c a r b o n  m o n o x i d e  b a n d  c a u s e d  a s h o u l d e r  
to a p p e a r  a t  2020 c m  -1, t h e  c o n c l u s i o n  is t h a t  t h e  
b a n d  a t  1820 cm -1  ( c h a r a c t e r i s t i c  of n i t r i c  o x i d e  on  
o x i d i z e d  i r o n )  g r e w  w i t h o u t  p r o f o u n d l y  a f fec t ing  t h e  
c h e m i s o r b e d  c a r b o n  m o n o x i d e .  A s m a l l  b a n d  is o b -  
s e r v e d  a t  1750 cm 1 in s p e c t r u m  B. H o w e v e r ,  t h i s  b a n d  
is s m a l l  c o m p a r e d  to t h e  1750 c m  -1  b a n d  in  s p e c t r u m  
C of Fig.  3. Thus ,  i t  a p p e a r s  t h a t  t h e  c h e m i s o r b e d  c a r -  
b o n  m o n o x i d e  is e f fec t ive  in  p r o t e c t i n g  t h e  u n d e r l y i n g  
i r o n  s u r f a c e  f r o m  o x i d a t i o n  b y  n i t r i c  oxide .  T h i s  p r o -  
t e c t i o n  is n o t  c o m p l e t e  b e c a u s e  a n  a d d i t i o n a l  1.0 cc of 
n i t r i c  o x i d e  c a u s e d  t h e  d i s a p p e a r a n c e  of t h e  c h e m i -  
s o r b e d  c a r b o n  m o n o x i d e  b a n d  a n d  t h e  1750 c m  -~  b a n d  
i n c r e a s e d  to t h e  l eve l s  e x p e c t e d  on  t h e  bas i s  of spec -  
t r u m  C of Fig.  3. 

Ef]ect of oxygen and water on chemisor nitric 
oxide.--I f  a c h e m i s o r b e d  n i t r o g e n - o x y g e n  species  is 
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Fig. 5. Effect of oxygen on chemisorbed nitric oxide: A, nitric 
oxide chemisorbed on both oxidized and initially reduced iron 
phases; B, after adding oxygen at 30~ 

to  be  r e g a r d e d  as a s i gn i f i can t  f a c t o r  i n  c o r r o s i o n  i n -  
h ib i t i on ,  i t  is r e a s o n a b l e  to  e x p e c t  t h a t  t h e s e  spec ies  
w o u l d  re s i s t  d i s p l a c e m e n t  b y  o x y g e n  or  w a t e r .  T h e  
ef fec t  of e x p o s i n g  c h e m i s o r b e d  n i t r i c  o x i d e  to o x y g e n  
is  s h o w n  in  Fig.  5. S p e c t r u m  A was  o b s e r v e d  a f t e r  
a d d i n g  0.75 ce of n i t r i c  ox ide  to a r e d u c e d  i r o n  s amp le .  
Th i s  s p e c t r u m  s h o w s  t h e  1820 c m  -1  a n d  1750 cm -1  
b a n d s  w h i c h  h a v e  b e e n  d i s c u s s e d  for  Fig.  3. 

S p e c t r u m  B of Fig.  5 was  o b s e r v e d  a f t e r  a d d i n g  1.15 
cc of oxygen .  T h e  o x y g e n  c a u s e d  c o m p l e t e  r e m o v a l  of 
t h e  1750 cm -1  b a n d .  T h e  1820 c m  -1  b a n d  h a s  b e e n  
d e c r e a s e d  b u t  a l a r g e  p o r t i o n  r e m a i n s .  T h e  d i s a p -  
p e a r a n c e  of t h e  1750 cm -~  b a n d  i n d i c a t e s  t h a t  t h e  
Fe---O--N~-~O species ,  w h i c h  is t h o u g h t  to  b e  r e s p o n -  
s ib le  fo r  t h i s  b a n d ,  is no t  a s ign i f i can t  f a c t o r  in  co r -  
r o s i o n  i n h i b i t i o n .  T h e  r e t e n t i o n  of t h e  1820 c m  -1  b a n d  
s u g g e s t s  t h a t  a n y  i n h i b i t i v e  p r o p e r t i e s  of a d s o r b e d  
n i t r o g e n - o x y g e n  spec ies  w o u l d  b e  a s s o c i a t e d  w i t h  t h e .  
F e  + + : N O  + s t r u c t u r e .  

T h e  d e c r e a s e  in  t r a n s m i s s i o n ,  w h i c h  is o b s e r v e d  in  
g o i n g  to s p e c t r u m  B of Fig. 5, sugges t s  t h a t  f u r t h e r  
o x i d a t i o n  of t h e  p a r t i c l e s  on  w h i c h  t h e  - - O - - N = O  
spec ies  (1750 cm -1 )  w e r e  a d s o r b e d  m a y  h a v e  b e e n  a 
f a c t o r  in  t h e  d i s p l a c e m e n t  of t h i s  species .  

E x p o s u r e  of a s amp le ,  e q u i v a l e n t  to t h a t  w h i c h  g ives  
s p e c t r u m  A of Fig.  5, to w a t e r  v a p o r  d id  n o t  cause  
d i s p l a c e m e n t  of e i t h e r  t h e  1820 c m  -1  o r  t h e  1750 c m  -1  
b a n d s .  I f  a r e d u c e d  s a m p l e  w a s  e x p o s e d  to w a t e r  v a p o r  
p r i o r  to a d s o r p t i o n  of n i t r i c  oxide,  t h e  s p e c t r u m  of t h e  
c h e m i s o r b e d  n i t r i c  ox ide  s h o w e d  o n l y  a s ing le  b a n d  a t  
1820 cm -1. P r i o r  e x p o s u r e  to w a t e r  v a p o r  w o u l d  r e -  
su l t  i n  f o r m a t i o n  of a t h i n  o x i d e  f i lm on  t h e  i ron .  R e -  
su l t s  p r e s e n t e d  in  Fig. 2 i n d i c a t e  t h a t  n i t r i c  ox ide  a d -  
s o r p t i o n  w o u l d  t h e n  p r o d u c e  o n l y  t h e  one  n i t r o g e n  
ox ide  b a n d  a t  1820 c m  -1  as  w a s  o b s e r v e d .  P r e a d s o r p -  
t i on  of n i t r o g e n  o x i d e  spec ies  o n  t h e  r e d u c e d  i r o n  (as  
O - - N = O  g r o u p s )  w a s  a p p a r e n t l y  a b l e  to p r e v e n t  t h i s  
ox ide  f i lm f o r m a t i o n .  

ELfect of excess nitric oxide.--In Fig. 3 a d e c r e a s e  in  
t r a n s m i s s i o n  is o b s e r v e d  i n  g o i n g  f r o m  s p e c t r u m  C to 
s p e c t r u m  D. T h i s  d e c r e a s e  p r o c e e d e d  f u r t h e r  as m o r e  
n i t r i c  o x i d e  w a s  a d d e d  u n t i l  a t r a n s m i s s l o n  l e v e l  of 
a b o u t  50% w a s  r e a c h e d  a f t e r  a d d i t i o n  of 0.95 cc of 
n i t r i c  oxide.  Th i s  d e c r e a s e  in  t r a n s m i s s i o n  is e v i d e n c e  
fo r  a c h a n g e  in  t h e  n a t u r e  of t h e  r e a c t i o n  s ince  t h e r e  
w a s  no  d e c r e a s e  in  t r a n s m i s s i o n  in  g o i n g  f r o m  spec -  
t r u m  A to s p e c t r u m  C. O t h e r  e v i d e n c e  fo r  t h e  c h a n g -  
i ng  c h a r a c t e r  of t h e  r e a c t i o n  of n i t r i c  o x i d e  w i t h  t h e  
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Fig. 6. Growth behovior of chemisorbed nitric oxide bonds 

i r o n  s a m p l e  was  a l so  no ted .  W h e n  m o r e  n i t r i c  o x i d e  
was  added ,  a f t e r  t h e  s t age  r e p r e s e n t e d  b y  s p e c t r u m  D, 
n i t r o u s  o x i d e  a n d  n i t r i c  o x i d e  w e r e  d e t e c t e d  in  t h e  
gaseous  p h a s e  w h i l e  t h e  e v o l u t i o n  of n i t r o g e n  ceased.  

T h e  m o s t  p u z z l i n g  a s p e c t  of t h e  c h a n g i n g  c h a r a c t e r  
of t h e  r e a c t i o n  l ies  in  t h e  o b s e r v a t i o n  of a f u r t h e r  i n -  
c r e a s e  in  t h e  i n t e n s i t y  of t h e  1750 cm -1  b a n d .  T h i s  
i n c r e a s e  c a n n o t  b e  e x p l a i n e d  o n  t h e  bas i s  t h a t  t h e  
1750 cm -1 b a n d  is d u e  so le ly  to a m o n o l a y e r  of 
F e - - O - - N = O  on  t he  i n i t i a l l y  r e d u c e d  i r o n  su r face .  

F i g u r e  6 s h o w s  a p lo t  of t h e  a b s o r b a n c e s  of t h e  1820 
c m  -1 a n d  1750 c m  -1  b a n d s  as a f u n c t i o n  of t h e  a m o u n t  
of n i t r i c  o x i d e  added .  Up  to t h e  r e g i o n  of 0.8-0.9 cc t h e  
a m o u n t  of n i t r i c  o x i d e  a d d e d  is e q u i v a l e n t  to  t h e  
a m o u n t  c h e m i s o r b e d  s ince  no  r e s i d u a l  n i t r i c  o x i d e  
c o u l d  b e  d e t e c t e d .  T h e  r e s i d u a l  p r e s s u r e  of n i t r i c  o x i d e  
a f t e r  a d d i t i o n  of 0.95 cc w a s  ~0 .01  m m .  T h e  a b s o r b a n c e  
is t he  log Io/I w h e r e  I is t he  t r a n s m i s s i o n  a t  t h e  b a n d  
p e a k  a n d  Io is  t h e  ba se  l i ne  b a c k g r o u n d  t r a n s m i s s i o n  
a t  t he  p e a k  f r e q u e n c y .  

T h e  specif ic  e x t i n c t i o n  coeff ic ient  of t h e  spec ies  r e -  
s p o n s i b l e  fo r  t h e  1750 c m  -1 b a n d  w as  c a l c u l a t e d  f r o m  
t h e  i n t e n s i t y  of t h i s  b a n d  in  p r e v i o u s  s p e c t r a  u s i n g  
t h e  a s s u m p t i o n  t h a t  t h e  a d s o r b e d  spec ies  is f o r m e d  as 
i n d i c a t e d  b y  Eq. [1] a n d  [2].  Th i s  e x t i n c t i o n  coeffi-  
c i e n t  is 0.1 x 10 17 c m 2 / m o l e c u l e  ( w h e r e  e x t i n c t i o n  
coeff ic ient  k is de f ined  by:  2.3 log Io/I = kC; C is c o n -  
c e n t r a t i o n  in  m o l e c u l e s  p e r  s q u a r e  c e n t i m e t e r  of b e a m  
p a t h ) .  Th i s  v a l u e  is a b o u t  one  h a l f  t h a t  of t he  e x t i n c -  
t i o n  coeff ic ient  of c a r b o n  m o n o x i d e  c h e m i s o r b e d  on  
r e d u c e d  i ron .  F o r  t h e  s a m p l e  u s e d  to p r o v i d e  t h e  d a t a  
of Fig. 6, t h e  a b s o r b a n c e  due  to c h e m i s o r b e d  c a r b o n  
m o n o x i d e  w a s  0.22. T h i s  w o u l d  p r e d i c t  a m a x i m u m  
i n t e n s i t y  of a b o u t  0.11 fo r  t h e  1750 c m  -1  b a n d  if  t h i s  
b a n d  is d u e  so le ly  to F e - - O - - N =  O g r o u p s  o n  t h e  p o r -  
t i o n  of t h e  s u r f a c e  w h i c h  w a s  i n i t i a l l y  c a p a b l e  of 
c h e m i s o r b i n g  c a r b o n  m o n o x i d e .  T h e  f lat  p o r t i o n  fo r  
t h e  1750 cm -1 a b s o r b a n c e  c u r v e  in  Fig. 6 is s l i g h t l y  
l o w e r  t h a n  this ,  b u t  t h e  a g r e e m e n t  is a ccep t ab l e .  

T h e  c h a n g e  to t he  e v o l u t i o n  of n i t r o u s  ox ide  r a t h e r  
t h a n  n i t r o g e n  sugges t s  t h a t  n i t r o g e n  e v o l u t i o n  w a s  r e -  
l a t e d  to t h e  p r e s e n c e  of r e d u c e d  i r o n  su r face .  W h e n  
th i s  t y p e  of s u r f a c e  w as  no  l o n g e r  a v a i l a b l e ,  t he  
s t o i e h i o m e t r y  of  t h e  o x i d a t i v e  r e a c t i o n  sugges t s  t h a t  
i t  i n v o l v e d  r e a c t i o n  of a m o l e c u l e  of n i t r i c  ox ide  f r o m  
t h e  gaseous  p h a s e  w i t h  a m o l e c u l e  of n i t r i c  o x i d e  
w h i c h  w a s  p r e v i o u s l y  c h e m i s o r b e d .  

A b u l k  o x i d a t i o n  cou ld  e x p l a i n  t h e  d e c r e a s e  in  
t r a n s m i s s i o n ,  b u t  i t  c a n n o t  e x p l a i n  t h e  a d d i t i o n a l  
g r o w t h  of t h e  1750 cm -1  b a n d .  O n  t h e  bas i s  of p r e s e n t  
ev idence ,  i t  is m o s t  r e a s o n a b l e  to  a s s u m e  t h a t  t h e  i n -  
c r e a s e  in  t h e  1750 cm -1  b a n d  a n d  a t  l e a s t  some  of t h e  
i n c r e a s e  in  t h e  1820 c m  -~  b a n d ,  w h i c h  is o b s e r v e d  
a b o v e  t h e  p l a t e a u  r e g i o n  (0.5 cc) of Fig.  6, w as  d u e  to 
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Fig. 7. Chemisorption of butyl nitrite on iron: A, butyl nitrite 
vapor (adsorbate); B, chemisorbed butyl nitrite on iron. 

t h e  f o r m a t i o n  of i r o n  n i t r o sy l ,  F e ( N O ) 4 .  I r o n  n i t r o s y l  
ha s  b a n d s  a t  1810 c m  -1 a n d  1730 cm -1  (17) .  A s ing le  
m o n o l a y e r  of i r o n  n i t r o s y l  c o u l d  g ive  t h e  a b s o r b a n c e  
v a l u e s  s h o w n  in  Fig.  6. H o w e v e r ,  t h e  p o s s i b i l i t y  of 
t h e  f o r m a t i o n  of  s o m e  b u l k  i r o n  n i t r o s y l  c a n n o t  b e  e x -  
c luded .  

Adsorption o] butyl  nitrite on reduced iron.---The 
v a p o r  p r e s s u r e  of n - b u t y l  n i t r i t e  is a b o u t  13 m m  at  
r o o m  t e m p e r a t u r e .  T h i s  v a p o r  p r e s s u r e  p e r m i t s  i t  to 
be  u sed  as a v a p o r  p h a s e  c o r r o s i o n  i n h i b i t o r .  I t  a lso 
p e r m i t s  c o n v e n i e n t  h a n d l i n g  in  t h e  gas  t r a n s f e r  p r o -  
c e d u r e s  w h i c h  a r e  a s s o c i a t e d  w i t h  t h e  i n f r a r e d  m e t h o d .  
H o w e v e r ,  t h e r e  is some  l i k e l i h o o d  of i ts  c o n d e n s i n g  on  
t h e  s i l ica  p o r t i o n s  of t h e  s a m p l e .  T h e  s p e c t r u m  of 
b u t y l  n i t r i t e  p h y s i c a l l y  a d s o r b e d  on  s i l ica  is s i m i l a r  
to t h a t  of b u t y l  n i t r i t e  vapor .  T h e  p h y s i c a l l y  a d s o r b e d  
b u t y l  n i t r i t e  c a n  b e  ea s i ly  r e m o v e d  f r o m  s i l ica  b y  
e v a c u a t i o n  a t  r o o m  t e m p e r a t u r e .  

T h e  s p e c t r u m  of b u t y l  n i t r i t e  v a p o r  is s h o w n  as 
s p e c t r u m  A of Fig. 7. Th i s  s p e c t r u m  was  o b s e r v e d  w i t h  
13 m m  of b u t y l  n i t r i t e  in  a gas  ce l l  w h i c h  h a d  a p a t h  
l e n g t h  of 9.5 cm. T h e  b a n d s  a t  2960 cm -1, 2920 cm -1, 
a n d  2850 cm -1 a r e  c a r b o n - h y d r o g e n  s t r e t c h i n g  b a n d s ,  
a n d  t h e  1465 cm -~  a n d  1370 c m  -1  b a n d s  a r e  d u e  to 
c a r b o n - h y d r o g e n  b e n d i n g  v i b r a t i o n s  of t h e  b u t y l  
g roup .  T h e  b a n d s  a t  1665 a n d  1620 cm -1  h a v e  b e e n  
a t t r i b u t e d  (11) to t h e  s t r e t c h i n g  v i b r a t i o n s  of t h e  n i -  
t r o g e n - o x y g e n  d o u b l e  b o n d  i n  t h e  t r a n s ,  R - - O  

\ 
N = O  

a n d  cis, R - - O  , i somers ,  r e s p e c t i v e l y .  
\ 

N 

O 

S p e c t r u m  B of Fig. 7 was  o b s e r v e d  a f t e r  a d d i n g  0.28 
cc of b u t y l  n i t r i t e  v a p o r  to a r e d u c e d  i r o n  s amp le .  
T h i s  s p e c t r u m  s h o w s  b a n d s  a t  1815 a n d  1750 cm -1 
w h i c h  a r e  s i m i l a r  to t h e  b a n d s  o b s e r v e d  a f t e r  a d d i n g  
n i t r i c  o x i d e  to r e d u c e d  samples .  I t  a p p e a r s  t h a t  t h e r e  
w a s  n o  b u t y l  n i t r i t e  p h y s i c a l l y  a d s o r b e d  on  t h e  s i l ica  
b e c a u s e  b a n d s  a r e  n o t  o b s e r v e d  a t  1665 a n d  1620 cm -1. 

T h e  h y d r o c a r b o n  b a n d s  of s p e c t r u m  B a r e  s i m i l a r  to 
t hose  of s p e c t r u m  A. Th i s  s i m i l a r i t y  i n d i c a t e s  t h a t  t h e  
m a j o r i t y  of t h e  a d s o r b e d  b u t y l  h y d r o c a r b o n  r a d i c a l s  
r e m a i n e d  in tac t .  

E v a c u a t i o n  a t  r o o m  t e m p e r a t u r e  h a d  n o  ef fec t  on  
a n y  of t h e  b a n d s  in  s p e c t r u m  B. H o w e v e r ,  a f t e r  e v a c u -  
a t i o n  a t  100~176 i t  was  o b s e r v e d  t h a t  t h e  1815 
cm -1  a n d  1750 cm -1 n i t r o g e n - o x y g e n  b a n d s  d i s a p -  
p e a r e d  w h i l e  t h e  h y d r o c a r b o n  b a n d s  r e m a i n e d  u n -  
affected.  T h e  h y d r o c a r b o n  b a n d s  b e c a m e  s m a l l e r  a f t e r  
t h e  t e m p e r a t u r e  was  i n c r e a s e d  to 200~ b u t  d id  n o t  
c o m p l e t e l y  d i s a p p e a r  u n t i l  t h e  t e m p e r a t u r e  w a s  i n -  
c r e a s e d  to 380~ 
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Fib. 8. Chemisorption of butyl nitrite on iron covered by an ad- 
sorbed water film: A, adsorbed water; B, after adding butyl nitrite 
vapor. 

At tempera tures  above 200~ bands at t r ibuted to 
carboxylate  ions were  observed near  1550 and 1420 
cm -1. These bands indicate that  the hydrocarbon f rag-  
ments on the surface were  being par t ia l ly  oxidized. 
This oxidation is thought  to have  involved oxygen 
furnished by the iron oxide. 

The difference in the ease of r emova l  of the ni t ro-  
gen-oxygen  and hydrocarbon bands shows that  the 
butyl ni t r i te  had dissociated. However ,  there  is a 
question as to whe ther  the dissociation occurred dur-  
ing the evacuation above 100~ or whe ther  the dissoci- 
ation occurred dur ing the init ial  chemisorpt ion of 
room temperature .  The n i t rogen-oxygen  bands at 1850 
and 1750 cm -1 are s imilar  to those observed when  
nitric oxide was chemisorbed. This is taken as an indi-  
cation that  the dissociation of butyl  ni tr i te  occurred 
during the chemisorpt ion at room temperature .  It  is 
difficult to account for the 1815 and 1750 cm -~ bands 
on the basis of s tructures in which the n i t rogen-oxy-  
gen funct ional  groups remain  at tached to butyl  groups. 

Butyl  ni t r i te  might  dissociate by rupture  of the car-  
bon-oxygen bond, RONO --> R - -  § ONO, or by rup-  
ture of the oxygen-n i t rogen  bond, RONO ~ R O - -  + 
NO. The spectra of the residual  hydrocarbon f rag-  
ments are not useful in clar i fying which type of 
dissociation occurs. It is difficult to dist inguish be tween  
the spectra of adsorbed butyl  radicals, C4Hn- ,  and 
adsorbed butoxy radicals, C4HnO-- .  Moreover,  rup ture  
to ini t ial ly give butyl  radicals might  result  in butoxy 
radicals if the butyl  radical  were  adsorbed on an oxy-  
gen. 

Nitrogen was evolved during the init ial  phases of 
the chemisorpt ion of butyl  ni t r i te  on the reduced iron 
sample. This ni t rogen was probably produced by the 
oxidat ive chemisorpt ion of nitric oxide formed dur ing 
decomposition of butyl  nitrite.  The decrease in t rans-  
mission, which has been associated with  oxidat ion of 
the iron, was also observed during the chemisorpt ion 
of butyl  nitrite. 

Chemisorption of butyl nitrite on pre-oxidized iron. 
- -Chemisorp t ion  of butyl  ni t r i te  on pre-oxidized sam- 
ples produced spectra similar  to that  of spectrum B of 
Fig. 7. Ni t rogen-oxygen  bands were  observed at 1815 
and 1750 cm -1. As in the case of butyl  ni t r i te  on 
reduced iron, the 1815 and 1750 cm - I  bands were  re -  
moved by evacuation at 150~ whi le  the hydrocarbon 
bands were  retained. 

If the butyl  ni t r i te  had dissociated to butoxy radicals 
and nitric oxide, observation of the 1750 cm -1 would  
not be expected since nitric oxide did not produce this 
band when adsorbed on a pre-oxidized sample. Thus, 

the observat ion of the 1750 cm -~ band in this case 
presents a question which is difficult to resolve. Tenta-  
tively, the 1750 cm -~ band of butyl  ni t r i te  on a pre-  
oxidized sample is ascribed to F e - - O - - N ~ O  produced 
by adsorption o f - - O - - N : O  fragments .  These resul t  
f rom the rup ture  of the carbon-oxygen  bonds 
RONO --> R - -  + O--N~---O. At tempts  have  been made 
to support  this explanat ion by adsorbing ni trogen 
dioxide on iron and iron oxide samples, but  no chemi-  
sorbed O - - N : O  species were  detected. 

E]]ect ol water  on butyl  nitrite chemisovption.--In 
many practical  situations if butyl  n i t r i te  were  to be 
an effective corrosion inhibitor,  it would  necessari ly 
adsorb on a surface which was ini t ial ly covered wi th  
a layer  of water.  In order  to de termine  whe ther  p re -  
adsorbed wate r  would  re tard  chemisorpt ion of butyl  
nitrite,  a reduced iron sample was exposed to 6 cc of 
water  vapor  pr ior  to admission of butyl  nitrite. This 
quant i ty  of water  was sufficient to cover all of the sur-  
face of the sample including the silica. 

Spect rum A of Fig. 8 was observed after  adsorption 
of the wate r  and prior  to adsorption of the butyl  ni-  
trite. It  shows a strong band at 1620 cm -1 which is 
due to the hydrogen-oxygen-hydrogen  bending mode 
of physical ly adsorbed water.  Spec t rum B of Fig. 8 was 
observed after  adding 0.65 cc of butyl  ni t r i te  vapor. 
The observed n i t rogen-oxygen  bands are similar  to 
those of Fig. 5. This shows that  the preadsorbed wate r  
did not  re ta rd  the chemisorpt ion of butyl  nitrite. 

Significance ol results to corrosion inhibit~o~.--The 
work  presented in this paper  shows that  both nitric 
oxide and butyl  ni t r i te  cause oxidation of the surface 
of reduced iron and that  chemisorpt ion of these mole-  
cules produces s t rongly held n i t rogen-oxygen  species 
on oxide surfaces; wi th  butyl  nitrite,  s trongly adsorbed 
hydrocarbon f ragments  are also detected. On the basis 
of the specific examples  studied, it is reasonable to 
conclude that  chemisorpt ion on reduced iron is not 
l ikely to be a significant factor in corrosion inhibit ion 
by nitrites. 

The role of the chemisorbed hydrocarbon fragments,  
produced by dissociation of butyl  nitrite,  cannot be 
evaluated on the basis of present  results. It  is~ reason-  
able to assume that  the chemisorbed hydrocarbons 
would render  the surface par t ia l ly  hydrophobic  and 
would thereby provide some protect ive action. How-  
ever,  the many examples  of the inhibi t ive propert ies  
of sodium ni t r i te  show that  a hydrocarbon consti tuent 
is not essential to the corrosion inhibi t ive propert ies 
of inorganic nitrites. 

The evidence presented here  shows that  n i t rogen-  
oxygen species adsorb strongly on iron oxide and also 
resist d isplacement  by wate r  and oxygen. Extension 
of these observations to a conclusion regarding the 
role of the adsorbed species in corrosion inhibit ion is 
admit tedly  speculative. However ,  it is reasonable to 
consider that  the n i t rogen-oxygen  species, which is 
thought  to adsorb as Fe  + + :NO +, creates snrface con- 
ditions which are significantly different f rom those 
which prevai l  in the absence of the inhibitor. In the 
lat ter  case the surface is probably covered with  species 
such as O =, O H - ,  or C1-. Replacement  of these anions 
by the NO + could be expected to decrease the poten-  
tial drop across the oxide layer  and thereby  reduce 
the field assisted migrat ion of meta l  ions through the 
oxide barrier .  

Present  plans call for a continuation of the infrared 
study of adsorbed corrosion inhibitors wi th  emphasis on 
the deve lopment  of techniques which preclude the 
necessity of using silica supported samples. Hopefully,  
an application of infrared methods to samples which 
are suitable for simultaneous testing of the efficiency 
of corrosion inhibition will provide  addit ional  wor th -  
while  information.  

Acknowledgment 
The authors wish to express appreciat ion to D. Bauer 

and B. Clark for help with the exper imenta l  work, 
to L. C. Roess and A. N. Webb for s t imulat ing discus- 



224 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

sions, and to the management  of Texaco, Inc. for sup- 
port  of this work. 

Manuscript  received Sept. 9, 1965. 

Any discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  

REFERENCES 
1. M. Cohen, Can. J. Chem., 37, 286 (1959). 
2. J. Kruger,  This Journal, 110, 654 (1963). 
3. J. L. Ord and J. H. Bartlet t ,  ibid., 112, 160 (1965). 
4. H. H. Uhlig, Ann. N. Y. Acad. Sci., 58, 843 (1954). 
5. u M. Kolotyrkin,  Z. Elektrochem., 62, 664 (1958). 
6. Yung-Fang  Yu Yao, J. Phys. Chem., 68, 101 (1964). 
7. R. P. Eischens and W. A. Pliskin, Adv. Catalysis, 

X, 1 (1958). 

March 1966 

8. R. P. Eischens, S. A. Francis, and W. A. Pliskin, 
J. Phys. Chem., 6@, 194 (1956). 

9. G. Blyholder  and L. D. Neff, ibid., 66, 1664 (1962). 
10. R. E. Nightingale,  A. R. Downie, D. L. Rotenburg,  

B. Crawford,  and R. A. Ogg, ibid., 58, 1047 (1947). 
11. P. Tarte, J. Chem. Phys., 20, 1570 (1952). 
12. A. F. Wells, "S t ruc tura l  Inorganic Chemistry,"  3rd 

ed., p. 491, Oxford Press (1962). 
13. D. E. Davis, U. R. Evans, and J. M. Agar, Proc. 

Roy. Soc. London, 225A, 443 (1954). 
14. P. B. Sewel l  and M. Cohen, This Journal, U l ,  508 

(1964). 
15. A. N. Terenin and L. M. Roev., Spectrochim. Acta, 

16, 274 (1959). 
16. R. H. Doremus, J. Chem. Phys., 42, 414 (1965). 
17. W. P. Griffith, J. Lewis, and G. Wilkinson, J. 

Chem. Soc., 1958, 3493. 

The Gallium-Phosphorus-Zinc Ternary Phase Diagram 
M. B. Panish 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The data obtained f rom a series of differential  thermal  analysis studies 
have been used, along with several  x - r ay  studies, informat ion f rom the 
l i terature,  and a regular  solution computat ion to construct a port ion of the 
condensed te rnary  phase diagram for the gal l ium-phosphorus-z inc  system. 
The phase d iagram consists pr incipal ly  of the p r imary  phase fields of GaP 
and Zn3P2. 

The major  interest  in the Ga -P -Zn  te rnary  phase 
diagram is the result  of the current  interest  in electro-  
luminescence in gal l ium phosphide p -n  junctions made 
by the diffusion of zinc into n- type  GaP. Since the 
te rnary  phase diagram defines the stabili ty conditions 
for GaP in the presence of a third component,  it is 
cf importance in the selection of diffusion source com- 
positions and for the definition of crystal  growth 
conditions. 

Thurmond 's  (1) binary l iquidus data for the gal-  
l ium-phosphorus  system, and Hul tgren 's  (2) tabulated 
data for the gal l ium-zinc  system have been used, along 
with exper imenta l  data obtained f rom a series of dif-  
ferent ia l  thermal  analysis studies, and a regular  solu-  
tion extrapolat ion procedure, to construct  a port ion of 
the te rnary  phase diagram for the ga l l ium-phos-  
phorus-zinc system. 

The Binary Phase Systems 
GaP. - -Ga l l ium and phosphorus form a single con- 

gruent ly  mel t ing compound, GaP, wi th  a mel t ing point 
of 1465~ (3). Thurmond  (1) has uti l ized the solu- 
bility data of Rubenstein (3) and Hall  (4) along with  
an adaptat ion of the regular  solution t rea tment  of 
Vieland (5) to construct the binary phase diagram. 

Ga-Zn . - -Ga l l ium and zinc form a simple eutectic 
system with  a eutectic t empera tu re  of 25.5~ at a 
zinc concentrat ion of 3.7 a /o  (atom per cent).  Hul t -  
gren, Orr, Anderson, and Kel ley  (2) have constructed 
the phase diagram on the basis of measurements  by 
Heuman and Prede l  (6). 

P - Z n . - - T h e r e  is not enough data avai lable in the 
l i tera ture  for the construction of the P-Zn  binary 
phase diagram. Hansen (7) reports  the existence of 
two zinc phosphides, Zn3P2 and ZnP2. For  the purposes 
of the work  repor ted  here  it has been assumed that  the 
shape of the binary phase diagram is similar  to that  
reported for the Zn-As system (7). 

Experimental 
Semiconductor  grade phosphorus and zinc with pur i -  

ties bet ter  than 99.99% were  used in this work. The 
gal l ium in some runs was 99.9999% pure, but  for some 
runs in which large amounts of gal l ium were  required,  
recla imed gal l ium with pur i ty  bet ter  than 99.99% was 
utilized. 

Fused silica capsules wi th  a vo lume of about 13 cc 
which were  about 2/3 filled with mel t  were  used for 
the differential  thermal  analysis experiments .  The ex-  
per imenta l  details are ve ry  similar  to those which 
have  already been described for the study of the Ga-  
As-Zn system (8). 

In order  to obtain x - r a y  data for the phases present  
during cooling process, several  of the DTA cells were  
removed from the cooling apparatus before they had 
cooled enough to go through all the expected phase 
transitions. These cells were  then air or water  
quenched in an a t tempt  to freeze in the phases of 
interest.  

Results and Discussion 
The tempera ture  at which thermal  effects were  ob- 

served when melts of various compositions were  cooled 
are given in Table I. T1 represents  the t empera tu re  at 
which the surface of p r imary  crystal l izat ion is reached. 
T2 is the t empera tu re  of appearance of a second solid 
phase. T3 and T4 are tempera tures  at which there  are 
apparent ly  solid phase transit ions in Zn3P2. T5 is the 
tempera ture  at which a te rnary  peritectic is reached 
and the reaction 

Zn3P2 ~- 2Ga --> 2GaP ~- 3Zn [1] 

Table I. Thermal effects in the Ga-P-Zn ternary 

A t o m  p e r  c e n t  T e m p e r a t u r e  o f  t h e r m a l  e f f e c t ,  ~  

P h o s -  
Z i n c  G a l l i u m  p h o r u s  T1 T2 T.~ T4 T~ T~ 

90 .0  5 .0  5.0 8 8 9  4 9 8  8 5 0  ( 8 3 5 ) *  4 0 4  - -  
82 .5  8 .75  8 .75  9 5 4  6 2 9  846  (805)  4 0 8  - -  
77 .4  11.3  11.3  986  736  824  ** "~ - -  
77 .4  11.3  11 .3  988  745  8 3 9  817  4 0 6  - -  
73 .5  13 .75  13 .75  1018  (919)  8 2 9  822  ~ - -  
71 .6  23 .5  5 .0  903  - -  - -  - -  - -  331  
68 .1  15 .9  15 .9  1 0 5 5  9 8 8  8 2 7  8 1 7  4 1 5  
65 .0  27 .0  8 .0  968  - -  - -  - -  
62 .1  18 .9  18 .9  1 0 4 0  1017  825  8 1 7  4 0 1  
60 .0  2 5 . 0  15 .0  1026  962  ** 811  361  $ 
56 .0  40 .0  4 .0  9 3 7  . . . .  2 7 0  
55 .0  30 .3  14 .8  1 0 6 0  . . . .  3 2 4  
47 .0  41 .6  11.4  1075  . . . .  

* D o u b t f u l  o b s e r v a t i o n  is  i n d i c a t e d  b y  b r a c k e t s .  
** N o t  o b s e r v e d .  

N o t  d o n e .  
$ A p p a r e n t  i n h o m o g e n e i t y  d u r i n g  t h i s  r u n .  T h i s  p o i n t  h a s  b e e n  

d i s r e g a r d e d ,  
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Fig. 1. Thermal effects in the GaP-Zn pseudobinary. �9 This 
work; A ,  Thurmond; - - - Estimated from regular solution calcu- 
l a t i o n ; - - - ,  Estimated. 

occurs. T6 is the t empera tu re  at which a z inc-gal l ium 
phosphide mix tu re  precipitates.  F igure  1 is a plot of 
the t empera tu re  at which most of the thermal  effects 
described above were  observed in melts  whose over -a l l  
compositions were  along the GaP-Zn  pseudobinary.  

As can be seen f rom Table I and Fig. 1, exper i -  
menta l  thermal  effect data were  obtained only in the 
region of the te rnary  system in which the over -a l l  
phosphorus composition was less than about 19 a/o. 
The restr ict ion of exper imenta l  work  to this par t  of the 
phase diagram was. necessary because of the high equi-  
l ibr ium phosphorus pressures which would have  been 
encountered had exper iments  been done at h igher  
phosphorus composition. 

Construction oS the ternary diagram.--The Oa-P  
binary diagram of Thurmond  (1) and the Zn-Ga  
binary d iagram of Hul tg ren  (2) were  used as bound-  
aries for the te rnary  wi thout  modification. I t  was as- 
sumed that  the P-Zn  phase diagram is similar in shape 
to the As-Zn phase diagram; however ,  no effort has 
been made to show details of the te rnary  diagram in 
the region of the Zn-P  axis. 

The te rnary  G a - P - Z n  phase diagram is shown in 
Fig. 2. The position of the te rnary  eutectic va l ley  was 
obtained from the T1-Ts thermal  effect intersection on 
the GaP-Zn pseudobinary (Fig. 1), f rom the T2 the r -  
mal position for a point on cut C (Fig. 2 and 3), and 
f rom the position of the t e rnary  peri tect ic point. The 
te rnary  eutectic va l ley  was extrapola ted towards  the 
Zn-P axis of the diagram, by assuming that  the 

Zn PERITECTIC 
4PO~ NT Zn / X 

" \ 

/ / / o  >4- ----_~ _ ~  .oo-c 
:oo.c 

BC Z n P 2  
~176 

Ga G a P  p 
1465oc 

Fig. 2. The Ga-P-Zn ternary phase diagram 
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Fig. 3. Thermal effects for mixtures along several cuts in the 
Ga-P-Zn ternary system. 

G a-P-Z n  system behaves in a manner  s imilar  to that  
a l ready shown for the Ga-As-Zn  system (8). 

The composition at which the te rnary  peri tect ic oc- 
curs was obtained by assuming that  this composi- 
t ion is ve ry  close to the Ga-Zn axis and therefore  is 
essentially on the Ga-Zn binary at a composition cor- 
responding to the l iquid-sol id equi l ibr ium composition 
at the observed peritectic temperature .  This assump- 
tion is supported by the fact that  in the Z n - P  system 
the l iquidus has been repor ted  to rise steeply from the 
mel t ing point of pure  Zn (9). The b inary  eutectic t em-  
pera ture  is thus very  close to the mel t ing point of 
pure zinc and there  is ve ry  l i t t le phosphorus in the 
l iquid binary at the eutectic temperature .  

X - r a y  analysis of samples quenched after  format ion 
of the first solid phase were  found to contain only zinc, 
gallium, and GaP when the init ial  over -a l l  composition 
was along cuts A and B. When the init ial  over -a l l  
composition was along the Z n - G a P  pseudobinary or in 
the indicated Zn3P~ pr imary  phase field, the slow 
cooled or quenched solid was found to contain zinc, 
gallium, GaP, Zn3P2 (occasionally),  and an unident i -  
fied phase. The unidentified phase was present  in all 
these samples, even in cases in which the sample was 
al lowed to slow cool through the peri tect ic t ransfor-  
mat ion temperature .  The x - r a y  data are consistent 
wi th  the phase diagram if it is supposed that  the per i -  
tectic t ransformat ion is incomplete  and that  the un-  
identified phase is a modification of Zn~P2. 

The lat ter  assumption is substantiated by electron 
beam microprobe analyses which demonstra ted the 
presence of a phase containing only zinc and phos- 
phorus when the unidentified phase was observed by 
x - r a y  analysis. The thermal  effects designated T3 and 
T4 in Fig. 1 are  consistent wi th  the suggested exist-  
ence of one or more solid phase transit ions in Zn3P2. A 
similar  the rmal  effect which has been in terpre ted  as 
a solid state transi t ion has been observed in the Zn-As 
system (7) and the Ga-As-Zn  system (8). 

The regular  solution procedure  for interpolat ion of 
t e rnary  isotherms which was recent ly  suggested by 
Furukawa  and Thurmond (10), and which has been 
applied by them to the Ga-As-Cu  system, and by this 
author  to the Ga-As-Zn  system (8), was used for 
est imation of the isotherms in the GaP pr imary  phase 
field. FOr this procedure  the equat ion 

RT in = { (a12x2 -t- a13x3) (x2 -]- x3) 

+ (a12xl + a23x~) (xl + x3) --  a23x2x3 -- al~xlx~} [2] 

was used. The symbols al~, a13, and a23 represent  the 
interaction energies for components 1, 2 and 3; xl, x2, 
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Fig. 4. The 1000~ isotherm in the Ga-P-Zn system. 

and xs are atom fractions of the constituents, and K 
is the equi l ibr ium constant for the react ion 

GaP ~--- Ga(1) -{- P(]) [3] 

which was obtained from Thurmond's (i) binary data. 
Isotherms at 900 ~ i000 ~ 1100 ~ and 1200~ were com- 
puted with data from Thurmond's Ga-P binary dia- 
gram and from several points along cuts A and B 
(Fig. 2 and 3). The 1300 ~ and 1400~ isotherms were 
drawn to be consistent with the extrapolations of the 
various cuts, the Ga-P binary and the shape of the 
curves at lower temperatures. It should be noted that 
because of the limited region in which data was ob- 
tained the isotherms should be considered to be pre- 
liminary estimations. 

Two isotherms in the Zn3P2 primary phase region 
were drawn by connecting the isotherm composition 
on the GaP-Zn pseudobinary with the intersection 
point of the isotherm in the GaP primary phase region 
with the ternary eutectic valley. Several other iso- 
therms were roughly estimated by comparison with 
the Ga-As-Zn system. 

Conclusions 
The te rnary  phase d iagram of the ga l l ium-phos-  

phorus-zinc system consists pr incipal ly  of two pr i -  
mary  phase fields due to GaP and Zn3P2, respectively.  
The Zn3P2 phase field exists over  part  of the GaP-Zn  
pseudobinary,  and there is a te rnary  peri tect ic point 
near  the zinc corner  of the diagram. These facts have  

several  interest ing implications for electronic device 
work  done with  gal l ium phosphide. 

The existence of the Zn3P2 pr imary  phase field over 
a large region of the te rnary  diagram indicates that  it 
wil l  be difficult to produce zinc al loyed electr ical  con- 
tacts to gal l ium phosphide wi thout  in ter ference  f rom 
Zn3P2 unless z inc-gal l ium "solders" are used. The 
presence of the addit ional  phase will, however ,  be 
useful in diffusion studies. On any isotherm below 
about 1050~ there  are extensive composition regions 
in which two solid phases and a l iquid phase coexist. 
See, for example,  Fig. 4. These regions are monovar i -  
ant, the part ial  pressures of the equi l ibr ium gaseous 
species being a function only of the t empera tu re  
wi thin  the region. Highly reproducible  diffusion 
sources may therefore  be produced f rom mixtures  
wi th  over -a l l  compositions wi th in  the monovar ian t  
regions specified by the phase diagram. 

A more  detailed discussion of the implicat ion of 
the te rnary  condensed phase diagram to diffusion 
studies and solid solubil i ty in a system such as that  
discussed here has been given e lsewhere  (8). 
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Luminescence in Mg2SiO,:Tb, Li Phosphors 
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ABSTRACT 

Magnesium orthosil icate (Mg2SiO4) can be act ivated by terbium, when 
l i thium is used as a flux, to give the characterist ic green line emission of Tb +3 
ion. The emission is modified wi thout  loss in 254 nm-exc i t ed  efficiency on ad- 
dit ion of manganese,  to give a supplementary  orange band. The incorporat ion 
of high concentrat ions of act ivator  terbium, a cation much larger  than any 
other  species present, wi thout  significant distort ion of the ol ivine s t ructure  is 
probably related to known features  of this lattice. The good brightness at 
such high act ivator  levels suggests bet ter  coupling of the emit t ing rare  ear th  
to the u l t raviole t  absorbing host. 

The emission characterist ics of ra re  earths have 
been studied for the f ree  ions (1, 2) and when  present  
as constituents in various host lattices such as oxides 
(3), tungstates, and molybdates  (4, 5). Where  the 
rare  ear th  is part  of a crystal  mat r ix  its spectral  

properties are largely  those of the free ion, charac-  
terized by a series of lines indicat ive of the shielding 
of the f -orbi ta l  energy levels involved in optical 
processes. Accommodat ion of the ra re  earths is usu-  
ally by replacement  of other  cations of s imilar  size, 
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w i t h  c o m p e n s a t i o n  of a n y  c h a r g e  d i f f e r ences  i f  n e c e s -  
sary .  Th i s  is d o u b t l e s s  t r u e  in  t h e  e u r o p i u m - a c t i v a t e d  
a l k a l i n e  e a r t h  s i l i ca te  p h o s p h o r s  d e s c r i b e d  b y  J e n k i n s  
a n d  M c K e a g  (6) ,  i n  w h i c h  ca l c ium,  s t r o n t i u m ,  or  
b a r i u m  w e r e  t h e  cations,  i n v o l v e d .  O n  t h e  o t h e r  h a n d ,  
s u b s t i t u t i o n  of l a n t h a n i d e s  ( r  = 1.1A) fo r  m a g n e s i u m  
( r  = 0.78A) in  a l a t t i c e  is no t  l i k e l y  s ince  t h e  d i f -  
f e r e n c e s  in  ionic  r a d i i  a r e  o v e r  t w i c e  t h e  15% v a l u e  
c o n s i d e r e d  to b e  t h e  l i m i t  of m i s c i b i l i t y  f o r  m i x e d  
c r y s t a l  f o r m a t i o n  (7) .  I t  h a s  b e e n  f o u n d  poss ib le ,  
h o w e v e r ,  to  i n t r o d u c e  r a r e  e a r t h s  i n t o  hos t s  h a v i n g  
m a g n e s i u m  as t h e  l a r g e s t  ca t ion ,  b y  u s i n g  a c o m p e n -  
s a t i n g  a l k a l i  m e t a l  ion  ( l i t h i u m ) .  T h e  w o r k  d e s c r i b e d  
h e r e i n  r e p r e s e n t s  a p o r t i o n  of t h e  e f for t  d e v o t e d  
ch i e f l y  to m a g n e s i u m  s i l i ca te  a c t i v a t e d  b y  t e r b i u m  
or  t e r b i u m  a n d  m a n g a n e s e .  

Exper imenta l  
P h o s p h o r s  w e r e  p r e p a r e d  b y  f i r ing  m i x t u r e s  of c a r -  

b o n a t e s  of m a g n e s i u m  a n d  l i t h i u m ,  si l ica,  a n d  t e r b i u m  
o x i d e  (Tb407)  a t  1300~ fo r  s e v e r a l  hou r s .  T h e  c a r -  
b o n a t e s  w e r e  SL g r a d e  a n d  t h e  t e r b i u m  o x i d e  w a s  
99.9% p u r e  w i t h  r e s p e c t  to  r a r e  e a r t h  ions.  A l t h o u g h  
l u m i n e s c e n t  m a t e r i a l s  w e r e  p r o d u c e d  b y  a i r  f i r ing,  
t h o s e  p r e p a r e d  in  a s t r e a m  of n i t r o g e n ,  c o n t a i n i n g  a 
f ew  p e r  c e n t  h y d r o g e n ,  w e r e  supe r io r .  

Op t i ca l  p r o p e r t i e s  of t h e  p h o s p h o r s  w e r e  e x a m i n e d  
u s i n g  e q u i p m e n t  d e s c r i b e d  b y  T h o r n t o n  (8) e l s e -  
w h e r e .  Br ief ly ,  t h e  a p p r o p r i a t e  w a v e l e n g t h  f r o m  t h e  
r a d i a t i o n  in  a l a m p  is i s o l a t e d  b y  a B a u s c h  a n d  L o m b  
m o n o c h r o m a t o r  a n d  f o c u s s e d  o n  t h e  s a m p l e  p l aque .  
T h e  e m i s s i o n  s p e c t r u m  fo r  a g i v e n  e x c i t i n g  w a v e -  
l e n g t h  is t h e n  d e t e r m i n e d  b y  f o c u s s i n g  t h e  e m i t t e d  
r a d i a t i o n  on  t h e  e n t r a n c e  s l i t  of a s e c o n d  ( a n a l y z i n g )  
m o n o c h r o m a t o r  a n d  s c a n n i n g  w i t h  a n  E M I  9558B 
p h o t o m u l t i p l i e r .  E x c i t a t i o n  s p e c t r a  w e r e  d e t e r m i n e d  
b y  s e t t i n g  t h e  a n a l y z i n g  m o n o c h r o m a t o r  on  t h e  d e -  
s i r ed  e m i s s i o n  p e a k  a n d  s c a n n i n g  t h e  f i rs t  m o n o c h r o m -  
a to r  in  t h e  r e g i o n  200-400 nm .  T h e  i n t e n s i t y  of t h e  
u v  r a d i a t i o n  i n c i d e n t  on  t h e  p h o s p h o r  w as  f o u n d  b y  
r e p e a t i n g  t h i s  o p e r a t i o n  w i t h  s o d i u m  s a l i c y l a t e  as t h e  
s t a n d a r d .  E x c i t a b i l i t y  is t a k e n  as t h e  r a t i o  of p h o t o -  
m u l t i p l i e r  s igna l s  fo r  p h o s p h o r  a n d  s t a n d a r d .  Ref lec-  
t a n c e  c h a r a c t e r i s t i c s  w e r e  c o m p a r e d  u s i n g  c a l i b r a t e d  
m a g n e s i u m  ox ide  as  t h e  s t a n d a r d  w i t h  s o u r c e  a n d  
s a m p l e  a t  t h e  u s u a l  p o s i t i o n s  a n d  t h e  d r i v e  m e c h -  
a n i s m s  of t h e  two  m o n o c h r o m a t o r  g r a t i n g s  c o u p l e d  
d u r i n g  s c a n n i n g .  P l a q u e  b r i g h t n e s s  d a t a  w e r e  co l -  
l ec t ed  on  t h i c k  s a m p l e s  w i t h  o t h e r  e q u i p m e n t  i n c l u d -  
i ng  a 400w m e r c u r y  v a p o r  a rc  tube ,  a p p r o p r i a t e  f i l t e rs  
a n d  a 1P28 p h o t o m u l t i p l i e r .  

Q u a n t u m  eff ic iency w as  d e t e r m i n e d  r e l a t i v e  to m a g -  
n e s i u m  t u n g s t a t e  b y  m e a s u r e m e n t s  of r e l a t i v e  e m i s -  
s ion  s p e c t r a  c o u p l e d  w i t h  r e f l e c t a n c e  da ta .  Co lo r  co -  
o r d i n a t e s  a n d  l u m i n o s i t y  f a c t o r  w e r e  c o m p u t e d  f r o m  
s p e c t r a l  e m i s s i o n  cu rves .  C o r r e c t i o n  of r a w  d a t a  a n d  
c a l c u l a t i o n s  of i m p o r t a n t  p a r a m e t e r s  of t h i s  t y p e  
w e r e  a c c o m p l i s h e d  b y  u s e  of c o m p u t e r  p r o g r a m s .  

Results 
P h o s p h o r s  w e r e  m a d e  w i t h  t e r b i u m  c o n c e n t r a t i o n s  

r a n g i n g  f r o m  0.01 to 0.48 mo le s  of t e r b i u m  fo r  a c o n -  
s t a n t  2 m o l e s  of MgCO3 a n d  1 m o l e  of si l ica.  L i t h i u m  
a d d i t i o n s  u p  to 0.30 m o l e  w e r e  a lso used.  I n  t h e  a b -  
s ence  of l i t h i u m  o n l y  a f a i n t  b l u e - g r e e n  l u m i n e s c e n c e  
( l i ne  s p e c t r u m )  w a s  n o t e d  fo r  a n y  t e r b i u m  c o n c e n t r a -  

Table 1. Plaque brightness of Mg2SiO4:Tb, Li phosphor 
(254 nm excitation) 

R e l a t i v e  p l a q u e  
C o m p o s i t i o n  b r i g h t n e s s ,  % 

Mg2SiOr 5 
Mg2SiO4:Tbo,o*Lio at 50 
Mg2SiO4 :Sbo.o4Li0.lo 90 
MgeSiO4: Tbo. 0 iLio.l,t 1 0 0  
Mg~SiO4:Tbo.le 5 
Mg2SiOr 100 
MgeSiO4:Tbo.~Li0,10 100 
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Fig. 1. Emission spectra of phosphors activated by terbium with 
lithium and without lithium (heavy lines) under 254 nm excitation. 
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Fig. 2. Influence of lithium on excitability of the phosphor for 
the emission peak at 543 nm. The dashed curve is the true ex- 
citability of a sample with no lithium. 

t ion.  A d d i t i o n  of e v e n  s m a l l  q u a n t i t i e s  of  l i t h i u m  
s h i f t e d  t h e  co lor  to  y e l l o w - g r e e n  a n d  i n c r e a s e d  b r i g h t -  
ness  m a r k e d l y ,  b e s t  o u t p u t  b e i n g  a t  0.12 m o l e  of t e r -  
b i u m  a n d  0.14 of l i t h i u m  ( T a b l e  I ) .  A t  t h i s  leve l ,  t h e  
c h a n g e s  in  co lor  w i t h  a c t i v a t o r  c o n c e n t r a t i o n  a r e  a s -  
soc i a t ed  w i t h  t h e  s u p p r e s s i o n  of some  of t h e  b l u e  
p e a k s  a n d  c o n c u r r e n t  e n h a n c e m e n t  of t h o s e  in  t h e  
g r e e n - y e l l o w  r e g i o n  (Fig.  1). E s p e c i a l l y  p r o n o u n c e d  
is t h e  i n c r e a s e d  h e i g h t  of t h e  l ines  p e a k i n g  a t  543 
a n d  553 nm,  i n  t h e  r e g i o n  of m a x i m u m  eye  s ens i t i v i t y .  

I n t r o d u c t i o n  of l i t h i u m  also f a v o r a b l y  a l t e r s  t h e  
e x c i t a b i l i t y  of t h e  p h o s p h o r  b y  s h o r t w a v e  u v  r a d i a -  
t i on  (Fig.  2) .  I n  f ac t  sa id  r e s p o n s e  is m o r e  s e n s i t i v e  
to l i t h i u m  t h a n  to t e r b i u m  c o n c e n t r a t i o n ,  as s h o w n  
b y  t h e  p l a q u e  b r i g h t n e s s  d a t a  of T a b l e  I. T h e  s a m e  
i n c r e m e n t  in  254 n m  e x c i t e d  e m i s s i o n  r e s u l t s  w h e n  
l i t h i u m  is i n c r e a s e d  f r o m  0.10 to 0.14 a t  0.04 T b  as  is 
p r o d u c e d  b y  i n c r e a s i n g  t e r b i u m  f r o m  0.04 to 0.12 a t  
0.10 l i t h i u m .  A n o t h e r  f e a t u r e  of t h e  e x c i t a t i o n  spec -  
t r a  is t h e  a p p e a r a n c e ,  or  p e r h a p s  b e t t e r  r e s o l u t i o n ,  of 
a p e a k  a t  300 n m  w i t h  a d d i t i o n  of l i t h i u m .  

A b s o r p t i o n  of u v  r a d i a t i o n  i s  a lso  d e p e n d e n t  on  t h e  
p r e s e n c e  of l i t h i u m  (Fig.  3) .  I n  t h e  a b s e n c e  of t h i s  
a l k a l i  m e t a l  o x i d e  o n l y  h a l f  t h e  i n c i d e n t  254 n m  r a d i -  
a t i o n  w a s  a b s o r b e d  w h i l e  80-85% a b s o r p t i o n ,  m e a s -  
u r e d  b y  d i f fuse  re f l ec tance ,  cou ld  b e  a t t a i n e d  in  t h e  
b e s t  s amples .  F r o m  T a b l e  II  i t  is e v i d e n t  t h a t  t h e  r a w  

Table II. Effect of lithium on structure of Mg2SiO4:Tb,Li phosphors 

I n t e n s i t y  of s t r o n g e s t  x - r a y  l ine  
C o m p o s i t i o n  MgsSiO4 MgO SiO2 TbeOa? 

Mg2SiO4:Tbo.o~ 22 22 86 34 
Mg2SiO4 :Lio.lo 82 Not  de t ec t ed  
Mg~SiO4:Tbo,o~Li0.1o 68 Not  de t ec t ed  
MgeSiO4:Tbo.~ 16 82 70 57 
MgeSiO4:Tbo,t~Li0.1o 60 Not  de t ec t ed  
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Fig. 4. Effect of manganese activation on the 254 nm-excited 
emission of Mg2$iO4:Tb,Li phosphor. 

Fig. 3. Diffuse reflectance of magnesium silicate activated by 
terbium or lithium or both. 

m i x  w i t h  on ly  t e r b i u m  resu l t s  in  a m i x t u r e  of p r o d -  
ucts, w h i l e  add i t ion  of l i t h ium gives  a s ingle  phase .  
Thus  the  compar i sons  m a d e  in Fig.  3 a re  not,  s t r i c t ly  
speaking,  just if ied,  s ince the  re f lec tance  of the  s ample  
w i t h o u t  l i t h i u m  could  be  asc r ibed  to t he  o the r  p r o d -  
uc t  (MgO, SiO2). The  Mg2SiO4:Li,  on the  o the r  hand,  
is a s ingle  m a t e r i a l  w i t h  the  charac te r i s t i c s  of tha t  
no ted  w i t h  t e r b i u m  and  l i t h ium as ac t iva tors .  

Wi th  these  r e se rva t i ons  in mind ,  the  abso rp t ion  
p rope r t i e s  desc r ibed  do h i g h l i g h t  the  fac t  t ha t  good 
phosphor s  a r e  no ted  on ly  w h e n  l i t h i u m  is used, a long  
w i t h  t he  t e r b i u m  w h i c h  is r e spons ib le  for  the  emiss ion  
found.  W h e n  this  r e s t r i c t ion  is observed ,  the  x - r a y  
d i f f rac t ion  pa t t e rns  a r e  those  of the  m i n e r a l  o l iv ine ,  
Mg2SiO4. The  la t t i ce  cons tan t s  of s eve ra l  l u m i n e s c e n t  
m a t e r i a l s  w e r e  c o m p a r e d  w i t h  pub l i shed  va lues  for  
o l iv ine .  F r o m  the  da ta  of Tab le  I I I  i t  is a p p a r e n t  tha t  
on ly  the  b - d i m e n s i o n  is p e r c e p t i b l y  d i f fe ren t  f r o m  tha t  
of Mg2SiO4. The  d i spa r i ty  is not  of sufficient m a g n i -  
t u d e  to change  the  s t ruc tu re .  

Whi l e  phosphors  w i t h  t e r b i u m  emiss ion  a re  p r o m i s -  
ing, add i t ion  of r ad i a t i on  o the r  t h a n  t h e  cha rac t e r i s t i c  
g reen  l u m i n e s c e n c e  is a t t r ac t ive .  T r a n s f e r  of e n e r g y  
b e t w e e n  r a r e  ear ths ,  e.g., Tb +3 --> Eu+8(9 )  has  b e e n  
noted,  and  s imu l t aneous  u v  abso rp t ion  by  s eve ra l  ac-  
t iva tors ,  each  w i t h  its o w n  cha rac t e r i s t i c  emiss ion  
color,  is a n o t h e r  use fu l  process  for  a l t e r a t i on  of the  
spec t rum.  Of  the  ac t iva to r s  cons ide red  on ly  m a n g a -  
nese  was  found  to be  effect ive.  F i g u r e  4 shows the  
change  in spec t ra l  p rope r t i e s  w i t h  add i t ion  of m a n g a -  
nese  to the  si l icate.  The  g r een  peaks  a re  suppressed  
and  a n e w  o range  band  appears .  Exc i t a t i on  spec t ra  
fo r  the  emiss ion  at  650 n m  ( m a n g a n e s e )  and  550 n m  
( t e r b i u m )  w e r e  d e t e r m i n e d  and found  to be  qu i te  
s imi la r  (Fig.  5), w i t h  t he  m a n g a n e s e  con ta in ing  phos -  
p h o r  be ing  m o r e  r e spons ive  to u v  w a v e l e n g t h s  b e l o w  
200 and above  350 nm. The  color  of p h o s p h o r s  w i t h  
v a r y i n g  a m o u n t s  of m a n g a n e s e  was  d e t e r m i n e d  a long  
w i t h  q u a n t u m  efficiency. Desp i t e  the  m a r k e d  change  
in the  f o r m e r  (Fig.  6),  t he  q u a n t u m  eff iciency r e -  
ma ins  e s sen t i a l ly  cons t an t  at t he  0.5 level .  These  
q u a n t u m  eff iciency figures,  a long  w i t h  l u m i n o s i t y  f ac -  
tors  and color  a r e  p r e s e n t e d  in Tab l e  IV. 

F i n a l l y  the  t e m p e r a t u r e  d e p e n d e n c e  of b r igh tnes s  
was  d e t e r m i n e d  us ing  a q u a r t z  arc  tube  as source  and  

Table III. Structural data on Mg2SiO4:Tb,Li phosphors 

L a t t i c e  c o n s t a n t s ,  A 
C o m p o s i t i o n  a b c 

M g ~ S  iO4: Tbo. c4Lio, lo 4 .75  10. 37 5 .99  
1Vf g,~S iO 4: Tbo.  ~ , i io .  m 4 .75  10 .38  5 .99  
Mg~SiOuLio . lo  4 .76  10 .22  5 . 9 8  
O l i v i n e  ( M g ~ S i O d  4 .76  10 .20  5 . 9 9  
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Fig. 5. Excitation spectra for emission at wavelength peaks of 
terbium or manganese .  
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Fig. 6. Changes in color of Mg2SiO4:Tb,Li phosphors on addition 
of manganese .  Mg2Si04 Tbo.12Lio.1oMn, ?~exe = 256 nm. 

t ak ing  m e a s u r e m e n t s  in t r ansmis s ion  on th in  samples .  
The  resu l t s  in Fig.  7 show tha t  the  phosphor s  r e t a in  a 
s ignif icant  po r t ion  of the i r  r o o m  t e m p e r a t u r e  ou tpu t  
at e l e v a t e d  t e m p e r a t u r e s .  

Discussion 
The  c rys t a l l og raph ic  da ta  show that ,  in t he  pres.- 

ence  of l i th ium,  t he  t e r b i u m  is i nc luded  in  t he  o l iv ine  
hos t  w i t h o u t  s t r u c t u r a l l y  s ignif icant  d i s to r t ion  of the  
la t ter .  Whi l e  t he  l i t h ium can subs t i tu te  at  m a g n e s i u m  
sites, t he i r  ionic  rad i i  bo th  be ing  0.78A, t he  t e r b i u m  
ion w o u l d  be e x p e c t e d  to m o d i f y  the  s t r u c t u r e  if  sub -  
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Table IV, Color and efficiency of Mg2SiO4:Tb, Li,Mn phosphors 
()~exc = 256 nm) 

Q u a n t u m  L u m i n o s i t y  
P h o s p h o r  x y eff iciency fac tor ,  

MgfSiO~:Tbo.~Lio.lo 0.321 0.516 0.43 0.62 
MgfSiO~: Tbo.leLio. loMno, ol 0.418 0.476 0.51 0.52 
MglSiO~: Tbo. l~Lio.loMn6. ~ 0.486 0.430 0.50 0.41 
MgWO~ 0.222 0.312 0.84 0.38 

s t i t u t i n g  fo r  e i t h e r  c a t i o n  p r e s e n t  in  t h e  o l i v i n e  m a -  
t r ix .  T h e  r e a s o n  s u c h  l a t t i c e  c h a n g e s  a r e  n o t  e v i d e n t  
m a y  be  a s s o c i a t e d  w i t h  k n o w n  f e a t u r e s  of t h e  o l i v i n e  
s t r u c t u r e .  T h e  l a t t e r  m a y  b e  r e g a r d e d  as a n  a s s e m b l y  
of h e x a g o n a l  c l o s e - p a c k e d  o x y g e n  ions  in  w h i c h  h a l f  
t h e  o c t a h e d r a l  a n d  a n  e i g h t h  of t h e  t e t r a h e d r a l  s i tes  
a r e  o c c u p i e d  (8) .  T h i s  f a c t  a c c o u n t s  f o r  t h e  o c c u r -  
r e n c e  of m a t e r i a l s  l i ke  Li~PO4 in  t h e  o l i v i n e  s t r u c t u r e ,  
a t  t h e  s a m e  t i m e  s u g g e s t i n g  t h a t  t h e  f r a m e w o r k  h a s  
some  f r e e d o m  to a c c o m m o d a t e  a d d i t i o n a l  ions,  e v e n  of 
d i s p a r a t e  size, u n d e r  f a v o r a b l e  cond i t i ons .  

W h e n  t r i v a l e n t  c a t i ons  s u b s t i t u t e  fo r  d i v a l e n t  spe -  
cies some  t y p e  of c h a r g e  c o m p e n s a t i o n  is r e q u i r e d .  
S i n c e  l u m i n e s c e n c e  d e p e n d s  on  t h e  p r e s e n c e  of 
l i t h i u m ,  s u b s t i t u t i o n  of one  T b  +3 a n d  o n e  Li  +1 fo r  
two  M g  +2 w o u l d  p r o v i d e  t h e  n e c e s s a r y  c o m p e n s a t i o n .  
T h e  o x y g e n  a d d e d  w i t h  t h e  f i rs t  t w o  is m o s t  l i k e l y  
in  s u b s t i t u t i o n a l  l o c a t i o n s  a n d  is p r o b a b l y  c o m p e n s a t e d  
b y  de fec t s  on  t h e  c a t i o n  la t t i ce .  I n  a s t r u c t u r e  s u c h  as 
t h a t  of m a g n e s i u m  s i l ica te ,  t h e  effect  of a f e w  m o r e  
u n o c c u p i e d  c a t i o n  s i t es  on  l a t t i c e  p a r a m e t e r s  s h o u l d  
b e  i n f i n i t e s ima l .  T h e  s l igh t ,  m e a s u r e d  c h a n g e  in  t h e  b 
d i m e n s i o n  ( T a b l e  I I I )  c a n  b e  a c c o u n t e d  f o r  b y  t h e  
space  r e q u i r e m e n t s  of t h e  l a r g e  a d d e d  t e r b i u m  ion. 

A l t h o u g h  t h e  r e p l a c e m e n t  d e s c r i b e d  

T b  +3 + L i + l - >  2Mg+2 

sat isf ies  t h e  a r i t h m e t i c  of c h a r g e  c o m p e n s a t i o n  i t  
a v o i d s  some  pos s ib l e  s y m m e t r y  p r o b l e m s .  T h e  ef fec t  
of r e p l a c i n g  d i v a l e n t  c a t i ons  a b o u t  a c o m m o n  SiO42-  
a n i o n  r a d i c a l  is a d i f f e r e n c e  i n  u n s h i e l d e d  n u c l e a r  
c h a r g e  as s een  b y  t he  s i l i ca te  g r o u p i n g .  A n  a n t i c i p a t e d  
c o n s e q u e n c e  w o u l d  b e  p o l a r i z a t i o n  of  t h e  r a d i c a l  t o -  
w a r d  t e r b i u m ,  r a t h e r  t h a n  l i t h i u m ,  i.e., a d e c r e a s e  in  
v o l u m e  a b o u t  t h e  r a r e  e a r t h  a n d  b e t t e r  c o u p l i n g  to 
t h e  a b s o r b i n g  la t t ice .  B o t h  t h e  p r e s e n c e  of a l k a l i  w i t h  
r a r e  e a r t h s  (Tb  +~, E u  +8) a n d  t h e  v o l u m e  o c c u p i e d  b y  
t h e  l a t t e r  h a v e  b e e n  f o u n d  to a l t e r  e m i s s i o n  c h a r a c t e r -  
i s t ics  of t u n g s t a t e s  a n d  m o l y b d a t e s  in  w h i c h  h o s t  ca -  
t ions ,  b u t  n o t  s t r u c t u r e ,  h a v e  b e e n  v a r i e d  (10) .  T h e  
i n c r e a s e  in  b r i g h t n e s s  of Mg2SiO4 w i t h  t e r b i u m  c o n -  
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Fig. 7. Temperature dependence curves for representative phos- 
phors under excitation by the total uv of a HPMV quartz arc tube. 

c e n t r a t i o n  a n d  i ts  d e p e n d e n c e  o n  c o n c o m i t a n t  lithium 
a d d i t i o n  i n d i c a t e  t h e  i m p o r t a n c e  of s u c h  r a r e  e a r t h -  
l a t t i c e  c o u p l i n g  h e r e  also. 

Acknowledgment 
T h e  w r i t e r  is i n d e b t e d  to W. A. T h o r n t o n  fo r  f r u i t -  

fu l  d i s cus s ions  a n d  m e a s u r e m e n t s ,  C. E .  L u i  Wei  fo r  
x - r a y  p o w d e r  d i f f r a c t i o n  da ta ,  a n d  to R. B. P a r s o n s  
fo r  s a m p l e  p r e p a r a t i o n .  

M a n u s c r i p t  r e c e i v e d  Sept .  2, 1965; r e v i s e d  m a n u -  
s c r i p t  r e c e i v e d  Nov.  19, 1965. 

A n y  d i scus s ion  of t h i s  p a p e r  w i l l  a p p e a r  i n  a D i s -  
cus s ion  S e c t i o n  to b e  p u b l i s h e d  in  t h e  D e c e m b e r  1966 
JOURNAL. 

REFERENCES 
I. G. H. Dieke, H. M. Crosswhite, and B. Dunn, J. Opt. 

Soc. Amer., 51, 820 (1961). 
2. G. H. Dieke and H. M. Crosswhite, Appl. Optics, 2, 

675 (1963). 
3. G. Urbain, Ann. Chim. Phys., 18, 293 (1909); N. C. 

Chang, J. Appl. Phys., 34, 3500 (1963); R. C. 
Ropp, This Journal, 111, 311 (1964). 

4. See for example, L. G. Van Uitert, J. Chem. Phys., 
37, 981 (1962). 

5. H. J. Borchardt, ibid., 38, 1251 (1963); 39, 504 
(1963). 

6. H. G. Jenkins and A. H. McKeag, This Journal, 97, 
415 (1950). 

7. A. F. Wells, "Structural Inorganic Chemistry," 3rd 
ed., Oxford University Press (1962). 

8. W. A. Thornton, Extended Abstracts, ECS Meeting, 
San Francisco, Calif., May 10-14, 1965. 

9. L. G. Van Uitert and R. R. Soden, J. Chem. Phys., 
36, 1289 (1962). 

I0. L. G. Van Uitert, ibid., 37, 981 (1962) ; This Journal, 
11@, 46 (1963). 

Correction 

E q u a t i o n  [2] of t h e  p a p e r  " L i t h i u m  C h l o r i n e  B a t t e r y "  b y  D. A. J.  S i w i n k e l s ,  p. 6, Vol.  113, J a n u a r y  
1966 J o u r n a l  s h o u l d  r e a d  

E ~ 3.4906 - -  5.64 X 10 -4  ( t -608)  v o l t  [2] 



High-Temperature Resistivity of the Chalcopyritic 
Compound CulnTe2 

Stojan M.  Za lar  1 
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ABSTRACT 

To invest igate  extrinsic and intrinsic behavior  of the semiconductor  
CuInTe2, h igh - t empera tu re  electr ical  resis t ivi ty exper iments  were  carr ied out, 
using the technique of porcela in  "cocoons." CuInTe2 was considered as par t  
of the pseudobinary system Cu2Te-In2Te~. Inspection of the plots in p vs.  
1000/T for samples wi th  44 to 56 molar  % Cu2Te revealed  the existence of two 
extrinsic regions: room tempera tu re  to 200~ and 200~176 The la t ter  was 
found complex and exhibi ted in general  two different slopes. The intrinsic 
region in these samples existed in a nar row tempera tu re  in terval  be tween  
710 ~ and 779.8~ (the mel t ing point  of CuInTe~2), and was wel l  defined and 
reproducible.  Assuming a T -3/2 dependence of carr ier  mobili ty,  the " the rmal"  
energy gap of CuInTe2 could be calculated from the intrinsic slopes in the 
plots In p vs.  1000/T, and was found to be 1.04 ev. Observed deviat ions f rom 
this value  were  ___0.02 ev. Prolonged anneal ing of various samples of CuInTe2 
at 400~ promoted disappearance of extr insic  differences among them, whi le  
their  intrinsic slopes remained the same. 

CulnTe2 is a semiconductor  belonging to the broad 
fami ly  of t e rnary  chalcopyri t ic  compounds I-III-VI2, 
which in turn are genera l ly  regarded as cross-substi-  
tut ional  der ivat ives  of I I -VI  binary compounds, such 
as CdTe and ZnSe. We have  previously  studied the 
crystal  growth (1), thermoelectr ic  power,  and elec- 
tr ical  resis t ivi ty (2) at room temperature .  In this 
paper  we repor t  studies of the h igh- t empera tu re  be- 
havior  of the chalcopyrit ic compound CuInTe2. 

In a previous work  on semiconducting solid solutions 
CuxAgl-xInTe2 (3) we found it convenient  to con- 
sider them as a l inear  part  of the t e rnary  system 
Ag2Te-Cu2Te-In2Tes, as i l lustrated in Fig. 1. In a s im- 
i lar  way  Mason and Cook (4) invest igated the per i -  
tectic compound CdIn2Te4 as part  of CdTe-In2Tea, 
whi le  O 'Kane and Mason (5) studied AgIn3Te4 as part  
of the Ag2Te-In2Te3 system. F igure  1 shows stoichi- 
ometric  composition of CuInTe2 as (Cu2Te)so- 
(In2Te3)50. Since our pr ime interest  was in studying 
physical  phenomena in sl ightly off-stoichiometric 
CuInTe2, it was decided to invest igate  compositions 
in the range be tween (Cu2Te)44- (In2Te3)56 and 
(Cu2Te)56-(In2Te3)44 and to explore  changes in elec-  

z Present  address:  Wes t inghouse  Research Labora to r i e s ,  P i t t s -  
b u r g h .  Pennsy lvan ia .  

Ag2Te 

InzTe 3 20 401 ~ I 60 80 CuzTe 
44 | 56 

50 
CulnTe 2 

Fig. 1. CuxAgl-xlnTe2 as part of the pseudoternary system 
Ag2Te-Cu2Te-ln2Te3, and CulnTe2 as part of the pseudobinary 
system Cu2Te-ln2Te3. 

tr ical  resist ivi ty up to their  mel t ing point. To our 
knowledge  a " thermal"  energy gap of CuInTe2 has not 
yet  been determined.  

Experimental Method 

The work  on CuInTe2 at high t empera tu re  (up to 
800~ requi red  a method which would  suppress 
evaporat ion of tel lurium, thus mainta in ing the orig-  
inal composition. Of several  different  techniques,  f rom 
pressurized capsules to immersions into ceramic pow- 
ders, the method of porcelain "cocoons" proved  to be 
the most successful. 

There  are three  main  techniques for single crystal  
growth of solids: Czochralski crystal  pulling, Br idg-  
man method, and zone melting. The last two were  ap- 
plied to CuInTe2 in these laboratories.  In both cases 
the mater ia l  was placed in evacuated  and sealed quartz 
capsules, hence prevent ing  the nonequi l ibr ium evap-  
oration of volat i le  tel lurium. This is why  in principle 
the Czochralski method of pul l ing crystals out of the 
melt, which otherwise  produces essentially stressfree 
ingots, is not ve ry  suitable for chalcopyri tes  con- 
taining te l lur ium wi th  its re la t ive ly  high par t ia l  va-  
por pressure. For  resist ivi ty studies, as repor ted  here, 
only Br idgman specimens were  used, whi le  zone mel t -  
ing of CuInTe2 was employed in the thermoelect r ic  
investigations (2). 

For  the initial prepara t ion of specimens CuInTe2, 
the method of direct  mel t ing of elements,  weighed 
separately on a microbalance  wi th  ar~ accuracy of 
___0.0001g, was utilized. Because of the crit ical  effect 
of impuri t ies  in semiconductor  investigations, the 
purest  avai lable  mater ia ls  were  used: copper: spectro- 
scopically pure, 499.999% (ASARCO) ;  indium: spe- 
cial high purity,  +99.999% (ASARCO) ;  te l lur ium:  
semiconductor  grade, 499.999% (ASARCO).  

The first phase, which  consists of mel t ing and re-  
acting the elements,  was done in re la t ive ly  large 
batches (100g or more) .  The quartz  capsule contain-  
ing the elements was first evacuated  (typical  vacuum: 
1 x 10 -5 Torr)  and then sealed wi th  a hydrogen-ox-  
ygen torch. The capsule was then placed in the center  
of a t i l table furnace wi th  t empera tu re  control led at 
850~ or more. Dur ing the mel t ing  operation, the fur -  
nace was vigorously t i l ted ups ide-down many  times 
in order  to enhance the thorough mixing  of the ele-  
ments and to r emove  the surface bubbles. The mel t  
was first held at t empera tures  about 100 ~ above the 
mel t ing point of CuInTe2 (779.8~ for several  hours, 
then its t empera tu re  was lowered to 800~ for about 
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Fig. 2. Verticol Bridgman furnoce experimento] set-up for the 
crystal growth of CulnTe2. 

half  an hour, af ter  which the capsule was quenched in 
ice water.  

In the second phase (crystal  growing) ,  the capsule 
from the first phase was cautiously crushed and the 
bri t t le  CuInTe2 broken into small pieces. All  the pow-  
der was thrown away. Small  pieces of CuInTe2 were  
placed into clear, careful ly  pointed quartz tubes (7 
mm OD, 5 mm ID).  These were  in turn evacuated to 
a pressure of 1 x 10 -5 Tort ,  and subsequent ly hooked 
to the Br idgman lower ing mechanism. 

The Br idgman furnace, as shown in Fig. 2, consisted 
of two kanthal  wound sections, separately tempera ture  
controlled to an accuracy of •176 by saturable re-  
actors. A sharp tempera ture  gradient  of about 50~ 
cm, produced by two plat inum radiat ion shields, was 
needed for the successful crystal  growth of CuInTe2. 
The lower ing speed of the capsule was regulated very  
accurately by a var iable  speed motor. The best speed 
was be tween 5 and 20 m m / h r .  It  was held at 7 m m / h r  
for the most part. 

The resul t ing ingots, of 5 mm diameter,  were  
coarsely polycrystal l ine,  containing an average 3-7 
grains and mostly wi th  no bubbles on the surface. 
They were  cut into lengths of 15-20 mm and careful ly  
sandblasted. 

One of the most s tubborn exper imenta l  problems in 
the Br idgman method of crystal  growing CuInTe2 was 
the format ion of surface bubbles. These bubbles, be-  
l ieved to be pr imar i ly  caused by the evaporat ion of 
dissolved gases, were  difficult to remove  dur ing the 
slow motion of the Br idgman ingot. Severa l  exper i -  
mental  measures  were  tr ied in order to solve the 
problem. First  it was noticed that  a steeper t empera -  
ture gradient  par t ia l ly  removed  the surface bubbles, 
mostly in the upper  port ion of the ingot. The t em-  
pera ture  gradient  was hence increased f rom 17 ~ to 
53~ by insert ing two pla t inum radiat ion shields 
in the central  port ion of the furnace. 

A second improvement  was achieved by using re -  
frasil  (quartz)  sleeving, placed t ight ly  against the 
inner  walls  of the quartz  tubing (13 mm in d iameter ) .  
In one typical  run the tempera ture  in the upper  por-  
tion of the furnace was held at 880~ and the capsule 
was lowered at the high speed of 35 m m / h r  for 6 hr. 
Results were  positive: no bubbles appeared on the 
surface of the ingot. While  this method was success- 
ful in e l iminat ing bubbles, large single crystals could 
not be grown by this technique, presumably  because 
the sleeving with  its in te rwoven  s t ructure  induced the 
format ion of crystal  nuclei. 

A third substantial  improvement  in the reduct ion of 
surface bubbles in CuInTe2 was accomplished by using 
a carbon coated quar tz  tube. The carbonizing of the 
inner  walls of the quartz  tube was done by the rmal  

decomposit ion of pentane:  C5H1~ --> 5C + 6H2. First  
the tube was evacuated. Then the vapors  of pentane 
were  int roduced (pentane is a l iquid wi th  a high va -  
por pressure) and decomposed by the hea t  of a gas- 
oxygen torch. This procedure was repeated several  
t imes; each t ime a ve ry  thin layer  of carbon was de-  
posited on the inner  wal l  of the tube. The results  were  
good; ingots of CuInTe2 were  bubble-free .  

In order  to prepare  specimens for resis t ivi ty exper i -  
ments four  thin p la t inum wires of 0.005 in. in d iam- 
eter were  electr ical ly welded onto the surface of the 
ingot at even distances f rom each other. The  dis- 
tances be tween  these potent ial  probes were  measured  
with  an accuracy of 0.001 cm using an optical micro-  
scope and were  typical ly  of the order  of 0.15 cm. Four -  
point electr ical  res is t ivi ty  was calculated f rom the 
Valdes'  fo rmula  (6). 

A direct  current  of 10-50 ma was applied, auto-  
mat ical ly  and successively in both directions, thus 
e l iminat ing thermoelect r ic  end effects by simple sub- 
traction of vol tage readings. 

A thin chromel -a lumel  thermocouple  (No. 30 wire)  
was also welded on the surface of the ingot, close to 
the four electric leads, a l lowing an on- the-spot  tem-  
pera ture  reading with  an accuracy of •176 

The schematic wir ing  of CuInTe2 specimens for 
h igh- t empera tu re  resist ivi ty investigations is shown 
in Fig. 3. The "cocoon" i tself  was made by repeated 
dipping of the specimen into a pot of di luted l iquid 
porcelain (Sauereisen No. 1). Af ter  each dip, thin 
porcelain layers were  left  to dry under  infrared il-  
lumination.  Typical ly  f rom five to eight coatings were  
applied. A finished cocoon ready for measurement  is. 
shown on the r ight  of Fig. 3. These porcelain coat- 
ings proved to be very  dense and preven ted  te l lur ium 
f rom evaporat ion at tempera tures  above 400~ A cer-  
tain amount  of contaminat ion of CuInTe2 by impur -  
ities in Sauereisen coatings dur ing h igh- t empera tu re  
runs could have  occurred thus influencing its extr insic 
behavior.  No systematic study was per formed on this 
question. Intrinsic properties,  however ,  were  not af-  
fected by the porcelain encapsulation. 

On several  occasions the resis t ivi ty measurements  
could be extended well  into the molten phase of 
CuInTe2, some 50 ~ above the mel t ing point. The four  
p la t inum probes, r igidly set in solid porcelain, main-  
tained their  position in the mol ten  CuInTe2 within  
the cocoon. A sharp drop of electrical  resis t ivi ty at 
the mel t ing point of CuInTe2 was observed, but  no 
fur ther  work  has been done on this possibly useful 
method of s tudying the resis t ivi ty behavior  in the 
vicini ty  of the mel t ing point of compounds. 

The thoroughly dried cocoon, with six wires pro-  
tected by Refrasi l  sleevings was lowered into a quartz  
tube filled with  washed Alundum bubbles. The tube 

Fig. 3. Schematic wiring of experimental "cocoons" of CulnTe2 
for high-temperature resistivity investigations. 
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was in turn placed into a ver t ical  resistance furnace. 
A slow stream of clean argon flowed through the fu r -  
nace dur ing the durat ion of the ent ire  exper iment  to 
p reven t  any oxidation of the specimen. The t emper -  
ature of the furnace was increased manually.  

All  electr ical  signals, +p, --p, and TC were  auto-  
mat ical ly  pr inted on a s ix-channel  L&N recorder  at 
4-sec intervals.  The measur ing ranges were  adjusted 
manual ly  by the bucking circuit  for the thermocouple  
case and by the Kei th ley  microvol tmeter  amplifier 
for the resis t ivi ty case. 

Results and Interpretat ion 

Microstructure of specimens. - -The samples had the 
fol lowing compositions: (Cu2Te)z (In~Te3)100-=, x ----- 
44, 45, 46, 47, 48, 49, 50, 52, 53, 54, and 56. Metal lo-  
graphic inspection showed that  all quenched specimens 
were  coarsely polycrystal l ine and mostly monophase, 
as revea led  by etching with  CP4 (wi thout  bromine) .  

The micros t ructure  of some samples exhibi ted a 
small  amount  of a secondary phase in the form of 
l i t t le "chicken-pox"  l ike islands. In previous  work  
(3) we found that  CuInTe2 undergoes a metastab]e 
transi t ion near  650~ This was determined by the r -  
mal  analysis in which a slight thermal  arrest  occurred 
at that  temperature .  On the basis of this evidence, it 
was proposed that CuInTe2 is a supersaturated solid 
solution. To test this idea, several  B r idgman-g rown  
and several  quenched polycrystal l ine ingots of stoichi- 
ometric  CuInTe2 were  annealed at 650~ for 15 hr. 
Their  micros t ruc ture  was examined before and after  
annealing. Results are shown in Fig. 4. It  is seen that  
af ter  anneal ing at high tempera tures  some secondary 
phase or phases precipi ta te  out of the chalcopyri te  
mat r ix  of CuInTe2, thus support ing the hypothesis  of 
a supersaturated solid solution. 

Fig. 4. Microstructure of multicrystalline specimens of CulnTe2, 
quenched in iced water, and annealed at 650~ for 15 hr. Etched, 
50% HN03. Top, quenched CulnTe2; bottom, annealed CulnTe2. 
Magnification 150X. 
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To check this assumption still further ,  x - r ay  diffrac- 
tion data were  taken of samples wi th  44, 50, and 56% 
Cu2Te in quenched and in annealed form. In all cases 
only the lines of the chalcopyri te  s t ructure  occurred. 
These somewhat  unexpected  results were  explained 
by the inherent  l imitat ion of x - r a y  diffraction tech- 
nique. In the case of CuInTe2 secondary phases could 
be detected only if they were  present  in the amount  
of more than 4%. 

As in a previous x - r a y  study (3) ve ry  weak  fixed 
count peak intensit ies of InTe (ASTM card 7-112) 
could be detected in annealed samples of CuInTe2 
(44, 50, and 56% Cu2Te, rest  In2Te3). InTe is the 
most prominent,  congruent ly  mel t ing compound of 
the binary system indium-te l lur ium.  Its re la t ive ly  high 
melt ing point (696~ suggests a stable compound 
with  the lowest potential  energy of any compound in 
the system. It  is probable that  af ter  a prolonged an- 
nealing at e levated tempera tures  the s t ructure  of 
CuInTe2 or of compounds (Cu2Te)-(In2Te~) close to 
the ratio 50/50 becomes unstable  and the compound 
InTe forms locally and precipitates out of the chal-  
copyritic matrix.  

Resistivity at elevated temperatures . - -By  using the 
"cocoon" technique it was possible to measure  and 
record electrical  resist ivi ty of specimens CuInTe2 from 
room tempera tu re  up to their  mel t ing point, 779.8~ 
Figures 5, 6, and 7 show typical plots of In p vs. 
1000/T for the compositions: 44, 50, and 56 molar  % 
Cu2Te. These plots and others for in termedia te  com- 
positions not included in this paper, have several  com- 
mon features:  

1. There  are three distinct t empera tu re  ranges; 
the first an extrinsic region, f rom room tempera tu re  
up to about 200~ the second, an extr insic region, 
f rom 200 ~ up to 710~ and the third, an intrinsic 
region, f rom 710~ up to the mel t ing  point at 779.8~ 

2. The extrinsic region 200~176 is complex and 
shows in general  two l inear  slopes: one in the t em-  
pera ture  range 200~176 and one in the range 500 ~ 
710~ They could be explained by the presence of 
shallow and deep impur i ty  levels. 

3. Well-defined, reproducible  "resis t ivi ty  pockets," 
sandwiched between two extr insic  slopes appear in 
the stoichiometric CuInTe2 in the tempera ture  in terva l  
455~176 Similar,  al though distorted pockets could 
also be detected in other compositions. 

4. The intrinsic region (710~176 is near ly  the 
same in all samples. 
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If  w e  n o w  a s s u m e  t h a t  ~ ~ T -~/s, Eq. [1] s impl i f i e s  
o to  

1/p = ( cons t )  e-Eg/2kr [2] 

W e  f u r t h e r  a s s u m e  t h a t  in  t h e  n a r r o w  i n t r i n s i c  r e -  
g ion  (710~176 t h e  e n e r g y  gap  E~ c h a n g e s  l i n -  
e a r l y  w i t h  t e m p e r a t u r e  

E~ = E~o + ~T [3] 

H e r e  E~o is t h e  i n t r i n s i c  e n e r g y  gap  a t  0~ a n d  
is t h e  t e m p e r a t u r e  d e p e n d e n c e  coeff ic ient  of t h e  e n -  
e r g y  gap.  T h e n  for  two  d i f f e r e n t  t e m p e r a t u r e s  w e  m a y  
w r i t e  
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T h e r m o e l e c t r i c  m e a s u r e m e n t s  a t  r o o m  t e m p e r a t u r e s  
h a v e  s h o w n  (2)  t h a t  in  t h e  e x t r i n s i c  r e g i o n  CuInTe2  
a n d  a l l  c o m p o s i t i o n s  f r o m  44 to 56 m o l a r  % CusTe  a r e  
p - t y p e  s e m i c o n d u c t o r s .  F r o m  t h e  l i n e a r  r e l a t i o n  b e -  
t w e e n  l n #  a n d  1000/T i n  t h e  h i g h - t e m p e r a t u r e  i n -  
t r i n s i c  r eg ion ,  t he  i n t r i n s i c  " t h e r m a l "  e n e r g y  gap  of 
C u I n T e 2  was  c a l c u l a t e d  w i t h  c e r t a i n  a s s u m p t i o n s  as  
fo l lows :  

F o r  t h e  e f fec t ive  m a s s  of t h e  c a r r i e r s  i n d e p e n d e n t  
of t e m p e r a t u r e  t h e  r e s i s t i v i t y  in  t h e  i n t r i n s i c  r a n g e  
is g i v e n  b y  

1/p ~ eni(~n q- ~ )  
( c o n s t a n t )  T 3/2 (gn q- /~p) e--Eg/2kT [1] 

w h e r e  ni  is t h e  c o n c e n t r a t i o n  of i n t r i n s i c  ca r r i e r s ,  
gn a n d  #p a r e  m o b i l i t i e s  of e l e c t r o n s  a n d  ho les  r e s p e c -  
t ive ly ,  T is t h e  a b s o l u t e  t e m p e r a t u r e ,  Eg is  t h e  i n -  
t r i n s i c  e n e r g y  gap  a t  t e m p e r a t u r e  T a n d  k is t h e  B o t t z -  
m a n n  c o n s t a n t :  8.62 x 10 -5  e v / ~  

Ego Ego 
In  pl - -  In  p2 

2kT1 2kT2 
so lv ing  fo r  Ego, we o b t a i n  

2k In pl/p2 3.965 ~ 10 -4  log10 Pl/P2 
Eg o -- 

( l / T 1 -  l / T 2 )  ( l / T 1 -  l / T 2 )  

[4] 

[ 5 ]  

T h e  i n t r i n s i c  e n e r g y  gaps  Ego of s a m p l e s  (Cu2Te)x  
(In2Te3) 100-x fo r  44 ~ x ~ 56, c a l c u l a t e d  f r o m  Eq. [5] 
on  t h e  bas i s  of  e x p e r i m e n t a l  l i n e a r  s lopes  of In p vs. 
1000/T,  a re  1.04 ev. V a r i a t i o n s  o b s e r v e d  w e r e  in  t h e  
r a n g e  +_0.02 ev, w h i c h  c o r r e s p o n d s  to a n  e x p e r i m e n t a l  
a c c u r a c y  of a p p r o x i m a t e l y  --+2%. If  some  o t h e r  t e m -  
p e r a t u r e  d e p e n d e n c e  of m o b i l i t y  w e r e  a s s u m e d ,  say  

~ T 5/2 or  ~ ~ T -1/2, i t  w a s  c a l c u l a t e d  t h a t  t h e  v a l u e  
fo r  e n e r g y  gap  Ego of CuInTe2  w o u l d  c h a n g e  b y  less  
t h a n  + 2  or  - - 2 % ,  r e s p e c t i v e l y ,  b e c a u s e  t h e  i n t r i n s i c  
t e m p e r a t u r e  i n t e r v a l  is so smal l .  A u s t i n  et aL (7) 
m e a s u r e d  t h e  e n e r g y  gap  of Cu InTe2  o p t i c a l l y  a n d  
f o u n d  t h e  v a l u e  0.95 ev. 

T h e  o r i g i n  of d i s t i n c t  " r e s i s t i v i t y  p o c k e t s , "  as s een  
in  Fig.  6 for  t h e  s p e c i m e n s  of s t o i c h i o m e t r i c  CuInTe2,  
is n o t  ye t  c o m p l e t e l y  u n d e r s t o o d .  O n e  e x p l a n a t i o n  
m a y  b e  t h a t  t h e  f i rs t  s h a r p  d r o p  of r e s i s t i v i t y  a b o v e  
455~ is d u e  to p r e c i p i t a t i o n  of a m o r e  c o n d u c t i v e  
s e c o n d a r y  p h a s e ,  s u c h  as InTe .  A t  h i g h e r  t e m p e r a t u r e s  
t h e  c a r r i e r  m o b i l i t y  in  t h i s  s e c o n d a r y  p h a s e  d e c r e a s e s  
a n d  t h e  r e s i s t i v i t y  c l i m b s  a g a i n  u n t i l  i t  j o in s  t h e  
o r i g i n a l  cu rve .  T h e  u s u a l  e x p l a n a t i o n  of a r e s i s t i v i t y  
d r o p  as t h e  t e m p e r a t u r e  i nc rea se s ,  b a s e d  o n  t h e  d e -  
g e n e r a c y  of c h a r g e  c a r r i e r s  (8 ) ,  c a n n o t  b e  a p p l i e d  
h e r e  s ince  t h e  c h a n g e  of r e s i s t i v i t y  is m u c h  too s u d -  
d e n  a n d  m u c h  too  s h a r p  on  t h e  l o w - t e m p e r a t u r e  s ide  

T (%) 
~000 4OO 20O ~00 0 
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CulnTeeSOA 
(50% Cu2Te + 5 0 %  In2Te3) 
Specimens annealed one day 
at 4 0 0 %  
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Fig.  8 .  E f f e c t  o f  a n n e a l i n g  for  one  d a y  a t  4 0 0 ~  on t h e  h i g h -  
temperature resistivity of stoichiometric CulnTe2, Compare with 
Fig. 6. 
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of the pocket, as compared with  the smooth changes in 
ge rmanium and silicon. 

In order to see if the observed extr insic  and intrinsic 
effects in CuInTe2 were  revers ible  upon annealing, 
specimens were  hea t - t rea ted  24 hr  at 400~ in argon. 
The results shown in Fig. 8 for the compositions wi th  
50% Cu2Te and in Fig. 7 for the composit ion with  56% 
Cu2Te indicate that  impur i ty  dominated extr insic  dif-  
ferences most ly disappear, "resis t ivi ty pockets" la rge ly  
shrink, whi le  intrinsic slopes remain  unchanged.  These 
changes during anneal ing are due to an equi l ibr ium 
redis tr ibut ion and re laxat ion  of atoms wi th in  the basic 
chalcopyri t ic  matr ic  of CuInTe2. 

Conclusions 
CuInTe2 was t reated as par t  of the pseudobinary sys- 

tem (Cu2Te)x(In2Te3)100-x for 44 ~ x < 56 molar  % 
of Cu2Te. Coarsely polycrystal l ine specimens with  
these compositions were  prepared by a ver t ica l  Br idg-  
man growth technique. Af te r  long anneal ing at 650~ 
specimens of CuInTe2 show a tendency to precipi ta te  a 
small  amount  (below 4%) of a secondary phase, prob-  
ably InTo. 

High- t empera tu re  (up to the mel t ing  point 779.8~ 
electrical  resist ivi ty measurements  were  performed,  
using the method of porcelain "cocoons." Inspection 
of the plots of In p vs. 1000/T for samples wi th  44 to 
56 molar  % Cu2Te revealed  the existence of two ex-  
trinsic t empera tu re  regions (room temperature-200~ 
200~176 and one wel l -def ined and reproducible  
intrinsic t empera tu re  region from 710 ~ to the mel t ing  
point. Stoichiemetr ic  CuInTe2 specimens in part icular ,  
show sharp, wel l -def ined "resis t ivi ty  pockets," sand- 
wiched between two extrinsic slopes in the t empera -  
ture  in terval  455~176 The origin of these pockets 
is not yet  clear, but is bel ieved to be due to a h igh-  
t empera ture  precipi tat ion of a more  conductive sec- 
ondary phase, such as InTe. 

The " thermal"  band gap in all invest igated samples 
of CuInTe2 (in the composition range from 44 to 56 

molar  % Cu2Te), calculated f rom the exper imenta l  in-  
trinsic slopes of In p vs. 1000/T with  the assumption 
that  ~ ~ T -8/2, was 1.04 ev. Observed var ia t ion  of the 
energy gap in samples with different compositions was 
• ev. This value  compares wi th  the "optical" en-  
ergy band gap in CuInTe2 of 0.95 ev, measured  by 
Aust in etal.  
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High Conductivity Transparent Contacts to ZnS 
V. A. Will iams 

Department of Physics and Applied Physics, University of Ire, Ibadan Branch, Ibadan, Nigeria 

ABSTRACT 

Two methods of producing high conduct ivi ty  t ransparent  contacts on ZnS 
single crystals are investigated. It  is found that  sput ter ing of In203: Sn onto 
the crystal  fol lowed by suitable hea t - t r ea tments  gave much  bet ter  results  
than a s t ra ight forward a t tempt  at diffusion of compensated donor systems 
into the crystal  lattice. 

The nature  of an ohmic meta l -semiconductor  contact 
has been discussed by Kroger  and co-workers  (1) who 
proposed a model  for a meta l -CdS contact. Ohmic con- 
tacts on semiconductors are now achieved through 
n -n  +, otherwise called L - H  junctions. L -H  stands for 
low-high,  implying a junct ion arising f rom a change 
in impur i ty  concentrat ion f rom low to high be tween 
two adjacent  regions of a crystal, which gives a cor-  
responding change in conduct ivi ty  value,  but  not  type, 
across the junction. 

At an L - H  (or n - n + ) ,  unl ike  the p-n  junction,  there  
is no high field barr ier  region and no minor i ty  carr ier  
injection, the current  across such a junct ion being 
carr ied ent i re ly  by major i ty  carriers, with no rectifica- 
tion. The discontinuity in impur i ty  concentrat ion 
across the L - H  junct ion can be brought  about by con- 
t rol led diffusion of donor impuri t ies  into the crystal,  
or by forming a he tero junct ion  on the crystal  surface. 
The heterojunct ion in this case would  be be tween  the 
host crystal  and another  crystal  of similar structure,  
but  of the same conductivi ty type. The lat ter  crystal  

could for example  be epi taxia l ly  grown on the host 
crystal, or deposited thereon by a var ie ty  of other 
means. 

ZnS is a wide bandgap mate r ia l  (3.7 ev) ,  normal ly  
of ve ry  low intrinsic conductivity.  A var ie ty  of suitable 
doping mater ia ls  exist however  which could in pr inci-  
ple give it  n-  or p - type  conductivity.  Table I (2) shows 
such a range of suitable dopants and some of their  
characteristics.  The last two columns of Table I show, 

Table I. Suitable donor and acceptor impurity materials for ZnS 

I m p u r i t y  S u b s t i t u t i n g  A c c e p t o r  E c - -  E~ E~ --  E~ 
m a t e r i a l  G r o u p  i n  Z n S  f o r :  o r  d o n o r  (e v) (e  v } 

C h l o r i n e  ) V I I  B S D 0 .25  - -  
B r o m i n e  
A l u m i n u m  I I I  B Z n  I )  0 . 2 5  - -  
S c a n d i u m  I I I  B Z n  /~ 0 .35  - -  
G a l l i u m  I I I  B Z n  I:/ 0 . 4 2  - -  
I n d i u m  I I I  B Z n  D 0.5 - -  
C o p p e r  I B Z n  A - -  0 . 9 5  
S i l v e r  I B Z n  A - -  0 .55  
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respectively,  depth or height  of the impur i ty  level  Ei, 
below or above the conduction or valence band edges 
Ec or Ev. 

In a t tempt ing to diffuse impuri t ies  into zinc sulfide 
it is often necessary to balance (3) the charge created 
by the par t ia l  rep lacement  of the S 2- ion by the hal ide 
ions ( C 1 - B r - I - )  or the rep lacement  of the Zn 2+ i on  
by, say, t r iva len t  ions (A1 ~+, Ga s+, In 3+) or mono-  
valent  ions (Cu+Ag +, A u + ) .  Charge compensation 
normal ly  requires  the presence of an anion vacancy 
whe the r  ionized or not, i.e., VA + or VA. If the energy 
involved  in replacing a latt ice ion by one of these 
foreign ions is less than that  requi red  to form a cation 
vacancy, then the introduct ion of a second type of 
foreign atom may be necessary to incorporate  the 
former  ions in the latt ice in sufficient quantities. How-  
ever, the format ion of VA + or VA centers may  be en-  
hanced if the act ivat ion energy for the format ion of 
these centers is supplied ex terna l ly  (e.g., the rmal ly ) ,  
in  which case, the incorporat ion of the donor ions is 
self-compensated.  

With the process involving the format ion of a 
heterojunct ion as for example  be tween  t in-doped i n -  
d i u m  oxide and ZnS the use of indium as the donor 
impur i ty  in the ZnS could be effected by diffusing it 
into the latt ice via  the same process as is necessary to 
form the indium oxide semiconductor.  Note that  the 
word he tero junct ion  used here  to describe the junct ion 
be tween  ZnS and indium oxide is not strictly correct  
as indium oxide has a different latt ice s t ructure  f rom 
ZnS. However  only thin films of indium oxide are here  
involved.  

Diffusion o~ Donor Impuri t ies  into ZnS f rom the Vapor 

The exper imenta l  a r rangement  for the diffusion of 
donor impuri t ies  into ZnS is i l lustrated in Fig. 1. The 
mater ia ls  t r ied are listed in Table II below. (All  ma-  
terials were  of analar  quality.)  The ZnS pieces are cut 
f rom larger  crystals supplied by the Eagle Picher  
Company, Joplin, Missouri. 

The mater ia l  to be diffused into the ZnS crystal  is 
placed at one end of a sealed evacuated quartz  tube 
whi le  the ZnS is placed at the other, the two ma te -  
rials being separated by clean quar tz  wool. The separa-  
tion be tween  the two substances depends on the t em-  
pera ture  at which the impur i ty  mater ia l  is desired to 
be kept  re la t ive  to that  of the ZnS. 

The t empera tu re  of the ZnS is so chosen that  its 
vapor  par t ia l  pressure is negligible re la t ive  to that  of 
the vapor  of the doping material ,  whi le  the t empera -  
ture for the lat ter  depends on its mel t ing  point or the 
vapor  pressure. 

The sealed tube is then in tu rn  placed in a fused 
silica furnace  tube, toward  the cool end of the furnace  
where  a desired t empera tu re  gradient  can be obtained 
at the desired hot -end  temperature .  F igure  2 i l lus-  
trates typical  t empera tu re  gradients when  the  center  
tempera tures  of the furnace  are 700 ~ and 900~ re -  
spectively. 

A standard diffusion t ime of 1 hr  was used for all  
experiments .  Cooling after  the run  is effected fa i r ly  
rapidly  by wi thdrawing  the tube complete ly  into the 
cool zone of the furnace  where  the tempera ture  is 
only slightly above room temperature. 

The average diffusion depth (based on the depth at 
which the sheet resistance is I/e of its surface value) 
obtained is about 50~ and the resistivities calculated 

Table II. Temperature characteristics of some doping materials 

M e l t i n g  T e m p e r a t u r e ,  ~ C at  
M a t e r i a l  po in t ,  ~ w h i c h  the  V.P. = 1 T o r r  

Z i n c  c h l o r i d e  (ZnC1D 
( anhyd rous )  365 428 

Copper  ch lo r ide  (CuCI~  
( anhydrous )  422 546 

A l u m i n u m  ch lo r ide  (AICls) 
( anhydrous )  192 100 ( sub l ines )  
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Fig. I .  Arrangement for diffusing impurities from the vapor 
phase into zinc sulfide crystals. 
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Fig. 2. Typical temperature profile at the cool end of diffusion 
furnace. 

on this mean thickness of 50# varies  f rom 5 x l0 s 
ohm-cm for copper chloride to 5 ohm-cm for a lumi-  
num chloride. 

I t  was fur ther  found that, using a luminum chloride 
(which gave the lowest  observed resis t ivi ty) ,  a lower -  
ing of the resis t ivi ty resul ted f rom fur ther  heat ing for 
about 5 rain at 700~ in an iner t  atmosphere,  the re -  
sistivity being approximate ly  halved.  

The t reated crystals were  however  ve ry  dark in  
appearance, indicat ing strong absorption in the visible; 
the lower  the resistivity,  the darker  the crystal. It  is 
thought  that, a l though this effect might  be due to free 
carr ier  absorption, it may  perhaps also be due to col-  
loidal aggregat ion of the impur i ty  material .  In any 
case this darkening is of course a great  disadvantage 
because any luminescence arising f rom the crystal 
i n t e r i o r  would be strongly absorbed. 

Deposition o~ Ano ther  Semiconductor  
on the ZnS Surface 

This involves the deposition on the ZnS of a thin 
layer  of oxygen-def ic ient  indium oxide doped wi th  tin, 
by a sputter ing process. The process is only par t ia l ly  
chemical ly  react ive  in that, a l though chemical  combi-  
nation of oxygen is effected during the process, ye t  
the deposited layer  has a ve ry  high concentrat ion of 
the f ree  meta l  and it  is opaque. This is an impor tant  
difference f rom the method employed by Shivonen and 
Boyd (4) for making  t ransparent  indium oxide con- 
tacts on CdS. 

Details of the sputter ing apparatus are shown in Fig. 
3. A luminum head pieces are used for the electrodes 
as this mater ia l  is s trongly resis tant  to sputtering. P ro-  
vision for wa te r  cooling is made  to p reven t  excessive 
rises in t empera tu re  of the electrodes and of the glass- 
to -meta l  seals. 

Spectroscopical ly pure  indium and t in are evapo-  
ra ted  together  in the ratio 4:1 in high vacuum (10 -6 
Torr)  onto the a luminum cathode to obtain a ve ry  
thick coating, such evaporat ion being carr ied to com- 
plet ion to main ta in  the composit ion of 4:1 ratio. 
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Fig. 5. Current-voltage characteristics of a crystal equipped with 
In~O3 :Sn contacts. 
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Fig. 4. Thermal g/ow curve of a ZnS crystal equipped with an 
In203:Sn contact. 

F o r  s p u t t e r i n g ,  Z n S  c rys ta l s ,  in  t h e  f o r m  of 7 x 5 x 1 
m m  p l a t e s  cu t  a n d  p o l i s h e d  f r o m  l a r g e r  c r y s t a l s  of 
r e a s o n a b l e  p e r f e c t i o n ,  a r e  m a s k e d  to e x p o s e  s u r f a c e s  
of 3 x 5 r a m  on  each  f lat  f ace  a n d  t h e n  m o u n t e d  on  a 
g lass  d i sk  p l a c e d  in  t u r n  o n  t h e  a n o d e  as s h o w n  in  Fig. 
3. T h e r m a l  r e s i s t a n c e s  b e t w e e n  t h e  p ieces  a r e  r e d u c e d  
b y  use  of t h i n  f i lms of s i l i cone  grease .  

S p u t t e r i n g  is t h e n  c a r r i e d  ou t  a t  0.1 T o r r  i n  a n  a t -  
m o s p h e r e  c o n s i s t i n g  a p p r o x i m a t e l y  of 5 p a r t s  of a r g o n  
(99.999%) to t w o  p a r t s  of p u r e  o x y g e n  ( s u p p l i e d  b y  
BOC), f o r  7-10 min .  T h e  a n o d e  is m a i n t a i n e d  d u r i n g  
t h i s  t i m e  a t  2.2-2.5 k v  r e l a t i v e  to t h e  c a t h o d e  w i t h  
60-70 m a  d i s c h a r g e  c u r r e n t .  

T h e  r e s u l t i n g  s p u t t e r e d  l a y e r  h a s  a r a t h e r  o p a q u e  
m e t a l l i c  a p p e a r a n c e :  a f t e r  r e m o v i n g  t h e  s i l i cone  
g r e a s e  f r o m  t h e  c r y s t a l  b y  c l e a n i n g  in  a m i x t u r e  of 
a c e t o n e  a n d  t o l u e n e  i t  is t h e n  h e a t e d  f o r  a b o u t  5 r a i n  
a t  700~ in  a r g o n  a t  2 a t m  p r e s s u r e  in  o r d e r  to d i f fuse  
some  i n d i u m  in to  t h e  ZnS.  T h e  c r y s t a l  is t h e n  s u b -  
s e q u e n t l y  f i red  i n  a i r  a t  375~176 to g ive  a c o m -  
p l e t e l y  t r a n s p a r e n t  l aye r .  C r y s t a l s  u s e d  f o r  m e a s u r e -  
m e n t s  h a d  c o n t a c t s  a p p r o x i m a t e l y  3 x 5 m m  p l a c e d  
on  t h e  t w o  f la t  faces  f a i r l y  a c c u r a t e l y  l o c a t e d  oppos i t e  
one  a n o t h e r .  F o r  t h e  e l e c t r i c a l  m e a s u r e m e n t s  a l u m i -  
n u m  foi l  e l e c t r o d e s  w e r e  a t t a c h e d  o n  t h e  edges  of t h e  
t r a n s p a r e n t  l a y e r s  u s i n g  a h a r d  Se t t ing  s i l v e r  c o n d u c t -  
i ng  p a s t e  ( f r o m  J o h n s o n  M a t h e y  C o m p a n y ) .  

I~A 

x 

6' 

uJ 

u 

3 

2 

1- 

20 40 60 80 100 120 
VOLTAGE ,~ 

Fig. 6. Current-voltage characteristics under 3650.~ uv irradia- 
tion. 

I r r a d i a t i o n  of t h e  c r y s t a l  b y  3650A u v  l i g h t  g a v e  
l u m i n e s c e n c e  c h a r a c t e r i s t i c  of  i n d i u m  cen te r s .  F i g u r e  4 
g ives  t h e  t y p i c a l  g low  c u r v e  o b t a i n e d  f r o m  a c r y s t a l  
d o p e d  w i t h  i n d i u m  in  t h e  m a n n e r  d e s c r i b e d  ( a f t e r  
p r e v i o u s  l i g h t  b o d y  d o p i n g  w i t h  a l u m i n u m  a n d  c h l o -  
r i n e ) .  

T h e  r e s i s t i v i t i e s  of t h e  i n d i u m  o x i d e  l a y e r s  o b t a i n e d  
w e r e  of t h e  o r d e r  of  10 -1  o h m - c m  ( a s s u m i n g  a 50# 
t h i c k n e s s ) .  T h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of t h e  
c o n t a c t s  a r e  s h o w n  in  Fig. 5. P h o t o c o n d u c t i v i t y  m e a s -  
u r e m e n t s  fo r  u n d o p e d  c r y s t a l s  e q u i p p e d  w i t h  t h e  i n -  
d i u m  ox ide  c o n t a c t s  w e r e  m a d e ,  a n d  t h e  r e s u l t i n g  c u r -  
r e n t - v o l t a g e  c h a r a c t e r i s t i c  f o r  3650A e x c i t a t i o n  is 
s h o w n  in  Fig. 6. T h e  c o n d u c t i n g  p r o p e r t i e s  of t h e  
In~O~:Sn  l a y e r  i t s e l f  a p p e a r s  to b e  u n a f f e c t e d  b y  l ow  
t e m p e r a t u r e s  as t h e  c o n d u c t i v i t y  d id  n o t  a p p e a r  to 
c h a n g e  f r o m  r o o m  t e m p e r a t u r e  d o w n  to 77~ 

Discussion 
I t  is e v i d e n t  f r o m  t h e  f o r e g o i n g  t h a t  d i f fus ion  of 

d o n o r  i m p u r i t i e s  i n to  Z n S  c o u l d  l e ad  to a n  i n c r e a s e  
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in surface conductivity.  Two problems are a t tendant  
with this method of achieving high conduct ivi ty  
however ;  the first is the problem of diffusion of im-  
purit ies into ZnS owing to the effects of charge or 
vacancy compensation (5). This makes  it easier for 
deeper centers to be incorporated than shal lower ones. 
The second problem arises f rom the first. The  shal low- 
est centers are 0.25 ev for donor levels, and 0.5 ev for 
acceptor centers, so that, both because of the depth of 
levels, and because of charge compensation, ve ry  high 
impur i ty  concentrat ions (~1020/cm3) are requi red  to 
give adequate  conductivities.  Such high concentrat ions 
of impuri t ies  f requent ly  lead to discoloration of the 
crystals, and self-absorpt ion of luminescence (6), this 
appears to be confirmed by the exper iment .  This dis- 
coloration is object ionable  since t ransparency is of 
pr ime importance.  

On the other  hand, the format ion of In203:Sn-ZnS 
contact is easier to achieve and appears to be more  
straight forward.  To a rough approximat ion the junc-  
tion be tween  the two mater ia ls  could be t reated as 
H- I  heterojunct ion which in many  ways agrees wi th  
the proposals of Kroger  et at. as to the nature  of an 
ohmic semiconductor contact. The requi red  region of 
re la t ive ly  high conduct ivi ty  in the ZnS would  arise 
f rom the diffusion of indium into the crystal  as would  
be expected f rom the hea t - t r ea tmen t  immedia te ly  fol-  

lowing after  the sput ter ing process, and as it  is known 
that  indium has a high diffusion rate  in ZnS single 
crystals. 
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Detection of Thermal Reaction in Mixed Oxide 

Powders by Electrical Resistance Measurements 

A. N. Copp, M. Nakahira, and G. W. Brindley 
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

Resist ivi ty measurements  are made on 1: 1M mixtures  of MgO-Cr2Oa, NiO- 
Cr203, ZnO-Cr203, and CoO-Cr2Oa powders heated in oxygen, and in ni t rogen 
atmospheres at 2.5~ Sharp inflections are found in the log p vs. 1/T 
curves;  two inflections are found for MgO-Cr203 and ZnO-Cr203 heated in 
oxygen. X - r a y  diffraction measurements  are made of s imilar  powders  heated 
under  identical  conditions and quenched f rom various temperatures ,  and 
curves are obtained of a (fract ion reacted) vs. T, m axim um  heat ing t empera -  
ture. The tempera tures  of the inflections in the log p vs. 1/T curves (the 
lower inflection when  two are observed) correspond with  reasonable ex t rap-  
olations of t h e ,  vs. T curves to , ~ 0, i.e., these inflections appear  to corres-  
pond with, or to be closely re la ted to, the onset of react ion in the powder  
mixtures.  The method has potent ial  application for s tudying the onset of re -  
actions under  conditions where  more bulky equipment  cannot be used and 
par t icular ly  in closed systems. 

The present  paper is concerned with  the possibility 
of detecting the onset of thermal  react ion in in t imate ly  
mixed oxide powders under  conditions of progres-  
sively rising t empera tu re  by fol lowing the change of 
electrical  resistance of compacted powder  samples. The 
more commonly used methods,  such as x - r ay  diffrac- 
tion and differential  thermal  analysis, tend to be in-  
sensit ive to the onset of these reactions. Electr ical  re -  
sistance measurements  for this purpose have hi ther to 
received ra ther  l i t t le  attention, but  several  studies in-  
dicate that  the question is wor th  examination.  Garn  
and Flaschen (1) showed that  polymorphic  t ransfor-  
mations in quartz, bar ium titanate, and several  other  
materials  gave rise to a change in slope of resistance 
vs. t empera tu re  curves. Bielanski  and Deren (2) 
studied 1: 1M mixtures  of ZnO-Cr2Oa, MgO-Cr203, and 
ZnO-Fe203, and Bielanski, Deren, Haber, and Polacz-  
kawa (3) made a fu r the r  study of the ZnO-Cr203 1:1 
mixture.  They observed wel l -def ined breaks in the log 

vs. 1/T plots (~ = electr ical  conduct iv i ty) .  In the 
ear l ier  study, the breaks were  a t t r ibuted to an in te r -  
action involving the migra t ion  of one oxide over  the 
surface of the other beginning at about 400 ~ , 400 ~ , and 

700~176 for the respect ive oxide mix tures  given 
above. In the later  study, it was emphasized that  the 
conduct ivi ty  depends on the surface states of the par-  
ticles and on the format ion of a react ion product. The 
ZnO-Cr203 mix tu re  was shown to give two inflections, 
the first of which at around 415~ was associated with  
surface migrat ion of one oxide over  the other, and the 
second at around 650~ with  format ion of a spinel 
product. Szab6 and Solymosi (4) studied 1:1 MgO- 
Cr203 mixtures  and considered that  the beginning 
of spinel formation,  about 600~176 changes the 
electr ical  propert ies  of the mixed  oxides marked ly  by 
the format ion  of a product  wi th  good defect state 
conductivity.  

In the present  work, at tention has been given to the 
behavior  of in t imate ly  mixed  oxide powders  in I : I M  
proportions of MgO, NiO, ZnO, and CoO with  Cr203. 
In all cases the resul t ing product  is a spinel. Under  dy-  
namic conditions of progressively rising temperature ,  
solid-state reactions be tween  mixed  powders  depend 
great ly  on the part ic le  sizes of the components, on the 
rate  of heating, and in many  cases (as wi l l  be shown) 
on the ambient  atmosphere.  It  is scarcely possible, 
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therefore,  to make  detai led comparisons be tween  r e -  
sults obtained by different invest igators using different 
exper imenta l  conditions. Likewise a comparison be-  
tween  results obtained by electr ical  resistance meas-  
urements  and by other techniques,  such as x - r ay  dif-  
fraction, wil l  be significant only if ident ical  condi- 
tions are employed during the reactions. Par t icular  
at tent ion has been given to this aspect of the study. 

Exper imenta l  
Raw materials and sample preparation.--Reagent 

grade powders f rom Fisher  Scientific Company of 
MgO, ZnO, NiO, Cr203, and a CoO-Co304 mix tu re  
were  used. The CoO-Cr~O4 mix tu re  was heated in air 
at 1000~ for 12 hr to convert  it whol ly  to CoO. The 
MgO powder  was preheated  in air at 1300~ for 2 hr 
to obtain an oxide of coarser part icle  size. Fol lowing 
these treatments,  the MgO and CoO samples were  
finely ground in an agate mortar .  Microscopic exami-  
nation showed that  the resul t ing MgO and CoO pow-  
ders had part icle diameters  of the order  1-10#, and 
all  other  powders were  somewhat  finer than 1~. It was 
considered unnecessary for the immedia te  purpose to 
prepare  wel l -s ized fractions. 

The 1: 1M mixtures  were  hand-ground  in an agate 
mor ta r  with acetone for approximate ly  2 hr. They 
were  dried in air, finely pulverized,  and stored in a 
desiccator over  P205. Cylindrical  pellets, 1.27 cm di-  
ameter  and about 1.5 cm in length, were  formed in a 
hardened steel pellet  mold wi thout  use of a binding 
mater ia l  under  a pressure of about 50 k g / c m  2. 

Heat- treatment . - -For  the res i s tance- tempera ture  
measurements ,  a horizontal  mul l i te  tube furnace wi th  
silicon carbide heat ing elements  was used. The t em-  
pera ture  was uni form over  a 1-in. section up to 
l l00~ A cam-type  program control ler  gave a t em-  
pera ture  increase of about 2.5~ This rate  is a 
compromise be tween slow running to obtain resistance 
measurements  at sufficiently wel l -def ined t empera -  
tures and a uni form tempera tu re  in the sample, and 
fast running to obtain the desired range of t empera -  
ture  in a convenient  working  time. 

Samples for x - r ay  analysis were  prepared  in a ve r -  
t ical tube furnace wound with  Kanthal ,  type A- l ,  wire  
wi th  identical  a r rangements  for t empera tu re  control. 
The samples were  suspended in p la t inum containers in 
the hot zone of the furnace and were  quenched by fus- 
ing the suspending wires when  desired tempera tures  
were  reached. 

Because solid-state reactions be tween  oxides f re -  
quent ly  depend on the ambient  atmosphere,  the pres-  
ent tests were  carr ied out under  two conditions, wi th  a 
slow flow of ei ther dry oxygen or dry ni t rogen through 
the furnace tubes. Af te r  flushing the system at room 
tempera tu re  wi th  the gas to be used, a small  excess 
pressure  was main ta ined  as shown by an outlet  "bub-  
bler." The invest igat ion was not concerned wi th  the 
specific role of the gas a tmosphere  in the reactions 
considered. 

Resistance measurements . - -These  were  made using a 
four - t e rmina l  measur ing  technique with  a 10v poten-  
tial drop across the sample. The sample was held in a 
specially constructed silica f ramework,  wi th  two pla t i -  
num foil electrodes pressed against  the end faces by 
means of spr ing- loaded silica rods, wi th  the springs 
mounted outside the hot zone of the furnace. The po- 
tent ial  probes, also spring loaded, consisted of plat i -  
num wires pressed into finely dri l led holes penet ra t ing  
about 0.5-1 m m  into the cyl indrical  surfaces of the 
sample, and about 5 mm apart. Two thermocouples,  Pt, 
P t -P t /10% Rh, were  pressed against the opposite side 
of the sample. Resistances were  measured  up to t em-  
peratures  of about 1000~ higher  tempera tures  being 
avoided becauae of possible deformat ion of the silica 
f ramework.  

D.C. power  was applied only dur ing measurements  
and was supplied by a Kepco 5M-160-12MK regulated 

power  supply. Current  and potential  measurements  
were  made with a Kei th ley  410-R electrometer .  

Resistivities were  calculated using sample d imen-  
sions prior  to heating. Compaction (sintering) of the 
powders occurred during the heat ing process resul t ing 
in changes of about 10-15% in l inear dimensions. 
Since the resis t ivi ty is expressed in ohm-cm units, the 
resist ivi ty values obtained wil l  be influenced to the 
same extent.  Changes of this magnitude,  however ,  are 
small compared with  the ove r -a l l  res is t ivi ty  changes 
recorded. 

X-ray  measurements . - -The  quenched samples were  
ground in an agate mortar  to a part icle size est imated 
to be of the order  of 5#. A s tandard weight  of mate -  
rial, 0.160g, was packed f rom the rear  into a rec tangu-  
lar opening in a glass slide, wi th  no smoothing of the 
front  surface exposed to the x - r a y  beam. The sample 
thickness was effectively infinite for the CuKa radia-  
tion employed. In tegra ted  intensi ty measurements  
were  made on reflections f rom the initial components 
and f rom the resul t ing spinels. Three  measurements  
were  made for each reflection involved,  using inde-  
pendent ly  prepared samples. The fract ion of mater ia l  
reacted, ~, was determined by comparing the reflected 
intensi ty from a quenched sample wi th  that  f rom a 
ful ly  reacted sample, heated at 1400~ for 48 hr. This 
procedure  is legi t imate  because the mass absorption 
coefficient of the powder  sample for the x - rays  em-  
ployed is not changed by the reaction; the reflected 
intensity, therefore,  is proport ional  to the amount  of 
reflecting mater ia l  (initial mater ia l  or product)  in the 
sample. 

Results 

Resistivity data.--Values of log p vs. I /T ,  where  p is 
the resist ivi ty of the powder  compact and T the ab- 
solute temperature ,  for the four oxide mix tures  are 
shown on Fig. 1 where  arrows on the curves indicate 
the direction of t empera tu re  change. Solid and open 
symbols indicate, respectively,  results obtained for 
mixtures  heated in oxygen and in nitrogen. For  NiO- 
Cr203 heated in oxygen, circles and squares denote 
observations on different samples and i l lustrate  the 
good reproducibi l i ty  of the data. The curves on Fig. 1 
are seen to consist of near ly  straight  portions wi th  
sharp inflections. In six of the eight sets of data shown, 
there  are sharp deflections downward  of the log p vs. 
1/T curves wi th  rising tempera ture ,  but  in two sets 
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Fig. 1. log p (resistivity) vs. 1 / T  (degrees absolute) for 1:1M 

mixtures of oxides heated in oxygen (solid symbols) and in nitrogen 
(open symbols). For NiO-Cr~03 in oxygen, closed circles and squares 
denote observations on different samples. 
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Table I. Temperatures in ~ of inflections in log p vs. 1 / T  curves 

1:1 M i x t u r e  I n  oxygen ,  ~ I n  n i t r o g e n ,  ~ 

MgO-Cr20~ 635,770 713 
NiO-Cr~O~ 615 660 
CoO-Cr2Oa 707 795 
ZnO-Cr20~ 575,645 674 

(CoO-Cr20~ and ZnO-Cr203)  t he  def lect ions g ive  l ines  
of lesser  slope. In  two  sets of data,  MgO-Cr203  and  
ZnO-Cr20~ bo th  h e a t e d  in  n i t rogen ,  a second def lec t ion  
also appears .  The  t e m p e r a t u r e s ,  in  ~ at  w h i c h  the  d e -  
f lect ions occur  a re  l i s ted  in Tab le  I and  a re  cons ide red  
to be  a c c u r a t e  to abou t  • 1 7 6  

X - r a y  da ta . - -The  resu l t s  ob ta ined  for  the  f r a c t i o n  
of m a t e r i a l  r e a c t e d  a r e  p lo t t ed  in  Fig. 2 aga ins t  
the  t e m p e r a t u r e  T, in ~ f r o m  w h i c h  the  s amples  
w e r e  quenched .  So l id  and  open  c i rc les  re fe r ,  r e spec -  
t ive ly ,  to r eac t ions  in  o x y g e n  and  in n i t rogen .  In  a l l  
cases, the  reac t ions  p roceed  at  l o w e r  t e m p e r a t u r e s  in 
o x y g e n  t h a n  in n i t rogen ,  and the  ~ vs. T cu rves  a r e  of 
s igmoida l  shape.  In  n i t rogen ,  two  and, possibly,  t h r ee  
of the  reac t ions  a re  r e p r e s e n t e d  by  cu rves  w h i c h  m a y  
be s igmoida l ,  bu t  on ly  the  ini t ia l ,  a c c e l e r a t o r y  r e g i o n  
is a ch i eved ;  the  f o u r t h  reac t ion ,  ZnO-Cr203  in  n i t r o -  
gen, y i e lded  an a lmos t  l i nea r  re la t ion .  The  smal l e s t  
va lues  of ~ w h i c h  cou ld  be  d e t e r m i n e d  w e r e  of t he  
o rde r  of 0.05-0.10. 

Discussion 
The  t e m p e r a t u r e s  l i s ted  in Tab l e  I of t he  inf lect ions  

in t he  log p vs. 1 / T  cu rves  a re  s h o w n  by  a r r o w s  in  Fig.  
2. In  a l l  cases, t hese  inf lec t ion  poin ts  ( the  l o w e r  t e m -  
p e r a t u r e s  w h e r e  t w o  inf lect ions  a r e  found)  co r r e spond  
w i t h  r e a s o n a b l e  ex t r apo l a t i ons  of the  ~ vs. T c u r v e s  to 

= 0. These  ex t r apo l a t i ons  a r e  s h o w n  by  dashed  l ines  
in  Fig. 2. I t  is conc luded  tha t  the  inf lec t ion  poin ts  
( l o w e r  t e m p e r a t u r e s  w h e r e  two  a re  found)  a re  co in-  
c ident  wi th ,  or  a r e  c lose ly  r e l a t e d  to, t he  t e m p e r a t u r e s  
of  in i t i a l  r eac t ion  u n d e r  t he  e x p e r i m e n t a l  condi t ions  
employed .  

W h e n  second inf lect ions  a r e  found  in the  log p vs. 
1 / T  curves ,  in MgO-Cr203  and ZnO-Cr203  reac t ions  in 
oxygen ,  t he r e  is a poss ible  co inc idence  b e t w e e n  these  
inf lect ions and  a r ap id  change  in s lope d a / d T  in t he  
vs. T curves ,  bu t  on the  basis of these  t w o  resu l t s  
alone,  no f i rm conc lus ion  can  be  d rawn .  F o r  t he  Z n O -  
Cr203 reac t ion ,  t h e r e  is a q u a l i t a t i v e  a g r e e m e n t  w i t h  
the  resu l t s  of B ie l ansk i  et al. in t ha t  t h e y  also ob-  
s e r v e d  two  inflect ions,  bu t  these  o c c u r r e d  at abou t  415 ~ 
and 650~ as c o m p a r e d  w i t h  575 ~ and 645~ in t he  
p r e sen t  work .  I t  is p r o b a b l y  not  su rp r i s ing  tha t  p r e -  
v ious  au thors  associa ted  the  second and  h i g h e r  inf lec-  
t ion t e m p e r a t u r e  w i t h  t he  f o r m a t i o n  of a sp ine l  p r o d -  
uc t  i f  this  inf lect ion cor responds  to a m a x i m u m  of 
d~/clT, espec ia l ly  if  condi t ions  w e r e  no t  i den t i ca l  in 
the  t w o  m e t h o d s  of s tudy  ( x - r a y  and  r e s i s t ance  m e a s -  
u r e m e n t s ) .  

T h e  p r e s e n t  e x p e r i m e n t a l  da ta  do no t  j u s t i f y  m a k -  
ing  c o m m e n t s  e i the r  for  or  aga ins t  t he  p r e v i o u s  sug -  
ges t ions  tha t  the  first inf lect ion cor responds  to a su r -  
face  mig ra t ion ,  b e y o n d  the  o b s e r v a t i o n  tha t  such a m i -  
g ra t ion  m a y  cons t i tu te  t he  first s tep t o w a r d  a sol id-  
s ta te  react ion .  

W h e t h e r  r e s i s t i v i t y  m e a s u r e m e n t s  h a v e  any  w o r t h -  
w h i l e  m e r i t  for  de t ec t i ng  the  onset  of so l id - s t a t e  r e -  
act ions u n d e r  r i s ing  t e m p e r a t u r e  condi t ions  is a va l i d  
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oxides heated in oxygen (solid circles) and in nitrogen (open 
circles). Temperatures of inflections in log p vs. 1 / T  curves (see 
Table I) are shown by arrows. Solid lines are curves through points 
obtained from x-ray diffraction measurements; dashed lines are 
extrapolations joining the solid lines to the resistivity inflection 
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quest ion.  W h e n  t h e  e x p e r i m e n t a l  e q u i p m e n t  is a v a i l -  
able,  i t  is easy  and  r e l a t i v e l y  qu ick  to d e t e r m i n e  a log  
p vs. 1 / T  curve ,  and  if  m a n y  tests  a r e  r equ i r ed ,  t he  
m e t h o d  could  be  au tomated .  T h e  m e t h o d  is q u i c k e r  
t h a n  x - r a y  d i f f rac t ion  us ing  q u e n c h e d  spec imens ;  w i t h  
a h e a t e d  stage,  x - r a y  d i f f rac t ion  w o u l d  t a k e  no l onge r  
t h a n  the  r e s i s t i v i t y  m e a s u r e m e n t s ,  bu t  t h e r e  w o u l d  r e -  
m a i n  the  diff icul ty tha t  t he  m e t h o d  is i n sens i t ive  to 
sma l l  a m o u n t s  of product .  T h e  r e s i s t iv i ty  change  a p -  
pea r s  to occur  s h a r p l y  at  a t e m p e r a t u r e  co r r e spond ing  
to t he  ea r l i es t  s t age  of t he  reac t ion ,  w h a t  p r ev ious  
w o r k e r s  h a v e  desc r ibed  as a su r face  m i g r a t i o n  of  one  
r e a c t a n t  o v e r  t he  other .  A poss ible  a d v a n t a g e  of t he  
r e s i s t i v i t y  m e t h o d  is tha t  i t  m a y  be  app l i cab le  u n d e r  
c i r cums tances  w h e r e  m o r e  b u l k y  e q u i p m e n t  canno t  be  
used,  for  example ,  in  c losed systems.  
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Vapor Growth Parameters and Impurity Profiles on N-TypeGaAs 
Films Grown on N+-GaAs by the Hydrogen-Water Vapor Process 

K. L. Lawley 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Controlled growth of very smooth n-type films of GaAs on n+-GaAs sub- 
strates has been achieved with the hydrogen-water vapor transport process. 
These films are grown at i000 ~ and 1050~ at growth rates from 0.080 to 1.5 
rain -I with partial pressures of water vapor of 0.30 x 10 -3 to 6.0 x 10 -3 atm 
and total flow rates from 300 to 600 cc min -I. The impurity profiles of these 
films have been determined from differential capacitance-voltage measure- 
ments on gold surface barrier diodes. These profiles show that films grown 
on Si-doped substrates have much steeper impurity gradients at the sub- 
strate-fllm interface than those grown on Te-doped substrates. Films grown 
on Te-doped substrates at low flow rates become graded with a slope of about 
one decade per micron. These results suggest that outdiffusion from the sub- 
strate controls the profiles of thin films. The minimum net donor concentra- 
tion in the films is 4 to 5 x I0 I~ cm -3. Reverse bias breakdown voltages of 
the gold diodes range from ~ 200 to 5-7v for II~ and i~ thick films, respec- 
tively. 

T h e  s y n t h e s i s  of m o n o c r y s t a l l i n e  f i lms of G a A s  on  
G a A s  s u b s t r a t e s  in  a H 2 - H 2 0  t r a n s p o r t  s y s t e m  h a s  
b e e n  d e m o n s t r a t e d  b y  F r o s c h  (1) ,  S i r t l  (2 ) ,  a n d  G o t t -  
l i eb  a n d  C o r b o y  (3) .  T h e  p r e s e n t  i n v e s t i g a t i o n  is d e -  
s i g n e d  to e s t a b l i s h  t h e  g r o w t h  p a r a m e t e r s  a n d  s u b -  
s t r a t e  p r e p a r a t i o n  b y  w h i c h  c o n t r o l l e d  g r o w t h  of 
smoo th ,  t h i n  f i lms m a y  b e  a c h i e v e d  in  a n  o p e n - t u b e  
s y s t e m  s i m i l a r  to t h a t  of F r o s c h  a n d  to e x p l o r e  t h e  
effects  of t h e s e  p a r a m e t e r s  on  t he  r e s u l t i n g  i m p u r i t y  
p rof i l es  of n - t y p e  f i lms g r o w n  on  n + - s u b s t r a t e s .  

Apparatus and Experimental Procedure 
T h e  a p p a r a t u s  in  w h i c h  t h e  f i lms w e r e  g r o w n  is 

s h o w n  s c h e m a t i c a l l y  in  Fig.  1. I t  cons i s t s  of a f u s e d  
s i l ica  r e a c t i o n  t u b e  (26 m m  ID, 140 cm long )  i n to  
w h i c h  is i n s e r t e d  a f u s e d  s i l ica  l i n e r  (22 m m  ID, 46 
cm long )  w h i c h  h o l d s  t h e  s ing le  c r y s t a l  s o u r c e  a n d  
s u b s t r a t e .  T h e  s o u r c e  a n d  s u b s t r a t e  a re  p o s i t i o n e d  in  
t h e  l i n e r  so t h a t  t h e  s o u r c e  is a t  t h e  m a x i m u m  f u r -  
n a c e  t e m p e r a t u r e  a n d  t h e  s u b s t r a t e  is a t  a pos i t i on  
d o w n s t r e a m  f r o m  t h e  s o u r c e  w i t h i n  t h e  zone  of d e p -  
o s i t i on  s h o w n  as a s h a d e d  a r e a  in  Fig.  1. T h e  s o u r c e  
s l ices  of a b o u t  10 cm 2 s u r f a c e  a r e a  a r e  h e l d  n o r m a l  to 
t h e  gas  flow in  a q u a r t z  ho l de r .  T h e  s u b s t r a t e  is p l a c e d  
on  a t h i n  q u a r t z  p l a t e  to m i n i m i z e  g r o w t h  o n  t h e  b a c k  
of t h e  s u b s t r a t e .  T h e  f u r n a c e  prof i le  as m e a s u r e d  in  
t h e  t u b e  is a c h i e v e d  b y  s h u n t i n g  t h e  w i n d i n g s  on  a 
o n e - z o n e  t u b e  f u r n a c e .  I n  t h i s  w a y  t h e  e n t i r e  p rof i l e  
m a y  b e  r a i s e d  or  l o w e r e d  b y  c h a n g i n g  t h e  c o n t r o l  
t e m p e r a t u r e .  T h e  m a x i m u m  t e m p e r a t u r e  is c o n t r o l l e d  
to • 1 7 6  b y  a P t - P t / 1 0 %  R h  t h e r m o c o u p l e  a d j a c e n t  to 
t h e  f u r n a c e  w i n d i n g s  a t  t h e  m i d p o i n t  of t h e  f u r n a c e .  
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Fig. 1. Schematic drawing of the apparatus and furnace tempera- 
ture profile. 

T h e  s u b s t r a t e  t e m p e r a t u r e  fo r  t h e  g r o w t h  of f i lms 
is 1000 ~ or  1050~ w i t h  t h e  s o u r c e  m a t e r i a l  b e i n g  50~ 
h o t t e r  t h a n  t h e  s u b s t r a t e .  T h e  t e m p e r a t u r e  g r a d i e n t  
a t  t h e  s u b s t r a t e  is a b o u t  10~ c m  -1. 

T h e  w a t e r  c o n t e n t  of t h e  r e a c t a n t  gas is m a i n t a i n e d  
b y  m i x i n g  h y d r o g e n  p a s s e d  t h r o u g h  a P d - A g  t u b e  
pu r i f i e r  w i t h  pu r i f i ed  h y d r o g e n  w h i c h  h a d  b e e n  b u b -  
b l e d  t h r o u g h  a w a t e r  s a t u r a t o r  i m m e r s e d  in  a n  ice-  
w a t e r  b a t h .  T h e  d e w  p o i n t  of t h e  w a t e r - s a t u r a t e d  gas  
w a s  f o u n d  to be  t h e  t e m p e r a t u r e  of t h e  i c e - w a t e r  b a t h  
a n d  w a s  i n d e p e n d e n t  of t h e  h y d r o g e n  f low r a t e .  T h e  
d e w  p o i n t s  of t h e  m i x t u r e s  of p u r e  a n d  w a t e r - s a t u -  
r a t e d  h y d r o g e n  a g r e e d  w i t h  t h o s e  c a l c u l a t e d  f r o m  t h e  
v o l u m e  r a t io s  of t h e  gases.  D r y  n i t r o g e n  is u s e d  to  
p u r g e  t h e  a p p a r a t u s  of h y d r o g e n  p r i o r  to i n s e r t i o n  or  
r e m o v a l  of t h e  l ine r .  

T h e  ( l l f ) ,  B or  As  faces  of t h e  s u b s t r a t e s  h a v e  b e e n  
u s e d  a l m o s t  e x c l u s i v e l y  for  t h i s  i n v e s t i g a t i o n ,  b e c a u s e  
g r o w t h  o n  s u b s t r a t e s  o r i e n t e d  < 1 1 0 >  or  < 1 0 0 >  is 
a b o u t  t w i c e  as r a p i d  as on  t h e  (111) p l a n e s  a n d  
s m o o t h e r  f i lms a lso  r e s u l t  f r o m  g r o w t h  on  t h e  (111) 
p lanes .  

A n  i m p o r t a n t  f a c t o r  w h i c h  c o n t r i b u t e s  to  t h e  p e r -  
f e c t i o n  of t h e s e  f i lms is t h e  s u b s t r a t e  p r e p a r a t i o n  i m -  
m e d i a t e l y  b e f o r e  t h e  g r o w t h  of t h e  film. I n i t i a l l y  t he  
s u b s t r a t e  is m e c h a n i c a l l y  l a p p e d  a n d  p o l i s h e d  w i t h  
1800 g r i t  a l u m i n a  a n d  w i t h  L i n d e  B a n d  t h e n  c h e m i -  
ca l ly  p o l i s h e d  w i t h  a d i l u t e  s o l u t i o n  of b r o m i n e  in  
m e t h a n o l  (4) .  I m m e d i a t e l y  b e f o r e  l o a d i n g  t h e  s u b -  
s t r a t e  i n to  t he  l ine r ,  t h e  s u b s t r a t e  is b o i l e d  in  ace tone ,  
w a s h e d  in  d e i o n i z e d  w a t e r  i n  a n  u l t r a s o n i c  ag i t a to r ,  
e t c h e d  i n  70 H2SO4/15 H202 ( 3 0 % ) / 1 5  H20,  w a s h e d  
in  d e i o n i z e d  w a t e r  u l t r a s o n i c a l l y ,  a n d  b l o w n  d r y  w i t h  
l i ne  n i t r o g e n .  A p p r o x i m a t e l y  10~ of  s u b s t r a t e  a r e  r e -  
m o v e d  w i t h  t h e  s u l f u r i c  ac id  e tch .  

F i l m s  g r o w n  o n  ( l l l i  s u b s t r a t e s  p r e p a r e d  i n  t h i s  
w a y  a r e  v e r y  smoo th .  U n d e r  b r i g h t  f ield i l l u m i n a t i o n  
a t  50X, t h e  f i lms a p p e a r  f lawless .  E x a m i n a t i o n  of t h e  
f i lms w i t h  a n  i n t e r f e r e n c e  c o n t r a s t  m i c r o s c o p e  s h o w s  
t h e  p r e s e n c e  of p a r a l l e l  g r o w t h  s teps  c o n c e n t r a t e d  
m o s t l y  n e a r  t h e  edges  of t h e  w a f e r .  F i l m s  g r o w n  on  
t h e  o t h e r  m a j o r  p l a n e s  h a v e  r o u g h  t e x t u r e s  d u e  to 
i r r e g u l a r i t i e s  s u c h  as s q u a r e  p a t t e r n s  on  t h e  (100) 
p l a n e s  a n d  t i l t e d  p y r a m i d s  o n  t h e  (110) p lanes .  

T h e  i m p u r i t y  d i s t r i b u t i o n s  in  t h e  f i lms h a v e  b e e n  
d e t e r m i n e d  b y  t h e  d i f f e r e n t i a l  c a p a c i t a n c e - v o l t a g e  
m e t h o d  a t  100 kc  as o u t l i n e d  b y  T h o m a s  et al. (5) 
u s i n g  go ld  s u r f a c e  b a r r i e r  d iodes  (10 m i l  d i a m e t e r )  as 
t h e  r e c t i f y i n g  con tac t s .  T h e  d iodes  a r e  f o r m e d  b y  
e v a p o r a t i n g  go ld  i n  a n  o i l - p u m p e d  e v a p o r a t o r  a t  p res -  
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Fig. 2. Impurity profile obtained from Au surface barrier diodes 
on bulk GaAs (n ~ 1.8 x 1015 cm-3).  Curve A, H2SO4-H202-H20 
etch; curve B, Br4-CH30H etch. Different symbols are used for 
different diodes. 

sures of less than 10 -6 mm Hg. Mesas are formed by 
etching off the film around the gold diodes with 1 
H3PO4/I H~O2 (30%)/3 CH3OH. Alloyed tin balls on 
the n+-surface served as the ohmic contact. All units 
were checked on an I-V curve tracer to determine the 
ohmic behavior of the tin balls and the rectification 
characteristics of the diodes. 

Kahng (6) has shown that Au-n-type surface bar- 
riers are non-injecting majority carrier rectifiers on 
bulk GaAs having a net donor concentration of 5-9 x 
10 TM cm -3. In this range, the inverse square of the 
capacitance varies linearly with the applied reverse 
bias. 

Most of the films grown in this system have net 
donor concentrations in the low-1015 cm -3 range; 
therefore, it was necessary to examine the diode be- 
havior on bulk material of this donor concentration. 
Gold diodes were fabricated on bulk GaAs with a net 
donor concentration of 1.8 x 1015 cm -3. One slice (A) 
was prepared by the technique used for preparing sub- 
strates using the H2SO4/H202/H20 etch. A second slice 
(B) was prepared using only bromine in methanol as 
the etch. The net donor concentration variation shown 
in Fig. 2 as computed from differential capacitance- 
voltage measurements does not always approximate 
the net donor concentration obtained from Hall meas- 
urements. All four diodes show a rapid rise in the cal- 
culated net donor concentration of about 1 decade of 
carrier concentration per micron over the first micron 
of the depletion width. The depletion width of I~ cor- 
responds to reverse bias voltages of Iv or less. Reverse 
bias breakdown voltages were about 130v on A and 
about 100v on B. For biases greater than Iv, the car- 
rier concentration appears to decrease slightly. In this 
region, diodes on slice B approximate the donor con- 
centration as obtained from Hall measurements better 

t h a n  t h o s e  on  A. C u r v e s  f r o m  d iodes  o n  s l ice A a r e  
d i s p l a c e d  a b o u t  1~ in to  t h e  f i lm f r o m  t h o s e  o b t a i n e d  
f r o m  sl ice B. T h i s  f ac t  sugges t s  t h a t  t h e  s u r f a c e  t r e a t -  
m e n t  p r i o r  to t h e  e v a p o r a t i o n  of t h e  go ld  h a s  c h a n g e d  
t h e  n a t u r e  of t h e  su r face .  T h e s e  r e s u l t s  a r e  c o n s i s t e n t  
w i t h  t h e  e x i s t e n c e  of s u r f a c e  s t a t e s  a t  t h e  A u - G a A s  
i n t e r f a c e .  A c o m p a r i s o n  of t h e s e  c u r v e s  w i t h  t h e  r e -  
su l t s  of K a h n g  (6) sugges t s  t h a t  a t  t h e  h i g h e r  d o p a n t  
c o n c e n t r a t i o n  t h e  effects  of  t h e  s u r f a c e  m a y  b e  m a s k e d  
b y  t h e  h i g h e r  b u l k  d o n o r  c o n c e n t r a t i o n .  T h e  o b j e c t i v e  
h e r e  is no t  to  g ive  a d e t a i l e d  d e s c r i p t i o n  of t h e  phys i c s  
of t h e s e  s u r f a c e  b a r r i e r s ,  b u t  r a t h e r  to  g ive  a bas i s  for  
c o m p a r i s o n  of t h e  r e s u l t s  o n  b u l k  m a t e r i a l  i n  w h i c h  
t h e  c a r r i e r  c o n c e n t r a t i o n  is w e l l - e s t a b l i s h e d  w i t h  
t h o s e  in  f i lms g r o w n  b y  t h i s  process .  I t  is c o n c l u d e d  
t h a t  d i f f e r e n t i a l  c a p a c i t a n c e - v o l t a g e  m e a s u r e m e n t s  a t  
g r e a t e r  t h a n  l v  r e v e r s e  b ias  on  go ld  d iodes  m a y  b e  
u s e d  to d e t e r m i n e  t h e  n e t  d o n o r  c o n c e n t r a t i o n  of f i lms 
g r o w n  b y  t h i s  process .  

T h e  t h i c k n e s s  of t h e  n - t y p e  f i lms g r o w n  on  n + - s u b  - 
s t r a t e s  a r e  m e a s u r e d  w i t h  a B e c k m a n  I n f r a r e d  S p e c -  
t r o p h o t o m e t e r  ( M o d e l  IR-5 ,  NaC1 op t i c s ) .  T h e  l o w e r  
l i m i t  of  f i lm t h i c k n e s s  w h i c h  m a y  b e  d e t e r m i n e d  b y  
t h i s  i n s t r u m e n t  is a b o u t  1~. I n  t h e  r a n g e  of t h i c k n e s s e s  
of 1-3~ t h e  a c c u r a c y  of i n d e x i n g  t h e  r e f l e c t a n c e  p a t -  
t e r n s  is a b o u t  _0.15#.  F o r  t h i c k e r  fi lms, t h e  a c c u r a c y  
is g r e a t e r  b e c a u s e  of t h e  i n c r e a s e d  n u m b e r  of r e -  
f l ec tance  m a x i m a .  Also,  g r e a t e r  a c c u r a c y  is a c h i e v e d  
w h e n  t h e r e  ex i s t s  a n  a b r u p t  c h a n g e  in  t h e  c a r r i e r  
c o n c e n t r a t i o n  a t  t h e  f i l m - s u b s t r a t e  i n t e r f a c e .  S o m e  
f i lms w e r e  a n g l e - l a p p e d  o n  a 3 ~ b l o c k  a n d  s t a i n e d  
w i t h  5 HC1/5  H202 ( 3 0 % ) / 3  H F / 3 0  H 2 0  (7) to  d e l i n e -  
a t e  t h e  n - n  + s t r u c t u r e .  G e n e r a l l y ,  t h e  f i lm t h i c k n e s s e s  
o b t a i n e d  i n  t h i s  m a n n e r  a r e  0.2 to 0.3~ t h i n n e r  t h a n  
t h o s e  o b t a i n e d  f r o m  IR m e a s u r e m e n t s ,  p r o b a b l y  b e -  
c a u s e  t h e  e t c h  a t t a c k e d  t h e  f i lm s u r f a c e  a n d  r e d u c e d  
i ts  t h i c k n e s s .  

Materials.~The s ing le  c r y s t a l s  of  G a A s  u s e d  in  t h e s e  
e x p e r i m e n t s  w e r e  o b t a i n e d  f r o m  the  M o n s a n t o  C h e m i -  
cal  C o m p a n y  e x c e p t  fo r  one  s e m i - i n s u l a t i n g  c r y s t a l  of 
f l o a t - z o n e  G a A s  u s e d  as s o u r c e  m a t e r i a l .  T h e  e l e c t r i c a l  
c h a r a c t e r i s t i c s  of t h e s e  c r y s t a l s  a r e  i n c l u d e d  in  T a b l e  
I w h i c h  g ives  t h e  p e r t i n e n t  g r o w t h  d a t a  fo r  e a c h  of 
t h e  f i lms u n d e r  d i scuss ion .  S u b s t r a t e s  a r e  a b o u t  15 m m  
in  d i a m e t e r .  

Exper imenta l  Results and  Discussion 
F i l m s  h a v e  b e e n  g r o w n  a t  1000 ~ a n d  1050~ w i t h  

t o t a l  f low r a t e s  of 20-600 cc m i n  -1  a n d  p a r t i a l  p r e s s u r e  
of w a t e r  v a p o r  of 0.30-6.0 x 10 -3  a rm.  G r o w t h  r a t e s  
do  n o t  d i f f e r  s i g n i f i c a n t l y  a t  t h e s e  t w o  t e m p e r a t u r e s .  
F r o s c h  (8) h a s  s h o w n  fo r  t h e  G a P - H 2 0 - H u  s y s t e m  t h a t  
t h e  t h e o r e t i c a l  g r o w t h  r a t e  fo r  a c o n s t a n t  t e m p e r a t u r e  
d i f f e r e n c e  of 50~ b e t w e e n  t h e  s o u r c e  a n d  s u b s t r a t e  
does  n o t  d i f fe r  g r e a t l y  fo r  s u b s t r a t e  t e m p e r a t u r e s  of 
1000 ~ a n d  1050~ T h e  d i f f e r e n c e  in  g r o w t h  r a t e s  a t  

Table I. Pertinent data for films 

F i l m s  

Sub- 
strate Total * P ~ n 2 o  Growth Film 
t e m p ,  f low r a t e ,  • 10 § r a t e ,  V, t h i c k n e s s ,  

~ cc min -1  a t m  ~min-1  b, 

bV 
--VBD~ = (~ n, 
at  l~a D cm -a 

S o u r c e  C r y s t a l  ] 

S u b s t r a t e  C r y s t a l  
/$, p, 

er~ 2 v -1 see -1 o h m - t i n  D o p a n t  

P r o f i l e  
in  

f i gu re  

A 1050 600 0.60 0,11 1.1 5-7 

B 1050 600 0.60 0.17 1.7 15-20 

C 1000 300 1.5 0.14 2.1 30-35 

D 1000 61 6.0 0.22 3.3 20-22 

E 1050 300 6.0 0.75 11.2 > 2 0 0  

F 1050 600 1.8 0.33 3.3 50-60 

1.0 • 10 TM 

70 1.4 • 10 TM 

1.2 • 10 TM 

40 1.6 • 10 TM 

1.2 )< 10 TM 

100 1.6 • 101s 

~ 3  x 107 
- -  3.9 • 10 is 

1.2 • 10 TM 

- -  3 . 4  • 10 TM 

1.0 • 10 TM 

625 1.4 • I0 TM 

6700 0.10 -- 

2100 0.0022 Si  4 

5200 0.10 -- 

2700 0.0015 T e  5 

5200 0.I0 -- 

2700 0.0015 T e  6 

~5000 4 • 10 �9 - -  
1900 0.008 T e  7 

5200 0.10 -- 

2200 0.0007 T e  8 

6700 0,10 - -  
2100 0.0022 Si  9 

* P a r t i a l  p r e s s u r e  of  w a t e r  v a p o r .  
? R e v e r s e  b ias  b r e a k d o w n  v o l t a g e .  
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Fig. 3. Dependency of the growth rate on PH20 at a total flow 
rate of 600 cc rain i and substrote temperatures of 1000 ~ and 
1050~ O, 1050~ 17, 1000~ 

t h e s e  t w o  t e m p e r a t u r e s  a lso d e c r e a s e s  as t h e  p a r t i a l  
p r e s s u r e  of w a t e r  v a p o r  decreases .  T h e  s a m e  c o n c l u -  
s ions  w o u l d  b e  a n t i c i p a t e d  fo r  t h e  G a A s - H 2 0 - H 2  sys -  
t em.  F i l m s  w i t h  t h e  s m o o t h e s t  s u r f a c e s  a r e  g r o w n  a t  
1000~ or  h i g h e r .  

T h e  g r o w t h  r a t e  v a r i e s  w i t h  t h e  p a r t i a l  p r e s s u r e  of 
w a t e r  vapor .  G o t t l i e b  a n d  C o r b o y  (3) d e m o n s t r a t e d  a 
s q u a r e - r o o t  d e p e n d e n c e  of g r o w t h  r a t e  w i t h  t h e  p a r -  
t i a l  p r e s s u r e  of w a t e r  vapor .  T h i s  r e s u l t  h a s  b e e n  c o n -  
f i r m e d  fo r  t h i s  s y s t e m  a t  f low r a t e s  of less t h a n  70 cc 
m i n -  1. 

F i g u r e  3 s h o w s  t h e  l i n e a r  v a r i a t i o n  of g r o w t h  r a t e s  
w i t h  t h e  p a r t i a l  p r e s s u r e s  of  w a t e r  v a p o r  for  f i lms 
g r o w n  a t  1000 ~ a n d  1050~ a n d  w i t h  t o t a l  f low r a t e s  of  
600 ee m i n  1. A t  low f low r a t e s  t h e  o n l y  o b s e r v a b l e  
r e a c t i o n  p r o d u e t  is G a A s ;  w h e r e a s ,  a t  h i g h  f low ra t e s ,  
a r s e m e  depos i t s  ou t s i de  t h e  f u r n a e e ,  a n d  g a l l i u m  
f o r m s  on  t h e  source .  

T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  c o n t r o l l i n g  r e a c -  
t i o n  a t  low flow r a t e s  is 

2 G a A s ( s )  ~ H 2 0 ( g )  = G a 2 0 ( g )  d- A s 2 ( g )  ~ H 2 ( g )  
[1] 

A t  h i g h  f low ra te s ,  t h e  G a A s  d i s soc ia t e s  a n d  t h e  w a t e r  
v a p o r  r e a c t s  d i r e c t l y  w i t h  t h e  l i q u i d  g a l l i u m  as g i v e n  
in  t h e  f o l l o w i n g  r e a c t i o n  

2 G a ( 1 )  + H 2 0 ( g )  = G a 2 0 ( g )  ~- H 2 ( g )  [2] 

T h e  p a r t i c u l a r  g r o w t h  c o n d i t i o n s  of p a r t i a l  p r e s s u r e s  
of w a t e r  v a p o r  of 0.30-6.0 x 10 -3  a t m  a n d  a t o t a l  f low 
r a t e  of 600 cc r a in  -1  r e s u l t  i n  g r o w t h  r a t e s  of 0.080- 
1.5 # m i n  -1,  r e s p e c t i v e l y .  Mos t  of t h e  f i lms to b e  d i s -  
cus sed  w e r e  g r o w n  a t  300 or  600 cc m i n  -1 b e c a u s e  t h e  
f i lms  s h o w  less  t a p e r  a n d  s t e e p e r  g r a d i e n t s  a t  t h e  
i n t e r f a c e  t h a n  t h o s e  g r o w n  a t  l o w e r  f low ra t e s .  T h e  
t h i c k n e s s e s  of f i lms g r o w n  a t  t h e s e  f low r a t e s  d e -  
c r e a s e  in  t h e  d i r e c t i o n  of t h e  gas  f low a b o u t  10-20%.  

T h e  n e t  d o n o r  c o n c e n t r a t i o n  of f i lms g r o w n  b y  a 
v a p o r  d e p o s i t i o n  p r oce s s  is t h e  c u m u l a t i v e  ef fec t  of 
n u m e r o u s  sources :  d o p a n t  t r a n s f e r  f r o m  t h e  source ,  
s y s t e m  d o p i n g  ( c o n t a m i n a t i o n  f r o m  t h e  r e a c t i o n  tubes ,  
f r o m  r e a c t a n t  gases,  f r o m  t h e  b a c k  of t h e  s u b s t r a t e ,  
e tc . ) ,  a u t o d o p i n g ,  or  a c o u n t e r - c u r r e n t  d e p o s i t i o n  as 
d e s c r i b e d  b y  T h o m a s  et  aL (5) ,  a n d  o u t d i f f u s i o n s  d u r -  
i ng  g r o w t h  as f o r m u l a t e d  b y  Rice  (9) .  B e c a u s e  t h e  
prof i les  of f i lms g r o w n  a t  h i g h  f low r a t e s  h a v e  b e e n  
in  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  r e s u l t s  of th i s  o u t -  
d i f fus ion  mode l ,  a l l  t h e  prof i les  w i l l  b e  d i s c u s s e d  f r o m  
th i s  s t a n d p o i n t .  U n d e r  s o m e  c o n d i t i o n s  i t  a p p e a r s  t h a t  
o t h e r  d o p a n t  sou r ce s  a r e  i n v o l v e d  in  e s t a b l i s h i n g  t h e  
profi les .  

I n  o r d e r  to a p p l y  R ice ' s  m o d e l  of ou td i f fu s ion ,  t h e  
d i f fus ion  c o n s t a n t s  of t h e  s u b s t r a t e  d o n o r s  (Te  a n d  Si)  

a r e  r e q u i r e d ;  h o w e v e r ,  t h e s e  q u a n t i t i e s  h a v e  no t  b e e n  
m e a s u r e d .  T h e  a p p a r e n t  d i f fus ion  c o n s t a n t s  h a v e  b e e n  
c a l c u l a t e d  f r o m  t h e  v a l u e  of b V / D  1 w h i c h  g ives  t h e  
be s t  fit  of Rice ' s  n u m e r i c a l  t a b u l a t i o n s  to t h e  prof i les .  
T h e  b V / D  v a l u e s  a r e  r e d e f i n e d  as a i n  o r d e r  to  s i m -  
p l i fy  t h e  d i scuss ion .  

T h e  n e t  d o n o r  c o n c e n t r a t i o n  p rof i l es  a r e  p l o t t e d  as 
t h e  log  of t h e  n e t  d o n o r  c o n c e n t r a t i o n  vs.  t h e  d i s t a n c e  
f r o m  t h e  s u b s t r a t e - f i l m  i n t e r f a c e .  D i f f e r e n t  s y m b o l s  
a r e  u s e d  to i d e n t i f y  d i f f e r e n t  d iodes  on  e a c h  film. T h e  
c u r v e  c o r r e s p o n d i n g  to a n  a w h i c h  g ives  t h e  b e s t  fit 
to t h e s e  d a t a  is s h o w n .  I n  s o m e  cases,  no  a cou ld  b e  
d e t e r m i n e d .  T h e  d o n o r  c o n c e n t r a t i o n  f r o m  t h e  v a p o r  
p h a s e  w h i c h  is a s s u m e d  to b e  t h e  m i n i m u m  d o n o r  c o n -  
c e n t r a t i o n  in  t h e  f i lm is a d d e d  to t h e  d o n o r s  f r o m  t h e  
o u t d i f f u s i o n  "to g ive  t h e  f ina l  p rof i l e  l a b e l l e d  .~. P e r -  
t i n e n t  g r o w t h  d a t a  a r e  g i v e n  i n  T a b l e  I, a n d  t h e  f i lm 
prof i les  a r e  s h o w n  in  Fig.  4 t h r o u g h  9. 

T h e  i m p u r i t y  p rof i l e  of f i lm A g r o w n  o n  a n  n + - S i  - 
d o p e d  s u b s t r a t e  is s h o w n  in  Fig.  4. T h e  effect  of o u t -  
d i f fus ion  of  Te  m a y  b e  s e e n  in  Fig.  5, w h i c h  is a n  i m -  
p u r i t y  prof i le  of a n o t h e r  t h i n  film, B, g r o w n  on a 
T e - d o p e d  s u b s t r a t e .  B o t h  fi lms, A a n d  B, w e r e  g r o w n  
a t  1050~ a t  a t o t a l  f low r a t e  of 600 cc r a i n  -1  a n d  a 
p a r t i a l  p r e s s u r e  of  w a t e r  v a p o r  of  0.60 x t0  -8  a tm.  
T h e  v a l u e s  of D c a l c u l a t e d  f r o m  a a r e  2.9 x 10 -13 a n d  
1.2 x 10 -12 cm 2 sec -1  fo r  t h e  Si  a n d  T e - d o p e d  s u b -  
s t r a t e ,  r e s p e c t i v e l y .  T h e  c o n s e q u e n c e  of t h i s  d i f f e r e n c e  
in  d i f fus ion  c o n s t a n t s  is t h a t  t h e  n e t  d o n o r  c o n c e n t r a -  
t i o n  i n  t h e  f i lm g r o w n  on  t h e  S i - d o p e d  s u b s t r a t e  is 

z b i s  t h e  f i l m  t h i c k n e s s  ( e r a ) ,  V t h e  g r o w t h  r a t e  ( c m ~ s e c - D ,  a n d  
D t h e  d i f f u s i o n  c o n s t a n t  ( c m ~ - s e c - D .  
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Fig. 6. Impurity profile for film C on Te-doped substrate 

l o w e r  n e a r  t h e  s u b s t r a t e - f i l m  i n t e r f a c e  t h a n  w h e n  T e -  
d o p e d  s u b s t r a t e s  a r e  used.  F o r  f i lm A a n d  f i lm B, a 
n e t  d o n o r  c o n c e n t r a t i o n  of 10 TM c m  -3  is r e a c h e d  a t  
~0 .4~  a n d  ~1.10~,  r e s p e c t i v e l y .  I n  b o t h  cases  i t  a p -  
p e a r s  t h a t  t h e  d o n o r  c o n c e n t r a t i o n  l eve l s  off a t  a b o u t  
4-5  x 1015 c m  -3. 

T h e  prof i l e  of f i lm C g r o w n  a t  1000~ on  a T e - d o p e d  
s u b s t r a t e  is s h o w n  i n  Fig.  6. T h e  v a l u e  of a is a p p r o x i -  
m a t e l y  100; t h e r e f o r e ,  D is a p p r o x i m a t e l y  4.9 x 10 -13 
cm 2 sec -1.  A g a i n  t h e  m i n i m u m  d o n o r  c o n c e n t r a t i o n  
in  t h e  f i lm is a b o u t  3-5  x 1015 cm -3.  C o m p a r i n g  D 
v a l u e s  fo r  f i lms B a n d  C (1.20 x t0  -12 a n d  4.9 x 10 -13 
c m  2 s e c - 1 ) ,  i t  is a p p a r e n t  t h a t  t h e  d i f fus ion  c o n s t a n t  
is l o w e r  a t  1000~ t h a n  a t  1050~ as e x p e c t e d .  T h e  
a c t i v a t i o n  e n e r g y  fo r  d i f fus ion  of g r o u p  VI  d o n o r s  is 
r o u g h l y  a b o u t  4.1 e v  as h a s  b e e n  r e p o r t e d  fo r  Se  a n d  
S d i f fus ions  (10) .  F r o m  t h e s e  v a l u e s  of D fo r  f i lms 
B a n d  C, t h e  c a l c u l a t e d  a c t i v a t i o n  e n e r g y  is r o u g h l y  3 
ev, a s o m e w h a t  s u r p r i s i n g  a g r e e m e n t  in  l i g h t  of t h e  
m e t h o d  of c a l c u l a t i o n  of D. T h e  d i f fus ion  c o n s t a n t  fo r  
Te  i n  G a A s  h a s  n o t  b e e n  r e p o r t e d .  T h e s e  r e s u l t s  s u g -  
ges t  t h a t  t h e  e f fec t ive  d i f fus ion  c o n s t a n t  l ies  b e t w e e n  
t h o s e  of S a n d  Se. B e c a u s e  Te  h a s  a g r e a t e r  a t o m i c  
r a d i u s  t h a n  S a n d  So, i t  m i g h t  b e  e x p e c t e d  to h a v e  a 
l o w e r  d i f fus ion  c o n s t a n t  t h a n  S or  Se. T h e  h i g h e r  
v a l u e  m a y  b e  due  to t h e  i n t e r m e d i a t e  e l e c t r o n  af f in i ty  
a n d  e l e c t r o n  d e n s i t y  of Te  w i t h  r e s p e c t  to  S a n d  Se  or  
d u e  to a m o r e  r a p i d  d i f fus ion  in  a f i lm w h i c h  u n -  
d o u b t e d l y  h a s  a h i g h e r  i m p e r f e c t i o n  d e n s i t y  t h a n  does  
b u l k  m a t e r i a l .  A c o n t r i b u t i o n  f r o m  s o m e  a d d i t i o n a l  
d o p a n t  w o u l d  a lso  i n c r e a s e  t h e  a p p a r e n t  d i f fu s ion  c o n -  
s tan t .  

I t  h a s  b e e n  s h o w n  t h a t  f i lms g r o w n  a t  600 cc m i n  -1 
t o t a l  f low h a v e  i m p u r i t y  prof i les  w h i c h  m a y  b e  a p -  
p r o x i m a t e d  b y  t h e  i m p u r i t y  d i s t r i b u t i o n  e q u a t i o n  
g i v e n  b y  Rice.  F i l m s  C a n d  D, h o w e v e r ,  w e r e  g r o w n  
a t  300 a n d  61 cc m i n  -1,  r e s p e c t i v e l y .  I n  b o t h  cases,  t h e  
d a t u m  p o i n t s  s u g g e s t  a l i n e a r  log c o n c e n t r a t i o n  vs. 
d i s t a n c e  v a r i a t i o n  of a b o u t  one  d e c a d e  p e r  m i c r o n .  I t  
a p p e a r s  t h a t  a n  a d d i t i o n a l  d o p a n t  s o u r c e  m a y  b e  
o p e r a t i v e  u n d e r  t h e s e  cond i t ions .  A p l a u s i b l e  e x p l a n a -  
t i on  w o u l d  b e  t h a t  t h e  dopan t ,  i n  t h i s  case  Te, cou ld  
b e  c o m i n g  f r o m  t h e  b a c k  s ide  of t h e  s u b s t r a t e .  A t  h i g h  
f low r a t e s  t h i s  d o p a n t  w o u l d  b e  s w e p t  a w a y ;  w h e r e a s ,  
a t  low flow ra te s ,  t h e  Te  v a p o r  c o u l d  e n v e l o p  t h e  s u b -  
s t r a t e  u n t i l  e n o u g h  G a A s  is d e p o s i t e d  on  t h e  b a c k  to 
cu t  off t h e  v a p o r  supp ly .  E v e n t u a l l y  t h e  n e t  d o n o r  c o n -  
c e n t r a t i o n  w o u l d  t h e n  a r r i v e  a t  some  c o n s t a n t  va lue .  
A c o u n t e r c u r r e n t ,  a u t o d o p i n g  m o d e l  (5) c o u l d  a lso  
a c c o u n t  f o r  t h i s  b e h a v i o r .  

IO 19 

lOiS 

Z 
. /  /~ /  

LO 15 J I J / ~  
0 

4---- ~r s DISTANCE FROM SUBSTRATE 

Fig. 7. Impurity for film D on Te-doped substrate 
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T h e  prof i l e  of f i lm D in  Fig.  7 g r o w n  a t  61 cc r a i n  -1 
s h o w s  t h i s  effect  e v e n  m o r e  m a r k e d l y  t h a n  does  f i lm 
C i n  Fig. 6. I n  t h e  f o r m e r  film, t h e  n e t  d o n o r  c o n c e n -  
t r a t i o n  does  n o t  d r o p  to 10 TM c m  -3  u n t i l  2# of f i lm 
h a v e  b e e n  depos i t ed .  T h i s  c o n c l u s i o n  m a y  b e  e x a g -  
g e r a t e d  in  p a r t  b e c a u s e  t h e  d o n o r  c o n c e n t r a t i o n  in  t h e  
s u b s t r a t e  fo r  f i lm D is h i g h e r  t h a n  i n  t h e  o t h e r  f i lms 
d i scussed .  

I n  o r d e r  to  c o n c l u d e  t h e  a n a l y s i s  of f i lms g r o w n  on 
T e - d o p e d  s u b s t r a t e s ,  a t h i c k  f i lm ( l l . l v )  w a s  g r o w n .  
T h e  prof i le  of  t h i s  f i lm (E)  is s h o w n  in  Fig.  8. H e r e  
t h e  p rof i l e  is r e a s o n a b l y  f lat  a t  a n e t  d o n o r  c o n c e n t r a -  
t i on  of a b o u t  5 x 1015 c m  -8. T h e  d i f fus ion  ta i l  cou ld  
no t  b e  o b t a i n e d  b e c a u s e  of t h e  v e r y  s m a l l  c a p a c i t a n c e  
v a r i a t i o n  w i t h  v o l t a g e  w h e n  t h e  d e p l e t i o n  l a y e r  a p -  
p r o a c h e d  t h e  s u b s t r a t e .  

T h e  d i f f e r e n c e  b e t w e e n  t h e  prof i les  of t h i n  f i lms 
g r o w n  o n  S i -  a n d  T e - d o p e d  s u b s t r a t e s  w a s  i l l u s t r a t e d  
in  Fig.  4 a n d  5. T h i s  d i f f e r e n c e  was  a t t r i b u t e d  to t h e  
d i f f e r e n t  a p p a r e n t  r a t e s  of d i f fus ion  of t h e  s u b s t r a t e  
d o n o r s  in to  t h e  f i lms d u r i n g  g r o w t h .  T h e  effect  of Si 
on  t h e  f i lm p ro f i l e  of a t h i c k e r  f i lm m a y  b e  s e e n  in  Fig.  
9, w h i c h  is t h e  p rof i l e  of f i lm F. T h i s  f i lm w a s  also 
g r o w n  a t  1050~ T h e  v a l u e  of D c a l c u l a t e d  f r o m  a is 
2.9 x 10 -13 cm 2 sea -1,  w h i c h  is in  a g r e e m e n t  w i t h  
2.9 x 10 - l a  c m  2 sec  -1  fo r  f i lm A.  F i g u r e  9 s h o w s  t h a t  
t h e  prof i le  c h a n g e s  a b r u p t l y  a t  a b o u t  0.5# f r o m  t h e  
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Fig. 9. Impurity profile for film F on Si-doped substrate 

f i l m - s u b s t r a t e  i n t e r f a c e .  Mos t  of t h e  f i lm is d o p e d  to a 
n e t  d o n o r  c o n c e n t r a t i o n  of ~ 5  x 1015 cm 3. A l t h o u g h  
no t  s h o w n  he re ,  f i lms g r o w n  a t  1000~ c n  S i - d o p e d  
s u b s t r a t e s  h a v e  a s l i g h t l y  s t e e p e r  g r a d i e n t  at  t h e  i n -  
t e r face .  T h e  c a l c u l a t e d  D v a l u e  fo r  t h e s e  f i lms is a b o u t  
2 x 10 13 cm 2 sec -1 .  T h e  a p p a r e n t  d i f fus ion  c o n s t a n t  
for  Si does  no t  v a r y  g r e a t l y  w i t h  t e m p e r a t u r e  and,  a t  
b o t h  1000 ~ a n d  1050~ i t  is l o w e r  t h a n  t h a t  of  Te. 
T h e  d i f fus ion  of Si i n to  G a A s  w o u l d  b e  e x p e c t e d  to b e  
m o r e  r a p i d  t h a n  t h e  d i f fus ion  of a g r o u p  VI  e l e m e n t  
b e c a u s e  Si m a y  r e p l a c e  b o t h  g a l l i u m  a n d  a r s e n i c  (11) .  
T h i s  f ac t  a n d  t h e  a p p a r e n t l y  l ow  a c t i v a t i o n  e n e r g y  
a s soc i a t ed  w i t h  t h e  l a ck  of v a r i a t i o n  in  D v a l u e s  s u g -  
ges t s  t h a t  t h e  Si w h i c h  c o m e s  f r o m  t h e  s u b s t r a t e  m a y  
no t  be  in  a n  e l e c t r i c a l l y  a c t i v e  s ta te .  I t  is a l t o g e t h e r  
c o n c e i v a b l e  t h a t  t h e  o x y g e n  a t o m s  f r o m  t he  o x i d e  
v a p o r  spec ies  h a v e  e f f ec t ive ly  n e u t r a l i z e d  t h e  e l e c t r i -  
ca l  c o n t r i b u t i o n  of Si in  t h e  f i lms b y  p a i r i n g  of t h e  
o x y g e n  w i t h  t h e  Si a toms .  

F r o m  t h e  o b s e r v a t i o n s  of t h e  a p p a r e n t  d i f fus ion  of 
s u b s t r a t e  donors ,  i t  a p p e a r s  t h a t  t h e  g r o w t h  of f i lms of 
t h i c k n e s s e s  of 1~ or less  w i t h  a n  a b r u p t  r i se  in  t h e  
d o n o r  c o n c e n t r a t i o n  a t  t h e  f i l m - s u b s t r a t e  i n t e r f a c e  is 
n o t  f eas ib le .  A t  1000~ t h e  o n l y  w a y  of i n c r e a s i n g  t h e  
a b r u p t n e s s  is to i n c r e a s e  t h e  g r o w t h  r a t e .  I n  t h i s  sys -  
t em,  t h e  m a x i m u m  g r o w t h  r a t e  c o m p a t i b l e  w i t h  t h e  
g r o w t h  of a 1~ f i lm is a b o u t  0.1 t, r a i n  -1.  T h e  c o r r e -  
s p o n d i n g  a c a l c u l a t e d  f r o m  t h e  a p p a r e n t  d i f fus ion  
c o n s t a n t s  fo r  S i -  a n d  T e - d o p e d  s u b s t r a t e  a r e  a (Te, 
1000~ ~ 30 a n d  a (Si,  1000~ ~ 80. T h e  m i n i m u m  
s y s t e m  d o p i n g  is a s s u m e d  to b e  4.5 x 10 TM cm -3. F r o m  
t h e s e  da ta ,  t h e  c a l c u l a t e d  i m p u r i t y  prof i les  of lt, f i lms 
g r o w n  o n  s u b s t r a t e s  of n e t  d o n o r  c o n c e n t r a t i o n s  of 
2 x 10 TM cm -3  a r e  s h o w n  in  Fig. 10. F o r  t h e  case  of 
S i - d o p e d  s u b s t r a t e s ,  a b o u t  h a l f  t h e  f i lm is i n f l u e n c e d  
b y  t h e  s u b s t r a t e .  F o r  T e - d o p e d  s u b s t r a t e s ,  t h e  i n f l u -  
ence  of t h e  s u b s t r a t e  is o b s e r v e d  a l m o s t  t h r o u g h o u t  
t h i s  film. 

A n  a l t e r n a t e  a p p r o a c h  to t h e  p r o b l e m  of i n c r e a s i n g  
t h e  s t e e p n e s s  of t h e  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  
i n t e r f a c e  is to  g r o w  t h i c k e r  f i lms so t h a t  t he  g r o w t h  
r a t e  m a y  b e  i n c r e a s e d ,  a n d  then ,  b y  c o n t r o l l e d  e t c h -  
ing,  r e m o v e  t h e  f i lm to t h e  d e s i r e d  t h i c k n e s s .  I n  t h i s  
m a n n e r ,  a s t e e p e r  g r a d i e n t  a t  t h e  i n t e r f a c e  c o u l d  b e  
a c h i e v e d  so t h a t  t h e  i n f l u e n c e  of t h e  s u b s t r a t e  d o p a n t  
w o u l d  b e  d e c r e a s e d .  

T h e  i n v e s t i g a t i o n  of t h e  go ld  s u r f a c e  b a r r i e r  d iodes  
o n  t h e s e  f i lms w a s  p e r f o r m e d  to p r o v i d e  a m e t h o d  
of d e t e r m i n i n g  t h e  v a r i a t i o n  of  i m p u r i t y  prof i les  w i t h  
p r oce s s  v a r i a b l e s .  A c o m p l e t e  c h a r a c t e r i z a t i o n  of t h e s e  
d iodes  h a s  no t  b e e n  u n d e r t a k e n .  I t  is i n t e r e s t i n g  to 
note ,  h o w e v e r ,  t h e  r e v e r s e  b ias  b r e a k d o w n  v o l t a g e s  
( r e v e r s e  v o l t a g e  a t  w h i c h  t h e  d iode  d r a w s  1 ~a of 
c u r r e n t ) .  T h e s e  v o l t a g e s  a r e  l i s t ed  fo r  d iodes  o n  e a c h  
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Fig. 10. Proposed impurity profiles for 1# films 
Si-doped substrates. 

grown on Te-and 

f i lm in  T a b l e  I. T h e  b r e a k d o w n  v o l t a g e  is l i m i t e d  b y  
t h e  a c c u m u l a t i o n  of c h a r g e  as t h e  d e p l e t i o n  zone  is 
p u s h e d  t o w a r d  t h e  s u b s t r a t e  i n t e r f ace .  T h i s  is i l l u s -  
t r a t e d  in  f i lms D a n d  F w h i c h  a r e  of i d e n t i c a l  t h i c k -  
ness.  F i l m  F as s h o w n  i n  Fig.  9 is r e a s o n a b l y  f la t  u p  
to 0.5~ f r o m  t h e  i n t e r f a c e  w i t h  a n  a b r u p t  i n c r e a s e  in  
t h e  d o n o r  c o n c e n t r a t i o n  n e a r  t h e  s u b s t r a t e .  T h e  r e -  
v e r s e  b ias  b r e a k d o w n  v o l t a g e s  a r e  b e t w e e n  50 a n d  60v. 
F i l m  D as s h o w n  i n  Fig. 7 h a s  a g r a d e d  profi le ,  so t h a t  
b r e a k d o w n  occu r s  a t  s m a l l e r  vo l t ages ,  20 to 22v. F i l m  
E h a s  a v e r y  h i g h  b r e a k d o w n  of s l i g h t l y  g r e a t e r  t h a n  
200v b e c a u s e  of t h e  low d o p i n g  in  t h e  f i lm a n d  b e c a u s e  
t h e  space  c h a r g e  r e g i o n  m a y  e x t e n d  fo r  s u c h  a l o n g  
d i s t a n c e  i n to  t h e  film. F o r  t h i s  f i lm t h e  m a x i m u m  e lec -  
t r i c  f ield s t r e n g t h  is a p p r o x i m a t e l y  4 x 105 v cm -1. 

Conclus ions  
T h e  g r o w t h  of n - t y p e  f i lms of G a A s  o n  n + - G a A s  

b y  t h e  H 2 - H 2 0  t r a n s f e r  p roce s s  h a s  b e e n  i n v e s t i g a t e d .  
T h e  s u r f a c e  p r e p a r a t i o n  of t h e  s u b s t r a t e  i m m e d i a t e l y  
b e f o r e  d e p o s i t i o n  h a s  b e e n  d e t e r m i n e d  to b e  a n  i m -  
p o r t a n t  f a c t o r  i n  o b t a i n i n g  s m o o t h  fi lms. T h e  b e s t  f i lms 
h a v e  b e e n  g r o w n  a t  1000~ or  h i g h e r .  T h e  s l owes t  
g r o w t h  r a t e  a n d  s m o o t h e s t  f i lms r e s u l t  w h e n  g r o w t h  
occu r s  on  t h e  (111) p l anes .  A t  l ow  flow r a t e s  (--~70 cc 
m i n - Z ) ,  t h e  g r o w t h  r a t e  is p r o p o r t i o n a l  to t h e  s q u a r e  
r o o t  of t h e  p a r t i a l  p r e s s u r e  of w a t e r  v a p o r ,  h o w e v e r ,  
a t  h i g h  f low r a t e s  (~--600 cc r a in  - 1 )  t h e  g r o w t h  r a t e  
is d i r e c t l y  p r o p o r t i o n a l  to  t h e  p a r t i a l  p r e s s u r e  of 
w a t e r  vapor .  T h e  v a r i a t i o n  of t h e  p a r t i a l  p r e s s u r e  of 
w a t e r  v a p o r  a n d  t h e  t o t a l  f low r a t e s  m a y  b e  u s e d  to 
v a r y  t h e  g r o w t h  r a t e  f r o m  0.080 to 1.5~ m i n  -1.  

E x a m i n a t i o n  of t h e  i m p u r i t y  prof i les  of t h e  r e s u l t -  
i ng  f i lms sugges t s  t h a t  o u t d i f f u s i o n  of s u b s t r a t e  d o p -  
an t s  n e a r  t h e  s u b s t r a t e - f i l m  i n t e r f a c e  m a y  b e  c o n -  
t r o l l i n g  t h e  profi les .  T h i s  effect  m a y  b e  m i n i m i z e d  if  
S i - d o p e d  s u b s t r a t e s  a r e  used.  T h e  n e t  d o n o r  c o n c e n -  
t r a t i o n  in  t he  r e m a i n d e r  of t h e  f i lm a p p e a r s  to  b e  
a b o u t  4 x 5 x 1015 c m  -~. G r o w t h  a t  600 cc m i n  -1  r e -  
su l t s  i n  a f l a t t e n i n g  of  t h e  p rof i l e  in  t h e  s ec t ion  of t h e  
f i lm n o t  a f fec ted  b y  o u t d i f f u s i o n  b y  r e d u c i n g  t h e  effect  
of o t h e r  d o p a n t  sources .  H i g h  f low r a t e s  a lso y i e ld  
f l a t t e r  fi lms. 

P ro f i l e s  o b t a i n e d  o n  b u l k  G a A s  (n  = 1.8 x 1015 
c m  -3 )  s u g g e s t  t h a t  t h e  go ld  s u r f a c e  b a r r i e r  d iodes  do 
n o t  s h o w  c lass ica l  d i o d e  b e h a v i o r .  T h e  i n t e r p r e t a t i o n  
of t h e  i m p u r i t y  p rof i l es  of t h e s e  fi lms, a l t h o u g h  b a s e d  
on  t h e s e  d iode  m e a s u r e m e n t s ,  h a s  b e e n  t e m p e r e d  to 
re f lec t  t h e s e  pecu l i a r i t i e s .  

A c k n o w l e d g m e n t s  
T h e  a u t h o r  is i n d e b t e d  to R. G. S o b e r s  fo r  t h e  s e m i -  

i n s u l a t i n g  G a A s  u s e d  in  s o m e  of t h e s e  e x p e r i m e n t s ,  to 



Vol. 113, No. 3 V A P O R  G R O W T H  

Dr. J. M. Whelan, R. R. Moest, and C. J. Frosch for 
their  sustained interests in this work  and for their  
valuable  suggestions, and to D. F. Raver  who made 
many of the electrical  measurements .  

Manuscript  received Sept. 29, 1965; revised manu-  
script received Nov. 22, 1965. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  

REFERENCES 

1. C. J. Frosch, This Journal, U l ,  180 (1964). 
2. E. Sirtl, J. Phys. Chem. Solids, 24, 1285 (1963). 

PARAMETERS 245 

3. G. E. Gottl ieb and J. F. Corboy, RCA Rev., XXIV, 
585 (1963). 

4. M. V. Sul l ivan  and G. A. Kolb, This Journal, 110, 
585 (1963). 

5. C. O. Thomas, D. Kahng, and R. C. Manz, ibid., 
109, 1055 (1962). 

6. D. Kahng, Bell System Tech. J., 43, 1 (1964). 
7. R. A. Furnanage,  Pr iva te  communications.  
8. C. J. Frosch, P r iva te  communications.  
9. W. Rice, Proc. IEEE, 52, 284 (1964). 

10. B. Goldstein, "Compound Semiconductors,  Vol. I," 
R. K. Wil lardson and H. L. Goering, Editors, 
Reinhold Publishing Co., New York (1962). 

11. C. Kohm, S. A. Kulin, and B. L. Averbach,  Phys. 
Rev., 108, 965 (1957). 

Preparation of Ge/Si and Ge/GaAs Heterojunctions 
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ABSTRACT 

The effect of various substrate prepara t ion techniques is invest igated in the 
vapor  growth of ge rmanium on Ge, Si, and GaAs substrates. Impor tant  differ- 
ences are noted for substrates which are iodine etched in situ, chemical ly  
etched, and cleaved in situ; namely,  the appearance and crystal  perfect ion 
of the overgrowth  as wel l  as epi taxial  junct ion properties,  all improve  in the 
order of the above procedures. Flat, s tructureless overgrowths  on cleaved 
GaAs substrates and growths wi th  negligible stacking faul t  densities and 
dislocation densities of approximate ly  106 cm -2 on cleaved germanium sub- 
strates are obtained. However ,  strain and cracking of the overgrowth,  in addi- 
t ion to higher  defect  densities occur in germanium grown on cleaved silicon 
substrates. 

Considerable interest  has been aroused in recent  
years in the study of heterojunct ion devices, especially 
structures made f rom various combinations of group 
IV and I I I -V compounds. Poorly  defined interfacial  
conditions arising f rom contaminat ion and defect states 
have confused efforts to re la te  he tero junct ion  device 
characterist ics to mater ia l  bulk propert ies  (1-4). In 
the interest  of improving  the knowledge of in te r -  
facially der ived effects, as wel l  as achieving bet ter  de- 
vice consistency, a var ie ty  of device prepara t ion tech-  
niques have  been examined  and compared. Hete ro junc-  
tion structures have been prepared  by the open tube 
vapor  growth of ge rmanium on gal l ium arsenide and 
silicon substrates at re la t ive ly  low tempera tures  using 
the germanium di- iodide disproport ionat ion reaction. 
A comparison of growth features  and final device be-  
havior  has been made for various substrate p repara -  
tion techniques including water  and solvent washing, 
aqueous etching, iodine etching, and cleaving. It  has 
been found that  surface conditions al ter  both the 
physical  growth features  and the final device electr ical  
properties.  The most consistent device behavior  as 
wel l  as the sharpest reverse  breakdown has been ob- 
tained by cleaving the substrates in situ during depo- 
sition. 

Exper imenta l  
The germanium vapor  deposition system employed 

here  has been described briefly in a previous publ ica-  
tion (5) and is quite  similar  to the original  systems 
devised by Ruth et al. (6) and Marinace (7). The 
furnace a r rangement  used and the corresponding t em-  
pera ture  profile are shown in Fig. 1. Af te r  Marinace 
(7), the furnace consists of "Nichrome" r ibbon wound 
on quartz, a l lowing observat ion of the growth process 
through the furnace walls. The hydrogen carr ier  gas is 
passed through a "De-Oxo"  purifier and a l iquid ni-  
t rogen cold t rap before enter ing the react ion tube 
which contains three zones: an iodine zone, a source, 

1 P r e s e n t  addres s :  E l ec t ron ic s  D e p a r t m e n t ,  H a m i l t o n  S t a n d a r d  Di -  
v i s ion ,  U n i t e d  A i r c r a f t  Corpo ra t ion ,  B r o a d  Brook ,  Connec t i cu t .  

P r e s e n t  add re s s :  E l ec t r i ca l  E n g i n e e r i n g  D e p a r t m e n t ,  U n i v e r s i t y  
of Ca l i fo rn ia ,  Berke ley ,  Ca l i fo rn ia .  
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Fig. 1. Germanium vapor growth system: (a) experimental arrange- 
ment; (b) temperature profile during growth. 

and a seed zone. At  the exi t  end of the react ion tube 
the exhaust  gases are passed through a bubbler  to 
mainta in  posit ive pressure wi th in  the system. 

High-pur i ty  hydrogen,  3 u l t r ah igh-pur i ty  I2, 4 and 
appropr ia te ly  doped ge rmanium ingots are used as 
s tar t ing materials.  Before operation, the system is 
flushed with  hydrogen for 12-18 hr  to purge  any traces 
of wa te r  or oxygen. If gas etching of the seed is not 
required,  the iodine, seed, and source tempera tures  are 

L i n d e  D i v i s i o n  of U n i o n  Ca rb ide  Corpora t ion ,  P i t t s b u r g h ,  P e n n -  
s y l v a n i a .  

4 G a l l a r d - S c h l e s i n g e r  C h e m i c a l  M a n u f a c t u r i n g  Corpora t ion ,  G a r -  
den Ci ty ,  New York  
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Fig. 2. Quartz apparatus for cleaving Ge, Si and GaAs L-bars 
in situ. 
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Fig. 4, Growth rate of Ge on (111) plane GaAs substrates as a 
function of iodine partial pressure. 

Fig. 3. Composite photograph of a typical silicon cleavage surface 

raised to 110 ~ 400 ~ and 600~ respectively,  and dep-  
osition proceeds. Gas etching is accomplished by first 
adjust ing the iodine t empera tu re  to 50~ and both the 
seed and source tempera tures  to 400~ for approxi -  
mate ly  1 hr. This gas etching causes the chemical ly 
polished surface to become dull gray in appearance.  
The various methods of seed prepara t ion include: 
chemical  etching 5 fol lowed by a de-ionized wate r  
rinse, chemical  etching with  a water  r inse fol lowed by 
iodine etching, c leaving in air, c leaving in air fol lowed 
by chemical etching and a wa te r  rinse, c leaving in air 
fol lowed by an organic solvent rinse, and cleaving in 
the growth stream. 

The lat ter  operation, c leaving of the substrate to 
expose a fresh surface during s teady-s ta te  deposition, 
requires  a special quartz cleaving apparatus depicted 
in Fig. 2. The samples are prepared  by cutt ing them 
into L bars which when  cleaved yield several  square 
mi l l imeters  of flat surface (8). F igure  3 i l lustrates a 
typical  cleavage surface obtained for silicon. In gen-  
eral, the germanium cleaved surfaces are similar, but 
the cleaved GaAs surfaces are much flatter. While the 
Ge and Si surfaces are not of the perfect ion repor ted  by 
Gobeli and Al len  (8), due to the lack of r igidi ty  of 
the quartz  sample holder, they are adequate  for the 
studies described here. 

Results 
Growth rates.--Single crystal  growth of ge rmanium 

has been achieved on all surfaces at tempted,  i.e., on 
the three major  planes of Ge, on the (111) (111) and 
(110) planes of GaAs and on the (111) plane of Si. In 
the case of silicon, g rowth  has been possible only on 
the (111) plane, because cleavage was necessary to 
produce an oxide- f ree  surface at these low growth 
temperatures .  Growth rates range f rom 0.5 to 10 
~/hr  and are dependent  on seed orientation. In Fig. 4 
the growth rate  is plot ted as a function of the I2 par t ia l  
pressure for growth on the (111) plane (As plane)  of 
GaAs for source and seed tempera tures  of 600 ~ and 
400~ respectively.  No quant i ta t ive  measurement  of 

5 T h e  c h e m i c a l  e t c h e s  u s e d  w e r e  1 : 1 : 1 0  H 2 0 : H ~ O 2 : t t 2 S O 4  f o r  G a A s  
s e e d s  a n d  1 : 5  H F : H N O a  f o r  G e  s e e d s .  

g rowth rates on other  surfaces has been made. It 
has been noted that  growth on cleaved (110) plane 
GaAs surfaces proceeds considerably slower than on 
corresponding uncleaved surfaces. A possible explana-  
tion is that  the number  of growth  steps is reduced on a 
c leaved surface due to near atomic flatness and perfect  
orientation. 

Control of resist ivi ty.--Four-point probe and Hall  
measurements  have been made on test samples to 
de termine  doping control. German ium films grown 
f rom intrinsic sources are invar iab ly  n-type with  car-  
r ier  concentrations greater  than 10 TM cm -3. However ,  
if the source doping is raised above this value, n - type  
films may be grown with  control led doping in the 
range 1017-1020 cm -3. A modification of the system, 
described in another  publicat ion (9), has permi t ted  the 
growth of higher resistivity n-type films. Previously, a 
troublesome donor has prevented the growth of con- 
trolled resistivity n-type Ge films having a doping con- 
centration less than 1017 cm -3. P-type films grown in 
this manner normally have a very thin intermediate 
n-type layer similar to that reported by Marinace (i0). 

Crystalline perfection.--The appearance of the over- 
growths is in general similar to the films reported by 
Marinace (7). However, some qualitative differences 
may be noted between growths on differently prepared 
surfaces. In one experiment a comparison was made 
of the overgrowth of four (ii0) plane GaAs seeds 
prepared in the following manner and grown simul- 
taneously under the same conditions: (a) cleaved in 
air, chemically etched, and rinsed in de-ionized water; 
(b) cleaved in air and rinsed in organic solvents 
(semiconductor grade); (c) cleaved in air; and (d) 
cleaved in situ during s teady-s ta te  Ge deposition. 

Treatments  (a) and (b) resul ted  in s imilar  heavi ly  
faceted overgrowths,  Fig. 5 (a) ,  whereas  the t rea tment  
(c) produced a near ly  flat s tructureless overgrowth,  
Fig. 5(b) .  The overgrowth  on surfaces prepared  by 
t rea tment  (d) was similar  in na ture  to that  of (c) but  
possessed some addit ional  structure.  This exper iment  
indicates that  contaminat ion left  on the surface f rom 
wash t rea tments  is p r imar i ly  responsible for the 
heavi ly  faceted overgrowth  usual ly  observed for (110) 
plane seed orientat ions wi th  the Ge-I~ system (7). 
Extensive gas etching of the substrate  prior  to growth 
forms a dull  gray surface which also results  in heavi ly  
faceted overgrowth.  In the absence of h igh - t empera -  
ture  seed t rea tments  in hydrogen the overgrowth  of 
Ge on Si substrates has been possible only for f reshly  
cleaved surfaces, that  is cleaved as the Ge is deposit-  
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Fig. 5. Appearance of Ge overgrowths on GaAs substrates: (a) 
substrate cleaved followed by chemical etching or organic solvent 
rinsing; (b) substrate cleaved in air or in situ. 

Fig. 6. Appearance of a Ge overgrowth on a cleaved Si substrate 

ing. The germanium films thus obtained are not so 
featureless as the (110) plane growths on cleaved 
GaAs substrates, but resemble  the usual (111) plane 
Ge films grown on cleaved Ge susbtrates. A photo-  
graph of a complete  overgrowth  of Ge on Si is shown 
in Fig. 6. In addition to variat ions in growth appear-  
ance, surface t rea tment  also plays a role (to be dis- 
cussed) in de termining the electr ical  propert ies  of 
both heterojunct ions and homojunctions.  

A defect present  in ge rmanium layers grown on 
silicon but not present in layers grown on germanium 
or gal l ium arsenide is a cracking of the overgrowth.  
Some of the cracks can be observed directly, whi le  a 
br ief  etch serves to enlarge those not immedia te ly  ob- 
servable. The crack lines are almost ent i re ly  in the 
[110] direction, suggesting that, as the germanium 
overgrowth  cools f rom the growth temperature ,  it 
cleaves on those (111) planes intersect ing the surface. 
The mean distance be tween  cracks has been as low as 
40~, i.e., the crack density is 1/40 ~-1 for layers th in-  
ner than 10~. On thick layers  the mean  distance be-  
tween cracks has been up to 230~. Crack density cor-  
re la ted with  crack width  as wel l  as growth thickness. 
The very  dense cracks on the th inner  growths cannot 
be observed wi thout  etching, whereas  cracks became 
easily observable as the thickness of the growths in-  
creased and crack density decreased. The cracks can-  
not be associated wi th  specific defects on the silicon 
substrate. However ,  the very  thin growths (<10~) 
on areas wi th  dense cleavage defects have  a high 
crack density, and more  perfect  areas have a lesser 
density. F igure  7 shows a 4~ thick Ge overgrowth;  (a) 
as grown and (b) fol lowing a 9-sec etch. The cor-  
responding region of the cleaved silicon substrate 6 is 
shown in Fig. 7 (c). In Fig. 7(b) ,  the crack free re -  
gions correspond to the more  perfect  cleavage areas 
[see Fig. 7(c) ] .  The crack density varies  in (b) f rom 
1/50# -1 to zero. The thicker  growths have  both a 
different appearance and a lower density of cracks. 

e As  a r e s u l t  of  t h e  c l e a v i n g  p r o c e s s  a s e c t i o n  of t h e  s i l i con  L 
b a r  is  p u s h e d  u p s t r e a m  i n t o  a r e g i o n  w h e r e  n o  d e p o s i t i o n  o c c u r s .  
T h u s  i t  m a y  l a t e r  be  r e m o v e d  a n d  e x a m i n e d  to d e t e r m i n e  t h e  
c l e a v a g e  p e r f e c t i o n .  

Fig. 7. A 4~-thick Ge overgrowth on a cleaved Si substrate: (a) 
as grown (b) after a 9-sec WAg etch showing cracks in the over- 
growth; (c) corresponding Si cleavage surface (see text). 

Growth pyramids on thicker  growths (see Fig. 6) have 
t r iangular  bases whereas  pyramids  on th inner  growths 
[see Fig. 7(b) ]  have more  circular  bases. The areas 
of ve ry  low crack density on the more  perfect  sub- 
strate regions suggest that  improved cleavage quali ty 
and growth uni formi ty  can mit igate  the cracking 
difficulties. In any case, it has been possible to fabr i -  
cate devices by etching mesas which do not include 
cracks. 

X-ray analysis.--Laue back reflection photographs 
and diffractometer  studies have  confirmed the single 
crystal, epi taxial  na ture  of the overgrowths.  Studies of 
Ge /GaAs  structures indicate no distortion of the Ge 
film or GaAs substrate.  However ,  Laue photographs of 
Ge /S i  s tructures show considerable distort ion in the 
form of elongated Laue spots wi th  striations as p re -  
viously repor ted  by Ruth et al (6). The lat ter  at-  
t r ibuted the distortion to the lat t ice mismatch be tween  
Ge and St; however ,  such distortion in the Laue 
photographs has not  been found to be present  in other  
heterojunct ion pairs wi th  equal ly  large lat t ice mis-  
matches (11) ( InP-GaAs  and InAs-GaAs) ,  nor in 
heavi ly  dislocated Ge layers grown on any Ge or GaAs 
substrates. In addition, i t  has been observed that  in 
Laue photographs taken at 350~ some of the distor-  
tion disappears, suggesting that  the greater  shrinkage 
of the Ge overgrowth  during cooling f rom the growth 
tempera ture  is responsible for the distortion. The 
striations in the spots are concluded to be reflections 
f rom the various sl ightly misoriented facets separated 
by cracks. This has been fur ther  confirmed by an ex-  
per iment  in which the x - r ay  beam diameter  was in-  
creased and the striations became more pronounced. 

Etching studies.--Germanium layers  grown on Ge, 
GaAs, and Si have been t reated with  an etchant sensi- 
t ive to crystal l ine defects. For  the Ge-Ge  and Ge-GaAs 
structures a comparison of the number  of dislocations 
and stacking faults in the epi taxial  layer  as a function 
of the original  surface prepara t ion  of the seed has been 
made. The etchant  used to br ing out both the stacking 
faults and the dislocations was the Westinghouse sil- 
ve r  etch (12), (25 ml  H20, 10 ml  I-IF, 15 ml HNOs, 0.2g 
AgNOa). The opt imum procedure  was found to be a 
5-sec etch, fol lowed by a water  rinse, and then re -  
moval  of excess silver by wiping. The procedure  is 
repeated unti l  the imperfect ions are visible. Normally,  
af ter  a total  of 15 sec the stacking faults are visible, 
and after  30 sec the dislocation pits appear. 

A comparison of dislocation pits in germanium 
grown on three  (111) plane germanium substrates 
having  different surface preparat ions is shown in Fig. 
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Fig. 8. Etch pits in the Ge overgrowth on (111) Ge substrates 
for various substrate preparation techniques. (The etch pits were 
developed with a 30-sec WAg etch): (a) substrate cleaved in 
situ; (b) substrate chemically etched; (c) substrate iodine etched 
in situ. 

8. T h e  g r o w t h s  on  t h e  c l e a v e d  a n d  c h e m i c a l l y  e t c h e d  
s u b s t r a t e s ,  s h o w n  i n  Fig.  8 ( a )  a n d  8 ( b ) ,  w e r e  d e -  
pos i t ed  s i m u l t a n e o u s l y .  T h e  l o w e s t  d i s l o c a t i o n  d e n s i t y  
( less  t h a n  106/cm 2) o c c u r s  i n  g r o w t h s  on  s u b s t r a t e s  
c l e a v e d  in situ. D i s l o c a t i o n  c o u n t s  on  c h e m i c a l l y  
e t c h e d  seeds  i n d i c a t e  a p p r o x i m a t e l y  107 d i s l o c a t i o n s  
c m  -2  w h e r e a s  t h e  n u m b e r  of d i s l oca t i ons  in  t h e  o v e r -  
g r o w t h  on  a t y p i c a l  i o d i n e  e t c h e d  s u b s t r a t e  [Fig. 8 ( c ) ]  
is g r e a t e r  t h a n  3 x l0  T c m  -2. T h e  s u b s t r a t e s  t h e m -  
se lves  h a v e  a n  a v e r a g e  d i s l o c a t i o n  c o u n t  of  a p p r o x i -  
m a t e l y  104 c m  -2  a n d  a m a x i m u m  c o u n t  of 105 cm -2.  
Cross  s ec t ions  of  t h e  c l e a v e d  g r o w t h s  s h o w  a s m o o t h  
t r a n s i t i o n  f r o m  s u b s t r a t e  to  o v e r g r o w t h  w h e r e a s  fo r  
cross  s ec t ions  of t he  c h e m i c a l l y  or  i o d i n e  e t c h e d  seeds  
a d a r k  l i ne  occurs  a t  t h e  i n t e r f a c e  w h i c h  a p p e a r s  to  
b e  a r e g i o n  of v e r y  h i g h  d i s l o c a t i o n  dens i ty .  G e r m a -  
n i u m  l a y e r s  g r o w n  on  t h e  (111) a n d  ({11) p l a n e s  of 
g a l l i u m  a r s e n i d e  s h o w  d i s l o c a t i o n  d e n s i t i e s  a p p r o x i -  
m a t e l y  a f a c t o r  of t w o  h i g h e r  t h a n  t h o s e  g r o w n  on  
c o r r e s p o n d i n g l y  p r e p a r e d  g e r m a n i u m  s u b s t r a t e s .  I t  h a s  
n o t  b e e n  poss ib le ,  h o w e v e r ,  to d e c o r a t e  t h e  d i s l oca -  
t i ons  fo r  o v e r g r o w t h s  on  (110) p l a n e  c l e a v e d  g a l l i u m  
a r s e n i d e  s u b s t r a t e s .  

T h e  s t a c k i n g  f a u l t  d e n s i t i e s  fo l low a s i m i l a r  p a t t e r n ;  
t h e  d e n s i t y  is h i g h e r  fo r  g e r m a n i u m  o v e r g r o w t h s  on  
g a l l i u m  a r s e n i d e  t h a n  on  g e r m a n i u m ,  a n d  t h e y  i n -  
c r e a s e  as t h e  s u b s t r a t e  p r e p a r a t i o n  is c h a n g e d  f r o m  
c l e a v i n g  to c h e m i c a l  e t c h i n g  to i o d i n e  e t ch ing .  No 
s t a c k i n g  f a u l t s  a r e  o b s e r v e d  on  c l e a v e d  G e  s u b s t r a t e s ,  
occas iona l  i s o l a t e d  s t a c k i n g  f a u l t s  a r e  o b s e r v e d  in  
l a y e r s  g r o w n  on  c h e m i c a l l y  e t c h e d  g e r m a n i u m  s u b -  
s t r a t e s  a n d  up  to 100 f a u l t s  cm - 2  occu r  on  I2 e t c h e d  
s u b s t r a t e s .  I n  c o m p a r i s o n ,  c l u s t e r s  of s t a c k i n g  f a u l t s  
w i t h  a d e n s i t y  of 3 x 104 c m  -2  a p p e a r  r e l a t i v e l y  u n i -  
f o r m l y  s p a c e d  ac ross  t h e  g e r m a n i u m  l a y e r  g r o w n  on  
a c h e m i c a l l y  e t c h e d  g a l l i u m  a r s e n i d e  seed.  

A s t r i k i n g  d i f f e r e n c e  is n o t e d  fo r  g e r m a n i u m  g r o w n  
o n  c l e a v e d  s i l i con  s u b s t r a t e s .  B o t h  t h e  d i s l o c a t i o n  
d e n s i t y  ( g r e a t e r  t h a n  5 x 107 c m - 2 )  a n d  t h e  n u m b e r  
of s t a c k i n g  f a u l t s  ( a p p r o x i m a t e l y  106 c m  -2 )  a r e  m u c h  
h i g h e r  t h a n  fo r  g e r m a n i u m  g r o w n  on  a n y  g e r m a n i u m  
s u b s t r a t e s .  

T h e s e  e t c h i n g  s t ud i e s  c o n f i r m  t h e  i m p o r t a n c e  of s u b -  
s t r a t e  i m p e r f e c t i o n s  in  i n i t i a t i n g  s t a c k i n g  f a u l t s  a n d  
d i s l o c a t i o n s  in  t h e  o v e r g r o w t h  (13-15) .  C l e a v e d  s u b -  
s t r a t e s  s h o u l d  i n i t i a l l y  b e  o x i d e  a n d  c o n t a m i n a n t  f r e e  
l e a d i n g  to t h e  l o w e s t  f a u l t  d e n s i t y  as o b s e r v e d .  I o d i n e -  
e t c h e d  s u b s t r a t e s  a p p a r e n t l y  a r e  l e f t  w i t h  a f i lm of  
c o n t a m i n a n t s  w h i c h  n u c l e a t e  b o t h  s t a c k i n g  f a u l t s  a n d  
d i s loca t ions .  T h e  h i g h e r  d e f e c t  d e n s i t y  in  g e r m a n i u m  
g r o w n  on  s i l i con  is e x p e c t e d  in  l i g h t  of t h e  de fec t  n u -  
c l e a t i o n  a t  m i c r o s c r a t c h e s  (13) a n d  loca l  s t r e s se s  (14) 
fo r  s i l i con  g r o w n  o n  s i l icon.  I n  add i t i on ,  ox ides  w h i c h  
r a p i d l y  f o r m  on  t h e  c l e a v e d  s i l i con  s u r f a c e  w o u l d  b e  
e x p e c t e d  to c a u s e  d e f e c t  n u c l e a t i o n ,  b y  a n a l o g y  to t h e  
g r o w t h  of s i l i con  on  s i l i con  (15) .  

Electrical properties.--The e l e c t r i c a l  p r o p e r t i e s  of 
t h e s e  j u n c t i o n s  h a v e  also b e e n  s t u d i e d  a n d  c o r r e l a t e d  
w i t h  t h e  s u r f a c e  p r e p a r a t i o n .  C a p a c i t a n c e  as a f u n c -  
t i on  of v o l t a g e  s h o w s  a s q u a r e  l a w  d e p e n d e n c e  w h i c h  
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Fig .  9 .  V - I  c h a r a c t e r i s t i c s  o f  v a p o r - g r o w n  G e  p - n  j u n c t i o n s  f o r  

cleaved, iodine-etched, and chemically etched substrates: (a) low 
voltage region; (b) high voltage region, 

i n d i c a t e s  t h e  e x i s t e n c e  of a n  a b r u p t  j u n c t i o n .  I n  Fig. 
9 t h e  V - I  c h a r a c t e r i s t i c s  of j u n c t i o n s  f a b r i c a t e d  f r o m  
G e  g r o w n  on  G e  s u b s t r a t e s  h a v i n g  d i f f e r e n t  s u r f a c e  
p r e p a r a t i o n s  a r e  s h o w n .  I n  Fig.  9 (a )  t h e  f o r w a r d  c h a r -  
a c t e r i s t i c s  a r e  s h o w n  fo r  c l eaved ,  c h e m i c a l l y  e t ched ,  
a n d  i o d i n e  e t c h e d  s u b s t r a t e s .  A t  t h e  s a m e  vo l t age ,  t h e  
f o r w a r d  c u r r e n t  d e n s i t y  is a p p r o x i m a t e l y  t h e  s a m e  
fo r  d ev i ce s  g r o w n  on  c l e a v e d  a n d  c h e m i c a l l y  e t c h e d  
s u b s t r a t e s  w h e r e a s  dev ices  on  i o d i n e  e t c h e d  s u b s t r a t e s  
h a v e  a s m a l l e r  c u r r e n t  dens i t y .  A t  l o w  r e v e r s e  v o l t -  
ages  ( less  t h a n  0.5v) t h e  r e v e r s e  c u r r e n t  d e n s i t i e s  a r e  
p r e s u m a b l y  d e t e r m i n e d  b y  t h e  d o p i n g  in  t h e  seed  m a -  
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Fig .  10 .  V - I  c h a r a c t e r i s t i c s  o f  v a p o r - g r o w n  n G e - p G a A s  j u n c -  

t i o n s  for cleaved, iodine-etched and chemically etched GaAs 
substrates: (a) low voltage region; (b) high voltage region. 



V o i  113, No. 3 PREPARATION OF HETEROJUNCTIONS 249 

ter ial  and are therefore  identical. For  higher  reverse  
voltages, shown in Fig. 9(b) ,  the diode on the iodine-  
etched substrate has a much larger  reverse  current  
density at a given vol tage than those on the cleaved 
or chemical ly etched substrates. The devices fabr icated 
on iodine-etched substrates vary  widely  but  always 
exhibi t  a larger  current  density. 

The fo rward  and reverse  V-I  characterist ics of nGe-  
pGaAs heterodiodes having various GaAs substrate 
preparat ions are shown in Fig. 10. The forward  cur-  
rent  density at constant vol tage increases as we pro-  
ceed f rom cleaved to cleaved in air to chemical ly  
etched substrates, Fig. 10(a).  A similar  dependence of 
the current  density on surface prepara t ion is noted in 
the reverse  direction, for the same diodes as shown 
in Fig. 10(b).  The reverse  current  increases wi th  
vol tage as a power law prior to breakdown (I ~ V ,n 
where  m > 3) (16) due to tunnel ing  via in terface  
states. The forward  electr ical  characterist ics of Ge-  
GaAs diodes are also controlled by tunnel ing via  in-  
terface states. Both of these mechanisms wil l  be dis- 
cussed in detail  in a fu ture  publicat ion (17). A v a -  
lanche breakdown would  normal ly  occur in these 
diodes at approximate ly  9v. 

Conclusions 
A correlat ion of crystal  defects in vapor -g rown  ger-  

man ium layers  wi th  substrate surface prepara t ion is 
established. The electr ical  propert ies  of epi taxial  
heterojunct ions and homojunct ions also show a simi-  
lar  correlat ion with substrate preparation.  The most 
perfect  overgrowths  and the best device character-  
istics (i.e., highest rectification ratio) are obtained for 
growths on substrates which have been cleaved in situ 
during vapor  deposition. 
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Preparation and Properties of AIAs-GaAs Mixed Crystals 

J. F. Black and S. M. Ku 
General Telephone & Electronics Laboratories, Incorporated, Bayside, New York 

ABSTRACT 

AIAs-GaAs mixed  crystals of composition vary ing  throughout  the solid- 
solution range 0-40 mole % AlAs and 60-100 mole  % AlAs have  been prepared  
by ha l ide-vapor  disproport ionat ion and by m e l t - g r o w t h  techniques,  respec-  
t ively.  E lec t ron -beam-probe  data and optical data showed that  the epi taxial ly  
grown mixed  crystals were  of graded composition, whi le  the m e l t - g row n  
crystals were  homogeneous in composit ion (within •  mole  %). Measure-  
ments  of the optical energy gap, the x - r a y  latt ice parameter ,  the density, and 
the electrical  propert ies  of these crystals are described. The var ia t ion of the 
optical energy gap wi th  composit ion is discussed in re la t ion to an ideal mixed  
crystal  model  of the energy band structure. 

Di rec t -band-gap  I I I -V compounds are of consider-  
able interest  for opto-electronic devices, especially 
since the advent  of h igh- f requency  high-efficiency 
l igh t -emi t t ing  and laser diodes in 1962 (1). The  va lue  
of the energy gap of a semiconductor  is ve ry  impor-  
tant  in opto-electronic  devices, where,  for example,  it 
is often necessary to "tai lor" the optical propert ies  for 
acceptable performance.  It has long been known that  
by combining appropriate  I I I -V compounds a number  
of mixed  crystal  systems can be formed which make 
it possible to produce d i rec t -band-gap  semiconductors 
over  a continuous range of energy gaps (2-4). These 
d i rec t -band-gap  mixed  crystal  systems can be divided 
into two groups according to the type of band struc-  
ture of the te rmina l  compounds: (i) d i rec t -d i rec t  and 
(it) direct- indirect ,  where  the indirect  gap compound 
usual ly possesses the higher  energy gap. The direct-  
indirect  combinations are of par t icular  interest  be-  

cause they offer h igher  energy gap ranges than the 
d i rec t -d i rec t  combinations. 

Only one di rect - indirect  I I I -V system, GaAs-GaP,  
has been thoroughly  examined to date (5-7).  Previous  
work  by Stambaugh e t a l .  (8) in 1960 established that  
another  of these systems, A1As-GaAs, was potent ial ly 
useful  for its high energy gap range. The results of 
S tambaugh and co-workers  indicated that  AlAs 
possessed the same type of band s t ructure  as GaAs, 
i.e., direct. However ,  later  measurements  on pure  
AlAs conducted by Mead and Spitzer (9) provided 
strong evidence that  AlAs had an indirect  band struc- 
ture. The  present  paper  describes a more  detai led in-  
vest igat ion of the A1As-GaAs system wi th  results 
which confirm the conclusions of the la t ter  invest i -  
gators. A description of the methods of prepara t ion 
and the propert ies  of mixed  crystals of A1As-GaAs is 
given herein. A succeeding paper  (10) wi l l  deal  wi th  
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700_740oC J I 

Fig. 1. Arrangement used for preparation of AIAs-GaAs mixed 
crystals by iodide-vapor phase epitaxial growth. Fig. 2. As grown epitaxial AIAs-GaAs layer on GaAs substrate 

the fabricat ion and measurements  of l ight -emi t t ing  
diodes made f rom some of these mixed  crystals. 

Synthesis Studies Experimental Approach 
Epitaxial A1As-GaAs.--Preparation.--Single-crystal  

layers of AIAs-GaAs of a composition extending to 
about 40 mole  % AlAs were  grown epi taxial ly  on 
GaAs substrates by an iodide-dispropor t ionat ion- type  
closed-tube vapor - t ranspor t  process similar to that  
used for GaAs-GaP  (11). The essential details of the 
technique are shown in Fig. 1. The GaAs substrates 
were  suspended from quartz hooks by loops of rho-  
dium wire. Rhodium was chosen because it did not 
contaminate  the epi taxial  layers, i.e., rhodium was 
not detectable by spectroscopic analysis of layers  
grown in pre l iminary  experiments .  The substrates 
were  <110> oriented single crystal  wafers  of high 
pur i ty  (n < 5 x 1016/cm2) with  faces which had been 
ground flat and parallel ,  lapped with  No. 1800 grit  and 
then chemical ly  polished in 1% bromine-methano l  
solution. 

The source mater ia l  was ei ther  a mix tu re  of pre-  
synthesized AlAs powder  and GaAs powder  or a m i x -  
ture of powdered GaAs and granules of pure A1. The 
AlAs powder  was prepared by react ing pure a lumi-  
num with  arsenic vapor  in the presence of iodine (12). 
When the pure a luminum was used to charge the 
epi taxial  growth capsule, care was taken to ensure 
that  there  was a layer  of GaAs powder  be tween  the 
a luminum and the capsule wal l  to avoid contact of the 
quartz  wi th  mol ten aluminum. The iodide vapor  phase 
was established by introducing pure  iodine into the 
capsule in evacuated breakseal  ampoules which were  
broken after  the capsule had been sealed f rom the 
vacuum system. Enough iodine was used to yield 1 mg 
of free iodine per cubic cent imeter  of capsule volume.  
In a few instances small chunks of SnI4 were  used 
instead of pure  iodine to produce a dopant- iodide 
vapor phase. Just  prior  to seal off, the capsule was 
backfilled with  V2 atm of H2 purified by passage 
through a pal ladium diffusor. It was found that  by 
sealing ~/z a tm H2 in the capsule bet ter  epi taxy and 
more uni form growth resul ted than if the capsule were  
sealed under  vacuum. Mixed crystal  growth was ini-  
t iated by quickly insert ing the capsule into the pre-  
heated furnace. When sufficiently thick layers had 
been grown the run  was te rminated  by removing  the 
capsule f rom the furnace and cooling in the air. 

Results.--Most samples of epi taxia l ly  grown AIAs-  
GaAs displayed a dull  mat te  finish on their  surfaces, 
but some, especially those with  high a luminum content  
toward the surface, had smooth mir ror l ike  surfaces. 
Figure  2 shows an example  of one of these mi r ro r l ike  
surfaces. Surfaces of this type were  sufficiently good 
for optical measurements ,  but  the matte-f inish sur-  
faces requi red  lapping and polishing to prepare  the 
epitaxial  layer  for measurement  of optical t ransmis-  
sion. All  of the epi taxial  layers were  "dished," espe- 
cially near  the edges of the sample; therefore,  only 
the central  regions of the grown layers, where  the 
epi taxial  film was of uni form thickness, were  used 
for measurements .  F igure  3 shows the uni formity  of 
layer thickness that  was general ly  obtained in the 
central  regions of the layers. 

Fig. 3. Cross section of AIAs-GaAs layer (arrow) 6V2 mils thick 
grown on a GaAs substrate. Only one mixed crystal layer is seen 
since the substrate has been sliced in half to recover the other 
layer. 
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Fig. 4. Composition profiles of AIAs-GoAs mixed layers as de- 
termined by the electron beam microprobe. 

Many of the epi taxial  layers which were  prepared  
in this invest igat ion were  not only quite th in - -as  thin 
as 3 mi l s - -bu t  they proved to have composition gradi-  
ents through the thickness of the layer. By use of the 
electron beam probe, it was possible not only to 
identify and recover  those films of uni form composi- 
tion, but  also to gather  useful information f rom those 
films of a graded composition. 

Figure  4 shows the composition profiles of several  
samples as de termined  by the e lec t ron-beam-probe  
technique. Latera l  variat ions of composition, i.e., in a 
plane paral le l  to the epi taxy substrate interface, were  
not more than 1 mole % AlAs in any epi taxial ly  grown 
layer. This was consistent wi th  the results of measure -  
ments  of inject ion electroluminescence of diodes made 
f rom these layers (10). 

Samples were  also analyzed by x - r ay  fluorescence 
analysis using convent ional  x - r a y  equipment  and 
grinding thin increments  f rom the layer be tween suc- 
cessive analyses. In this case the i r radiated region 
was several  mi l l imeters  square, and the sampling 
depth about 1.5 mils. Where  sample uni formi ty  and 
size was such as to allow comparison, for example  in 
slices cut f rom polycrystal l ine ingots, good agreement  
was obtained between x - r a y  fluorescence analysis (in- 
cluding e lec t ron-beam-probe  results)  and other  means 
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Table I. Epitaxial growth parameters 

E p i t a x i a l  
con~po- 

D u r a -  T h i c k -  s i t i o n  
T r a n s -  Source  t i on  of ness  of max .  

Sam-  p o r t i n g  compos i -  g r o w t h ,  ep i t axy ,  A l A s  
ple  a g e n t  t ion,  g h r  m i l s  m o l e  % 

E p i t a x i a l  
c o m p o s i t i o n  

prof i le  

104 I~ A l A s - - 2 . 1  48 6.0 40 G r a d e d  inc reas -  
G a A s - - 3 . 0  i n g  A l A s  to-  

w a r d  su r face  

105 In A1--0.1 64 10.5 16 G r a d e d  i nc rea s -  
G a A s - - 3 . 4  i n g  A l A s  to -  

w a r d  su r face  

109 Ie A1--0.5 64 4.5 37 G r a d e d  inc reas -  
G a A s - - 4 . 0  i n g  A l A s  to -  

w a r d  su r face  

113 SnI~ A1As- - I . 7  141 4.0 40 See F ig .  5 
G a A s - - 2 . 3  

116 SnI~ A1As- - I . 6  231 6.0 40 G r a d e d  decreas -  
G a A s - - 2 . 3  i n g  A l A s  to-  

w a r d  su r face  

of composit ion determination.  By comparison with  
chemical analysis, wi th  density determinations,  and 
with precision x - r a y  lat t ice paramete r  measurements ,  
the analyt ical  accuracy was determined to be ...1 mole  
% AlAs. 

The t ime requi red  for growth of A1As-GaAs layers  
and the composition of the layers were  strongly de- 
pendent  on the source mater ia l  as may  be seen f rom 
the data in Table I. Epi taxial  layers wi th  graded com- 
position (continuous increase in A1 content f rom in-  
terface to surface) were  consistently formed f rom A1 
-t- GaAs source material .  When AlAs was used in the 
source instead of a luminum, the grown layers some- 
times showed regions of near ly  constant composition 
(sample No. 113). The use of SnI4 ra ther  than pure  
iodine as t ransport  agent resul ted in Sn doping of the 
grown layers and also resul ted in great ly  reduced 
growth rates, p resumably  because the SnI4 did not 
decompose sufficiently to provide the proper  concen- 
t ra t icn  of iodide vapor  phase for rapid mater ia l  t rans-  
port. Epi taxia l  layers wi th  grea ter  than 40 mole  % 
AlAs grew very  slowly and were  heavi ly  contaminated 
with silicon. Sui table  mixed  crystal  mater ia l  wi th  
composition in excess of 40 mole % AlAs was best pre-  
pared by slow freezing of A1As-GaAs melts. 

Mel t -grown  A1As-GaAs . - -Prepara t ion . - -Mixed  crys-  
tals with greater  than 50 mole % AlAs composition 
were  prepared  by direct ional  solidification (i.e., nor-  
mal freezing) of A1As-GaAs melts  in sealed evacu-  
ated quar tz  tubes, because of the difficulties that  were  
encountered in growing suitable epi taxial  crystals in 
this composition range. Previous  work  by S tambaugh 
et al. (13) had demonst ra ted  that  mel t  techniques 
could be used to good advantage for prepar ing crys-  
tals of A1As-GaAs. The mul t ip le  zone furnace ar-  
rangement  employed was essentially as described by 
Stambaugh (14) except  that  an a luminum oxide sleeve 
was placed around the graphite susceptor to keep the 
inside walls of the quartz  tube cool enough to p reven t  
softening and to minimize  react ion of the quartz  wi th  
a luminum vapors. To prepare  mixed  crystal  ingots, the 
boat was charged ei ther  wi th  a mix tu re  of presyn-  
thesized AlAs powder  and powdered  GaAs or wi th  a 
sandwichl ike a r rangement  of slices of pure  a luminum 
and h igh-pur i ty  GaAs. When the la t ter  procedure  was 
used, severe at tack of the quartz  tube occurred in the 
region of the hot  zone, presumably  by a luminum 
vapors, dur ing the process of mel t ing  and react ing the 
charge. The use of the presynthesized AlAs powder  
ra ther  than a luminum in the charge kept  the a lumi-  
num vapor  density at a min imum at all t imes and re -  
duced the degradat ion of the quartz  tube to tolerable  
levels. Boron ni t r ide boats were  found to be most suit-  
able for crystal l izing mol ten  A1As-GaAs. The ingots 
could not be easily r emoved  from the boats wi thout  
cracking, and most  of the ingots were  recovered  by 
filing and sandblasting the boats away. 

Resu l t s . - -A l l  of the ingots prepared  were  polycrys-  
ta l l ine with a re la t ive ly  fine (about 0.5 mm)  grain size. 
To produce ingots wi th  sections of reasonably good 
la teral  homogenei ty  (i.e., with no more  than •  mole 
% var ia t ion f rom the mean value  as de termined  by 
electron beam probing) ,  i t  was necessary to crystall ize 
at a speed o,f no more than 2 ram/hr .  Even  so it was 
not possible to produce homogeneous mater ia l  of less 
than about 50 mole  % AlAs. The composit ion at the 
f i rs t - to-f reeze  end was always considerably higher  
than the init ial  mel t  composition, indicat ing a wide 
gap between the l iquidus and solidus lines in the A1As- 
GaAs tempera ture-composi t ion  phase diagram. For  
example,  in an ingot of init ial  composition of 33 mole 
% the f i rs t - to-freeze end had a composit ion of 78 mole  
% AlAs, Similar  observations were  repor ted  p re -  
viously for this system (13). 

A section of one of the m e l t - g row n  ingots which 
was polished for optical measurements  is shown in 
Fig. 5. The composition of this piece was 72 mole % 
AlAs, and it was a clear red-orange  color by t rans-  
mit ted light. Black spots which are bare ly  visible in 
the sample are inclusions of an unidentified foreign 
material .  Since the total  amount  of these inclusions 
was less than 1% of the total vo lume of the sample, 
their  presence was neglected in correlat ing optical 
measurements  wi th  composition. 

Precision latt ice parameter  measurements  made  on 
a sample of 58 mole  % AlAs yielded a value  of 5.6581 
• A comparison of this value  wi th  values for 
GaAs (5.6534 ... 0.0002A) and AlAs (5.662 ___ 0.001A) 
(15) is made in Fig. 6 which indicates that  the latt ice 

Fig. 5 Mixed crystal of AIAs-GaAs prepared by slow crystalliza- 
tion from the melt. The actual size of the section shown is 5/16 x 
1/4-in. and it is 0.015-in. thick. 
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Fig, 6. Variation of lattice parameter and density with com- 
position in the AIAs-GoAs system. The horizontal and vertical 
bars at each data point represent the limits of experimental error. 
The solid lines represent the behavior expected if Vegard's law is 
followed. 
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parameter -composi t ion  var ia t ion (mole per cent) may  
be l inear (Vegard's  law) .  Once it was established that  
there  was no serious deviat ion f rom Vegard 's  law, it 
was a simple mat te r  to calculate the dens i ty-com-  
position variation.  For  the purpose of a density cal-  
culation even as large a mid- range  deviat ion f rom 
Vegard 's  law as ao ~ 5.600A or ao ~ 5.700A would not 
have been serious since it would  have  introduced an 
er ror  of only __ 1/2 % in the calculated mid- range  den-  
sity. A density measurement  is capable of ve ry  good 
precision in de termining the A1As-GaAs composition 
since the density change is quite  large. For  example  
wi th  a measurement  accuracy of _+Y e% (which is 
easily achieved in measurements  of densi ty) ,  the com- 
position determined by the density measurements  was 
wi th in  2 mole  % of the analysis values for samples 
of ei ther high or low a luminum content. These re-  
sults are shown in Fig. 6. 

O p t i c a l  and Electr ica l  Studies 

M e a s u r e m e n t  me thods . - -Op t i ca l  m e a s u r e m e n t s . -  
Optical t ransmission measurements  were  per formed 
on a model  350 Pe rk in -E lmer  spectrometer  using a 
beam condenser a t tachment  for small  samples. Meas- 
urements  on epi taxial  layers of graded composit ion 
were  made as follows. Samples 3-4 mm long x 2-3 mm 
wide were  mounted on separate  quar tz  plates wi th  a 
t ransparent  wax, and the GaAs substrate was ground 
off. By careful  gr inding and polishing, successive lay-  
ers were  removed  from the epitaxial  layer  and the 
optical absorption edge was correlated wi th  the mixed  
crystal  composition de termined  by electron beam 
probe analysis of the polished surface. The optical 
absorption edge was defined as the in tercept  of the 
transmission curve  with  the zero transmission abscissa, 
neglect ing the shor t -wave leng th  tail  caused by the 
spectrometer  band pass. In this way  the region of the 
polished sample face which defined the absorption 
edge (or the optical energy gap) was the first several  
microns that  the spectrometer  beam t raversed  in pass- 
ing through the sample. This is equiva len t  to defin- 
ing the optical energy gap as that  energy correspond-  
ing to an absorption coefficient of about 104 cm -1. 
Since the region of the film sampled by the electron 
beam probe was essential ly the same as that  de ter -  
mining the absorption edge, good correlat ion could be 
expected be tween the two kinds of information.  
Str ic t ly  speaking, good correlat ion could be expected 
only for compositions where  the (lowest energy)  
band- to -band  transitions were  still direct. Band- to -  
band optical transit ions in the indirect  I I I -V com- 
pounds are general ly  character ized by absorption co- 
efficients no higher  than 103 cm -1. Thus for AlAs-  
GaAs compositions where  the band gap transit ions 
were  indirect, the region determining the optical en-  
ergy gap would no longer be comparable  to the region 
sampled by electron probe analysis. 

By the technique described above it was possible to 
invest igate  (optical) energy gap-composit ion var ia -  
tions over  a modera te  range  of composition in a single 
graded composition epi taxial  layer. The correlat ion 
was best accomplished in layers possessing a mono-  
tonic increase in AlAs content  f rom the substra te-  
epi taxy interface to the surface of the epi taxial  layer. 
For  sharp composit ion gradients, i.e., more than a 
few mole per  cent over  several  microns, the correla-  
t ion was made less rel iable  because of the difficulty 
exper ienced in keeping the plane of polish exact ly  
paral le l  to the epitaxial  surface. In effect this l imited 
our optical measurements  on the epi taxial  mixed  crys-  
tals to the composition range 0-25 mole per cent AlAs 
(see Fig. 4). Only those me l t -g rown  samples which 
were  of un i fo rm (within _+1 mole  per cent) mixed  
crystal  composition were  used for the corre la t ion of 
optical energy gap wi th  composition. Fur thermore ,  
only samples wi th  min imal  amounts  of foreign inclu-  
sions, such as in Fig. 5, were  used. The optical t rans-  
mission measurements  were  made on mechanica l ly  

polished samples 5-20 mils in thickness, and the optical 
energy gap was calculated at the shoulder of the ab- 
sorption edge. This is a common method of de te rmin-  
ing the optical band edge of a semiconductor,  and it is 
a more  accurate definition of the energy gap than the 
point of intercept  with the zero- t ransmiss ion abscissa, 
especially for an indirect  semiconductor.  [Previous 
measurements  of pure  AlAs by Mead and Spitzer  (9) 
indicated that  high AlAs composit ion mixed  crystals 
would be of an indirect  band structure.] In addition, 
the energy gap of the A1As-GaAs mixed  crystals 
could then be bet ter  compared with  pure  AlAs since 
the values that  have  been repor ted  for the optical en- 
ergy gap of pure  AlAs are essentially equivalent  to 
the shoulder of the absorption edge. 
Electr ical  m e a s u r e m e n t s  and i m p u r i t y  ana lys i s . - -E lec -  
t r ical  measurements  were  made in much the same way 
as the optical measurements ,  i.e., by mount ing  the 
samples on fiat quartz  plates and grinding off the sub- 
strate. Undoped epi taxial  mixed-c rys ta l  layers were  
n-type.  P - type  mater ia l  was produced by in-diffusing 
zinc f rom the vapor  phase at 800~ in small  evacuated 
quartz  ampoules. For  the most  part,  electr ical  meas-  
urements  were  confined to four -poin t  probe resist ivi ty 
measurements  using a co- l inear  probe arrangement ,  
and to hot-point  probe thermoelec t r ic  measurements  to 
de termine  the sign of the charge carriers. The making 
of low-res is tance al loyed contacts was very  difficult 
due to the rapid format ion of tenacious oxide films 
even on samples of low AlAs content. However ,  this 
difficulty was par t ia l ly  overcome by forming spring- 
loaded point contacts wi th  a spark discharge f rom a 
Tesla coil of the kind used for vacuum leak detection. 
Because of the difficulties involved in the handl ing of 
these thin samples and in making  suitable ohmic con- 
tacts, Hall  effect measurements  were  successful in 
only a few instances. The impur i ty  content  was ob- 
tained by quant i ta t ive  emission spectroscopy of pieces 
of the epi taxial  layers recovered  after gr inding off the 
substrate material .  

Electr ical  measurements  were  not made on polycrys-  
tal l ine mater ia l  because of the severe effects that  grain 
boundaries often have on the measured  electr ical  prop- 
erties of semiconductors. 

Resu l t s  and d iscuss ion . - -Elec tr ica l  m e a s u r e m e n t s  
and i m p u r i t y  ana l y s i s . - -The  results of electr ical  meas-  
urements  of A1As-GaAs layers are listed in Table II, 
and the results of spectroscopic analysis are found in 
Table III. No other  impur i ty  elements  besides those 

Table II. Electrical characteristics epitaxial layers 

H a l l  e f f e c t  
C o m p o s i t i o n  

T h i c k -  m o l e  % A l A s  4 p t .  
S a m -  ness , (a)  A v e r -  C o n d .  p r o b e ,  ~ ,  

p l e  m i l s  a g e  R a n g e  t y p e  o h m - c m  n / c m 3  c m 2 / v - s c c  

104 2.5 20 15-40  n 1.2 - -  - -  
105 5.0 6 2 -17  n 0.01 - -  - -  
109 2.5 8 3 -37  n 0.03 - -  - -  
109 1.5 (b) 11 6-37 p 0.005 
113 3.5 26 23-40 n 0.45 7 • 10 TM 165 
113 1.0 (b) 25 23-40 p 0.04 - -  - -  
116 4.0 27 18-40 n - -  1.8 X 1017 670 

(a) T h i c k n e s s  of  s a m p l e  m e a s u r e d  f r o m  s u r f a c e  of  e p i t a x i a l  l a y e r .  
(b) D e p t h  o f  p - n  j u n c t i o n  m e a s u r e d  f r o m  s u r f a c e  of  e p i t a x i a l  

l a y e r .  

Table III. Impurity content of a epitaxial layers 

T i m e ,  
S a m p l e  S i  C u  ]Vig A g  S n  h r  

S t a r t i n g  G a A s  20 3 2 1 N . D .  ( < l O )  - -  
S t a r t i n g  A1As  30 2 4 N . D .  ( ( 1 )  N . D .  ( ( 1 0 )  

105 130 15 3 1 - -  64  
109 320 45 3 1 - -  64 
113 900 35 2 1 850 140 
116 1800 30 5 3 375 230 

B y  q u a n t i t a t i v e  e m i s s i o n  s p e c t r o s c o p y ,  c o n c e n t r a t i o n s  g i v e n  i n  
p p m  b y  w e i g h t .  
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listed were  detected. The high level  of Si contamina-  
tion in the layers was consistent wi th  a noticeable 
etching of the quartz capsule by the a luminum iodide 
vapors. The at tack was continuous, and therefore  
longer  t e rm runs contained high St-contamination.  
Note that  there  is a significant amount  of Cu contami-  
nation also. It  is bel ieved that  the quar tz  is the source 
of Cu contaminat ion too. It  is encouraging that  despite 
the heavy contaminat ion of these mixed  crystals, the 
electron mobili t ies measured  are still reasonably high. 
In addition, the resistivit ies observed in the zinc- 
diffused layers are comparable  to the resist ivit ies one 
would obtain for diffusion of zinc into GaAs under  
similar  conditions. 

The me l t -g rown  A]As-GaAs mater ia l  showed much 
lower Si content than the epi taxia l ly  grown crystals 
even though the processing t empera tu re  was much 
higher  (1700~ than for the epi taxial  mater ia l  
(700~ This points up the crit ical  role of iodine in 
promoting the at tack of quartz by a luminum vapor  
at low temperature .  For  example,  spectroscopic anal-  
ysis of the polycrysta l l ine  ingots typical ly  showed 
30-50 ppm Si compared to 100-2000 ppm Si in epi taxi -  
al ly grown material .  Other t race impuri t ies  present  in 
the mel t  grown A1As-GaAs were  Ag (1-2 ppm) ,  Cu 
(5-10 ppm) ,  and Mg (5 ppm).  Boron was detected in 
the ingots, but in re la t ive ly  low concentrations, less 
than 100 ppm, indicating very  l i t t le dissolution of the 
boron ni t r ide boats in A1As-GaAs melts. 
Optical measurements . - - In  Fig. 7 is shown the var ia -  
tion in optical transmission of a graded composit ion 
layer  as the layer  was successively ground and pol-  
ished toward the region of high a luminum content. The 
first measurement  included the region of the film near  
the epi taxy-subst ra te  interface. This region was low 
in a luminum content, and the transmission curve  is 
near ly  identical  to that  of pure GaAs. The decrease in 
transmission beyond the absorption edge as the sample 
was made thinner  was probably caused by the diffi- 
culty exper ienced in gett ing a high polish in regions of 
high A1 content. There  appeared to be an increase in 
the hardness of A1As-GaAs mixed  crystals at high 
AlAs compositions. 

The optical energy gap-composi t ion var ia t ion deter -  
mined for both epi taxia l ly  prepared  A1As-GaAs and 
m e l t -g rown  A1As-GaAs is shown in Fig. 8. Included 
are the results of the measurements  of two homogene-  
ous polycrystal l ine mel t  grown samples of low AlAs 
composi t ionJ  The energy gap for these samples was 
defined in the same way as for the graded composit ion 
samples, and the composi t ion-energy gap data are in 
good agreement  wi th  the data obtained on epi taxial  
material .  

The solid circles are values of the optical energy gap 
measured by Stambaugh et al. (8) for polycrystal l ine 
me l t -g rown  material .  The value  for the optical energy  
gap of GaAs corresponds to an absorption coefficient 

~ 104 cm -1 and was de termined  at the in tercept  of 
the absorption edge wi th  the zero- t ransmission ab-  

1 O b t a i n e d  f r o m  E .  S t a m b a u g h ,  ] B a t t e l l e  M e m o r i a l  I n s t i t u t e ,  C o -  
l u m b u s ,  O h i o .  

60 
o Z 0.0042 in 

50 F 0.0028 in 

z ~ ~ 4C 
r ~ --0.0011 in 

~ 3 C  - -0 .0005 in  
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Fig. 7. Variation in optical transmission (31~~ as graded 
composition mixed crystal layer was successively lapped and 
polished toward the surface, the region of high AlAs composition. 
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Fig. 8. Optical energy gap (300~ vs. composition for the AIAs- 
GaAs system. The solid line is the linear interpolation between the 
direct transition energies of the terminal compounds. The dashed 
lines are extrapolations of the experimental data. The [000] 
energy value for AlAs is from ref. (9) while the lower conduction 
band energy of AlAs is from ref. (9) and (16). I--1, this investiga- 
tion; I - - A - - I ,  polycrystalline samples from Battelle; e, Stambaugh 
et al. 

scissa in order to be consistent wi th  the data on the 
low-Al -con ten t  mixed-c rys ta l  material .  

The fact that  the energy gap composition data differ 
widely  f rom a l inear  relat ionship be tween  the conduc- 
tion band energy of GaAs and the conduction band 
energy of AlAs is evidence for the indirect  nature  of 
the AlAs band s t ructure  (3, 4) confirming the con- 
clusions of Mead and Spitzer (9). The data suggest a 
marked  change of slope at 2.0 ev and 50 mole  % AlAs, 
the approximate  values of the energy gap and com- 
position, respectively,  at which the energy separat ing 
the direct  and indirect  band edges in A1As-GaAs 
mixed  crystals would  approach zero. 

The composi t ion-energy gap relat ion in the Al- r ich  
end of the composition range is in good agreement  
with the band-gap value of AlAs obtained by meas-  
urements  of the photoresponse of n- type  A1As-Au 
surface barr ier  layers (9). It is also in good agreement  
wi th  repor ted  values of the optical energy gap of pure  
AlAs (16). 

A vi r tua l  crystal  model  of the energy band s t ructure  
of an ideal mixed  crystal  predicts to a first approxima-  
t ion a l inear  re la t ionship be tween energy transit ions 
of like kind and molar  composition. Woolley (17) has 
recent ly  discussed the meri ts  of this theoret ical  ap- 
proach in in te rpre t ing  the propert ies  of mixed  crystal  
semiconductors.  As he has pointed out, this kind of 
application of a v i r tua l  crystal  model  leaves something 
to be desired, but  we bel ieve it to be a useful  f r ame-  
work  for the fol lowing discussion. Actually,  ideal be-  
havior  has been observed for energy transit ions of like 
kind (band-gap)  in InAs- InP  mixed  crystals and more  
recent ly  for several  l ike-k ind  energy transit ions (above 
band-gap)  in GaAs-GaP  mixed  crystals (18). If ideal 
behavior  is assumed to apply to the A1As-GaAs sys- 
tem, then a l inear  extrapola t ion of the data in the high 
AlAs composition range wil l  in tercept  the GaAs ordi-  
nate at the energy of the indirect  min imum in GaAs 
which  corresponds to the indirect  min imum forming 
the conduction band in AlAs. The est imated energies 
of the indirect  min ima in GaAs at room tempera ture  
are 1.75-1.80 ev for the [100] min imum (19, 20) and 
1.90-1.95 ev for the [111] min imum (19). An ext rapo-  
lation of our data intercepts  the GaAs ordinate  at 
about 1.90 ev which is closer to the energy gap asso- 
ciated with  [111] transit ions than to that  associated 
with  [100] transitions. This is contrary  to a theoret ical  
postulate of a [100] type of min imum for the conduc- 
t ion band of AlAs made by Paul  (20). However ,  the 
uncer ta in ty  in the intercept  on the GaAs ordinate is 
about ___0.05 ev and prevents  a definitive conclusion 
f rom our data as to whe ther  the [111] or [100] t ransi-  
t ion establishes the energy gap in AlAs. 
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The measurements  of Mead and Spitzer (9) indicate 
a d i rec t -band-gap  energy of 2.9 ev in AlAs. Thus, if 
the data in the Ga-r ich  range of the A1As-GaAs energy 
gap-composi t ion diagram follow fair ly closely the line 
in terpola ted be tween  the d i rec t -band-gap  energy of 
GaAs and 2.9 ev for AlAs, this would  provide  good 
evidence for ideal behavior  in the system. The data 
obtained in this par t  of the composit ion range, how-  
ever, differ widely  f rom this line. The data of S tam-  
baugh et al. (8) de termined for polycrystal l ine mel t  
grown mater ia l  fal l  wel l  below the ext rapola ted  data 
of this invest igat ion at mid- range  compositions. It  is 
significant that  their  data points toward mid- range  
compositions fall  fur thest  below our data  line since the 
results of a number  of recent  investigations of mixed  
crystal  I I I -V compounds have shown that  it is par t icu-  
lar ly  difficult to achieve a high degree of homogenei ty  
in me l t - g rown  crystals of mid- range  composit ion (21). 
Inhomogeneous mater ia l  typical ly gives optical energy 
gap values which are  lower than those obtained for 
(more) homogeneous mater ia l  of the same average 
composition (5). A polycrystal l ine m e l t - g r o w n  sam- 
ple produced in this invest igat ion with  an average  
composition of 13 mole % AlAs was shown to be in-  
homogeneous (composition range 7 to 20 mole %) by 
electron beam probe analysis and gave a value  of 1.47 
ev (a ~ 104 cm -~) for the optical energy gap, whereas  
a value of 1.65 ev was obtained for 13 mole % AlAs 
determined to be homogeneous by electron beam prob-  
ing. Unfor tunately ,  the usually re l iable  method of 
de termining the homogenei ty  of a mixed  crystal  by 
measur ing the sharpness of high angle x - r ay  diffrac- 
tion lines is not applicable to A1As~GaAs mixed  crys-  
tals because of the near ly  identical  values of the lat-  
tice parameters  of AlAs and GaAs. Thus, we suggest 
that  the ear ly  data of S tambaugh et al. fall  below the 
present  data because their  samples were  less homo-  
geneous. With respect  to the present  samples, the re-  
sults of e lec t ron-beam-probe  analysis show that  any 
inhomogenei ty  present  cannot exceed __ 1 mole % (and 
this has a l ready been taken into account in plot t ing 
the data) or else the inhomogenei ty  must  exist on a 
scale which is near the resolut ion capabil i ty of the 
electron beam probe, i.e., a few microns. Even if there  
were  inhomogenei ty  on such a microscale, measure-  
ments of the nea r -band-edge  recombinat ion  radiat ion 
in diodes made f rom this mater ia l  indicated that  the 
range of inhomogenei ty  could not be more  than 2 
mole % (10). Therefore,  unless the energy gap in 
A1As-GaAs mixed  crystals is ve ry  sensitive to small  
degrees of inhomogeneity,  we conclude that  the energy 
gap in this system does not  fol low a l inear  in terpola-  
tion be tween  the direct  t ransi t ion minima of the te r -  
minal  compounds, and hence the system does not be-  
have  as an ideal solid solution. It  appears that  such 
nonideal  behavior  of the band s t ructure  is the rule  in 
most I I I -V mixed crystal  systems whe ther  they be of 
the di rect - indirect  or the di rect -di rect  types. Of six 
systems where  sufficient energy gap-composi t ion data 
are avai lable  for an evaluat ion (InAs-InP,  InAs-GaAs,  
InSb-InAs,  InSb-GaSb,  GaAs-GaP,  and GaSb-A1Sb) 
(4, 5, 9, 22) only one, the d i rec t -d i rec t  system of 
InAs-InP,  has been posi t ively identified as having an 
energy gap-composi t ion re la t ion compatible  wi th  an 
ideal system. It is interest ing to note that, of the five 
remaining systems that  are nonideal, three are substi-  
tuted on the group III  sublattice, the same sublat t ice 
which is substi tuted in A1As-GaAs. 
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A Spreading Resistance Technique for Resistivity Measurements 
on Silicon 

R. G. Mazur and D. H. Dickey 1 
Research Laboratories, Westinghouse Electric Co~porat~o~, Pittsburgh, Pennsylvania 

ABSTRACT 

A technique for de termining  local silicon resis t ivi ty f rom the measured  
spreading resistance associated with  a meta l  to semiconductor,  smal l -a rea  
pressure contact is described. The major  problems encountered in ear l ier  at-  
tempts  to der ive  quant i ta t ive  resis t ivi ty data f rom small  area pressure contacts 
on silicon have been c i rcumvented  by making  the measurements  at bias levels 
of a few mil l ivol ts  and by using a par t icular  osmium-t ipped probe a r range-  
ment  to provide contact reproducibil i ty.  The method provides a t h r ee -d imen-  
sional spatial resolut ion in resis t ivi ty measurements  on silicon on the order 
of 1~, and, using a cal ibrat ion curve  de termined  for a par t icular  silicon surface 
finish, yields an exper imenta l  reproducibi l i ty  --~15% for sample resistivit ies 
in the range 10 -3 ohm-cm--~ p--~ 500 ohm-cm.  Severa l  examples  of the appli- 
cation of the technique to problems of current  interest  in silicon technology 
are given. 

One of the most impor tan t  control  parameters  in 
semiconductor  technology is that  of mater ia l  res is t iv-  
ity. If the carr ier  mobi l i ty  in the mater ia l  is known, a 
simple measurement  of the semiconductor  resist ivi ty 
then gives direct  quant i ta t ive  data on the net concen- 
t rat ion of major i ty  carriers. For  silicon, the r equ i re -  
ment  of known carr ier  mobil i ty  has been obviated 
through the publicat ion of empir ical  data re la t ing im-  
pur i ty  concentrat ion direct ly to mater ia l  resist ivi ty 
(1). These data are widely  used in conjunct ion with 
resis t ivi ty measurements ,  both to assure known im- 
pur i ty  concentrat ions in start ing mater ia l  and to main-  
tain control  of desired impuri t ies  introduced dur ing 
device manufacture .  

The resist ivi ty measurements  needed are normal ly  
made by one of several  we l l -known  potent ial  probe 
techniques (2-4). A var ie ty  of other  resis t ivi ty tech-  
niques have  been advanced for special purposes (5), 
but the potent ial  probe methods have  remained stand- 
ard because of their  directness and re la t ive  ease in 
operation. 

One aspect of the standard potent ia l  probe measure-  
ments that  has become increasingly f rus t ra t ing is the 
l imited spatial  resolut ion normal ly  obtained. Genera l ly  
speaking, the spatial resolut ion of these techniques is 
measured in mil l imeters .  For instance, the most  com- 
monly used small four -poin t  probe spacing is about 0.5 
mm. As the current  flow in a region of two or three  
probe spacings around the central  pair  of probes con- 
tr ibutes significantly to the potent ial  be tween  the vol t -  
age probes, the quant i ta t ive  resolut ion of this tech-  
nique is 1 or 2 mm. The standard techniques may  be 
used for high resolution resis t ivi ty measurements  
under  certain conditions, e.g., the four -poin t  probe 
technique has been used with a sectioning procedure  
(such as boiling water  or anodic oxidation of the sili- 
con and subsequent  dissolution of the silicon dioxide 
layer  wi th  HF) to measure  resis t ivi ty in diffused lay-  
ers wi th  a resolution (normal  to the plane of the sec- 
tion) measured in some tens of Angs t rom units (6). 
However ,  this requires  a one-dimensional  geometry  
in that  the mater ia l  measured must  still be homogene-  
ous over  mi l l imeter  distances in the plane of the sec- 
tion. 

Some specific problems in which spatial resolut ion 
is of importance are: resis t ivi ty measurements  of 
l ight ly doped epi taxial  layers grown on heavi ly  doped 
substrates of the same conduct ivi ty  type; measure-  
ments  on internal  layers in mu l t i - l aye r  epi taxial  or 
diffused structures;  and the rapid evaluat ion of actual 

1 P r e s e n t  address :  Phys i c s  D e p a r t m e n t ,  M o n t a n a  S t a t e  U n i v e r s i t y ,  
Bozeman ,  Mon tana .  

resistivity, (or concentrat ion) profiles of diffused lay- 
ers. Less f requen t  but  equal ly  t roublesome problems 
involve  init ial  resis t ivi ty measurements  on certain ma-  
terials as-grown, such as whiskers  or dendrites, which 
are ei ther physical ly too small  for the use of s tandard 
resist ivi ty techniques or are normal ly  inhomogeneous.  

In response to these problems, a va r ie ty  of tech-  
niques for high spat ia l - resolut ion resis t ivi ty measure-  
ments  have been repor ted  in recent  l i terature.  One of 
the most w e l l - know n  is the " th ree-poin t  probe" tech-  
n ique (7, 8), based on a measuremen t  of the b reak-  
down vol tage of a meta l  semiconductor  point contact 
and using an empir ical ly  established relat ionship be-  
tween the measured  b reakdown vol tage and the re-  
sistivity of the silicon. Severa l  of the avai lable  quan-  
t i ta t ive  techniques for measur ing  epi taxial  silicon have 
been compared (9); the methods covered included a 
modification of the th ree-poin t  probe technique invo lv-  
ing the use of d-c  methods and a two-poin t  probe 
"constrict ion resistance" method (10) which, while  
less developed, is qui te  s imilar  to the technique dis- 
cussed in this paper, both being based on a point con- 
tact resistance measurement .  More recently,  the details 
of a technique which employs a four -poin t  probe of a 
special configuration have  been published (11). 

In the course of our a t tempts  to find a suitable re-  
sistivity technique with  high spatial resolution, we 
invest igated the possibilities of meta l -semiconductor  
point contacts. It  is wel l  known that  cer ta in  features  
of the I -V characterist ics of such contacts can be used 
to obtain informat ion about the basic electrical  prop-  
erties of the semiconductor  mater ia l  (12). In par t icu-  
lar, at least semiquant i ta t ive  measurements  of semi-  
conductor resis t ivi ty have been made by measur ing  the 
"spreading resistance" or "constr ict ion resistance" of 
such contacts (12, 13). 

This paper presents details of some developments  
introduced into the use of the "spreading resistance" 
technique, a l lowing local resis t ivi ty measurements  on 
silicon with  a sampling vo lume of about 10 -1~ cm s and 
an est imated m a x i m u m  probable  er ror  of ___15% on 
bulk samples, wi th  a somewhat  larger  er ror  on highly 
inhomogeneous silicon. This is fol lowed by a descrip-  
tion of both the apparatus used and the cal ibrat ion 
procedure found to be of p r imary  impor tance  in ob- 
taining accurate data. Results  of typical  measurements  
on several  inhomogeneous silicon s tructures  are then 
given to i l lustrate  the use of the technique. 

Background 
Some of the phenomena  involved in current  flow 

through small  area contacts are  quite  famil iar  in semi-  
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c o n d u c t o r  t e chno l ogy .  A m o r e  e x t e n s i v e  b a c k g r o u n d  to 
s m a l l - a r e a  c u r r e n t  f low ex i s t s  i n  t h e  s t u d y  of m e t a l -  
t o - m e t a l  c o n t a c t s  (14-16) .  I t  h a s  b e e n  s h o w n  (14) 
tha t ,  fo r  t h e  case  of a p e r f e c t l y  c o n d u c t i n g  h e m i s p h e r e  
e m b e d d e d  in  a h o m o g e n e o u s  s e m i - i n f i n i t e  so l id  of 
r e s i s t i v i t y  p, t h e  s p r e a d i n g  r e s i s t a n c e  (or  e q u i v a l e n t l y ,  
t h e  c o n s t r i c t i o n  r e s i s t a n c e )  i n  t h e  s e m i - i n f i n i t e  so l id  is 
g i v e n  b y  

p 
Rs - -  - -  [1] 

2~r 

in  w h i c h  r is t h e  r a d i u s  of t h e  e m b e d d e d  h e m i s p h e r e .  
T h i s  r e l a t i o n s h i p  h a s  b e e n  w i d e l y  u s e d  i n  m a k i n g  
r o u g h  e s t i m a t e s  of s p r e a d i n g - r e s i s t a n c e  effects  in  c u r -  
r e n t - f l o w  i n  sol ids.  R e f e r e n c e  (16) h a s  i n d i c a t e d  t h a t  a 
m o r e  r e a l i s t i c  g e o m e t r y  fo r  t h e  c o n t a c t  i n t e r f a c e  b e -  
t w e e n  a h e m i s p h e r i c a l l y  s u r f a c e d  m e m b e r  a n d  a f la t  
so l id  is a c i r c u l a r  d i sk  of r a d i u s  a, w h i c h  is g i v e n  b y  
t h e  H e r t z i a n  f o r m u l a  

a = 1 .1( (Fr /2)  [ ( 1 / E 1 )  ~- (1 /E2)]}  1/~ [2] 

in  w h i c h  F is t h e  fo rce  a p p l i e d  to t h e  con tac t ,  r is t h e  
r a d i u s  of  c u r v a t u r e  of t h e  s p h e r i c a l l y  s u r f a c e d  m e m -  
ber ,  a n d  El  a n d  E2 a r e  t h e  Y o u n g ' s  m o d u l i  of t h e  m a -  
t e r i a l s  i n v o l v e d  in  t h e  con tac t .  T h e  s p r e a d i n g  r e s i s t -  
a n c e  o n  e i t h e r  s ide  of s u c h  a f la t  c i r c u l a r  c o n t a c t  b e -  
t w e e n  t w o  m e m b e r s  of b u l k  r e s i s t i v i t y ,  p, h a s  b e e n  
s h o w n  (15) to be  

p 
R~ = [3] 

4a 

T h e s e  r e l a t i o n s h i p s  h a v e  b e e n  u s e d  e x t e n s i v e l y  in  
r e s e a r c h  on  e l e c t r i c a l  c o n t a c t s  a n d  in  w o r k  o n  t h e  f r i c -  
t i o n a l  b e h a v i o r  of sol ids,  p r i m a r i l y  as a m e a n s  of d e -  
t e r m i n i n g  t h e  t r u e  e l e c t r i c a l  c o n t a c t  a r e a  b e t w e e n  
c o n t a c t  m e m b e r s  w h o s e  b u l k  r e s i s t i v i t i e s  a r e  k n o w n  
(14-16) .  T h e  s p r e a d i n g  r e s i s t a n c e  r e s i s t i v i t y  t e c h n i q u e  
i n v e r t s  t h i s  p r o c e s s  to d e t e r m i n e  loca l  m a t e r i a l  r e -  
s i s t i v i t y  f r o m  a m e a s u r e m e n t  of t h e  s p r e a d i n g  r e s i s t -  
a n c e  a s s o c i a t e d  w i t h  a c o n t a c t - s p o t  of k n o w n  d i m e n -  
sions.  F u r t h e r m o r e ,  fo r  a m e t a l - s e m i c o n d u c t o r  con tac t ,  
t h e  s p r e a d i n g  r e s i s t a n c e  in  t h e  m e t a l  is n e g l i g i b l e  
c o m p a r e d  to t h a t  in  t h e  s e m i c o n d u c t o r  b e c a u s e  of t h e  
o r d e r - o f - m a g n i t u d e  or  m o r e  d i f f e r e n c e  in  b u l k  r e -  
s i s t i v i t y  b e t w e e n  m e t a l  a n d  s e m i c o n d u c t o r .  T h e r e f o r e ,  
t h e  t o t a l  c o n t a c t  r e s i s t a n c e  a t  a s i n g l e - s p o t  c i r c u l a r  
c o n t a c t  b e t w e e n  a m e t a l  a n d  a s e m i c o n d u c t o r  s h o u l d  
be  g i v e n  b y  

Rs : p/4a [4] 

w h e r e  p n o w  r e f e r s  spec i f ica l ly  to  t h e  r e s i s t i v i t y  of t h e  
s e m i c o n d u c t o r  a n d  a is t h e  r a d i u s  of t h e  c i r c u l a r  c o n -  
t a c t  spot.  T h e  d e r i v a t i o n  of Eq.  [3] a n d  [4] i n v o l v e s  
t h e  a s s u m p t i o n  t h a t  p is h o m o g e n e o u s  i n  t h e  c o n t a c t  
m e m b e r s ,  a t  l e a s t  in  t h e  r e g i o n  s u r r o u n d i n g  t h e  c o n -  
tact .  T h e  g e n e r a l  p r o b l e m  of i n h o m o g e n e o u s  p h a s  n o t  
b e e n  t r e a t e d  in  t h e  l i t e r a t u r e ,  b u t  p a r t i c u l a r  cases  of  
i n t e r e s t  a r e  d i s c u s s e d  l a t e r  i n  c o n n e c t i o n  w i t h  t h e  s p a -  
t i a l  r e s o l u t i o n  of t h e  s p r e a d i n g  r e s i s t a n c e  t e c h n i q u e  on  
si l icon.  Also,  t h e  v a l u e  of Rs as g i v e n  b y  Eq.  [4] w i l l  
b e  t h e  t o t a l  m e a s u r e d  c o n t a c t  r e s i s t a n c e  o n l y  i f  e x -  
p e r i m e n t a l  c o n d i t i o n s  a r e  s u c h  t h a t  t h e  b u l k  r e s i s t -  
a n c e s  i n v o l v e d ,  t h e  r e s i s t a n c e  of s u r f a c e  i n s u l a t i n g  
l a y e r s  ( i f  p r e s e n t ) ,  a n d  o t h e r  c o n t a c t  r e s i s t a n c e s  i n  
t h e  c i r i cu i t  a r e  a l l  m u c h  s m a l l e r  t h a n  p/4a, or a r e  
o t h e r w i s e  a c c o u n t e d  for .  

T h e  u se  of a s p r e a d i n g  r e s i s t a n c e  t e c h n i q u e  fo r  
s e m i c o n d u c t o r  r e s i s t i v i t y  m e a s u r e m e n t  h a s  b e e n  r e -  
v i e w e d  (12) w i t h  t h e  c o n c l u s i o n  t h a t ,  a t  bes t ,  o n l y  
s e m i q u a n t i t a t i v e  r e s u l t s  a r e  poss ib le .  T h i s  f a i l u r e  to 
a c h i e v e  good q u a n t i t a t i v e  r e s u l t s  w a s  d u e  to a n u m b e r  
of effects  p e c u l i a r  to t h e  m e t a l - t o - s e m i c o n d u c t o r  c o n -  
t a c t  sys tem.  T h e s e  a r e  (17) 

( i )  I n  g e n e r a l ,  m e t a l - s e m i c o n d u c t o r  c o n t a c t s  a r e  
n o n o h m i c ;  t h e r e  is e i t h e r  a r e v e r s e - b i a s e d  b a r r i e r  in  
se r i e s  w i t h  t h e  s p r e a d i n g  r e s i s t a n c e ;  or, w i t h  b i a s  a p -  
p l i e d  in  t h e  f o r w a r d  d i r ec t ion ,  excess  c a r r i e r s  a r e  i n -  

j e c t e d  in to  t h e  s e m i c o n d u c t o r ,  r e d u c i n g  t h e  loca l  r e -  
s i s t iv i ty .  

(ii) D u e  to t h e  s m a l l  s ize of t h e  con tac t ,  t h e  e l ec -  
t r i c  f ie ld in  t h e  s p r e a d i n g  r e s i s t a n c e  r e g i o n  m a y  b e  
h i g h  e n o u g h  to a l t e r  t h e  c a r r i e r  m o b i l i t y ,  a g a i n  r e s u l t -  
i ng  in  a m o d i f i c a t i o n  of loca l  r e s i s t i v i t y .  

(iii) Also  b e c a u s e  of t h e  s m a l l  c o n t a c t  a rea ,  s igni f i -  
c a n t  J o u l e  h e a t i n g  in  t h e  s p r e a d i n g  r e s i s t a n c e  r e g i o n  
c a n  o c c u r  a t  m o d e r a t e  c u r r e n t s .  T h e  h e a t  g e n e r a t e d  
m a y  cause  a n  a p p r e c i a b l e  t h e r m o e l e c t r i c  vo l t age ,  
w h i c h  w i l l  b e  a d d e d  to t h e  r e s i s t i v e  v o l t a g e  drop ,  or, 
t h e  t e m p e r a t u r e  r i s e  in  t h e  c o n t a c t - r e g i o n  m a y  a l t e r  
t h e  c a r r i e r  c o n c e n t r a t i o n  or  c a r r i e r  m o b i l i t y  in  t h e  
s e m i c o n d u c t o r .  

( iv)  T h e  a c t u a l  c o n t a c t  a r e a  of a m e t a l - s e m i c o n -  
d u c t o r  p a i r  is dif f icul t  to d e t e r m i n e ,  p r i m a r i l y  d u e  to 
d e f o r m a t i o n  of t h e  m e t a l  p r o b e s  u s e d  in  s u c h  p o i n t  
con tac t s .  

D e s p i t e  t h e s e  p r o b l e m s ,  i n i t i a l  m e a s u r e m e n t s  p r o -  
d u c e d  r e s u l t s  i n  a p p r o x i m a t e  a g r e e m e n t  w i t h  Eq.  [4].  
T h e  r e s u l t s  a c h i e v e d  c o u l d  b e  r a t i o n a l i z e d  as fo l lows .  

(A)  F o r  v o l t a g e s  a p p r e c i a b l y  ~ k T / q ( ~  1) (17) ,  
t h e  i n j e c t e d  c a r r i e r  d e n s i t y  fo r  c o n t a c t s  s u c h  as t hose  
u sed  i n  o u r  w o r k  is s m a l l  r e l a t i v e  to t h e  e q u i l i b r i u m  
c a r r i e r  dens i ty ,  p r o d u c i n g  a n e a r l y  l i n e a r  V - I  r e g i o n  
n e a r  t h e  o r i g i n  w h e r e  a r e a s o n a b l e  s p r e a d i n g  r e s i s t -  
a n c e  m e a s u r e m e n t  m a y  b e  m a d e .  T h e  m a x i m u m  e x -  
p e c t e d  t e m p e r a t u r e  r i s e  a t  t h e  p o i n t  con t ac t s  u s e d  i n  
t h i s  w o r k  ha s  b e e n  c a l c u l a t e d  f r o m  a r e l a t i o n s h i p  
g i v e n  b y  H o l m  (14) as  ( 0 . 1 ~  fo r  a p p l i e d  v o l t a g e s  
( 1 5  mv .  F u r t h e r m o r e ,  t h e  m a x i m u m  e l ec t r i c  f ie ld in  
t h e  s p r e a d i n g  r e s i s t a n c e  r e g i o n  of t h e  c o n t a c t s  u s e d  
for  a p p l i e d  v o l t a g e s  ~ 1 5  m v  is a b o u t  103 v / c m ,  a v a l u e  
s o m e w h a t  less  t h a n  t h a t  w h i c h  h a s  b e e n  f o u n d  to a p -  
p r e c i a b l y  af fec t  c a r r i e r  m o b i l i t y  in  s i l icon.  Thus ,  t h e  
m e a s u r e m e n t  d i f f icul t ies  m e n t i o n e d  a b o v e  i n  ( i ) ,  ( i i ) ,  
a n d  (iii) m a y  a p p a r e n t l y  b e  e l i m i n a t e d  b y  m a k i n g  t h e  
c o n t a c t  r e s i s t a n c e  m e a s u r e m e n t  a t  a suf f ic ien t ly  l ow  
v o l t a g e  level .  

(B )  I t  a p p e a r s  t h a t  p r e v i o u s  d i f f icul t ies  in  o b t a i n -  
ing  r e p r o d u c i b l e  c o n t a c t s  a n d  i n  d e t e r m i n i n g  t h e  a r e a  
i n v o l v e d  in  m e t a l - s e m i c o n d u c t o r  p o i n t  c o n t a c t s  m a y  
h a v e  b e e n  d u e  as m u c h  to t h e  o v e r - a l l  m e c h a n i c a l  c o n -  
s t r u c t i o n  as  to t h e  i n h e r e n t  l i m i t a t i o n s  i m p o s e d  b y  
t h e  c o n t a c t  m a t e r i a l s .  Mos t  m e t a l - s e m i c o n d u c t o r  p o i n t  
c o n t a c t  s t ud i e s  h a v e  b e e n  c a r r i e d  ou t  w i t h  m e t a l  w i r e s  
of v e r y  s m a l l  d i a m e t e r ;  t h e  o f t e n - o b s e r v e d  d e f o r m a -  
t i on  of  t h e s e  p r o b a b l y  t h e n  is d u e  m o r e  to t h e  l a ck  of 
s t r u c t u r a l  r i g i d i t y  r a t h e r  t h a n  p l a s t i c  d e f o r m a t i o n  of 
t h e  m e t a l  i tself .  S o m e  a d d i t i o n a l  r e m a r k s  on  t h e  p o i n t -  
c o n t a c t s  t h e m s e l v e s  a r e  i n c l u d e d  b e l o w  in  t h e  s ec t ion  
on  m e a s u r e m e n t s  o n  i n h o m o g e n e o u s  s i l i con  s t r u c t u r e s .  

W h i l e  t h e  p r o b l e m s  e x p e c t e d  o n  t h e  bas i s  of effects  
i n d i c a t e d  in  ( i ) ,  ( i i ) ,  a n d  (iii) w e r e  t h u s  e x p e r i -  
m e n t a l l y  r e s o l v e d  b y  o u r  i n i t i a l  m e a s u r e m e n t s  as o u t -  
l i n e d  above ,  t h e  l a c k  of c o m p l e t e  a g r e e m e n t  b e t w e e n  
t h e  e x p e r i m e n t a l  d a t a  a n d  Eq.  [4] a n d  e s p e c i a l l y  t h e  
c o n s i s t e n t  d i f f e r ences  o b s e r v e d  b e t w e e n  p -  a n d  n - t y p e  
m a t e r i a l  p o i n t e d  to  t h e  p r e s e n c e  of a less  c o m m o n l y  
a p p r e c i a t e d  p r o b l e m  d u e  to t h e  m e t a l - s e m i c o n d u c t o r  
b a r r i e r  o t h e r  t h a n  t h o s e  l i s t e d  above .  T h i s  is a r e -  
s i s t ive  v o l t a g e  d r o p  m e a s u r e d  ac ross  t h e  b a r r i e r  a t  
a n y  b i a s  leve l ,  i.e., t h e  " z e r o - b i a s  b a r r i e r  r e s i s t a n c e "  
(18) ,  w h i c h  is t h e n  a l w a y s  i n  se r i e s  w i t h  t h e  geo -  
m e t r i c a l  s p r e a d i n g  r e s i s t a n c e  i t se l f .  B y  def in i t ion ,  t h e  
z e r o - b i a s  b a r r i e r  r e s i s t a n c e  o b v i o u s l y  c a n n o t  b e  e l i m i -  
n a t e d  b y  t h e  a p p r o a c h  u s e d  in  o u r  m e a s u r e m e n t s  to  
e l i m i n a t e  c a r r i e r  i n j ec t i on ,  etc.;  t h e  z e r o - b i a s  b a r r i e r  
r e s i s t a n c e  is p r e s e n t  a t  a n y  v o l t a g e  l e v e l  used .  W h i l e ,  
in  t h e o r y ,  t h e  z e r o - b i a s  b a r r i e r  r e s i s t a n c e  of a p a r t i c u -  
l a r  c o n t a c t  m a y  b e  c a l c u l a t e d  fo r  a g i v e n  b a r r i e r  
h e i g h t  (18) ,  r e a l  m e t a l - s e m i c o n d u c t o r  i n t e r f a c e s  a re  
c o m p l i c a t e d  b y  s e m i c o n d u c t o r  s u r f a c e  s ta tes ,  g e o m -  
e t ry ,  a n d  t h e  g e n e r a l l y  u n c l e a n  n a t u r e  of r e a l  su r f aces ,  
p r e c l u d i n g  a n  a n a l y t i c a l  a l l o w a n c e  fo r  ze ro  b ias  b a r -  
r i e r  r e s i s t a n c e  in  a s p r e a d i n g  r e s i s t a n c e  m e a s u r e m e n t .  

H o w e v e r ,  i n  o r d e r  to m a k e  p r a c t i c a l  u se  of  t h e  
s p r e a d i n g  r e s i s t a n c e  t e c h n i q u e ,  w e  h a v e  c o n s t r u c t e d  
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a c a l i b r a t i o n  cu rve ,  e s t a b l i s h e d  u n d e r  c o n d i t i o n s  s u c h  
t h a t  t h e  m e t a l - s e m i c o n d u c t o r  b a r r i e r  h e i g h t  is, a t  
least ,  r e p r o d u c i b l e .  F u r t h e r  r e m a r k s  o n  t h e  o b s e r v e d  
z e r o - b i a s  b a r r i e r  r e s i s t a n c e  a r e  i n c l u d e d  in  t h e  d i s c u s -  
s ion  of t h e  c a l i b r a t i o n  da ta .  

E x p e r i m e n t a l  

Ho~nogeneous Resistivity Silicon 
Apparatus.--The a p p a r a t u s  u s e d  i n  t h i s  w o r k  c o n -  

s i s t ed  of one  or  t w o  p r o b e s  ( J e n s e n  A - 7 0 L P  p h o n o -  
g r a p h  n e e d l e s )  s u p p o r t e d  in  s u c h  a m a n n e r  t h a t  t h e y  
cou ld  b e  c a r e f u l l y  p l a c e d  w i t h  a k n o w n ,  f ixed fo rce  
on  a s a m p l e  s u r f a c e  w i t h o u t  d r a g g i n g .  T h e  t o t a l  r e -  
s i s t a n c e  b e t w e e n  a p a i r  of p r o b e s  or  b e t w e e n  one  
p r o b e  a n d  a l ow  r e s i s t a n c e  b a s e  c o n t a c t  w a s  m e a s u r e d  
w i t h  a K e i t h l e y  610A e l e c t r o m e t e r - o h m m e t e r .  F o r  t h e  
c a l i b r a t i o n  p r o c e d u r e  d i s c u s s e d  in  d e t a i l  i n  t h i s  p a p e r ,  
a n  a r r a n g e m e n t  of t w o  i d e n t i c a l  p r o b e s  w a s  used.  

T h e  p r o b e s  t h e m s e l v e s  h a d  a n  o s m i u m  t ip  of  2.5 x 
10 -8  c m  r a d i u s  of c u r v a t u r e  ( c h e c k e d  w i t h  a n  op t i c a l  
c o m p a r a t o r  to  w i t h i n  10%)  a n d  w e r e  m o u n t e d  o n  
s e p a r a t e  booms ,  w h i c h  w e r e  l o a d e d  w i t h  c a l i b r a t e d  
50g w e i g h t s .  

Calibration p~ocedure and results.--Slices of b o t h  n -  
a n d  p - t y p e  s i l i con  w i t h  r e s i s t i v i t i e s  f r o m  10 -3  o h m - c m  
to s e v e r a l  h u n d r e d  o h m - c m  w e r e  o b t a i n e d  f r o m  c o m -  
m e r c i a l  sources .  T h e  sl ices w e r e  h a n d - l a p p e d  w i t h  a 
s l u r r y  of 5~ p a r t i c l e  size a l u m i n u m  o x i d e  a n d  w a t e r  
o n  a g lass  p la te .  T h e  ' r e s i s t i v i ty  of e a c h  s a m p l e  w a s  
c h e c k e d  w i t h  a n  A. & M. F e l l  f o u r - p o i n t  p robe ,  o b t a i n -  
ing  v a l u e s  w h i c h  a r e  c o n s i d e r e d  r e p r o d u c i b l e  w i t h i n  
•  T h e  s p r e a d i n g  r e s i s t a n c e  m e a s u r e m e n t  w a s  
t h e n  m a d e  a t  l e a s t  t e n  t i m e s  on  t h e  s u r f a c e  of e a c h  
s a m p l e  in  t h e  r e g i o n  w h e r e  t h e  f o u r - p o i n t  p r o b e  m e a s -  
u r e m e n t  h a d  b e e n  m a d e .  M e a s u r e m e n t s  w e r e  m a d e  
u n d e r  b o t h  f o r w a r d  a n d  r e v e r s e  b ias  to e s t a b l i s h  e x -  
p e r i m e n t a l l y  t h e  v a l i d i t y  of t h e  u s e  of u l t r a l o w  p o w e r  
in  a v o i d i n g  t h e  " n o r m a l "  effects  i n v o l v e d  in  a m e t a l -  
s e m i c o n d u c t o r  p o i n t  con tac t .  I n  add i t i on ,  t h e  c u r r e n t  
was  c h a n g e d  in  d e c a d e  s teps  to  i n s u r e  t h a t  t h e  V - I  
c h a r a c t e r i s t i c s  of t h e  c o n t a c t s  u s e d  w a s  l i n e a r  ( to  
w i t h i n  t h e  a c c u r a c y  of t h e  m e t e r )  w e l l  b e y o n d  t h e  
t y p i c a l  a p p l i e d  v o l t a g e  of 10-15 my.  T h e  a v e r a g e  of 
t he  m e a s u r e m e n t s  o n  e a c h  s a m p l e  w a s  d i v i d e d  b y  
t w o  to n o r m a l i z e  t h e  d a t a  to  a s ing le  p robe ,  a n d  t h e  
r e s u l t  p l o t t e d  as Rs o n  t h e  o r d i n a t e  of Fig. 1 ( w i t h  
t h e  f o u r - p o i n t  p r o b e  v a l u e  p l o t t e d  on  t h e  absc i s s a  as  
" t r u e "  r e s i s t i v i t y ) .  T h e  m a i n  f e a t u r e s  of t h e  d a t a  in  
Fig. 1. a re :  (A)  T h e  m e a s u r e d  s p r e a d i n g  r e s i s t a n c e  is 
p r o p o r t i o n a l  to s a m p l e  r e s i s t i v i t y ,  as  p r e d i c t e d  b y  Eq.  
[4],  o v e r  a r e s i s t i v i t y  r a n g e  f r o m  10 -~  to a b o u t  10 ~ 
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Fig. 2. Proportionality constant "k" between spreading resistance 
and resistivity for p (e) and n (�9 silicon. 

o h m - c m .  (B)  T h e  e x a c t  r e l a t i o n s h i p  b e t w e e n  c o n t a c t  
s p r e a d i n g  r e s i s t a n c e  a n d  b u l k  r e s i s t i v i t y  is o b v i o u s l y  
m o r e  c o m p l i c a t e d  t h a n  w o u l d  b e  e x p e c t e d  o n  t h e  
bas i s  of Eq. [4],  w i t h  a n  o b s e r v e d  d e v i a t i o n  f r o m  t h e  
t h e o r e t i c a l  l i n e a r  r e l a t i o n s h i p  of as m u c h  as 300 %. 

O n e  w a y  of c h a r a c t e r i z i n g  t h e  v a r i a t i o n  of t h e  e x -  
p e r i m e n t a l  d a t a  f r o m  t h a t  e x p e c t e d  o n  t h e  bas i s  of Eq.  
[4] is to  i n t r o d u c e  a n  e m p i r i c a l  p a r a m e t e r  as 

kp 
Rs ( a c t u a l )  ~ [5] 

4a 

W i t h  a = 4 x 10 -4  cm, k m a y  b e  t h e n  e v a l u a t e d  f r o m  
t h e  a c t u a l  s a m p l e  r e s i s t i v i t y .  T h i s  h a s  b e e n  d o n e  fo r  
t h e  d a t a  of Fig.  1 a n d  is p l o t t e d  in  Fig. 2. No a t t e m p t  
w i l l  b e  m a d e  a t  t h e  p r e s e n t  t i m e  to e x p l a i n  t h e  d e -  
t a i l e d  v a r i a t i o n  of k w i t h  r e s i s t i v i t y  a n d  c o n d u c t i v i t y  
t ype ;  h o w e v e r ,  t h e  e x i s t e n c e  of a h i g h e r  k v a l u e  fo r  
n - t y p e  s i l i con  of a g i v e n  r e s i s t i v i t y  is c o n s i s t e n t  w i t h  
t h e  z e r o - b i a s  b a r r i e r  r e s i s t a n c e  c o n c e p t  in  t h a t  t h e  
p u b l i s h e d  (19) v a l u e s  of w o r k - f u n c t i o n  i n d i c a t e  t h a t  
a c o n t a c t  b e t w e e n  o s m i u m  a n d  n - s i l i c o n  s h o u l d  be  
r e c t i f y i n g  a n d  t h a t  b e t w e e n  o s m i u m  a n d  p - s i l i c o n  
s h o u l d  b e  o h m i c ;  s ince  t m  > t s  in  t h i s  case.  A f u r t h e r  
t r e a t m e n t  of  th i s  a spec t  of t h e  s p r e a d i n g  r e s i s t a n c e  
t e c h n i q u e  is in  p rog re s s .  

C o n s i d e r i n g  t h e  i n d i v i d u a l  m e a s u r e m e n t s  of s p r e a d -  
i ng  r e s i s t a n c e  in  t h e  d a t a  s h o w n  in  Fig.  1, t h e  f r a c -  
t i o n a l  s t a n d a r d  d e v i a t i o n  of t h e  g r o u p  of  m e a s u r e -  
m e n t s  m a d e  on  a p a r t i c u l a r  s a m p l e  v a r i e d  f r o m  0.04 to 
0.25, d e p e n d i n g  on  t h e  s amp le ,  w i t h  m o r e  t h a n  90% of 
t h e  s a m p l e s  h a v i n g  f r a c t i o n a l  s t a n d a r d  d e v i a t i o n s  in  
t h e  r a n g e  0.04-0.15. T h e  e x i s t e n c e  of a specific, r e p r o -  
d u c i b l e  f r a c t i o n a l  s t a n d a r d  d e v i a t i o n  fo r  e a c h  p a r t i c -  
u l a r  s a m p l e  u s e d  in  t he  c a l i b r a t i o n  w o r k  i n d i c a t e s  t h a t  
m u c h  of t h e  s c a t t e r  of i n d i v i d u a l  d a t a  p o i n t s  is p r o b -  
a b l y  d u e  to i n h o m o g e n e i t i e s  in  r e s i s t i v i t y  in  s a m p l e s  
used.  T h e  e x i s t e n c e  of specif ic  s a m p l e s  w i t h  s p r e a d i n g  
r e s i s t a n c e  f r a c t i o n a l  s t a n d a r d  d e v i a t i o n s  o n  t h e  low 
e n d  of t h e  r a n g e  (0.04-0.06) c l e a r l y  s h o w s  t h a t  t h e  i n -  
h e r e n t  r e p r o d u c i b i l i t y  of t h e  m e a s u r e m e n t  t e c h n i q u e  
i t se l f  m u s t  b e  c o n s i s t e n t  w i t h  a f r a c t i o n a l  s t a n d a r d  
d e v i a t i o n  of  a b o u t  0.05 T h e r e f o r e ,  i t  is h i g h l y  u n l i k e l y  
t h a t  a s i n g l e  m e a s u r e d  Rs v a l u e  w i l l  b e  in  e r r o r  b y  
m o r e  t h a n  •  a t  l e a s t  on  b u l k  s i l icon.  

Inho~nogeneous Resistivity Material 

A f t e r  e s t a b l i s h i n g  c a l i b r a t i o n  d a t a  a n d  t h e  r e l i a b i l -  
i t y  of  t h e  s p r e a d i n g  r e s i s t a n c e  m e a s u r e m e n t s  on  b u l k  
" h o m o g e n e o u s "  s i l i con  s amp le s ,  e x p e r i m e n t a l  a t t e n t i o n  
was  t u r n e d  to t h e  i n v e s t i g a t i o n  of i n h o m o g e n e o u s  
s amp le s .  I n  t h i s  r e g a r d ,  t h e  size of t h e  c o n t a c t s  u s e d  
is of p a r a m o u n t  i m p o r t a n c e  as t h e  s p a t i a l  r e s o l u t i o n  of 
t h e  m e a s u r e m e n t s  m a d e  d e p e n d s  d i r e c t l y  on  t h e  size 
of t h e  s p r e a d i n g  r e s i s t a n c e  con tac t .  

A n  i n i t i a l  c a l c u l a t i o n  of t h e  c o n t a c t  r a d i u s  u n d e r  t h e  
c o n d i t i o n s  u s e d  i n  t h i s  w o r k  w a s  m a d e  on  t h e  bas i s  of 
t h e  H e r t z  f o r m u l a ,  Eq.  [2], a s s u m i n g  e las t i c  d e f o r m a -  
t i o n  of t h e  m a t e r i a l s  i n v o l v e d .  T h e  v a l u e s  of Y o u n g ' s  
rSodu lus  f o r  s i l i con  a n d  o s m i u m  w e r e  t a k e n  as (20) 
Si l icon,  E = 1.884 x 10 TM d y n e s / c m 2 ;  O s m i u m ,  E = 
5.4 x 1012 d y n e s / c m  2. T h e  o t h e r  p a r a m e t e r s  u s e d  w e r e :  
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Fig. 3. Resistivity profile of an n-n + epitaxial silicon layer as 
determined with a spreading resistance probe. 

r = 0.001 in.  : 2.54 x 1.0 - 3  cm;  F : 4.9 x 104 d y n e s  (a  
l oad  of 50g).  T h e  c a l c u l a t i o n  l eads  to  a v a l u e  a ~ 4 x 
10 -4  cm. 

T h e  v a l i d i t y  of t h i s  c a l c u l a t i o n  is a d m i t t e d l y  o p e n  to  
q u e s t i o n  in  t ha t ,  a l t h o u g h  t h e  s t r e s s  a p p l i e d  is w e l l  
w i t h i n  t h e  e las t ic  r a n g e  of o s m i u m ,  t h e  s i l i con  s u r f a c e  
is v i s i b l y  d a m a g e d  b y  w h a t  a p p e a r s  to  b e  loca l  m i c r o -  
c r ack ing .  H o w e v e r ,  e x p e r i m e n t a l  m e a s u r e m e n t s  of t h e  
a v e r a g e  d i a m e t e r  of t h e s e  m i c r o c r a c k e d  r e g i o n s  a g r e e  
w e l l  w i t h  t h e  v a l u e  a = 4 x 10 -4  em. W e  t h u s  a s s u m e  
t h a t  t h e  c o n t a c t  r a d i u s  of o u r  s p r e a d i n g  r e s i s t a n c e  
c o n t a c t s  is 4 x 10 -4  cm. 

O n  t h e  bas i s  of t h e  a b o v e  a n d  t h e  k n o w n  (14) s p a -  
t i a l  d i s t r i b u t i o n  of t h e  e q u i p o t e n t i a l s  a r o u n d  c i r c u l a r  
f la t  con tac t s ,  i t  is a p p a r e n t  t h a t  u s e f u l  q u a n t i t a t i v e  
d a t a  m a y  b e  d e r i v e d  f r o m  s p r e a d i n g  r e s i s t a n c e  m e a s -  
u r e m e n t s  w i t h  a r e s o l u t i o n  of 1-2~. I n  add i t i on ,  fo r  
s i l i con  g i v i n g  a r e l a t i v e l y  l a r g e  z e r o - b i a s  b a r r i e r  r e -  
s i s tance ,  t h e  s p a t i a l  r e s o l u t i o n  m a y  b e  b e t t e r ,  as t h e  
z e r o - b i a s  b a r r i e r - r e s i s t a n c e  d e p e n d s  e s s e n t i a l l y  o n  t h e  
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Fig. 4. Resistivity profile of a complex epitaxial silicon structure 
containing an n-p junction. 

s u r f a c e  l a y e r  of t h e  s i l i con  only .  A n  i l l u s t r a t i o n  of t h e  
r e s o l u t i o n  o b t a i n e d  e x p e r i m e n t a l l y  is g i v e n  in  Fig.  3, 
w h i c h  is a p lo t  of  t h e  loca l  r e s i s t i v i t y  of a n  e p i t a x i a l l y  
p r o d u c e d  n on  n + on  p s i l i con  w a f e r .  T h e s e  d a t a  w e r e  
t a k e n  b y  b e v e l i n g  t h e  w a f e r  a t  a n o m i n a l  t h r e e -  
d e g r e e  a n g l e  a n d  p r o b i n g  d o w n  t h e  b e v e l  w i t h  t h e  p a i r  
of s p r e a d i n g  r e s i s t a n c e  p r o b e s  a r r a n g e d  p a r a l l e l  to t h e  
i n t e r s e c t i o n  of t h e  b e v e l  s u r f a c e  a n d  t h e  u p p e r  su r face ,  
t h e  " e d g e "  of t h e  beve l .  M e a s u r e d  v a l u e s  of s p r e a d i n g  
r e s i s t a n c e  w e r e  r e l a t e d  to m a t e r i a l  r e s i s t i v i t y  t h r o u g h  
t h e  use  of Fig. 1 a n d  t h e  r e s i s t i v i t y  v a l u e s  p l o t t e d  
a g a i n s t  t h e  d e p t h  b e l o w  t h e  su r face .  T h e  r e s o l u t i o n  
of t h e  t e c h n i q u e  m a y  b e  s e e n  in  t h e  d e l i n e a t i o n  of t h e  
n n  + b o u n d a r y  a t  a d e p t h  of 8~, w h e r e  t h e  r e s i s t i v i t y  
is s e e n  to c h a n g e  b y  a b o u t  t w o  o r d e r s  of m a g n i t u d e  in  
a d e p t h  i n c r e m e n t  less  t h a n  2~. 

As  p r e v i o u s l y  m e n t i o n e d ,  t h e  o r i g i n a l  d e r i v a t i o n  of 
s p r e a d i n g  r e s i s t a n c e  m a g n i t u d e  a s s u m e d  h o m o g e n e i t y  
in  t h e  m a t e r i a l  c o n c e r n e d .  Thus ,  t h e  p r e s e n c e  of l o w -  
h i g h  or  p n  j u n c t i o n s  n e a r  t h e  s p r e a d i n g  r e s i s t a n c e  
c o n t a c t s  on  s i l i con  w i l l  a f fec t  t h e  m e a s u r e m e n t s .  I t  is 
obv ious ,  fo r  i n s t a n c e ,  t h a t  a t r a n s i t i o n  f r o m  h i g h  r e -  
s i s t i v i t y  to low r e s i s t i v i t y  o c c u r r i n g  w i t h i n  t h e  s p r e a d -  
ing  r e s i s t a n c e  r e g i o n  w i l l  s h u n t  t h e  r e s i s t a n c e  assoc i -  
a t e d  w i t h  a p r o b e  p l a c e d  o n  t h e  h i g h  r e s i s t i v i t y  m a -  
t e r ia l ,  a n d  t h a t  a n  i n s u l a t i n g  b o u n d a r y  (or  a p n  j u n c -  
t i on )  n e a r b y  w o u l d  h a v e  t h e  oppos i t e  effect.  O n e  of 
t h e  a u t h o r s  (21) h a s  p r o v i d e d  t h e  n e c e s s a r y  c o r r e c -  
t i on  to  t h e  m e a s u r e d  Rs fo r  t h e  case  of a p p r o a c h  to a n  
i n s u l a t i n g  b o u n d a r y ,  w h i c h  c a n  b e  i m p o r t a n t  in  t h e  
s t u d y  of d i f fu sed  l aye r s .  O u r  r e s u l t s  i n d i c a t e  t h a t  for  
l a y e r s  less  t h a n  s e v e r a l  c o n t a c t  r a d i i  t h i c k n e s s ,  t h e  
c o r r e c t i o n s  m a y  b e  s ign i f ican t ,  d e p e n d i n g  on  t h e  a c t u a l  
r e s i s t i v i t y  profi le .  B e c a u s e  of t h e  e x t e n t  of t h e s e  ca l -  
c u l a t i o n s  t h e  p r o b l e m  of t h e s e  i m m e d i a t e l y  a d j a c e n t  
i n h o m o g e n e i t i e s  w i l l  no t  b e  c o v e r e d  c o m p l e t e l y  in  th i s  
p a p e r .  

Multilayer epitaxial structure.--Figure 4 is a p lo t  
of loca l  r e s i s t i v i t y  vs. d e p t h  b e n e a t h  t h e  s u r f a c e  of a n  
a n g l e - l a p p e d  s a m p l e  w i t h  a n  e p i t a x i a l l y  p r o d u c e d  
n + n  n + n  c o n f i g u r a t i o n  o n  a p +  s u b s t r a t e .  T h e  r e -  
s i s t i v i t y  v a l u e s  w e r e  d e r i v e d  f r o m  t h e  m e a s u r e d  
s p r e a d i n g  r e s i s t a n c e  of a s ing le  p r o b e  ( u s i n g  as b a s e  
c o n t a c t  a n  u l t r a s o n i c a l l y  s o l d e r e d  s t r i p  a l o n g  one  edge  
of t h e  b e v e l e d  s u r f a c e  in  o r d e r  to  o b t a i n  a l o w - r e s i s t -  
a n c e  c o n t a c t  to a l l  c o n d u c t i v i t y  r e g i o n s )  t r a v e r s i n g  t h e  
b e v e l e d  s u r f a c e  f r o m  t h e  o r i g i n a l  o u t e r  s u r f a c e  of t h e  
s a m p l e  ( a l l  t h e  p o i n t s  to t h e  l e f t  of t h e  v e r t i c a l  d a s h e d  
l i ne )  o v e r  t h e  e d g e  of t h e  b e v e l  ( i n d i c a t e d  b y  t h e  
v e r t i c a l  d a s h e d  l i n e )  a n d  d o w n  t h e  b e v e l  i n to  t h e  
s u b s t r a t e  r eg ion .  T h e  t h i c k n e s s  of m a t e r i a l  p l o t t e d  in  
t h e  f igure  r e p r e s e n t s  o n l y  t h e  e p i t a x i a l l y  g r o w n  l aye r s ,  
w i t h  t h e  s u b s t r a t e  m a t e r i a l  c o n t i n u i n g  to  t h e  r i gh t .  
T h e  h o r i z o n t a l  d a s h e d  l ine  on  t h e  r i g h t  is d r a w n  to 
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Fig. 6. Boron concentration vs.  depth derived from spreading re- 
sistance measurements. 

indicate the continuing substrate mater ia l  and is posi- 
t ioned so as to correspond to the substrate wafer ' s  re -  
sistivity according to its manufac tu re r  (0.043 ohm- 
cm).  The circles and tr iangles refer  to two separate  
runs down the angle- lapped surface, separated hor i -  
zontally by 20-30~ (to avoid over lap of res idua l -dam-  
age regions) and indicate the over -a l l  reproducibi l i ty  
of the measurements  on this type of material .  The run 
plotted as tr iangles was not carr ied all  the way  
through the p-n  junction. The scatter seen in the 
points of a par t icular  resis t ivi ty region is thought  to 
be real  inasmuch as some epi taxial ly  grown silicon 
(not del ibera te ly  doped),  measured under  identical  
conditions as used in obtaining the data shown in Fig. 
4, gave as many as 30 points wi th  a scatter less than 
2%. 

The data of Fig. 4 near  the p -n  junct ion or one of 
the low-h igh  junctions are not to be considered ac- 
curate to the --+15% est imated for points in regions 
several  contact diameters  away f rom inhomogenei t ies  
as the formula  on which these measurements  are based 
have been der ived on the assumption of homogeneous 
resistivities. 

Dilyused pn junctions.--An example  of a spreading 
resistance determinat ion  of a concentrat ion profile 
resul t ing f rom a boron diffusion is given in Fig. 5 and 
6. F igure  5 is the measured  spreading resistance on a 
beveled surface of the diffused sample. F igure  6 shows 
the actual boron concentrat ion as a function of depth, 
der ived f rom the spreading resistance data as out l ined 
in reference (21). This figure shows the good agree-  
ment  obtained be tween  the measured  concentrat ion 
profile and the theoret ical  Gaussian distr ibution ex-  
pected for this diffusion. The poor agreement  near  the 
surface of the sample may  be due to precipi tat ion or 
other  electrical  inact ivat ion of the diffused dopant at 

the high concentrat ions found there, or to a depletion 
of boron as the resul t  of the rmal  oxidation of the 
sample. 

While the present  publicat ion does not claim to have 
thoroughly covered all aspects of the spreading re -  
sistance resis t ivi ty measurement  technique, the data 
does indicate a wide range of application to practical 
measurement  problems; wi th  the hope of fur ther  work  
leading to a solution of the remaining  problems. 
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A B S T R A C T  

The  opt ica l  abso rp t ion  charac te r i s t i c s  of GeC14, bo th  w i t h  and  w i t h o u t  
f r ee  g e r m a n i u m  p r e s e n t  in  the  sys tem,  h a v e  been  s tud ied  for  t he  w a v e l e n g t h  
r eg ion  b e t w e e n  2300A and 2~,. P u r e  GeC14 was  found  to h a v e  a d issocia t ion  
c o n t i n u u m  w i t h  t he  long  w a v e l e n g t h  edge  b e g i n n i n g  at 2700A at  a t e m p e r a t u r e  
of 150~ W h e n  f r ee  g e r m a n i u m  was  added  to t he  sys tem,  GeC14 was  found  
to r eac t  w i t h  i t  to g ive  r i se  to one  or  m o r e  species, d e p e n d i n g  on w h e t h e r  or  
not  the  m o l a r  q u a n t i t y  of f r ee  g e r m a n i u m  was  g r e a t e r  t h a n  tha t  of GeC14. 
I t  has  also been  o b s e r v e d  tha t  GeC12 has  a s t rong  abso rp t ion  b a n d  w i t h  a p e a k  
at 3150A. 

To  u n d e r s t a n d  the  p h e n o m e n o n  of g e r m a n i u m  fi lm 
g r o w t h  in v a p o r  t r a n s p o r t  processes,  i t  is i m p o r t a n t  
to k n o w  the  species p r e s e n t  in the  v a p o r  phase  at  v a r i -  
ous t e m p e r a t u r e s  and  e q u i l i b r i u m  condi t ions .  One  ob-  
v ious  m e t h o d  is to s tudy  the  v a p o r  p r e s s u r e  of the  
gas at  d i f fe ren t  t e m p e r a t u r e s .  H o w e v e r ,  such  a m e a s -  
u r e m e n t  p e r m i t s  u n i q u e  i n t e r p r e t a t i o n  on ly  in t h e  
v e r y  s imple  case w h e r e  t w o  mo lecu l e s  a re  f o r m e d  
f r o m  one as a r e su l t  of reac t ion .  The  o the r  poss ible  a p -  
p roaches  w i l l  be  e i the r  to s tudy  t h e  species  by  mass  
spec t rog raph ic  t e c h n i q u e  or  to s tudy  the  opt ical  ab -  
so rp t ion  of t he  molecu les .  In  the  p r e sen t  i nves t i ga t i on  
the  l a t t e r  m e t h o d  has  been  used to s tudy  the  g e r m a -  
n i u m  ch lo r ine  sys tem at  va r ious  t e m p e r a t u r e s  u n d e r  
e q u i l i b r i u m  condi t ions,  and s ignif icant  conclus ions  
w i t h  r e g a r d  to v a p o r  phase  species h a v e  been  d rawn .  
T h e  opt ica l  s tudy  of this  sy s t em is cons ide red  p a r t i c u -  
l a r l y  i m p o r t a n t  s ince t he r e  is no r e p o r t  in the  l i t e r a -  
t u r e  of such a s tudy  for  the  w a v e l e n g t h  r e g i o n  2300 
to 20,000A. 

Experimental Arrangement 
The  e x p e r i m e n t a l  a r r a n g e m e n t  is s h o w n  in Fig.  1. 

A chopped  m o n o c h r o m a t i c  b e a m  of l igh t  e m e r g i n g  
f r o m  the  ex i t  sli t  of a P e r k i n  E l m e r  doub le  pass  
m o n o c h r o m a t o r  fe l l  first  on a p l ane  m i r r o r  M1, t h e n  
on concave  m i r r o r s  M2 and M3 and  f inal ly  on the  
pho tomul t i p l i e r .  A n  R C A  1P28 p h o t o m u l t i p l i e r  tube  
was  used  as a de tec tor .  The  s ample  cel l  was  p laced  in 
t he  cen t r a l  pa r t  of t he  fu rnace ,  loca ted  in t he  p a t h  of 
t h e  m o n o c h r o m a t i c  b e a m  of l igh t  b e t w e e n  the  concave  
m i r r o r s  M2 and M~. The  f u r n a c e  cons is ted  of t h r e e  
coils, a cen t r a l  coil  and a back  up  coil  on each  end, 
bo th  of w h i c h  could  be  con t ro l l ed  i n d e p e n d e n t l y  f r o m  
the  cen t r a l  coil.  Thus,  in the  i nves t i ga t i on  of  the  GeCl t  

Ge sys tem the  w i n d o w s  could  be  m a i n t a i n e d  at a 

1Presen t  address:  IBM Labora tory ,  Boeblingen, Germany .  
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Fig. 1. Optical arrangement for transmittance measurement 

s l igh t ly  h i g h e r  t e m p e r a t u r e  t h a n  the  e x p e r i m e n t a l  
c h a m b e r  in o rde r  to p r e v e n t  depos i t ion  of g e r m a n i u m  
on the  w i n d o w s  of t he  cell.  A qua r t z  w i n d o w  was  
p laced  at  each  end  of t he  f u r n a c e  to m i n i m i z e  c h i m n e y  
effects. 

The  sample  cel l  cons is ted  of a cy l i nd r i ca l  qua r t z  
t ube  120 m m  long  and  35 m m  in d i a m e t e r  w i t h  a 
qua r t z  w i n d o w  at  each  end. I n t r o d u c t i o n  of GeC14 into 
the  s ample  cel l  was  accompl i shed  in the  f o l l o w i n g  
m a n n e r :  The  GeC14 l iqu id  was  d is t i l led  in vacuo 
( a f t e r  b r e a k i n g  the  t ip of the  supp ly )  in to  sma l l  ca l i -  
b r a t e d  P y r e x  or  q u a r t z  ampou le s  in a sea led  sys tem.  
The  ampou les  p r o v i d e d  w i t h  a b r e a k i n g  tip, w e r e  
sea led  and r e m o v e d  f r o m  the  sys tem w h i l e  the  GeC14 
was  k e p t  at l iqu id  n i t r o g e n  t e m p e r a t u r e .  An  a m p o u l e  
was  t h e n  p laced  ( w i t h  or  w i t h o u t  a w e i g h e d  a m o u n t  
of add i t iona l  sol id Ge)  in the  s ample  cell, w h i c h  was  
p u m p e d  to a p r e s su re  of 5 x 10 -6  m m  Hg  and  sealed.  
The  pu rpose  of sea l ing  the  t u b e  at  h igh  v a c u u m  was  to 
e l i m i n a t e  the  poss ib i l i ty  of c o n t a m i n a t i n g  the  sample  
w i t h  w a t e r  v a p o r  or  o the r  gases. The  s ample  ce l l  had  
a b u i l t - i n  t h e r m o c o u p l e  w e l l  w h i c h  p e r m i t t e d  accu ra t e  
m e a s u r e m e n t  of t he  t e m p e r a t u r e  of the  gas. In  mos t  
of the  expe r imen t s ,  the  a m o u n t  of GeC14 i n t roduced  
into  the  cel l  p r o d u c e d  a p r e s su re  of a p p r o x i m a t e l y  Y2 
a tm at  100~ 

By  m e a n s  of an  add i t iona l  mi r ro r ,  M4, con t inuous  
l igh t  f r o m  a s t rong  u v  source  cou ld  be  sh ined  on the  
s ample  to p e r f o r m  the  opt ica l  d issocia t ion  e x p e r i m e n t s  
desc r ibed  in a s u b s e q u e n t  section.  

Result 
The  absorp t ion  s tudies  w e r e  conduc ted  for  the  

w a v e l e n g t h  r e g i o n  2300 to 20,000A. S ince  no s ignif icant  
absorp t ion  was  obse rved  at w a v e l e n g t h s  b e y o n d  5000A, 
the  da ta  for  t ha t  r eg ion  a re  no t  shown  in the  graphs.  

The  t r a n s m i t t a n c e  of p u r e  GeC14 gas as a f unc t i on  
of w a v e l e n g t h  is s h o w n  in Fig.  2. A t  150~ an ab-  
sorp t ion  edge  b e g i n n i n g  at 2300A and e x t e n d i n g  into  
the  sho r t e r  w a v e l e n g t h  r eg ions  was  observed .  As the  
t e m p e r a t u r e  of t he  sample  was  raised,  the  absorp t ion  
inc reased  and the  abso rp t ion  edge  sh i f ted  to l onge r  
w a v e l e n g t h s .  H o w e v e r ,  in t he  t e m p e r a t u r e  r ange  
(150~ T --~ 800~ in w h i c h  the  i nves t i ga t i on  was  
made ,  no absorp t ion  band  due  to p u r e  GeC14 at w a v e -  
l eng ths  e x c e e d i n g  3000A was  observed .  T h e  n a t u r e  of  
t he  absorp t ion  in t he  shor t  w a v e l e n g t h s  r e g i o n  was  
i nves t i ga t ed  in m o r e  de ta i l  and  is desc r ibed  in a sub-  
s equen t  pa rag raph .  

F i g u r e  3 shows the  t r a n s m i t t a n c e  of GeC14 at  v a r i -  
ous t e m p e r a t u r e s  w h e n  solid g e r m a n i u m  was  p r e sen t  
in the  sys tem.  T h e  a m o u n t  of  GeC14 i n t r o d u c e d  into 
the  cel l  was  a p p r o x i m a t e l y  t he  s a m e  as tha t  in t he  
cases r e p r e s e n t e d  by  Fig.  2. T h e  m o l a r  q u a n t i t y  of Ge 
added  was  less t h a n  tha t  of GeC14. The  solid g e r m a -  
n i u m  was  first e t ched  w i t h  W h i t e  e tch  and  t h e n  
t h o r o u g h l y  w a s h e d  w i t h  DI  w a t e r  and  a lcohol  be fo re  
be ing  i n t roduced  into  t he  cell,  in o rde r  to p r e v e n t  con-  
t a m i n a t i o n  of t he  sample  by  the  su r face  ox ide  layer .  
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Fig. 2. Transmittance of pure GeCI4. + ,  150~ X ,  500~ �9 
800~ GeCI4 pressure at 100~ 380 mm Hg. 
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Fig. 3. Transmittance of germanium deficient system. A,  200~ 
e, 250~ I~, 300~ �9 400~ +t-, 500 ~ GeCI4 + 12 mg Ge. 

The results in Fig. 3 show that  GeCl4 and germa-  
nium reacted to give rise to a species which has an 
absorption band wi th  a peak at 3150A. As the t em-  
pera ture  of the system was raised, this absorption in-  
creased rapidly. 

In addition, at h igher  tempera tures  there  is an in-  
dication of increased absorption at wavelengths  below 
2800A. This is apart  f rom the increase of GeC14 ab- 
sorption effected by t empera tu re  rise shown in Fig. 2. 
The fol lowing exper iment  demonstrates  this: Two 
ampules, one containing pure  GeC14 and the other  con- 
taining solid germanium, were  introduced into the 
cell. First  the ampule  with GeC14 was broken, and the 
absorption of pure  GeC14, both at room tempera tu re  
and at 500~ was measured.  Similar  measurements  
were  then made af ter  breaking the ampule  containing 
solid germanium. The results  exhibi ted in Fig. 3a show 
that  at wavelengths  shorter  than 2800A, there  was a 
rise in absorption after  the introduction of solid ger-  
manium. The absorption of GeC14 was expected to go 
down, due to decrease in its concentrat ion as a re-  
sult of react ion with  solid germanium.  Contrary  to ex-  
pectation, it increased. This resul t  has been fur ther  
confirmed by measurements  on a flow system in which 
GeC14 carr ied by He was passed through a ge rmanium 
bed. ~ If the amount  of f ree  Ge added exceeded that  
requi red  to complete  the assumed react ion 

s T h i s  r e s u l t  w i l l  a p p e a r  i n  a s u b s e q u e n t  a r t i c l e .  E x t e n d e d  A b -  
s t r ac t ,  E l e c t r o n i c s  D i v i s i o n ,  E l e c t r o c h e m i c a l  S o c i e t y  M e e t i n g ,  Oct .  
11-15, 1964, 18, [2] ,  A b s t r a c t  No.  141. 
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Fig. 4. Transmittance of germanium excess system. A,  180~ 
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an addit ional  band with  a peak at 4120A appeared at 
500~ As the t empera tu re  was raised, this absorption 
also increased (Fig. 4). 

In order  to unders tand the absorption due to pure  
GeC14 at the short  wave leng th  end of the spectrum, 
the fol lowing exper iment  was performed:  From a 
hydrogen lamp, a beam of l ight  which could be turned 
on or off by means of a shutter, was impinged on the 
sample cell, whi le  the species were  moni tored  by 
means of a chopped monochromat ic  beam as before. 
Precaut ions were  taken to prevent  the l ight  f rom the 
hydrogen lamp f rom fal l ing on the photomult ipl ier .  
When the beam of l ight f rom the hydrogen lamp was 
turned on by removing  the shutter,  approximate ly  a 
4% decrease in transmission was observed for  wave -  
lengths  3300• and longer. 

To de termine  if any error  was int roduced in the 
measurements  by possible deposition of ge rmanium on 
the cell windows, the fol lowing exper iment  was con- 
ducted: 

A cell containing GeC14 and solid ge rmanium was 
heated and cooled several  times, whi le  the intensi ty of 
the t ransmit ted  beam at 3150zk was observed. The in- 
tensity (of the t ransmit ted  beam) always re turned  to 
the init ial  va lue  when  the sample cooled to room tem-  
perature,  indicat ing that  there  was no effect due to 
deposition of ge rmanium film on the window. Further ,  
when the cell was taken out of the furnace, there  was 
no indication of any germanium film on the window of 
the cell. 

Discussion 

For proper  unders tanding of the results, the fol low- 
ing cases should be distinguished: (a) pure  GeC14 
system; (b) the GeC14 and germanium deficient sys- 
tem; (c) the GeC14 and Ge excess system. 

A germanium deficient system is one in which the 
molar  quant i ty  of free germanium added is less than 
the molar  quant i ty  of GeC14. A germanium excess sys- 
tem is one in which the molar  quant i ty  of free ger-  
manium added is greater  than the molar  quant i ty  of 
tetrahalide.  The three systems are now discussed in-  
dividually.  

The GeC14 system.--As seen in Fig. 2, pure  GeC14 
exhibi ted only an absorption edge, which, wi th  an in-  
crease in temperature ,  ex tended into longer  wave -  
length regions. Since no absorption band wi th  a peak 
at 3300A (the peak of C12 absorption band) was ob- 
served, there  was no indication of the rmal ly  induced 
decomposit ion of GeC14 wi th in  the t empera tu re  range  
of the present  investigation. The na ture  of the long 
wavelength  absorption edge due to pure  GeC14 was 
invest igated by moni tor ing the species whi le  the sam- 
ple was i r radia ted  wi th  uv  l ight  f rom a hydrogen lamp 
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s o u r c e  d e s c r i b e d  ea r l i e r .  T h e  r e s u l t  of t h i s  e x p e r i m e n t  
i n d i c a t e d  t h e  f o r m a t i o n  of n e w  spec ies  d u e  to u v  i r r a -  
d i a t ion .  T h u s  i t  w a s  c o n c l u d e d  t h a t  t h e  a b s o r p t i o n  
edge  w a s  t h e  b e g i n n i n g  of a d i s s oc i a t i on  c o n t i n u u m .  
T h i s  r e su l t ,  a l o n g  w i t h  t h o s e  s h o w n  in  Fig.  2 (i.e., t h e  
e x t e n s i o n  of t h e  a b s o r p t i o n  edge  to l o n g e r  w a v e -  
l e n g t h s  w i t h  r i se  in  t e m p e r a t u r e  of t h e  s a m p l e )  c a n  
be  u n d e r s t o o d  in  t h e  f o l l o w i n g  w a y :  As  t h e  t e m p e r a -  
t u r e  of t h e  s a m p l e  is r a i sed ,  h i g h e r  v i b r a t i o n a l  l e v e l s  
in  t h e  e l e c t r o n i c  g r o u n d  s t a t e  b e c o m e  occupied ,  a n d  as 
a r e su l t ,  l o w e r  e n e r g y  p h o t o n s  i n d u c e  t h e  e l e c t r o n  to  
m a k e  t r a n s i t i o n s  to u n s t a b l e  e x c i t e d  s ta tes ,  c a u s i n g  
d i s s o c i a t i o n  of GeC14 mo lecu l e .  I t  w o u l d  a p p e a r  log ica l  
to  c o n c l u d e  t h a t  one  of t h e  d i s s oc i a t i on  p r o d u c t s  w a s  
c h l o r i n e  fo r  t h e  f o l l o w i n g  r e a s o n s :  ( A )  t h e  d i s soc i a t ed  
spec ies  s h o w e d  a b s o r p t i o n  a t  3300A; ( B)  t h e  GeC14 
m o l e c u l e s  c a n  b r e a k  u p  o n l y  b y  r e l e a s i n g  f r e e  c h l o r i n e .  

The GeC14 and germanium deficient s y s t e m . - - W i t h  
t h e  a d d i t i o n  of so l id  g e r m a n i u m  to GeC14 i n  m o l a r  
q u a n t i t y  less  t h a n  t h a t  of t h e  t e t r a h a l i d e ,  a n  a d d i t i o n a l  
s t r u c t u r e  d e v e l o p e d  u p o n  h e a t i n g .  Mos t  s ign i f i can t ly ,  
as s e e n  b y  c o m p a r i n g  Fig.  2 a n d  3, a n  a b s o r p t i o n  b a n d  
a t  3150A a p p e a r e d .  Less  obv ious ,  h o w e v e r ,  w a s  a n  e n -  
h a n c e d  a b s o r p t i o n  a t  w a v e l e n g t h s  b e l o w  2800A. T h e s e  
t w o  p h e n o m e n a  m a y  b e  i n d i c a t i v e  of t h e  f o r m a t i o n  of 
e i t h e r  one  or  t w o  n e w  spec ies  as a c o n s e q u e n c e  of t h e  
r e a c t i o n  b e t w e e n  g e r m a n i u m  a n d  GeC14. H o w e v e r ,  
op t i c a l  s t u d y  a l o n e  c a n n o t  r e s o l v e  t h i s  ques t i on .  

B a s e d  on  t h e  r e s u l t s  of a r e c e n t  B o u r d o n  g a u g e  i n -  
v e s t i g a t i o n  3 of t h e  GeC14 a n d  GeC14-Ge sys t em,  i t  
w o u l d  s e e m  r e a s o n a b l e  to a t t r i b u t e  t h e  3150A a b s o r p -  
t i on  b a n d  to GeC12. F r o m  t h e  s a m e  r e s u l t  o n e  m i g h t  i n -  
f e r  t h a t  t h e  e n h a n c e d  a b s o r p t i o n  a t  w a v e l e n g t h s  b e l o w  
2800A w a s  also d u e  to GeC12. As  w i l l  b e  d i s c u s s e d  
be low,  th i s  i n f e r e n c e  is s o m e w h a t  t e n u o u s .  

The GeCl4 and germanium excess s y s t e m . - - W h e n  
t h e  m o l a r  q u a n t i t y  of G e  e x c e e d e d  t h a t  of GeC14, a n  
a d d i t i o n a l  b a n d  a t  4120A w a s  g e n e r a t e d  (Fig.  4 ) ,  i m -  
p l y i n g  e i t h e r  t h e  f o r m a t i o n  of a n  a d d i t i o n a l  spec ies  
or  a n  e n h a n c e d  a b s o r p t i o n  a t  a w e a k  a b s o r p t i o n  b a n d  
d u e  to i n c r e a s e d  c o n c e n t r a t i o n  of GeC12. H o w e v e r ,  t h e  
l a t t e r  pos s ib i l i t y  ha s  b e e n  d i s c a r d e d  on  t h e  bas i s  of 
t h e  f o l l o w i n g  t w o  e x p e r i m e n t s :  ( i )  w i t h  a GeC14 a n d  
g e r m a n i u m  de f i c i en t  s y s t em ,  a n d  (ii) w i t h  a GeC14 a n d  
g e r m a n i u m  excess  sys t em.  T h e  a m o u n t  of GeC14 a n d  
f r e e  g e r m a n i u m  i n t r o d u c e d  in to  t h e  cel ls  in  t h e  two  
cases  w e r e  s u c h  t h a t  t h e  a m o u n t  of GeC12 f o r m e d  in  
case  ( i)  w a s  f a r  in  excess  of t h a t  f o r m e d  in  case  (ii) .  
M e a s u r e m e n t s  s h o w e d  no  a b s o r p t i o n  a t  4120A in  t h e  
case  of t h e  de f i c i en t  s y s t em ,  w h i l e  s ign i f i can t  a b s o r p -  
t i o n  w a s  o b s e r v e d  i n  t h e  case  of t h e  excess  sy s t em.  
T h i s  w o u l d  i n d i c a t e  t h a t  a s econd  spec ies  w as  f o r m e d  
if  t h e  m o l a r  q u a n t i t y  of f r e e  g e r m a n i u m  a d d e d  was  
g r e a t e r  t h a n  t h a t  of GeC14. Th i s  is i n d i c a t i v e  of a n  a p -  
p a r e n t  i n c o n s i s t e n c y  b e t w e e n  t h e  r e s u l t s  of op t i ca l  a n d  
B o u r d o n  g a u g e  m e a s u r e m e n t s .  O n e  p o s s i b l e  e x p l a n a -  
t ion  for  t h e  d i f f e r e nces  o b s e r v e d  in  t h e  t w o  a p p r o a c h e s  
is t h a t  t h e  a b s o r p t i o n  b a n d  w i t h  a p e a k  a t  4120A m a y  
h a v e  b e e n  d u e  to a spec ies  w h o s e  c o n c e n t r a t i o n  w a s  
too s m a l l  to p e r t u r b  t h e  p r e s s u r e  da ta ,  a n d  ye t  w h o s e  
e x t r e m e l y  h i g h  a b s o r p t i o n  coeff ic ient  m a d e  i t  o b s e r v -  
a b l e  in  op t i c a l  m e a s u r e m e n t .  

I n  a n  e f fo r t  to  f ind  pos s ib l e  s t r u c t u r e  in  t h e  3150A 
a b s o r p t i o n  b a n d ,  a n  e x p e r i m e n t  w a s  p e r f o r m e d  w i t h  
m u c h  r e d u c e d  GeC]4 p r e s s u r e ,  a p p r o x i m a t e l y  1.5 m m  
Hg,  c o m p a r e d  to ,1/2 a t m  in  o t h e r  cases.  R e s u l t s  a r e  

a P a p e r  p r e s e n t e d  b y  T. S e d g w i e k  a t  t he  T o r o n t o  M e e t i n g  of  the  
Society ,  May  1964. 
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Fig. 5. Tronsmittonce of germonium excess system with low GeCI4 
pressure. -~- 350~ X ,  4OO~ C), 5O0~ GeCI4 -I- Ge. GeCI4 
pressure ot ]00~ = 15 mm Hg. 

s h o w n  in  Fig. 5. A p a r t  f r o m  r e d u c e d  a b s o r p t i o n  due  to  
c o r r e s p o n d i n g  r e d u c t i o n  in  d e n s i t y  of m a t e r i a l ,  n o  s ig-  
n i f i c an t  d i f f e r e n c e  in  a b s o r p t i o n  c h a r a c t e r i s t i c s  was  
no t i ced .  

Conclusions 
F r o m  t h e  a b o v e  e x p e r i m e n t s  t h e  f o l l o w i n g  t e n t a t i v e  

c o n c l u s i o n s  h a v e  b e e n  d r a w n .  
1. U p  to 800~ t h e r e  was  no  t h e r m a l l y  i n d u c e d  r e a c -  

t i on  i n  t h e  GeC14 sy s t em.  
2. W h e n  GeC]4 w a s  i r r a d i a t e d  w i t h  u v  l i g h t  a t  s u i t -  

ab l e  t e m p e r a t u r e s ,  i t  d e c o m p o s e d  i n t o  c h l o r i n e  a n d  
some  s u b c h l o r i d e  o t h e r  t h a n  GeC12. 

3. A t  300~ GeC14 r e a c t e d  w i t h  G e  to g ive  r i se  to  
GeC12 w h i c h  a b s o r b e d  a t  3150A. 

4. T h e  spec ies  f o r m e d  as a r e s u l t  of r e a c t i o n  b e t w e e n  
GeC14 a n d  Ge  also a b s o r b e d  a t  w a v e l e n g t h s  s h o r t e r  
t h a n  2800A as w e l l  as in  t h e  r e g i o n  of 3150A. 

5. W h e n  t h e  a m o u n t  of f r e e  Ge  a d d e d  w a s  g r e a t e r  
t h a n  w h a t  w o u l d  b e  r e q u i r e d  to c o m p l e t e  t h e  a s s u m e d  
r e a c t i o n  

GeC14 ~- Ge  : 2GeC12 

a s e c o n d  a b s o r p t i o n  b a n d  a t  4120A a p p e a r e d  a t  500~ 
Th i s  a b s o r p t i o n  w a s  d u e  to s o m e  s u b c h l o r i d e ,  p r e s u m -  
a b l y  GeC1 or  some  o t h e r  g e r m a n i u m  c h l o r i n e  c o m p l e x .  
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Polarization Phenomena and Other Properties 
of Phosphosilicate Glass Films on Silicon 
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ABSTRACT 

A study has been made of phosphosilicate glass films prepared  by p re -  
depositing P205 on thermal ly  oxidized silicon. Many of the propert ies  of these 
films including composition, density, etch rate, conductivity,  dielectr ic  con- 
stant, and dielectric s trength have  been measured  and are compared wi th  the 
corresponding propert ies  of the rmal ly  produced silicon dioxide layers. A po- 
larizat ion effect is discussed which gives rise to an increase of about 20% in 
the dielectric constant of the glass at high tempera tures  and low frequencies  
( ~  250~ at 50 cps). Under  d-c  bias at lower tempera tures  this polarizat ion 
causes a slow drift  in the capaci tance-vol tage  characteris t ic  of me ta l -ox ide -  
semiconductor  (MOS) capacitors which use the glass as a dielectric. The MOS 
capaci tance-vol tage  method is used to study the time, tempera ture ,  and vol-  
tage dependence of the polarization, and mechanisms are discussed which can 
account for the observed results. 

Modern silicon planar  technology (1) involves the 
use of silicon dioxide films to mask certain areas of 
the under ly ing  silicon against  the diffusion of n-  and 
p- type  dopants. The thickness of SiO2 requi red  to 
mask against various phosphorus diffusion conditions 
has been invest igated by Sah, Sello, and Tremere  (2) 
and by Allen, Bernstein,  and Kurtz  (3). Sah et al. 
concluded that  P205 vapor  reacts with SiO2 to form a 
layer  of P205-SIO2 glass of an unknown composition 
over the remaining  pure  SiO2. The thickness of the 
glass layer  increases at the expense of the SiO2 as 
phosphorus diffuses through the glass and reacts at the 
interface. A cross section of such an oxidized silicon 
surface subsequent ly predeposi ted with  P205 is 
sketched in Fig. 1. The existence of the sharp in te r -  
face has been verified by Pliskin and Gnall  (4) who 
developed a selective etch which removes  the phos-  
phorus containing glass much faster  than the SiO2 
underneath.  

The phase diagram of the SIO2-P205 system has been 
determined by Tien and Hummel  (5), and Kooi (6) 
has recent ly  studied the composition of glass layers 
obtained by depositing P205 on silicon and diffusing 
in ni t rogen or oxygen at 920~176 In general,  
Kooi found that  af ter  a sufficiently long diffusion t ime 
the composit ion of the glass approached that  corre-  
sponding to the l imit ing solubili ty of SiO2 in the 
liquid phase. 

In device manufacture,  the glass layer  which re-  
mains on the passivating oxide after  phosphorus dif-  
fusion may  or may not be removed  by etching, but  it 
has recent ly  been repor ted  by Kerr ,  Logan, Burkhardt ,  
and Pl iskin (7) that  the presence of a phosphorus 
glass layer  great ly  increases the stabil i ty of planar  
transistors and MOS devices under  t empera ture  and 
voltage stressing. 

7-t P2o,-s,o2 
Si02  i g GLASS SURFACE 

o SiO2 

SILICON 
Fig. I. Cross section of a phosphosilicate glass-silicon dioxide 

double layer on a silicon substrate. The double layer is prepared 
by predepositing P205 on a thermally oxidized silicon slice. 

Because of its importance in silicon technology and 
par t icular ly  in v iew of the results of K e r r  et al. there  
is need for a more  thorough knowledge  of the prop-  
erties of the SIO2-P205 system. The present  paper  
surveys some of these propert ies  and describes an elec- 
tr ical  polarization effect which  l imits the stabil i ty of 
MOS devices uti l izing phosphorus glass. 

Exper imenta l  
Preparation o~ oxide layers.--The silicon used in 

these studies was single crystal, Czochralski pulled, 
(111) surface oriented wi th  an init ial  dislocation 
count of less than I00 cm -~. I t  was obtained in the 
form of circular  slices, lapped both sides to 250# thick-  
ness f rom the Kolls tan Semiconductor  Elements  Com- 
pany, Westbury,  New York. Both n - type  (phosphorus) 
and p- type  (boron) silicon with  dopant concentra-  
t ions in the 1015 to 1016 cm -3 range were  included in 
these studies. Slices used for thickness or weight  
measurements  were  mechanica l ly  polished, wi th  25~ 
removed  per side. To assure clean, noncontaminated  
surfaces, these slices were  then cleaned in both organic 
and inorganic solvents. Silicon slices used for elec- 
tr ical  measurements  were  cleaned and then chemi-  
cally polished in a HF:HNO3 solution and quenched 
in acetic acid. At least 50~ per  side was removed by 
this procedure.  

All  slices were  oxidized in dry oxygen at 1200~ 
Oxide thicknesses varied, depending on the par t icular  
measurement  being conducted, but general ly  were  be-  
tween 0.10 and 0.50~ (1000-5000A). Fol lowing oxi-  
dation, some of the samples were  placed in a P205 pre-  
deposition 1 furnace for various times. For  the most 
par t  the substrate t empera tu re  was 1020 ~ • I~  with 
the P205 source at 230 ~ • 2~ Dry ni t rogen was the 
carr ier  gas. In some cases subsequent  diffusions were  
carr ied out at tempera tures  ranging f rom 1020 ~ to 
1200~ in ni t rogen or oxygen. 

For  those exper iments  in which electrical  measure-  
ments  were  made, such as dielectric breakdown,  con- 
ductivity,  etc., field plates were  prepared by evapora t -  
ing 3000A of a luminum over  the oxide and prepar ing 
circular  dots 250-1400~, in d iameter  by photoresist  
techniques. The oxide was then str ipped f rom the back 
of the slice, a luminum was evapora ted  on the bare 
silicon, and al loyed at 550~ for several  minutes  to 
assure good ohmic contact. 

Thickness measurements.--In the next  section, sev-  
eral  propert ies of the predeposi ted P205-SIO2 system 
are reported.  The exper imenta l  procedures  involved 

1 T h e  t e r m  p redepos i t i on ,  as u sed  in  s e m i c o n d u c t o r  t echno logy ,  i s  
t h a t  s tep  p r e c e d i n g  d i f fu s ion  in  w h i c h  t h e  s e m i c o n d u c t o r  s l ice  is  
g i v e n  a r e l a t i v e l y  sho r t  t h e r m a l  t r e a t m e n t  in  the  p re sence  of  an 
a m b i e n t  c o n t a i n i n g  a d o p i n g  i m p u r i t y  (1). 
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in each par t icular  measurement  are described as that  
proper ty  is discussed. However ,  since the measurement  
of the oxide and glass layer  thicknesses was re-  
quired for all determinations,  the general  method wil l  
be discussed here. 

Mult iple beam in te r fe romet ry  was used for the film 
thickness measurements .  The principle of this tech- 
nique, which involves the measurement  of an in ter -  
ference fr inge displacement  across a metal l ized step 
etched in the oxide, has a l ready been adequate ly  de-  
scribed (8, 9). For this par t icular  work, a si lver film 
was evaporated over a step etched in the oxide layer  
wi th  49% HF. The reference  surface was a glass slide 
evapora ted  with a 97% reflecting mul t i layer  dielectric 
film prepared by Optics Technology, Palo Alto, Cali-  
fornia. 

Init ial  examinat ion of fr inge displacements across 
steps etched in phosphorus glass indicated a much 
more  abrupt  step than was obtained on regular  the r -  
mal  oxides. This was t rue whe ther  the oxides were  
etched separately,  or as a double layer,  as pictured in 
Fig. 1. Photographs of the actual fr inges obtained are 
shown in Fig. 2. In (a) and (b) the difference in step 
profile can be readi ly  observed be tween  the P205-SIO2 
glass and the conventional  thermal  SlOe. The taper  of 
the SiO2 step depicted by the fringes in Fig. 2(b) was 
repor ted  by Booker  and Benjamin  (9) to be due to 
undercut t ing  of the oxide by the HF. F igure  2(c) 
shows fringes produced due to a step etched (with 
HF)  across a mixed  g lass- thermal  oxide layer. This 
system was produced by predeposi t ing P205 over  an 
exist ing SiO2 film. Again the difference in etching 
characterist ics can be seen, with the abrupt  fr inge 
change due to the P205-SIO2 glass and the tapered 
change due to the under ly ing  SiO2. 

It  appeared that  the difference in etching charac ter -  
istics across a double layer  oxide as indicated in Fig. 
2(c) might  provide  a rapid means of de termining 
thicknesses of the two layers. To check this possibility, 
special measurements  were  conducted. These involved  

Fig. 2. Multiple-beam interference fringes across metallized steps 
etched in three types of oxides. Phosphosilicate glass is shown in 
(a), (b) is standard thermal silicon dioxide, while (c) shows double 
step in phosphosilicate glass over standard thermal oxide. Area 
to left of steps represents top surface of oxides. 

A C 

B -- P 0 5  - S i  2 . . . .  

SILICON 

Fig. 3. Cross section of phosphosilicate glass over silicon dioxide, 
showing thickness values obtained for single step measurements 
(regions A and B), as compared with double step measurement (re- 
gion C). Corresponding fringes for regions A, B, and C are shown 
in Fig. 2. 

prepar ing a double layer  oxide (P205-SIO2 over  SiO~), 
select ively etching a port ion of the glass f rom the 
SiO2 (see next  section), etching a second step in the 
exposed SiO2, and measur ing the fr inge displacements  
across the resul t ing steps. Results were  compared with  
fr inges crossing a step made  by etching through the 
ent ire  double layer. The photographs in Fig. 2 are 
typical of these measurements  and the measured  
thicknesses are indicated in Fig. 3. The circled areas 
labeled A, B and C in Fig. 3 represent  the correspond-  
ing regions pictured in Fig. 2 with A and B being the 
single steps and C the double step. It  can be readi ly  
observed that  the thickness values obtained f rom the 
double step are wi thin  100A of the single step de te r -  
minations. The u l t imate  accuracy of the method would  
be determined by the select ivi ty of the etch used to 
remove  the glass layer  and the sharpness of the  in ter-  
face be tween the two layers. 

The above method has been used successfully on 
various glass-silica systems and becomes even more 
useful when the etch rates of the two oxides approach 
each other and a selective etch cannot be used rapidly 
for single step measurements .  In the above case the 
phosphorus glass etched 100 t imes faster  than the SiO2. 
Instead of causing more undercut t ing  and thus a more 
tapered step in the glass, the conditions of etching evi-  
dent ly are such that  a more  ver t ical  etch profile is 
obtained. 

Properties of SIO2-P205 Layers 
Composi t ion.~The ratio of P205 to SiO~ in a pre-  

deposited phosphosilicate layer  over  oxidized silicon 
was determined as follows. Weights  of a silicon slice 
were  determined using a Met t le r  Model M - 5 - S / A  Mi- 
crobalance at the fol lowing processing steps. 

Wt 1. Original  cleaned, chemical ly  polished silicon. 
Wt 2. After  oxidizing in dry O~ to desired oxide 

thickness, i.e., 3000A. 
Wt 3. After  predeposi t ing P205 in N2 onto oxidized 

silicon. 
Wt 4. (Optional) After  diffusing predeposited, oxi-  

dized silicon in N2 or O2. 
Wt 5. After  select ively etching P205-SIO2 glass f rom 

SiO2 using Pliskin 's  "P-e tch"  (15 parts conc. HF, 10 
parts  conc. HNO~, and 300 parts H20) (4). 

Wt 6. After  s tr ipping remain ing  SiO2 in conc. HF. 
The accuracy of the weight  measurements  was +2 ~g, 
wi th  a typical 3000A oxide weighing 680 ~g or 70 
~g/cm 2. 

From the gain in weight  due to predeposi t ion (Wt 3- 
Wt 2) and the weight  of the glass layer  (Wt 3-Wt 5), 
the rat io of P20~ to SiO2 in the glass could be de te r -  
mined. 2 Also by compar ing total  the rmal  oxide weight  
(Wt 2-Wt 6) wi th  total  silicon consumed (Wt 1-Wt 6) 
a measure  of the oxidat ion efficiency may be deter -  
mined (10). In these experiments ,  it was shown that  
no additional SiO2 was formed dur ing predeposition, 
and thus all weight  gain dur ing this step was P205. 
This is due main ly  to the N2 ambient  used dur ing pre-  
deposition. 

The over -a l l  results  indicated that  at a predeposi t ion 
tempera ture  of 1020~ 5-6 moles of SiO2 were  present  

z F o r  t h e  p u r p o s e  of  t h i s  a n a l y s i s ,  a l l  s i l i con  o x i d e  w a s  a s s u m e d  
to  be  SiOz a n d  a l l  p h o s p h o r u s  o x i d e  P~Os. 
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in the glass layer  to 1 mole of PuOs. In terms of atoms, 
one out of four silicon atoms are  replaced by a phos-  
phorus atom during the predeposition, wi th  an ext ra  
oxygen atom being associated with  every  two phos- 
phorus atoms. The above ratio corresponds to about 
14.5 to l&5 mole % of P205, which agrees wi th  the 
findings of Keel  (6) in re la ted work  involving the 
SiO2-P2Os system. This composit ion was constant over  
predeposit ion t imes of 10-60 min. 

If the predeposited s t ructure  was subjected to addi-  
t ional thermal  t rea tment  (diffusion) in oxygen or 
ni t rogen for 30 min, ei ther  at 1020~ or higher  t em-  
peratures,  a rat io of SiO2 to P20~ was obtained repre -  
sentat ive of the diffusion temperature .  These composi-  
tions corresponded to those given in ref. (6) ; the value  
at 1020 ~ remaining at about 15 mole % while  at 1200 ~ 
the P205 concentrat ion dropped to 7 mole %. Addi -  
t ional diffusion t ime decreased the P205 percentage 
only very  slowly. 

It  should be noted that  thickness measurements  in-  
dicated that  the movemen t  of the glass "front"  into the 
SiO2 during predeposi t ion obeyed a diffusion-con- 
trolled relationship, i.e., y = kt 1/2, where  y is the dis- 
tance of the front  f rom the original  outer surface of 
the SiO2 and t is the predeposit ion time. At  1020~ 
k ~ 0.18 g / k / h r  in agreement  wi th  data first repor ted  
by Sah, Sello, and Tremere  (2). The total  vo lume in- 
crease of the oxide due to phosphorus was about 
40% at 1020~ agreeing with  the composition and 
density (see next  paragraph)  results. 

Densi ty . - -Apparent  densities of the P205-SIO2 glass 
layers were  obtained using the weight  and thickness 
results. In general  the density values were  be tween 
2.35 and 2.40 g / cm ~. This compares with 2.24-2.27 
g / cm 3 for the under ly ing  SiO2 layer, the lat ter  agree-  
ing quite well with earlier results (ii). The density 
of amorphous P2Os is reported to be 2.39 g/cm -3 (12), 
and so the values for the P205-SIO2 glass mixture 
determined in this work are reasonable when the re- 
sults of the previous section are considered. 

Etch rate .--The etch rate of the phosphosilicate 
glass in Pl iskin 's  p-e tch  (4) appeared to be a funct ion 
of P205 content. For  the higher  phosphorus concentra-  
tion (16 mole % P~O5 obtained at a 1020~ predeposi-  
tion tempera ture )  the rate  was 500 A/sec.  However ,  as 
t h e  P205 concentrat ion decreased to 7% at 1200~ the 
etch ra te  also decreased ( logari thmical ly)  to 15 A/sec.  
The corresponding va lue  for SiO2 in this etch is about 
2 A/sec.  As discussed in the section above describing 
thickness measurements ,  the phosphosilicate glass also 
etches much more  rapidly than SiO2 in HF solutions, 
but both etch so rapidly it is not known if the same 
dependence on P205 concentrat ion exists. 

Sodium masking.- - I t  has been repor ted  (7) that  a 
thin layer  of P20~-SiO2 glass over  SiO2 on MOS- type  
devices wil l  great ly  reduce drif t  in the capacitance- 
voltage characterist ic under  bias at e levated t em-  
peratures  (~200~ Special  exper iments  were  con- 
ducted to test this possibility. MOS structures, pre-  
pared both with  a 0.20~ thermal  SiO2 layer  and wi th  a 
double- layer  consisting of 0.15~ of SiO2 plus 0.07~ of 
P205-SIO2 glass, were  contaminated with  sodium ions 
prior to metal l izat ion (13). Noncontaminated controls 
were  also included. Under  10v bias at 300~ for 5 
min, the standard, noncontaminated SiO2 samples did 
not drif t  in vol tage by more than 0.5v wi th  bias of 
ei ther  polarity.  The contaminated SiO2 samples dr i f ted 
more than --60v under  the posit ive field plate bias, 
wi th  no drif t  under  negat ive bias. Both the noncon-  
taminated  and the contaminated PuO5 glass s tructures 
drif ted about  l v  under  both posit ive and negat ive  
bias. This drif t  was undoubtedly  due to a polarizat ion 
phenomenon to be discussed later. It  was clear, how-  
ever, that the P2Os layer prevented the large drift due 
to sodium ion migration which was observed in the 
contaminated silicon dioxide sample. 

Electrical conductivity.--For determining electrical 
properties of the P205-SiO2 glass layers, special struc- 

tures  were  prepared.  This was done by predeposi t ing 
the P205 at 1020~ over  a 0.20~ the rmal  oxide so that  
the glass f ront  extended to wi th in  100A of the silicon 
surface. The total  glass thickness was 0.275#. A thermal  
oxide of the same thickness but  wi thout  phosphorus 
was used as a control. MOS structures  were  prepared 
as described in the Exper imenta l  Section, wi th  a lumi-  
num dot diameters  of 250, 440, 800, and 1400~. 

Using these samples, the electr ical  conduct ivi ty  of 
the phosphosil icate glass was compared with  that  of 
pure  SiO2. Currents  corresponding to an approximate  
steady state were  measured  after  a bias of •  had 
been applied for 10 min at 200~ In the case of the 
silicon dioxide samples, the currents  under  ei ther  
polar i ty  were  tee  small  to measure  and corresponded 
to less than 10 -11 a m p / c m  2. In the case of the phos- 
phosilicate glass the currents  were  easily measureable  
and gave current  densities in the range 2 to 3 x 10 -10 
a m p / c m  2. If bulk resistivit ies at 200~ are calculated 
f rom these data, the values obtained are 2 x 1015 
ohm-cm for the phosphosilicate glass and greater  than 
5 x 10 TM ohm-cm for the SIO2. 

Dielectric breakdown.~Dielectr ic  breakdown values 
were  obtained using an Anodicator  (manufac tured  by 
the R. O. Hull  Company, Rocky River,  Ohio).  The 
applied voltage (60 cps a.c.) was increased at the ra te  
of 32 v / sec  unti l  b reakdown occurred. Values of the 
peak field at b reakdown were  1200 -1450 v /~  (848-1025 
v /~  rms) for the phosphosilicate glass samples com- 
pared to 810-870 v/,~ (572-615 v/~ rms) for the SiO2. 
Even though leakage currents  are larger, the phospho- 
silicate glass shows a marked  increase in dielectric 
strength. This has also been found to be the case wi th  
other glasses formed by predeposit ion over  thermal  
oxides on silicon. 

Dielectric constant- -Smal l -s ignal  capacitance meas-  
urements  were  made in the f requency range 50 cps to 
100 kc/sec  using Boonton model  74C and W a y n e - K e r r  
type B221 bridges. During the measurements  a large 
negat ive  d-c bias was applied to the field plate so that  
the p- type  silicon surface was strongly accumulated 
and the t rue oxide capacitance was obtained. From the 
measured capacitance, the field plate area, and the 
oxide thickness, dielectric constants were  calculated 
and were  found to be independent  of f requency at 
room temperature .  The values obtained were  in the 
range 4.0 to 4.1 for the phosphosilicate glass. Sl ightly 
lower values of 3.75 to 3.9 were  obtained for the ther-  
mal  oxides in agreement  wi th  previously  published 
values (14, 15). 

The t empera tu re  dependence of the dielectric con- 
stant was also investigated, and in the case of the 
phosphosilicate glass it was found to increase mark -  
edly at high tempera tures  and low frequencies.  F igure  
4 shows the dielectric constant vs. t empera tu re  at 50 
cps for both the glass and the SiO2 samples. For the 
glass, the dispersion is about 20% whi le  for the SiO2 
it is less than 1%. At higher  frequencies,  the disper-  
sion shifts to higher  tempera tures  and vice-versa.  
Under  a d-c bias, the polarization effect responsible 
for the dispersion manifests itself as a drift  in the ca- 
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Fig. 4. Dielectric constant of phosphosilicate glass and silicon 
dioxide films as a function of temperature at 50 cps, 
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Table I. Properties of silicon dioxide layers on silicon 
(prepared at 1200 ~ in dry 02) compared with phosphosilicate glass 

(prepared by predepositing P205 onto thermal Si02 at 1020~ 

S i 0 2  P ~ O a - S i O ~  

C o m p o s i t i o n  
(Mole  % P20~) 0 14.5-16.5 

D e n s i t y  2.24-2.27 g / c m  s 2.35-2.40 K / c m  s 
E t c h  r a t e  

(15 H F :  10 H N O 3 : 3 0 0  
tt.~O) 2 A / s e c  500 A / s e c  

R e s i s t i v i t y  
(200~ 37 v / /D > 5  • 10 TM o h m - c m  2 • 10 TM o h m - c m  

D i e l e c t r i c  s t r e n g t h  
(25~ 375~ d ia  AI  dots)  810-070 v / ~  1200-1450 v / ~  

D i e l e c t r i c  c o n s t a n t  
(25~ lOOke) 3.75-3.90 4.00-4.10 

p a c i t a n c e - v o l t a g e  c h a r a c t e r i s t i c  of t h e  M O S  s t r u c t u r e .  
T h i s  d r i f t  w a s  o b s e r v e d  in  t h e  s o d i u m  m a s k i n g  e x -  
p e r i m e n t  a b o v e  a n d  w a s  t h e  s u b j e c t  of a n  e x t e n s i v e  
i n v e s t i g a t i o n  to b e  d e s c r i b e d  in  t h e  n e x t  sec t ion .  

A s u m m a r y  of t h e  p r o p e r t i e s  r e p o r t e d  a b o v e  fo r  t h e  
s i l i c o n - d i o x i d e  a n d  t h e  p h o s p h o s i l i c a t e  g lass  l a y e r s  on  
s i l i con  is s h o w n  in  T a b l e  I. I n  t h e  case  of t h e  p h o s -  
p h o s i l i c a t e  l aye r s ,  o n l y  t h e  p r o p e r t i e s  of t h e  g lass  
f o r m e d  b y  p r e d e p o s i t i o n  a t  1020~ a r e  i n c l u d e d .  

Polar i za t ion  Ef fects  

T h e  p h o s p h o s i l i c a t e  g lass  f i lms 3 w e r e  e x a m i n e d  for  
p o l a r i z a t i o n  effects  u s i n g  t h e  M O S  c a p a c i t a n c e - v o l t a g e  
m e t h o d  (15) .  I n  a p p l y i n g  t h i s  m e t h o d  to s t u d y  p o -  
l a r i z a t i on ,  one  f i rs t  m e a s u r e s  t he  i n i t i a l  c a p a c i t a n c e -  
v o l t a g e  c h a r a c t e r i s t i c  of t h e  dev ice .  A p o l a r i z i n g  v o l t -  
age  Vp is t h e n  a p p l i e d  to t h e  f ie ld p l a t e  fo r  a g i v e n  
l e n g t h  of t i m e  a t  a n  e l e v a t e d  t e m p e r a t u r e .  A f t e r  
q u e n c h i n g  to r o o m  t e m p e r a t u r e ,  t h e  C-V c h a r a c t e r -  
i s t ic  is r e m e a s u r e d  a n d  a n y  s h i f t  AV a l o n g  t h e  v o l t a g e  
a x i s  is r e l a t e d  to c h a r g e  d i s p l a c e m e n t  or  p o l a r i z a t i o n  
in  t h e  glass.  T h e  de t a i l s  of  t h e  t e c h n i q u e  a r e  d e s c r i b e d  
in  ref .  (13) a n d  (1.6). In  a d d i t i o n  to b e i n g  a m e a s u r e  
of  t h e  p o l a r i z a t i o n ,  t h e  s h i f t  a V  h a s  a v e r y  p r a c t i c a l  
s ign i f i cance  s ince  i t  c o r r e s p o n d s  d i r e c t l y  to  t h e  c h a n g e  
in  t u r n - o n  v o l t a g e  w h i c h  w o u l d  b e  o b s e r v e d  in  a n  
M O S  t r a n s i s t o r  u s i n g  t h e  glass  fo r  ga t e  i n s u l a t i o n .  

I n  t h e s e  fi lms, t w o  d i s t i n c t  a n d  eas i ly  s e p a r a b l e  p o -  
l a r i z a t i o n  effects  w e r e  o b s e r v e d .  T h e  f i rs t  of t h e s e  was  
r e l a t i v e l y  s m a l l  a n d  s a t u r a t e d  r a p i d l y  a t  l ow  t e m p e r a -  
t u r e  (a  f e w  m i n u t e s  a t  ~ 1 0 0 ~  T h e  s e c o n d  effec t  
w a s  m u c h  l a rge r ,  b u t  r e q u i r e d  o v e r  100 h r  a t  300~ to 
r e a c h  s a t u r a t i o n .  W e  s h a l l  d i scuss  t h e  s m a l l e r  l ow  
t e m p e r a t u r e  effect  first.  

Low-temperature polarization.--The t i m e  d e p e n d -  
ence  of t h e  s h i f t  in  t h e  C-V c h a r a c t e r i s t i c  of a t y p i c a l  
s a m p l e  a t  60~ a n d  - - 5 0 v  b ias  is s h o w n  in  Fig. 5. T h e  

3 All phosphosilieate films used f o r  t h e  following polarization 
studies were prepared by depositing P~O5 at 1020~ for various 
times onto thermally formed SiOe. 
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Fig. 6. Temperature dependence of the time constant for polari- 
zation of the phosphosilicate glass layer. The polarization process 
is characterized by an activation energy of about 1 ev. 

a p p r o a c h  to  s a t u r a t i o n  is n o t  e x p o n e n t i a l  a n d  a d e -  
t a i l e d  d e s c r i p t i o n  w o u l d  r e q u i r e  a b r o a d  d i s t r i b u t i o n  
of t i m e  c o n s t a n t s .  N e v e r t h e l e s s ,  w e  def ine  a n  e f fec t ive  
t i m e  c o n s t a n t  ~ as t h a t  t i m e  r e q u i r e d  fo r  ~V to  c o m e  
w i t h i n  1 /e  of i t s  s a t u r a t i o n  va lue .  T h i s  is a b o u t  6 m i n  
in  t h e  e x a m p l e  of Fig.  5. T h e  e f fec t ive  t i m e  c o n s t a n t  
w a s  e v a l u a t e d  a t  s e v e r a l  o t h e r  t e m p e r a t u r e s  b e t w e e n  
40 ~ a n d  100~ a n d  i ts  d e p e n d e n c e  on  t e m p e r a t u r e  is 
s h o w n  in  Fig.  6. T h i s  t e m p e r a t u r e  d e p e n d e n c e  c a n  b e  
d e s c r i b e d  b y  a n  a c t i v a t i o n  e n e r g y  of 1.0 e v  (23 k c a l /  
m o l e ) .  

T h e  t i m e  c o n s t a n t  w a s  no t  v e r y  s e n s i t i v e  to t h e  m a g -  
n i t u d e  or  s ign  of t h e  a p p l i e d  p o l a r i z i n g  v o l t a g e  Vp, 
b u t  t h e  s a t u r a t i o n  d r i f t  aVsAT w a s  a l m o s t  p r e c i s e l y  
p r o p o r t i o n a l  to Vp a n d  was  oppos i t e  in  s ign.  I n  Fig. 7, 
a n u m b e r  of c a p a c i t a n c e - v o l t a g e  c u r v e s  a r e  s h o w n  
w h i c h  w e r e  o b t a i n e d  f r o m  t h e  s a m e  d e v i c e  a f t e r  b i a s -  
ing  a t  v a r i o u s  v o l t a g e s  a t  120~ fo r  5 m i n  ( m o r e  t h a n  
suff ic ient  to  r e a c h  s a t u r a t i o n ) .  T h e s e  c u r v e s  w e r e  r e -  
p r o d u c i b l e  a n d  d id  n o t  d e p e n d  o n  p a s t  h i s t o ry .  T h e y  
cou ld  b e  o b t a i n e d  in  a n y  o r d e r  b y  s i m p l y  b i a s i n g  a t  
t h e  d e s i r e d  v o l t a g e  fo r  a t i m e  l o n g  e n o u g h  to a c h i e v e  
s a t u r a t i o n .  U p o n  h e a t i n g  u n d e r  s h o r t  c i r cu i t  t h e  c h a r -  
a c t e r i s t i c  a l w a y s  r e t u r n e d  to  t h e  ze ro  b i a s  case.  T h e  
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Fig. 5. Capacitance-voltage curves obtained on a double-layer 
capacitor after application of --50v to the field plate at 60~ for 
various lengths of time. The shift of the C-V characteristic is due 
to the build-up of a polarization in the phosphosi~icate layer. 
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Fig. 7. Capacitance-voltage curves obtained on a double layer 
capacitor after biasing until saturation at various applied voltages. 
The shift of the C - V  curve z~VsAT is proportional to the applied 
voltage. Xg = 0.24/~; xo = 0.04/~. 
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saturat ion drif t  per unit applied vol tage ATtfSAT/~C'p 
was found to be larger  for larger  values of the glass- 
to-oxide thickness ratio xJxo.  This dependence was 
invest igated on a large number  of samples wi th  a 
wide range of XJXo ratios and the results are shown 
in Fig. 8. The points corresponding to very  large XJXo 
ratios are ra ther  uncertain because of difficulty in 
measur ing the thinnest  oxide layers.  The curve  
through the data points is a theoret ical  one, and its 
basis will  be discussed later. These data show that  
aVsAT/Vp is a saturat ing function of x J x o  and that  
even when the insulat ing layer  is essential ly all phos-  
phorus glass ~VsAT is only about 18% of the applied 
polarizing voltage. 

Similar  drift  effects in a lead borosil icate glass have  
been explained by the migrat ion of mobile  cations in 
the glass (16). These ions drif t  under  an applied po- 
larizing vol tage unti l  space charges have  been buil t  up 
at the metal -glass  and glass-oxide interfaces which 
completely cancel the electric field in the glass layer.  
This model  predicts a saturat ion drif t  in the C-V 
characterist ic which is given by 

goxg 
A V s A T  - -  - -  Vp [ 1 ]  

ggxo 

where  Ko and Kg are the re la t ive  dielectric constants 
of the oxide and glass, respectively.  Hence for large 
xg/Xo, AVsAT can be many  times the polarizing voltage.  
In the present  experiments ,  on the other  hand, AVsAT 
was not proport ional  to XJXo and was always much 
less than Vp. This shows that  the polarizat ion is not  
due to the unl imited migra t ion  of ions wi th in  the glass 
layer  which would correspond to an infinite polar iza-  
bility but  must  be described by a finite polar izabi l i ty  
Xp. Under  an applied voltage, such a polar izabi l i ty  wil l  
give rise to the slow bui ld-up  of a un i form vo lume 
polarization P = eoxpEg where  eo is the permi t t iv i ty  of 
free space and Eg is the field in the glass layer. 4 This 
slow polarization is in addition to the instantaneous 
polarizat ion which is re la ted to the h igh- f requency  
dielectric constant Kg. Such a vo lume polarization is 
equiva len t  to a surface charge on the glass-oxide 
interface of density 

Qp = P : eoxpEg [2] 

and a surface charge on the glass-metal  interface of 
equal  magni tude  but opposite sign. 

Af te r  equi l ibr ium is reached, we can re la te  Q p  to the 
applied polarizing vol tage as follows. The applied 
voltage must  be the sum of the vol tage drops across 
the oxide and glass layers 

R a t i o n a l i z e d  M K S  u n i t s  a r e  u s e d  t h r o u g h o u t  t h i s  s e c t i o n .  

--Vp = Egxg 'k Eoxo [3] 

Also, the fields in the glass and oxide are re la ted  by 

KoEo = (Kg t- xv)Eg [4] 

since the electric displacement  must  be continuous 
across a dielectric interface. El iminat ing Eo between 
[3] and [4] we obtain 

--KoVp 
Eg = [5] 

(Kg --k xv)Xo W Koxg 

and substi tuting this into [2] we have  

--KoeoxpVp 
Qp _- [6] 

(Kg + Xp)xo -b Koxg 

If Cg and Co are the capacitances of the glass and 
oxide layers, respectively,  then the charge induced in 
the silicon by Q~ is 

CoQ~ 
Qs' -- [7] 

Co + Cg 

and the shift in the 'C-V characteristic caused by this  
excess charge is 

(Co + Cg) Qp xgQv 
AVsAT = Qs' = --  - -  [8] 

CoCg Cg eoK~ 

Finally,  substi tut ing [6] into [8] we obtain for the 
saturat ion drift  as a function of applied vol tage 

--KoXgXpVp 
~VsAT = [9] 

Kg[ (Kg -}- xp)xo -}- Koxg] 

Note that  if we let Xp --> oo, this reduces to Eq. [1] 
for a completely  polarizable glass layer. 

Equat ion [9] gives a l inear  dependence of A V S A T  o n  

Vp and predicts that  AVsAT/VP is a saturat ing funct ion 
of x J x o  as was observed exper imental ly .  The theo-  
ret ical  curve  in Fig. 8 was plotted f rom Eq. [9] using 
the approximate  values Ko = Kg = 4 and choosing for 
the polar izabi l i ty  xv = 0.75. It wil l  be seen f rom the 
figure that  this single value  of the polarizabil i ty is in 
reasonable agreement  wi th  the data on all of the sam- 
ples which have  been measured.  Since these samples 
were  prepared  in several  different furnaces  and on 
some of them POCla was  substi tuted for P205 as a 
source of phosphorus, it seems unl ikely  that  this po-  
lar izabil i ty results f rom an unintent ional  t race con- 
tamination.  I t  is more l ikely that  it is an intrinsic 
proper ty  of the phosphosilicate glass itself. 

It has been assumed throughout  the preceding dis- 
cussion that  the polarization was uni form throughout  
the glass layer  and was zero in the oxide layer. This 
fact  was demonstra ted by an etching exper iment  using 
two identical  samples. One was polarized a t - - 6 0 v  
while  the other  remained unpolarized. The a luminum 
electrodes were  then etched off both samples and the 
glass layers were  etched away in small  steps. Af te r  
each step C-V curves were  made using a gold bal l  
pressed against the glass surface as the meta l  elec-  
trode. The displacement  be tween the C-V curves  made  
on the polarized and unpolar ized samples was then 
plot ted as a funct ion of the remain ing  glass thickness 
and the result  is shown in Fig. 9. The straight  l ine 
thus obtained verifies the l inear  dependence of AV on 
xg (for a given Qp) which is predicted by Eq. [8]. 
Since this equat ion was der ived on the basis of a uni-  
form polarizat ion in the glass, that  assumption is 
justified. The fact  that  ~V goes to zero when  all of the 
glass is r emoved  proves that  there  is no polarizat ion in 
the SiO2 layer.  

The mechanism responsible for the polar izabi l i ty  xp 
has not been established, but  two possibilities wi l l  
be considered. These are i l lustrated schematical ly  in 
Fig. 10 (a) and (b).  The  first is the orientat ion of 
pe rmanen t  dipoles un i formly  dis tr ibuted in the glass. 
This mechanism results (17) in a polar izabi l i ty  given 
by 
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Fig. 9. Displacement ~V between C-V curves made on polarized 
and unpolarized devices as a function of glass removed by etch- 
ing. The straight line intersecting the x-axis at the glass oxide in- 
terface implies a uniform polarization in the glass and zero po- 
larization in the SiO2. 

Nq2a 2 
xp ( d i p o l a r )  - -  - -  [10] 

2eokT 

w h e r e  N is t h e  c o n c e n t r a t i o n  of  d ipoles ,  qa is t h e i r  
d ipo le  m o m e n t ,  k is B o l t z m a n n ' s  c o n s t a n t ,  a n d  T is t h e  
a b s o l u t e  t e m p e r a t u r e .  A s s u m i n g  a d ipo le  l e n g t h  
a = 5A, t h i s  m o d e l  w o u l d  r e q u i r e  a c o n c e n t r a t i o n  of 
d ipo les  of t h e  o r d e r  of 1019/cm 3. O n e  d i f f icul ty  w i t h  
t h i s  m o d e l  is t h a t  t h e  p r e d i c t e d  t e m p e r a t u r e  d e p e n d -  
e n c e  of xp w a s  no t  o b s e r v e d  e x p e r i m e n t a l l y .  

A second,  a n d  m o r e  l ike ly ,  p o s s i b i l i t y  is t h a t  t he  
glass  is n o t  h o m o g e n e o u s ,  b u t  t h a t  i t  c o n t a i n s  a s m a l l  
a m o u n t  of a c o n d u c t i v e  p h a s e  ( p e r h a p s  a c r y s t a l l i n e  
p r e c i p i t a t e )  u n i f o r m l y  d i s p e r s e d  in  t h e  g lass  l aye r .  T h e  
a p p a r e n t  p o l a r i z a b i l i t y  t h a t  is o b s e r v e d  w o u l d  t h e n  b e  
d u e  to i n t e r r a c i a l  p o l a r i z a t i o n  b e t w e e n  t h e  c o n d u c t i v e  
i n c t u s i o n s  a n d  t h e  b u l k  of t h e  glass.  T h e  r e s u l t i n g  e x -  
p r e s s i o n  fo r  t h e  p o l a r i z a b i l i t y  d e p e n d s  s o m e w h a t  on  
t h e  s h a p e  of t h e  s m a l l  c o n d u c t i v e  r eg ions ,  b u t  if  i t  b e  
a s s u m e d  t h e y  a r e  sphe re s ,  one  ge ts  (18, 19) 

9Kgl 2 v2/vl 
xp ( i n t e r r a c i a l )  ~ [11] 

2Kgl + Kg2 

w h e r e  Kgl a n d  Kg2 a r e  t h e  d i e l ec t r i c  c o n s t a n t s  of t h e  
b u l k  glass  a n d  t he  c o n d u c t i v e  p h a s e  a n d  v2/vl is t h e  
f r a c t i o n a l  v o l u m e  of t h e  c o n d u c t i v e  phase .  A s s u m i n g  
Kgl ~ K g 2  a n d  u s i n g  xp ~ 0.75 w e  o b t a i n  f r o m  [11] 
ve/v~ ~ 0.06 or  t he  c o n d u c t i n g  p h a s e  m u s t  o c c u p y  
a b o u t  6% of t h e  t o t a l  v o l u m e  of t h e  glass.  If, i n s t e a d  
of b e i n g  s p h e r i c a l ,  t h e  i n c l u s i o n s  w e r e  n e e d l e - s h a p e d  
w i t h  t h e  ax is  p e r p e n d i c u l a r  to t h e  sur face ,  t h e n  a 
m u c h  s m a l l e r  v o l u m e  of c o n d u c t i v e  m a t e r i a l  c o u l d  ac-  
c o u n t  f o r  t h e  o b s e r v e d  p o l a r i z a b i l i t y  (19) .  T h e  t i m e  
c o n s t a n t  fo r  t h e  b u i l d - u p  of t h i s  i n t e r r a c i a l  p o l a r i z a -  
t i on  is (18, 19),  a g a i n  a s s u m i n g  s p h e r i c a l  c o n d u c t i n g  
r e g i o n s  

= (2K~1 + Kg2) eo/~2 [12] 

w h e r e  z2 is t h e  c o n d u c t i v i t y  of t h e  c o n d u c t i n g  phase .  
F r o m  th i s  e q u a t i o n  a n d  t h e  m e a s u r e d  t i m e  c o n s t a n t s  
of Fig. 6 w e  ge t  a c o n d u c t i v i t y  w h i c h  i n c r e a s e s  e x -  
p o n e n t i a l l y  w i t h  t e m p e r a t u r e  w i t h  a n  a c t i v a t i o n  e n -  
e r g y  of 1 e v  a n d  w h i c h  h a s  a v a l u e  of 2 x 10 - ~  
m h o / c m  a t  60~ As  w as  n o t e d  ea r l i e r ,  t h e  x u s e d  h e r e  
is a n  e f fec t ive  v a l u e  r e p r e s e n t i n g  a n  a v e r a g e  of a d i s -  

M E T A L  

- V p ~  

G L A S S  

@ ( ~ @ @  
(~(s163 
(K~(E~@(E)  
(E~b(E) (~@ 

(a) 

SiO~, ' , S I L I C O N  I 

Ib) 

Fig. 10. Schematic illustration of two models which could account 
for the observed polarization of the phosphosilicote glass layers: 
(a) the orientation of permanent dipoles; if the dipole length were 
5A,  a concentration of the order of 1019/cm 3 would be required; 
(b) interfacial polarization due to conducting inclusions in the 
glass layer. If the conducting regions were spherical they would 
have to occupy about 6% of the glass volume. 

t r i b u t i o n  of r e l a x a t i o n  t imes .  T h i s  d i s t r i b u t i o n  cou ld  
b e  e x p l a i n e d  e i t h e r  b y  v a r i a t i o n s  in  t h e  s h a p e s  of t h e  
c o n d u c t i n g  r e g i o n s  or  b y  v a r i a t i o n s  in  t h e  c o n d u c t i v i t y  
i tself .  

High-temperature polarization.--It w a s  pos s ib l e  to 
o b t a i n  m u c h  l a r g e r  p o l a r i z a t i o n  effects  t h a n  t hose  
j u s t  d e s c r i b e d  b y  b i a s i n g  fo r  v e r y  l o n g  p e r i o d s  of t i m e  
a t  h i g h e r  t e m p e r a t u r e s .  T h i s  h i g h  t e m p e r a t u r e  po -  
l a r i z a t i o n  was  a l so  p r o p o r t i o n a l  to t h e  a p p l i e d  v o l t a g e  
a n d  w a s  a p p r o x i m a t e l y  s y m m e t r i c a l  u n d e r  p o s i t i v e  
a n d  n e g a t i v e  bias .  F i g u r e  11 s h o w s  AV vs. t i m e  a t  
t h r e e  d i f f e r e n t  t e m p e r a t u r e s  fo r  a se t  of i d e n t i c a l  s a m -  
ples.  T h e  d o t t e d  l i ne  i n d i c a t e s  t h e  s a t u r a t i o n  v a l u e  o f  
t h e  l o w - t e m p e r a t u r e  d r i f t .  A t  125~ a b o u t  10 h r  a r e  
r e q u i r e d  b e f o r e  a n y  a d d i t i o n a l  d r i f t  c a n  e v e n  b e  ob -  
s e rved .  A t  200~ t h e  d r i f t  is  m u c h  fas te r ,  b u t  i t  h a s  
s t i l l  n o t  s a t u r a t e d  a f t e r  3000 hr .  A t  300~ t h e  d r i f t  is 
s t i l l  f as te r ,  a n d  i t  f ina l ly  s a t u r a t e s  a t  s l i g h t l y  o v e r  100 

7C ' ' ' '  . . . .  I ' ' . . . . . .  I ' ' ' ' ' ' " 1  ' ' ' ' " " 1  ' ' ' ' ' " '  
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Fig. 11. Long-term, high-temperature drift in the C-V character- 
istic of phosphosilicate glass-silicon dioxide double-layer capaci- 
tors. This effect can be explained by ion migration through the 
bulk. of the glass layer causing interfacial polarization on the glass- 
oxide interface, x o ~ 0.20#; xo ~ 0.075#; Vp ~ -Jr" 22.5v. 
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hr. In this case the aV at saturat ion is 20 times larger  
than that  corresponding to the l ow- t empera tu re  drift. 

This long- te rm drif t  can be explained in terms of 
ion migrat ion in the bulk of the glass film. The mi-  
grat ing ions build up a space-charge on the glass- 
oxide interface which eventua l ly  cancels the applied 
field in the glass layer  and leads to saturation. This 
type of polarization has been discussed at length in 
ref. (16) and leads to a shift AVsAT given by Eq. [1]. 
For the sample dimensions and the applied vol tage 
indicated in Fig. 11, this equat ion predicts a AVsAT of 
60V which is in excel lent  agreement  with the ob- 
served value. The 200 ~ and 300 ~ curves in Fig. 11 are 
near ly  parallel,  being displaced f rom each other  along 
the t ime axis by a factor of about 160. This shift cor-  
responds to an act ivation energy of 1.15 ev, a value  
only sl ightly higher  than that  for the l ow- t empera tu re  
effect. 

This long- te rm drift  effect is definitely associated 
with  the phosphosilicate glass layer  since it was not  
observed with  uncontaminated  silicon dioxide films 
under  similar  test conditions (13, 15). 

Summary and Conclusions 
A survey has been made of the propert ies  of the 

phosphosilicate glass which is obtained when  P205 is 
predeposi ted on the rmal ly  oxidized silicon. Such prop-  
erties as the composition, density, etch rate, resistiv- 
ity, dielectric constant and dielectric s trength have  
been determined and compared with the correspond-  
ing propert ies  of silicon dioxide films. 

It has also been found that  a phosphosilicate glass 
layer  over  silicon dioxide is an effective barr ie r  to 
sodium ion migration,  and this fact may account for 
the reported increase in stability of planar  transistors 
and MOS devices which include such a glass layer  
(7). On the other hand, reproducible  polarizat ion ef -  
fects have been discovered in the phosphosilicate glass 
which appear to be unre la ted  to contamination. Thus, 
while  the glass layer  el iminates the gross instabili t ies 
which resul t  f rom alkali  contamination,  these polar iza-  
tion effects lead to MOS devices less stable than those 
which can be made using pure uncontaminated  SIO2. 
The polarization of the phosphosilicate glass has been 
studied in detail  using the MOS capaci tance-vol tage 
method, and a model  has been presented for in ter -  
pretat ion of the results. 
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High-Temperature Immiscibility of Uranium Mono- and Dicarbides 1 

Mildred Bradley Sears, Leslie M. Ferris, and Robert J. Gray 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

The h igh- tempera ture ,  u ran ium monocarbide-d icarb ide  immiscibi l i ty  re-  
gion was determined by examining the microstructures  of specimens with 
compositions f rom UCI.1 to UCI.s, which had been prepared by decomposing 
mixtures  containing the sesquicarbide at 1820~176 The low carbon mis-  
cibil i ty boundary,  which occurs be tween UCI.1 and UC1.2 (5.2 and 5.7% car-  
bon),  is near ly  composition invar iant  be tween 1820 ~ and 2070~ The high 
carbon miscibil i ty boundary occurs at about UC1.65 (7.7% carbon) at 1820~ 
and the solubili ty of the monocarbide in the dicarbide phase increases l inear ly  
wi th  increasing temperature .  The peak of the immiscible region occurs at 
about UC1.2 (5.7% carbon) and a t empera tu re  above 2070~ 

There  is general  agreement  that  cubic u ran ium 
monocarbide (UC) and cubic u ran ium dicarbide [usu- 
ally designated as UC2 although, in fact, it is a lways 
substoichiometric,  the most common composition being 
UCI.s (1)] form a complete  series of solid solutions 
near  the mel t ing point (1-8). A region of immiscibi l i ty  
has been observed at tempera tures  be tween  about 
1800 ~ and 2100~ but has not been clearly defined. 

1 R e s e a r c h  sponsored  by  t he  U n i t e d  S ta t e s  A t o m i c  E n e r g y  Com-  
m i s s i o n  u n d e r  con t r ac t  w i t h  the  U n i o n  Ca rb ide  Corpo ra t i on .  

Mallet t  et al. (2) placed the upper  l imit  of the im-  
miscible region at about 2025~ and 6.2% carbon based 
on micros t ruc ture  studies, whi le  Wi t teman and Bow-  
man (9) de termined the critical t empera tu re  as 2050 ~ 
•176 at a composition of UC1.~5+_0.0~ (6.4+__0.2% car-  
bon) from thermal  arrest  data. At one t ime Chubb 
and Phill ips (10) fel t  that  the region of immiscibi l i ty  
extended to the mel t ing  point, but soon a f te rward  re -  
vised their  consti tutional d iagram when  they found 
evidence of a s ingle-phase region at 2300~ (3). Mal-  
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lett  et al. (2) found l i t t le  or no solubil i ty of UC2 in 
UC at 1890~ based on micros t ruc ture  studies. F rom 
the change in the UC latt ice paramete r  at high t em-  
peratures,  Wilson (4) concluded that  a UC-UC2 solid 
solution containing up to 5.2% carbon exists at 1820~ 
and that  UC may also dissolve a small amount  of ex-  
cess carbon at lower  temperatures .  Unfor tuna te ly  at 
high tempera tures  the surface composition, which de- 
te rmines  the x - r ay  diffraction pattern,  differed f rom 
the bulk composition of the specimens so that  Wilson 
had to est imate the carbon compositions f rom the la t -  
tice parameters  by assuming that  the latt ice paramete r  
var ied l inear ly  with composit ion f rom cubic UC to 
cubic UC2 (Vegard's  law) .  A number  of phase dia-  
grams appear  to be based on Wilson's solubili ty data 
(1, 3, 5, 6, 8, 10). F rom thermal  arrest  data, Wit teman 
and Bowman  (9) established that  one boundary of the 
immiscible  region intersects the UC2 cubic - to - te t rag-  
onal t ransi t ion isotherm at a composit ion be tween  
UC1.0 and UC1.065 (4.8-5.07% carbon).  Whi le  they d i d  
not give a t empera ture  for the UC2 phase transition, 
co-workers  of theirs have  reported a value  of 1785 ~ 
•176  (11). Magnier  and Accary (7) found pract ical ly 
no solubil i ty of UC2 in UC at 1800~ and Chubb (6) 
in his most  recent  d iagram lowered the miscibil i ty 
boundary  to about 5% carbon; no data were  given. 
The boundary  at the h igh-carbon end of the system 
at about 1800~ has been placed at 8.2% carbon by 
Mallet t  et al. (2), about UC1.6 (7.5% carbon) by Witte- 
man  and Bowman (9), 8.5% carbon by Wilson (4), 
8.8% by Magnier  and Accary (7), and 7.8% by Chubb 
(6). Takahashi  et al. (12) bel ieve that  a UC2-y phase 
containing 7.8% carbon or more is stable at the t ransi-  
tion temperature .  

Examinat ion  of the microstructures  of diffusion 
couples which had been annealed at 1800~ and higher  
led Chubb and Phil l ips (10) to postulate a eutectoid 
at 7-7.5% carbon and just  below 1800~ They revised 
Wilson's consti tutional d iagram (4), and this revision 
has been incorporated into several  other diagrams 
(1, 3, 5, 8). Chubb deleted the eutectoid f rom his 1964 
diagram (6). Takahashi  et al. (12) found no evidence 
of a eutectoid in the micros t ructure  of a specimen 
containing 6% carbon, and Magnier  and Accary (7) 
did not include it in their  diagram. 

This paper presents the results of a micros t ruc ture  
study of u ran ium carbide specimens wi th  composit ions 
f rom UCI.~ to UCI.s (5.3-8.3% carbon) which had been 
prepared by decomposing mixtures  containing u ra -  
n ium sesquicarbide at tempera tures  f rom 1820 ~ to 
2130~ 

Experimental 
Preparation oy the carbides.--Specimens were  p re -  

pared by first a rc -mel t ing  h igh-pur i ty  u ran ium meta l  
(<400 ppm total  impuri t ies)  and spectroscopic grade 
carbon, using nonconsumable  tungsten electrodes, and 
quenching the melts  on a water -cooled  but ton mold 
as described previously  (13-16). The resul t ing buttons 
were  then hea t - t rea ted  for .65 hr  at 1600~ in a Brew 
High Vacuum Furnace,  No. 424 B, to form monocarbide-  
sesquicarbide and sesquicarbide-dicarbide  mix tures  
(15). Finally,  the mixtures  were  hea t - t rea ted  in the 
Brew furnace at t empera tures  be tween  1820 ~ and 
2130~ to decompose the sesquicarbide and re form 
monocarbide-dicarbide  mixtures.  Tempera tures  were  
measured  with  an accuracy of _+20~ wi th  a Leeds and 
Nor thrup  optical pyrometer .  Al though samples were  
not quenched after  the hea t - t rea tments ,  they were  fu r -  
nace-cooled to 1000~ in less than 5 min  and to 500~ 
wi th in  10 rain. Graphi te  crucibles were  used to contain 
the specimens. Most of the specimens wi th  composi-  
tions f rom UCI.1 to UC1.3 were  set on small disks of 
u ran ium monocarbide to prevent  react ion wi th  the 
crucible. Under  these conditions there  was no visible 
react ion of the specimens wi th  the crucibles, and only 
specimen 8G (UC1.3 hea t - t r ea ted  at 2130~ direct ly  on 
graphite)  showed any noticeable increase in the car-  
bon concentrat ion as a resul t  of the heat - t rea tments .  

Table I. Composition of heat-treated uranium carbides 

Fig. Temp, Time, 
No. Specimen ~ hr 

F i n a l  h e a t -  Corn-  
t r e a t m e n t  a A n a l y s i s ,  w / o  b i n e d -  

CTU 
T o t a l  F r e e  a t o m  

U C C r a t i o  

1 16I b 1820 6 94.7 5.25 0.01 1.10 
16I t  b 1900 6 94.7 5.26 0.01 1.10 
171 b 1820 6 94.3 5.71 0.01 1.20 
17H b 1900 6 94.2 5.74 0.01 1.20 
17J  b 2000 4 94.3 5.69 0.01 1.20 

2 17M b 2070 2 94.3 5.70 0.01 1.20 
3a 8G 2130 2 93.5~ 6.52 c 0.02 ~ 1.38 c 

8 M  b 2070 2 94.0 5.98 0.01 1.26 
3b  8J  2000 4 93.8 6.16 0.03 1.30 
4a  l l M b  2070 2 93.0 6.67 0.01 1.41 
4b  l l J  2000  4 93.4 6.64 0.01 1.41 
5a  U2C~-3J 2000 4 92.9 7.08 0.01 1.51 
5b  U~C~-3H 1900 6 93.0 7.02 0.04 1.49 
6a  12I-I 1900 6 92.4 7.56 0.01 1.62 
6b 12I 1820 6 92.4 7.55 0.01 1.62 
7 lOI 1820 8 91.9  8.06 0.05 1.73 
8 UC2-21I  1820 6 91.6 8.30 0.03 1.80 

a H e a t e d  f i r s t  65 h r  a t  16O0~ t h e n  a t  i n d i c a t e d  t e m p e r a t u r e .  
Se t  on  U C  d i s k s ,  
A v e r a g e  c o m p o s i t i o n  of t h e  s p e c i m e n  a f t e r  i t  r e a c t e d  w i t h  t h e  

g r a p h i t e  c r u c i b l e .  

Characterizatio~ of the carbides.--Chemical analyses 
of the specimens, af ter  the final hea t - t rea tment ,  for 
uranium, total carbon, and free carbon are given in 
Table I. Tungsten contaminat ion f rom the electrodes 
averaged 0.05% w / o  (weight  per cent) .  Specimens 
were  also analyzed for oxygen (0.01% or less) and 
ni t rogen (avg. 30 ppm) .  The x - r a y  diffraction powder  
pat terns  of the specimens after  cooling to room tem-  
pera ture  were  those of u ran ium monocarbide-dicarbide  
mixtures ;  no residual  sesquicarbide f rom the 1600~ 
hea t - t rea tments  was detected. There  was no shift in 
e i ther  the monocarbide or dicarbide l ines in the x - r ay  
powder  pat terns as a function of the total carbon con- 
tent  be tween  UC0.s and UC2.4, or as a funct ion of the 
hea t - t r ea tmen t  indicating that  at room tempera ture  
there  is ve ry  l i t t le if any solubil i ty of monocarbide in 
dicarbide and vice versa. The hydrolysis  propert ies  of 
many  of these specimens have  been repor ted  else- 
where  (16). 

Procedures.--All  chemical  analyses were  conducted 
by procedures developed in the study of the hydrolysis  
of the as-cast  u ran ium carbides (14). X - r a y  powder  
pat terns  were  de termined  with  a Debye-Scher re r  
l14.59-mm-diameter  powder  camera using CuK-a  
radiation. Specimens were  mounted  for meta l lographic  
examinat ion in a room- tempera tu re  setting epoxy 
resin 2 1.25-in. mount,  rough ground through 320, 400, 
and 600 gri t  silicon carbide papers using a wa te r - f r ee  
silicone fluid ~ as a lubricant,  and v ibra tor i ly  polished 
6-12 hr  on a nylon cloth using a silicone f luid-Linde 
A-graph i t e  s lurry (17). The carbides were  etched with  
equal  parts of glacial acetic acid, 15.8M (70%) nitric 
acid and water  for 1O to 15 sec for uran ium monocar-  
bide, 15 to 30 sec for u ran ium dicarbide, and 10 to 30 
sec for uran ium sesquicarbide. The var ia t ion for each 
of the three  carbides was due to the re la t ive  amount  of 
the other  carbide(s)  present  in the microstructure .  
Etching formed an in ter ference  film on the surface of 
the sample which var ied  in color wi th  the orientat ion 
and composition of the substrate. Black and whi te  
photomicrographs were  made under  br ight  field i l lumi-  
nation wi th  Royal  Pan  film, using Polydet  developer.  

Results 
Two different types of microstructures  were  observed 

when  mixtures  containing sesquicarbide were  decom- 
posed by hea t - t rea t ing  in the range  of 1820~176 
(i) or ientated platelets  of monocarbide (dark)  or di- 
carbide (light) were  observed as a homogeneous dis- 
persion throughout  the ent ire  specimen if the sesqui-  
carbide decomposition had occurred in a region where  

~ " A r a l d i t e , "  C i b a  P r o d u c t s  C o r p o r a t i o n ,  F a i r l a w n ,  N e w  J e r s e y .  

3 D o w  C o m i n g  702 D i f f u s i o n  P u m p  F l u i d .  
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Fig. 1. UCI.~o heat-treated at 1820~ (specimen 161). The 
specimen appears to have been heated in a single-phase region. 
Nitric-acetic etch. 

Fig. 3b. UC1.3o heat-treated at 2000~ (speimen 8J). The speci- 
men appears to have been heated in a two-phase region. Nitric- 
acetic etch. 

thors concerning the morphologies of the precipitates 
are applicable here. The microstructure  of specimen 
8G, which reacted with the graphite crucible at 2130~ 
varied from Fig. 3a which was typical of the low car- 
bon part  of the specimen (UC1.3) to a microstructure  
resembling Fig. 7 (UC1.7) in the part  of the specimen 
in  contact with the crucible. Across this range of 
composition, only the first type of microstructure  in-  
dicating solid solution was observed. 

The second type of microstructure (Fig. 2, 3b, 4b, 5b, 
and 6b) was dist inctly different from the first type. 

Fig. 2. UC1.20 heat-treated at 2070~ (specimen 17M). The 
specimen appears to have been heated in a two-phase region. Ni- 
tric-acetic etch. 

the monocarbide and dicarbide formed a solid solution 
(Fig. l, 3a, 4a, 5a, 6a, 7, and 8), and (ii) large, i r -  
regular ly  shaped areas of monocarbide-r ich and di- 
carbide-r ich phases were observed if the decomposi- 
tion had occurred wi th in  the monocarbide-dicarbide 
immiscibi l i ty  region (Fig. 2, 3b, 4b, 5b, and 6b). 

The first type of microstructure  was similar  to those 
observed by Takahashi  et al. (12) for slow-cooled 
specimens and, in general, the postulates of these au-  

Fig. 4a. UC1.41 heat-treated at 2070~ (specimen I lM) .  The 
specimen appears to have been heated in a single-phase region. 
Nitric-acetic etch. 

Fig. 3a. UC1.3 heat-treated at 2130~ (low carbon portion of 
specimen 8G). The specimen appears to have been heated in a 
single-phase region. Nitric-acetic etch. 

Fig. 4b. UC1.41 heat-treated at 2000~ (specimen 11J). The 
specimen appears to have been heated in a two-phase region. 
Nitric-acetic etch. 
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Fig. 5a. UC1.51 heat-treated at 2000~ (specimen U2Cs-3J). The 
specimen appears to have been heated in a single-phase region. 
Nitric-acetic etch. 

Fig. 6b. UCI.~2 heat-treated at 152~~ (specimen 121). The 
specimen appears to have been heated in a single-phase region. 
Nitric-acetic etch. 

Fig. 5b. UC1.49 heat-treated at 1900~ (specimen U2C3-3H). The 
specimen appears to have been heated in a two-phase region. Ni- 
tric-acetic etch. 

While the second type contained some orientated 
platelets indicat ing part ial  solid solution formation, 
there  were  also re la t ive ly  large, i r regular ly  shaped 
areas of monocarbide-r ich  and dicarbide-r ich phases 
indicat ive of immiscible phases at the hea t - t rea t ing  
temperature .  The dicarbide-r ich areas were  similar  in 
appearance to the UC1.7 specimen which had been 
heated in the s ingle-phase region (Fig. 7) and always 
contained paral le l  platelets of monocarbide which did 
not cross the twin boundaries.  Because of a fine sub- 
s t ructure  (observed at 2000X), the re la t ive  areas of 
UC and UC2 in the dicarbide-r ich phase could not be 
est imated by point counting on a grid. The mono-  
carbide-r ich  sections of the UC1.2 and UC1.3 specimens 
(Fig. 2 and 3b) resembled the UCI.1 specimen which 
had been heated in the s ingle-phase region (Fig. 1) 
and contained paral le l  sets of dicarbide lamel lae  hav -  
ing up to three different orientations. Specimens with  
a composition of UC1.20 which had been heated at 
1820 ~ 1900 ~ and 2000~ had similar  microstructures  to 
specimen 17M, which was heated at 2070~ (Fig. 2). 
The composition of the monocarbide phase in equi l ib-  
r ium with excess dicarbide at 1820 ~ 1900 ~ 2000 ~ and 
2070~ was est imated as being very  close to UCI.~ by 
point counting on a 0.25 in., 187 point -gr id  the re la t ive  
areas of the dicarbide platelets and monocarbide 
mat r ix  in the monocarbide-r ich  portions of these 
UC~.2 specimens, and correct ing for the densities of 
UC and UC2. 

Par t ia l  Const i tu t iona l  D i a g r a m  
The h igh- tempera ture ,  u ran ium monocarb ide-d icar -  

bide immiscibi l i ty region as de termined by examining  

Fig. 6b. UC1.62 heat-treated at 1820~ (specimen 121). The 
specimen appears to have been heated in a two-phase region. 
Nitric-acetic etch. 

the microstructures  of specimens with compositions 
f rom UCI.1 to UC1.8, which had been prepared by de- 
composing mixtures  containing the sesquicarbide at 
1820~176 is i l lustrated in Fig. 9. The low carbon 
immiscibi l i ty boundary is near ly  composition invar iant  
be tween 1820 ~ and 2070~ This is in marked  contrast  
to current  phase diagrams (1-8) which show increas-  
ing solubili ty of the dicarbide in the monocarbide with 
increasing t empera tu re  in this range. At 1765~ only 
a trace of dicarbide dissolved in the monocarbide 

Fig. 7. UC1.73 heat-treated at 1820~ (specimen 101). The speci- 
men appears to have been heated in a single-phase region. Nitric- 
acetic etch. 



Vol.  113, No.  3 I M M I S C I B I L I T Y  O F  U R A N I U M  D I C A R B I D E  273 

Fig. 8. UCI.so heat-treated at 1820~ (specimen UC2-211). The 
specimen appears to have been heated in a single-phase region. 
Nitric-acetic etch. 

phase (18) indicating that the miscibil i ty boundary 
must change rapidly wi th  tempera ture  be tween 1820 ~ 
and 1765~ This proposal is consistent wi th  the Los 
Alamos work  placing the miscibil i ty boundary some- 
where  be tween UC1.0 and UCL06s (9) at 1785 ~ • 20~ 
(11). On the high carbon side of the immiscible region, 
our work  shows a much wider  range of solid solution 
format ion than was reported by Mallet t  et al. (2), 
Wilson (4), Chubb (6), and Magnier  and Accary  (7). 
Al though our high carbon boundary  is about the same 
as that  given by Frost  (1), Rough and Chubb (3), 
Imoto et al. (5), and the IAEA Panel  (8), we found 
no indication of the eutectoid shown in their  dia- 
grams. Our results are consistent wi th  those of Taka-  
hashi et al. (12) who first observed that  alloys con- 
taining 7.8% carbon or more were  stable solid solu- 
tions above the dicarbide transit ion temperature .  The 
peak of the immiscible  region occurs at about  UC~.2 
(5.7% carbon) and a t empera tu re  above 2070~ Un-  
for tunate ly  2100~ was about the max imum tempera-  
ture at tainable in the Brew lurnace,  so we were  un-  
able to define the exact peak temperature .  The esti- 
mate of 2100~ in Fig. 1 was based on the results of 
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Witteman and Bowman  (9) and Mallet t  et al. (2), who 
found the peak at 2050 ~ • 50 ~ and 2025~ respec-  
tively. In fact, the miscibil i ty boundary lines of Fig. 
9 can be ext rapola ted  to a peak as high as 2200~ 

The micras t ructures  of specimens prepared  by de-  
composing mixtures  containing the sesquicarbide show 
the high t empera tu re  monocarbide-dicarbide  im-  
miscibil i ty regicn much more  clearly than do the mi -  
crostructures of as-cast specimens which had been an- 
nealed at 1890 ~ to 2100~ such as were  used by Mallet t  
et al. (2) and Rough and Chubb (3) in de termining 
their  consti tut ional  diagrams. Al though we cannot 
prove in this study that  the phases reached equi l ib-  
r ium during heat- t reat ing,  the hea t - t rea t ing  t imes 
were  long enough to produce marked  changes in the 
microst ructures  compared with  most of the original  
sesquicarbide mixtures,  and were  probably  much 
longer  than those used in the previous studies: Mallet t  
et aL (2) hea t - t rea ted  for "nominal  periods of t ime" 
and Rough and Chubb (3) for 2 to 20 min, compared 
with 2 to 6 hr  in this study. While caution must  al-  
ways be exercised in de termining  h igh- t empera tu re  
phenomena by meta l lographic  examinat ion  at room 
temperature ,  our procedure  has included chemical  
analyses of the specimens both before and af ter  hea t -  
t reat ing so that  the chemical compositions are known 
precisely, which was not the case in Wilson's (4) high-  
t empera tu re  x - r a y  studies. 
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The Electrolytic Reduction of Diisopropyl Ketone in Acid Solution 
Sherlock Swann, Jr., D. K. Eads, 1 and L. H. Krone, Jr. 2 

Department of Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois 

ABSTRACT 

The electrolytic reduct ion of diisopropyl ketone has been studied in acid 
solution at cathodes of zinc, cadmium, mercury,  and lead. The main  products 
are the saturated hydrocarbon and secondary alcohol wi th  pinacol and olefin 
in smaller  amounts. The t empera tu re  at which the solid electrodes were  cast 
had a marked  effect on the course of the reduction. 

This paper  is a continuat ion of a study of the elec-  
t rolyt ic  reduct ion of aliphatic ketones, in which it was 
shown that  me thy l  propyl  ketone was reduced to 
pentane at cathodes of zinc, cadmium, mercury,  and 
lead in yields vary ing  f rom 23 to 75% (1). Since it 
might  be expected that  steric h indrance  would influ- 
ence the course of the reduct ion of an aliphatic ketone 
(12), it seemed desirable to invest igate  the effect of 
branched chains adjacent  to the carbonyl group. A 
study of the electrolytic reduction of diisopropyl ke-  
tone was therefore  undertaken.  Only one previous ex-  
ample of the electrolytic reduct ion of a branched 
chain aliphatic ketone has been reported in the l i tera-  
ture. Wibaut, Hoog, Langedijk,  Overhoff, and Smi t ten-  
berg (2) found that  the main  product  of the reduct ion 
of 3 .3-dimethylbutanone at a cadmium cathode was the 
saturated hydrocarbon.  The olefin and alcohol were  
also present  in small  amounts.  

Apparatus and Procedure 
The apparatus has been described previously (3, 4). 

In the ear ly  part  of the invest igat ion the calcium 
chloride tube was omitted. 

First procedure.--After much exper imenta t ion  the 
fol lowing procedure  for the recovery of products was 
adopted. The catholyte and washings of the porous 
cup and cathodes were  poured into a separatory 
funnel  where  they divided into two layers. The lower, 
aqueous, layer  was removed and the remaining  l iquid 
t ransferred to a small  flask. The aqueous part  was sub- 
jected to simple disti l lation and the fract ion boiling 
up to 88~ collected. This fraction was diluted with  
wate r  and the oily layer which formed added to the 
rest  of the organic mater ia l  in the flask. The residual  
aqueous layer  was again redist i l led and the fract ion 
taken off and treated as before. This procedure  was 
repeated four  times. 

The  oil was fract ionated in a small  column. The 
first fract ion 62~176 was a constant boiling mix tu re  
of hydrocarbons and ethyl  alcohol. The next  fraction 
was evident ly  all  e thyl  alcohol. The second cut was, 
therefore,  made at 85~ 

The dist i l lat ion was then continued under  14 mm 
pressure and the next  fract ion cut at 60~ This con- 
sisted of diisopropyl carbinol and ketone. A residue, 
ve ry  probably of dehydrat ion products of the pinacol, 
was left. 

The hydrocarbon-e thy l  alcohol f ract ion was di luted 
with  water  and the hydrocarbon which separated, 
dried with anhydrous magnes ium sulfate and weighed. 
A port ion of it was analyzed for unsatura t ion by bro-  
mine titration. 

1 P r e s e n t  add re s s :  R o h m  a n d  Haas  Co., Br i s to l ,  Pa.  

2 P r e s e n t  addres s :  M o n s a n t o  C h e m i c a l  C o m p a n y  St.  Lou is ,  Mis -  
sour i .  N a t i o n a l  Sc ience  F o u n d a t i o n  Fe l low,  1952-53. 

The carbinol -ketone  fract ion was weighed, dried 
over anhydrous magnes ium sulfate, and analyzed for 
ketone by ref rac t ive  index. 

To establish the ident i ty  of the saturated hydrocar-  
bon, the mixed  hydrocarbons were  shaken in a separa-  
tory funnel  with concentrated sulfuric acid and syrupy 
phosphoric acid to r emove  the olefin. The acids were  
removed  with  sodium carbonate solution and wate r  
after which the residual  hydrocarbon was dried over  
anhydrous magnes ium sulfate and distilled. The bulk 
of the mater ia l  boiled at 80~ ~ and upon redis t i l la-  
tion at 80.5~ The ref rac t ive  index w a s  N D  20 ~ 1.3806. 
These constants correspond closely wi th  those repor ted  
in the l i tera ture  for 2,4-dimethylpentane,  bp 80.5~ 
a n d  N D  20 ~ 1.38145. The unsa tura ted  heptene was 
de termined  in representa t ive  samples of hydrocarbons  
by t i t rat ion with  bromine  in the first part  of the in-  
vest igat ion and wi th  iodine in the lat ter  part. 

The presence of diisopropyl carbinol in the ketone-  
carbinol f ract ion was established by making  its 
phenylurethane,  mp 93~176 The mel t ing point re -  
ported in the l i te ra ture  is 94~176 (7). To ident i fy 
the ketone an a t tempt  was made to prepare  the 2,4- 
dini t rophenylhydrazone.  This was unsuccessful, but  it 
was found possible to prepare  the semicarbazone, mp 
156~176 The mel t ing point repor ted  in the l i tera-  
ture is 160~ (8). 

Second procedure.--In the la t ter  par t  of the invest i -  
gation the catholyte and washings were  neutral ized 
with sodium carbonate before separat ion of the oily 
layer. The aqueous layer  was distil led and the frac-  
tion boiling up to 85~ collected and di luted with 
water  as before to recover  hydrocarbons.  Since the 
amount  of oil obtained in this way  was very  small, 
only one disti l lation was usual ly  carr ied out. The rest 
of the procedure  was the same as that  previously de-  
scribed except  that  the residue was dissolved in low 
boiling pet ro leum ether  causing the crystal l ization of 
2,5-dimethyl-3,4-diisopropyl-3,4-hexanediol ,  mp 89 ~ 
90~ After  recrystal l izat ion the mel t ing  point was 
90.5~176 The pinacol has been prepared previously 
by Young and Roberts (5) and by Nazarov (6). The 
mel t ing point reported was 91~176 

All  tempera tures  repor ted  in this paper  are  uncor-  
rected. 

Preparation of cathodes.--Solid cathodes were  cast 
in a cold mold and in a mold 50~ under  the mel t ing 
point of the metal.  For  other  exper iments  they were  
electropolished. Zinc was electropolished in phosphoric 
acid-e thyl  alcohol (9), cadmium in phosphoric acid- 
butyl  alcohol (10), and lead in perchloric  acid acetic 
anhydr ide  (11). The solid cathodes were  always ano- 
dized in 20% sulfuric acid before  use except  when 
electropolished. 
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Table I. Influence of temperature 

A n o d e :  l e a d ;  a n o l y t e :  10% s u l f u r i c  a c i d ;  c a t h o l y t e :  20g  os d i i s o p r o p y l  k e t o n e  in  9Og of a s o l u t i o n  of  172.5 cc  of conc .  s u l -  
f u r i c  ac id ,  600 cc of 95% e t h y l  a l c o h o l  a n d  203 cc  of w a t e r  (30% a c i d ) ;  c u r r e n t :  5 a m p ;  c u r r e n t  d e n s i t y :  0.05 amp/cmU;  
d u r a t i o n  of r u n :  33A h r  ( t h e o r e t i c a l  f o r  r e d u c t i o n  of d i i s o p r o p y l  k e t o n e  to  2 , 4 - d i m e t h y l p e n t a n e ) .  
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P e r  c e n t  
P e r  c e n t  P e r  c e n t  G r a m s  of y i e l d  of 

G r a m s  of y i e l d  of G r a m s  of y i e l d  of 2 , 5 - d i m e t h y l -  2 , 5 - d i m e t h y l -  
C a t h o d e  2 , 4 - d i m e t h y l  2 , 4 - d i m e t h y l  d i i s o p r o p y l  d i i s o p r o p y l  3 , 4 - d i i s o p r o p y l -  3 , 4 - d i i s o p r o p y l -  
m a t e r i a l  T e m p ,  ~ C p e n t a n e  p e n t a n e  c a r b i n o l  c a r b i n o l  3 , 4 - h e x a n e d i o l  3 , 4 - h e x a n e d i o l  

Z i n c  370  55 -60  2.8 16.0 49.3 
Z i n c  370 55-60  3.0 17.1 41.0 
Z i n c  370 55-60  2.6 14.7 8.5 41.9 0.2 1.0 
Z i n c  370 55 -60  2.6 14.7 8.6 42.4  0.3 1.5 
Z i n c  370 25-30  3.2 18.4 48.7 
Z i n c  370 25-30  3.1 19.0 49.3 
Z i n c  370 25-30  2.7 15.3 9.0 44.1 2.3 11.4 
Z i n c  370 25-30  2.6 14.7 8.8 43.4 2.3 11.4 
C a d m i u m  55-60  7.1 40.5 26.1 
C a d m i u m  55-60  7.8 44.5 33.4 
R T  55-60  6.7 38.4 31.4  
R T  25-30  6.3 36.0 34.4 
R T  25-30  6.1 35.0 31.9 
R T  25-30  7.2 41.1 7.4 36.4 1.O 5.0 
R T  25-30  7.3 41.7 7.4 36.4 0.9 4.5 
C a d m i u m  270 55-60  4.3 24.4 8.1 39.8 0.4 2.0 
C a d m i u m  270 55-60  4.1 23.4  8.0 39.2 0.3 1.5 
C a d m i u m  270 25-30  5.2 29.7 7.1 34.8 1.2 6.0 
C a d m i u m  270 25-30  5.2 29.7 6.9 34.0 1.2 6.0 
M e r c u r y  55-60  3.4 19.1 0.5 2.5 T r a c e  
M e r c u r y  55-60  3.1 17.7 0.6 3.0 T r a c e  
M e r c u r y  25-30  1.6 9.0 0.5 2.5 T r a c e  
M e r c u r y  25-30  1.8 10.1 0.6 3.0 T r a c e  
L e a d  270 55-60  3.3 18.8 3.8 18.6 0.2 1.0 
L e a d  270 55-60  3.5 20.0 3.7 18.3 0.2 1.0 
L e a d  270 25-30  3.7 21.0 4.5 22.1 0.4 1.7 
L e a d  270 25-30  3.5 19.9 4.6 22.7 0.3 1.5 

T h e  n u m b e r  f o l l o w i n g  t h e  m e t a l  i s  t h e  c a s t i n g  t e m p e r a t u r e .  R T  m e a n s  a t  r o o m  t e m p e r a t u r e .  No  m e t a l l o - o r g a n i c  c o m p o u n d s  w e r e  f o u n d .  

Results and Conclusions 
The results of the invest igat ion are shown in Tables 

I and II and in the discussion, which follows. 
The products of the runs in which yields of pinacol 

are repor ted  were  recovered  by the second of the pro-  
cedures previously  described. 

It  wil l  be noted in Table I that  under  str ict ly com- 
parable conditions the yields of hydrocarbon and al-  
cohol do not va ry  much with  the t empera tu re  at cath-  
odes of zinc, cadmium, and lead, but  the yield of 
pinacol increases marked ly  at the lower  temperature .  
The yield of hydrocarbon at mercury  is, however ,  de- 
cidedly poorer at the lower  temperature .  It is in teres t -  
ing to note that  in the one example  of the relat ion 
of the effect of t empera ture  wi th  the physical s t ructure  
of the cathode material ,  cadmium, and tempera tu re  
seems to be the deciding factor in the format ion of 
pinacol. 

In the runs repor ted  in all tables where  no a t tempt  
was made to isolate the pinacol the tempera tures  were  
taken in the anolyte. In all others the t empera tu re  was 
that  of the catholyte. Under  the conditions of the ex-  
periments,  there  was l i t t le  difference. 

It  may be seen in Table II and also wi th  cadmium 
cathodes in Table I that  the t empera tu re  at which the 
meta l  is cast had a marked  effect on the yield, h igher  
yields of hydrocarbon being obtained at metals  cast 
in a cold mold and higher  yields of alcohol at those 
cast 50~ under  their  mel t ing points. The physical  
s t ructure  of the cathode had l i t t le  effect on the yield 
of pinacol as previously  indicated ( tempera ture  25 ~ 
30~ other  conditions as in Table  I) .  

Ef]ect of electropolishing.--The most impor tant  ef-  
fect of electropolishing the solid cathodes was the 
lower ing  of the yields of hydrocarbons  about 8-10%. 
The yield of alcohol was unchanged at cadmium and 

Table II. Influence of physical structure of cathode 

T e m p . :  25~176  O t h e r  c o n d i t i o n s  as i n  T a b l e  I 

C a t h o d e  
m a t e r i a l  

P e r  c e n t  
P e r  c e n t  G r a m s  of  P e r  c e n t  G r a m s  of  y i e l d  of  

G r a m s  of y i e l d  of d i i s o p r o p y l  y i e l d  os 2 , 5 - d i m e t h y l -  2 , 5 - d i m e t h y l -  
2 , 4 - d i m e t h y l  2 , 4 - d i m e t h y l  c a r b i n o l  d i i s o p r o p y l  3 , 4 - d i i s o p r o p y l -  3 , 4 - d i i s o p r o p y l -  

p e n t a n e  p e n t a n e  a n d  k e t o n e  c a r h i n o l  3 , 4 - h e x a n e d i o l  3 , 4 - h e x a n e d i o l  

Z i n c  5.1 29.6 6.5 32.0 1.3 6.5 
RT,  S e t  1 5.3 30.2 6.7 33.0 1.9 9.5 
Z i n c  5.2 29.6 7.1 34.9 1.6 8.0 
RT,  S e t  2 5.1 29.1 7.0 34.4 1.8 9.0 
Z i n c  370 2.2 12.5 9.0 44.3 1.9 9.5 
S e t  1 2.4 13.5 9.0 44.3 1.6 9.0 
Z i n c  370 2.7 15.3 9.0 44.3 2.3 11.4 
S e t  2 2.6 14.7 8.8 43.4 2.3 11.4 
C a d m i u m  7.2 41.1 7.4 36.2 1.0 5.0 
R T ,  S e t  1 7.3 41.7 7.4 36.2 0.9 4.5 
C a d m i u m  7.0 40.0 7.4 36.4 1.0 5 .0  
R T ,  S e t  2 7.1 40.5 7.5 36.7 1.1 5.5 
C a d m i u m  270 5.2 29.7 7.1 34.8 1.2 6.0 
S e t  1 5.2 29.7 6.9 34.0  1.2 6.0 
C a d m i u m  270 5.5 31.4 7.4 36.4 1.0 5.0 
S e t  2 5 . 6  32.0  7.5 36.9 1.0 5.0 
L e a d  5.2 29.6 4.0 19.7 0.3 1.5 
R T ,  S e t  1 4 .9  28.0  4.0 19.7 0.2 1.0 
L e a d  4.6 26.2 4.0 19.7 0.2 1.0 
RT,  Se t  2 4 .8  27.4 4.0 19.7 0.3 1.5 
L e a d  270 3.4 19.4 4.6 22.6 0.3 1.5 
S e t  1 3.7 21.1 4.4 21.6 0.4 2.0 

3.7 21.1 4.5 22.1 0.4 2.0 
3.5 19.9 4.6 22.6 0.3 1.5 

L e a d  270 3.6 2 0 . 5  3.6 17.6 0.3 1.5 
S e t  2 3.8 21.6 3.9 19.2 0.4 2.0 

3.2 18.2 4.0 19.5 0.3 1.5 
3.3 18.8 3.9 19.2 0.3 1.5 
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zinc,  b u t  was  r a i s e d  a b o u t  4% a t  lead.  T h e  y i e ld s  of 
p i n a c o l  w e r e  l o w e r e d  a t  t h e  z inc  a n d  c a d m i u m ,  b u t  
w e r e  u n c h a n g e d  a t  lead.  

T h e  h i g h  y i e ld s  of h y d r o c a r b o n s  a t  c a t h o d e s  cas t  in  
a co ld  m o l d  a n d  low y ie lds  a t  e l e c t r o p o l i s h e d  c a t h o d e s  
w o u l d  i n d i c a t e  t h a t  t h e  r e d u c t i o n  to t h e  h y d r o c a r b o n  
w a s  f a v o r e d  b y  t h e  p r e s e n c e  of g r a i n  b o u n d a r y  m a t e -  
r i a l  ( t e m p e r a t u r e  25~176 o t h e r  c o n d i t i o n s  as in  
T a b l e  I ) .  

Effect of acid concentrat ion.~The effect  of r e d u c i n g  
t h e  ac id  c o n c e n t r a t i o n  f r o m  30 to 10% w a s  of s ign i f i -  
c a n c e  o n l y  a t  a z inc  ca thode ,  t h e  y i e l d  of h y d r o c a r b o n  
d e c r e a s i n g  a b o u t  5% w h i l e  t he  y i e l d  of t h e  a l coho l  
i n c r e a s e d  a b o u t  3% ( t e m p e r a t u r e  55~176 o t h e r  
c o n d i t i o n s  as in  T a b l e  I ) .  

Effect of current density.--Reductions w e r e  c a r r i e d  
ou t  a t  a l l  c a t h o d e s  a t  c u r r e n t  d e n s i t i e s  of 0.02 a n d  0.05 
a m p  cmf;  c a d m i u m  a n d  z inc  c a t h o d e s  also a t  0.1 a m p /  
c m  2. T h e  t h e o r e t i c a l  a m o u n t  of c u r r e n t  w as  a l l o w e d  to 
flow. T h e  effect  of t h e  c u r r e n t  d e n s i t y  v a r i e d  c o n -  
s i d e r a b l y  w i t h  t h e  c a t h o d e  m a t e r i a l .  H y d r o c a r b o n  
f o r m a t i o n  w a s  f a v o r e d  b y  c u r r e n t  d e n s i t i e s  g r e a t e r  
t h a n  0.02 a m p / c m  2 a t  a l l  c a t h o d e s  e x c e p t  l e a d  a t  w h i c h  
t h e  r e v e r s e  w a s  t rue .  I t  is i n t e r e s t i n g  to n o t e  t h a t  t h e  
f o r m a t i o n  of h y d r o c a r b o n  f r o m  m e t h y l  p r o p y l  k e t o n e  
a t  a l e ad  c a t h o d e  w as  a lso  f a v o r e d  b y  low c u r r e n t  
d e n s i t i e s  (1) .  T h e  y i e ld  of t h e  a l coho l  w a s  u n a f f e c t e d  
e x c e p t  a t  l e a d  w h e r e  a h i g h  c u r r e n t  d e n s i t y  was  f a v o r -  
ab le .  T h e  effect  of t h e  c u r r e n t  d e n s i t y  on  t h e  y i e l d  of 
p i n a c o l  w a s  i m p o r t a n t  o n l y  a t  zinc, t h e  be s t  r e s u l t s  
b e i n g  o b t a i n e d  a t  a l ow  c u r r e n t  dens i ty .  

Formation of olel~n.--The a m o u n t  of olefin,  p r e s u m -  
ab ly ,  2 , 4 - d i m e t h y l - 2 - p e n t e n e ,  f o u n d  as a n  i m p u r i t y  
in  t h e  s a t u r a t e d  h y d r o c a r b o n ,  w as  r e l a t e d  to t h e  c a t h -  
ode  m a t e r i a l .  T h e  a v e r a g e  w i t h  z inc  w a s  4, w i t h  c a d -  
m i u m  5, w i t h  m e r c u r y  10, a n d  w i t h  l e a d  8 p e r  c e n t  
b y  we igh t .  

General Conclusions 
T h e  p r o d u c t s  of t h e  e l e c t r o l y t i c  r e d u c t i o n  of d i i so -  

p r o p y l  k e t o n e  w e r e  f o u n d  to b e  2 , 4 - d i m e t h y l p e n t a n e ,  
d i i s o p r o p y l  c a rb ino l ,  2 , 5 - d i m e t h y l - 3 , 4 - d i i s o p r o p y l - 3 , 4 -  
h e x a n e d i o l ,  a n d  a n  olefin. T h e  h i g h e s t  y i e l d  of h y d r o -  
c a rbon ,  44.5%, was  o b t a i n e d  a t  a c a d m i u m  c a t h o d e  
w h i c h  h a d  b e e n  cas t  in  a m o l d  a t  r o o m  t e m p e r a t u r e .  
T h e  h i g h e s t  y i e lds  of t h e  a lcohol ,  49.3%, a n d  p inaco l ,  
11.4%, w e r e  o b t a i n e d  a t  z inc  c a t h o d e s  cas t  in  a m o l d  
50~ b e l o w  t h e  m e l t i n g  p o i n t  of t h e  m e t a l .  T h e  l e a s t  
a c t i v e  of t h e  f o u r  c a t h o d e s  w a s  m e r c u r y ,  a t  w h i c h  o n l y  
a f a i r  y i e l d  of h y d r o c a r b o n ,  a v e r y  s m a l l  a m o u n t  of t h e  
a lcohol ,  a n d  a t r a c e  of p i n a c o l  w e r e  o b t a i n e d .  

D e c r e a s i n g  t h e  t e m p e r a t u r e  of t h e  c a t h o l y t e  c a u s e d  
a l o w e r i n g  of t h e  a c t i v i t y  of a m e r c u r y  c a t h o d e  b u t  
h a d  l i t t l e  effect  on  t h e  y i e ld s  of h y d r o c a r b o n  a n d  t h e  
a l coho l  a t  t h e  so l id  c a t h o d e s ;  h i g h e r  y i e ld s  of p i n a c o l  
w e r e  o b t a i n e d  a t  t h e  l o w e r  t e m p e r a t u r e .  

T h e  effect  of ac id  c o n c e n t r a t i o n  w a s  a p p r e c i a b l e  o n l y  
a t  a z inc c a t h o d e  w h e r e  t h e  y i e ld  of h y d r o c a r b o n  w a s  
g r e a t e r  a t  t h e  h i g h e r  c o n c e n t r a t i o n  t h e  r e v e r s e  b e i n g  
t r u e  fo r  t h e  a lcohol .  

T h e  effect  of t h e  c u r r e n t  d e n s i t y  w a s  d e p e n d e n t  on  
t h e  c a t h o d e  m a t e r i a l .  A t  c a t h o d e s  of zinc,  c a d m i u m ,  
a n d  m e r c u r y ,  h i g h e r  y i e ld s  of h y d r o c a r b o n  w e r e  ob -  
t a i n e d  a t  h i g h e r  c u r r e n t  dens i t i e s ,  t h e  r e v e r s e  b e i n g  
t r u e  a t  lead.  T h e  y i e ld  of a l coho l  w a s  a f fec ted  o n l y  a t  
a l e ad  c a t h o d e  w h e r e  i t  w a s  f a v o r e d  b y  a h i g h  c u r r e n t  
dens i ty .  A g a i n ,  t h e  y i e l d  of p i n a c o l  w a s  a f fec ted  o n l y  
a t  zinc,  w i t h  b e s t  r e s u l t s  a t  a low c u r r e n t  dens i ty .  

T h e  c h a n g e  in  t h e  p h y s i c a l  s t r u c t u r e s  of t h e  so l id  
c a t h o d e s  d u e  to c a s t i n g  in  a co ld  m o l d  or  i n  a m o l d  
h e l d  50~ u n d e r  t h e  m e l t i n g  p o i n t  of t h e  m e t a l  h a d  a n  
i m p o r t a n t  effect  o n  t h e  c o u r s e  of t h e  r e d u c t i o n .  I n  a l l  
cases  h i g h e r  y i e ld s  of h y d r o c a r b o n  w e r e  o b t a i n e d  a t  
c a t h o d e s  cas t  in  a co ld  m o l d  w h i l e  t h e  r e v e r s e  w a s  
t r u e  of t h e  a lcohol .  T h e  y i e l d s  of p i n a c o l  w e r e  l i t t l e  
a f fec ted  b y  t h e  c h a n g e  i n  p h y s i c a l  s t r u c t u r e .  E l e c t r o -  
p o l i s h i n g  on  t h e  o t h e r  h a n d  b r o u g h t  a b o u t  c e r t a i n  
changes ,  t h e  m o s t  i m p o r t a n t  of w h i c h  was  t h e  l o w e r i n g  
of t h e  y i e ld s  of h y d r o c a r b o n .  

T h e  y ie lds  of p r o d u c t s  o b t a i n e d  in  t h e  e l e c t r o l y t i c  
r e d u c t i o n  of d i i s o p r o p y l  k e t o n e  w e r e  q u i t e  d i f f e r e n t  
f r o m  t h o s e  w i t h  a t y p i c a l  s t r a i g h t  c h a i n  k e t o n e  s u c h  as 
m e t h y l  p r o p y l  (1, 13). A t  c a t h o d e s  of z inc  a n d  c a d -  
m i u m  d i i s o p r o p y l  k e t o n e  was  r e d u c e d  to t h e  h y d r o c a r -  
b o n  a n d  to t h e  a l coho l  i n  c o n s i d e r a b l e  a m o u n t s  w h i l e  
t h e  m a i n  p r o d u c t  of t h e  r e d u c t i o n  of  t h e  s t r a i g h t  c h a i n  
k e t o n e  w a s  p r e d o m i n a n t l y  t h e  h y d r o c a r b o n .  A t  c a t h -  
odes  of l e ad  a n d  m e r c u r y  d i i s o p r o p y l  k e t o n e  w a s  n o t  
r e d u c e d  to t h e  m e t a l l o - o r g a n i c  c o m p o u n d s  w h i c h  w e r e  
f o u n d  in  t h e  p r o d u c t s  of t h e  r e d u c t i o n  of t h e  s t r a i g h t  
c h a i n  ke tone .  
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A B S T R A C T  

T h e  c lass ica l  t h e o r y  of ion ic  c o n d u c t i o n  i n  sol ids  a t  h i g h  field s t r e n g t h s  
(10 6 to 10 7 v cm -1 )  p r e d i c t s  t h a t  t h e  r e l a t i o n  b e t w e e n  t h e  ion ic  c u r r e n t  d e n -  
s i ty  I a n d  t h e  f ie ld s t r e n g t h  E s h o u l d  b e  I ~ Io exp  ( - - W ( E ) / k T )  w h e r e  t h e  
a c t i v a t i o n  e n e r g y  W (E) ~ W o - - q a E ,  q is t h e  m a g n i t u d e  of t h e  c h a r g e  o n  t h e  
ions,  a is h a l f  t h e  d i s t a n c e  b e t w e e n  succes s ive  s i tes  o c c u p i e d  b y  t h e  ions,  a n d  
Io is a c o n s t a n t .  D e v i a t i o n s  f r o m  th i s  s u p p o s e d  l a w  h a v e  b e e n  r e p o r t e d  in  
v a r i o u s  fo rms .  N e w  e x p e r i m e n t a l  r e s u l t s  fo r  s t e a d y - s t a t e  c o n d i t i o n s  a r e  r e -  
p o r t e d  w h i c h  w e r e  o b t a i n e d  b y  in situ e l l i p s o m e t r y .  T h e s e  con f i rm  fo r  t a n -  
t a l u m  a n d  e s t a b l i s h  fo r  t h e  f i rs t  t i m e  fo r  n i o b i u m  t h a t  t h e  d e v i a t i o n s  m a y  b e  
s i m p l y  a n d  a c c u r a t e l y  d e s c r i b e d  b y  t a k i n g  t h e  a c t i v a t i o n  e n e r g y  to b e  n o n -  
l i n e a r  in  E i n  a w a y  w h i c h  m a y  b e  r e p r e s e n t e d  o v e r  t h e  e x p e r i m e n t a l  r a n g e  
of E b y  W o - - q  (~- - f iE)E .  D a t a  w e r e  a lso o b t a i n e d  fo r  s i l icon,  b u t  w e r e  no t  
suf f ic ien t ly  a c c u r a t e  to d e t e c t  n o n l i n e a r i t y .  M o d e l s  a r e  d i s c u s s e d  w h i c h  m i g h t  
g ive  t h i s  effect. A m o d e l  i n  w h i c h  ions  m o v e  f a i r l y  f r e e l y  in  c h a n n e l s  w i t h  
i n f r e q u e n t  t r a p p i n g  b y  a c o u l o m b i c  p o t e n t i a l  l e ads  to  a l a w  of t h e  f o r m  I ~ Io 
exp  ( - -  ( W o - - ~  E1/2) /kT) ,  a n a l o g o u s  to t h e  S c h o t t k y  a n d  P o o l e - F r e n k e l  l aws  
fo r  e l e c t r o n i c  c u r r e n t s .  S u c h  a l a w  fits 
to  b e  c o n s i d e r e d  as rea l i s t i c .  

A n o d i c  ox ide  f i lms g r o w  b y  a p r oce s s  of ion ic  c o n -  
d u c t i o n  in  t h e  ox ide  a t  h i g h  field s t r e n g t h s  (1, 2) .  T h e  
ionic  c u r r e n t  d e n s i t y  def ines  t h e  r a t e  of i n c r e a s e  of 
t h e  t h i c k n e s s  of t h e  film. T h e  p u r p o s e  of t h e  p r e s e n t  
e x p e r i m e n t s  was  to r e - i n v e s t i g a t e  t h e  r e l a t i o n  b e t w e e n  
t h e  ion ic  c u r r e n t  dens i t y ,  t h e  f ie ld s t r e n g t h ,  a n d  t h e  
t e m p e r a t u r e  fo r  f i lms on  t a n t a l u m  a n d  n i o b i u m ,  a n d  to 
o b t a i n  s u c h  d a t a  fo r  t h e  f i rs t  t i m e  fo r  s i l icon,  o n l y  t h e  
o r d e r  of m a g n i t u d e  of t h e  f ields n e c e s s a r y  to  p r o d u c e  
a p p r e c i a b l e  ionic  c u r r e n t  h a v i n g  b e e n  d e t e r m i n e d  p r e -  
v i o u s l y  (3) .  T h e  m e t h o d  u s e d  w a s  to d e t e r m i n e  t h e  
t h i c k n e s s  as a f u n c t i o n  of t i m e  b y  e l l i p s o m e t r y  d u r i n g  
a n o d i z a t i o n  a t  c o n s t a n t  p o t e n t i a l .  T h e  field w a s  t h e n  
o b t a i n e d  f r o m  t h e  p o t e n t i a l  w i t h  r e s p e c t  to t h e  r e -  
v e r s i b l e  o x i d e  p o t e n t i a l  b y  d i v i d i n g  b y  t h e  t h i c k n e s s  
of oxide.  T h e  ionic  c u r r e n t  d e n s i t y  w a s  o b t a i n e d  b y  
c a l c u l a t i n g  t h e  r a t e  of i n c r e a s e  of t h i c k n e s s .  W i t h  
t a n t a l u m  a n d  n i o b i u m  t h e  op t i ca l  m e a s u r e m e n t s  w e r e  
m a d e  w i t h  t h e  s p e c i m e n s  s t i l l  i m m e r s e d  in  t h e  so lu -  
t i o n  ( t h a t  is b y  in situ e l l i p s o m e t r y ) ,  b u t  th i s  cou ld  
no t  b e  d o n e  w i t h  s i l i con  b e c a u s e  t h e  r e f r a c t i v e  i n d e x  
of t h e  o x i d e  was  too c lose  to t h a t  of t h e  so lu t ion .  

I t  is di f f icul t  to  g ive  a b r i e f  a c c o u n t  of t h e  t h e o r y  
[ w h i c h  w e  h a v e  r e v i e w e d  e l s e w h e r e  (1, 2 ) ]  b e c a u s e  
no  g e n e r a l  a g r e e m e n t  ex i s t s  on  a m o d e l  w h i c h  r e p r o -  
duces  t h e  c o m p l i c a t e d  b e h a v i o r  of t h e  ionic  c u r r e n t  
u n d e r  s t e a d y - s t a t e  a n d  t r a n s i e n t  cond i t ions .  I t  is u s u -  
a l l y  c o n s i d e r e d  t h a t  t h e  p r o b l e m  is b a s i c a l l y  one  of 
f ield a s s i s t ed  t h e r m a l  a c t i v a t i o n  of ions  o v e r  p o t e n t i a l  
e n e r g y  b a r r i e r s .  T h e  m o b i l e  ions  a r e  s u p p o s e d  to b e  
d e a c t i v a t e d  a f t e r  e a c h  j u m p .  C o n s i d e r a t i o n  of t h e  r a t e  
a t  w h i c h  e n e r g y  is s u p p l i e d  b y  t h e  f ield to m o v i n g  ions  
sugges t s  t h a t  ions  once  m o b i l e  m a y  t r a v e r s e  s e v e r a l  
m i n i m a  a n d  m a x i m a  of p o t e n t i a l  e n e r g y  b e f o r e  b e i n g  
ha l t ed .  T h e  b e h a v i o r  of t h e  c u r r e n t  w h e n  a l a r g e  f ield 
is s u d d e n l y  a p p l i e d  sugges t s  t h a t  some  f o r m  of ion ic  
a v a l a n c h e  m u l t i p l i c a t i o n  p r oce s s  m a y  occu r  u n d e r  
t h e s e  c i r c u m s t a n c e s  (3) .  

In  o r d e r  to e x p l a i n  t h e  t r a n s i e n t s ,  i t  a p p e a r s  to b e  
n e c e s s a r y  to c o n s t r u c t  a m o d e l  in  w h i c h  t h e  c o n c e n -  
t r a t i o n  of m o b i l e  ions  is  f ie ld d e p e n d e n t  b u t  r e s p o n d s  
s l o w l y  to a c h a n g e  in  field. T h e  m o d e l  of B e a n ,  F i s h e r ,  
a n d  V e r m i l y e a  (4) sat isf ies  t h i s  r e q u i r e m e n t  b y  p o s t u -  
l a t i n g  t h a t  t w o  p r o c e s s e s  of ion ic  m o v e m e n t  a r e  i n -  
vo lved .  T h e s e  a r e  (a )  t h e  p r o d u c t i o n  of F r e n k e l  d e -  
fec t s  b y  t h e  m o v e m e n t  of  ions  f r o m  l a t t i c e  (or  g lass  

1 P r e s e n t  address :  Un i l eve r  Research  Labora to ry  Por t  Sunl ight ,  
Cheshire,  England.  

t h e  d a t a  w e l l  e n o u g h  fo r  t h e  m o d e l  

n e t w o r k )  s i tes  in to  i n t e r s t i t i a l  si tes,  a n d  (b )  t h e  m o -  
b i l i t y  p roce s s  of ions  in  i n t e r s t i t i a l  sites. T h e  t r a n -  
s i e n t s  m a y  t h e n  b e  p a r t i a l l y  e x p l a i n e d  as d u e  to a 
v a r i a t i o n  of t h e  c o n c e n t r a t i o n  of m o b i l e  ions.  H o w e v e r  
t h e  b u i l d - u p  of c u r r e n t  w h e n  a l a r g e  f ield is s u d -  
d e n l y  a p p l i e d  is de f in i t e ly  i n c o n s i s t e n t  w i t h  t h e  t r e a t -  
m e n t  of  t h i s  m o d e l  a c c o r d i n g  to t h e  c lass ica l  i dea  
of f ield a s s i s t ed  t h e r m a l  a c t i v a t i o n  of ions  o v e r  po -  
t e n t i a l  e n e r g y  b a r r i e r s .  

T h e  c lass ica l  t h e o r y  of ion ic  c o n d u c t i o n  a t  h i g h  field 
s t r e n g t h s  [cf. F r e n k e l  ( 5 ) ]  p r e d i c t s  a l a w  of t h e  f o r m  
I z Io e x p ( - - W ( E ) ( k T )  w h e r e  t h e  a c t i v a t i o n  e n e r g y  
W ( E )  ~ W o - - q a E  a n d  w h e r e  q is t h e  m a g n i t u d e  of 
t h e  c h a r g e  on  t h e  ions,  a is t h e  a v e r a g e  d i s t a n c e  f r o m  
m i n i m u m  to m a x i m u m  p o t e n t i a l  e n e r g y  a l o n g  t h e  p a t h  
of t h e  ions  ( r e s o l v e d  a l o n g  t h e  f ield d i r e c t i o n ) ,  Io is 
a c o n s t a n t ,  k is B o l t z m a n n ' s  c o n s t a n t ,  a n d  T is t h e  
a b s o l u t e  t e m p e r a t u r e .  T h u s  qaE is  t h e  w o r k  d o n e  on  
t h e  ion  b y  t h e  f ie ld as i t  t r a v e l s  f r o m  a m i n i m u m  to 
t h e  f o l l o w i n g  m a x i m u m  p o t e n t i a l  ene rgy .  T h e  q u a n t i t y  
a is s o m e t i m e s  c a l l e d  t h e  a c t i v a t i o n  d i s t a n c e  a n d  m a y  
i n c l u d e  f a c t o r s  a l l o w i n g  fo r  t h e  e f fec t ive  f ie ld b e i n g  
d i f f e r e n t  f r o m  t h e  a p p l i e d  f ield (6) a n d  fo r  t h e  ef fec-  
t i v e  c h a r g e  b e i n g  d i f f e r e n t  f r o m  the  v a l e n c e  c h a r g e  
or  e v e n  v a r y i n g  w i t h  d i s t a n c e  (7) .  

I f  b o t h  t y p e s  of p roce s s  p o s t u l a t e d  b y  B e a n  et al. 
obey  t h i s  t y p e  of l aw,  w i t h  d e s t r u c t i o n  of F r e n k e l  
de fec t s  b y  a c a p t u r e  c r o s s - s e c t i o n  p roce s s  of v a c a n c i e s  
fo r  i n t e r s t i t i a l  ions,  t h e  s t e a d y - s t a t e  k i n e t i c s  a re  c o n -  
t r o l l e d  b y  a n  e x p r e s s i o n  of t h e  s a m e  f o r m  as t h e  
c lass ica l  e x p r e s s i o n  b u t  w i t h  t h e  p a r a m e t e r s  r e p r e -  
s e n t i n g  a v e r a g e s  of t h e  v a l u e s  f o r  t h e  t w o  processes .  

T h e  use  of t h i n  f i lms  a l l o w s  a n  a c c u r a t e  t e s t  t o  b e  
m a d e  of t h e o r i e s  of c o n d u c t i o n  a t  h i g h  field s t r e n g t h s .  
Th i s  is h a r d l y  pos s ib l e  w i t h  b u l k  s p e c i m e n s .  D e v i a t i o n s  
from the form of law predicted by Frenkel have been 
observed, starting with the work of Vermilyea [for 
references see (i), (2)]. These deviations were difficu]t 
to explain in the form which they were first thought 
to have ,  t h a t  is t h a t  aE/a log  I w a s  (as  e x p e c t e d )  i n -  
d e p e n d e n t  of E a t  c o n s t a n t  T b u t  w a s  a l m o s t  i n d e -  
p e n d e n t  of T u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  ( a n d  e v e n  
as w a s  f o u n d  la te r ,  d e c r e a s e d  w i t h  i n c r e a s i n g  T u n d e r  
t r a n s i e n t  c o n d i t i o n s )  i n s t e a d  of b e i n g  p r o p o r t i o n a l  to 
T as e x p e c t e d .  D e w a l d  p r o p o s e d  a t h e o r y  to e x p l a i n  
t h e  s t e a d y - s t a t e  k i n e t i c s  in  w h i c h  a t r a n s i t i o n  w a s  
s u p p o s e d  to occu r  (as  space  c h a r g e  b e c a m e  e f fec t ive  
in  m o d i f y i n g  t h e  f ie ld)  f r o m  c o n t r o l  b y  t h e  m e t a l /  
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oxide interface (Mott and Cabrera's model) to con- 
trol by the bulk oxide [Verwey's model, if a modifi- 
cation of Dewald's postulates is made (I)]. This 
theory could not explain the transients, and it is now 
usually supposed that the process is one of conduc- 
tion in the electrically neutral oxide. Bean, Fisher, 
and Vermilyea proposed a model for the high field 
production of Frenkel defects with a parabolic poten- 
tial superimposed on a periodic potential energy vs. 
distance curve. This gave an activation distance for 
the production of Frenkel defects which was stepwise 
dependent on the field. Experimental results for the 
steady state required a field dependent pre-exponen- 
tial factor to fit this model (8). Later, Vermilyea (9) 
was driven by consideration of the transient behavior 
to conclude that the oxide was modified structurally 
by the passage of current, a model which was not 
amenable to calculation. Winkel, Pistorius, and van 
Geel (10) considered that the existence in the amor- 
phous oxide of a range of site parameters would ex- 
plain the kinetics, but it was later shown that this 
idea was not sufficient (II). 

On the basis of further experimental work, using an 
optical technique for the determination of the thick- 
ness, Young (ll, 12) proposed that the best form of 
description of the experimental results both for 
steady-state and transient conditions (~E/~ log I data) 
was  o b t a i n e d  b y  w r i t i n g  W ( E )  = W o  - -  q ( ~ E  - -  f i E 2 ) ,  

t h a t  is t h a t  t h e  a c t i v a t i o n  e n e r g y  n e e d  n o t  be  l i n e a r  
in  E (as  h a s  u s u a l l y  b e e n  t a k e n  to be  t h e  case  in  
p roces se s  of th i s  n a t u r e ) .  V a r i o u s  p h y s i c a l  p roces se s  
cou ld  be  c o n s i d e r e d  a pr iorL  as poss ib l e  causes  of s u c h  
a n  effect. Th i s  s u b s t i t u t i o n  g a v e  an  a d e q u a t e  p h e n o m -  
eno log ica l  d e s c r i p t i o n  of t h e  s t e a d y - s t a t e  log I vs .  E 
d a t a  a n d  of t h e  t r a n s i e n t  d a t a  for  aE/O log I fo r  t a n -  
t a l u m .  I t  r e d u c e d  t h e  a n o m a l i e s  to a f o r m  w h i c h  s u g -  
ges ts  a n  e x p l a n a t i o n  no t  d e p e n d e n t  on  a t r a n s i t i o n  
b e t w e e n  m e c h a n i s m s .  D i g n a m  (13) o b s e r v e d  s i m i l a r  
effects  w i t h  a l u m i n u m .  His  t h e o r y  of t h e  effect  is d i s -  
cus sed  la te r .  D r e i n e r  (14) ,  h o w e v e r ,  ha s  r e c e n t l y  o b -  
t a i n e d  f u r t h e r  e x p e r i m e n t a l  r e s u l t s  for  t a n t a l u m  w h i c h  
con f i rm  the  o r i g i n a l  F r e n k e l  law,  in  t h e  sense  t h a t  
log I vs .  E plo t s  w e r e  l inea r .  I t  w as  l a t e r  r e a l i z e d  t h a t  
h is  v a l u e s  of 0 log I / d E ,  a l t h o u g h  l i n e a r l y  d e p e n d e n t  
on  1 / T ,  do no t  e x t r a p o l a t e  to zero  a t  ze ro  l / T ,  so t h a t  
t h e  F r e n k e l  l a w  w as  no t  o b s e r v e d  a c c u r a t e l y .  ( W e  
t h a n k  Dr.  D r e i n e r  for  a p r i v a t e  c o m m u n i c a t i o n  on  th i s  
p o i n t  w h i c h  w e  h a d  mis sed . )  In  a n y  case  a f u r t h e r  
e x p e r i m e n t a l  t e s t  on  t a n t a l u m  was  e v i d e n t l y  r e q u i r e d .  
T h e  p r e s e n t  e x p e r i m e n t s  w e r e  e x t e n d e d  to n i o b i u m  
s ince  if  t h e  n o n l i n e a r i t y  w e r e  e s t a b l i s h e d  for  t h r e e  
m e t a l s  ( t a n t a l u m ,  n i o b i u m ,  a n d  a l u m i n u m )  i t  cou ld  
s a f e l y  b e  c o n c l u d e d  t h a t  i t  is bas ic  a n d  n o t  d u e  to 
f o r t u i t o u s  r e l a t i o n s  b e t w e e n  p a r a m e t e r s  l e a d i n g  to 
s o m e  t r a n s i t i o n  of m e c h a n i s m  or t h e  l ike.  A c t u a l l y  a 
t r a n s i t i o n  b e t w e e n  t w o  m e c h a n i s m s  can  h a r d l y  e x -  
p l a i n  t h e  r e s u l t s  e v e n  fo r  t a n t a l u m  s ince  t h e r e  is no  
i n d i c a t i o n  of two  l i n e a r  p o r t i o n s  in  t h e  p lo t s  of log 
I v s .  E b u t  r a t h e r  a s m o o t h  c h a n g e  of s lope  o v e r  t h e  
w h o l e  r a n g e  of field. M e a s u r e m e n t s  w e r e  a lso m a d e  
on  s i l icon,  s ince  a c c o r d i n g  to S c h m i d t  a n d  M i c h e l  (3) 
t h e  f ield s t r e n g t h s  w i t h  th i s  m a t e r i a l  a r e  e x t r e m e l y  
h i g h  (107 v cm 1) so t h a t  n o n l i n e a r  effects  s h o u l d  
b e  i n c r e a s e d .  H o w e v e r ,  t h e  s c a t t e r  w as  too l a r g e  to 
d e t e c t  n o n l i n e a r i t y  w i t h  si l icon.  

E x p e r i m e n t a l  P r o c e d u r e  

T h e  t a n t a l u m  a n d  n i o b i u m  s p e c i m e n s  w e r e  F a n s t e e l  
m a t e r i a l .  T h e y  w e r e  1.5 x 2.5 cm a n d  2 x 2.5 cm, r e -  
spec t ive ly ,  w i t h  a tab ,  a n d  w e r e  a b o u t  0.02 cm th ick .  
T h e y  w e r e  p r e p a r e d  b y  a b r a s i o n  on  m e t a l l u r g i c a l  p a -  
pe r s  f o l l o w e d  b y  e l e c t r o p o l i s h i n g  as p r e v i o u s l y  d e -  
s c r i b e d  (15) .  A n o d i z a t i o n  w as  c a r r i e d  o u t  in  0.2N 
H2804. T h e  e x p e r i m e n t s  on  s i l i con  w e r e  c a r r i e d  ou t  
on  p - t y p e  (111) o r i e n t e d  s ing le  c r y s t a l  slices. M o s t l y  
t h e  s p e c i m e n s  h a d  a r e s i s t i v i t y  of 0.094 o h m - c m ,  b u t  
some  m e a s u r e m e n t s  w e r e  m a d e  on  0.006 o h m - c m  m a -  
t e r ia l .  T h e  s p e c i m e n s  w e r e  m e c h a n i c a l l y  p o l i s h e d  a n d  

t h e n  e t c h e d  for  2 to  3 m i n  in  C P 4 A  s o l u t i o n  (5 p a r t s  
c o n c e n t r a t e d  HNO3, 3 p a r t s  g l ac ia l  ace t i c  acid,  a n d  
3 p a r t s  of  49% HF,  b y  v o l u m e ) .  T h e  e t c h a n t  w a s  
q u e n c h e d  w i t h  5% H F  so lu t ion .  E l e c t r i c a l  c o n t a c t  was  
m a d e  to t h e  s i l i con  b y  m e a n s  of a 0.005 in. d i a m e t e r ,  
c h e m i c a l l y  p o l i s h e d  t a n t a l u m  w i r e  w e l d e d  on  t h e  
s l ice  w i t h  a n  e l e c t r o n  b e a m  in  v a c u u m .  T h e  s i l i con  
w a s  t h e n  i m m e r s e d  b r i e f ly  in  CP4A,  t h e  w e l d  a n d  t a n -  
t a l u m  w i r e  b e i n g  k e p t  f r o m  c o n t a c t  w i t h  t h e  e t c h a n t ,  
r i n s e d  in  49% HF,  w a s h e d  wel l ,  a n d  b o i l e d  fo r  30 
m i n  in  d e i o n i z e d  w a t e r  to r e m o v e  a n y  a d s o r b e d  f luo-  
r ide .  

A n o d i z a t i o n  w a s  c a r r i e d  ou t  in  a s o l u t i o n  of N -  
m e t h y l a c e t a m i d e  s a t u r a t e d  w i t h  KNO3 a t  32~ ( a b o u t  
0 .05N).  T h e  N - m e t h y l a c e t a m i d e  was  u s e d  a s - r e c e i v e d  
a n d  a p p e a r e d  to b e  p r a c t i c a l l y  a n h y d r o u s  (M.P.  > 
30~  No spec ia l  p r e c a u t i o n s  w e r e  t a k e n  to p r e v e n t  
t h e  a b s o r p t i o n  of w a t e r  b y  t h e  so lu t ion ,  b u t  t h e  a n o -  
d i z ing  cel l  was  k e p t  c losed  off f r o m  t h e  ai r .  T h e  spec i -  
m e n  was  m e a s u r e d  d r y  on  t h e  e l l i p s o m e t e r ,  s ince  t h e  
s i m i l a r  r e f r a c t i v e  i nd i ce s  of N - m e t h y l a c e t a m i d e  (1.43) 
a n d  a n o d i c  s i l i con  d i o x i d e  (1.47) m a k e  i n  s i t u  e l l ip -  
s o m e t r y  i m p r a c t i c a l .  F o r  s i m i l a r  r e f r a c t i v e  i n d i c e s  of 
o x i d e  a n d  i m m e r s i o n  m e d i u m ,  a v e r y  s m a l l  4, • loop 
is o b t a i n e d  w h i c h  m a k e s  t h i c k n e s s  d e t e r m i n a t i o n  i n -  
a ccu ra t e .  T h e  s a m e  di f f icul ty  app l i e s  to s o m e  of t he  
o t h e r  n o n a q u e o u s  s o l v e n t s  in  w h i c h  s i l i con  m a y  be  
anod ized ,  e.g. ,  e t h y l e n e  g lyco l  a n d  t e t r a h y d r o f u r f u r y l  
a lcohol .  F o r  d r y  e x a m i n a t i o n  t h e  n i o b i u m  a n d  t a n -  
t a l u m  w e r e  a n o d i z e d  in  a cel l  s i m i l a r  to  t h a t  d e s c r i b e d  
p r e v i o u s l y  (15) .  F o r  i n  s i t u  e x a m i n a t i o n  t h e y  w e r e  
m o u n t e d  in  a s p e c i a l l y  c o n s t r u c t e d  glass  ce l l  as s h o w n  
in Fig. la ,  w h i c h  was  a t t a c h e d  to t h e  s p e c i m e n  p l a t -  
f o r m  of t h e  G a e r t n e r  L l 1 9  e l l i p s o m e t e r .  T h e  l i g h t  
b e a m  e n t e r e d  a n d  l e f t  t h r o u g h  w i n d o w s  m a d e  b y  
s ea l i ng  op t ica l  f lats  on  t h e  s ide  a rms .  A c o n s t a n t  t e m -  
p e r a t u r e  w a s  m a i n t a i n e d  b y  c i r c u l a t i n g  w a t e r  f r o m  a 
t h e r m o s t a t t e d  b a t h  t h r o u g h  t h e  d o u b l e  w a l l  of  t h e  
cell. T h e  s p e c i m e n  was  h e l d  b e t w e e n  s t u b s  of t a n -  
t a l u m  w i r e  i n s e r t e d  i n to  two  p ieces  o.f Tef lon  w h i c h  
w e r e  h e l d  t o g e t h e r  b y  a s c r e w  a t  t h e i r  u p p e r  e n d s  as 
s h o w n  in  Fig. lb .  E l e c t r i c a l  c o n t a c t  to t h e  s p e c i m e n  
was  m a d e  t h r o u g h  one  of t h e  t a n t a l u m  w i r e  s tubs .  

The calibration of the ellipsometer (16) and its ap- 
plication to anodic oxide films on tantalum (17) have 
been described in detail previously. The incident light 
is considered to be resolved into two components, 
p-light with the electric vector in the plane of in- 
cidence, and s-light with the electric vector perpen- 
dicular to the plane of incidence. If Rp and Rs are the 
complex reflectivities for p- and s-light, respectively, 
the quantities ~ and A are defined by IRp/Rsl z tan 
a n d  a r g  R p / R s  = 4. 

T h e  a n a l y z e r  a n d  p o l a r i z e r  G ] a n - T h o m p s o n  p r i s m s  
w e r e  se t  for  e x t i n c t i o n ,  a q u a r t e r  w a v e  p l a t e  b e i n g  
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set  a t  • 45 ~ a z i m u t h .  T h e  d e t e c t o r  w a s  a p h o t o m u l -  
t i p l i e r  ( R C A  931A) c o u p l e d  to a n  a m p l i f i e r  t u n e d  to 
t h e  f r e q u e n c y  of t h e  c h o p p e d  l ight .  T h e  e l l i p s o m e t e r  
was  e n c l o s e d  in  a b o x  to m i n i m i z e  s t r a y  l ight .  T h e  
q u a n t i t i e s  ~ a n d  A a re  d e r i v e d  d i r e c t l y  f r o m  t h e  s e t -  
t i ngs  of t h e  a n a l y z e r  a n d  p o l a r i z e r  p r i sms .  S e v e r a l  
se t s  of r e a d i n g s  m a y  b e  o b t a i n e d ,  w h i c h  m a y  b e  c l a s s -  
ified i n t o  zones  a c c o r d i n g  to t h e  s c h e m e  g i v e n  b y  
M c C r a c k i n ,  P a s s a g l i a ,  S t e i n b e r g ,  a n d  S t r o m b e r g  (16) .  
T h e  c a l i b r a t i o n  a p p e a r s  to  b e  a m o r e  c r i t i ca l  m a t t e r  
t h a n  is s o m e t i m e s  m a d e  c lear .  T h e  s c h e m e  of M c -  
C r a c k i n  e t  al. w as  fo l lowed .  S p e c i m e n s  w e r e  e x -  
c h a n g e d  w i t h  o t h e r  w o r k e r s  in  t h i s  field, a n d  i t  w a s  
f o u n d  t h a t  t h e  a g r e e m e n t  w a s  no t  as good as w o u l d  
be  e x p e c t e d  f r o m  t h e  p r e c i s i o n  w i t h  w h i c h  r e a d i n g s  
m a y  b e  t a k e n ,  b e i n g  o n l y  to a b o u t  0.2 ~ in  r a n d  1.2 ~ 
in  A. 

F o r  m e a s u r e m e n t s  i n  s i t u  i t  w a s  f o u n d  a d v i s a b l e  to  
m a k e  m e a s u r e m e n t s  in  a l l  f o u r  zones.  T h i s  w a s  f o u n d  
to  m i n i m i z e  t he  s m a l l  e r r o r s  d u e  to t h e  p o l a r i z a t i o n  
of t h e  l i g h t  b y  t h e  ce l l  w i n d o w s .  T h e  w i n d o w s  are ,  
of course ,  t h e  s a m e  t h r o u g h o u t ,  b u t  t h e  s t a t e  of p o -  
l a r i z a t i o n  of t h e  l i g h t  i n c i d e n t  on  t h e m  is c h a n g e d  
w i t h  t h e  zone.  M e a s u r e m e n t s  on  t h e  s a m e  s p e c i m e n  
( d r y )  i n s i d e  a n d  o u t s i d e  t h e  cel l  g a v e  a d e q u a t e l y  c o n -  

c o r d a n t  r e su l t s .  
F o r  a d i s c u s s i o n  of t h e  q u e s t i o n  of v a r i a t i o n  of 

op t i ca l  c o n s t a n t s  w i t h  a n g l e  of i n c i d e n c e  r e f e r e n c e  is 
m a d e  to a p a p e r  b y  H a l l  (18) .  

R e s u l t s  f o r  T a n t a l u m  
D e t e r m i n a t i o n  o f  the  op t ica l  c o n s t a n t s . - - D a t a  on  

a n d  A vs. t h e  a n g l e  of i n c i d e n c e  a r e  n o t  i n c l u d e d  h e r e  
b u t  a r e  a v a i l a b l e  fo r  c o m p a r i s o n  b y  a n y o n e  w i s h i n g  to  
r e p r o d u c e  t h e s e  e x p e r i m e n t s .  

T h e  op t i ca l  c o n s t a n t s  w e r e  o b t a i n e d  b y  t r i a l  a n d  
e r r o r  f i t t ing  of t h e  e x p e r i m e n t a l  a n d  c a l c u l a t e d  cu rves .  
F i g u r e  2 s h o w s  r vs. A for  t a n t a l u m  a n o d i z e d  a t  8 m a  
c m  - 2  in  0.2N H 2 8 0 4  a t  25~ a n d  e x a m i n e d  dry .  M e a s -  
u r e m e n t s  w e r e  m a d e  a t  5461,k a n d  a t  a n  a n g l e  of  i n -  
c i d e n c e  of 67.5 ~ u s i n g  a q u a r t e r  w a v e  p l a t e  as c o m -  
p e n s a t o r .  ( A  S o l e i l - B a b i n e t  c o m p e n s a t o r  se t  as a 
q u a r t e r  w a v e  p l a t e  g a v e  i n d i s t i n g u i s h a b l e  r e su l t s . )  
T h e  c a l c u l a t e d  c u r v e  w a s  f i t ted  to t h e  e x p e r i m e n t a l  
p o i n t s  u s i n g  t h e  c o n s t a n t s  n2 : 3.30 • 0.02, k2 ~ 2.30 
•  f o r  t h e  m e t a l  ( n ~  n - -  i k )  a n d  n l  ~ 2.22 • 
0.02 fo r  t h e  oxide .  T h e  u n c e r t a i n t i e s  a r e  o b t a i n e d  b y  
c o m p a r i s o n  of t h e  e x p e r i m e n t a l  p o i n t s  w i t h  c u r v e s  
c a l c u l a t e d  f r o m  s l i g h t l y  d i f f e r e n t  op t i c a l  c o n s t a n t s .  

T h e  H a r t m a n n  e q u a t i o n  r e p o r t e d  b y  Y o u n g  (19) 
f o r  f i lms f o r m e d  a t  25~ a n d  10 m a  cm -2  w a s  n~ 
2.14 ~ 0 .292/(k/10 '~A - -  2.305) 1-2. T h i s  g ives  2.21 fo r  
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Fig. 2. Ellipsometry data for tantalum at 5461,~, angle of inci- 
dence 67.5 ~ for specimen measured dry. The curve is calculated 
with n~ ~ 2.22, n2 ~ 3.30, and k2 ~ 2.30. 

t h e  o x i d e  r e f r a c t i v e  i n d e x  a t  5461A in  good  a g r e e -  
m e n t  w i t h  t h e  p r e s e n t  e s t i m a t e .  Y o u n g ' s  v a l u e s  w e r e  
b a s e d  o n  a v a l u e  of n l  i n  s o d i u m  l i g h t  d e t e r m i n e d  b y  
t h e  B e c k e  m e t h o d  u s i n g  S / S e  m i x t u r e s  p lu s  d i s p e r -  
s ion  d a t a  f r o m  i n t e r f e r o m e t r i c  m e a s u r e m e n t s .  Mas ing ,  
O r m e ,  a n d  Y o u n g  (15) f o u n d  t h a t  t h e  r e f r a c t i v e  i n d e x  
d e t e r m i n e d  b y  a m o d i f i c a t i o n  of a m e t h o d  d u e  to 
A b e l , s  w a s  j u s t  d e t e c t a b l y  d e p e n d e n t  on  t h e  c u r r e n t  
d e n s i t y  a n d  t e m p e r a t u r e  a t  w h i c h  t h e  o x i d e  w a s  m a d e .  
A d i r e c t  c o m p a r i s o n  w i t h  t h e i r  v a l u e s  is no t  poss ib l e  
b e c a u s e  t h e i r  w o r k  was  a t  4358A, b u t  u s i n g  t h e  d i s -  
p e r s i o n  r e l a t i o n  g i v e n  b y  Y o u n g  to  c o n v e r t  to  5461A 
t h e  a g r e e m e n t  is s a t i s f ac to ry .  K u m a g a i  a n d  Y o u n g  
(17) f i t ted  t h e i r  e l l i p s o m e t r i c  d a t a  f o r  t a n t a l u m  a n o -  
d i zed  in  0.2N H 2 8 0 4  a t  25~ a n d  1 m a  c m  -2  u s i n g  n2 

3.5, k2 ~ 2.4, a n d  n l  ~ 2.26 a t  5461A. 
T h e  d e v i a t i o n s  of t h e  e x p e r i m e n t a l  p o i n t s  f r o m  t h e  

c a l c u l a t e d  c u r v e  a r e  s h o w n  i n  Fig.  3, w h i c h  w a s  
p l o t t e d  a s s u m i n g  t h a t  t h e  e r r o r s  occu r  e n t i r e l y  in  A 
or  e n t i r e l y  in  ~. T h e  s h a p e  of t h e  c u r v e  c a u s e s  t h e  
d e v i a t i o n s  in  A to a p p e a r  r a t h e r  l a rge ,  b u t  p r o b a b l y  
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Fig. 3. Deviations of the experimental points in Fig. 2 from the 
fitted curve, assuming error lies entirely in A or in ~ respectively. 
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Fig. 4. Ellipsometry data (in situ) for tantalum at 5461,~, angle 
of incidence 67.5 ~ . �9 IN, A ,  first, second, and third cycles of 
curves at 25~ for which no = 1.334 and the other constants as 
in Fig. 2. 0 data at 60~ no = 1.329, nz ~ 2.27. 

t h e  d e v i a t i o n s  in  ~ a r e  m o r e  m e a n i n g f u l .  T h e  m e a n  
d e v i a t i o n  in  ~ is 0.27 ~ 

4, ~ c u r v e s  m e a s u r e d  d u r i n g  t h e  a n o d i z a t i o n  of  t a n -  
t a l u m  s p e c i m e n s  in  s i tu  at  25 ~ a n d  60~ a r e  s h o w n  in  
Fig.  4. T h e  s a m e  a n g l e  of i n c i d e n c e  a n d  w a v e l e n g t h  
w e r e  u s e d  as  f o r  t h e  d r y  m e a s u r e m e n t s .  T h e  r e f r a c -  
t i ve  i n d e x  of t h e  s o l u t i o n  w a s  t a k e n  as no ~- 1.334 a t  
25~ a n d  1.329 a t  60~ T h e  c u r v e  a t  25~ w a s  f i t ted  
u s i n g  t h e  s a m e  op t i ca l  c o n s t a n t s  fo r  t h e  m e t a l  a n d  
o x i d e  as t h e  " d r y "  c u r v e ,  b u t  a t  60~ a n  ox ide  r e -  
f r a c t i v e  i n d e x  of 2.27 w a s  u s e d  ( w i t h  t h e  s a m e  c o n -  
s t a n t s  fo r  t h e  m e t a l ) .  T h e  e x p e r i m e n t a l  p o i n t s  a r e  
s h o w n  fo r  3 cyc les  of t h e  25~ c u r v e  l ie  on  a s ing le  
cu rve .  T h i s  d e m o n s t r a t e s  t h a t  w i t h i n  t h e  t h i c k n e s s  
r a n g e  s t u d i e d  ( a b o u t  3700A) t h e  op t i ca l  c o n s t a n t s  do 
n o t  a l t e r  a p p r e c i a b l y .  T h e  d e v i a t i o n s  of  t h e  e x p e r i -  
m e n t a l  p o i n t s  f r o m  t h e  c a l c u l a t e d  c u r v e  a r e  s h o w n  
in  Fig. 5. 

S t e a d y - s t a t e  f o r m a t i o n  Mnet ics  ( t a n t a l u m ) . - - I n  o r -  
d e r  to o b t a i n  t h e  k i n e t i c s  of t h e  o x i d e  g r o w t h ,  spec i -  
m e n s  w e r e  f i rs t  a n o d i z e d  to a t  l e a s t  90v a t  a c o n s t a n t  
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Fig. 5. Deviations of the experimental points from the fitted 
curves at 25~ for Fig. 4. 
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Fig. 6. Tafel plot for tantalum. Points, this paper; lines, cal- 
culated from constants given by Young (11) corrected to nl 
(5461.~) = 2.22. 

c u r r e n t  of a b o u t  10 m a  c m  - ~  a n d  t h e n  h e l d  a t  c o n -  
s t a n t  v o l t a g e  w i t h  r e s p e c t  to a s m a l l  p l a t i n u m  w i r e  
(0.7 x 0.05 cm d i a m e t e r )  ca thode ,  t h e  c u r r e n t  b e i n g  
a l l o w e d  to d e c a y  as t h e  t h i c k n e s s  i n c r e a s e d .  A s m a l l  
c a t h o d e  g ives  a m o r e  c o n s t a n t  p o t e n t i a l  t h a n  a l a r g e  
ca thode .  Al l  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  w i t h  t h e  
s p e c i m e n  in  situ. T h e  a p p l i e d  v o l t a g e  w a s  m e a s u r e d  
w i t h  a d ig i t a l  v o l t m e t e r .  T h e  s o l u t i o n  w a s  k e p t  s a t u -  
r a t e d  w i t h  h y d r o g e n .  M e a s u r e m e n t s  w e r e  m a d e  a t  
25 ~ a n d  60~ A t  s u i t a b l e  i n t e r v a l s  t h e  c u r r e n t  w a s  
i n t e r r u p t e d  a n d  t h e  t h i c k n e s s  m e a s u r e d .  A suf f i c ien t ly  
l o n g  t i m e  was  a l l o w e d  b e t w e e n  i n t e r r u p t i o n s  so t h a t  
a p p r o x i m a t e l y  s t e a d y - s t a t e  c o n d i t i o n s  w e r e  o b s e r v e d .  
S w i t c h i n g  a t  t h e  s h o r t e r  i n t e r v a l s  of t i m e  ( less  t h a n  
1 m i n )  w a s  a c c o m p l i s h e d  b y  m e a n s  of a n  e l e c t r o n i c  
t i m e r .  T h e  l o n g e r  t i m e s  w e r e  m e a s u r e d  w i t h  a s t o p -  
w a t c h ,  a n d  t h e  c i r cu i t  w a s  t h e n  b r o k e n  m a n u a l l y .  

T h e  r e s u l t i n g  v a l u e s  of t h i c k n e s s  vs. log10 ( t i m e )  
w e r e  f i t ted  b y  a s m o o t h  c u r v e  a n d  d i f f e r e n t i a t e d  u s i n g  
a n  I B M  7040 c o m p u t e r .  T h e  a p p r o x i m a t i o n  m a d e  b y  
D r e i n e r  is n o t  n e c e s s a r y .  R e s u l t s  w e r e  c h e c k e d  b y  
g r a p h i c a l  d i f f e r e n t i a t i o n .  T h e  ion ic  c u r r e n t  is ob -  
t a i n e d  f r o m  t h e  r a t e  of i n c r e a s e  of t h i c k n e s s  b y  a p -  
p l y i n g  F a r a d a y ' s  l a w :  I -~ (10 Fp/M)OD/Ot  w h e r e  I 
is t h e  ion ic  c u r r e n t  p e r  u n i t  a rea ,  t is t he  t ime ,  F is 
F a r a d a y ' s  c o n s t a n t ,  0 is t h e  dens i t y ,  M t h e  m o l e c u l a r  
we igh t ,  a n d  D t h e  t h i c k n e s s  of t h e  oxide.  

T h e  p o t e n t i a l  of t h e  c a t h o d e  w a s  m e a s u r e d  r e l a t i v e  
to  a P t / H 2  e l e c t r o d e  i n  t h e  s a m e  s o l u t i o n  fo r  c u r r e n t s  
o v e r  t h e  r a n g e  used .  T h e  o h m i c  p o t e n t i a l  d r o p  ac ross  
t h e  s o l u t i o n  w a s  a lso  d e t e r m i n e d  o v e r  t h i s  c u r r e n t  
r a n g e .  T h e  e l ec t r i c  f ie ld i n  t h e  ox ide  w a s  t a k e n  as 
E = V / D ,  w h e r e  V is t h e  p o t e n t i a l  of t h e  t a n t a l u m  
in  excess  of t h e  r e v e r s i b l e  p o t e n t i a l  fo r  o x i d e  f o r -  
m a t i o n  (1) .  

T h e  s o - c a l l e d  T a f e l  p lo t s  of log  I vs. E a r e  s h o w n  
in  Fig.  6. T h e  s m o o t h  c u r v e s  w e r e  c a l c u l a t e d  f r o m  t h e  
c o n s t a n t s  u sed  b y  Y o u n g  (11) to  fit h i s  e x p e r i m e n t a l  
resu l t s .  T h e  a g r e e m e n t  is m o s t l y  w i t h i n  1% in  t he  
f ield w h e n  b o t h  se ts  of d a t a  a r e  b r o u g h t  to  t h e  s a m e  
r e f r a c t i v e  i n d e x  basis .  

F i g u r e  7 s h o w s  TAlogloI /nE ( w h e r e  Alogz0I ~ 1) vs. 
m e a n  field. Th i s  p lo t  e m p h a s i z e s  t h e  n o n l i n e a r i t y  of 
t h e  log  I vs. E r e l a t i o n  a n d  s h o w s  tha t ,  a l t h o u g h  t h e  
c u r v a t u r e  of  p lo t s  of log  I vs. E m a y  a p p e a r  s m a l l  to  
t h e  eye, i t  is l a r g e  c o m p a r e d  to e x p e r i m e n t a l  u n c e r -  
t a in t i e s .  
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Fig. 8. Schottky-type plot: (i) 0 data from Fig. 6 converted to re- 
fractive index used by Young (19, 11); (ii) � 9  points calculated from 
equation with W(E) ~ Wo - -  qo~E -k qt 3E2 fitted by Young; and 
(iii) A experimental data of Vermilyea [(8) plus private communi- 
cation of tabular data] converted by factor 7.93 x 0.99/8.74 to 
allow for assumed density. The straight lines are calculated from 
I ~ Io exp ( ( - - W  -I- 3' El~2)~ kT) with Io = 10 s'~ Acm -2 ,  W 
= 2.56 ev, and 3" : 7.65 x 10 - 4  ev/(v cm-1)  1/2. 

It is of interest  (see Discussion) to test the equat ion 
I ~ Io exp [ - - ( W o  - -  "vE1/2) /kT] .  Figure  8 shows that  
this expression represents  the data quite well,  cer-  
ta inly bet ter  than the F renke l  law. This "Schot tky"  
expression contains one less adjustable pa ramete r  
than the expression wi th  W = W o  - -  q~E ~ qflE 2, and 
it cannot, therefore,  be expected to give so good a fit 
as this expression. 

Figure  8 also serves to compare the data of Vermi l -  
yea (8), Young (11), and the present  paper. All  have 
been brought  to the same basis of thickness de te r -  
mination. (Vermilyea 's  data w e r e  based on an as- 
sumed va lue  of the density which la ter  work  has 
shown to be about 10% too high) .  Evident ly  the agree-  
ment  is excellent.  
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Fig. 9. EIlipsometry data at 5461.~ and 67.5 ~ angle of inci- 
dence for niobium measured dry. The curve is calculated from 
nl = 2.37, n2 ~ 3.60, and k2 = 3.60. 0, first cycle; A, second 
cycle. 

R e s u l t s  f o r  N i o b i u m  

The procedures  and the general  na ture  of the re -  
sults were  ve ry  similar to those for tantalum. The 
format ion vol tage was, however ,  .60v at 25~ and 40v 
at 75~ since niobium does not  behave so ideal ly as 
tan ta lum at h igher  voltages. 

The optical constants of the meta l  were  de termined  
by fitting curves for specimens measured  dry. They 
were  n2 : 3.60 • 0.05 and k2 -~ 3.60 _ 0.05 for the 
meta l  and nl = 2.37 _ 0:02 for the oxide. The oxide 
index agreed wi th in  exper imenta l  er ror  wi th  that  cal-  
culated for this wave leng th  5461A from the disper-  
sion curves given by Young (20), obtained by a spec- 
t rophotometr ic  method with scaling using an absolute 
value  determined using a modification of a method 
due to Abe l , s  by Masing, Orme, and Young (15). 

F igure  9 shows el l ipsometric  data for immersed  
specimens anodized and measured  at 25~ The data 
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Fig. 10. Ellipsometry data in situ for niobium. The curve is cal- 
culated with no ~ 1.334 and the other constunts as in Fig. 9. 
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• 0.003 for  s i l i con  a n o d i z e d  in  0.0025N KNO3 in  a n -  
h y d r o u s  N - m e t h y l a c e t a m i d e .  

Log  I vs. E fo r  a n u m b e r  of e x p e r i m e n t s  is s h o w n  in  
Fig.  13. T h e  l i ne  is I = 10 -14 exp  (10 - 6  c m  v -1  E)  
A c m  -2. T h e  a c t i v a t i o n  d i s t a n c e  is o n l y  v e r y  r o u g h l y  
d e t e r m i n e d  b y  t h e  da ta ,  a n d  t h e r e  is  no  q u e s t i o n  of 
d e c i d i n g  w h e t h e r  or  no t  c u r v a t u r e  is p r e s e n t .  T h e  d a t a  
s u g g e s t  a n  a c t i v a t i o n  d i s t a n c e  of 0.6 to  1.5A. 

Discuss ion  
T h e  f o r m  W = Wo - -  q~E ~- q~E 2 w a s  f i rs t  p r o -  

posed  (11, 12) as a n  e m p i r i c a l  e q u a t i o n  b u t  w i t h  t h e  
bas ic  a s s u m p t i o n  in  m i n d  [ref .  (12) ,  p. 406] t h a t  some  
f o r m  of n o n l i n e a r i t y  in  W ( E )  was  to b e  e x p e c t e d  a t  
h i g h  field s t r e n g t h s  a n d  t h a t  n o  t r a n s i t i o n  w i t h  i n -  
c r e a s i n g  field b e t w e e n  t w o  m e c h a n i s m s  w a s  r e q u i r e d  
to g ive  a n o n l i n e a r  r e l a t i o n  b e t w e e n  log I a n d  E. If  
t h e  f r e e  e n e r g y  of a c t i v a t i o n  is e x p a n d e d  in  p o w e r s  
of E, one  s h o u l d  e x p e c t  t h a t  su f f i c ien t ly  a c c u r a t e  
m e a s u r e m e n t s  w i l l  r e q u i r e  t h e  i n c l u s i o n  of t e r m s  of 
h i g h e r  o r d e r  t h a n  t h e  f irst  p o w e r .  V a r i o u s  sou rce s  of 
s u c h  a n  effect  w e r e  d i scussed ,  i n c l u d i n g  t h e  n a t u r e  of 
t he  p o t e n t i a l  e n e r g y  vs. d i s t a n c e  r e l a t i on .  ( T h e  m o d e l  
w i t h  h i g h  c u r v a t u r e  a t  t h e  m i n i m u m  a n d  a s i n u s o i d a l  
m a x i m u m  was  c o r r e c t l y  s h o w n  to g ive  too  s m a l l  a n  

3 4 S 

E/ lO 6 V cm I 

Fig. 11. Logl0 I vs. E for niobium. The curves are the fitted 
equation (see text). 

at  75~ w e r e  of e q u i v a l e n t l y  good fit to  t he  c u r v e s  
u s i n g  t h e  op t i ca l  c o n s t a n t s  d e t e r m i n e d  f r o m  m e a s u r e -  
m e n t s  on  d r y  spec imens .  T h e  i n d e x  of t h e  s o l u t i o n  
w a s  t a k e n  as 1.334 a t  25~ a n d  1.320 a t  75~ 

F i g u r e  11 s h o w s  p lo t s  of lOgl0 I vs. E. T h e  v a l u e s  
of t he  c u r r e n t  d e n s i t y  w e r e  o b t a i n e d  f r o m  8D/Ot u s i n g  
d e n s i t y  4.74g c m  -3 (21) .  F i g u r e  12 s h o w s  T• lOgl0  
I / b E  vs. m e a n  field. T h e  l ine  in  Fig. 12 a n d  t h e  c u r v e s  
in  Fig. 11 c o r r e s p o n d  to t h e  f i t t ing  e q u a t i o n  

( 2.168ev ) 
I = 10 T M  e x p  exp  

k T  
( e (eO.74x  l O - S c m - 8 . 3 6 x  lO-15volt  1cm2E)E ) A c m _ ~  

k T  

T h e  c o n s t a n t s  in  t h i s  e q u a t i o n  a re  q u o t e d  w i t h  su f -  
f ic ient  a c c u r a c y  to r e p r o d u c e  t h e  da ta .  If  t h e y  a r e  
g i v e n  some  p h y s i c a l  i n t e r p r e t a t i o n ,  t h e y  c a n n o t  b e  
r e g a r d e d  as d e t e r m i n e d  to t h e  n u m b e r  of d e c i m a l s  
q u o t e d  s ince  t h e y  a r e  no t  i n d e p e n d e n t .  F i g u r e  11 also 
c o n t a i n s  a s ing le  p o i n t  d e t e r m i n e d  b y  t he  s p e c t r o -  
p h o t o m e t r i c  m e t h o d  fo r  t h e  t h i c k n e s s  (20) .  Th i s  is in  
good a g r e e m e n t .  A n  e a r l i e r  i n v e s t i g a t i o n  of t h e  a n o d i c  
ox ide  f i lms on  n i o b i u m  (22) g a v e  a n o n l i n e a r  r e l a -  
t i on  w h i c h  w a s  i n t e r p r e t e d  in  t e r m s  of D e w a l d ' s  t h e -  
ory,  a n d  t h e  p r e s e n t  s i m p l e r  d e s c r i p t i o n  w a s  no t  
t e s ted .  I t  is h a r d l y  n e c e s s a r y  to d e m o n s t r a t e  t h a t  t he  
S c h o t t k y  l a w  fits q u i t e  a d e q u a t e l y .  P l o t s  of log I vs. 
E 1/2 a re  a g a i n  c e r t a i n l y  m o r e  l i n e a r  t h a n  t h e  F r e n k e l  
t y p e  of p lot ,  log I vs. E. T h e  a b o v e  e q u a t i o n  a g a i n  
g ives  a b e t t e r  de sc r ip t i on ,  b u t  t h i s  is b e c a u s e  i t  c o n -  
t a i n s  a n  e x t r a  a d j u s t a b l e  p a r a m e t e r .  

Resu l t s  fo ' r  Si~ico~ 
T h e  e l l i p s o m e t r i c  m e t h o d  is p a r t i c u l a r l y  u s e f u l  fo r  

s i l i con  b e c a u s e  w i t h  t h i s  m a t e r i a l  t h e  ion ic  c u r r e n t  is 
o n l y  a v e r y  s m a l l  f r a c t i o n  of t h e  t o t a l  c u r r e n t  as  c o n -  
t r a s t e d  w i t h  t a n t a l u m  a n d  n i o b i u m  w i t h  w h i c h  t h e  
ionic  c u r r e n t  c o n s t i t u t e s  n e a r l y  a l l  t h e  c u r r e n t ,  d e -  
sp i t e  t h e  h i g h  field s t r e n g t h s .  

T h e  e x p e r i m e n t a l  e l l i p s o m e t r y  d a t a  w e r e  f i t ted  b y  
c u r v e s  c a l c u l a t e d  u s i n g  A r c h e r ' s  v a l u e s  (23) fo r  t h e  
op t i ca l  c o n s t a n t s  of s i l i con  n2 = 4.05 a n d  k2 - -  0.028 
w i t h  t h e  o x i d e  r e f r a c t i v e  i n d e x  t a k e n  as n l  = 1.475 
• 0.005. C l a u s s e n  a n d  F l o w e r  (24) f o u n d  n l  = 1.468 
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effect,  bu t  t he  s t a t e m e n t  about  m i r r o r  s y m m e t r y  was  
an  e r ror . )  A phys ica l  m e c h a n i s m  was  l a t e r  p roposed  
(25) w h i c h  gives  the  obse rved  t y p e  of effect  and  w h i c h  

has  the  dec ided  a d v a n t a g e  tha t  i t  m u s t  occur  to some 
extent .  This  is tha t  the  ac t i va t i on  e n e r g y  w i l l  i nc rease  
due  to the  compres s ion  of the  la t t i ce  w h i c h  m u s t  
occur  on app l i ca t ion  of an  e lec t r ic  field. The  c o m p r e s -  
sion w i l l  be  p r o p o r t i o n a l  to t he  s q u a r e  of t he  field. 
D i g n a m  (7) has  c r i t ic ized  this  t h e o r y  on the  g rounds  
tha t  the  da t a  of J e s t  [cf. (26)]  for  ha l ide  c rys ta l s  
w h i c h  w e r e  quo ted  as ind ica t ing  the  co r rec t  o rde r  of 
m a g n i t u d e  g ive  on ly  1/20 of t he  r e q u i r e d  effect  (wh ich  
w o u l d  st i l l  s eem to sa t i s fy  t he  " o r d e r  of m a g n i t u d e "  
desc r ip t ion ) .  H o w e v e r ,  t he  p r e sen t  ma te r i a l s  a r e  open  
glassy  s t ruc tu re s  of l ow dens i ty  w h i c h  m a y  r e a s o n -  
ab ly  be e x p e c t e d  to g ive  l a rge r  effects  t h a n  ha l ide  
crystals .  A d i rec t  test  of the  t h e o r y  by app ly ing  p r e s -  
sure  was  unsuccess fu l  due  to e x p e r i m e n t a l  difficulties. 

D i g n a m  p roposed  ins tead  tha t  the  effects  w e r e  due  
to t he  f o r m  of the  po ten t i a l  e n e r g y  vs. dis tance  r e l a -  
t ion, seen by  the  mob i l e  ion in m o v i n g  f r o m  one si te 
to the  next .  D i g n a m  e x p a n d e d  W ( E )  in p o w e r s  of 
for  t h r ee  P.E. curves :  a c l ipped  pa rabo l i c  funct ion ,  a 
s inusoidal  funct ion ,  and a Morse  func t ion :  P.E. 
We[1 - -  exp  ( x / L ) ]  2 in cu r  nota t ion ,  w h e r e  x is d is-  
tance,  and  L a constant .  He  found  tha t  the  first  t w o  
func t ions  gave  an i n a d e q u a t e  effect, bu t  t ha t  t he  
Morse  func t i on  f i t ted da ta  fo r  t an t a lum,  n iob ium,  and  
a l u m i n u m  v e r y  wel l .  His  conc lus ion  was  tha t  t he  c u r v -  
a tu re  "ar i ses  qu i te  n a t u r a l l y  f r o m  a m e r e  de ta i l ed  
analys is  of t he  ion  t r ans f e r  process  at h igh  fields." 
This  w o u l d  seem to be  mis lead ing .  We  sugges t  tha t  
w h a t  D i g n a m  has done  is to show that,  if  the  ob-  
s e rved  c u r v a t u r e  is to be  e x p l a i n e d  e n t i r e l y  in t e r m s  
of the  P.E. vs. dis tance  r e l a t ion  funct ion ,  this  f u n c -  
t ion m u s t  a p p r o x i m a t e  to the  shape  of a Morse  f u n c -  
tion. Such  a func t i on  does no t  seem to be app l i cab le  
qu i te  as g e n e r a l l y  as D i g n a m  suggests .  In  effect, i t  
suppresses  any  per iod ic  n a t u r e  of t he  mate r i a l .  The  
pos i t ion  of m a x i m u m  e n e r g y  at  zero field is at  in -  
finity. In  a c r y s t a l l i n e  m a t e r i a l  one w o u l d  su re ly  
expec t  tha t  the  peaks  in the  po t en t i a l  e n e r g y  c u r v e  
w o u l d  be  r e l a t i v e l y  sharp  so tha t  an app l i ed  field 
w o u l d  not  m o v e  t h e m  v e r y  far.  A m o d e l  to w h i c h  
the  Morse  func t ion  is m o r e  a p p r o p r i a t e  is as fol lows.  
We  suppose  tha t  ions m o v e  f a i r l y  f r e e l y  in channe l s  
t h r o u g h  the  l a b y r i n t h i n e  open  s t r u c t u r e  of these  films, 
bu t  m a y  b e c o m e  t r a p p e d  by cou lombic  a t t r ac t ion  at 
pocke ts  of excess  n e g a t i v e  cha rge  w h i c h  wi l l  be  p res -  
ent, due  to the  r a n d o m  n a t u r e  of t he  g lassy  s t ruc tu re ,  
at  i n f r e q u e n t  p laces  a long  the  channels .  

Wi th  this  m o d e l  the  t r ans ien t s  m i g h t  a r i se  f r o m  a 
v a r i a t i o n  of the  p r o p o r t i o n  of t r apped  ions and f r o m  
the  b u i l d i n g  of queues  at  b locks  in the  channels .  The  
acce l e r a t i ng  b u i l d - u p  of  c u r r e n t  w h e n  a l a rge  field 
is s u d d e n l y  app l i ed  could  be  due  to t he  c l ea r ing  of 
j a m s  by  r ap id ly  m o v i n g  ions. The  ions  w o u l d  acqu i r e  
g r ea t e r  ve loc i ty  and  hence  be  m o r e  e f fec t ive  as the  
process  cont inued .  The  obvious  and s imples t  w a y  to 
t r ea t  the  above  m o d e l  is in fac t  not  to a s sume  a Morse  
func t ion  b u t  to a s sume  tha t  excep t  v e r y  n e a r  to the  
t raps  t he  a t t r ac t ion  b e t w e e n  the  m o b i l e  ions and the  
t r a p p i n g  centers  in coulombic .  W i t h  an  app l i ed  field E 
w e  h a v e  P.E. ~ - -  A / x  - -  qEx  ( w h e r e  A is a cons tan t  
and x is t he  d i s t ance  a long  the  pa th  of t he  ion) .  A 
d e r i v a t i o n  ana logous  to tha t  of the  S c h o t t k y  l a w  for  
h igh  field emiss ion  of e lec t rons  f r o m  me ta l s  or  to 
tha t  of the  P o o l e - F r e n k e l  l aw for  h i g h  field l i b e r a -  
t ion of e l ec t rons  f r o m  t raps  leads  to I = Io e x p  
( - - W o / k T )  exp  (7 E1/2/kT)  w h e r e  7 is a constant .  W e  
should  pe rhaps  no t  e x p e c t  7 to h a v e  the  v a l u e  q2q11/2/ 
(eeon) 1/2 (M.K.S.)  p r e d i c t e d  by  the  above  t r e a t m e n t  
( w h e r e  ql ~ zle = c h a r g e  on t rap,  q2 ~ z2e ~ c h a r g e  
on m o b i l e  ion, and  e ~ d ie lec t r i c  cons tan t )  since, as in 
the  m o d e l  of Bean,  F isher ,  and V e r m i l y e a ,  the  s t e ady -  
s ta te  p a r a m e t e r s  wi l l  i nc lude  an a l l o w a n c e  fo r  t he  
change  in concen t r a t i on  of m o b i l e  ions w i t h  field. 
H o w e v e r ,  w e  h a v e  s h o w n  e l s e w h e r e  (2) t ha t  the  t r a n -  
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s ien t  O log I / a E  da ta  for  t a n t a l u m  also fit a S c h o t t k y  
l aw  and tha t  t he  s lope is cons i s ten t  w i t h  zl ---- z2 ~ 1.4. 
I t  should  pe rhaps  be  m e n t i o n e d  tha t  t he  S c h o t t k y  
f o r m  of l a w  was  t es ted  as an  e m p i r i c a l  l a w  by  Grin-  
t h e r s c h u l z e  and  Be tz  (27) and  aga in  by  C h a r l e s b y  
(28). 

A l a t e r  p a p e r  by  D i g n a m  (29) p resen t s  a r ad i ca l l y  
n e w  app roach  in w h i c h  the  a m o r p h o u s  n a t u r e  of the  
ox ide  is b r o u g h t  fu l ly  into play.  H o w e v e r ,  i t  need  no t  
be discussed in r e l a t i on  to the  p r e s e n t  resu l t s  s ince 
t h e  f ea tu r e  w h i c h  r ep roduces  the  n o n l i n e a r i t y  of 
W ( E )  is aga in  t he  use of a Morse  f u n c t i o n  po ten t i a l  
energy .  

A f u r t h e r  diff icul ty is p r e s e n t e d  by  the  t r ace r  e x -  
p e r i m e n t s  cf  Davies ,  P r ing le ,  and t he i r  co l l abora to r s  
[e.g., (30), r e v i e w e d  in (2) ] .  These  e x p e r i m e n t s  ap-  
p e a r  to show tha t  bo th  m e t a l  and o x y g e n  ions m o v e  
to about  equa l  ex t en t s  in t he  ox ide  films on t an t a lum,  
n iob ium,  and a l u m i n u m .  As has  been  no ted  be fo re  by  
va r ious  au thors  in connec t ion  w i t h  va r i ous  theor ies  
w h i c h  r e q u i r e d  s imi la r  coincidences ,  i t  is u n l i k e l y  tha t  
bo th  ions shou ld  m o v e  to s imi la r  ex ten t s  if  t he i r  m o -  
t ions a r e  i ndependen t ,  s ince e v e n  a s l ight  d i f fe rence  
of ac t iva t ion  e n e r g y  or ac t i va t i on  d i s tance  should  p r e -  
v e n t  this. D i g n a m  (29) e x p l a i n e d  this  r e su l t  in t e rms  
of a r e o r g a n i z a t i o n  w h i c h  he  supposed  w i l l  occur  in 
the  i n d i v i d u a l  mosa ic  b locks  (wh ich  he  pos tu l a t ed  are  
p r e s e n t  in t he  s t r u c t u r e  o.f the  ox ide)  each  t ime  they  
r e c e i v e  an  e x t r a  ion, because  of t he  d i s t u r b a n c e  of 
the  d ipole  m o m e n t  of t he  mosa ic  b locks  and because  
of the  c o m p a r a t i v e l y  l a rge  a m o u n t  of e n e r g y  w h i c h  
the  mob i l e  ions wi l l  p ick  up f r o m  the  field and h a n d  
o v e r  to the  mosa ic  b lock  on a r r iva l .  V e r m i l y e a  ( in  a 
p r i v a t e  c o m m u n i c a t i o n )  sugges ted  tha t  w h e n  a m e t a l  
ion b reaks  loose f r o m  the  n e t w o r k  the  n e i g h b o r i n g  
o x y g e n  ions  wi l l  also t end  to be  f reed.  S o m e  such 
ad ho c as sumpt ion  seems the  on ly  w a y  at  p r e sen t  to 
fit t he  m o b i l i t y  of both  ions, i f  i t  is accepted ,  in to  the  
theory .  
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The Characterization of Anodic Aluminas 
III. Barrier Layer Composition and Structure 

G. A. Dorsey, Jr. 

Department of Metallurgical Research, Kaiser Aluminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

High-pur i ty  a luminum sheets were  anodized in both sulfuric and deutero-  
sulfuric acid electrolytes. The anodic coatings f rom each electrolyte  were  
analyzed by infrared to de termine  the composit ion and na tu re  of the anodic 
barr ier  layer.  We found that  deuterat ion of the alumina lowered the absorp-  
tion f requency of the 900-1000 wavenumber  barr ie r  layer  band and also re -  
duced the amount  of both the porous layer  A1 ~ O and barr ier  layer.  We 
conclude, f rom these data, that  the barr ie r  layer  is a t r ihydrate.  The p r imary  
phase of the barr ier  layer, as obtained ini t ial ly or by boric acid anodizing, may  
be a cyclic aluminic acid t r ihydrate .  A secondary barr ier  phase may be a de-  
cyclized form of the pr imary,  having more terminal  groupings and a lower 
polymer  weight. 

Previous studies have shown that  the infrared ab- 
sorption of the barr ier  layer  distinguishes it f rom 
the porous layer  even when  the two layers are present  
together  wi thin  the same film (1). The fol lowing cor- 
relat ion chart  was der ived f rom this p re l iminary  work;  
the absorption band belonging to the barr ie r  layer  is 
included. 

Alumina  bond type 

Inf rared  absorption 
f requency  range, 

wavenumbers  

A10<--->H stretch 3660-2940 
A I ~  ~ ~ O  stretch 1696-1345 
AI<-->OH bend 1162- 900 

(Monohydrates near  1070 cm -1, whi le  t r ihydrates  
below 1025 cm -1) 
(Barr ier  layer 1000- 900) 

AI<--->OA1 stretch Below 900 

Barr ier  layers, then, always exhibi t  an absorption 
band wi th in  only a na r row region of the inf rared  
spectrum, a region normal ly  ascribed to a lumina t r i -  
hydrates. A barr ier  layer  formed by boric acid anodiz- 
ing has only one absorption band wi th in  the 4000 to 
33 cm -1 range (1), a band near 950 cm -1. Fur ther ,  
the barr ier  layer  was found to change dur ing the 
course of anodizing, as the growth of the porous layer  
was first ini t iated and then accelerated (2). Quant i ta-  
t ive infrared analyses revea led  that  the absorption 
band defining the barr ie r  layer tended to shift toward 
higher f requencies  as the amount  of porous layer  in-  
creased. A f requency  shift in this direction normal ly  
corresponds to a conversion f rom a high polymer  
weight  to a series of lesser polymers.  

The p r imary  object ive of the present  study was to 
establish whe ther  or not the anodic barr ie r  layer  is 
t ru ly  hydrated.  The barr ier  layer  infrared absorption 
band is wi thin  the a lumina t r ihydra te  region; how-  

ever, a lumina hydrates  also normal ly  have a second 
series of bands located in the higher  f requency region 
near  3400 cm -1. Barr ier  layers do not have infrared 
bands in this region or at least  not  unti l  the barr ier  
layer  1000-900 cm -1 band has shifted, indicat ing an 
al terat ion in the s t ructure  of the  barr ie r  layer.  This 
presents an anomaly. If  the barr ie r  layer  is t ru ly  an 
a lumina hydrate,  then some i r regular i ty  of s t ructure  
has caused the A10 <---> H stretch band to disappear, 
or, as with hydrogen bonding, the band could be 
broadened to such an extent  that  it cannot be located. 

Frequent ly ,  s t ructures involv ing  hydrogen can be 
elucidated by replacing the abundant  hydrogen wi th  
one of its isotopes: here, deu te r ium was substi tuted 
for protium. The mass of the deuter ium ion is twice 
that  of protium, and the increase in the reduced mass 
of a deuterated system causes a reduct ion in the 
wavenumber  of absorption bands involving hydrogen. 
A comparison of the infrared spectrum of the pro-  
tonated mater ia l  with that  of the deutera ted  com- 
pound reveals  those bands that  involve  s t ructural  
hydrogen;  these bands wil l  have shifted to lower  f re-  
quencies as a resul t  of the isotopic mass effect. 

Accordingly,  we a t tempted to de termine  the compo- 
sition of the barr ie r  layer  by anodizing in deuter ium 
oxide (heavy water)  solutions of deuterosulfur ic  acid. 
Para l le l  anodizing studies were  also made in proton-  
ated systems of sulfuric acid. 

Experimental 
Anodic aluminas.--Cleaned 99.99% a luminum sheets 

were  used as the substrate mater ia l  for the samples 
prepared. The two electrolyte  systems were  prepared  
as described below and were  verified by t i t ra t ion be-  
fore proceeding further .  

1. Deutera ted  system: 1.0N deuterosulfur ic  acid in 
heavy  water.  Both reagents  were  obtained f rom 
Diaprep, Inc. of At lanta  and were  repor ted  to be 
more  than 99% deuterated.  
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2. P r o t o n a t e d  sys tem:  1.0N su l fu r i c  acid in  d i s t i l l ed  
wa te r .  

Bo th  e l ec t ro ly t e s  w e r e  used  w i t h  a 1.08 a m p / d i n  2 
c u r r e n t  dens i ty  for  5.0 min.  A n o d i z i n g  t e m p e r a t u r e s  
w e r e  v a r i e d  to cove r  t he  r e g i o n  b e t w e e n  10 a to 45~ 
The  samples  w e r e  no t  sea led  a f t e r  anodizing.  

In~rared analys is .~The samples  w e r e  e x a m i n e d ,  as 
be fo re  (1) ,  o v e r  t h e  4000-600 cm -~ r a n g e  of t he  
B e c k m a n  IR-7.  T h e  flat anod ized  sheets  w e r e  m o u n t e d  
in the  s ample  s tage  of a C.I.C. A T R - 1  re f lec tance  a t -  
t a c h m e n t  at a 45 ~ ang le  of inc idence .  D o u b l e  b e a m  
spec t ra  w e r e  ob ta ined  vs. a f r o n t - s u r f a c e d  a l u m i n i z e d  
mi r ro r ,  w h i c h  was  m o u n t e d  the  s a m e  as the  sample .  

Q u a n t i t a t i v e  d e t e r m i n a t i o n s  w e r e  m a d e  us ing  a 
w e i g h t  m e t h o d  of g r aph ica l  in tegra t ion .  Checks  s h o w e d  
tha t  prec is ion ,  us ing  this  me thod ,  was  w i t h i n  • 1.3%. 
T h e  I R - 7  was  o p e r a t e d  w i t h  a sl i t  p r o g r a m  and  ga in  
se t t l ing  y i e ld ing  an u n l o a d e d  S B / D B  ra t io  of 1.5; speed  
and pe r iod  w e r e  a d j u s t e d  for  each  sample  so t h a t  the  
i n s t r u m e n t  r e sponse  was  adequa te .  

Results and Discussion 
As was  done  ea r l i e r  (2),  w e  chose  to i d e n t i f y  t he  

porous  c o m p o n e n t  of  t he  su l fu r ic  acid  anodic  coa t ing  
w i t h  an  A I = O  b a n d  o c c u r r i n g  at 1325 w a v e n u m b e r s .  
S u l f u r i c - a n o d i z e d  films also show a p r o b a b l e  su l fa t e  

u 

c 

50 

y 

0 l 
800 cm -1 Wavenumber of  1000 cm -1 

Barrier l a ye r  

Fig. 1. Anodizing temperature vs.  wavenumber of barrier layer. 
�9 1.0N H2SO4, 1.08 amp/dm 2, 5 min; X, 1.0N D2SO4, 1.08 
amp/dm ~, 5 min. 
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Fig. 2. Amount of barrier layer v s .  wavenumber of barrier layer. 
0, 1.0N H2SO4, 1.08 amp/dm 2, 5 min; X, 1.0N D2SO4, 1.08 
amp/dm 2, 5 min. 
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Fig. 3. Amount of porous layer A I~O  vs.  wavenumber of barrier 
layer. �9 1.0N H2SO4, 1.08 amp/dm 2, 5 min; X, 1.0N D2SO4, 1.08 
amp/dm 2, 5 min. 

band  n e a r  1150, bu t  the  abso rbance  of this  band  could  
be  a l t e r ed  by  bo th  anod ica l l y  i n c o r p o r a t e d  and  f r e e  
r e s idua l  sulfa te .  Changes  in  the  abso rbance  of t he  
A I = O  band  should  be caused  on ly  by  changes  in  t he  
a m o u n t  of porous  coat ing.  W e  r ecogn ize  tha t  a o n e -  
t o - o n e  co r r e l a t i on  has  no t  b e e n  es tab l i shed  b e t w e e n  
the  A I = O  abso rbance  and the  " a m o u n t "  of  porous  
l a y e r  (2).  F u r t h e r ,  the  c o n c e n t r a t i o n  of th is  bond  
group  m a y  v a r y  w i t h  t he  th i ckness  of a porous  layer .  
P e n d i n g  f u r t h e r  work ,  w e  wi l l  r e f e r  on ly  to t he  
a m o u n t  of porous  l a y e r  A I = O ,  or  to  t h e  a p p a r e n t  
a m o u n t  of porous  layer ,  and no t  to t he  " a m o u n t "  of  
porous  l aye r  i tself .  

The  a m o u n t  of b a r r i e r  l a y e r  was  d e t e r m i n e d  f r o m  
the  abso rbance  of the  band l y ing  w i t h i n  the  r e g i o n  of  
f r o m  900 to 1000 cm -1. 

F igu re s  1, 2, and  3 c l ea r ly  show the  effects, of d e u t e r a -  
t ion on the  b a r r i e r  layer .  T h e  i n f r a r e d  abso rp t ion  band  
of t he  b a r r i e r  l a y e r  was  at a l o w e r  f r e q u e n c y  w h e n  the  
b a r r i e r  l aye r  was  p r e p a r e d  in a d e u t e r a t e d  sys tem t h a n  
it  was  w h e n  p r e p a r e d  in a p r o t o n a t e d  sys tem.  The  dif- 
f e r ence  b e t w e e n  p r o t o n a t e d  and  d e u t e r a t e d  sys tems  is 
a p p a r e n t  r ega rd l e s s  of t he  anod iz ing  t e m p e r a t u r e  (Fig.  
1), the  a m o u n t  of b a r r i e r  l a y e r  (Fig.  2),  or  t h e  a p -  
p a r e n t  a m o u n t  of porous  o v e r l a y e r  (Fig.  3). W h e n  
p r e p a r e d  u n d e r  t he  same  condi t ions ,  t he  b a r r i e r  l a y e r  
abso rp t ion  was  at  920 cm -1  fo r  the  p r o t o n a t e d  sys t em 
and  912 cm -1 for  the  d e u t e r a t e d  sys tem.  

W e  also found  tha t  d e u t e r a t i o n  c h a n g e d  the  ap -  
p a r e n t  a m o u n t  of porous  coa t ing  ob ta ined  at  d i f fe ren t  
anodiz ing  t e m p e r a t u r e s .  T h e  d e u t e r a t e d  sys tem re-  
q u i r e d  a h i g h e r  anod iz ing  t e m p e r a t u r e  to  p roduce  the  
same  a p p a r e n t  a m o u n t  of porous  coa t ing  as t ha t  p r o -  
duced  in the  p r o t o n a t e d  sys tem (Fig.  4).  D e u t e r a t i o n  
p r o d u c e d  a s imi la r  change  in t he  r e l a t i o n  b e t w e e n  the  
b a r r i e r  l aye r  and  the  e l e c t r o l y t e  t e m p e r a t u r e  (Fig.  5). 

Reac t ions  i n v o l v i n g  d e u t e r i u m  g e n e r a l l y  p roceed  a t  
s l ower  ra tes  t h a n  those  i n v o l v i n g  hydrogen ,  and the  
e x t e n t  of chemica l  r eac t ions  is g e n e r a l l y  less comple t e  
(3).  The re fo re ,  h i g h e r  t e m p e r a t u r e s  or  l onge r  r eac t ion  
t imes  are  u s u a l l y  r e q u i r e d  to m a k e  the  s a m e  a m o u n t  
of p r o d u c t  (here ,  anodic  a l u m i n a )  w h e n  d e u t e r i u m  
is subs t i tu t ed  fo r  p ro t i um.  These  d i f fe rences  w e r e  
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Fig. 4. Amount of porous layer A l~O  vs .  anodizing temperature. 
�9 1.0N H2SO4, 1.08 amp/dm 2, 5 min; X, 1.0N D2SO4, 1.08 
amp/dm 2, 5 min. 
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Fig. 5. Amount of barrier layer vs. anodizing temperature and 
voltage. O, 1.0N H2SO4, 1.08 amp/dm 2, 5 min; X, 1.0N D2S04, 
1.08 amp/dm 2, 5 min; [~, H~S04 anodizing voltage; I ,  D2S04 
anodizing voltage. 

noted in our observations regarding the re la t ive  
amounts  of porous and barr ier  layers obtained in deu-  
terated and pro tonated systems, respectively.  

Conclusions 
The data show that  hydrogen is an integral  com- 

ponent  of the anodic a lumina barr ie r  layer;  if this 
were  not so, deuterat ion would  have had no effect. 

It was previously  shown that  the barr ier  layer in-  
f rared  band was in the a lumina hydra te  region (2), 
but anomalies were  found: (i) bar r ie r  layers showed 
no absorption in the 3400 A10-H stretch region, and 
(it) barr ier  layers showed no A1-OA1 absorption 
bands even when  examined down to 33 c m - L  

It  is wel l  established that  hydrogen bonding shifts 
the f requency of the oxygen-hydrogen  stretch v ib ra -  
tion and reduces the intensi ty of the band by broad-  
ening it (4). Strong hydrogen bonding may  ent i re ly  
remove  the band from the 3400 region. Hydroxyl  vi- 
brations are also shifted by hydrogen bonding, but  
band intensities are not s imilar ly  affected. We propose 
that  the absence of a 3400 region infrared band indi-  
cates that  strong hydrogen bonding is present  wi th in  
the barr ier  layer. Further ,  since no A1-OA1 linkages 
were  detected in barr ier  layer  infrared spectra, and 
since the barr ier  layer infrared band is in the a lumina 
t r ihydra te  region, the barr ie r  layer  must  have  a t r i -  
hydra te  composition. The simplest  s t ructure  for a 
s trongly hydrogen-bonded  t r ihydra te  is: 

/o-"-- oi,_ 
3o---.-(0, ,| ,| 

when this represents  a unit  section of a long polymer  
chain and M designates an identical  unit  wi th in  the 
same chain. 

However ,  the barr ier  layer  s t ructure must  have  t e r -  
minal  groups, and to fit the exist ing data, the l inkages 
wi thin  the te rmina l  groups must  be identical  wi th  
those in the chain. If more  than one fundamenta l  type 
of l inkage were  present, then the barr ier  layer  spec- 
t rum would have more than one absorption band: 
weak A I ~ O  or weak A l ~ O - p l u s - m o n o h y d r a t e  ab-  
sorptions. The spectrum has only one band, however ,  
and that  lies in the lower  f requency region for t r i -  
hydrates,  be tween 900 and 1000 cm -1. We must  a t -  
t empt  to account for chain- terminat ing groups using 
only A1OH---OA1 linkages. The simplest  s t ructure 
here  would requi re  that  a luminum have a subvalent  
oxidation state wi thin  the te rminal  groups. 

Our proposed s t ructure  for the anodic barr ie r  layer  
is then as follows, where  a luminum is present  in both 
divalent  and t r iva lent  oxidat ion states. 

Chain 
Member 

, ~ " . " 0  -H--O / 

o ' \  /~' ./ 
I I 

/Q~"-~ 
"O--H--O-- I - I - - (~)  Terminal Group 

I 

We propose to call this s t ruc ture  the p r imary  bar -  
r ier  layer  phase and refer  to it as a cyclic aluminic 
acid tr ihydrate.  The oxygen deficiency of the anodic 
barr ier  layer  has long been established (5-8), and our 
divalent  a luminum-conta in ing  bar r ie r  layer  is con- 
sistent with this deficiency. The divalent  a luminum 
content of the barr ier  layer  would produce a greater  
a l um inum /oxygen  ratio than that  corresponding to 
the solely t r iva lent  a luminum in A12Oa. Al though A1 
(I) is a more common subvalent  oxidation state for 
species such as gaseous aluminas, AI (II) has also been 
suggested (9). 

We have  found that  a second type of bonding, the 
A I = O  bond, forms as anodizing progresses fu r the r  to 
produce the porous layer  (2). It  was also noted that  
the f requency of the barr ie r  layer  band increased as 
this occurred. This was taken to mean that  the barr ier  
layer  underwent  a change f rom high to low polymer  
weights as anodizing progressed through to the porous 
layer  stage; the al tered form of the barr ier  layer  was 
termed the "parent  layer"  since the conversion ap- 
peared to be a r equ i rement  for porous layer  fo rma-  
tion. 

We now propose that  the parent  layer  represents  a 
secondary phase of the barr ie r  layer  which has under -  
gone a conversion f rom the cyclic to a decyclic form. 
The oxygen-def ic ient  te rminal  groups of the cyclic 
p r imary  phase would be a logical site for fu r the r  oxi- 
dation leading to depolymerizat ion with the format ion 
of A I = O  linkages. The introduction of these chain-  
te rminat ing  groups would also give rise to a series of 
lower polymer  weights;  this would  result  in a w a v e -  
number  shift of the barr ier  layer  infrared band, as has 
been repor ted  ear l ier  (2). 
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Technical 

Reflectivity Studies of Epitaxial Gaxln, As 
R. W .  C o n r a d ,  C.  E. Jones,  and  E. W .  W i l l i a m s  

Texas Instruments Incorperated, Dallas, Texas 

The reflect ivi ty spectra in the uv-v is ib le  range of 
various GaxInl -xAs alloys, prepared  by a gradient -  
freeze method, have  been repor ted  by Woolley and 
Blazey (1). A l inear  var ia t ion of the energy of the E1 
(low energy)  reflect ivi ty peak with  alloy composition 
was observed. The El t ransi t ion has been ascribed by 
Cardona (2) to an L (Bri l louin zone edge) transition, 
but la ter  work  by Brust  et al. (3), wi th  ge rmanium 
indicates a A (within the Bri l louin zone) transition, 
perhaps at about the point (1/6, 1/6, 1/6) in k space. 
We wish to repor t  the results of our reflect ivi ty meas-  
urements  on single-crystal ,  epi taxial  GaxInl -xAs aI- 
loys deposited on GaAs substrates., in par t icular  the 
anomalous results obtained on as -grown and mechan- 
ically polished deposit surfaces. 

E x p e r i m e n t a l  
Epitaxial  GaxInt-xAs alloys were  prepared  f rom the 

vapor  phase in an open- tube  reactor  system 1 using 
undoped GaAs and InAs source mater ia ls  2 and AsC13- 
saturated hydrogen as t ransport  agent. Substrates  
were  Cr-doped, semi- insulat ing (4) and Te-doped  (5 
• 10 is cc -1 GaAs, 2 cut 3 ~ off the (111) toward the 
(100). These were  chemical ly  polished, using a tech-  
nique similar  to that  described by Reisman and Rohr  
(5) for the room- tempera tu re  polishing of GaAs. All  
substrates were  chemical ly etched in hot aqueous 
NaOC1 solution immedia te ly  prior  to deposition. De-  

1 D e t a i l s  of  t h e  r e a c t o r  s y s t e m  w i l l  a p p e a r  i n  a l a t e r  p u b l i c a t i o n .  

F r o m  T e x a s  I n s t r u m e n t s  I n c o r p o r a t e d ,  D a l l a s ,  T e x a s .  
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Fig. 1. Infrared transmission of epitaxial Gaxlnl-xAs illustrat- 
ing lateral composition homogeneity. 

posits were  obtained on both sides of the substrates, 
but  in general,  only one side of the substrate had 
been chemical ly polished beforehand.  In several  de-  
position experiments ,  two substrates were  used, one 
with a chemical ly polished A (111) surface, the other  
wi th  a chemical ly polished B (111) surface. Deposit  
thicknesses were  f rom 2-15~ on B (111) substrates 
and 10-59~ on A (111) substrates. Deposition rates 
tended to decrease when depositing higher  indium- 
content  alloys. 

Deposits were  evaluated for s ingle-crys ta l l in i ty  by 
microscopic examinat ion  of surface and cleaved edge, 
and by " l ight-f igure"  pat terns  of the surfaces (6). 
Severa l  representa t ive  samples were  also examined 
for s ingle-crysta l l in i ty  and epi taxial  or ientat ion by 
electron diffraction reflection scans of the as-grown 
surfaces. To de termine  composition homogeneity,  in-  
f rared  transmission spectra were  measured  at several  
different locations on the sample surfaces. Figure  1 
shows the results of such measurements  for a typical  
sample and indicates ve ry  good composition homo-  
geneity both in the plane of and perpendicular  to the 
deposit surface. 

The reflect ivi ty spectra in the range 0.35-0.75~ were  
measured with  a P e r k i n - E l m e r  Model 350 recording 
spectrophotometer .  Alloy compositions were  calculated 
f rom the E1 peaks for a series of as -grown samples, 
wi th  the reactor  conditions var ied  to obtain various 
alloy compositions. In every  case, the apparent  com- 
positions of the as -grown layers were  h igher  in GaAs 
on the A ( I i1 )  side. This apparent  composit ion dif-  
ference was independent  of whe ther  the par t icular  
substrate  surface had been chemical ly polished or not, 
prior to deposition. Examinat ion  of several  of these 
samples by inf rared  transmission and x - r ay  diffraction 
methods, however ,  showed no difference in composi- 
tion be tween  the A and B side deposits. Fur ther ,  the 
reflectivity compositions of the A (111) samples were  
in good agreement  wi th  values de termined  f rom x - r a y  
and infrared transmission measurements ,  the B (111) 
samples being anomalous. To de termine  if the apparent  
composit ion difference was peculiar  to polar sub- 
strates, several  depositions were  made on (100) GaAs 
substrates. In each case, the compositions of the as- 
grown deposits as de termined f rom reflectivity were  
identical  on the two sides of the substrates and in 
good agreement  with x - r ay  and transmission meas-  
urements.  These results are summarized in Table I. 

Severa l  B (111) samples which exhibi ted anomalous 
reflectivity compositions were  r e - examined  by reflec- 
t ivi ty after  successive remova l  of thin layers of de-  
posit (0.5-2.0~) by hand- lapping  wi th  0.3~ a lumina 
abrasive. The E1 peaks were  appreciably broadened 
and compositions determined after  each lapping var ied  
erra t ical ly  and were  unreproducible.  In the case of 
one sample whose actual composition (from infrared 
transmission and x - r a y  diffraction) was Ga0.sIn0.sAs, 
composit ion determined by reflect ivi ty after  succes- 
sive lappings var ied  randomly  f rom Ga0.2In0.sAs to 
Ga0.sIn0.2As. This effect was also observed for A (111) 
and (100) surfaces of epi taxial  alloys, whereas  epi-  

287 
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Table I. Anomalous reflectivity compositions of B(111) epitaxial 
Gaxlnl-xAs 

D e p o s i t  c o m p o s i t i o n ,  
m o l e  % G a A s  

S a m p l e  No. S u b s t r a t e  T r u e  v a l u e *  B s ide  v a l u e  

129 Te ,  5 • 10 TM cc-Z 85 67 
55 S e m i - i n s u l a t i n g  86 71 

Te ,  5 • 10 TM cc -z 85 73 
57 S e m i - i n s u l a t i n g  88 67 

T e ,  5 • 10 TM cc -1 91 77 
59 S e m i - i n s u l a t i n g  88 67 

T e ,  5 • 10 TM cc -~ 91 77 
61 Te ,  5 • 10 TM cc -~ 50 38 
76 S e m i - i n s u l a t i n g  22 12 

* F r o m  A s ide  r e f i e c t i v i t y  c o n f i r m e d  by  x - r a y  d i f f r a c t i o n  a n d  i n -  
f r a r e d  t r a n s m i s s i o n .  

taxia l  and bulk GaAs and InAs showed only peak 
broadening but no shift in energy. 

To de termine  if the anomalous reflectivity resul ts  
af ter  mechanical  polishing could be caused by surface 
mel t ing  (7) and subsequent  regrowth  of a thin sur-  
face layer  of different composit ion f rom the rest  of 
the deposit, several  InAs (111) substrates were  me-  
chanically polished with  a 0.3~ a lumina- l iqu id  gal l ium 
s lurry  (at ca. 35~ Were surface mel t ing  to occur, 
al loying with  the gal l ium should take place, forming a 
thin surface layer  of GaxInl-xAs.  Reflectivity spectra 
of the surface of these substrates after  such a t r ea t -  
ment  showed no shift in the E1 peak. 

Light  chemical  etching of the alloy deposit  surface 
was found to yield very  reproducible  reflect ivi ty spec- 
tra. A short t rea tment  of ei ther  as -grown or mechani -  
cally polished deposit surfaces wi th  di lute bromine-  
methanol  solution, sufficient to r emove  1-2~, of de-  
posit, gave reproducible  reflectivity spectra in every  
sample examined.  Further ,  the compositions of the A 
and B side deposits af ter  etching were  found to be 
identical, the apparent  fract ion of GaAs in the B side 
deposit  having increased to that  of the a s -g rown A 
side deposit, wi th  the A side composition remain ing  
unchanged. These results are i l lustrated in Fig. 2 
which shows the shift in reflect ivi ty peaks for as- 
grown A and B side deposits, and in Fig. 3 which 
shows the coincidence of the reflectivity peaks for the 
same sample after  chemical  etching. 

To determine  if a difference in mechanism of ther -  
mal  dissociation of the A and B side deposits, such as 
reported by Mil ler  et  al. (8) for GaAs, could be a 
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Fig. 2. Roflectivity spectrum of a sample of as-grown epitaxial 
Gaxlnl -xAs. 
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Fig. 3. Reflectivity spectrum of a sample of epitaxial Gaxlnl-xAs 
after etching. 

factor in producing the anomalous reflectivity results 
on as -grown B (111) surfaces, we hea t - t rea ted  a 
chemical ly etched sample for a short  t ime at 720 ~ in 
flowing hydrogen. These conditions are similar  to 
those in the vapor  deposition reactor  during the shut-  
down procedure. Reflectivity measurements  on this 
sample, however ,  showed no apparent  change in com- 
position. 

Discussion 
The anomalous compositions as de te rmined  by re-  

flectivity for the B (111) side GaxInl -xAs alloy de-  
posits appear  to be connected in some fashion to the 
fundamenta l  differences be tween  the A (111) and 
B (111) sides, and not to some pecul iar i ty  of the vapor  
deposition system, since deposits on nonpolar  (100) 
GaAs substrates do not exhibi t  this effect. A difference 
in mechanism of the rmal  dissociation of A (111) and 
B (111) GaxInl -xAs surfaces, a l though probably  pres-  
ent, does not seem to be a factor in producing anomal-  
ous reflectivities. Whatever  the reason for this phe-  
nomenon, l ight chemical  etching apparent ly  el iminates 
it. 

A satisfactory explanat ion for the anomalous com- 
position values obtained by reflect ivi ty on mechani -  
cally polished GaxInl -xAs alloy surfaces is still  lack- 
ing. Surface mel t ing probably can be e l iminated as a 
factor, but  oxide format ion has yet  to be investigated.  

Cardona (9) has listed semiconductor surface prep-  
arat ion techniques in order  of decreasing qual i ty  as: 
cleaved > vapor  g rown > l iquid grown > e lect ropol-  
ished > chemical ly  e tched > mechanica l ly  polished. 
Our results for epi taxial  GaxIn~-xAs indicate: chemi-  
ically etched > as -grown > mechanica l ly  polished. 
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Phase Diagram for the Pseudobinary System InSb-lnSe 
D. F. O'Kane and N. R. Stemple 

Tho~nas J. Watson Research Center, International Business Machines Corporation, Yorktown Heights, New York 

This  n o t e  d e s c r i b e s  the  r e s u l t s  of  an i n v e s t i g a t i o n  of  
the  I n S b - I n S e  p s e u d o b i n a r y  p h a s e  d i a g r a m  u s i n g  d i f -  
f e r e n t i a l  t h e r m a l  a n a l y s i s  ( D T A )  and  x - r a y  m e t h o d s .  

I n S b  has  a z inc  b l e n d e  s t r u c t u r e  w i t h  a l a t t i c e  p a -  
r a m e t e r  a ~ 6 .4782A (1 ) .  I n S e  has  b e e n  r e p o r t e d  to 
h a v e  a r h o m b o h e d r a l  s t r u c t u r e  (2)  w i t h  a : 4 .02A 
and  c ~ 25 .05A and  a h e x a g o n a l  s t r u c t u r e  w i t h  a 
19.2A, c ~ 4 .00A (3)  and  a = 4.05A, c = 16.93A ( 4 ) .  
T h e r e  is no  k n o w n  i n v e s t i g a t i o n  of  the  p s e u d o b i n a r y  
s y s t e m  c o m p o s e d  of  I n S b - I n S e .  

Our  s a m p l e s  w e r e  p r e p a r e d  f r o m  the  p u r e  e l e m e n t s  
( 9 9 . 9 9 9 % ) I n ,  Sb, and  Se.  F i f t e e n  g r a m s  of  th e  e l e -  

m e n t s  w e r e  r e a c t e d  in  e v a c u a t e d ,  f u s e d  s i l i ca  t u b e s  
and  w a t e r  q u e n c h e d  f r o m  the  l i q u i d  state .  T h e  s a m -  
p les  w e r e  g r o u n d  to a f ine p o w d e r  and  a n n e a l e d  near  
440~ for  ,6 to 57 d a y s  b e f o r e  m a k i n g  the  x - r a y  p o w -  
der  p a t t e r n s  and  the  D T A  m e a s u r e m e n t s .  T h e  e x a c t  
a n n e a l i n g  c o n d i t i o n s  for  each  s a m p l e  are d e s c r i b e d  in  
T a b l e  I. T h e  D T A  s a m p l e  t u b e s  w e r e  m a d e  of  f u s e d  
s i l i ca  w i t h  a t h e r m o c o u p l e  w e l l  in  the  bo t tom.  T h e  
D T A  h e a t i n g  and  c o o l i n g  ra te  w a s  2~  

Results 
T h e  p h a s e  d i a g r a m  for  the  I n S b - I n S e  p s e u d o b i n a r y  

s y s t e m  is  s h o w n  in Fig .  1. I n S b  a n d  I n S e  a r e  n o t  
m i s c i b l e  in  al l  propor t ions .  A m o n o t e c t i c  occurs  at 
591~ an d  91 m o l e  % InSe,  and  the  c o m p o s i t i o n  of  
the  I n S b  r ich  m e l t  at  the  m o n o t e c t i c  t e m p e r a t u r e  is 
13 m o l e  % InSe .  T h e  e x t e n t  of  the  m i s c i b i l i t y  gap  in 
the  l i q u i d  s ta te  a b o v e  591~ w a s  dif f icult  to e s t i m a t e  
f r o m  d i f f eren t ia l  t h e r m a l  ana lys i s ,  and  this  b o u n d a r y  
is s h o w n  as a d a s h e d  l ine  to i n d i c a t e  th is  u n c e r t a i n t y .  

A e u t e c t i c  e x i s t s  n e a r  3 m o l e  % I n S e  and  519~ 
This  e u t e c t i c  t r a n s f o r m a t i o n  a p p e a r e d  as a t h e r m a l  
arres t  on  a l l  the  h e a t i n g  c u r v e s  for  the  a n n e a l e d  c o m -  
p o s i t i o n s  b e t w e e n  1 and  98 m o l e  % InSe .  T h e  D T A  
s a m p l e s  at 1 and  95 m o l e  % I n S e  w e r e  a n n e a l e d  57 

6 5 0  

6 2 5  

600 

5 7 5  

450 / - a  

425 

40% ,~ 
InSb 

550 .o. 
~: 52;,5, 

B: 50o 

4 7 5  

/ L I  + L 2  

o o 
o o o o o 

o 
Ll+,8 

~o o o 

Ll+a o o ~ 

o 

A 

M O l E  "7. InSe  I n S e  

Fig. 1. Phase diagram for the pseudobinary system InSb-lnSe. A ,  
from DTA heating curves; Q from DTA cooling curves. 

d a y s  at  450~  in order  to d e t e r m i n e  i f  a so l id  s o l u t i o n  
w a s  f o r m e d  at  each  of  t h e s e  c o m p o s i t i o n s .  T h e  oc -  
c u r r e n c e  o f  the  519~ e u t e c t i c  t r a n s f o r m a t i o n s  in the  
D T A  h e a t i n g  c u r v e  of  each  s a m p l e  i n d i c a t e s  a l ack  
of  c o m p l e t e  so l id  so lut ion .  Zone  re f in ing  of  the  c o m -  
p o s i t i o n  ( I n S b ) 3 0 ( I n S e ) 7 0  r e s u l t e d  in  th e  s e p a r a t i o n  
of  a c r y s t a l  c o n t a i n i n g  0.60 w / o  ( w e i g h t  per  c e n t )  Sb, 
w h i c h  is e q u i v a l e n t  to (InSb)0.96(InSe)99.o4,  in  the  
first s e c t i o n  to  f reeze .  D T A  m e a s u r e m e n t s  on the  l a t -  
ter  c o m p o s i t i o n  s h o w e d  th e  519 ~ a n d  591~ e u t e c t i c  
and  m o n o t e c t i c  t r a n s f o r m a t i o n s  d u r i n g  th e  h e a t i n g  
cyc l e .  T h e  data  on  th e  a n n e a l e d  a n d  z o n e  re f ined  
s a m p l e s  i n d i c a t e d  that  th e  s o l u b i l i t y  of  I n S e  in  I n S b  

Table I. Summary of DTA measurements for the pseudobinary phase diagram of InSb-SnSe 

S a m p l e  c o m p o s i t i o n  
M o l e  % M o l e  % D T A  

I n S b  I n S e  r u n  No. 

D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  r e s u l t s  
H e a t i n g  C o o l i n g  

A n n e a l i n g  L i q u i d u s  T r a n s i t i o n  L i q u i d u s  T r a n s i t i o n  
c o n d i t i o n s  t e m p ,  ~ T e m p ,  ~ t e m p ,  ~ t e m p ,  ~ 

1OO 0 54 None 
99 1 58 31 days at 440~ 
94 6 50 57 days at 450~ 
90 1O 51 57 days at 450~ 
86 14 57 14 days at 440~ 
80 20 7 14 days at 440~ 
60 40 0 14 days at 440~ 
50 50 5 14 days at 440~ 
40 60 2 14 days at 440~ 
30 70 12 7 d a y s  at  420~ 
20 80 3 6 d a y s  at  450~ 
10 90 13 7 d a y s  a t  420~ 

5 95 52 57 d a y s  at  450~ 
2 98 53 23 days at 450~ 

~ 0 . 9 6  ~ 9 9 . 0 4  32 Firs t  s e c t i o n  to  
f r e e z e ,  z o n e  r e -  
f i n e d  i n g o t  

O 1O0 II None 

524 524 
522 519, 491 520 
576 519 573 511, 491 

519 558 (?) 511 
593, 518, 485 569, 511 

605 591,519 578, 511 
591,518, 492 578, 512,485 
589, 518, 492,458 578, 513 
593,518, 492,460 640 584, 5047 
590, 518,492,466 583, 500, 492* 
592,516,491 580, 519, 504 
590, 518 576"* 

602 589, 519 595 ** 
609 518 607 

580,  519 607 

612 614 

# No d a t a  b e l o w  494~ 
* No d a t a  b e l o w  485~ 

** No d a t a  b e l o w  510~ 
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Table II. Powder pattern diffraction lines for InSe 

A S T M  (3) I n S e  I n S e  
s t a n d a r d ,  q u e n c h e d  f r o m  b o t h  a n n e a l e d  a n d  zone  

d, A l i q u i d  s t a t e ,  d, A r e f i n e d  s a m p l e s ,  d, A 

6.36 8.36 8.36 
4.16 S 4.12 S 4.15 S 
3.38 B 3.40 3.40 
3.14 3.17 
3.05 B 3.04 
2.96 B 2.92 2.95 B 
2.77 2.75 

2.63 
2.44 B 
2.38 B 2.38 B 2.38 B 
2.30 

2.15 
2.08 2.07 2.06 
2.00 S 2.00 S 2 .00 S 
1.95 1.95 B 1.95 B 
1.80 1.80 1.80 
1.73 1.73 1.72 

1.64 1.65 
1.62 1.62 1.62 

1.53 B 1.53 B 
1.49 
1.465 

1.44 1.44 1.44 
1,40 
1.388 1.385 1.385 

is less  t h a n  1%, a n d  t h e  s o l u b i l i t y  of I n S b  i n  I n S e  
is a lso less  t h a n  1%. 

T h e  p h a s e  d i a g r a m  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  
two  p h a s e  t r a n s i t i o n s  cou ld  n o t  b e  d e t e r m i n e d .  One  
t r a n s i t i o n  o c c u r r e d  s h a r p l y  a t  492~ b e t w e e n  1 a n d  
80 m o l e  % InSe ,  a n d  i t  is a s s u m e d  to  b e  a h i g h - t e m -  
p e r a t u r e  so l i d - so l i d  p h a s e  t r a n s i t i o n .  T h e  h e a t  n e c e s -  
s a r y  fo r  t h i s  t r a n s f o r m a t i o n  is o n l y  1/10 of t h e  q u a n -  
t i t y  r e q u i r e d  fo r  t h e  e u t e c t i c  t r a n s f o r m a t i o n  a t  519~ 
A s m a l l e r  t r a n s i t i o n  n e a r  460~ in  t h e  50, 60, a n d  70 
m o l e  % I n S e  s a m p l e s  occu r s  g r a d u a l l y  o v e r  a r a n g e  
of 10~ a n d  m a y  b e  a n  o r d e r - d i s o r d e r  t y p e  of r e a c -  
t ion.  

T h e  x - r a y  p o w d e r  p a t t e r n s  on  a n n e a l e d  s a m p l e s  of 
10, 50, 80, 90, a n d  95 m o l e  % I n S e  s h o w e d  b o t h  I n S b  
a n d  I n S e  p h a s e s  p r e s e n t .  In  a n  x - r a y  s a m p l e  of  6 
m o l e  % InSe ,  w h i c h  w a s  a n n e a l e d  a t  450 ~ _+ 5~ fo r  
26 days ,  t h e  p r i n c i p a l  p h a s e  h a d  a l a t t i c e  p a r a m e t e r  
of a : 6.4765A. T h i s  is no t  s i gn i f i c an t l y  d i f f e r e n t  f r o m  
t h e  r e p o r t e d  v a l u e s  of a ---- 6.4782A (1) a n d  6.4760A 
(5) f o r  InSb .  A s ign i f i can t  d e c r e a s e  in  l a t t i c e  p a r a m -  

e t e r  to a ~ 6.4721A w a s  n o t e d  o n  t h e  a n n e a l e d  50 
m o l e  % I n S e ;  th i s  m a y  be  c o n n e c t e d  w i t h  t h e  t r a n s -  
f o r m a t i o n s  n e a r  492 ~ a n d  460~ 

In i t i a l l y ,  t h e r e  w a s  a q u e s t i o n  a b o u t  t h e  p o w d e r  
p a t t e r n  d i f f r ac t i on  l ines  a s soc i a t ed  w i t h  I n S e  in  t h e  
I n S b - I n S e  samples .  S e v e r a l  l i nes  r e p o r t e d  fo r  I n S e  
(3) d id  n o t  s h o w  u p  i n  t h e  I n S b - I n S e  p a t t e r n s .  H o w -  
eve r ,  e x a m i n a t i o n  of I n S e  w h i c h  w a s  q u e n c h e d  f r o m  

the  l i q u i d  s ta te ,  a n n e a l e d  InSe ,  a n d  z o n e  r e f i n e d  I n S e  
s h o w e d  a d i f f e r e n c e  i n  d i f f r a c t i o n  l ines  as  i l l u s t r a t e d  
in  T a b l e  II. A f t e r  a n n e a l i n g  t h e  q u e n c h e d  InSe ,  t h e  
d i f f r ac t i on  p a t t e r n  w a s  i d e n t i c a l  to t h a t  of t h e  zone  
r e f i ned  InSe .  T h e  c h a n g e  in  I n S e  d i f f r a c t i o n  p a t t e r n s  
m a y  b e  e x p l a i n e d  b y  t h e  p h a s e  d i a g r a m  c h a r a c t e r i s t i c s  
of t h e  I n S e  b i n a r y  s y s t e m  i n  t h e  v i c i n i t y  of InSe .  
T h e  l i m i t s  of so l id  s o l u b i l i t y  of I n S e  a r e  u n k n o w n .  
F a s t  q u e n c h i n g  f r o m  t h e  l i q u i d  s t a t e  cou ld  r e s u l t  in  
a t w o  p h a s e  m i x t u r e  if  t h e  m a x i m u m  m e l t i n g  p o i n t  
is n o t  e x a c t l y  a t  InSe ,  a n d  a n n e a l i n g  cou ld  p r o d u c e  a 
s ing le  p h a s e  m a t e r i a l .  

T h e  d i f f e r e n t  l a t t i c e  p a r a m e t e r s  (2 -4)  r e p o r t e d  fo r  
I n S e  m a y  b e  p a r t i a l l y  e x p l a i n e d  b y  t h e  m e t h o d s  of 
p r e p a r a t i o n .  S u g a i k e  (3) u s e d  a s ing le  c r y s t a l  g r o w n  
b y  t h e  S t o c k b a r g e r  m e t h o d  fo r  h i s  l a t t i c e  p a r a m e t e r  
d e t e r m i n a t i o n ,  S c h u b e r t  (2) does  no t  d e s c r i b e  h is  
m e t h o d  of s a m p l e  p r e p a r a t i o n ,  a n d  S e m i l e t o v  (4) 
u s e d  a n  e v a p o r a t i o n  p r o c e d u r e .  

Summary 
D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  a n d  x - r a y  m e t h o d s  

h a v e  b e e n  u s e d  to c h a r a c t e r i z e  t h e  I n S b - I n S e  p s e u d o -  
b i n a r y  p h a s e  d i a g r a m .  A m o n o t e c t i c  ex i s t s  a t  591~ 
a n d  91 m o l e  % InSe ,  a n d  t h e  c o m p o s i t i o n  of t h e  I n S b  
r i c h  m e l t  a t  t h e  m o n o t e c t i c  t e m p e r a t u r e  is 13 m o l e  % 
InSe.  A e u t e c t i c  occu r s  a t  519~ a n d  3 m o l e  % I n S e  
a n d  t w o  o t h e r  p h a s e  t r a n s i t i o n s  a t  492 ~ a n d  460~ 
w e r e  p r e s e n t  in  t h e  sys t em.  T h e  s o l u b i l i t y  of I n S e  in  
I n S b  is less  t h a n  1% a n d  less t h a n  1% of I n S b  is so l -  
u b l e  in  InSe .  
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T h e  p u r p o s e  of  t h i s  w o r k  w a s  to d e t e r m i n e  t h e  p h a s e  
d i a g r a m  c h a r a c t e r i s t i c s  of t h e  p s e u d o b i n a r y  s y s t e m  of  
S b - S n T e ,  a n d  to e x a m i n e  t h e  e l e c t r i c a l  p r o p e r t i e s  of 
s o m e  of t h e  a l loys  in  t h e  sys t em.  I n v e s t i g a t i o n  of 
t h e  S b - S n T e  s y s t e m  w a s  m o t i v a t e d  b y  a s e p a r a t e  i n -  
v e s t i g a t i o n  in  t h e s e  L a b o r a t o r i e s  of t h e  b a n d  s t r u c -  
t u r e  of t h e  c o m p o u n d s  of a v e r a g e  v a l e n c e  V. 

T h e  e l e m e n t s  Sb,  Sn,  a n d  Te  a r e  in  t h e  s a m e  r o w  
of t h e  p e r i o d i c  t a b l e  a n d  w o u l d  b e  e x p e c t e d  to s h o w  
s u b s t a n t i a l  m u t u a l  so lub i l i t i e s .  Sb  h a s  a r h o m b o h e d r a l  
s t r u c t u r e  w i t h  a ~ 4.307A a n d  c ~ 11.273A (1) .  S n T e  
h a s  t h e  s o d i u m  c h l o r i d e  s t r u c t u r e  w i t h  a ~ 6.314A 

a t  t h e  c o m p o s i t i o n  50.4 a / o  ( a t o m i c  p e r  c e n t )  Te-49.6 
a / o  S n  (2) .  Th i s  is t h e  m a x i m u m  m e l t i n g  (806~ 
p o i n t  c o m p o s i t i o n  in  t h e  S n - T e  sys t em.  K r e b s  e t  al. 
(3) h a v e  i n v e s t i g a t e d  t h e  s o l u b i l i t y  of S n T e  in  Sb 
a n d  r e p o r t  t h e  l i m i t  of s o l u b i l i t y  as  SbsT.0(SnTe)13.0. 

Experimental Procedure 

D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  ( D T A ) ,  x - r a y  m e t h o d s ,  
m i c r o s t r u c t u r e  e x a m i n a t i o n ,  a n d  zone  r e f i n i n g  w e r e  
u s e d  to  e s t a b l i s h  t h e  p h a s e  d i a g r a m  for  t h e  S b - S n T e  
sys tem.  T h e  D T A  s a m p l e s  w e r e  m a d e  in  t w o  ways .  
F o r  t h o s e  s a m p l e s  fo r  w h i c h  o n l y  D T A  cool ing  d a t a  
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H e a t - t r e a t m e n t  
S a m p l e  Time,  Temp ,  L a t t i c e  p a r a m e t e r s  

No. C o m p o s i t i o n  days  ~ a, ~ c, A 

800 

P 750 

650 

600 

55C 

50C I00 

Sb SnTe 

LIQUID 

/ / 

I0 20 30 40 50 60 70 80 90 

MOLE % SnTe 

Fig. 1. Phase diagram for the Sb-SnTe pseudobinary system. A ,  
from DTA heating curves; Q ,  from DTA cooling curves; square 
with a dot, from crystal No. 38; X from Brebrick (2). 

w e r e  to b e  o b t a i n e d ,  t h e  e l e m e n t s  (99.999% p u r i t y )  
w e r e  r e a c t e d  in  t h e  D T A  f u r n a c e  a n d  coo led  a t  2 .0~  
rain.  T h e  r e m a i n i n g  s a m p l e s  a t  5, 10, a n d  90 m o l e  % 
S n T e  w e r e  p r e p a r e d  b y  r e a c t i n g  t h e  e l e m e n t s  a n d  
w a t e r  q u e n c h i n g  t h e m  f r o m  t h e  l i q u i d  s ta te .  T h e y  
w e r e  t h e n  g r o u n d  to a p o w d e r ,  s ea l ed  in  e v a c u a t e d ,  
f u s e d  s i l ica  tubes ,  a n d  a n n e a l e d  a t  525~ f o r  51 days .  
T h e  D T A  h e a t i n g  a n d  coo l ing  r a t e  on  t h e  a n n e a l e d  
s a m p l e s  w a s  2 . 0 ~  T h e  x - r a y  p o w d e r  p a t t e r n  
s a m p l e s  of 5, 10, 85, 87, a n d  90 m o l e  % S n T e  w e r e  a n -  
n e a l e d  a t  525~ fo r  31 to 51 days.  

Z o n e  r e f i n i n g  fo r  4 to  9 passes  a t  0.5-0.8 i n . / h r ,  w a s  
u sed  to s e p a r a t e  t h e  eu t ec t i c  c o m p o s i t i o n  in  t h e  S b -  
S n T e  s y s t e m  fo r  c h e m i c a l  ana lys i s ,  a n d  to e s t a b l i s h  
t h e  s o l u b i l i t y  of S n T e  in  Sb. T h e  u s e  of zone  r e f i n i n g  
to s e p a r a t e  t h e  eu t ec t i c  c o m p o s i t i o n  in  a b i n a r y  sys -  
t e m  h a s  b e e n  p r e v i o u s l y  d e m o n s t r a t e d  b y  Yue  (4) .  
S n  a n d  Te  w e r e  a n a l y z e d  in  t h e  S b - r i c h  s amp le s ,  a n d  
Sb  w a s  a n a l y z e d  in  t h e  S n T e - r i c h  samples .  

S i n g l e  c r y s t a l s  fo r  e l e c t r i c a l  m e a s u r e m e n t s  w e r e  
p u l l e d  a t  4 m m / h r  f r o m  m e l t s  of S b l s ( S n T e ) s 5  a n d  
S b 9 5 ( S n T e ) 5  in  a C z o c h r a l s k i - t y p e  c r y s t a l  pu l l e r .  
E l e c t r i c a l  r e s i s t i v i t y  a n d  H a l l  effect  w e r e  m e a s u r e d  
b y  t h e  d i r e c t  c u r r e n t  m e t h o d  on  s a m p l e s  a p p r o x i -  
m a t e l y  0.25 x 1 x 7 m m  3 w i t h  a m a g n e t i c  f ield of 4,000 
gauss  fo r  d e t e r m i n a t i o n  of t h e  H a l l  coefficient .  

Results 
T h e  p h a s e  d i a g r a m  fo r  t h e  S b - S n T e  p s e u d o b i n a r y  

s y s t e m  is s h o w n  in  Fig.  1. A e u t e c t i c  ex i s t s  a t  t he  
c o m p o s i t i o n  Sbss.s ( S n T e )  t4.2 a n d  576 o __ 2 ~ C. T h e  l i m i t s  
of so l id  s o l u b i l i t y  a r e  S b 9 7 ( S n T e ) ~  a n d  Sb l0 (SnTe)90 .  

T h e  so l id  so lub i l i t i e s  a n d  t h e  e u t e c t i c  c o m p o s i t i o n  
w e r e  e s t a b l i s h e d  b y  zone  re f in ing ,  m i c r o s t r u c t u r e  e x -  
a m i n a t i o n ,  x - r a y  p o w d e r  p a t t e r n s  on  a n n e a l e d  s a m -  
ples,  x - r a y  d i f f r a c t o m e t r y  on  s ing le  c r y s t a l  c l e a v e d  
su r faces ,  a n d  c h e m i c a l  ana ly se s .  

T h e  r e s u l t s  of c h e m i c a l  a n a l y s e s  on  zone  r e f i ned  
s a m p l e s  a n d  C z o c h r a l s k i  p u l l e d  c r y s t a l s  a r e  s u m -  
m a r i z e d  in  T a b l e  I. X - r a y  a n a l y s e s  a r e  s u m m a r i z e d  
in  T a b l e  II. T h e  n u m b e r  in  b r a c k e t s  w i t h  e a c h  s a m p l e  
n u m b e r  in  T a b l e  I i n d i c a t e s  t h e  sec t ion  n u m b e r  of 
t h e  m a t e r i a l  ana lyzed .  Sec t i on  3 w a s  n e a r  t h e  f i rs t  
to f r e e z e  sec t ion  of t h e  zone  r e f i ned  ingot ,  s ec t i on  5 
w a s  a t  t h e  c e n t e r  of t h e  ingot ,  a n d  sec t ion  7 w a s  t h e  

Sb 4.307* 11.273"* 
082(3) Sb~v.l(SnTe)2.9 4.303* 11.308 
078 Sb~  (SnTe) 5 51 525 4.306* 11.283 
094 S b ~  (SnTe)s~ 31 525 6.322? 
088 Sbl~ (SnTe) 67 23 525 6.3217 

49 525 6.3217 
077 S b l o ( S n T e ) ~  33 525 6.3217 

51 525 6.323? 

* R h o m b o h e d r a l  s t ruc tu re .  
? S o d i u m  ch lo r ide  s t ruc tu re .  

** F r o m  ref.  (1). 

l a s t  s ec t ion  to f reeze .  T h e  f i rs t  sec t ion ,  3, to f r eeze  in  
zone  r e f i ned  i n g o t  No. 082 w a s  s ing le  c r y s t a l l i n e  w i t h  
t h e  a p p r o x i m a t e  c o m p o s i t i o n  of Sb97.1(SnTe)2.9. T h i s  
s h o u l d  r e p r e s e n t  e s s e n t i a l l y  t h e  l i m i t  of s o l u b i l i t y  of 
S n T e  in  Sb,  s ince  sec t ion  5, w h i c h  c o n t a i n e d  Sb94.~ 
(SnTe)~.3,  s h o w e d  f r e e  S n T e  in  t h e  p o w d e r  p a t t e r n .  
Th i s  l a t t e r  s ec t i on  w a s  s i m i l a r  to a n  a n n e a l e d  s a m p l e  
of S b 9 5 ( S n T e ) 5  w h i c h  a lso  c o n t a i n e d  s o m e  second  
phase .  T h e  p o w d e r  p a t t e r n  fo r  a m e c h a n i c a l  m i x t u r e  
of 10 m o l e  % S n T e - 9 0  m o l e  % Sb  s h o w e d  t he  s a m e  
d i f f r a c t i o n  l ines  as t h o s e  o b t a i n e d  o n  t h e  a n n e a l e d  
Sb90(SnTe)10  sample .  T h e  a d d i t i o n  of S n T e  to t h e  Sb  
l a t t i c e  c a u s e d  a n  i n c r e a s e  in  v o l u m e  of 0.06% at  t he  
m a x i m u m  s o l u b i l i t y  of Sb97(SnTe)~ .  

E q u i l i b r i u m  c o n d i t i o n s  fo r  t h e  s o l u t i o n  of S n T e  in  
Sb  w e r e  m o r e  c lose ly  a p p r o a c h e d  in  t h e  zone  r e f i n e r  
t h a n  in  t he  c r y s t a l  pu l l e r ,  as s h o w n  in  T a b l e  I. Th i s  
is s e e n  b y  t h e  d i f f e r e n c e  in  c o m p o s i t i o n  b e t w e e n  t h e  
zone  r e f i ned  s a m p l e  082 a t  p o s i t i o n  3, w h i c h  w a s  n e a r  
t h e  l e a d i n g  end,  a n d  t h e  C z o c h r a l s k i  c r y s t a l s  2,6 a n d  
36, w h i c h  also r e p r e s e n t e d  t h e  f i rs t  to f reeze .  

T h e  e u t e c t i c  p h a s e  w a s  o b s e r v e d  b y  m i c r o s t r u c t u r e  
e x a m i n a t i o n  of t h e  D T A  s a m p l e s  of S b 9 5 ( S n T e ) 6  a n d  
Sb90(SnTe)10.  T h e  r e s u l t s  of c h e m i c a l  a n a l y s i s  ( T a -  
b le  I)  on  t h e  e n d  sec t ions ,  082 (7 ) ,  083(7) ,  a n d  090(7 ) ,  
of zone  r e f i ned  s a m p l e s  of S b 9 5 ( S n T e ) 5  a n d  Sbs~ 
(SnTe)~5  i n d i c a t e  a e u t e c t i c  c o m p o s i t i o n  of Sbss.6 
( S n T e )  14.2. 

T h e  l i m i t  of s o l u b i l i t y  of Sb  in  S n T e  a t  525~ is 
Sb10_+2 ( S n T e )  90_+2. T h e  s i n g l e  p h a s e  Sbl0 ( S n T e )  90 h a d  
l a t t i ce  p a r a m e t e r s  of a : 6.321A a n d  a : 6.323A a f t e r  
33 a n d  51 days ,  r e s p e c t i v e l y ,  a t  525~ S b l ~ ( S n T e ) s 7  
was  two  p h a s e  a f t e r  49 days  a t  525~ t h e  l a t t i c e  
p a r a m e t e r  of t h e  p r i n c i p a l  p h a s e  w a s  a ~ 6.321A. 
T h e s e  l a t t i ce  p a r a m e t e r s  a r e  c o m p a r a b l e  to  t h e  v a l u e s  
of a ~ 6.318A (2) a n d  a : 6.322A (5)  o b t a i n e d  fo r  
t h e  c o m p o s i t i o n  50.1 a / o  Te-49.9  a / o  S n  in  t h e  S n - T e  
b i n a r y  sys t em.  A t  777~ t h e  s o l u b i l i t y  of Sb  in  S n T e  
is Sb t . s (SnTe)9s .2  f r o m  t h e  c h e m i c a l  a n a l y s i s  of a 
s ing le  c r y s t a l  p u l l e d  f r o m  a m e l t  of S b l s ( S n T e ) s ~ .  

A s m a l l  h e a t  ef fec t  t h a t  o c c u r r e d  a t  551~ d u r i n g  
t h e  coo l ing  of t h e  D T A  s a m p l e s  c o n t a i n i n g  5, 10, a n d  
20 m o l e  % S n T e  a p p a r e n t l y  is n o t  r e p r e s e n t a t i v e  of 
t h e  e q u i l i b r i u m  p h a s e  d i a g r a m .  T h i s  t r a n s i t i o n  does  
no t  a p p e a r  in  a n n e a l e d  s a m p l e s  d u r i n g  t h e  h e a t i n g  
cyc le  a n d  m a y  b e  r e l a t e d  to t h e  540~ eu t ec t i c  b e -  
t w e e n  Sb  a n d  Sb2Te~, w h i c h  e x t e n d s  i n to  t h e  t e r n a r y  

Table I. Summary of chemical analyses 

A p p r o x i m a t e  
S t a r t i n g  F i n a l  c o m p o s i t i o n  p s e u d o b i n a r y  

S a m p l e  No. c o m p o s i t i o n  M e t h o d  of c rys t a l  g r o w t h  a / o  Sb a /o  Sn  a /o  Te c o m p o s i t i o n  

082 [3] Sb95(SnTe)5 Z o n e  re f in ing ,  4 passes  a t  0.8 i n . / h r  94.2 3.3 2.4 Sb97.~(SnTe) 2.9 
082[5] Sb95(SnTe)5 Z o n e  re f in ing ,  4 passes  a t  0.8 i n . / h r  89.8 5.6 4.5 Sbg~.7(SnTe).~.:~ 
082[7] Sb95(SnTe)5 Z o n e  re f in ing ,  4 passes  a t  0.8 i n . / h r  75.3 11.6 13.0 Sbss.9(SnTe)14.1 
083[7] Sb~5(SnTe).~ Z o n e  re f in ing ,  4 passes  a t  0.8 i n . / h r  75.4 11.1 13.4 Sbs6.0(SnTe)14.o 
090[3] S b ~ ( S n T e ) ~  Z o n e  re f in ing ,  9 passes  a t  0.5 i n . / h r  63.3 18.9 17.7 Sb~7.6(SnTe)~.4 
090[7] S b ~ ( S n T e ) l ~  Zone  re f in ing ,  9 passes  a t  0.5 i n . / h r  74.6 9.1 16.2 Sbs.~.~(SnTe)14..~ 
26 Sbg~(SnTe) 5 Czochra l sk i  97.0 2.4 0.5 
36 S b~  (SnTe) 5 Czochra l sk i  97.6 2.2 0.2 
38 S b ~  (SnTe) 65 Czochra l sk i  0.90 49.55 49.55 Sbl .s  (SnTe) ~.2 
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Fig. 2. Electrical resistivity and Hall coefficient vs .  reciprocal 
absolute temperature for single crystalline Sbl.8(SnTe)gs.2, sample 
No. 38. 

field. T h e s e  e x p e r i m e n t a l  p o i n t s  h a v e  b e e n  o m i t t e d  
f r o m  t h e  p h a s e  d i a g r a m  of Fig. 1. 

T h e  e l e c t r i c a l  r e s i s t i v i t y  a n d  H a l l  coeff ic ient  d a t a  
b e l o w  300~ fo r  t h e  s i n g l e  c r y s t a l  Sb l . s (SnTe)gs .2  
a r e  s h o w n  i n  Fig. 2. T h e  c o n c e n t r a t i o n  of Sb  is 2 x 1020 
a t . / c m  ~ f r o m  c h e m i c a l  ana ly s i s .  T h e  a p p a r e n t  ho l e  
c o n c e n t r a t i o n  is 6 x 102~ ~ a t  3O0~ ( f r o m  p 
1/eRH, w h e r e  e is t h e  e l e c t r o n  c h a r g e  a n d  R~ is t h e  
H a l l  coef f ic ien t ) .  T h e  ho l e  m o b i l i t i e s  a r e  74 a n d  110 
c m f / v o l t - s e c  a t  300 ~ a n d  77~ r e s p e c t i v e l y .  T h e s e  
m o b i l i t i e s  a r e  i d e n t i c a l  to  t h e  r e s u l t s  o b t a i n e d  b y  
B r e b r i c k  (2) on  d o p e d  a n d  u n d o p e d  SnTe .  T h e  
SbLs (SnTe)9s .2  c r y s t a l  w a s  g r o w n  f r o m  a m e l t  a t  
777~ S n T e  g r o w n  f r o m  a S n - r i c h  m e l t  a t  t h e  s a m e  
t e m p e r a t u r e  h a s  a c a r r i e r  c o n c e n t r a t i o n  of 3.5 x 1020/ 
cm 3 a t  300~ T h e  ho l e  c o n d u c t i o n  in  t h i s  c o m p o u n d  
is a t t r i b u t e d  to d o u b l y  ion ized  t i n  v a c a n c i e s .  T h i s  o n e  
e x p e r i m e n t  sugges t s  t h a t  p o s s i b l y  t h e  Sb  is go ing  on  
t e l l u r i u m  s i tes  a n d  i n c r e a s i n g  t he  t i n  vacanc i e s .  

A t  t h e  oppos i t e  e n d  of t h e  p h a s e  d i a g r a m ,  a s ing le  
c r y s t a l  of Sb97.6Snf.fTe0.2 w a s  p u l l e d  f r o m  a m e l t  of 
S b 9 5 ( S n T e )  5. T h e  e l e c t r i c a l  r e s i s t i v i t y ,  p, w a s  6 x 10 -5 

a n d  3 x 10 -5  o h m - c m  a t  300 ~ a n d  77~ r e s p e c t i v e l y .  
E l e c t r i c a l  m e a s u r e m e n t s  w e r e  m a d e  w i t h  t h e  c u r r e n t  
f low a l o n g  t h e  b i n a r y  d i r ec t ion .  E l e c t r i c a l  m e a s u r e -  
m e n t s  on  p u r e  Sb  s ing le  c r y s t a l s  b y  T a n a k a  (6) r e -  
s u l t e d  in  p297oK ~ 1.28 x 10 - 4  o h m - c m  a n d  p20.4oK/ 
P297oK ~ 4.6 x 10 -3  fo r  c u r r e n t  f low in  t h e  b i n a r y  d i -  
r ec t ion .  

S u m m a r y  
T h e  S b - S n T e  p s e u d o b i n a r y  p h a s e  d i a g r a m  is a s i m -  

p le  e u t e c t i c  s y s t e m  w i t h  t he  e u t e c t i c  p o i n t  a t  576~ 
a n d  Sbss.s(SnTe)z4.2.  T h e  l i m i t s  of s o l u b i l i t y  a r e  
Sbl0 (SnTe)90  a n d  Sb97 ( S n T e ) 3  a t  525~ T h e  l a t t e r  r e -  
su l t  does  n o t  a g r e e  w i t h  K r e b s  (3) w h o  o b t a i n e d  a 
s o l u b i l i t y  l i m i t  of SbsT.0(SnTe)z~.0 for  s a m p l e s  a n -  
n e a l e d  24 h r  n e a r  470~ T h e  i n c r e a s e  in  c r y s t a l  v o l -  
u m e  of Sb  w i t h  t h e  a d d i t i o n  of 3 m o l e  % S n T e  is 
0.06%. T h e  a d d i t i o n  of  10 m o l e  % S b  to S n T e  causes  
no  s ign i f i can t  c h a n g e  in  l a t t i ce  p a r a m e t e r  f r o m  SnTe .  
T h e  e l e c t r i c a l  p r o p e r t i e s  of Sbz.s(SnTe)9s~2 a r e  s i m -  
i l a r  to  t h o s e  of SnTe .  
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Annular Facets and Impurity Striations in 
Tellurium-Doped Gallium Arsenide 

G. R. Cronin, G. B. Larrabee, and J. F. Osborne 

Texas  Ins t ruments  Incorporated, Dallas, Texas  

T h e  p r e p a r a t i o n  of u n i f o r m l y  d o p e d  G a A s  s ing le  
c r y s t a l s  is i m p o r t a n t  fo r  u s e  as s u b s t r a t e s  fo r  e p i t a x i a l  
d e p o s i t i o n  a n d  fo r  t h e  f a b r i c a t i o n  of dev i ce s  f r o m  b u l k  
m a t e r i a l .  T h e  g r o w t h  of u n i f o r m l y  d o p e d  m a t e r i a l  
f r o m  t h e  m e l t  is  n o t  as s i m p l e  as i t  w o u l d  a p p e a r  to  be. 

W o r k  b y  L e M a y  (1) on  t e l l u r i u m - d o p e d  G a A s  d e -  
s c r i b e d  t h e  effects  of c o n s t i t u t i o n a l  s u p e r c o o l i n g  a n d  
f a c e t  f o r m a t i o n  on  c r y s t a l s  w h o s e  g r o w t h  ax is  w a s  15 ~ 
off t h e  < 1 1 1 > .  S t r i a t i o n s  b e l i e v e d  to b e  c a u s e d  b y  i m -  
p u r i t y  s e g r e g a t i o n  h a v e  b e e n  r e v e a l e d  b y  a v a r i e t y  of 
t e c h n i q u e s  i n c l u d i n g  a n o d i c  e t c h i n g  (2 ) ,  c h e m i c a l  
e t c h i n g  (3) ,  i n f r a r e d  t r a n s m i s s i o n  (4) ,  a n d  e l e c t r o n  
m i c r o s c o p y  (5) .  T h i s  w o r k  d e s c r i b e s  s e v e r a l  G a A s  
c r y s t a l s  p u l l e d  f r o m  a m e l t  d o p e d  w i t h  r a d i o a c t i v e  
t e l l u r i u m .  T h e  r a d i o t r a c e r  t e c h n i q u e  h a s  t h e  a d v a n -  
t a g e  of p e r m i t t i n g  a d i r e c t  c o r r e l a t i o n  b e t w e e n  t h e  
i m p u r i t y  d i s t r i b u t i o n  as r e v e a l e d  b y  a u t o r a d i o g r a m s  
a n d  t h e  e t c h i n g  c h a r a c t e r i s t i c s  of t h e  m a t e r i a l .  

Experimental 
T h r e e  c r y s t a l s  w e r e  g r o w n  d o p e d  w i t h  r a d i o a c t i v e  

t e l l u r i u m  in  c o n c e n t r a t i o n s  r a n g i n g  f r o m  a b o u t  5 x 
10~6/cm 3 to 1 x 101~/cm 3. T h e  c r y s t a l s  w e r e  g r o w n  on 
t h e  < 1 1 I ~  o r i e n t a t i o n  f r o m  x - r a y  o r i e n t e d  seeds  in  a 
v e r t i c a l  p u l l i n g  a p p a r a t u s  d e s c r i b e d  p r e v i o u s l y  (6) .  
T h e  G a A s  m e l t  w a s  c o m p o u n d e d  in situ a n d  T e - 1 2 7 m -  
1271 w a s  a d d e d  in  e l e m e n t a l  f o r m  to t h e  g a l l i u m  w h i c h  
w a s  c o n t a i n e d  in  a n  a l u m i n a  c ruc ib le .  T h e  c rys ta l s ,  
g r o w n  f r o m  t h e  < 1 1 1 ~  or  a r s e n i c  e n d  of  t h e  seed,  
w e r e  e n t i r e l y  s ing le ,  a n d  w e i g h e d  a p p r o x i m a t e l y  50g 
each .  T h e y  w e r e  t h e n  cu t  i n to  w a f e r s  30 m i l  t h i c k  f r o m  
w h i c h  t h e  a u t o r a d i o g r a m s  w e r e  m a d e  a n d  t h e  t e l l u -  
r i u m  c o n c e n t r a t i o n  m e a s u r e d .  D i s l o c a t i o n  d e n s i t y  
m e a s u r e m e n t s  b y  e t ch  p i t  c o u n t i n g  w e r e  m a d e  f o l l o w -  

1 T e - 1 2 7 m - 1 2 7  w a s  p r o d u c e d  b y  t h e  n e u t r o n  i r r a d i a t i o n  of  t e l l u -  
r i u m  m e t a l  i s o t o p i c a l l y  (91.6%) e n r i c h e d  in  t e l l u r i u m  ~ o b t a i n e d  
f r o m  O a k  R i d g e  N a t i o n a l  L a b o r a t o r i e s .  



Vol. 113, No. 3 I M P U R I T Y  S T R I A T I O N S  I N  T e - D O P E D  G a A s  293 

Fig. 3. Photograph and autoradiogram of the bottom of crystal 
218. The white area is the portion of the last drop to freeze as 
the crystal was withdrawn from the melt. 

Fig. 1. A "top to bottom" series of autoradiograms from tel- 
lurium-doped GaAs crystal 218. Note appearance of annular facet 
on third and fourth autoradiogram. 

ing a method described by Richards et al. (7). The 
radio pur i ty  of the te l lur ium was checked by gamma 
ray spectroscopy in each crystal, and only t e l lu r ium-  
127m-127 act ivi ty was found. The act ivi ty of each 
slice was measured by convent ional  gamma counting 
techniques. Autoradiograms were  also made on each 
slice to determine  doping uniformity.  

Results and Discussion 
Six autoradiograms taken f rom the first c rys t a l  

(218) are shown in Fig. 1 The te l lur ium concentrat ion 
in this crystal  ranged f rom about 5 x 1016/cm 3 to 
1 x 1017/cm 3. The appearance of the sharply outl ined 
central  facet  in the upper  port ion of the crystal  is 
similar  to those repor ted  by Al l red  and Bate for te l lu-  
r ium in InSb (8). The most s tr iking feature  of this 
crystal, however ,  is the appearance of a second wel l -  
defined area of high te l lu r ium concentrat ion which ap- 
peared about midway  through the growth of the crys-  
tal. This concentric or annular  facet then persists 
throughout  the remaining  lower  half  of the crystal. 
The origin of this type of annular  facet, we believe, is 
re la ted to the shape of the growth interface. We have 
observed, by wi thdrawal  f rom the melt,  that  as the 
crystal  first begins to grow, the in terface  tends to have  
a m a x i m u m  concave curva ture  and hence a re la t ive ly  
small  area which approximates  a (111) plane. The re-  
sult is a small  central  facet  at the top of the crystal  
as shown in Fig. 2 and the autoradiograms of Fig. 1. 

SEED-~ 
~ P L A N E  ~ SMALL 

CENTRAL MELT INTERFACE FACET MODERATELY 
//~-CURVED 

CENTRAL 
INTERFACE FACET 
SLIGHTLY ~ CURVED ~ CENTRAL 

AND 

I _ ~ P L A N E S  _ ANNULAR FACET 

INTERFACE 
IRREGULARLY 

CURVED 
Fig. 2. Diagram showing mechanism of formation of annular facets 

Fig. 4. (Left) autoradiogram of 1019/cm3 tellurium-doped GaAs 
showing portions of impurity striations; (right) same slice after 
etching in 15 H2SO4-3 H202-3 H20 mixture. 

As the crystal  continues growing, the interface be-  
comes more  planar  and the central  facet  grows larger.  
The sudden appearance of the annular  facet shown in 
Fig. 1 suggests that  at some point dur ing the growth 
of this crystal  a second distinct area of the interface 
surrounding the central  facet  also approximated  a 
(111) plane. This, of course, implies an i r regula r ly  
shaped interface such as depicted in Fig. 2. The i r -  
regular  shape of the bottom of this crystal  (218) as 
it was wi thdrawn from the mel t  (Fig. 3) is good 
evidence for this explanation.  

Some of the autoradiograms shown in Fig. 1 also 
show edge facets which we have  often seen on crystals 
grown on the (111) orientation. 

The te l lur ium concentrations on and off facet were  
determined by analyzing cavi t roned specimens f rom 
these areas. Data shown in Table I are f rom upper  and 
lower portions of the crystal. The on/off  facet ratios 
agree fa i r ly  wel l  wi th  LeMay's  repor ted  figure of 
2.6 (1). 

Crystal  205 was doped wi th  te l lur ium at about 1 x 
1019 a t . / cm 3. Autoradiograms taken f rom several  slices 
show no evidence of te l lur ium precipi tat ion at this 
concentrat ion but  do exhibi t  nonuniform distr ibution 
of dopant again resul t ing f rom faceting. These facets 
were  pr imar i ly  l imi ted to the outer  edges of the crystal  
indicat ing some misor ientat ion of the seed. Severa l  
autoradiograms, however ,  showed the str iated pa t te rn  
of concentric circles s imilar  to those which LeMay 
(1) has a t t r ibuted to consti tut ional  supercooling. 

These slices were  then subjected to the chemical  
polishing procedure  undergone  by GaAs substrates 
prior  to epi taxial  deposition. The pat tern  produced by 

Table I. Tellurium concentration and etch pit on and off the facet 
of GaAs crystal 218 

Te concen t r a t i on ,  E t ch  pi t  
a t . / c m  ~ O n / o f f  r a t i o  dens i ty ,  c m  -2 

Sl ice  No. 5 
On face t  1.05 • 1017 
Off face t  4.74 • 10 TM 2.4 

S l ice  No. 11 
On f ace t  1.08 • 1017 
Off face t  5.54 • 10 le 2.1 

7.7 • 10 8 
8.8 • 10 a 

5.5 • 10 8 
l ow  10~ 
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Table II. Comparison of tellurium concentration from tracer count 
and Hall data for GaAs crystal 205 

T e  c o n c e n t r a t i o n  f r o m  E x c e s s  e l e c t r i c a l  
S l i ce  No.  t r a c e r  coun t ,  cm-S c a r r i e r  c o n c e n t r a t i o n  

e m  -s 300 ~  

6 9.86 • 10 TM 7.2 • 10 TM 

13 9.86 • 10 TM 6.5 • 101s 
23 1.09 • 10 TM 8.0 • 1O TM 

26 1.07 • 1019 6.4 • 101s 

E t c h  p i t  d e n s i t y  
5 6 • 10S/cm~ 

22 3 • 10~/cm ~ 

the final etch, a mix ture  of sulfuric acid and hydrogen 
peroxide, coincided with the te l lur ium distr ibution re-  
vealed by the autoradiograms as shown in Fig. 4. We 
have  observed similar  pat terns  on mater ia l  doped as 
low as 1017 a t . /cm 3. No correlat ion could be drawn be-  
tween the spacing of the str iat ion and the rotat ion and 
wi thdrawal  rates. 

The etch pit density of this crystal  was re la t ive ly  
low even at this high te l lur ium concentration. Counts 
of 3-6 x 103/cm 2 were  made in the approximate  center  
of several  slices. 

Hall  data taken f rom this crystal  show excess carr ier  
concentrat ion lower  than the te l lur ium concentrat ion 
in every  measurement  (Table II) wi th  a max im um  
electr ical  act ivi ty  at 8 x 10 TM excess ca r r i e r s / cm ~. 
Black and Lublin (9) have  reported that  in t e l lu r ium-  
doped GaAs at concentrat ions of 3 x 1019 at . /cm 3 (by 
chemical  analysis) the free carr ier  concentrat ion was 
only 8.5 x 101S/cm 3 indicat ing that  part  of the te l lur ium 
is ei ther  un- ionized or electr ical ly compensated at this 
concentration. We feel, however ,  that  the presence of 
these impur i ty  striations in our crystal  casts some 
doubt upon the val idi ty  of our Hall  measurements .  

The third crystal  (223) was grown on the <115> 
orientat ion with a te l lur ium concentrat ion in the low 
10 TM a t . / cm 3 range. Slices were  cut both on the (111) 
and (115) orientation. Autoradiograms of both ori-  
entations show ent i re ly  un i form distr ibution of 
te l lur ium with nei ther  rings, nor central  facets, nor 
striations. The dislocation density aparent ly  shows no 
appreciable increase by pul l ing crystals on this ori-  
entation. Etch pit  densities on the (111) slices were  
nominal ly  in the high 103-low 104/cm 2 range. 

Growth  on this <115> orientat ion appears to be 
uniform at this doping leve l  and may offer a solution 
to the problem of obtaining un i formly  doped material .  
Previous exper ience in this laboratory  has shown that  
crystals of other mater ia ls  such as indium ant imonide 
are much more uni form when grown on the ~115~  
orientation. We plan to invest igate  more heavi ly  doped 
gal l ium arsenide crystals grown on this orientation. 

Manuscript  received Nov. 3, 1965. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Cristobalite Formation on Vitreous Silica Boats 

and the Relation to the GaAs Crystal Growing 
M. Yamaguchi, Y. Mizushima, S. Hirota, and H. Noake 

Electrical Communication Laboratory, Nippon Telegraph and Telephone Public Corporation, 
Musashino-shi, Tokyo~ Japan 

In the course of making  single crystals of GaAs by 
means of the horizontal  zone- level ing  method, we 
have  found spheruli t ic  cristobali te format ion on the 
sand-blasted surface of a vi treous silica boat which 
great ly  facil i tates s ingle-crysta l  growth. 

It  is customary to use a sand-blasted vi treous silica 
boat for single crystal  prepara t ion (1). A graphi te  boat 
can be used for synthesis, but  for single crystal  zoning 
it is infer ior  to a vi t reous silica boat. But  even if the 
vi treous silica boat i tself was sand-blasted,  GaAs f re -  
quent ly  stuck to the boat so that  it cracked and the 
crystals failed to be single. 

As the contact points between the mol ten  semicon-  
ductor and the boat may promote the nucleation, it 
would be advantageous if the solidifying interface of 
the mol ten zone bends fo rward  in the direction of 
zone- t ravel ,  as (sol id/ l iquid)  , so that  the solidifica- 

tion proceeds downward  f rom the f ree  surface. The 
lower  zone heater  carr ied more current  than the 
upper, to make  the ver t ical  t empera ture  difference 
about 20~ in the furnace  tube (25 mm in d iameter ) .  
Zone- t raverse -ve loc i ty  was 15 m m / h r .  

Otherwise successively appear ing nuclei  may  grow 
up and in ter fere  wi th  the s ingle-crysta l  formation. By 
using a boat of high pur i ty  (A1203 50 ppm, Fe203 10 
ppm, CuO 0.1 ppm, MgO tr)  and sand-bIasted with  

600-mesh carborundum we have exper imenta l ly  ver i -  
fied that  the bending interface method is effective for 
s ingle-crysta l  prepara t ion I and for avoiding sticking of 
the GaAs to the boat. In this case the whole  GaAs 
surface is as smooth and shiny as that  of a f ree  sur-  
face. 

After  the above procedure we always found a layer  
of whi te  powder  on the inner  surface of the boat, but 
only on the area in contact wi th  the l iquid phase of 
GaAs. Electron diffraction analysis showed the powder  
to be coarsely grained a-cr is tobal i te  (Fig. 1). Elec t ron-  
micrographs of the surface before and af ter  the t rea t -  
ment  are shown in Fig. 2 and 3. The crystal  has spher-  
u l i te- l ike  appearance and is fixed with  ss to a pit  
of the vi treous silica surface. The shape of the crystals 
becomes dendri t ic  at the area where  the GaAs solidifi- 
cation proceeds upward  f rom the base surface and the 
GaAs crystal  par t ly  sticks (Fig. 4), so that  the cristo- 
balite would have  not enough space to grow up. 

As a react ion product  be tween the GaAs and silica 
one may suppose GaAsO4 which is isostructural  to SiO2 
(2). They have  almost  the same crystal  parameters .  
Al though GaAsO4 is not known to exhibi t  ~-cristo- 

1 T h e  b e n d i n g - i n t e r f a c e  a p p e a r e d  in  P f a n n ' s  (3) a n d  C h a l m e r s '  
(4) w o r k s  to i m p r o v e  t h e  c r y s t a l l i n i t y  so t h a t  i t  t i l t e d  b a c k w a r d  as 
( s o l i d / l i q u i d )  
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Fig. I .  Electron diffraction pattern of the white powder on the 
quartz boat showing ~-cristobalite. The lattice parameters coin- 
cide with the value in ASTM cards. 

Fig. 3. Spherulite-like crystals of a-cristobalite found on the 
quartz boat after downward solidification of GaAs. 

Fig. 2. Electron micrograph of the sand-blasted quartz boat 
surface. 

balite s t ructure  (2), we  have  tested the existence of 
Ga and As in the powder  of a-cris tobali te  under  the 
x - r a y  microanalyzer ,  but  nei ther  of them were  de-  
tected as a major  constituent. The probabil i ty  of this 
react ion product  is therefore  excluded. 

The mel t ing point of the cristobali te (1713~ is 
very  much higher  than the softening point of the v i -  
treous silica (about 1300~ In fact, the sand-blas ted 
vi t reous silica surface evident ly  shows softened traces 
after  the c rys ta l -growing  (Fig. 3). But the surface 
retains its roughness even after  zone- level ing  unless it 
has contact with the mel t  of GaAs. Therefore  the 
change of the surface into a-cr is tobal i te  is induced not 
by heat  softening, but  by the existence of the l iquid 
phase of GaAs. 

At  the mel t ing  point of GaAs (1238~ the cristo- 
bali te crystals p revent  the mel t  f rom coming in direct 
contact with the v i t reous  silica, and the mel t  is sup- 
ported by its surface tension on the spheruli tes so that  
re la t ive ly  l i t t le  stress is introduced into the crystal. 

The min imum contact area also ensures min imum 
contaminat ion from the boat  material .  Two pieces of 
GaAs polycrystal  cut f rom the same par t  of a rod 
(n ~ 106 cm -3) were  placed in the same vi t reous  silica 
boat, the one (A) was on the whi te  layer  of a-cr is to-  

Fig. 4. Dendritic crystals of a-cristobalite after upward solid- 
ification of GaAs. There are sticking traces at the bottom of the 
dendritic crystals. 

bali te  and the other  (B) on the part  of the boat which 
had been only sand-blasted.  Af te r  mel t ing  for the same 
length of time, both samples were  analyzed by means 
of emission spectroscopy. Table I shows that  the 
amount  of detected impuri t ies  differs considerably 
be tween  the two samples. Thus, the cristobali te layer  
is evident ly  effective in prevent ing  contaminat ion dur -  
ing the hea t - t r ea tmen t  once the cristobali te is formed, 
since cristobali te is more stable than the vi t reous form. 
The solubili ty of the more stable cristobali te in the 
l iquid GaAs would  be less than that  of the metastable  
vi t reous silica. 

Table I. Emission spectroscopic result of impurities in GaAs crys- 
tal: (A) was molten on the layer of ~-cristobalite and (B) on the 

sand-blasted surface of the quartz boat for about 2 hr 
-I- ~ (-I-) ~ • ~ tr ~ tr (doubtful) ~ - -  (not detected) 

I m p u r i t y  B e f o r e  h e a t -  
e l e m e n t s  W a v e l e n g t h  t r e a t m e n t  (A)  (B)  

S i  2 8 8 1 . 5 6 8  ~ r  ~ r  ( § ) 
2 5 1 6 . 1 2 3  - -  - -  t r  

M g  2 8 5 2 . 1 2 9  + ~- + 
2 7 9 5 . 5 3  • t r  _+ 

C u  3 2 4 7 . 5 4 0  - -  - -  ~rr 
3 2 7 3 . 9 6 2  - -  - -  - -  
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It  is pecul iar  that  cristobali te spherul i te  crystall izes 
at a t empera tu re  never  above 1250~ Also, the the r -  
modynamic  stabil i ty of cristobali te below 1470~ is 
questionable,  a l though minute  substi tut ion of Ga or As 
in SiO2 may  stabilize this structure.  To ident i fy this 
stabilizing, impur i ty  exper iments  were  per formed in 
which Ga was heated for 2 hr  at 1330~ in a sand- 
blasted vi t reous silica boat in an evacuated  ampule.  In 
the area in contact wi th  Ga the same a-cr is tobal i te  
spheruli t ic  crystals were  found. Therefore  it is possible 
that  Ga acts as a stabilizing agent. 

The mechanism of crystal l izat ion is not  clear  at this 
time. Cons 'der  the fol lowing points: SiO2 [or Si pro-  
duced by the react ion of SiO2 in the GaAs mel t  (5, 6) ] 
dissolves in the mel t  and segregates at the solidifying 
interface as SiO2. With sand-blast ing the stressed 
rough surface may act as the act ive point for the solu- 
tion and /o r  the nucleation, or the t ransformation,  f rom 
vi t reous silica to the cristobalite s t ructure  since this 
s t ructure  does not occur wi thout  sand-blasting.  
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Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the December  1966 
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The Preparation of Epitaxial Semi-Insulating 
Gallium Arsenide by Iron Doping 

P. L. Hoyt and R. W. Haisty 
Texas Instruments Incorporated, Dallas, Texas 

The prepara t ion  of semi- insula t ing GaAs by iron 
doping me l t -g rown  crystals has been repor ted  pre-  
viously (1). This mater ia l  has been shown to have  a 
deep acceptor wi th  an energy level  of about  0.5 ev and 
typical  resist ivit ies of 104-105 ohm-cm at room tem-  
perature.  

This note describes the prepara t ion of epi taxial  i ron-  
doped gal l ium arsenide by an open tube halide t rans-  
port  technique employing GaAs and AsCls, s imilar  to 
the method used for Ga(As,  P) by Finch and Mehal  
(2). 

Figure  1 shows the exper imenta l  apparatus.  Hydro-  
gen, purified by Pd diffusion, was bubbled through 
disti l led AsC13, carrying the  vapor  into the feed holder  
in the reactor  (R3). For  convenient  control of the 
AsC18 concentrat ion in the feed region, addit ional  hy -  
drogen was mete red  in (R2), and the react ion prod-  
ucts f rom the feed zone were  swept toward  the seed 
by a steady flow of hydrogen (R1). Typical  operat ing 
conditions were:  RI, 25.0 cmS/min; R2, 15.0 cm3/min;  
R3, 75.0 cm3/min;  seed t empera tu re  750~ GaAs 
source t empera tu re  950~ 

The GaAs used for feed mater ia l  and substrates was 
cut f rom undoped pul led crystals grown in this lab-  
ora tory  and especially selected for high pur i ty  since 
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care must  be taken to keep the donor concentrat ion 
such as Si very  low. The substrates were  polished to a 
mir ror  finish with ca. 2.5% NaOC1 solution on a pol-  
ishing wheel  (3). Deposits were  made on (100), (111), 
and (115) or iented GaAs seeds. The (115) and (100) 
orientat ions were  prefer red  because of faster  deposi- 
tion rate  and because bet ter  surfaces were  obtained 
on these seeds. 

High-pur i ty  iron (99.999%) used as the dopant, was 
placed in the feed holder, typical ly  in four pieces 
weighing about 50 mg each wi th  15g of GaAs feed. 
The i ron was cleaned 4-5 min in di lute hydrochloric  
acid and rinsed in distil led wa te r  fol lowed by meth-  
anol. Wet  chemical  and x - r a y  analysis confirmed the 
formation of FeAs in the feed holder  which appears to 
be necessary before t ransport  of the iron occurs. The 
first run  after  the addit ion of the iron invar iab ly  pro-  
duces a low resis t ivi ty n - type  deposit. However ,  it is 
convenient  to add e lementa l  iron, which can be ob- 
tained in a high degree of puri ty,  and form the ar -  
senide in the reactor.  
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Fig. 1. Vapor deposition system. R1 = H2 dilution flow; R2 = Fig. 2. Temperature dependence of resistance for epitaxial Fe- 
ll2 feed dilution flow; R3 = AsCI3 -I- H2 flow. doped gallium arsenide. 
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Table I. Electrical properties of epitaxial and melt-grown 
Fe-doped GaAs at 300~ 
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E p i t a x i a l  G a A s  
C r y s t a l  No.  p, o h m - c m  #, c m ~ / v - s e e  /o, e m  -~ 

145 9.0 x 104 230 3.1 • 10 t~ 
146 6.9 x 104 330 2.7 • 10 TM 

147 2.7 • 104 370 6.3 • 10 ~ 

M e l t - g r o w n  G a A s  
C r y s t a l  No.  p, o h m - c m  /,, c m 2 / v - s e c  p ,  cm-~ 

3-33  2.7 • 104 208  1.1 • 10 TM 

3 - 3 4  9.6 • 104 206 3.2 • 10 ~1 
3-36  7.2 • 10~ 243 3.6 x 10 n 

To determine the thickness of the deposits, the 
samples were angle- lapped and ei ther  gold plated (4) 
or stained with a HNOa q- Fe stain developed by 
Mehal of this laboratory. 1 The energy level of the 
deep acceptor in the deposits was determined in the 
following manner :  

1. Samples were cleaved to obtain clean edges. 
2. Alloyed Au-5% Zn contacts were applied to the 

surface of the deposits. (The contacts were shown to 
be ohmic by measur ing  current  vs. voltage at a fixed 
temperature.)  

3. Resistance was measured as a funct ion of tem- 
perature.  A plot of log resistance vs. 1/T (Fig. 2) gave 
a slope of 0.51 ev which corresponds to the iron level 
in bulk  GaAs. The deposits checked p- type by thermo-  
electric probe, using an electrorceter indicator. 

Hall  effect measurements  made on several Fe-doped 
deposits for comparison with mel t -g rown i ron-doped 
GaAs showed that about the same doping levels were 
achieved in  both cases. The epitaxial  GaAs used for 
the measurements  was deposited on Cr-doped semi- in-  
sulat ing substrates with resistivities about  l0 s ohm-cm 
at room temperature,  three to four orders of magni tude  
higher than the deposit to be measured. The deposits 
were typically about 3{)~ thick as determined by angle-  
lapping and staining techniques. Cavitroned samples 
with side arms were used for the Hall  measurements .  
Ohmic contacts were made using ind ium contacts. 
Table I shows a comparison of the electrical meas-  
urements  of the epitaxial  deposits with typical  mel t -  
grown, Fe-doped crystals. 

It  is interest ing to note that, while  the properties 
are quite similar, the mobili t ies are somewhat  higher 
in epitaxial  GaAs (5, 6). 

To show the possibility of using iron doped semi- 
insula t ing epitaxial  GaAs in discrete devices or to 

1 T h e  N H O a - F e  s t a i n i n g  s o l u t i o n  i s  m a d e  b y  d i s s o l v i n g  a b o u t  l g  
of i r o n  in  100 ce of 1 .0N HNOs.  

provide electrical isolation in  integrated circuits, such 
as three-dimensional  electronic blocks (7), a sample 
n - S I - n  sandwich structure was prepared. This s truc-  
ture  was made using the apparatus described above in 
the following manner :  

1. A 15~ n- type  GaAs layer  was deposited by the 
usual  technique on a high-resis t ivi ty  (115) oriented 
substrate, using undoped feed material .  

2. This substrate and deposit were then removed 
from the reactor, and several  runs  were made with 
iron added to the feed mater ia l  to insure  that  semi- 
insula t ing deposits were being obtained consistently. 

3. The original  substrate with n - type  deposit was 
cleaned in hot methanol  and placed in  the reactor. 

4. An 8~ semi- insula t ing  layer  was deposited on the 
n - type  deposit with no appreciable change in the 
latter. 

5. The reactor was cleaned and new undoped feed 
mater ia l  was placed in the feed holder. 

6. The sample was again cleaned and re turned  to 
the reactor for the final n - type  deposition. An n - type  
deposit (7#) was produced on the semi- insula t ing  
layer. 

The sequence of angle-lapped, stained sections made 
dur ing the ent i re  process showed no appreciable move-  
ment  of the boundaries  dur ing  deposition steps, which 
indicated that  diffusion of the dopants is not a problem 
in this case. 

Acknowledgment  
The authors wish to acknowledge the support  of the 

Electronics Technology Laboratory of the Research 
and Technology Division, Air  Force Systems Com- 
mand, Uni ted States Air Force, Contract AF 33(615)- 
1275. They also wish to thank  O. W. Wilson for the 
bu lk  GaAs and W. B. Henderson for assistance in the 
exper imental  work. 

Manuscript  received Aug. 13, 1965; revised m a n u -  
script received Nov. 15, 1965. This paper  was presented 
at the San Francisco Meeting, May 9-13, 1965. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in  the December 1966 
J O U R N A L .  

REFERENCES 
1. R. W. Haisty and G. R. Cronin, Proc. Int.  Conf. on 

Phys. Semicond., Paris, 1964, p. 1161. 
2. W. F. Finch and E. W. Mehal, This Journal ,  111, 

614 (1964). 
3. A. Reisman and R. Rohr, ibid., l U ,  1424 (1964). 
4. R. W. Haisty, ibid., 108, 790 (1961). 
5. J. R. Knight,  D. Effer, and P. R. Evans, Solid-State 

Electronics, 8, 178 (1965). 
6. E. W. Mehal and G. R. Cronin, To be published. 
7. R. E. Johnson, R. C. Sangster, and W. J. Beyen, 

Proc. 4th Annua l  Microelectronics Symposium, 
May 24-26, St. Louis, Mo. 

The Epitaxial Growth of Ge on Si by 
Solution Growth Techniques 

J. P. Donnelly and A. G. Milnes 

Carnegie Institute of Technology, Pittsburgh, Pennsylvania 

Solution growth techniques have a long history in 
the field of crystal growth. The solution growth process 
reported in this work is based on the work of Nelson 
(1,2) for fabricat ing tunne l  and laser diodes. This 
same method has also been used to fabricate p Ge-n  
GaAs heterojunct ions (3-5). 

The stable oxide layer  of silicon, however,  presented 
m a n y  problems in t ry ing  to fabricate  Go-St hetero-  
junct ions  by similar  solution growth techniques. To 
overcome these problems, it was decided to use in -  
growth cleaving techniques to achieve oxide free s u r -  

faces. Silicon L-bars  with their  major  axis in the 
<111> direction, as first described by Gobeli and 
Allen (6), were used as seeds. An al l -graphi te  boat, 
with a clamping a r rangement  at one end to hold these 
L-bars  securely, was constructed. Provisions were 
made for a quartz cleaving rod to facilitate in -growth  
cleaving of the L-bars.  Dur ing  the growth cycle the 
graphite boat  is locked in  position at the center  of a 
long constant  t empera ture  zone of a quartz tube fu r -  
nace which is free to rotate about  its center. Solu- 
tions consisting of 20g Sn, 2.5g Ge and 0-100 mg of 
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ei ther  Ga for p - type  mater ia l  or As for n - type  ma-  
terial  are free to run f rom one end of the graphi te  
boat to the other depending on the ti l t  of the furnace. 
Forming  gas (95% nitrogen, 5% hydrogen)  or hydro-  
gen is passed through the furnace during the growth 
cycle to p reven t  oxidation. 

With the solution at the end of the boat opposite 
the clamped silicon L-bar ,  power  is applied to the 
furnace heat ing winding, and the t empera tu re  of the 
graphite boat is raised f rom room tempera tu re  to 
625~ in approximate ly  1 hr. At  this temperature ,  the 
power  is turned off and the furnace t ipped so the solu- 
tion completely  covers the L-bar .  When the t empera -  
ture  cools to 600~ the silicon L-ba r  is cleaved using 
the quartz cleaving rod. This creates the oxide f ree  
silicon surface on which the germanium depositing 
f rom the cooling solution grows epitaxial ly.  At 400~ 
the furnace is t ipped back so the solution runs off the 
seed stopping the growth. During the growth period, 
the cooling rate  used is be tween 10 ~ and 15~ 

Using this method single crystal  germanium layers 
up to 5 mils thick were  grown on the cleaved silicon 
seeds. The growth rates were  approximate ly  0.35 mi l s /  
rain. Al though the surfaces were  often very  rough due 
to the solidification of some of the solution which 
tended to cling to the sharp edges of the cleaved seed 
and clamping arrangement ,  the junct ions were  con- 
sistently ve ry  flat as shown in Fig. 1. Laue back re-  
flection x - r a y  photographs indicated good single crys-  
tal ge rmanium overgrowth  in the 111 direction. 
However ,  there  was slight elongation and split t ing of 
some of the Laue spots. It is bel ieved that  the elonga- 
tion and split t ing are due to thermal  strain and crack-  
ing, respectively,  which occur because of the large 
thermal  mismatch be tween Ge and St. The cracks be- 

Fig. 1. View of 6 ~ angle-lapped section of a germanium layer 
grown on a cleaved Si seed from a tin solution. 

Fig. 2. Cracks in germanium grown on silicon from a tin solution 
after 30-sec white etch. 

Fig. 3. Stacking faults in germanium grown on silicon from a 
tin solution. 

come evident  on etching with  any standard Ge etch. 
Figure  2 shows a typical  photograph of these cracks 
after  a 30-sec etch with  etching solution composed of 
(5 vol  HNO3, and 1 vol HF) .  Beside the cracking diffi- 
culty in these layers, the stacking fault  density was 
found to be high as shown in Fig. 3. The stacking 
faults were  brought  out by polishing the grown layer  
wi th  alumina abrasive powder  (0.05~) and then etch- 
ing in a solution (0.2g AgNO3, 25 ml  H~O, 10 ml  HF, 
15 ml  HNOa) which plates the imperfect ions wi th  
silver. Al though most of these faults are probably  due 
to latt ice mismatch and strain effects, s imilar  measure-  
ments on Ge layers grown on Ge and GaAs from both 
indium and tin solutions (3,5) indicate that  bet ter  
crystal lographic mater ia l  might  be obtained by using 
a lower  mel t ing point  solvent such as indium or a 
lead- t in  alloy instead of tin. Impur i ty  concentrat ions 
as low as approximate ly  1017 cm -3 could be obtained 
by vary ing  the amount  of As and Ga in the solution. 

In conclusion, a rapid rel iable  method of obtaining 
abrupt  Ge-Si  heterojunct ions has been developed. Al-  
though the Ge overgrowths  were  cracked due to ther -  
mal  effects, large enough uncracked areas were  ob- 
tainable to fabricate  diodes. The characterist ics of 
these diodes are reported e lsewhere  (5, 7) and are 
comparable  with those obtained on diodes fabricated 
by the germanium diiodide disproport ionat ion reac-  
tion (8). 
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On the Removal of Dislocations in Crystals Grown 
by Travelling Solvent Method 

G. A.  W o l f f  and  B. N .  Das 

Tyco Laboratories, Inc., Waltham, Massachusetts 

X - r a y  diffraction contrast  methods provide an effi- 
cient means for observing dislocations in crystals. The 
phenomenon of anomalous t ransmission of x - rays  is 
observed in near ly  perfect  crystals and results in en- 
hanced transmission when the crystal  is set for Laue 
diffraction. The effect was first observed by Bor r -  
mann (1) ; its theory was described in detail  by Bat te r -  
man and Cole (2) wi th  reference  to previous  work. 

In previous exper iments  on the TSM growth  of 
GaAs (3) and SrTiO8 (4), it has been shown by etch-  
ing techniques that  the etch pit concentrat ion de-  
creases fa i r ly  abrupt ly  to values which are lower  by at 
least an order  of magni tude  for the regrown mater ia l  
compared to the original  seed material .  Since a one- 
to-one relat ionship be tween etch pits and dislocations 
in crystals is not expected to exist  in all cases, an 
anomalous x - r ay  transmission technique was used to 
de termine  dislocations and dislocation density. P re -  
l iminary  anomalous transmission tests on GaAs (5) 
and GaSb (6) have largely  confirmed the findings of 
etching investigations. In the following, specific evi-  
dence is presented for such a dislocation decrease in 
GaSb and for anomalous transmission in transmission 
Laue micrographs for this material .  The propagat ion 
of dislocations in TSM crystal  growth and the method 
of evaluat ion of Burgers  vectors  in single crystals are 
also discussed. 

H igh-pur i ty  GaSb of 1 x 10 Iv (electronic) hole car-  
r ier  concentration, ~650 cm2/vol t -sec  Hal l  mobili ty,  and 
0.1 ohm-cm resistivity, was used in this study. The 
TSM grown GaSb crystal  of 0.7 mm thickness and 1 
mm height  was mounted  on a goniometer  head after  
being etched in 1 part  HF: 4 parts HNO3:5 parts dis- 
t i l led water  for 1 rain and accurately set in f ront  of a 
40 cm collimator. P re l iminary  x - r a y  photographs were  
taken on I l ford industr ia l  x - r a y  film (type G),  and the 
final exposures were  made on single coated, Kodak 
industr ial  x - r a y  film (type M).  The t ime of exposures 
var ied f rom 2 hr to 8 days. Dislocations were  studied 
on TSM grown GaSb crystals using whi te  radiat ion 
(schematic in Fig. 1 and Fig. 2) and characterist ic 
radiat ion (CuK~) at operat ing vol tage of 25-40 kv  and 
15-20 ma current.  

Figures 3 a, b, and c, show, respectively,  the (311), 
(242), and (511) reflection micrographs of the GaSb 
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Fig. 1. Schematic of experimental arrangement for anomalous 
transmission study by Laue transmission. 
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crystal  obtained by Laue transmission. All  three mi-  
crographs show an increase of x - r a y  transmission in 
the upper  regrown section of the  crystal  over  the t rans-  
mission in the lower  seed crystal  section. When the 
product  ~t (wi th  ~ being the l inear  absorption coeffi- 
cient and t the thickness of the crystal)  is large 
(#t ~ 1), the conditions for observing anomalous 
transmission are satisfied. This is observed, since, for 
the shortest  wave length  (which satisfies the Laue con- 
dition) of these reflections, ~t ~ 6.4 ~ 1. The e l imi-  
nation of dislocations dur ing crystal  growth appar-  
ently increases the anomalous transmission through 
the (upper  par t  of the) crystal. This produces the 
photographic contrast  be tween  the two sections of the 
photographs,  which correspond to the regrown region 
and the seed region of the crystal. The dark striations 

[I IT] GROWTH DIRECTION 

1 
"~ ~_ ~-'~ REGROWN CRYSTAL 

,, 

7- 
5.?.10] X-RAY INCIDENT BEAM 

Fig. 2. Schematic view of the GaSb crystal investigated 

Fig. 3. (a) (top), (b) (middle), and (c) (bottom) show, respectively, 
the (311-), (24~ and (511) reflection micrographs of the GaSh 
crystal obtained by Laue transmission. The upper regrown section 
is largely made up of light areas of low dislocation content. Striation 
indicates direction of dislocation lines. The two dark patches in 
the upper section represent nonreflecting crystals of slightly differ- 
ent orientations which have been nucleated by poor solvent wetting. 
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in the photograph positive, then, indicate the trace of 
dislocation lines (in the regrown section) projected 
onto the plate  in a direct ion which is para l le l  to the 
forward  reflected x - r a y  beam. They do not indicate 
or iented impur i ty  segregat ion or strain fields not  as- 
sociated wi th  dislocations or simple surface scratches, 
as one could perhaps assume, since, upon comparison 
of such a micrograph wi th  others f rom different re -  
flections in this case, the actual striations in the crystal  
due to impur i ty  or strain should not differ in or ienta-  
tion, which is contrary to the findings. This is par -  
t icular ly  apparent  when  x - r a y  micrographs of neigh-  
boring reflections are compared, where  orientat ion 
differences of more  than 30 ~ [e.g. ,  (31]-) vs .  (511)] 
are observed. An  anomalous x - r a y  transmission photo- 
graph obtained with  CuKa radiat ion f rom (11~) of the 
GaSb crystal  also showed two sections, wi th  the 
br ighter  section corresponding to the regrown par t  and 
the darker  section corresponding to the seed part. This 
resul t  thus supports the first finding. Due to the re la -  
t ive ly  long transmission paths of t ransmit ted and re-  
flected beams, the resolut ion was not high enough to 
show individual  dislocations; in addit ion ~t ~ 80 in this 
case was too high for anomalous transmission anal-  
ysis. In silicon single crystals dislocations have  also 
been observed using whi te  x - r ay  radiat ion (extinct ion 
contrast)  (7, 8). 

The contrast  of individual  dislocation lines in the 
micrograph is de termined by the dislocation density 
and the orientat ion of the dislocation lines re la t ive  to 
the reflecting plane. The dislocation density must  be 
low enough for these lines to be individual ly  dist in-  
guishable. The m a x i m u m  value  of dislocation concen- 
trat ions for which single dislocation lines can still be 
recognized in the Laue transmisison micrographs is 
approximate ly  104 l ines /cm 2. For  the 0.7 mm thick 
sample, about 200 l ines /cm corresponding to 3 x 1O ,~ 
lines/cmS are counted, which is roughly  of the same 
order  of magni tude  as the etch pit  count of 103 etch 
p i t s / cm 2 found in our  crystals. 

Since the condition for dislocation contrast  is 
-_> .-> 

g �9 ~ 0 (with g being the diffraction vector  and 

the Burgers  vec tor ) ,  the  observed or ientat ion of dis- 
location lines in each photograph permits  the de te r -  

Table I. Dislocations in GaSb as evaluated by x-ray diffraction 
microscopy 

Further  id~nti~cation of  the mult iple  choices of Burgers vectors 
would be possible by taking photographs frofn other directions of 
incident beam. The (022) reflection micrograph shows three di]- 
]erent types  o.f dislocation lines as indicated by the three different 
sets o] striations. Rey~eetions ]ram 131T), 1242) and 1511) are 

presented in Figs. 3, (a),  ( b ) ,  and (e),  respectively.  

minat ion of the respect ive Burgers  vector  and the 
type of dislocation as shown in Table I. In this table 
the Burgers  vectors  and the type of dislocations ob- 
served were  correlated wi th  the dislocation models 
der ived by Hornst ra  (9). The  corrections due to per -  
spective and geometr ical  conditions were  taken into 
account. It has been found that  glide planes for most of 
the g rown- in  dislocations and their  deduced Burgers  
vectors lie in octahedral  planes. 

The mechanism of dislocation removal  can be ex-  
plained by ei ther  a closed loop formation, or by de-  
generat ion through t ransformat ion to other types of 
dislocations which then propagate  sideways and normal  
to the crystal growth direction until they intersect 
with the surface (5,6). Specifically, it is possible 
that during crystal growth, pairs of screw dislocations 
of opposite sign will terminate in closed half-loops, 
and single screw dislocations transform to dislocations 
with edge-components, which propagate sideways to 
the crystal surface (Fig. 4). The latter dislocation sys- 
tem may conveniently be called "partial loops." The 
formation of both half-loops and partial loops is a 
result of climb and is confined to the very first stages 
of solvent growth. This is indicated by the abrupt 
change of dislocation density at the crystal inter- 
face where regrowth started, and by the uniform dis- 
location density of the regrown crystal (Fig. 3). This 
process represents a dislocation climbing mechanism 
directly associated with crystal growth, since the dis- 
location half loops and partial loops propagate as each 
layer deposits. The half loop and partial loop forma- 
tion and associated elimination of dislocations are 
limited to the first 100g, or less, of solvent growth 
as estimated from Fig. 3. This is in fair agreement 
with the value of 150~ given for GaAs (5). In a some- 
what related way the elimination of edge and edge- 
type dislocation observed can be explained. It appears, 
therefore, that dislocations are not required and do 
not participate critically in the mechanism of travel- 
ling solvent growth of GaSb and GaAs from the metal 
solution. It must be concluded that the catalytic 
(equilibrating) influence of the (liquid metal) solvent 
becomes greater than the catalytic influence of dis- 
locations in crystal growth. 

Since each specific anomalous transmission reflection 
records only dislocations with their Burgers vectors 
not parallel to the reflecting planes, the evaluation of 
such reflections allows the analysis of the mechanism 
of crystal growth and dislocation removal, using sep- 
arately white and characteristic x-ray radiation. This 
work will be reported in a later publication. Decora- 
tion and (Berg-Barrett) x-ray techniques also indi- 
cate a similar elimination of dislocations in SiC by 
TSM regrowth (10). 

Dis loca t ion  
Reflecting line direction H o r n s t r a  (9) Burgers 

plane and glide plane notation vector 

(311)* [011] (111)** I I  ~ [ I I 0 ]  
[011] (1~1) I I  F2[10~] 

(242) [211] (111) V V2 [O l l ]  
(200) *  [ I 1 0 ]  (1~1) * *  r l  I/2 [ T O l l  

[10~] (111) I I  1~[110] 
[101] ( l h )  I I  '/21110] 
[]-12 ] (1T1) I V  I/u ['101] 
[i-12 ] (11"I) V '/211 I0] 

(022) * [110] (511) ** II I/u [0~I ] 
[110] (111) II ~[011] 
[i-01] (111) II ~[011] 

(022) [101] (-111) I I  l h [ 0 i l ]  
(022)* [211] (11-1) IV Vu[llO] 
(111) [011 ] ( I I I ) * *  II Vu [1i0] 

[011] (111) II ~/2[I01] 
(511) [121] (III)** IV Vu[llO] 

[121] r V I/2 [I01 ] 

* A l t h o u g h  d i s loca t ions  of  t y p e  V I I  a re  possible ,  t h e y  a r e  n o t  in-  
c l u d e d  in th is  table .  

** T h e s e  d i s loca t ion  t y p e s  a r e  poss ib le  one  a t  a t i m e  o r  in c o m -  
b h m t i o n .  

b a b b a b o ba b a b 

REGROWN 
CRYSTAL 

INTERFACE 

SEED 
CRYSTAL 

FIGURE 4 

Fig. 4. Two-dimensional schematic illustrating dislocation re- 
moval observed in travelling solvent single crystal growth, as re- 
lated to Fig. 2. Idealized dislocations of one type are shown as a 
system of parallel lines. The two-cross-hatched areas represent 
slightly disoriented regrown single crystal sections, where Bragg 
reflection does not occur (see also Fig. 3). Dislocations are 
eliminated from propagation in the regrown crystal by half-loop 
formation (regions b), or else by the formation of screw or edge 
type (60 ~ ) dislocations (here called "partial loops") parallel to 
the crystal growth front, both of which are the result of climb. All 
dislocations eliminated in this way terminate at the plane of sol- 
vent growth commencement. Anomalous x-ray transmission is low 
in sections a, and enhanced in sections b. 
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A Method of Casting Sound Ingots of Thermoelectric Materials 
W .  N. Borle and B. L. Sharma : 

Sol~d State Physics Laboratory, Delhi, India 

In  general, ingots of semiconducting materials  are 
prepared by mel t ing the charge and casting it into 
fused silica tubes, Vycor tubes, or graphite  molds 
(1, 2). Cast polycrystal l ine ingots are often used for 
thermoelectric device work, zone refining, etc. Espe- 
cially for thermoelectric generators and coolers in 
which the authors are interested (3, 4), the ingots 
should, apart  from having uni form thermoelectric 
properties, contain no mechanical  defects like shr ink-  
age cavities and blow holes. 

Ingots of PbTe, for example, are prepared by first 
mixing  and mel t ing thoroughly stoichiometric amounts  
of the const i tuent  elements in  a quartz tube or graphite 
mold and then freezing the melt  to form an ingot 
wi th in  the tube. Usually, as shown in  Fig. 1, a long 
shrinkage piping occurs along the vertical axis of the 
ingot. This piping can be reduced by slow directional 
freezing, bu t  then the segregation dur ing solidification 
increases. In  order to overcome these difficulties a 
simple method of casting sound ingots having uniform 
composition and thermoelectric properties has been 
devised and is discussed below. 

In  this method, as ment ioned above, the compound 
is prepared by mel t ing Pb and Te under  iner t  atmos- 
phere (hydrogen, argon, or ni t rogen)  in a quartz con- 
tainer. The furnace is rocked mechanical ly  to ensure 
complete homogenization of the molten charge. PbTe 
is then remelted in a graphite mold having required 

oo ,o 
i i  

Fig. 2. Apparatus for casting sound ingots: 1, inlet; 2, outlet; 
3, rubber bulb; 4, rubber tube; 5, Pyrex glass; 6, ground joint; 7, 
quartz tubes; 8, furnace; 9, arrested cavity; 10, molten material; 
11, graphite mold; 12, quartz jacket. 

Fig. 1. Cross-sectienal photograph of the top end of a PbTe 
ingot obtained by the ordinary casting method. 

dimensions. As shown in Fig. 2, a quartz tube, having 
a sliding a r rangement  at the top of the ground joint  
of the atmosphere enclosure, is used as a shrinkage 
cavity arrestor. By vert ical  displacement with the 
slider, this tube is inserted in the melt  to approxi-  
mate ly  1 cm depth. Then with the help of the rubber  
bu lb  fixed at the top of the quartz tube a small  quan-  
t i ty of the mol ten  mater ia l  is sucked into the tube. In  
this process one must  ensure that  the immersed portion 
of the quartz tube attains the same tempera ture  as 
that  of the mol ten  mater ia l  in the graphite mold. This 
can be achieved by heat ing the complete assembly foT 
a long t ime inside the furnace.  

After  this, the complete assembly is lowered ver-  
t ically through the furnace  so that  it  is rapidly air 
quenched and the mol ten  mater ia l  solidifies direc- 
t ional ly from the bottom. As the rate of cooling of 
the mater ia l  inside the graphite mold is faster than 
that of the mater ia l  in  the quartz tube due to the 
differences in  the thermal  conductivit ies of the two, 
the mater ia l  inside the quartz tube wil l  be the last to 
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Table I. Comparison of the electrical resistivity along the length 
of PbTe samples before annealing 

B y  s l o w  d i r e c t i o n a l  
D i s t a n c e  f r o m  t h e  B y  a b o v e  t e c h n i q u e  f r e e z i n g  m e t h o d  
b o t t o m  e n d  i n  m m  p i n  o h m - c m  p i n  o h m - c m  

0-5 2 x I0-~ 2.1 x I0  3 
5-10 1.6 x 10-3 3.7 • 10 -8 

10-15 2.5 • I0-~ 3.9 x 10 -8 
15-20 2.3 • 10 -3 5,6 • 10 -3 

freeze. We speak only in re la t ive  terms since, a l though 
the rate  of lower ing in the furnace and actual process 
of quenching are impor tant  factors, they depend en-  
t i re ly  on exper imenta l  parameters ,  such as the geom- 
etry of the furnace, the assembly, etc. In the above 
exper iments  rapid air quenching was used to minimize 
the segregation problem, as this is a comparat ive ly  
faster  method of solidification than the slow direc-  
t ional freezing method (modified Br idgman tech-  
n ique) .  By minimizing segregation in the cast ingot, 
subsequent  anneal ing periods can be reduced consider-  
ably. The electrical  resist ivi ty before anneal ing t rea t -  
ment,  of two typical  samples of PbTe, prepared by the 
above and by the usual slow direct ional  freezing tech-  
nique are compared in Table  I. 

Very sound ingots of doped lead- te l lur ide  wi thout  
shr inkage cavi ty or blow holes were  cast by this 
technique. Figures  1 and 3 show the ver t ical  cross 
sections of the upper port ion of samples prepared by 
the ordinary casting method  and by this method, re-  
spectively. It is clear f rom the photographs that  the 
shrinkage cavi ty is localized and complete ly  arrested 
in the quartz tube and f rom Table  I that  the segre-  
gation is minimum. 

A c k n o w l e d g m e n t  
The authors are grateful  to Dr. N. B. Bhatt,  Director,  

Solid State Physics Laboratory,  for providing facilities 
and encouragement.  They are also thankful  to Drs. 
A. K. Sreedhar  and V. V. Agashe for helpful  dis- 

Fig. 3. Vertical cross section of the top end of a PbTe ingot 
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Measurement of the Reflectance of an Electrode Surface 

D. F. A. Koch and D. E. Scaife 

Division of Mineral  Chemis try ,  Commonweal th  Scientific and Industrial  Research Organization, 

Melbourne,  Australia 

The measurement  of the adsorption of ions or mole-  
cules on an electrode surface is of major  impor tance  in 
studies of e lectrochemical  energy conversion, corro-  
sion, and electropolishing. The surface coverage can be 
de termined  electrochemical ly  by pulse and rapid po- 
tent ial  sweep methods, by chemical  analysis, or by 
radio t racer  techniques. Recent ly  it has been shown 
(1) that, for a s trongly adsorbed species such as oxy-  
gen on platinum, the changes in l ight reflectance can 
be direct ly  re la ted to the amount  of oxygen adsorbed 
on the surface. This technique could offer advantages 
in systems where  competing reactions not  involv ing  
a strongly adsorbed species occur. For  example,  we 
have found (2) that  the adsorption of formaldehyde  
on p la t inum has no significant effect on the reflectance 
spectra, and, consequently,  the oxygen coverage can 
be de termined  by the reflectance method in the pres-  
ence of this react ing species. In  cases where  the meta l  
dissolves, large changes in reflectance are caused by 
etching or polishing of the surface; a recent  study of 
such a system (3) demonstra ted this behavior  clearly 
and also showed that  the passivation of a gold surface 
in cyanide solution could be a t t r ibuted to the effect of 
adsorbed films on the dissolution mechanism. 

In this paper, we  shall  describe in greater  detail  the 
exper imenta l  techniques used and some of the results  

obtained for oxygen adsorption on pla t inum and gold 
dissolution in cyanide. 

Experimental 
The electrolysis cell is shown in Fig. 1. The electrode 

was in the form of a meta l  disk suspended f rom a 
pla t inum hook sealed into a glass tube, which fitted 
through a cone and socket joint  and could be rotated 
into position once placed in the cell. The distance of 
the electrode f rom the optically flat silica window was 
2-3 ram, and the meta l  disk was sufficiently rigid on 
its suspension to avoid disturbance f rom bubbling. 
The cell was equipped with gas inlets and outlets, to 
provide a controlled a tmosphere  and agitation, and 
wi th  a Luggin capi l lary connected to a saturated calo- 
mel  reference  electrode. Potentials  were  controlled by 
an electronic potentiostat  (4). 

In the systems studied here, uneven  current  dis- 
t r ibut ion be tween f ront  and back faces of the elec-  
t rode is not a serious problem. In the case of plat inum, 
very  l i t t le current  was passed; in the case of gold 
dissolution in cyanide, currents  of the order  of 1 
m a / c m  2 were  passed, and the changes in reflectance 
still coincided with  the passivation potentials  measured  
in a convent ional  cell. 

The front  face of the cell was held against the sam- 
ple port  of a Beckman DK2A Spectroreflectometer ,  the 
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0"- 

- ~ ~ , ~ ~ ~ )  

Fig. 1. Electrochemical cell for reflectance measurements: 1,1A, 
leads to potentiostat. 2, H2SO4-filled bridge to saturated calomel 
reference electrode; 3,3A, gas inlets; 4,4A, gas outlets; 5, silica 
window; 6, working electrode; 7, Luggin capillary; 8, gas bubbler; 
9, side arm connecting to compartment with c~ounter electrode, gas 
inlet and outlet; 10, counter electrode. 

metal  sample being just  a l i t t le larger  than the sample 
port. In this system, l ight f rom the sample is reflected 
back into the MgO-coated in tegra t ing sphere of the 
reflectometer,  and measured  by a detector  at the top 
of the sphere in comparison with  the l ight reflected 
from a standard sample in the reference  beam. In this 
work  MgO plates, or flat disks of the meta l  under  
examination,  were  used as standards. 

To enable the celt to be fitted against  the sample 
port, the door of the ref lectometer  was replaced by a 
large a luminum box 25 x 25 x 30 cm high made com- 
pletely l ight- t ight ,  and painted mat te  black inside. 
This box contained various bui l t - in  clamp supports 
and holes for gas and electrical  leads, and had a re -  
movable  lid. The front  section of the box was swung 
on the hinges provided for the s tandard door which it 
replaced. 

The exact  posit ioning of the electrode re la t ive  to the 
light beam was found to depend on the nature  of the 
surface; in the case of samples which were  completely  
flat and of mirror-finish,  it was necessary to de termine  
whe ther  diffuse or total reflectance measurements  were  
appropriate.  In the fo rmer  case, the l ight reflected 
specularly (i.e., at the angle of incidence) must  be 
reflected back out through the beam entrance ports of 
the sphere, only diffusely reflected l ight being col- 
lected by the sphere for measurement .  In the la t ter  
case, the specularly reflected beam is reflected back 
onto the walls of the sphere and measured.  In fact, 
none of the samples used in this work  were  sufficiently 
flat or polished to present  this problem, random 
scratches in par t icular  causing the specularly reflected 
beam to lose coherence almost  completely.  A ve ry  
small  amount  of l ight was diffusely reflected f rom the 
silica window and l iquid medium, and a slightly larger  
specular component  of reflected l ight  occurred at the 
air-s i l ica and s i l ica- l iquid interfaces. Both of these 
components were  negligible for the purpose of this 
study, being in any case constant during a set of 
measurements .  Light  losses in the gap be tween  sample 
and window were  s imilar ly  negligible. 

The p la t inum electrodes used in this work  were  of 
cold-rol led sheet, flame annealed, and anodized and 
cathodized several  t imes before use. Tempera tures  in 
the cell were  27~176 

Results and  Discussion 
The per formance  of the system may  be judged from 

data obtained for a p la t inum electrode in N H2SO4 
solution. The relat ionship be tween  reflectance ( re la-  
t ive to MgO),  measured when it showed no fur ther  

50 
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Fig. 2. Reflectance (MgO reference) vs. wavelength for Pt in 
N H2$04, at various potentials: 1, 0.3v (vs. N.H.E.); 2, ].2v; 3, 
1.6v. 

change, and wavelength ,  at three  potentials is shown 
in Fig. 2. It can be seen that  the absorption edge of 
the p la t inum is shifted in the direction of longer 
wave length  as the potent ial  is increased in the anodic 
direction. F rom the curves of Fig. 2 values  can be cal- 
culated for the change in reflectance, aR, wi th  poten-  
tial, which is plot ted against wave leng th  in Fig. 3. 
There  is a continuous increase in AR wi th  decreasing 
wavelength,  the sharpest  rise occurr ing below 420 mn. 
Previous  results against MgO suggested a m ax imum 
in these curves (1), but  the more  sensit ive differential  
method  against  p la t inum (see below) confirmed the 
results shown in Fig. 3. The small  inflections indicated 
by the points off the curves are probably wi th in  e x -  
per imenta l  error,  and no discrete absorption band 
s t ructure  is c lear ly  shown. 

The changes in reflectance with  time, as a function 
of electrode potential,  were  recorded at a constant 
wave leng th  of 350 rn~, and are shown in Fig. 4. Before 
the application of the requi red  potential,  the electrode 
surface was str ipped of oxygen by mainta in ing it at 
0.3v (vs. N.H.E.) (5) for about 3 min. This provided 
a reproducible  ini t ial  surface which served as a base 
l ine for changes in reflectance. In this case, the re -  
flectance of the sample was compared with  that of a 
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Fig. 3. Change in reflectance (AR) vs. wavelength for Pt in 
N H2SO4 at various potentials (v vs. N.H.E.): 1, R(o.3v) - -  R(1.2v); 
2, R(o.3v) - -  R(1.6v). 
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pla t inum meta l  disk as re ference  instead of MgO. This 
provided closer matching  (within 1-2%) of the sample 
and reference  reflectance over  the whole  wave leng th  
range, and al lowed the use of the 0-10% reflectance 
differential  sett ing on the ins t rument  to ampl i fy  ten-  
fold the small  changes in reflectance of the sample on 
application of anodizing potentials. The changes of 
reflectance shown in Fig. 4 are, therefore,  ten t imes 
the absolute changes re la t ive  to MgO. For  a pen circui t  
t ime constant of 0.6 sec, the peak- to -peak  noise in the 
traces was approximate ly  10% of the m a x i m u m  change 
in reflectance measured.  The rates of change of reflect-  
ance on changing the potent ia l  indicated (see Fig. 4) 
an init ial  fast reaction, wi th  t ime constant of about 5 
sec, fol lowed by a slower reaction. (Surfaces previously  
saturated with  hydrogen,  which diffuses into the metal ,  
showed considerably s lower reactions.) The changes 
in reflectance measured when  the reflectance became 
steady, were  found to be related to the electrode po-  
tential, and a curve was obtained (1) which fol lowed 
closely the plot of oxygen surface coverage (in cou- 
lombs) against potential. Similar  curves for the 
changes in reflectance with  potential  were  found at 
other  wavelengths.  

It is probable that  this exper imenta l  method could 
be applied to other systems in which corrosion by 
mater ia l  t ransport  of meta l  f rom the surface does not 
occur. S imi lar  results have, in fact, been obtained for 
gold in di lute sulfuric acid. 

The reflectance changes wi th  electrodes which dis- 
solved under  the exper imenta l  conditions (Au in KCN 
or Ni in H2804) were  basically different to those ob- 
tained wi th  insoluble electrodes (Pt  and Au in H2SO4). 
In the former  case, large changes (up to 50%) in re -  
flectance were  observed which were  often only slowly 
revers ible  and which continued for 15 min  or more  
wi thout  reaching steady values, whi le  in the la t ter  
case, reproducible  and constant reflectance values were  
obtained in a few minutes,  and the changes in reflect-  
ance were  always rapidly  reversible.  

This behavior  of the dissolving electrodes, together  
wi th  the visual observat ion that  the electrode surface 
was roughened after a t r ea tment  which produced a 
decrease in reflectance, suggests that  the changes in 
reflectance in these systems are caused by etching and 
polishing of the surface. The change in reflectance 
wi th  t ime of a gold surface in cyanide solution, shown 
in Fig. 5, is a clear example  of this behavior,  the 
changes in this case being very  much  slower than 
those observed with  p la t inum (Fig. 4). 

By start ing with  an electrode ful ly  roughened by 
etching, and using careful ly  standardized procedures,  
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Fig. 4. Reflectance (Pt reference) vs. time for Pt in N H2SO4 for 
a series of potentials (volts vs. N.H.E.). Scale expanded approxi- 
mately 10 x scale of Fig. 2 and 3. 
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Fig. 5. Change in reflectance (Au reference) vs. time for Au in 
0.25% KCN (pH 12) for a series of potentials (volts vs. 
S.C.E.). 

the method may  be used to fol low such etching and 
polishing changes (2). In the absence of gas evolution, 
which causes large var iable  changes in reflectance, the 
method  may  provide  a rapid means  of de termining  the 
op t imum potent ial  for electropolishing in a par t icular  
system. 

For  the change of reflectance of a p la t inum surface 
in H2804, an explanat ion of the observed effects is 
possible in terms of l ight absorption by an oxide layer  
on the surface of the metal.  In what  follows, the 
scattering factor of the meta l  covered with  oxide is 
assumed to be the same as that  of the meta l  alone. 

In Fig. 6, I0 : l ight intensi ty  incident on the l iquid-  
oxide interface;  I1 ~ l ight  incident  on the ox ide-meta l  
interface, af ter  absorption in the oxide layer;  I2 
l ight  leaving the meta l -ox ide  interface af ter  absorp-  
tion by the metal ;  and I3 ~ l ight  leaving the oxide-  
l iquid interface after  absorption in the oxide layer.  
T h e n  I 3 / I o  ~ R(metal oxide) ~ R0 whe re  R ---- per  cent 
reflectance/100 

I2/ I1  -~ R(metal) = RM 

I1 / I0  = 10 -ect 

where  e : molar  ext inct ion coefficient of the oxide 
layer, c : concentrat ion of the absorbing species in 
this layer,  m o l e s / l ;  and t : thickness of oxide layer  
in cm. 

Ox=de Metal Lager 
Fig. 6. Light absorption in an oxide layer on Pt metal 
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Then 
I3/I0 ~ 13/12 X I2/I1 X I1/I0 

RM10--2~ct 

A R  ~-- RM - -  R o  ~ RM(1 - -  10 -2~c~) [1] 

At  350 m~, RM ~___ 0.40, R ~ 0.03 (max imum effect) 
Then ect ~-~ 0.0164 
Thus, ect < <  1, and Eq. [1] can be reduced to 

AR = 4.606 RM eCt [2] 

Lai t inen and Enke (6) have obtained coulometr ic  
data  for the format ion of oxide films on Pt, in 1N 
perchloric  acid solution, using anodizing times and 
other  conditions comparable  to those in our exper i -  
ments,  and if, as seems probable,  the behavior  of Pt  in 
the anodic region is the same in sulfuric acid and 
perchloric  acid solutions, i t  is possible to use their  
data to obtain an est imate of e as follows: 

A x t x n F x p  
Qtotal  

Mol. wt. 

w h e r e  Qtotal  ~ charge in coulombs; A = electrode 
area in cm2; t ~-~ thickness;  F ---- the Faraday;  n = the 
number  of electrons involved in the reduct ion of 
one molecule;  and p = the density. 

t n F p  
. ' .  Q [3] 

Mol. wt. 

where  Q is in coulombs/cm 2. 

The concentrat ion of the absorbing species in the 
layer  is g iven by 

p • 10 3 
c ---- - moles/1 [4] 

Mol. wt. 

Subst i tut ing [4] in [3] 

Q : t n F C X  10 -3 

Q • I0 3 
i.e., t = [5] 

nFC 

Subst i tut ing [5] in [1] 

4.606 Q x 10~e 
AR ~ RM 

n F  

If e/nF is constant over  the range of oxide cover-  
age, a plot of AR against Q would give a s traight  line 
through the origin. 

F igure  7 shows our exper imenta l  values of AR at 
various potentials plot ted with  Lai t inen and Enke 's  
values of Q. The straight  l ine passes through the origin 
and has a slope f rom which can be calculated 

n F 0 (AR) 

4.606 X 103 X RM 0Q 

---- 2.62 x 10 ~ n for  RM : 0.40 

For  the reduct ion of PtO or Pro2, n = 2 or 4, so e is 
in the range 5000-10000. 
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Fig. 7. Relationship between AR and Q for Pt in N H2SO4 at 
various potentials (v vs.  N.H.E.). 

The large values  of e requ i red  to account for the 
results by the above mechanism and the increase in 
the effect at shorter  wavelengths  suggest that  the 
electronic t ransi t ion responsible is of the charge 
t ransfer  type. The much less intense ligand-field t ran-  
sitions be tween d-orbi tals  on the Pt  atoms in the oxide 
(e ~ 100) would  be beyond the l imit  of detection. 
Three  different types of charge t ransfer  process could 
occur in a me ta l -oxygen  system: (a) t ransi t ions of an 
al lowed nature  be tween meta l  orbitals in the oxide 
and oxygen orbitals;  (b) transit ions be tween  metal  
levels and levels of the oxide, across the meta l -ox ide  
interface;  (c) t ransi t ion be tween  levels  in the oxide 
itself. 

The absorption occurs at wavelengths  near  the ab- 
sorption edge for a "clean" pla t inum surface which 
suggests that  the t ransi t ion involves the meta l  itself, 
as in mechanism (b).  

Manuscript  received Nov. 16, 1964; revised manu-  
script received Dec. 7, 1965. 

Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOISRNAL. 
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Co  un cadon  

An Electroless Method for Deposition of Lead on Copper 
B. G. Slay and B. G. Carbajal 

Texas Instruments Incorporated, Dallas, Texas 

Occasionally it is desirable to plate  lead on copper 
where  it is e i ther  impossible or impract icable  to do 
so electrolytically.  This would be the case wi th  in-  
coherent  copper patterns.  

Severa l  preparat ions were  tr ied using wate r  as the 
solvent, lead nitrate,  PbNO3, as the lead containing 
compound, and thiourea, CN2SH4, as a complexing and 
reducing agent. Results were  general ly  poor, as the 
lead plate obtained was ei ther  very  granular  or would  
not adhere  to the copper. 

A successful answer to the problem was found when  
dimethyl  sulfoxide was tr ied as the solvent. A typical  
plat ing solution was 35g each of PbNO3 and thiourea 
in 175 ml of d imethyl  sulfoxide heated to 45~ The 
solution is not critical to ei ther  the amount  of re -  
agents used or to the temperature .  The copper surface 
was prepared by cleaning with  a bright  dip solution. 

The lead plate obtained using this technique ad-  
hered wel l  to the copper and was shiny in appearance.  
For  the intended applications, it was necessary that  

the coating be superconducting.  This coating was 
found to be superconducting at some tempera tu re  
greater  than 4.2~ 

This is an "electroless" process catalyzed by copper 
and lead surfaces. The glass beaker  or plastic st irr ing 
rods were  not coated. Af te r  several  days or weeks 
some chemical reduct ion takes place in the solution. 
Metals other  than copper and lead were  not invest i -  
gated as catalytic surfaces. 

It should be pointed out that  d imethyl  sulfoxide 
penetrates  the skin very  readi ly  and that  care should 
be taken in working with  this solution to avoid pos- 
sible lead poisoning; also, d imethyl  sulfoxide has been 
removed from the list of chemicals pe rmi t t ed  for 
therapeut ic  tests on humans. 

Manuscript  received Nov. 15, 1965. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  

The Growth of Pink Magnesium Aluminate (MgAI20 ) Single Crystals 
Cortland O. Dugger 

Air Force Cambridge Research Laboratories, O~ce of Aerospace Research, Bedford, Massachusetts 

Transparent  magnes ium aluminate  (1 mole M g O /  
1.04 mole A1203) single crystals, doped wi th  1.2 ppm 
chromium sesquioxide (Cr203) have been grown six 
t imes f rom mol ten  salt solution fol lowing the hydro l -  
ysis of some of the MgF2 to MgO and the chemical  
format ion and dissolution of the magnes ium aluminate  
phase. The start ing composition of the mix tu re  was 
38.1 mole  % BaF2, 38.1 mole % MgF2. xH20 weighed 
as MgF~, 23.8 mole % A1203, and 200 ppm Cr203. The 
largest  octahedral  crystals measure  4 mm from apex 
to apex and 3 mm across. Polar izing microscopy, Laue, 
and Debye-Sche r re r  x - r a y  analyses confirm the iso- 
tropic character,  monocrystal l ini ty,  and spinel s t ruc-  
ture of the crystals, respect ively.  

An  extens ive  l i te ra ture  search in the Chemical  
Abstracts  f rom 1907 to 1965 and the Defense Docu-  
menta t ion  Center  files has not revea led  the previous 
growth of spinel crystals by the hydrolysis  technique. 
Kubo (1) recent ly  used this method to grow needle-  
like crystals of zinc oxide f rom zinc fluoride. Al though 
many  sinter ing reactions of magnes ium aluminate  
have  been reported,  to this author 's  knowledge,  only 
Linares (2), has reported the growth of ch romium-  
doped spinel crystals f rom a mol ten salt solution. 

The  the rmal  hydrolyt ic  reactions of some of the 
MgF2 to MgO, the chemical  format ion of spinel 
(MgA1204), and the dissolution of spinel in the mol ten  
salts, plotted by differential  the rmal  analysis (3), oc- 
curred within  the t empera tu re  range of 155~ to ap- 
p rox imate ly  1642~ 1 Upon p rogrammed cooling, at 
1642~ recrystal l izat ion of the spinel phase was ini-  
tiated. A mechanism of the hydrolysis  of MgF2 to 
MgO has been proposed by Buckner  (4) and most re-  
cently by Messier (5). 

" A p p r o x i m a t e "  because  t he  k n o w n  accu ra t e  m a x i m u m  t e m p e r -  
a t u r e  l i m i t  of ou r  d i f f e r en t i a l  t h e r m a l  ana lys i s  a p p a r a t u s  is 1620~ 

The crystals were  grown in an open molybdenum 
crucible, which contained the noncalcined and unre -  
acted start ing chemicals. The crucible was heated 
under  a vacuum to 900~ in a carbon furnace. At  
900~ a hel ium atmosphere  was in t roduced and the 
t empera tu re  raised to 1650~ This t empera tu re  was 
mainta ined for 3 hr  and then lowered at approximate ly  
5~  to 1510~ The furnace was then rapid ly  cooled 
(500~ to room temperature .  The tempera tures  
were  measured by an optical pyrometer ,  uncorrected 
for emissivity. The  crystals were  removed  by destroy-  
ing the crucible and gently tapping the ma t r ix  wi th  a 
hammer.  The crystals easily separated f rom the crys- 
tall ized fluoride solvent. The  x - r a y  density, lat t ice 
parameter ,  and the ref rac t ive  index of the crystals 
are 3.577 g / cm ~, 8.0835A, and 1.710, respectively.  
Navias (6) repor ted  for 1MgO/1A120~, a specific 
gravi ty  and latt ice parameter  of 3.578 g / c m  ~ and 
8.0832A, respectively.  Wickersheim and Lefever  (7) 
published an index of refract ion of 1.708 for  the stoi- 
chiometric  spinel. 

If  the solution is cooled f rom 1650 ~ to 1510~ at 
approximate ly  15~ the crystals are smaller  (2 
ram) but are more  heavi ly  doped (15 ppm) with  
chromium oxide (8.0846A) than those crystals grown 
by cooling at 5~ Semiquant i t a t ive  emission spec- 
t rochemical  analysis detected 50 ppm barium. 

If the start ing composit ion is placed in a p la t inum 
crucible, covered, heated in air  to 1470~ and then 
slowly cooled at approximate ly  l ~  to 1200~ a 
new compound is formed in which  bar ium is included 
in the latt ice (Fig. 1). Single crystals of this new 
compound demonstra te  a hexagonal  habit  and the 
largest  crystal  measures  5 x 5 x 3 ram. 
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Fi~. ]. X-my dittroction pottem (in degrees) ot chr doped 
boHum magnesium ~luminote. 

These crystals are uniaxia l  optically positive crys- 
tals whose indices of refract ion are 1.700 and 1.716 for 
the ordinary  ray and the ext raordinary  ray, respec- 
tively. X- r ay  analysis has identified the compound as 
hexagonal  with a c axis equal to 22.56A and an a axis 
equal to 5.63A. Neglecting the chromium ion content, 
its formula from wet chemical analysis is BaMg 
A1100~7, which is isostructural  with NaA111017 (8), 
whose un i t  cell dimensions are: c equal to 22.48A and 
a equal to 5.58A. 

Fluorescence spectra were obtained for both the 
spinel crystals of greater chromium ion concentra-  
tion (15 ppm) and chromium oxide doped bar ium 
magnesium aluminate  (BaMgAl10017) crystals at l iq-  
uid ni t rogen tempera ture  (77~ and room tempera-  
ture  (300~ The fluorescence wavelength,  which is 
the same at both temperatures,  is 6880A and 6950A 
for (MgA120~)Cr and (BaMgAlloO17) Cr, respectively. 

Absorption spectra demonstrate  that  (BaMgAl10017) 
Cr has two absorption bands, one at 3900A and the 
other at 5600A. Liquid ni t rogen and room tempera ture  
measurements  were made at 5600A. The absorption 
lines are broad and do not change appreciably with 
temperature.  

The hydrolysis of a fluoride to an oxide, which 
might be considered a new technique for growing 

single crystals oZ some refractory oxides, has been 
extended to the growth of other crystals. Using differ- 
ent soak temperatures,  crystals of y t t r ium iron garnet  
(12.377A), y t t r ium a luminum garnet  (12.015A), ba-  
r ium zirconate, magnes ium oxide, zinc oxide, and a 
double salt of magnes ium orthosilicate (forsterite) 
and magnes ium fluoride have been grown and verified 
by x - r ay  analyses. 
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A Long-Life Thermal Cell 
Lawrence H. Thaller 

Lewis Research Center, National Aeronautics and Space Administration, Cleveland, Ohio 

ABSTRACT 

Cells consisting of magnes ium anodes, mixed  copper oxide cathodes, and 
an electrolyte  of the eutectic mix ture  of l i th ium chloride and potassium 
chloride, had service lives measured  in days. Seven cells were  discharged 
at tempera tures  of 425~176 Electrode efficiencies va r ied  f rom 73% for a 
cell that  was discharged over  a period of six days to 93% for a cell that  
was discharged over  a period of one day. For  these nonoptimized research 
cells, energy densities of 28 w h r / l b  of total bat tery  were  shown. 

Thermal  cells, which usual ly have solid electrolytes,  
become activated when  these solids are melted. Such 
cells have  been described by severaI authors includ-  
ing Vinal (1), Goodrich and Evans (2), and McKee 
(3). These cells are general ly  employed when  very  
high currents  are desired for ve ry  short periods of 
time. Once activated, a l i fe t ime measured  in minutes  
is the rule. In general,  the anode reacts wi th  the elec- 
trolyte, and the soluble cathode mater ia l  reacts with 
the anode. These undesirable  side reactions are only of 
minor  significance during the shor t - te rm operation 
of these short - l i fe  thermal  cells. 

A program was ini t iated to invest igate  e lec t rochem- 
ical systems which might  prove suitable for making 
a ba t te ry  that  would have an operat ing tempera ture  
of about 425~ and a service of several  days. The po- 
tent ial  application of this type of bat tery  would  be 
on missions where  the envi ronment  itself would sup- 
ply the heat  to act ivate and maintain  the ba t te ry  at 
its operat ing temperature .  The more usual thermal  
cell employs a pyrotechnic  device to supply a short-  
te rm h igh- t empera tu re  env i ronment  for the battery.  
The high self-discharge characterist ics of this class of 
cells renders  them unsuitable for long- te rm applica- 
tions. 

Research was begun on a new class of cells which, 
for the present, contain no added mechanical  separa-  
tors or diffusional hindrances. The general  cr i ter ia  
established for these long-l i fe  thermal  cells were  the 
following: 

1. All  components should possess interface compat i -  
bility. Since it is quest ionable whe the r  metastable  
equi l ibr ium wil l  exist at these temperatures ,  the rmo-  
dynamic data and cri ter ia  should be used to deter-  
mine  compatibili ty.  

2. The electrodes should be ve ry  insoluble in the 
electrolyte.  Solubil i ty of the electrode materials  would 
lead to self-discharge of the cell. 

3. The products of reaction should be only sparingly 
soluble in the electrolyte.  Excess solubili ty of the dis- 
charge products might  adversely affect the physical 
propert ies  of the electrolyte  such as the mel t ing  point, 
conductivity,  etc. 

The eutectic mix ture  of l i th ium chloride (LiC1) 
and potassium chloride (KC1) (59 mole % LiC1) was 
chosen for the mol ten  salt electrolyte.  This mix ture  
has a ra ther  low mel t ing point (363~ a high con- 
ductivity,  and the individual  compounds have  large 
free energies of format ion 5Fy o. Magnesium was chosen 
for the anode m a t e r i a l  It is l ightweight ,  has a ra ther  
high mel t ing point (651~ wil l  not replace l i thium 
(Li) or potassium (K) f rom the mol ten salt (as does 
calcium),  and is re la t ive ly  insoluble in the molten 
salt. Any  number  of l ikely cathode mater ia ls  could 
have been tested. In general, the halides could be 
ruled out because of their  solubil i ty in the halide 
electrolyte (4). The oxides would not as a rule  be 
very  soluble in the electrolyte,  and thus they represent  
a source of potential  cathode mater ia ls  (5). Calcula-  
tion of free energy changes of some meta l  oxides 

makes it possible to find a number  of oxides that  might  
form cells wi th  high energy densities. F r o m  this la t ter  
group, mixed  copper oxides (Cu,zO, C u e )  w e r e  chosen 
for invest igat ion because this system possesses good 
electronic conduct ivi ty  and thus could serve as the 
current  collector. 

Experiment 
Cells.--Figure 1 shows the general  construction of 

the cells used in these studies. The can was con- 
structed of commercia l ly  pure  copper (99.9% Cu wi th  
some P and S) or nickel  (99.4% Ni, 0.1% Cu, 0.15% 
Fe, and 0.25% Mn).  The lid assembly had three  small  
tubes used for adding electrolyte,  ven t ing  the cell  
dur ing  the addit ion of electrolyte,  and affixing the 
posit ive lead to the cell. An electrical  feedthrough,  
consisting of a ceramic insulator  brazed be tween  two 
meta l  tubes, was also affixed to the top of the can. A 
stainless-steel  rod, which was screwed into the shank 
end of the anode and was si lver soldered to the upper  
part  of the ceramic feedthrough,  served as the nega-  
t ive  te rminal  of the cell. The cathode of copper oxides 
rested on a small  piece of coiled copper tubing, which, 
in turn, rested on the bottom of the can. The  cathode 
of copper oxides was raised above the floor of the cell 
to p reven t  the possibility of solid products of reac-  
tion f rom clogging the  passages of the checker -work  
cathode. Another  stainless steel rod was si lver soldered 
into one of the small tubes. This rod was the posit ive 
lead of the cell. The lid assembly was by hel iarc  

Fig. 1. Cutaway view of typica~ cell 
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Table I. Weight breakdown of typical cell Table II. Analysis of nickel cell 3 

C o m p o n e n t  W e i g h t ,  g 

A n o d e  5.6 
C a n  39.8 
C a t h o d e  16.8 
E l e c t r o l y t e  22.S 

T o t a l  85.0 (0.187 lb)  

w e l d e d  to t h e  can.  T h i s  w e l d i n g  w a s  p e r f o r m e d  in  a 
d r y  b o x  f i l led w i t h  a rgon .  

T h e  cel ls  w e r e  t h e n  f i l led as n e e d e d  b y  t h e  a d d i t i o n  
of t h e  e l e c t r o l y t e .  T h e  s m a l l  t u b e s  w e r e  t h e n  p i n c h e d  
off a n d  s i l v e r  so lde red .  T h e  w e i g h t s  of t h e  i n d i v i d u a l  
c o m p o n e n t s  a r e  g i v e n  i n  T a b l e  I. W h e n  t h e  c o p p e r  
c a n  cel ls  w e r e  d i s c h a r g e d ,  t h e  e n t i r e  ce l l  w a s  e n -  
c losed  i n  a n  e v a c u a t e d  g lass  e n v e l o p e  to  p r e v e n t  t h e  
o x i d a t i o n  of t h e  c o p p e r  cans .  O n e  ce l l  w a s  c o n s t r u c t e d  
u s i n g  o n l y  a n  anode ,  a cathode, a n d  a g lass  e n v e l o p e  
to p e r m i t  v i s u a l  o b s e r v a t i o n  of t h e  d i s c h a r g i n g  cell.  
C o p p e r  w i r e s  w e r e  u s e d  to c o n n e c t  t h e  e l e c t r o d e s  to  
t h e  t u n g s t e n  f e e d t h r o u g h s .  T h i s  ce l l  w i l l  b e  r e f e r r e d  
to as t h e  g lass  cell.  

T h e  a n o d e s  w e r e  of p r i m a r y  m a g n e s i u m  (99.8% 
Mg, 0.15% Mn,  0.02% C u ) ,  w h i l e  t h e  c a t h o d e s  w e r e  a 
m i x t u r e  of C u 2 0  a n d  CuO.  T h e  a n o d e s  w e r e  m a d e  
in  t h e  f o r m  of t h i c k  r o u n d  d i sks  w i t h  a s h a n k  on  one  
end.  T h e  c a t h o d e s  w e r e  m a d e  b y  o x i d i z i n g  a c h e c k e r -  
w o r k  of o x y g e n - f r e e  h i g h  c o n d u c t i v i t y  ( O F H C )  cop -  
p e r  p la tes ,  w h i c h  h a d  b e e n  s l o t t ed  a n d  f i t ted  t o g e t h e r .  
T h i s  c h e c k e r w o r k  w as  p l a c e d  in  a f u r n a c e  a n d  o x -  
id ized  in  a i r  f o r  6 h r  a t  1000~ f o l l o w e d  b y  a 1 - d a y  
o x i d a t i o n  a t  600~ T h e  c a t h o d e s  w e r e  a n a l y z e d  to b e  
n o m i n a l l y  16 m o l e  % C uO  a n d  t h e  r e m a i n d e r  Cu20 .  

A l t h o u g h  s o m e  e f fo r t  w a s  m a d e  to h a v e  a n  a n -  
h y d r o u s  me l t ,  t h e r e  w e r e  a l w a y s  some  h y d r o l y s i s  
p r o d u c t s  in  t h e  me l t .  T h e  sa l t s  w e r e  d r i e d  in  a n  o v e n  
fo r  s e v e r a l  d a y s  a t  a b o u t  150~ w e i g h e d  in  t h e  
p r o p e r  p r o p o r t i o n ,  a n d  m e l t e d .  To t h e  m e l t  w e r e  
a d d e d  some  m a g n e s i u m  ch ips  to r e a c t  w i t h  w a t e r ;  
w h e n  r e a c t i o n  w a s  no  l o n g e r  a p p a r e n t  t h e  m e l t  w a s  
f i l t e r ed  t h r o u g h  q u a r t z  wool .  T h e  e l e c t r o l y t e  in  effect  
was  t h e  eu t ec t i c  of LiC1 a n d  KC1 w i t h  some  d i s s o l v e d  
M g O  p lus  some  u n w a n t e d  h y d r o l y s i s  p r o d u c t s .  

A U - s h a p e d  ce l l  (Fig .  2) w a s  d i s c h a r g e d  a t  425~ 
F o l d e d  m a g n e s i u m  r i b b o n  s e r v e d  as  t h e  a n o d e ,  w h i l e  
o x i d i z e d  c o p p e r  w i r e s  w e r e  u s e d  a t  t h e  ca thode .  T h e  
cel l  w a s  c o n s t r u c t e d  of h e a t - r e s i s t a n t  glass ,  w h i c h  p e r -  
m i t t e d  v i s u a l  o b s e r v a t i o n  of t h e  c a t h o d e  a n d  a n o d e  
r e g i o n s  s e p a r a t e l y .  T h e  a m p e r e - h o u r s  w i t h d r a w n  w e r e  
n o t e d  a n d  t h e n  t h e  cel l  w a s  b r o k e n  i n to  t w o  po r t i ons .  
T h e s e  sec t ions  w e r e  t h e n  a n a l y z e d  fo r  t o t a l  m a g -  
n e s i u m .  

Experimental setup.--Most of t h e  e x p e r i m e n t s  w e r e  
c a r r i e d  ou t  a t  425~ ( T a b l e  I I )  u s i n g  a s e t u p  s h o w n  
in  Fig.  3. T h e  ce l l  u n d e r g o i n g  d i s c h a r g e  w a s  w i r e d  
to a l oad  r e s i s t o r  a n d  t h e  s w i t c h i n g  r e l ay .  T h e  v a l u e  
of l oad  r e s i s t a n c e  (1, 5, 10, a n d  20 o h m s )  d e p e n d e d  on 
t h e  d u r a t i o n  t h e  cel l  w a s  e x p e c t e d  to last .  T h e  v o l t a g e  
ac ross  th i s  load  r e s i s t o r  w as  f ed  i n to  a h i g h  i m p e d a n c e  
v o l t m e t e r .  A r e c o r d i n g  p o t e n t i o m e t e r  w a s  c o n n e c t e d  
to t h e  o u t p u t  of t he  v o l t m e t e r .  A cyc le  t i m e r  w a s  e m -  
p l o y e d  d u r i n g  s e v e r a l  r u n s .  I t  w o u l d  a l t e r n a t e l y  p l ace  
t h e  cel l  u n d e r  l o a d  fo r  15 min ,  f o l l o w e d  b y  2 m i n  in  
t h e  n o - l o a d  cond i t i on .  T h e  s y s t e m  w a s  c o n n e c t e d  so 

I" Anode - - 4 ~  in. Cathode ~ I 

o.d. tube 

Anode Cathode 
section % section ~ 

Fig. 2. Pyrex U-shaped cell 

[ T e s t  fo r  n i c k e I  sa l t s ,  n e g a t i v e ;  
p H  of 1.0 l i t e r  of  w a s h  so lu t i on ,  8 • 0.3.] 

(a) A n a l y s i s  

M a t e r i a l  W e i g h t  

m i l l i  
In  f r e s h  ce l l  In  s p e n t  ce l l  g e q u i v a l e n t  a m p - h r  

M g  ~ 5.661 466 12.48 

M g  ~ 4.165 343 9.20 
Mg +2 (MgO) 1.54S 131 3.41 

T o t a l  5.713 474 12.61 

Cu+'-'(CuO) 1.49 46.8 1.25 
Cu+I(Cu~O) 13.36 210.0 5.63 

T o t a l  14.85 256.8 6.88 

Cu+2(CuO) 0.48 15.2 0.41 
Cu+1 (Cu~O) 8.50 133.7 3.57 
Cu  o 5.79 - -  - -  

T o t a l  14.77 - -  - -  

(b) E l e c t r o d e  e f f i c i enc ies  ( a m p - h r  d e l i v e r e d ,  3.04) 

E l e c t r o d e  Ef f i c i ency ,  % 

A n o d e  ( f r o m  Mg0 lost)  
A n o d e  ( f r o m  Mg+e ga ined}  
C a t h o d e  ( f r o m  Cu~O a n d  C u O  lost} 

92.7 
89.2 

104.8 

t h e  v o l t m e t e r  w o u l d  r e a d  t h e  v o l t a g e  ac ross  t h e  l oad  
r e s i s t o r  d u r i n g  one  p o r t i o n  of t h e  cyc le  a n d  t h e  n o -  
load  v o l t a g e  d u r i n g  t h e  o the r .  T h e  a m p e r e - h o u r s  d e -  
l i v e r e d  d u r i n g  d i s c h a r g e  w e r e  c a l c u l a t e d  f r o m  the  
r e c o r d e d  v o l t a g e  ac ross  t h e  l o a d  res i s to r .  

Analysis techniques.--The d i s c h a r g e d  ce l l s  w e r e  a n -  
a l y z e d  in  a n  a t t e m p t  to  f o l l o w  t h e  c o u r s e  a n d  e x t e n t  
of t h e  c h e m i c a l  a n d  e l e c t r o c h e m i c a l  r e a c t i o n s  t h a t  
took  p l ace  w i t h i n  t h e  cells.  A f t e r  d i s c h a r g e  t h e  n i c k e l  
cel ls  w e r e  a n a l y z e d  q u a n t i t a t i v e l y  fo r  r e a c t i o n  p r o d -  
uc t s  a n d  u n u s e d  e l e c t r o d e  c o m p o n e n t s .  T h e  c o p p e r  
cel ls  a n d  t h e  g lass  ce l l  w e r e  a n a l y z e d  q u a l i t a t i v e l y .  

T h e  m a g n e s i u m  a n d  c o p p e r  o x i d e s  w e r e  e x p e c t e d  to 
r e a c t  to f o r m  m a g n e s i u m  o x i d e  a n d  m e t a l l i c  copper .  
Sel ls  et al. (6) ,  h o w e v e r ,  f o u n d  in  t h e  a n a l y s i s  of t h e  
m o l t e n  sa l t  cell, M g / K C I - L i C 1 / F e 2 0 3 ,  Ni, t h a t  t h e  
ox id i zed  m a g n e s i u m  in  t h e  s p e n t  cel ls  was  w a t e r  
so lub l e  m a g n e s i u m  c h l o r i d e  (MgC12).  T h e  o x i d e  ion  
f r o m  t h e  d i s c h a r g i n g  i r o n  o x i d e  c a t h o d e  w a s  t a k e n  
up  in  t h e  f o r m  of n o n s o l u b l e  Li20"  (FeO)x .  

A n  a n a l y s i s  r o u t i n e  (Fig.  4) w a s  m a d e  up,  w h i c h  
t r i e d  to t a k e  i n to  a c c o u n t  a l l  pos s ib l e  cou r se s  of r e -  
ac t ion .  T h e  r e s u l t a n t  r o u t i n e  a l l o w e d  for  a n a l y s e s  of 
t h e  f o l l o w i n g  c o n s t i t u e n t s  as t h e y  w o u l d  a p p e a r  a f t e r  
a s p e n t  cel l  h a d  b e e n  o p e n e d  a n d  t h e  c o n t e n t s  d i s -  
s o l v e d  if  pos s ib l e  in  w a t e r :  m a g n e s i u m  m e t a l ,  w a t e r  
s o l u b l e  m a g n e s i u m  c o m p o u n d s ,  m a g n e s i u m  oxide ,  cop -  

Strip 
chart 

~ioltmeter , _ recorder 

Double-pole, ~ I I  I Temperature 
double-throw ',z~ i ~3 I 'h controlled 

~ Cycle timer 

Fig. 3. Schematic diagram of apparatus 
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Pi~tilieP H20 ~ Crushed 

Soluble 

Test 

Tes{ Consticuent Metho{I 

] OH- S(andard ~id 
2 Ni Oimethylglyaxime spot test 
P Cu Potassium ferricyanide spot test 
4 pH pH ~per  
5 tag +2 Slan~ard solution o( dlsodiu m salt of 

ethylene Piamine letra acetic acid, 
erlOCh romblack-T indkator 

6 MgIOH) 2 X-ray diffraction 
7 Cu *] Standard eerie suffate solution - 

diphenylamine indicator 
B Cu +2 Starch-iodide 

Fig. 4. Flow sheet of analysis 

p e r  m e t a l ,  ac id  or  w a t e r  s o l ub l e  c o m p o u n d s  of cop -  
p e r  a n d  n icke l ,  a n d  f ina l ly  a n y  a l k a l i  m e t a l  h y d r o x -  
ides. T h e  p H  of t h e  i n i t i a l  w a s h  s o l u t i o n  w a s  also 
m e a s u r e d .  I f  a n y  MgC12 w a s  p r e s e n t  in  t h e  s p e n t  ce l l s  
f o r m e d  d u r i n g  t h e s e  s tud ies ,  i t  w o u l d  r e a c t  w i t h  t h e  
c o r r e s p o n d i n g  a m o u n t  of a l k a l i  m e t a l  o x i d e  to fo rm,  
i n  t h e  p r e s e n c e  of w a t e r ,  M g ( O H ) 2 ,  b u t  t h i s  w a s  
absen t .  A n a l y s e s  of  t h e  s p e n t  cel ls  fo r  u n u s e d  r e -  
a c t a n t s  w o u l d  p e r m i t  c a l c u l a t i o n  of t h e  e l e c t r o d e  effi- 
c iencies ,  w h i l e  a n a l y s e s  f o r  p r o d u c t s  of r e a c t i o n  w o u l d  
a l l o w  some  c o n c l u s i o n s  to be  m a d e  c o n c e r n i n g  t h e  
c o u r s e  of  t h e  r e a c t i o n .  F i g u r e  4 g ives  de t a i l s  of t h e  
a n a l y t i c a l  r o u t i n e .  

Results and Discussion 
General observations.--Figure 5 is a p lo t  of t h e  

o p e n - c i r c u i t  v o l t a g e  a n d  l oad  v o l t a g e  a g a i n s t  t i m e  
fo r  t h e  i n t e r m i t t e n t l y  o p e r a t e d  g lass  cell. T h i s  cel l  
was  u s e d  so t h a t  t h e  c o n d i t i o n  of t h e  ce l l  m a t e r i a l s  
cou ld  b e  o b s e r v e d  as a f u n c t i o n  of d e p t h  of d i s c h a r g e .  
I t  was  n o t e d  t h a t  a w h i t e  f l occu l en t  m a t e r i a l  a n d  also 
s m a l l  p a r t i c l e s  of c o p p e r  w e r e  f o r m e d  a n d  h e l d  in  
su spens ion .  T h e  c o p p e r  p a r t i c l e s  r a n g e d  in  size f r o m  
less  t h a n  1~ to m o r e  t h a n  50~. Mos t  of t h e  c o p p e r  
f o r m e d  r e m a i n e d  on  t h e  ca thode .  

T h e  U - s h a p e d  cel l  e x p e r i m e n t  (Fig .  2) w a s  p e r -  
f o r m e d  to g a t h e r  m o r e  i n f o r m a t i o n  t h a n  a v a i l a b l e  
f r o m  c h e m i c a l  a n a l y s i s  a n d  t h e  g lass  ce l l  c o n c e r n i n g  
t h e  p h y s i c a l  s t a t e  a n d  r e g i o n  of  o r i g i n  of  t h e  MgO.  
I t  w a s  a l r e a d y  s u s p e c t e d  f r o m  t h e  d i s c h a r g e  c u r v e s  
of t h e  c o p p e r  a n d  n i c k e l  cel ls  t h a t  a t i g h t l y  b o u n d ,  
e l e c t r o c h e m i c a l l y  f o r m e d  l a y e r  of M g O  w a s  n o t  p r e s -  
en t  a t  e i t h e r  e l ec t rode .  S u c h  a n  i n s u l a t i n g  l a y e r  w o u l d  
g r e a t l y  i n h i b i t  f u r t h e r  e l e c t r o c h e m i c a l  ac t ion .  A w h i t e  
f loccu len t  c loud  of m a t e r i a l  w a s  f o r m e d  a t  b o t h  t h e  

1.6 

1.4! 
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I I 
No-load voltage 

Voltage across 
..___._20-oh m load 
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140 S e r v i c e - -  
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t 
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Fig. 5. Discharge characteristics of glass cell. Duty cycle: 15-min 
load, 2-min open circuit. 

a n o d e  a n d  c a t h o d e  r e g i o n s  a n d  t h e s e  g r e w  t o w a r d  t h e  
c e n t e r  of t h e  cell.  B e f o r e  t h e  c louds  o v e r l a p p e d ,  t h e  
r e a c t i o n  was  s topped ,  t h e  ce l l  f r o z e n  a n d  b r o k e n  i n t o  
two  p o r t i o n s  as i n d i c a t e d .  E a c h  of t h e s e  p o r t i o n s  w a s  
a n a l y z e d  fo r  M g  +2. T h e  p r e s e n c e  of M g  +2 ( M g O )  w a s  
f o u n d  in  b o t h  c o m p a r t m e n t s ;  a b o u t  60% w a s  in  t h e  
a n o d e  h a l f  a n d  40% in  t h e  c a t h o d e  po r t i on .  

A f t e r  t h e  n i c k e l  cel ls  h a d  b e e n  d i s c h a r g e d  t h e  a m -  
p e r e - h o u r s  w i t h d r a w n  w e r e  d e t e r m i n e d  a n d  t h e  cel ls  
w e r e  o p e n e d  a n d  a n a l y z e d .  T a b l e  II  (a )  s h o w s  a se t  
of t y p i c a l  r e su l t s .  T h e  w e i g h t s  of t h e  m a g n e s i u m  a n d  
c o p p e r  c o m p o u n d s  a re  r e p o r t e d  n o t  o n l y  in  g r a m s  
b u t  a lso in  t e r m s  of m i l l i e q u i v a l e n t s  a n d  a m p e r e - h o u r  
e q u i v a l e n t s .  

Electrochemical and chemical cell reactions.--The 
c h e m i c a l  a n a l y s e s  s h o w e d  t h a t  t h e  o x i d i z e d  m a g -  
n e s i u m  in  t h e  s p e n t  cel ls  w a s  p r e s e n t  as so l id  M g O  
d i s p e r s e d  t h r o u g h o u t  t h e  e l e c t ro ly t e .  T h e  U - s h a p e d  
cel l  e x p e r i m e n t  s h o w e d  t h a t  M g O  w a s  f o r m e d  in  b o t h  
t h e  a n o l y t e  a n d  c a t h o l y t e ,  e v i d e n t l y  b y  t h e  r e a c -  
t i o n  of m a g n e s i u m  ions  a n d  o x i d e  ions  i n  t h e  e l e c t r o -  
lyre.  I t  w a s  c o n c l u d e d  t h a t  t h e  a n o d e  r e a c t i o n  in  t h e  
cel l  is M g  --> M g  + + -5 2e. 

T h e  c h e m i c a l  a n a l y s e s  a lso  s h o w e d  t h a t  c o p p e r  o x -  
ide  c a t h o d e s  w e r e  r e d u c e d  to m e t a l l i c  coppe r .  Th i s  w a s  
also e v i d e n t  v i s u a l l y  f r o m  o b s e r v a t i o n  of t h e  g lass  
cell.  T h e  p r o b a b l e  cause  of t h i s  r e a c t i o n  c a n  b e  d e t e r -  
m i n e d  f r o m  c o n s i d e r a t i o n  of t h e  f r e e  e n e r g y  c h a n g e s  
of v a r i o u s  pos s ib l e  r e a c t i o n s .  W o r k i n g  f r o m  L a i t i n e n  
a n d  L iu ' s  (4)  l i s t  of s t a n d a r d  e l e c t r o d e  p o t e n t i a l s  in  
t h i s  e l e c t r o l y t e  a t  a b o u t  t h e  s a m e  t e m p e r a t u r e ,  i t  m a y  
b e  s e e n  t h a t  t h e  c o u p l e  C u o / C u  +2 w o u l d  no t  b e  e x -  
p e c t e d  to ex i s t  u n d e r  t h e  c o n d i t i o n s  p r e s e n t  in  t h e  
cell, s ince  

Cu  +2 + Cuo-> 2Cu +1 E o = -50.509v; h F  = --46 k c a l  

w h e r e  E ~ = s t a n d a r d  e l e c t r o d e  p o t e n t i a l  a g a i n s t  P t ~  
P t  +2 a n d  a F  = c h a n g e  i n  f r e e  e n e r g y .  T h i s  m e a n s  t h a t  
as  soon  as a n y  Cu  +2 is r e d u c e d  e l e c t r o c h e m i c a l l y  to  
m e t a l l i c  copper ,  c h e m i c a l  r e a c t i o n  w i l l  occu r  to y i e l d  
Cu  +1. T h u s ,  a f t e r  t h e  ce l l  h a s  b e e n  o p e r a t e d  fo r  a 
s h o r t  t ime ,  t h e  p r i n c i p a l  o x i d i z e d  f o r m  of c o p p e r  on  
t h e  c a t h o d e  w i l l  b e  Cu +1. T h e  c a t h o d e  r e a c t i o n  is 
t h e n  

Cu  +1 -5 e-> Cu  ~ 

The over-all cell reaction is 

2Cu + ~ -5 M g  ~ -> M g  + 2 -5 Cu o 

T h e  v o l t a g e  of t h e  cel l  is g i v e n  b y  

RT AMg+2 
E c e l l  ~ ~ ~  + 2 - -  E ~  + 1 - -  - -  i n  

nF ( A c u + l )  2 

U s i n g  L a i t i n e n  a n d  L i u ' s  v a l u e s  f o r  t h e  s t a n d a r d  
e l e c t r o d e  p o t e n t i a l s ,  L a i t i n e n  a n d  B h a t i a ' s  (5) v a l u e s  
fo r  t h e  s o l u b i l i t y  of Cu20 ,  a n d  o u r  v a l u e  fo r  t h e  so lu -  
b i l i t y  of M g O  (6.52 • 10 -2  m o l e  l i t e r - I ) ,  t h e  v a l u e  
of Ece~l is f o u n d  to b e  b e t w e e n  1.50 a n d  1.54v, d e -  
p e n d i n g  on  w h i c h  v a l u e  fo r  t h e  s o l u b i l i t y  of C u 2 0  is 
used.  T h e  v a l u e  of 1.48v was  f o u n d  fo r  t h e s e  cel ls  
a f t e r  t h e r e  h a d  b e e n  e n o u g h  e l e c t r o c h e m i c a l  a c t i o n  
to s a t u r a t e  t h e  ce l l  w i t h  r e a c t a n t s  a n d  p r o d u c t s  of 
r e a c t i o n  (Fig .  5) .  C o n s i d e r i n g  t h e  u n c e r t a i n t y  a s so -  
c i a t e d  w i t h  c e r t a i n  of t h e  v a l u e s  u s e d  in  t h e  cel l  
v o l t a g e  ca l cu l a t i on ,  t h i s  is v e r y  good a g r e e m e n t .  

Electrode eJ~ciency.~Table I I I  shows  t h e  r e s u l t s  of 
l i fe  t e s t i n g  of t h e s e  cells.  A f t e r  a n  e n c o u r a g i n g  l i fe  
t e s t  on  t h e  g lass  cell,  t h e  t h r e e  n i c k e l  cel ls  w e r e  d i s -  
c h a r g e d  o v e r  a r a t h e r  s h o r t  p e r i o d  of t i m e  a n d  t h e n  
a n a l y z e d  t h o r o u g h l y  fo r  p r o d u c t s  of r e a c t i o n  a n d  u n -  
u s e d  r e a c t a n t s .  T h e  o u t p u t  of  t h e  ce l l s  v a r i e d  c o n -  
s i d e r a b l y ,  b u t  f a i l u r e  w a s  i n  no  case  d u e  to d e p l e t i o n  
of e l e c t r o d e  m a t e r i a l s  b y  e i t h e r  c h e m i c a l  or  e l ec -  
t r o c h e m i c a l  r e a c t i o n .  T h e  cel ls  w e r e  c a t h o d e  l im i t ed ,  
c o n t a i n i n g  6.9 a m p - h r  of c o p p e r  oxides .  T h e  b e s t  p e r -  
f o r m a n c e  g a v e  5.29 a m p - h r  (75% of t h e o r e t i c a l )  a n d  
t h e  p o o r e s t  o n l y  2.48 a m p - h r .  T h i s  l a t t e r  ce l l  d e v e l -  
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Table III. Determination of cell life, output, and efficiency for 
cells of different can material 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Apr i l  1966 

Cel l  T e r n -  A n o d e  
p e r a -  Ce l l  effi-  

C a n  t u r e ,  L i f e ,  o u t p u t ,  c i e n c y ,  C a u s e  of  
m a t e r i a l  No.  ~ h r  a m p - h r  % f a i l u r e  

C o p p e r  1 425 46 1.04 - -  Ce l l  l e a k e d  
2 425 26 2.55 - -  D i s c o n n e c t i o n  

of a n o d e  
3 425 52 1.73 64.3 Ce l l  l e a k e d  

G l a s s  425 140 5.82 73.4 D i s c o n n e c t i o n  
of a n o d e  

N i c k e l  1 425 35 2.48 92.5 I n t e r n a l  s h o r t  
2 425 22 5.29 97.8 D i s c o n n e c t i o n  

of a n o d e  
3 425-535  5 3.04 90.5 D i s c o n n e c t i o n  

of a n o d e  

oped an internal  short bel ieved to be caused by a 
bridge of copper metal  particles br idging between the 
electrodes. This has been observed by McKee (3) in 
other  cells containing copper with the l i thium chlo- 
ride, potassium chloride electrolyte.  The cell  giving 
75% of theoret ical  life failed because the anode lead 
became disconnected. Considering this, the cell showed 
a very  fine efficiency of the cathode. This was also 
indicated by cell No. 7 where  the efficiency of the 
cathode, calculated on the amount  of copper ions re -  
duced, was sl ightly over  100% (Table I I -b ) .  A figure 
of over  100% is probably due to a slight oxidation of 
the finely divided copper formed dur ing cell discharge. 
Both massive bright  shiny copper and micron-s ize  
dull  red copper were  formed. The  ve ry  fine par-  
ticles most l ikely unde rwen t  some oxidat ion dur ing 
the handl ing procedure,  even though precautions were  
taken to p reven t  this. 

The anode efficiency calculated for the nickel  cells 
var ied  f rom 90.5 to 97.8% (Table I I I ) .  These effi- 
ciencies are the average  of the efficiencies based on 
magnesium lost by the anode and magnes ium gained 
in the electrolyte.  On the basis of these calculations, 
it appears that  the anode would be the l imit ing ma-  
ter ial  if equal  equivalents  were  used for the anode 
and cathode. 

The over -a l l  cell, assuming no other  cause of failure, 
should have an efficiency bet ter  than 90%. One pos- 
sible reason for some loss of efficiency is the slight 
solubil i ty of the copper oxides. Once this mater ia l  is 
in solution, it can migrate  to the magnesium and re-  

act chemically.  This would  affect both electrodes. An-  
other  possible factor  reducing anode efficiency could 
be the amount  of water  or KOH in the electrolyte  
by the react ion Mg + H20 ~ MgO + H2. By proper  
preparat ion of the electrolyte,  this loss should be 
negligible. 

Conclusions 
A long-l i fe  thermal  cell was buil t  and was dis- 

charged over  a period of six days at 425~ with  an 
anode efficiency of 73%. Other  cells that  were  dis- 
charged over  shorter  periods of t ime had anode effi- 
ciencies greater  than 90%. 

It was concluded that  the fol lowing reactions took 
place at the electrodes. At the cathode, the sl ightly 
soluble cuprous oxide was reduced to metal l ic  copper. 
At the anode, the magnes ium was oxidized to soluble 
magnesium ion. Insoluble magnes ium oxide was found 
to form in the region of both the cathode and anode. 
The value  of the cell voltage, 1.48, was in agreement  
with that  calculated assuming the cell react ion re-  
sponsible for the emf to be 

2Cu +1 + Mg--> 2Cu ~ -{- Mg +2 
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The Morphology of Magnetite Growth on 
Mild Steel in Alkaline Solutions at 316~ 

T. F. Marsh 

Central Electricity Res~earch Laboratories, Leatherhead, Surrey, England 

ABSTRACT 

In previous work  on the oxidation of mild  steel to magnet i te  in h igh - t em-  
pera ture  alkal ine solutions different workers  have  obtained marked ly  differ- 
ing types of oxide under  apparen t ly  s imilar  conditions. The types of oxide 
obtained, the conditions under  which they were  grown, and possible rea-  
sons for the difference in oxide morphology are discussed. Exper iments  are 
described which support  the idea that  the type of magnet i te  growth obtained 
upon an area of mild steel depends upon the presence or otherwise of a 
suitable cathodic surface in contact wi th  it. For  example,  the oxidation of 
a mild steel specimen in a new pressure vessel wil l  take place in a different 
manner  to that  of a specimen in a vessel wi th  a p re - fo rmed  protect ive  mag-  
neti te  film coating its sides, since the magnet i te  film in the lat ter  case prob- 
ably acts as a cathode for the oxidat ion of the specimen. The propert ies  of 
the types of growth, and in par t icular  their  heal ing properties,  are discussed 
with  par t icular  reference  to the practical  problem of pi t t ing growth in steam 
generator  tubes. 

Under  the conditions exist ing in modern  power  sta- 
tions, the mild steel comprising the boiler  tubes is 
the rmodynamica l ly  unstable  in the presence of the 
h igh- t empera tu re  feed wate r  and reacts to form mag-  
neti te  wi th  l iberat ion of hydrogen.  For tunate ly ,  op- 
erat ing exper ience has indicated that  the magnet i te  
produced in slightly alkal ine feed waters  forms a 
protect ive  film which, if maintained,  ensures that  
thinning of the tube walls is negl igible  under  normal  
conditions of operation. 

In recent  years (1-6), studies have  been made of 
the growth of protect ive magnet i te  films on mild steel 
in alkal ine solutions at typical operat ing tempera tures  
in order  to establish their  propert ies and to throw some 
light upon the occasional circumstances in which they 
lose their  protect ive  character  and produce a rapid 
pit t ing attack. 

The investigations which concern the morphology 
of these films have  been complicated by the fact  that  
the protect ive magnet i te  films obtained by different 
invest igators at the same tempera tures  and solution 
pH's have  had marked ly  different morphologies.  In 
general,  two different types of film growth have been 
observed under  apparent ly  similar  conditions and the 
exper iments  described subsequent ly were  per formed 
in order to resolve the differences observed and to 
de termine  which of the two growth mechanisms would 
be l ikely  to predominate  on a boiler  tube wal l  in 
operation. 

Previous work.--Experiments have  been per formed 
involving the oxidation of mild steel in sodium hy-  
droxide solutions of up to 40% by weight  in the ex-  
pectation that  oxide films of a similar  character  to 
those produced in the jus t -a lka l ine  feed water  would  
be obtained, but of a thickness large enough for their  
morphology to be studied. 

Studies were  made by Pot ter  and Mann (1) and 
later  by Adams, Field, Holmes, and Stanley (2) which 
involved the oxidation of small  mild steel specimens 
(ground on 600 grade silicon carbide paper  and de-  
greased in acetone) in par t ly  filled mild steel pres-  
sure vessels sealed wi th  Ermeto  capsJ The former  
used solutions ranging f rom disti l led water  to 20% 
sodium hydroxide  solution at t empera tures  f rom 250 ~ 
to 355~ whereas  the la t te r  used 15% NaOH at 316~ 
In both cases "condit ioned" pressure vessels were  used, 
that is, wi th  a magnet i te  film grown in NaOH solution 
on the in ternal  walls. 

1 M a n u f a c t u r e d  b y  B r i t i s h  E r m e t o  C o r p o r a t i o n  Ltd . ,  M a i d e n h e a d ,  
B e r k s h i r e ,  E n g l a n d .  

Under  these conditions oxide films consisting of two 
layers were  observed (Fig. 1). The films adjacent  to 
the meta l  ( " inner - l ayer" )  were  regular,  compact, and 
adherent  and were  found to be protect ive in most 
cases despite a porosity of 8-15% (2, 7). 

In contrast, the "ou te r - l ayer"  consisted of a loose 
ar ray  of te t rahedra l  crystals and, when  the original  
meta l  surface was ground, apparent ly  afforded no 
protection to the metal. 

Bloom and Kru l fe ld  (3) studied the alkal ine corro-  
sion of mild steel by continuous measurement  of the 
hydrogen released in the oxidation reaction. This was 
achieved by taking a length of annealed mild  steel 
tubing, f lat tening to an oval cross-section and sealing 
solutions inside by squeezing the ends in a hydraul ic  
press and spot-welding.  On raising to tempera ture  
the capsules remain  completely  filled wi th  l iquid since 
the hydrostat ic pressure generated inside is greater  
than the vapor  pressure of the solution and the hydro-  
gen produced by the corrosion react ion diffuses 
through the capsule wall. 

T h e  growth  obtained by Bloom on mild steel in 
40% NaOH and 15% NaOH, al though still protective,  
was quite dissimilar to that  shown in Fig. 1 (4, 5). 
F igure  2 shows a section of magnet i te  growth on an-  
nealed mild steel in 15% sodium hydroxide  solution 
typical  of that  obtained by Bloom. The growth is i r -  
regular  at both the ox ide /me ta l  and oxide/solut ion 
interfaces, and there  is no division into two layers. 
Direct  examinat ion of the oxidized meta l  surface by 
reflected light reveals  a mass of magnet i te  te t rahedra  
similar  to the surface of "ou te r - l ayer"  described 
above. 

These i r regula r  films appear  to be considerably more 
protect ive  than the regular  films obtained by Pot ter  

Fig. 1. Normal section of Fe~O~ growth on mild steel specimen 
contained in conditioned pressure vessel. Oxidized for 250 hr in 
15% NaOH. 
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Fig. 2. Normal section of Fe304 growth on the inner surface of 
a mild steel capsule. Oxidized for 72�88 hr in 15% NaOH. 

a n d  M a n n .  F o r  e x a m p l e ,  in  15% N a O H  s o l u t i o n  t h e  
t h i c k n e s s e s  of B l o o m  fi lms a p p e a r  to  d i f fe r  o n l y  m a r -  
g i n a l l y  a f t e r  o x i d a t i o n  p e r i o d s  of 3.7 a n d  42 d a y s  (6) .  
F o r  P o t t e r  a n d  M a n n  g r o w t h ,  c a l c u l a t i o n s  b a s e d  on  
t h e  g r o w t h  c u r v e s  s h o w n  i n  Fig.  4 of ref .  (1)  i n d i c a t e  
t h a t  i n  13% N a O H  t h e  t h i c k n e s s  of m e t a l  o x i d i z e d  
(i.e., t h e  t h i c k n e s s  of t h e  i n n e r - l a y e r )  i n c r e a s e s  f r o m  
11-12 ~,m to 35-36 t ,m in  t h e  s a m e  t i m e  pe r iod .  T h e s e  
r e s u l t s  a r e  in  a c c o r d  w i t h  s u r f a c e  a r e a  m e a s u r e m e n t s  
i n v o l v i n g  t h e  a d s o r p t i o n  of r a d i o a c t i v e  k r y p t o n  (8) 
w h i c h  i n d i c a t e  t h a t  t h e  B l o o m  f i lms do n o t  h a v e  t h e  
p o r o s i t y  pos se s sed  b y  t h e  P o t t e r  a n d  M a n n  films. 

I n  a d d i t i o n  to t h e  p r o t e c t i v e  film, t h e r e  is a t e n d e n c y  
fo r  h e m i s p h e r i c a l  p i t s  to f o r m  in  t h e  l a t e r  s t ages  of 
g r o w t h  (4, 5) .  No s u c h  t y p e  of p i t t i n g  g r o w t h  w a s  
o b s e r v e d  on  t h e  b l o c k  s p e c i m e n s  u s e d  b y  P o t t e r  a n d  
M a n n .  

Comparison of Experimental Conditions 
I t  s e e m e d  n e c e s s a r y  f i rs t  of a l l  to e l i m i n a t e  t h e  p o s -  

s i b i l i t y  t h a t  t h e  d i f f e r e n t  g r o w t h  m e c h a n i s m s  w e r e  a 
r e s u l t  of d i f f e r ences  i n  t h e  c o m p o s i t i o n  of t h e  m i l d  
s t ee l s  used,  or  in  t h e  p u r i t i e s  of t h e  N a O H  so lu t ions .  
T h e  f o r m e r  w a s  d i s p o s e d  of b y  t h e  o x i d a t i o n  i n  a 
c o n d i t i o n e d  p r e s s u r e  ves se l  of s m a l l  sec t ions  of t u b -  
ing,  2 of t h e  s a m e  m i l d  s t ee l  as t h a t  u s e d  in  B l o o m ' s  
c a p s u l e  e x p e r i m e n t s .  Th i s  r e s u l t e d  in  t w o - l a y e r  M a n n  
a n d  P o t t e r  t y p e  f i lms on  t h e  s a m p l e s  used .  

D i f f e r ences  in  s u r f a c e  t r e a t m e n t  a lso w e r e  f o u n d  to 
h a v e  no  r a d i c a l  effect  on  t h e  m o r p h o l o g y  of o x i d e  
g r o w n  on  s p e c i m e n s  in  c o n d i t i o n e d  p r e s s u r e  vesse l s :  
a b l u e  a i r - f o r m e d  i n t e r f e r e n c e  co lo r  f i lm ( g r o w n  a t  
316~ d id  n o t  af fec t  t h e  f o r m  of t h e  f i lm g r o w n  s u b -  
s e q u e n t l y  in  N a O H  so lu t ion ,  a n d  t h e  c h a n g e  in  o x i d e  
m o r p h o l o g y  p r o d u c e d  b y  t h e  o x i d a t i o n  of a n n e a l e d  
s p e c i m e n s  w a s  i n a d e q u a t e  to e x p l a i n  t h e  g r o w t h  d i f -  
f e r e n c e s  p r e v i o u s l y  desc r ibed .  T w o  d i s t i n c t  o x i d e  l a y -  
e rs  a r e  s t i l l  f o r m e d  on  a n n e a l e d  s p e c i m e n s ,  b u t  w i t h  
a m u c h  i n c r e a s e d  size of " o u t e r  l a y e r "  c r y s t a l  w h i c h  
ac ts  as a n  a d d i t i o n a l  loca l  p r o t e c t i o n  to t h e  u n d e r l y -  
i ng  me ta l .  T h i s  ef fec t  is d e s c r i b e d  in  m o r e  d e t a i l  b y  
F i e l d  a n d  H o l m e s  (7) .  

T h e  ef fec t  of t h e  s t r e s s  e x i s t i n g  in  t h e  w a l l s  of 
B l o o m ' s  capsu l e s  was  c o n s i d e r e d  also. H o w e v e r ,  e l a s -  
t ic  a n d  p l a s t i c  s t r a i n i n g  w e r e  f o u n d  to h a v e  no  effect  
on  t h e  m o r p h o l o g i e s  of t w o - l a y e r  films. A p i ece  of 
s t ee l  w a s  b e n t  i n to  a n  a rc  c o r r e s p o n d i n g  to a m a x -  
i m u m  s t r a i n  of 1.06%, h e l d  in  a j i g  of t h e  s a m e  m a -  
t e r i a l  a n d  o x i d i z e d  fo r  51V4 h r  in  15% N a O H  a n d  
316~ in  a c o n d i t i o n e d  p r e s s u r e  vesse l .  A t w o - l a y e r  
P o t t e r  a n d  M a n n  fi lm w a s  o b s e r v e d  on  t h e  s t r a i n e d  
s p e c i m e n .  

S i m i l a r l y  a m i l d  s t ee l  s p e c i m e n  i n  t h e  f o r m  of a 
t e s t  p i ece  fo r  a H o u n s f i e l d  T e n s o m e t e r  w a s  s t r a i n e d  
u n t i l  n e a r  to f r a c t u r e  a n d  t h e n  o x i d i z e d  in  a c o n d i -  
t i o n e d  p r e s s u r e  vesse l  in  17% NaOH.  T h e  u n s t r a i n e d  
e n d s  of t h e  t e s t  p i ece  g r e w  b e t w e e n  9 a n d  13 ~m of  
i n n e r  l a y e r ;  in  t h e  r e g i o n  w h e r e  n e c k i n g  h a d  oc -  
c u r r e d  a n d  t h e  p l a s t i c  s t r a i n  w a s  as h i g h  as 15% t h e  
g r o w t h  of i n n e r  l a y e r  h a d  i n c r e a s e d  fo 24-28 ~m. T h e  

2 K i n d l y  supDl ied  by  Dr. B l o o m .  

m o r p h o l o g y  of b o t h  t y p e s  of g r o w t h  w a s  n e v e r t h e l e s s  
f o u n d  to b e  t h e  s a m e  (9 ) .  

I t  w i l l  b e  s e e n  b e l o w  t h a t  i t  is pos s ib l e  to  o b t a i n  
B l o o m - t y p e  f i lms on  s p e c i m e n s  o x i d i z e d  in  noncondi- 
t i o n e d  p r e s s u r e  vesse l s .  Th i s  s u p p o r t s  t h e  c o n c l u s i o n  
r e a c h e d  a b o v e  t h a t  s u r f a c e  t r e a t m e n t ,  s t ee l  c o m p o s i -  
t ions ,  a n d  p r e s e n c e  of s t r e s s  a r e  n o t  t h e  f a c t o r s  de -  
t e r m i n i n g  w h e t h e r  B l o o m  g r o w t h  or  P o t t e r  a n d  M a n n  
g r o w t h  is o b t a i n e d ,  a n d  also e l i m i n a t e s  f a c t o r s  s u c h  
as t h e  effect  of d i s s o l v e d  o x y g e n  or  of m i n u t e  a m o u n t s  
of o t h e r  i m p u r i t i e s  in  so lu t ion .  

E~ects of Hydrogen 
I n  B l o o m ' s  e x p e r i m e n t s  w i t h  m i l d  s t ee l  c a p s u l e s  i t  

is b e l i e v e d  t h a t  a l l  t h e  h y d r o g e n  p r o d u c e d  in  t h e  c o r -  
r o s i o n  r e a c t i o n  d i f fuses  d i r e c t l y  a w a y  f r o m  t h e  s i te  of 
t h e  r e a c t i o n  t h r o u g h  t h e  t h i n  (0.05 cm)  m i l d  s t ee l  
t u b i n g .  T h e  e x c e l l e n t  a g r e e m e n t  o b t a i n e d  b e t w e e n  
t h e  c o r r o s i o n  ra t e s ,  as e s t i m a t e d  b y  h y d r o g e n  e f fu-  
s ion  a n d  t h o s e  o b t a i n e d  on  o t h e r  s p e c i m e n s  b y  B l a s e r  
a n d  O w e n s  (10) as e s t i m a t e d  b y  m e a s u r e m e n t s  of 
t h e  w e i g h t  loss of  d e s c a l e d  s p e c i m e n s  s u p p o r t s  this .  
O n  t h e  o t h e r  h a n d ,  a r e s i d u a l  p r e s s u r e  is a l m o s t  i n -  
v a r i a b l y  o b s e r v e d  a f t e r  coo l ing  i n  t h i c k - w a l l e d  c o n -  
d i t i o n e d  p r e s s u r e  ves se l s  u s e d  fo r  t h e  o x i d a t i o n  of 
b l o c k  s p e c i m e n s .  T h i s  sugges t s  t h a t  some  of t h e  h y -  
d r o g e n  g e n e r a t e d  in  t h e  i r o n / w a t e r  r e a c t i o n  h a s  b e e n  
l i b e r a t e d  as h y d r o g e n  gas  i n t o  t h e  s o l u t i o n  i n s t e a d  of 
d i f fus ing  a w a y  in  m o n a t o m i c  (o r  ion ic )  f o r m  t h r o u g h  
t h e  s teel .  

I f  h y d r o g e n  p r o d u c e d  n e a r  t h e  m e t a l  w e r e  u n a b l e  to  
e scape  d i r e c t l y  t h r o u g h  t h e  s teel ,  as i t  a p p e a r s  to  do  in  
B l o o m ' s  e x p e r i m e n t s ,  t h e n  t h e  e v o l u t i o n  of m o l e c u l a r  
h y d r o g e n  in to  t h e  s o l u t i o n  m i g h t  a l t e r  t h e  m o r p h o l o g y  
of t h e  ox ide  film. I f  t h i s  w e r e  so, t h e n  t h e  d i f f e r ences  
b e t w e e n  t h e  t w o  t y p e s  of g r o w t h  m i g h t  b e  c a u s e d  b y  
t h e  d i f f e r e n t  c o n d i t i o n s  in  w h i c h  h y d r o g e n  is e v o l v e d ;  
t h e  c o n t i n u a l  i n t e r f e r e n c e  of h y d r o g e n  e v o l v e d  a t  or  
n e a r  t h e  m e t a l  w i t h  t h e  o x i d e  g r o w t h  p r o d u c i n g  t he  
p o r o u s  P o t t e r  a n d  M a n n  g r o w t h ,  t h e  e s c a p e  of h y d r o -  
g e n  t h r o u g h  t h e  m e t a l  w i t h  l i t t l e  or  no i n t e r f e r e n c e  
w i t h  t h e  g r o w i n g  o x i d e  f i lm p r o d u c i n g  t h e  m o r e  c o m -  
pac t  a n d  p r o t e c t i v e  B l o o m  g r o w t h .  

O n  th i s  p i c tu r e ,  t h e  p i t s  o b t a i n e d  in  B l o o m  g r o w t h  
w o u l d  a r i s e  f r o m  loca l  h y d r o g e n  e v o l u t i o n  f r o m  p a r t s  
of t h e  s t ee l  su r face .  

Galvanic Effects 
A n o t h e r  p o s s i b l e  d i f f e r e n c e  b e t w e e n  t h e  c o n d i t i o n s  

of o x i d a t i o n  u s e d  b y  B l o o m  a n d  b y  P o t t e r  a n d  M a n n  
l ies  in  t h e  e l e c t r o c h e m i s t r i e s  of t h e  s y s t e m s  i n v o l v e d :  
in  p a r t i c u l a r ,  t h e  p o s s i b i l i t y  of g a l v a n i c  c o u p l i n g  e x -  
i s t i n g  w h e n  P o t t e r  a n d  M a n n  g r o w t h  is o b t a i n e d .  

A n  u n o x i d i z e d  m i l d  s tee l  s p e c i m e n  p l a c e d  i n  a c o n -  
d i t i o n e d  m i l d  s t ee l  v e s s e l  is in  con tac t ,  b o t h  e l e c t r i c a l l y  
a n d  v i a  t h e  so lu t ion ,  w i t h  a c o m p a r a t i v e l y  l a r g e  s u r -  
face  a r e a  of m a g n e t i t e .  I t  is k n o w n  t h a t  a m a g n e t i t e  
s u r f a c e  c a n  act  as a n  eff ic ient  ca thode ,  fo r  e x a m p l e  a 
m a g n e t i t e  e l e c t r o d e  c a n  s e r v e  as a p a s s i v a t o r  f o r  s t a i n -  
less  s t ee l s  a n d  t i t a n i u m  (11) .  W h e n  m a g n e t i t e  g r o w s  
i n s i d e  a capsu le ,  no  s u c h  c a t h o d i c  s u r f a c e  is p r e s e n t  a t  
t h e  s t a r t  of t h e  o x i d a t i o n  a n d  d u r i n g  o x i d a t i o n  t he  
c a t h o d e  r e a c t i o n  w i l l  p r e s u m a b l y  b e  con f ined  to t h e  
v i c i n i t y  of t h e  c o r r o d i n g  m e t a l .  

I t  is t h e r e f o r e  pos s ib l e  t h a t  t h e  p r e s e n c e  of a c a t h o d i c  
s u r f a c e  e x t e r n a l  to  t h e  o x i d i z i n g  s t ee l  g ives  r i se  to  t h e  
c o n d i t i o n s  n e c e s s a r y  fo r  t h e  g r o w t h  o b s e r v e d  b y  P o t -  
t e r  a n d  M a n n ,  w h e r e a s  o x i d a t i o n  w i t h  no  s u c h  e x -  
t e r n a l  c a t h o d e  p r o d u c e s  B l o o m  g r o w t h .  

B l o o m  (12) h a s  s u g g e s t e d  t h a t  g a l v a n i c  effects  m a y  
a c c e l e r a t e  c o r r o s i o n  in  t h e  e a r l y  s t ages  a n d  t h a t  h y d r o -  
g e n  g e n e r a t i o n  c a n  s u b s e q u e n t l y  r e n d e r  t h e  o x i d e  film 
less p ro t ec t i v e ,  b u t  h a s  n o t  d e s c r i b e d  a n y  e x p e r i m e n t s  
in  s u p p o r t  of this .  

Further Experiments 
In  o r d e r  to d e t e r m i n e  m o r e  p r e c i s e l y  t h e  c o n d i t i o n s  

in  w h i c h  t h e  t w o  c a t e g o r i e s  of g r o w t h  a r e  o b t a i n e d ,  
w i t h  a v i e w  to d e c i d i n g  t h e  r e l a t i v e  i m p o r t a n c e s  of t h e  
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factors described above, the types of magnet i te  formed 
on mild  steel in several  different systems are described 
below. In all  exper iments  the oxide was grown in 15% 
sodium hydroxide  solution at 316~ 

Except  for the mild  steel tubing and capsules sup- 
plied by Dr. Bloom, the four mild  steels used in the 
exper iments  had the fol lowing composit ional ranges: 
C, 0.05-0.23; Mn, 0.37-0.71; S, 0.01-0.02; St, < 0.08; Ni, 
0.10-0.20; Cr, 0.05-0.11; Cu, 0.04-0.16; P, 0.014-0.017; 
Mo, 0.05-0.07; V, <0.05. 

Composit ion differences in the mild  steels of both 
pressure vessels and specimens within  the ranges 
above were  found to have  no effect on the oxide mor -  
phologies obtained in the exper iments  described below. 

Growth  on pcessure-vesse~ w a ~ s . - - T h e  magnet i te  
growth on the walls  of pressure vessels of the type 
used by Pot ter  and Mann was studied and in the ear ly  
stages was found to be Bloom-type,  but  wi th  a greater  
prol i ferat ion of pits than is seen inside a capsule. The 
wal l  thickness was 0.4 cm; local reduct ion to th ick-  
nesses of 0.2 cm, 0.1 cm, 0.05 cm appeared to have  no 
effect. 

Specimens  in uncondit ioned pressure vesse ls . - - In  
these experiments,  which were  re fe r red  to above, spec- 
imens were  oxidized in pressure vessels under  the same 
conditions as those known to promote  the format ion of 
two- layer  films, except  that  the condit ioning film of 
magnet i te  was no longer  present  on the inter ior  walls  
at the start  of the oxidation. On remova l  and examina-  
tion under  the microscope the specimens were  found to 
have oxidized to give Bloom-type  magnet i te  films. 
Hemispher ical  and saucer-shaped pits, which often 
tended to occur at or near  the corners of the rec tan-  
gular  mild  steel blocks, were  also observed many 
times. The oxide inside the pit  was normal ly  ve ry  sim- 
i lar  to that  consti tut ing the inner  layer  of Pot ter  and 
Mann growth  (Fig. 3). 

Fig. 3. Normal section of specimen oxidized in a nonconditioned 
pressure-vessel showing pitting growth. Oxidized for 185 hr in 
15% NaOH. 
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Fig. 4. and Fig. 5. Arrangements for experiments 
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Fig. 6. Oxidation of specimen A (Fig. 4) to give relatively thick 
porous Fe304 film. Oxidized for 65 hr in 15% NaOH. 

Use of gold tubes . - - I t  has been suggested (13) that  
in some circumstances it might  be possible for hydro-  
gen to effuse direct ly  f rom a corroding specimen to a 
tube wal l  and thereby escape. In v iew of the possible 
re levance  of hydrogen escape in de termining  the oxide 
morphology,  exper iments  were  per formed  with  the ar-  
rangements  described in Fig. 4 and 5. Since hydrogen 
is insoluble in gold (14) no direct escape of atomic 
hydrogen could occur away from specimens A in e i ther  
Fig. 4 or Fig. 5, whereas  it could conceivably escape 
f rom B. 

In order to take account of possible galvanic effects 
be tween  the specimen and the gold care was taken to 
distinguish be tween  the ar rangements  described in 
Fig. 4 where  no in te rmix ing  os the l iquids inside and 
outside the tube could take place, and those in Fig. 5 
where  contact be tween wal l  and both specimens ex-  
isted through the solution. The results obtained are 
summarized below: A represents  the specimen inside 
the tube, B, that  in direct contact wi th  the wall. 
(a) Unconditioned pressure vessels,  no ~iquid contact 
be tween  specimens3.- -Specimens A were  found to give 
more oxide growth than B. In a typical  exper iment  a 
uni form 63 ~m Mann and Pot ter  film was observed on 
A after  65 hr  wi th  an appearance suggesting a greater  
porosity than is usual  (Fig. 6). On B, a Bloom film was 
observed in a few places wi th  coalescing saucer-shaped 
pits extending over  the greater  part  of the specimen. 
F igure  7 is a normal  section of the oxide occurring in 
the coalescing pits. F rom the smoother  tex tured  ap- 
pearance and lesser depth of the oxide (16 ~m) in 
comparison to that  in Fig. 6 it  appeared to be less 
porous. 
(b)  Unconditioned pressure vessels,  liquid contact be-  
tween  spec imens . - -The  two exper iments  performed 
gave completely  different results:  in one instance both 
A and B were  coated with a thick growth similar  to 

3 I n  f a c t  a t  t e m p e r a t u r e  i t  is  pos s ib l e  t h a t  c o n t a c t  w i l l  e x i s t  b e -  
t w e e n  s p e c i m e n s  v i a  a t h i n  f i lm  of l i q u i d  c o v e r i n g  t h e  t u b e  a b o v e  
t h e  l e v e l  of  t h e  m e n i s c u s .  H o w e v e r  t h e  r e s u l t s  of  t h e  e x p e r i m e n t  
i n d i c a t e  t h a t  t h e  r e s i s t a n c e  of s u c h  a f i lm  is  h i g h  e n o u g h  f o r  t h i s  
c o n t a c t  to  be  i g n o r e d .  

Fig. 7. Oxidation of specimen B (Fig. 4) to give a more com- 
pact Fe304 film. Oxidized for 65 hr in 15% NaOH. 
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Fig. 6; t h e  o t h e r  t i m e  t h e  g r e a t e s t  p a r t  of t h e  ox ide  in  
b o t h  cases  w a s  t h e  n o n p o r o u s  B l o o m  film. 

T h e  m o s t  s ign i f i can t  f e a t u r e  of (a )  a n d  (b )  s e e m s  to 
b e  t h e  f ac t  t h a t  a l m o s t  i d e n t i c a l  o x i d e  g r o w t h s  on 
s p e c i m e n s  A a n d  B w e r e  o b t a i n e d  w h e n  t h e  l i qu ids  
w e r e  in  con tac t ,  w h e r e a s  A a n d  B o x i d i z e d  in  d i f f e r e n t  
m a n n e r s  w h e n  no  l i q u i d  c o n t a c t  ex i s t ed .  T h i s  i m p l i e d  
t h a t  g a l v a n i c  c o u p l i n g  w a s  a m o r e  r e l e v a n t  f a c t o r  in  
d e t e r m i n i n g  t h e  t y p e  of  g r o w t h  t h a n  w a s  t h e  p o s s i b i l -  
i t y  of d i r e c t  e s c a p e  of a t o m i c  h y d r o g e n  f r o m  the  spec -  
i m e n .  
Capsules within conditioned pressure vessels.--(a) 
T h r o u g h  t h e  k i n d  c o o p e r a t i o n  of Dr.  B l o o m  w h o  p r o -  
v i d e d  sea l ed  capsu l e s  c o n t a i n i n g  15% N a O H  of t h e  t y p e  
u s e d  in  h is  e f fus ion  e x p e r i m e n t s ,  t h e s e  w e r e  o x i d i z e d  
in  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  s h o w n  in  Fig.  8, i n  
o r d e r  to o b s e r v e  t h e  effect  of a r e a c t i o n  on  o u t e r  s u r -  
face  I u p o n  t h a t  on  i n t e r n a l  s u r f a c e  II. I o x i d i z e d  as 
e x p e c t e d  to g ive  M a n n  a n d  P o t t e r  g r o w t h ,  b u t  t h i s  h a d  
no  effect  u p o n  t he  o x i d a t i o n  of t h e  i n t e r i o r ,  on  w h i c h  
B l o o m  g r o w t h  was  o b s e r v e d .  (b )  C a p s u l e s  sea led  a t  
o n e  e n d  o n l y  w e r e  o x i d i z e d  as  s h o w n  in  Fig.  9 ca r e  
b e i n g  t a k e n  t h a t  n o  c o n t a c t  e x i s t e d  b e t w e e n  t he  l i q u i d  
ou t s i de  a n d  ins ide .  4 R e g u l a r  M a n n  a n d  P o t t e r  f i lms 
w e r e  a l w a y s  o b s e r v e d  o n  s u r f a c e s  I, B l o o m  fi lms (p lu s  
p i t s )  on  II. 

A b l a n k  e x p e r i m e n t  w a s  p e r f o r m e d  in  w h i c h  a s h o r t  
l e n g t h  of a s i m i l a r  h a l f - s e a l e d  c a p s u l e  w a s  ox id i zed  
w h i l e  t o t a l l y  i m m e r s e d  in  a c o n d i t i o n e d  p r e s s u r e  v e s -  
sel. A r e g u l a r  M a n n  a n d  P o t t e r  f i lm of c o n s t a n t  t h i c k -  
ness  w a s  p r o d u c e d  on  a l l  t h e  c a p s u l e  su r face ,  e x c e p t  
w h e r e  t h e  c a p s u l e  w a s  sea led .  

Use of P.T.F.E. capsuIes.--Specimens w e r e  e l e c t r i -  
ca l ly  i n s u l a t e d  f r o m  t h e  p r e s s u r e  ves se l s  b y  b e i n g  c o n -  
t a i n e d  in  s m a l l  c apsu l e s  of p o l y t e t r a f l u o r o e t h y l e n e  
(P .T.F .E. )  as in  Fig.  10. I n  11 of t h e  13 e x p e r i m e n t s  
p e r f o r m e d  i n v o l v i n g  b o t h  c o n d i t i o n e d  a n d  n o n c o n d i -  
t i o n e d  p r e s s u r e  ves se l s  B l o o m  g r o w t h  w as  o b s e r v e d  on 
t h e  s p e c i m e n ,  a l t h o u g h  a f a i r l y  l a r g e  i n c i d e n c e  of p i t -  
t i n g  w as  o b s e r v e d  on  s e v e r a l  s p e c i m e n s .  

O n e  of t h e  o t h e r  t w o  e x p e r i m e n t s  p r o d u c e d  a t h i c k  
p o r o u s  film, s i m i l a r  to Fig. 6, on  t h e  s p e c i m e n ;  t h e  
o t h e r  p r o d u c e d  a f i lm v e r y  s i m i l a r  to n o r m a l  P o t t e r  
a n d  M a n n  g r o w t h  e x c e p t  for  a m o r e  i r r e g u l a r  m e t a l /  
ox ide  i n t e r f ace .  

T h e  a c t i o n  of t h e  15% N a O H  s o l u t i o n  a t  316~ was  
f o u n d  to h a v e  d a r k e n e d  t h e  P.T.F.E.  su r face ,  a n d  to 
e n s u r e  t h a t  t h e  o x i d a t i o n  o f  t h e  s p e c i m e n  w a s  n o t  i n -  
f l uenced  b y  c o n t a m i n a t i o n  of t h e  s o l u t i o n  b y  a n  o x i d a -  
t ion  p r o d u c t  of P.T.F.E.  b l a n k  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  in  w h i c h  s p e c i m e n s  w e r e  ox id i zed  a l o n g  w i t h  
P.T.F.E.  chips .  S i m i l a r l y ,  e x p e r i m e n t s  w e r e  p e r f o r m e d  
in  w h i c h  o x i d a t i o n  t o o k  p l ace  in  t h e  s o l u t i o n s  p r e -  
v i o u s l y  u s e d  fo r  t h e  o x i d a t i o n  of t h e  s p e c i m e n s  in  
P.T.F.E.  capsu les .  N o n e  of t h e s e  e x p e r i m e n t s  s h o w e d  
a n y  c h a n g e  in  t h e  e x p e c t e d  g r o w t h  m o r p h o l o g y .  

Additional ~xper iments  

S o m e  f u r t h e r  e x p e r i m e n t s  w e r e  p e r f o r m e d  in  o r d e r  
to c h e c k  t h e  effect  of  a n  e x t e r n a l  m a g n e t i t e  s u r f a c e  
u p o n  t h e  o x i d a t i o n  of m i l d  s teel .  A s p e c i m e n  w a s  o x -  
id ized  i n  a n  u n c o n d i t i o n e d  p r e s s u r e  v e s s e l  fo r  3 days ,  
t h e r e b y  b u i l d i n g  u p  a B l o o m - t y p e  m a g n e t i t e  f i lm on 
t h e  s p e c i m e n  a n d  wal l .  On  t h e  t h i r d  d a y  a s econd  spec -  
i m e n  w a s  p l a c e d  in  t h e  p r e s s u r e  ves se l  a n d  a f t e r  a 
f u r t h e r  d a y  of o x i d a t i o n  t h e  t w o  s p e c i m e n s  w e r e  r e -  
m o v e d ,  m o u n t e d ,  a n d  e x a m i n e d  u n d e r  a mic roscope .  
T h e  s p e c i m e n  w h i c h  h a d  h a d  4 days '  o x i d a t i o n  was  
c o v e r e d  b y  a c o n t i n u o u s  B l o o m  f i lm t h i c k n e s s  ca. 1 
~m; t h a t  w h i c h  h a d  o n l y  o n e  d a y ' s  o x i d a t i o n  b u t  w h i c h  
w as  in  c o n t a c t  w i t h  a m a g n e t i t e  s u r f a c e  ( t h a t  f o r m e d  
on  t h e  o t h e r  s p e c i m e n  a n d  t h e  p r e s s u r e  v e s s e l )  d u r i n g  
th i s  p e r i o d  h a d  g r o w n  11 ~m of M a n n  a n d  P o t t e r - t y p e  
g r o w t h .  I t  w a s  t h u s  a p p a r e n t  t h a t  c o m p l e t e l y  d i f f e r e n t  
t y p e s  of o x i d e  h a d  g r o w n  on  t h e  t w o  s p e c i m e n s  on  t he  
f o u r t h  day.  

S i m i l a r l y ,  w h e n  a s p e c i m e n  o x i d i z e d  in  a n e w  p r e s -  
s u r e  v e s s e l  to g ive  B l o o m  g r o w t h  h a d  one  face  g r o u n d  
to r e m o v e  t h e  f i lm a n d  w a s  t h e n  r e o x i d i z e d  in  t h e  s a m e  
p r e s s u r e  vessel ,  t h e  e x p o s e d  face  w a s  f o u n d  to h a v e  
g i v e n  P o t t e r  a n d  M a n n  g r o w t h  w h i l e  t h e  o t h e r  faces  
c o n t i n u e d  to g ive  B l o o m  g r o w t h  (Fig.  11). B y  e x p o s -  
ing  s m a l l  a r e a s  of m e t a l  u n d e r  a B l o o m  fi lm a n d  r e -  
o x i d i z i n g  i t  w as  f o u n d  pos s ib l e  to p r o d u c e  h e m i s p h e r -  
ical  p i t s  s i m i l a r  to t h o s e  o b s e r v e d  b y  B l o o m  (Fig.  12). 

I n  f a c t  a t  t e m p e r a t u r e  i t  is  p o s s i b l e  t h a t  c o n t a c t  w i l l  e x i s t  b e -  
t w e e n  s p e c i m e n s  v i a  a t h i n  f i lm  of l i q u i d  c o v e r i n g  t h e  t u b e  a b o v e  
the  l e v e l  of  t h e  m e n i s c u s .  H o w e v e r  t h e  r e s u l t s  of  t h e  e x p e r i m e n t  
i n d i c a t e  t h a t  t h e  r e s i s t a n c e  of  s u c h  a f i lm is h i g h  e n o u g h  fo r  t h i s  
c o n t a c t  to  be  i g n o r e d .  

MILD STEEL SPECIMEN 

P.T F.E CAPSULE 

! PR~SSLIRE VESSEL 

15~ NaOH 

Fig. 10 Treatment of specimen 

Fig. 11. Section perpendicular to specimen showing Potter and 
Mann growth on vertical face, Bloom growth on horizontal face. 
The specimen was oxidized in 15% NaOH in a nonconditioned 
pressure vessel for 63�90 hr to give a Bloom film on aft faces; the 
Bloom film was removed from the vertical face and the specimen 
re-oxidized for 70�88 hr in the same pressure vessel. 
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Fig. 12. Normal section of pits produced after removing small 
areas of a Bloom film and re-oxidizing in 15% NaOH for 328 hr. 

I n t e r p r e t a t i o n  of Results 

Galvanic efYects.--A surface able to act as an efficient 
cathode for an anodic reaction taking place externa l  
to it must  have the fol lowing characteristics:  (a) Good 
electronic conduction. (b) The cathodic react ion on the 
surface must  occur wi th  ease, i.e., with a low overvol t -  
age. (c) Contact must  take place with  the anode both 
via an electronic conductor and via a solution of good 
conductivity.  (d) The surface must  not i tself be sup-  
port ing an anodic react ion taking place at a compar-  
able rate. For  example,  when a specimen is placed in 
NaOH solution in an unoxidized pressure vessel the 
specimen and pressure vessel wal l  wil l  oxidize to mag-  
neti te  at ve ry  similar  rates and there  is no reason why  
the magnet i te  surface produced on the wal l  [a poten-  
tial cathode with respect  to (a),  (b),  and (c)]  should 
act as a cathode for the corrosion of the specimen or 
vice versa. On the other  hand, if a film of (protect ive)  
magnet i te  is a l ready present  on the wall, the initial 
corrosion ra te  of the wal l  wil l  be less than that of the 
specimen and hence the magnet i te  on the wal l  is able 
to support  the cathode react ion associated with the 
corrosion of the specimen. 

The oxidations of the mild steel surfaces present  in 
the systems described above are classified in Table I in 
terms of the presence or absence of a suitable ex terna l  
cathode fulfill ing the requi rements  (a) to (d).  

Table I shows a correlat ion be tween  Mann and Pot-  
ter  growth and the presence of an externa l  cathode, 

and between Bloom growth and the absence of one, 
but  wi th  the fol lowing discrepancies. 

In Table I [5] the surface of B gave a mix tu re  of 
Bloom films in a few places together  with Mann and 
Pot ter  films despite the presence of the gold tube e x -  
ter ior  as a possible cathode. Here, however ,  as Fig. 4 
indicates, the  exter ior  of the gold tube was "shared" 
by both B and the pressure-vesse l  wal l  and hence it  is 
possible that  the differences in the oxidat ion behaviors  
of A and B are indicat ive of the re la t ive  areas of anode 
and cathode. Dur ing the oxidation of A a larger  ratio 
of cathode sur face /anode  surface might  promote  thick 
porous Mann and Pot ter  films; for B the smaller  ratio 
might  be re la ted to the more  protect ive Mann and Pot -  
ter  films together  wi th  the Bloom growth observed. 

In Table I [6], a l though A and B oxidized in the 
same manner ,  the fluctuation in the oxidat ion behavior  
of the few specimens used so far  is difficult to explain. 
It is hoped to do fur ther  exper iments  of this kind. 

In Table I [8] an unexpectedly  high incidence of 
pi t t ing was observed on the specimens and, on 2 out 
of 13, Mann and Po t t e r - type  films were  obtained. This 
may  be associated wi th  a high ra te  of oxidation of the 
pressure-vessel  wall,  wi th  the subsequent  possibility 
of electronical ly conducting magnet i te  "bridges" be-  
tween specimen and wall. In one of these exper iments  
the pressure vessel was known to have  oxidized at an 
abnormal ly  high rate. 

Effects ~ hydrogen.--The provision of an external  
cathode has been shown to have a pronounced effect 
upon the growth of magnet i te  in 15% sodium hydrox~ 
ide solution. Since there  is such a distinct change in 
the morphology of the oxide this effect is not s imply 
an accelerat ion of the growth ra te  resul t ing f rom gal-  
vanic coupling and so, for a ful ler  unders tanding of 
both types of growth, it is necessary to know the mech-  
anism by which the morphology is changed. 

It  was described above how the evolut ion of hydro-  
gen and its in ter ference  wi th  the growing oxide film 
might  change the type of oxide obtained. For  this 
mechanism to be re levant  one can assume that  hydro-  
gen is produced at the anode and that  the growth ac- 
celerat ion produced by coupling the oxidizing mild 
steel to magnet i te  (or gold) increases the rate  of the 
anode react ion sufficiently for the hydrogen  evolved 
f rom the meta l  surface to produce a porous oxide. 

On this view, proposed by Bloom (12), a s trong cor- 
relat ion be tween  the morphology and the rate  of 
growth would  be expected and the provision of ex-  

Table I. Oxidation of mild steel surfaces 

T y p e  of  g r o w t h  
Pos s ib l e  e x t e r n a l  [ M ~ M a n n  & P o t t e r  ] 

C o n d i t i o n s  O x i d i z i n g  sur fac2  ca thode  = B l o o m  

[1] 
G r o w t h  in  a c o n d i t i o n e d  p re s su re  S p e c i m e n  sur face  FesO4 on p r e s s u r e - v e s s e l  w a l l  M 

VeSSel 

[2] 
G r o w t h  in  a n o n c o n d i t i o n e d  p res -  S p e c i m e n  sur face  None  t] 

su r e  ves se l  (d) n o t  fu l f i l l ed  

[3] 
G r o w t h  in  B l o o m ' s  capsu les  I n t e r i o r  capsu le  su r face  None  B 

No o t h e r  su r f ace  p r e s e n t  

[4] 
G r o w t h  on p r e s s u r e - v e s s e l  wa l l s  W a l l  su r face  N o n e  ~ 

[5] 
G o l d  t ube  e x p e r i m e n t  as in  Fig .  4 Su r f ace  of A I n t e r i o r  of  go ld  t u b e  M 

Sur face  of B E x t e r i o r  of  g o l d  t u b e  M + B 

[6] 
G o l d  t u b e  e x p e r i m e n t  as in  F ig .  5 Su r f ace  of A E n t i r e  su r f ace  of  go ld  t u b e  Same  type  of g r o w t h  i n  

S u r f a c e  of B E n t i r e  su r face  of go ld  t u b e  b o t h  cases. B o t h  M + 
B o b s e r v e d  

[7] 
Capsu les  in  p r e s su re  vesse l s  as in  Sur face  I Fe~O~ on p r e s s u r e - v e s s e l  w a l l  ?/I 

F ig .  8 and  9 Su r f ace  I I  None  B 
(c) no t  f u l f i l l ed  

[S] 
S p e c i m e n s  in  P.T.F.E.  capsu les  S p e c i m e n  sur face  None  M o s t l y  B 

(a) ru les  ou t  P .T.F .E.  
(c) ru les  ou t  t he  p r e s s u r e - v e s -  

sel w a l l  
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ternal  cathodes would  serve to increase the rates of 
growth of magnet i te  to values at which porous mag-  
neti te  films are formed. 

Both the Bloom growth obtained in capsules and the 
Pot ter  and Mann growth in conditioned pressure ves-  
sels have been obtained with  growth rates vary ing  
over  a wide range, depending on the tempera tures  and 
alkalinit ies used, and consequent ly  the author  feels 
that  the funct ion of the cathodic surface in changing 
the growth is not s imply the indirect  resul t  of its in-  
creasing the growth rate. However ,  fur ther  exper i -  
menta l  evidence is necessary before a definite mech-  
anism can be established. 

Discussion and Conclusions 
A satisfactory explanat ion of the discrepancies be-  

tween the results of the exper iments  per formed pre -  
viously in growing protect ive  magnet i te  now seems to 
be avai lable  and it is possible to describe the conditions 
under  which the known types of protect ive  growth are 
obtained, a l though the reasons why  these conditions 
should give rise to the par t icular  types of growth ob- 
tained are not  ye t  ful ly  understood. 

A mild steel specimen oxidizing in high t empera tu re  
alkal ine solution and in electr ical  contact with a sui t-  
able area of magnet i te  (or gold) in the same solution 
will, in general,  subject  to the l imitat ions mentioned 
above, produce a f ine-grained porous film together  
wi th  an a r ray  of te t rahedra l  crystals usual ly located 
at the outer  surface of the film. The function of this 
ex terna l  magnet i te  (or gold) surface is presumably  as 
a cathode, the cathodic react ion probably  being 

2e q- 2H20--> 2 O H -  ~ H2 

(In the ini t ial  stages, when  some dissolved oxygen is 
present  in solution, the react ion 

4e + 2H20 + O2 --> 4 O H -  
may  occur.) 

Magnet i te  films produced in the presence of an ex-  
ternal  cathode have  been observed with  what  appears 
to be vary ing  degrees of porosity: this may  be related 
to the re la t ive  sizes of the anodic and cathodic areas. 
Invest igat ions into this are proceeding. 

On the other  hand, if a mild steel specimen has no 
contact wi th  a suitable cathodic surface an irregular ,  
nonporous film is obtained which displays greater  pro-  
tect iveness and a strong s imilar i ty  to the "ou te r - l aye r"  
te t rahedra  observed in the other  type of growth. 

Pits are eventua l ly  formed in this type of growth: as 
suggested by Bloom (5) these probably occur after  the 
rup ture  of the protect ive film. The intact  film can then 
act as a cathode for the high rate  of corrosion at the 
point  of breakage,  condit ion (d) ment ioned above is 
now fulfilled. Since the corrosion at the point of pit t ing 
is taking place in the presence of an externa l  cathode, 
it is not surprising that  the oxide formed in pits often 
bears a strong resemblance to that  observed in Pot ter  
and Mann films. F igure  11 shows the hemispher ical  
pits observed after  oxidation of a specimen in a non-  
conditioned pressure vessel for 185 hr. 

The oxidat ion of the in ternal  surfaces of boiler feed-  
wa te r  tubes wi l l  take place ini t ia l ly  under  conditions 
s imilar  to the oxidat ion of the inside of capsules, i.e., 
in the absence of an externa l  cathode. Consequently,  
it appears that  the growth mechanism and propert ies  
of Bloom films might  be of most re levance  to a study 
of the protect ive  oxide growth on boiler tubes. 

Perhaps one of the most impor tant  propert ies  of 
Bloom films to be considered in this respect  is the way  
in which a broken film is repaired.  In 15% sodium 
hydroxide  the rup ture  of a Bloom film produces a site 

anodic to the rest  of the meta l  upon which a porous 
oxide grows. If films with  the propert ies  of the Bloom 
films invest igated are  also grown in the very  dilute 
alkal ine solutions in boiler  tubes then, should any 
breakage occur, oxide with  the propert ies  of Pot ter  
and Mann growth wil l  be fo rmed  at the break. Al-  
though at places such as these the  oxide wil l  be pro-  
tect ive under  normal  conditions, by v i r tue  of their  
anodic nature  they are l ikely  to be the sites of more 
severe attack should abnormal  conditions arise. 

For  example,  it has been suggested (15) that  if C1- 
ions are present  in the feed water  then ferrous chlo- 
ride, known to promote  a nonprotect ive  growth on 
mild steel (16), might  be formed by anodic action at 
the steel  surface. I t  is possible that  the f rac ture  of a 
Bloom film might  produce such a re la t ive ly  anodic site. 
Any Pot ter  and Mann growth (assumed to be porous) 
formed prior to the ingress of chloride ions would  no 
longer  be protect ive  after  ferrous chloride had been 
formed:  indeed, it has been  suggested that  such a 
growth might  aggrava te  the corrosion by assisting the 
accumulat ion of anodic products near  the meta l  (15). 
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Characteristic Scales on Pure Nickel-Chromium Alloys 
at 800~176 
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ABSTRACT 

Thermograv imet r i c  measurements ,  metal lography,  and e lec t ron-probe  
microanalysis  have revealed  the nature  of characteris t ic  scales produced on 
pure  Ni-14.6, 27.4, and 40.2 w / o  (weight  per cent) Cr in oxygen at 800 ~ 
1200~ The growth kinetics are re la t ive ly  independent  of the surface prep-  
arat ion but are cri t ical ly affected by the method of heat ing the specimen to 
temperature .  Pre fe ren t ia l ly  oxidized specimens usual ly produce only Cr203 
scales, but  samples immedia te ly  located in the hot zone possess an outer  layer  
which is largely NiO. For  high chromium contents and low tempera tures  the 
inner  layer  is Cr20~, but  under  the opposite conditions it  is multiphase.  Cr203, 
subscale format ion is extensive and can stop rapid deve lopment  of stratified 
scale by joining up to give a complete  layer.  Cr20~ is definitely the oxide 
which renders  scales on these alloys protective.  Extens ive  chromium deple-  
tion in the under ly ing  alloy has serious consequences if protect ive  scale fails. 
The mechanism of oxidation of Ni -Cr  alloys is discussed and briefly com- 
pared wi th  that  of Fe -Cr  alloys, f rom which there  are distinct differences. 

A surpris ing fea ture  of the alloy oxidation field is 
the extens ive  disagreement  about the na ture  of pro-  
tect ive scale on Ni -Cr  alloys rich in chromium when  
they are oxidized in air or oxygen (1-15). It  is also 
curious that  this system has been neglected during 
the recent  t rend to study the behavior  of pure  ma-  
terials by topographical  and microanalyt ica l  methods, 
which can scarcely fail  to resolve such problems. 

Except  for quite  low-chromium alloys (15-16), 
scarcely any optical micrographs of scales on rea-  
sonably pure mater ia ls  have  been published. In ad- 
dition, no detai led e lec t ron-probe  microanalyses have 
appeared yet. Use of these techniques,  in conjunct ion 
with kinet ic  measurements ,  provides a close charac-  
ter izat ion of the scaling behavior,  wi th  precise de- 
tails of scale topography and analysis, and data re-  
garding the location and t ime of appearance of the 
various oxides, informat ion lacking in previous studies. 
This paper  presents such data for Ni-Cr  alloys con- 
taining respect ively  14.6, 27.4, and 40.2% chromium 
over  a wide range of exposure t imes at 800~176 
This allows a more  precise description of the mech-  
anism of scaling than given previously  (9), wi thout  
arb i t rary  divisions according to composition. 

Experimental Procedure 
The Ni-  14.6, 27.4, and 40.2 w / o  (weight  per cent)  

Cr alloys were  made f rom nickel  of 99.97% puri ty  
(C 0.008, Fe < 0.03, S < 0.002, Pb < 0.002, B < 0.001, 
Cr, Co, Mo, Ti, A1, Si, Mn, Zr, lVig, and Cu < 0.01%) 
and f rom pure  chromium (C < 0.005, O 0.035, H 
0.01%; N 7, Pb 3, Sn 4, A1 4, Fe  2, Na 4, Mg, Cu, Ni, 
Ag, Sb and B < 1 ppm) by rapid vacuum mel t ing and 
were  rol led to strip 0.06 cm thick. They were  then 
given a p re l iminary  anneal ing  t rea tment  in an iner t  
gas at 1000~176 which  produced a coarse, heavi ly  
twinned,  equiaxed grain s t ructure  wi th  few Cr203 
inclusions and a homogeneous bulk composition. 

Specimens 2.0 x 0.5 x 0.06 cm were  annealed "in 
vacuo" (10 -5 mm Hg) for 8 hr  at 1050~ in a fu r -  
ther  effort to obtain complete  homogenei ty  and a 
large grain size; this led to mi ld  preferent ia l  oxida-  
tion of the surface but  no subscale. The final t rea t -  
ment  was usual ly an adaptat ion of one previously  
used satisfactori ly in studies of the oxidation of Fe -Cr  
alloys (17-18) and chromium (17). The specimens 
were  electropolished for about 5 rain at 0.1 a m p / c m  2 
(15v) in a f reshly prepared solution containing 450 

ml  glacial acetic acid, 40 ml  perchloric  acid (sp. gr. 
1.61) and 15 ml  water  below 20~ Since there  was a 
chromium-dep le ted  surface layer  at least 20~ thick, 
developed dur ing fabricat ion and not easily removed  
by annealing, i t  was thought  essential  to use this long 
polishing t ime to r emove  about 40# f rom each side. 
Microanalysis then indicated uni form composition 
throughout  the specimen similar  to that  of the orig-  
inal  alloy. Specimens were  usual ly given a final dip 
or a m in im um  cathodic etch at 10 #amp/cm2 for 60 sec 
in 5% HF, al though a few were  used in the electropol-  
ished condition or af ter  abrasion on dry silicon car-  
bide papers to grade .600. Po ten t i a l / t ime  curves re-  
corded dur ing etching were  s imilar  but  not identical  
to those previously  repor ted  for Fe -Cr  alloys (17). 
Unl ike  the F e - C r  case, no at tack was visible on the 
alloy after  etching. 

Samples were  genera l ly  located immedia te ly  in the 
hot-zone of a previously  heated si l ica-spring the rmo-  
balance (sensit ivi ty • 0.1 mg/cm2) ,  containing slowly 
flowing pure  dry oxygen and a crucible containing 
Cr203 near  the specimen. The Cr203 was present  to 
minimize  losses f rom the specimen of a volat i le  species 
[probably CrO3 (17)] which would  inva l ida te  the ki-  
netic measurements .  Weight  gains were  measured 
within 5 min of exposure and were  continued for 
periods up to 100 hr. In several  exper iments  the speci- 
men  was brought  to t empera tu re  over  2-3 hr  in an 
oxygen pressure lower than 5 x 10 -5 min Hg, af ter  
which oxygen at a tmospheric  pressure was admitted. 
Scale s tructures were  unaffected by the method or 
rate  of cooling. 

Metal lography was more  difficult than with  scales 
on Fe -Cr  alloys which may  par t ly  explain the ab- 
sence of previously  published micrographs.  Many 
methods were  tr ied but  none proved bet ter  than con- 
vent ional  polishing. 

Certain specimens, made  conducting by a thin car-  
bon film, were  studied in a Cambridge Mk II "Mi-  
croscan" e lec t ron-probe  microanalyzer  at 29 kv, the 
x - r ay  source size producing 95% of the characterist ic 
radiat ion in the oxide being 1.7-2.5#. The results are 
presented as scanning x - r a y  images or as u l t ra - s low-  
scanning l ine concentrat ion profiles. The individual  
points on these t raverses  indicate where  absorption 
and fluorescence corrections have  been made and the 
whole  curve  adjusted accordingly, ra ther  than the lo-  
cation of static probe measurements .  The la t ter  were  
occasionally used to check results. 
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Elec t ron-probe  microanalysis  and optical examina-  
tion are ent i re ly  adequate  for identification of single-  
phase regions which are near ly  pure  Cr20~ or NiO, and  
of larger  subscale particles and loops which a r e  al-  
ways Cr208. The terms Cr203 and NiO are used for 
single phases of such oxides containing about 1% Ni 
and 1% Cr, respectively.  In mult iphase regions, it is 
only possible to give mean compositions and re ly  
on the extensive l i te ra ture  on diffraction data for 
l ikely s t ructural  identification. 

Results and I n t e r p r e t a t i o n  

General considerations.--The general  pa t te rn  of be-  
havior  of the alloys, prepared  and exposed in the 
usual manner  described earlier, wil l  be given before 
specific modes of scaling are introduced. 

1. Ni-40.2% Cr always produces a NiO-r ich  outer  
layer  a few microns thick, formed in the early stages, 
above a fur ther  uni form layer  of Cr203 which thick-  
ens during the remainder  of the run, at a faster rate  
the higher  the temperature .  

2. Ni-27.4% Cr behaves as above at 800~ and gen-  
era l ly  at 1000~ al though sometimes at 1000~ the 
Cr203-rich layer  eventua l ly  fails and complex strat i -  
fied scale grows. At 1200~ however ,  nodular  scale, 
wi th  an outer  NiO layer  and an inner  mul t iphase  layer  
[probably NiO, NiCr204, and Cr203 in vary ing  pro-  
portions (7, 8, 16)] grows. Cr208 subscale joins up 
to form a complete  Cr203 layer  at the main scale base 
and this alone thickens quite rapidly subsequently.  

3. At  all temperatures ,  Ni-14.6% Cr displays s im- 
i lar  nodular  stratified scale which develops faster  at 
high temperatures .  Complet ion of the "heal ing" Cr203 
layer  takes many  hours at 800~ but is rapid at 1000 ~ 
and 1200~ al though at 1200~ the outer  scale is ve ry  
thick. The subsequent  Cr203 growth at 1000~ is much 
slower than with Ni-27.4% Cr at 1200~ 

4. Chromium deplet ion and nickel enr ichment  in 
the under ly ing  alloy is extensive and persistent.  Cr203 
subscale is formed even behind protect ive Cr203 scale. 

Thus, in general  Ni-27.4% Cr at 800 ~ and 1000~ 
behaves l ike Ni-40.2% Cr at 800~176 and Ni- 
27.4% Cr at 1200~ acts l ike Ni-14.6% Cr at 800 ~ 
1200~ This gradat ion of behavior  demonstrates  that  
a rb i t rary  subdivision of alloys at compositions of 
~10% (9, 19), 20%, or any other figure in this v ic in-  
ity (30, 31) is fundamenta l ly  meaningless and prac-  
t ically misleading. The actual behavior  depends on 
factors such as temperature ,  environment ,  and sur-  
face finish which in turn determine  the contr ibution 
of thermodynamic,  kinetic, nucleation, and mechan-  
ical factors to the final scale product. 

Influence of surface preparation.--Typical growth 
curves at 1000 ~ and 1200~ for the oxidat ion of Ni-  
40.2% Cr specimens, prepared by the three  techniques 
described earlier,  and al lowed to enter  the hot zone 
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Fig. 1. Influence of surface pretreatment on the oxidation rate 
of Ni-40.2% Cr at 1000 ~ and 1200~ A, abraded; B, electro- 
polished; C, electropolished and etched. 
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of oxygen immediately ,  are shown in Fig. 1. The re -  
producibi l i ty was good, par t icu lar ly  for specimens 
given an electropolish fol lowed by a m in im um etch 
which were  studied in most detail. Clearly, ignoring 
small  deviations due to balance errors, there  is l i t-  
tle influence of surface finish, a l though the abraded 
specimen at 1000~ oxidizes somewhat  s lower than 
the others, after the first few minutes. This is also t rue 
for the other alloys whe ther  they produce protect ive  
or stratified scale. 
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Fig. 2. Electropolished Ni-40.2% Cr oxidized for 25 hr at 
1200~ a, Optical image in cross section, magnification ca. 500)(. 
b, Cr Ka x-ray image, c, Ni K~ x-ray image, d, Concentration pro- 
files along line of traverse on Fig. 2a. 
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Af ter  the first 40-60 rain at 1200~ the abraded and 
electropolished and etched specimens show good agree-  
ment  wi th  the parabolic growth relat ionship (rate 
constant = 1.62 x 10 -10 g2 cm-4  sec-1) .  It  wil l  become 
apparent  that  this stage is associated with  the fo rma-  
tion of a thick, uni form Cr203-type scale. The  ear l ier  
deviations f rom the above rate can be represented  
by a faster  parabolic ra te  constant (6.34 x 10 -1~ g2 
cm -4 sec-1) ,  but  this is probably fundamenta l ly  
meaningless  because it represents  a stage where  
nickel  and chromium are both enter ing the scale and 
the Cr203 layer  is becoming developed. 

On cooling, the scale on electropolished specimens 
sometimes tended to lift  in flakes, and that  on abraded 
specimens to fail explosively  in some places, but  else- 
where  adhesion was good. The scale general ly  ad- 
hered to specimens which had been l ight ly etched 
af ter  electropolishing. Despite these gross differences, 
microtopography and composition were  largely inde-  
pendent  of surface finish, except  for a few areas on 
long- te rm electropolished specimens, a conclusion 
which is predictable  f rom the growth curves. The 
results presented here  for  an electropolished speci- 
men are  also characterist ic of the other two prepara-  
tions. 

The scale on an electropolished specimen oxidized 
for 25 hr  at 1200~ (Fig. 2 a-c) consists main ly  of a 
thick, uniform, compact ch romium-r ich  oxide, con- 
taining a few metal l ic  particles and occasionally keyed  
to the alloy by tongues of s imilar  oxide. There  is also 
an in te rna l ly  oxidized layer  50-60]~ deep and outside 
the main scale there  is a thin f r iable  layer  of nickel-  
rich oxide. Such layers could not be improved  in ap- 
pearance except  when  formed on other  specimens at 
800~ (see la ter) .  The concentrat ion profiles (Fig. 2d) 
confirm that  the outer  layer  is la rge ly  NiO. It  is not 
clear whe the r  the chromium measured in this layer  
is genuine, indicating the presence of some Cr20~ or 
NiCr204, or whe ther  the x - r ay  source is over lapping 
the two layers. The inner  layer  is Cr20~ containing 
0.46% nickel. Chromium is depleted to 27.9% at the 
a l loy /oxide  interface over  a distance of about 110~, 
there being a corresponding nickel  enrichment.  Ex-  
cept where  otherwise stated, the alloy compositions 
at the a l loy /ox ide  interface are genuine, care having 
been taken to avoid subscale particles and overlap 
with the main scale. 

Over < 10% of electropolished specimen surfaces 
only, complex ballooned oxide above more compact 
layers was observed, par t icular ly  at 1000~ This 
agrees wi th  the observat ion (Fig. 1) that  e lectro-  
polished specimens oxidized sl ightly faster in the 
later  stages than the other samples at both t emper -  
atures. The outer scale along the line of t raverse  in 

Fig. 3. Cross sect}on of electropolished Ni-40.2% Cr oxidized for 
25 hr at 1000~ showing ballooned scale and subscale particles. 
Magnification 500X. 

Fig. 4a and b. Cross sections of electropolished and etched Ni- 
40.2% Cr oxidized for S hr at 1200~ showing development of 
subscale loop and alloy incorporation into the scale. Magnification 
1000X. 

Fig. 3 contained 68.9% chromium and 0.47% nickel, 
whereas  the inner  scale had an outer layer  analyzing 
as 33.4% chromium and 19.0% nickel  and an inner 
one as 61.0% chromium and 1.56% nickel. The chrom-  
ium content  at the a l loy /ox ide  interface was depleted 
to 17.6% over  a distance of about 40#. Al though the 
outer  ballooned layer  appeared to be Cr203 alone, it 
probably had a thin NiO-r ich  layer  outside it which 
spalled off during bal looning at temperature .  The in- 
ner  scale which formed after the init ial  scale fai lure 
was similar  to that  previously described. The high 
apparent  chromium content  and low total  weight  per 
cent meta l  of its outer layer  were  again mainly  due 
to its thinness. 

An interest ing fea ture  of this study, which part ly 
explains the general  good adhesion of the Cr203 scalps 
for all surface finishes, is the Cr203 loop devetopmenL 
probably  along grain boundaries,  behind the main 
scale. Such loops, and also the smaller  in ternal  oxide 
particles of the same oxide, are  par t icular ly  prevalent  
for all alloys at high t empera tu re  and after long 
oxidation times. F igure  4a shows an almost complete 
loop on an electropolished and etched specimen sub- 
sequent ly  oxidized for 5 hr  at 1200~ It  also shows 
how the metal l ic  part icles become incorporated in the 
scale, a l though the much smaller  part icles shown pre-  
viously in Fig. 2a were  probably formed as in Fig. 4b. 

InSluence of pre-oxidation.--When specimens with  
any of the three  surface finishes were  preheated  to 
t empera tu re  "in vacuo" (oxygen pressure less thaI~ 
5 x 10 -5 mm Hg) for 3 hr  at 1000~ prior  to ad- 
mit t ing oxygen at a tmospheric  pressure (a technique 
used by some invest igators)  quite different scale 
s t ructure resulted. Ni-40.2% Cr and Ni-27.4% Cr pro-  
duced near ly  pure  Cr203 with  no outer NiO-r ich  layer.  
Ni-14.6% Cr also genera l ly  gave only Cr203 but s trat i -  
fied scale sometimes appeared in places, probably after 
the b reakdown of the init ial  Cr203 layer.  Reproducible  
growth of Cr203, largely  independent  of surface fin- 
ish, usual ly occurred for at least 25 hr. 

One specimen of Ni-14.6% Cr gave only Cr203, 
6-10~ thick, over  its entire surface with  a few massive 
complete  subscale loops, when oxidized for 285 hr  at 
1000~ (Fig. 5a). F igure  5b, which  avoided the loops, 
indicates a single Cr203 layer  containing 1.8% nickel 
with no outer  NiO and static probe analysis of the 
subscale gave a s imilar  composition. A significant ob- 
servat ion with  all specimens is the extens ive  and per -  
sistent chromium deplet ion beneath the scale, indi-  
cating the slow interdiffusion in the alloy. 

Typical growth relationships.--Growth curves for 
the remaining  specimens to be described, all of which 
were  given the min imum etched finish af ter  electro-  
polishing before direct  exposure at temperature ,  are 
shown in Fig. 6a and b. F igure  6b continues the curves 
for the long- t e rm runs and includes a curve  for a 
Ni-27% Cr alloy at 1000~ which displayed l imited 
break- through.  Reproducibi l i ty  with other  runs not 
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Fig. 5. Abraded Ni-14.6% Cr oxidized for 285 hr at 1000~ 
after being heated to temperature in vacuum ( ~ 5  x 10 _5 mm Hg). 
a, Optical image showing fully developed subscale loops, magnifi- 
cation 1500X. b (bottom), Concentration profiles along line of 
traverse on Fig. 5a, showing no outer NiO-rich layer. 

reported was general ly  r emarkab ly  good, even in some 
cases when  scale nodules formed, render ing  the ki-  
netics fundamenta l ly  meaningless.  The only exceptions 
were  the occasional fa i lure  of Ni-27.4% Cr at 1000~ 
after  the ear ly  stages, which could be expected to be 
irreproducible,  since it depended on i r regular  l if t ing 
and fai lure of Cr203-rich scale, and the nodular  growth 
of scale on Ni-14.6% Cr at 1200~ 

The oxidation of Ni-40.2% Cr and Ni-27.4% Cr at 
800 ~ and 1000~ suggested the same two-s tage  para-  
bolic behavior  as Ni-40.2% Cr at 1200~ but the 
scatter in the ve ry  low weight  gains in the ear ly  
stages made this difficult to prove absolutely. Quant i -  
ta t ive t rea tment  of other  growth curves was un-  
war ran ted  due to complex scale formation. 

Protective scale.--Despite careful  precautions the 
thin scales on samples of Ni-40.2 and Ni-27.4% Cr 
oxidized for short t imes (5-30 rain at 800~176 
invar iab ly  exhibi ted severe spalling on cooling. Such 
specimens in section showed a thin uni form oxide 
1-2~ thick which had l if ted almost ent i re ly  from the 
alloy surface on cooling. This process probably led to 
spalling of any outer  NiO-r ich  layer but  in any case 
it may not have  emerged sufficiently in this short  t ime 
to be detected by the microanalyzer .  Indeed, l ine 
t raverses  mere ly  revealed  a chromium-enr iched  oxide, 
containing some nickel, and slight chromium deple-  
tion in the alloy. Af te r  1-2 hr  at these tempera tures  
the layered s t ructure  described below was ful ly  de-  
veloped. 
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Fig. 6. Rates of formation of scales on electropolished and 
etched Ni-14.6% Cr (at 800 ~ 1000 ~ and 1200~ and Ni-27.4% 
Cr (at 800 ~ and 1000~ o (top), O-5 hr. b (bottom), 0-100 hr. 
Curves for Ni-14.6% Cr at 800 ~ and 1200~ are omitted from 
Fig. 6b and that for Ni-27.4% Cr showing breakthrough at 1000~ 
from Fig. 6a in the interests of clarity. 

The scale on Ni-27.4% Cr after  10 hr  at 800~ is 
interest ing because the un i form outer  NiO-r ich  layer  
remained adherent  (Fig. 7). Concentrat ion profiles 
indicated a 5# outer  layer  of NiO containing about 
1.5% Cr and a 1-2# inner  layer  (appearing black in 
the micrograph due to rel ief  polishing) of near ly  pure 
Cr203. The presence of NiO at this low tempera ture  
is evidence for its genuine direct  format ion and sug- 
gests that  its appearance at 1000 ~ and 1200~ could 
not possibly be re la ted to volat i l izat ion of chromium 
oxides or similar  mater ia l  f rom the outer  layer.  De-  
plet ion of chromium to 13.9% at the interface oc- 
curred over  only 3-4# of alloy. Exposure  for 100 hr  
at 800~ fai led to thicken the NiO layer,  only the 
Cr203 inner  layer  growing dur ing this period. 

After  100 hr  at 1000~ the thickness is still  re-  
markab ly  uni form over  the ent i re  surface and the in-  
ner layer  is considerably thicker  than at shorter  t imes 
and lower tempera tures  (Fig. 8a). The x - r a y  images 
(Fig. 8b and c) confirm the existence of the outer  
layer  and show that  this and par t  of the inner  layer  

Fig. 7. Cross section of electropolished and etched Ni-27.4% Cr 
oxidized for 10 hr at 800~ showing distinct outer NiO-rich layer, 
magnification 1000X. 
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plex to be detai led here bu t  a relat ively simple area 
with several scale layers is shown in  Fig. 9a-c, with 
corresponding concentrat ion profiles in  Fig. 9d. Al-  
most certainly the ini t ia l  protective Cr203 scale, cov- 
ered by a th in  NiO-rich layer, was lost from a few 
regions of the surface by l if t ing and cracking after 
about 6 hr (20). The chromium-deple ted  under ly ing  
alloy then behaved like a lower chromium alloy, pro-  
ducing a thick outer NiO layer  and mult iphase oxides 
in the inner  layer. Eventual ly ,  however, the higher 
bu lk  chromium concentrat ion re-asser ted itself and a 
new Cr20~ scale developed at its base, so heal ing the 
main  scale. The thickening of this Cr203, and of that 
where fai lure had not  occurred, occupied the final 
40 hr of the run.  

IOC 

9C 

7O 

60 

~ so 

4 O  

3 O  

I I 

I--Oxtdr ~: 

I 

8o i 
i 
i 
L 

6 3 q  

20  

I0 
9/ Jo.61l 

08--" ,B "'~o 

I I I I I 

-I Alloy 

8o. ,  

Ni 

I1-1 

~o 4'0 ~o 6b 
Microns 

Cr 

24 .5 -  

Fig. 8. Electropolished and etched Ni-27.4% Cr oxidized for 
100 hr at |O00~ showing protective scale, a, Optical image, 
magnification ca. 1500X. b, Chromium Ks x-ray image, c, Nickel 
K~ x-ray image, d (bottom), Concentration profiles along line of 
traverse on Fig. 8a. 

are invisible  in the optical image due to polishing 
problems. Figure 8d shows the outer 3g-layer ap-  
paren t ly  containing 65.2% nickel and 5.0% chromium 
(some of the chromium could be due to x - ray  source 
overlap) and the inne r  10~-layer 63.7% chromium 
and 0.61% nickel. Chromium depletion to 11.1% oc- 
curs over a distance of 48g from the bulk  alloy. 

In  summary,  the early relat ively rapid stages of 
oxidation are associated with the appearance of an 
outer NiO-rich layer  of constant  thickness and the 
establ ishment  of a Cr203-rich layer  at its base. The 
final slower oxidation is connected ent i rely with the 
growth of the Cr~O3. 

Complex scale formation after protective sca~e 
failure.--For certain specimens of Ni-27.4% Cr at 
1000~ (Fig. 6, 50 hr specimen) the oxidation rate in-  
creased suddenly after an ini t ia l  protective period, 
and then declined again. Such specimens are too c o r n -  
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Fig. 9. Electropolished and etched Ni-27.4% Cr oxidized for 50 
hr at 1000~ showing complex scale, a, Optical image, magnifica- 
tion ca. 800X. b, Chromium Ks x-ray image, c, Nickel K~ x-ray 
image, d (bottom), Concentration profiles along line of traverse on 
Fig. 90. 
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Stratified scale.--Uniform stratified scale formed on 
Ni-14.6% Cr at 800~ in 5 hr  possesses a compact outer  
layer  and a f r iable  inner  layer  (Fig. 10a). A dense 
layer  of subscale part icles beyond resolut ion also ap-  
pears over  the ent ire  surface and this persisted in 
other  samples for at least  25 hr. F igure  10b reveals  
an outer  layer  containing 74.1% nickel and 1.2% 
chromium, an inner  layer  wi th  44.1% nickel  and 24.4% 
chromium, a step represent ing  the mean composition 
of the in ternal  oxide and alloy mat r ix  containing it, 
and no depleted alloy layer.  The same is true in the 
ve ry  ear ly  stages at 1000~ but the subscale soon 
joins up to give a complete  Cr203 layer.  

Healed stratified ,scale.---Figure 11 a-c shows a 
Cr203 layer  which grew at the base of the nodular  
stratified scale ini t ia l ly  developed on Ni-14.6% Cr at 
1000~ This Cr20~ layer  controls the asymptotic 
growth observed dur ing the final 19 hr  of exposure at 
this t empera tu re  (21 hr specimen in Fig. 6). An outer, 
single-phase,  n ickel - r ich  layer  covers a region of at 
least two phases containing nickel and chromium 
which is in turn insulated f rom the alloy by the Cr~O3. 
In the th icker  scale the outer  and in termedia te  layers  
are of approximate ly  equal  thickness, wi th  their  in-  
terface located at the original  alloy surface, but at 
the thin end of the wedge the in termedia te  layer  
eventua l ly  disappears. The chromium-r ich  loop in 
the inner  layer  of the thick scale, s imilar  to others 
occasionally found, is difficult to expla in  but p resum-  
ably represents  some transi t ional  form of scale which 
did not mainta in  protection. The under ly ing  alloy is 
depleted in chr-omium but shows no subscale. 

Concentrat ion profiles were  made along the three  
lines of t raverse  in Fig. l l a .  In the thin region, the 
scale is l ike protect ive  oxide on alloys r icher  in 
chromium with  outer and inner  layers of near ly  pure 
NiO and Cr203, respectively.  The middle  region (Fig. 
l l d )  possesses outer  NiO containing 0.45% chromium, 
an in termedia te  layer  wi th  a uniform composition of 
49.3% nickel  and 22.7% chromium, and inner  oxide 
rich in Cr203. F ive  layers, with the two outermost  
zones having analyses similar  to those in the previous 
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traverses,  appear  in the thickest  region [ t raverse  
( i i i )] .  The thick in termedia te  layer  is again r emar k -  
ably uni form at 49.2% nickel  and 21.7% chromium, a 
composition found for many specimens studied under  
these conditions. In the present  case a chromium-r ich  
region and a fur ther  NiO-r ich  layer  are sandwiched 
be tween  this oxide and the inner  Cr20~-rich layer.  

The extent  and depth of chromium deplet ion in the 
alloy (chromium reduced to 6.7-9.1% at the in te r -  
face over  26-28~) is independent  of the type of super-  
ficial scale. Thus, the boundary  of the region of 
chromium-dep le ted  alloy follows a s imilar  contour 
to the a l loy /ox ide  interface because the deplet ion was 
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Fig. 10. Electropolished and etched Ni-14.6% Cr oxidized for 
5 hr at 800~ showing uncoalesced subscale layer, a, Optical 
image, magnification IO00X. b (bottom), Concentration profiles 
along line of traverse on Fig. 10o. 
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Fig. 11. Electropolished and etched Ni-14.6% Cr oxidized for 
21 hr at 1000~ showing healed stratified scale, a, Optical image, 
magnification ca. 380X. b, Chromium Ks x-ray image, c, Nickel 
K~ x-ray image, d (bottom), Concentration profiles along line of 
traverse (ii) on Fig. l la .  
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Fig. 12. Cross section of electropolished and etched Ni-14.6% 
Cr oxidized for 1 hr o~ 1200~ showing port~,y healed stratified 
scale. 

achieved dur ing the final 19 hr  of the run, in which 
only the CrfO~ was thickening at a slow rate. 

Partly healed stratified scale.--When Ni-14.6% Cr 
is oxidized at 1200~ thick stratified scale grows very 
rapidly, but  the format ion of a Cr203 layer  at its base 
is accomplished much sooner than at lower  t emper -  
atures. F igure  12 shows a typical  stratified nodule al-  
most insulated f rom the alloy by a Cr203 layer  after 
1 hr. Heal ing  was achieved ear l ier  to the left  of the 
image than to the r ight  and the process was not com- 
plete in the center, where  a small  cluster of Cr203 
subscale part icles is still visible. Line  t raverses  along 
(i) and (ii) proved that  the in te rmedia te  layer  is of 
var iable  composition, showing some chromium-r ich  
regions, including a small  loop like that  in the pre-  
vious specimen, and a thin chromium-r ich  band be- 
tween the two main layers. Fur thermore ,  there  does 
not seem to be a complete  ne twork  of macropores  in 
the mul t iphase  region, a l though this appeared to be 
so in other  specimens. The outer  layer  is near ly  uni-  
form NiO containing 0.9-1.5%Cr and the inner  layer  
is near ly  pure Cr~O3. Even  where  only subscale Cr20~ 
particles exist there  is a severe deplet ion in chromium 
to 6.3% immedia te ly  below in the alloy. This indi-  
cates that  al though alloy interdiffusion was very  rapid 
at 1200~ so was Cr203 formation. 

Discussion 

Mechanism of oxidation of Ni-Cr alloy~.--Before 
discussing the nature  of oxidation of Ni-14.6% Cr at 
800~176 and of Ni-27.4% Cr at 1200~ it is ap- 
propr ia te  to summarize certain of the new quant i ta-  
t ive facts. The outer  NiO layer  on Ni-14.6% Cr con- 
tains 0.25-1.5% chromium (depending on the t emper -  
ature and t ime of oxidation) which presumably  thus 
increases the cation vacancy concentrat ion in this 
layer. On Ni-27.4% Cr, which acts in the same way 
at 1200~ 3.5-6% Cr is measured in this layer, but 
some of this may conceivably be NiCr204 or Cr203. 
Once the Cr203 heal ing layer  is complete, the com- 
position of the in te rmedia te  layer  on Ni-14.6% Cr is 
r emarkab ly  uni form at about 50% nickel  and 20% 
chromium through its entire thickness at 1000~ and 
through certain regions of the more  undula t ing  pro-  
files at 1200~ It  was not possible to resolve the small 
particles in the layer,  which could contain NiO and 
NiCrfO4 in the weight  ratio 1:1, or NiO and CrfO~ 
in the rat io 2: 1, or a mix tu re  of all three phases. This 
layer  is porous but this could have  been produced 
on cooling and possibly accentuated on meta l lographic  

preparation.  It was impossible to measure  the alloy 
composition be tween  the subscale part icles because 
they were  densely populated, but  there  was l i t t le 
chromium deplet ion behind them in the bulk alloy, 
par t icular ly  at 1000~ 

The nucleat ion and growth of these scales are ex-  
plicable by extending a theory proposed for low-  
chromium alloys (16, 21). It states that  when  the alloy 
is exposed, NiO and Cr20~ both form init ial ly but  
rapidly combine and coalesce to give NiCrfO4 granules 
in a mat r ix  of excess NiO, so effectively forming the 
inner  layer. Par t ia l  dissociation of NiO occurs at the 
a l loy /oxide  interface and oxygen diffuses into the 
alloy, provoking the precipitation, by preferent ia l  ox-  
idation, of Cr203 in a mat r ix  of what  becomes essen- 
t ially pure  nickel. As the externa l  scale develops the 
Cr203 granules become incorporated into the inner 
layer  where  they are rapidly conver ted to NiCrfO4. 
Only Ni 2+ ions can diffuse through the inner layer  to 
extend the outer  layer since Cr3 + ions are localized in 
the Cr~O~ or NiCr204 particles and Cr ~ + ions are re la-  
t ively  insoluble in NiO. 

A second theory (9) requires  oxygen to diffuse into 
the bulk alloy, preferent ia l ly  oxidizing chromium to 
Cr203, the ma t r ix  then oxidizing l ike almost pure  
nickel  to give double- layer  scales. The outer  layer  
grows by the outward diffusion of electrons and Ni 2+ 
ions and the porous inner  layer  by the inward dif-  
fusion of oxygen gas, produced by dissociation of NiO 
in voids at the interface be tween  the two layers. 
There  is als~ some Ni 2+ diffusion out through bridges 
of scale in the porous inner  layer. 

There  are still certain doubts about both theories. 
The dissociation mechanism has not been proved, so 
both layers may in fact grow by cation movemen t  out-  
wards, as suggested in the first theory. It  has not been 
exper imenta l ly  demonstra ted that  the meta l  be tween  
the subscale particles is near ly  pure  nickel  and also 
mechanical  factors in the scale have  been neglected. 
It is not  clear how Cr203 subscale part icles are t rans-  
formed to NiCr204 part icles of s imilar  appearance on 
enter ing the oxide and, in any case, Cr20~ has also 
been repor ted  in such scales (7). 

Despite these doubts it is reasonable that  the NiO 
outer layer, the in termedia te  layer, and the CrfO~ 
subscale develop in general  as suggested for the lower-  
chromium alloys. Scale thickening is then uniform 
over the surface at 800~ but nodules appear  at 1000 ~ 
and 1200~ The chromium content  of the complex 
inner  layer  increases wi th  t ime before the heal ing 
Cr20~ layer  is complete when  it becomes constant. 
This increase tends to reduce the ove r -a l l  oxidation 
ra te  and favor  complete  subscale coalescence before 
it is absorbed by the encroaching scale. Thus the sub-  
scale populat ion now becomes sufficiently dense to 
link up and produce a complete  "heal ing"  Cr203 layer  
at the base of the stratified scale, this process taking 
longer  at lower temperatures .  Variations in the t ime 
to establish it lead to pe rmanen t  differences in local 
total scale thicknesses. The layer  is completed when 
the ra te  of oxygen ar r iva l  into the subscale /a l loy in-  
terface region is of the same order as chromium ar-  
r ival  there, wi th  consequent  continued precipitation. 
Subsequently,  slow growth of the Cr203 alone occurs, 
wi th  no other  noticeable processes other  than the de- 
ve lopment  of extensive chromium deplet ion and nickel  
enr ichment  in the alloy. It  is just  possible that  a 
ch romium-r ich  layer  is s imultaneously developing in-  
dependent ly  in the base of the scale, by chromium re-  
ducing NiO here  (22) or by oxygen gas at low part ial  
pressure diffusing through pores in the inner  layer  
and preferent ia l ly  oxidizing chromium in the de-  
pleted alloy in contact wi th  the scale. Nei ther  theory  
could, of course, hold if  the meta l  be tween the sub- 
scale part icles is pure nickel. If  the Cr203 real ly  is 
a p - type  meta l  deficit semiconductor,  the nickel  would 
tend to block cation vacancies and reduce its forma-  
tion rate. 
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The Cr203 subscale coalescence to give a complete  
layer  is an example  of the theory  that  below a critical 
base metal  concentrat ion in ternal  oxidation occurs, 
whereas  above it only externa l  scale is obtained, ex-  
cept that here  the situation is being decided behind a 
p re -ex is t ing  nonprotect ive  surface scale. Where  a 
complete layer  of base meta l  oxide is formed, oxygen 
ent ry  into the alloy is inhibited or prevented.  The 
simplest  situation has been discussed theoret ical ly  
(23) and tested in the case of Ag- In  alloys (24). In 
the present  system it has been suggested (15, 19) that  
in ternal  oxidation is possible only for alloys contain-  
ing less than 9% chromium. This paper  shows such 
an arbi t rary  division to be false because the mode 
of scaling depends on the oxidizing variables.  

Ni-27.4% Cr at 800~176 and Ni-40.2% Cr at 
800~176 start  to oxidize in the same way  as Ni-  
14.6% Cr but the Cr20~ l ayer  develops rapid ly  and 
there  is l i t t le t ime for an extensive in termedia te  layer  
or for dense Cr2Oa subscale to grow. I t  can be stated 
categorical ly that  the protect ive part  of the scale is 
Cr203 (general ly  containing less than 1% nickel) and 
not NiCr204. Previous reports  of spinel being the pro-  
tect ive oxide are inexpl icable  but it should be noted 
that  trace elements such as manganese in impure  
materials  may  promote  its formation. It  is not t rue 
to say (9), however ,  that  the sole oxide is Cr2Oa, at 
least when the alloy is immedia te ly  exposed to the 
hot atmosphere,  al though this is t rue  for specimens 
brought  to t empera ture  in a so-called vacuum. There  
is a lways an outer  NiO-r ich  layer  a few microns thick, 
(containing a l i t t le  chromium which in few ex t reme  
cases might  exist as NiCr204 or Cr203). Incidental ly,  
there  is l i t t le evidence of the NiO-r ich  and Cr203- 
rich layers combining to give an extensive NiCr204 
layer, al though it is l ikely that  a thin layer  does exist. 

The mode of scaling is similar  to that  described in 
theoret ical  papers (25). Probably  NiO and Cr203 nu-  
cleate separately on the bare surface but the more  
rapidly growing NiO rapidly  overgrows the Cr203 
to form an outer  layer. The Cr203 then spreads la t -  
era l ly  unti l  a complete layer  is developed, whereupon  
this is the only oxide to continue growing. The t ime 
requi red  to do this depends par t ly  on the initial spa- 
tial distr ibution of nuclei  in the scale, but  also on 
the alloy chromium content, the atmosphere,  and the 
temperature .  It  takes longer  than with  corresponding 
Fe -Cr  alloys because metal l ic  interdiffusion in the 
alloy is s lower and oxygen solubili ty is apparent ly  
greater:  It is sufficiently rapid for Ni-40.2% Cr and 
for Ni-27.4% Cr at 800 ~ and 100O~ for any in te r -  
mediate  layer  to be unnoticed with  the microanalyzer ,  
but for Ni-27.4% Cr at 1200~ and Ni-14.6% Cr it 
only occurs after  both layers are wel l  developed and 
in ternal  oxidation has been extensive. Possibly some 
of the NiO-r ich  mater ia l  in the ini t ial  inner  layer  is 
also reduced to metal  by chromium, again promot ing 
the Cr203 layer  formation. The two-s tage  parabolic 
plot for Ni-40.2% Cr at 1200~ indicated a slower ox-  
idation rate  after  40-60 rain, when  the mean scale 
thickness was 6-8~. This agrees welt  wi th  the obser-  
vat ion that  the outer  NiO-r ich  layer  was always 4-9.~ 
thick for oxidation times longer  than 1 hr. Under  pref -  
erent ial  oxidation conditions no NiO is formed be-  
cause Cr203 is the rmodynamica l ly  favored and oxy-  
gen solubili ty in the alloy is drast ical ly reduced whi le  
alloy interdiffusion is unaffected. If cation movemen t  
is postulated in both Cr203 and NiO, Cr203 could grow 
at their  in terface  by the react ion 

2Cr 3+ -~ 6e ~- 3NiO ~ 3Ni 2+ -b 6e zr Cr2Oa 

Consequent ly  in these la ter  stages only the the rmo-  
dynamical ly  stable Cr203 grows and the NiO, which 
owes its presence mere ly  to a nucleat ion effect, con- 
t inual ly reforms. An a l te rna t ive  mechanism, involv-  
ing the inward diffusion of oxygen ions through the 
Cr203, obtained direct ly f rom NiO at the Cr2OJNiO 
interface or af ter  gaseous oxygen diffusion through a 

porous outer  NiO layer,  would  have  to be invoked if 
Cr203 is an n - type  semiconductor,  which is the mi-  
nori ty view. Recently,  mechanisms involv ing  cation 
and anion movemen t  have  been published (1, 17). One 
of these (17), however ,  appears to re ly  heavi ly  on 
the idea that  stresses cannot be developed in oxides 
growing by cation movemen t  (26) in its predict ion of 
anion movement .  Work on copper (27) seems to chal-  
lenge this concept and indicates that  the original  the-  
ory (26) is oversimplified. 

Volati l ization losses f rom Cr203-rich scale in pure 
oxygen would be low due to the outer  NiO-r ich  layer, 
which is an impor tant  pract ical  point when consider-  
ing commercial  hea t - res is tan t  n ickel-base  alloys. 
There  are also theories current  (28) re fer r ing  to 
chromium vapor  effects, but  there  is no adequate  
mechanism for its movemen t  th rough compact  oxide. 
There are objections to its movemen t  through grain 
boundaries,  so it can only be concluded that  the ox- 
ide is not compact where  chromium vapor  does make  
a contr ibution to scale growth. 

Once the protect ive Cr203-rich scale is established 
it usual ly adheres wel l  to the alloy at t empera tu re  and 
often on cooling, even on electropolished specimens. 
Any influence of the outer  NiO layer  in res t ra ining 
the Cr203 is doubtful  and obscure but  the Cr203 sub- 
scale must  play an impor tant  key ing-on  role. Occa- 
sionally the double layer  of NiO above Cr203 did fail  
af ter  a few hours on Ni-27.4% Cr at 1000~ presum-  
ably by the mechanism of l if t ing and cracking re-  
ported for  Fe-23% Cr (20), because there  is no evi -  
dence of nickel in the alloy tending to t ransform the 
surface Cr203 to NiCr204, giving complex layered 
structures with a l te rna te  n ickel - r ich  and chromium-  
rich oxides. No t ransformat ion  of Cr203 to NiCr204 
would be expected on thermodynamic  grounds (9) 
because the alloy chromium content  measured at the 
interface (shown by considerat ion of the interdiffusion 
equations to be close to the actual value)  was still 
re la t ive ly  high. Layered  structures were  also some- 
times noted on electropolished specimens of Ni-27.4% 
Cr and Ni-40.2% Cr. They contrast  wi th  mul t i layered  
Cr203 found on pure  chromium and on i ron-chromium 
alloys (17, 18). 

The extensive chromium deplet ion exist ing behind 
protect ive  scales for long periods and to great  depths, 
due to the slowness of metal l ic  interdiffusion in the 
Ni-Cr  system, would considerably assist stratified scale 
growth, so it is for tunate  that  scale fa i lure  at tem-  
pera ture  does not occur more  frequent ly .  The chrom-  
ium depletion, together  with the l ikely higher  solu- 
bility of oxygen in Ni -Cr  alloys than in Fe -Cr  alloys, 
explains the Cr208 in ternal  oxide and subscale loops 
l inking alloy to complete  Cr203 inner  layers. Cr203 
at the a l loy /oxide  interface tends to dissociate, the 
resul t ing oxygen diffusing s lowly into the alloy to 
permi t  the internal  oxidation. As expected f rom the 
lower dissociation pressure of Cr203, this is a much 
slower process (occurr ing main ly  at higher  t emper -  
atures and after  long times) than the format ion  of 
such oxide behind stratified scale where  NiO is the 
dissociating oxide and can give a more plent i ful  ox-  
ygen supply. Also the alloy composition be tween 
widely  spaced in ternal  oxide particles, as wel l  as be-  
hind a complete Cr203 layer, is far  f rom being near ly  
pure  nickel  which may  be the case be tween  densely 
packed particles. There  is some similar i ty  be tween 
these thick scale protrusions into the alloy, before 
they l ink up to give loops, and the i r regula r  interfaces 
suggested in theoret ical  papers (25). There  must  be 
some lateral  diffusion of chromium to cont inue the 
subscale loop growth. It is again arguable  that  the 
subscale is evidence in favor  of oxygen ion movement  
in the Cr203 scale, since it is supposed not to be 
formed behind scale growing by cation movement .  
The authors do not think this is s trong evidence  be-  
cause heavy in te rgranu la r  oxidat ion is also observed 
behind compact NiO on pure nickel  at 1000~176 
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and feel that  the whole subject of in terna l  oxidation 
on pure metals requires fur ther  study. 

In  summary,  most of the somewhat vague state- 
ments  in  the l i terature,  regarding deviations from 
parabolic growth (1, 8) and the presence of NiO in 
late and early stages of oxidation (1, 2, 11-14, 16, 
31-33), appear to fit in  wi th  the theories developed 
above but  this is not t rue of protection by NiCr204 
(1-6) which seems something of a myth. Protection is 
by Cr203, as has been previously suggested (7-14). 
Where NiO has not been observed outside, this may 
have been due to spalling, preferent ia l  oxidation ef- 
fects, or to it forming a small  percentage of the scale 
after long runs, par t icular ly  with Ni-60% Cr and 
Ni-80% Cr (9). Observations and detailed theories 
given elsewhere (2) appear at var iance with the 
present  work. 

The results make interes t ing comparison with cor- 
responding studies of Fe-Cr  alloys (17, 18, 20). In  
general, ini t ial  protective Cr203-rich scale is less 
easily established but  more readi ly re ta ined on Ni-Cr  
alloys. The better  adhesion is related to subscale 
keying on of Cr203 (absent  for Fe-Cr  alloys), which 
means that  surface finish is also less important .  Scale 
l if t ing and cracking are much less prevalent  which 
is for tunate  because chromium depletion in  the u n -  
der lying alloy is greater and longer- l ived than for 
Fe-Cr  alloys. Stratified scale development  is thus po- 
tent ia l ly  more l ikely but  in practice less f requent ly  
found. These differences are largely due to the un -  
doubted slower rate of intermetal l ic  diffusion and the 
probable greater oxygen solubili ty in  the Ni-Cr  sys- 
tem. Stratified scale grows less rapidly because Ni- 
rich oxides are more protective than Fe-r ich  oxides, 
and are more readi ly healed by l inking  up of the 
denser populat ion of Cr203 subscale particles to give 
a complete protective layer  at the scale base. Few data 
are available on Co-Cr alloys (29) but  they appear 
to behave more like Ni-Cr  than Fe-Cr  alloys. 

Conclusions 
1. The growth kinetics (approximately  parabolic 

after an ini t ia l  deviat ion) are re la t ively independent  
of the surface preparat ion but  are critically affected 
by the method of heat ing the specimens to temper-  
ature. 

2. Scales owe their  protective properties to Cr203 
general ly  containing less than 1% nickel. 

3. Specimens preferent ia l ly  oxidized by elevation 
to tempera ture  "in vacuo" produce Cr203 alone but  
samples immediate ly  located in the hot zone possess 
an outer near ly  pure  NiO layer. With high alloy 
chromium contents and low temperatures  the inner  
layer  is Cr203 but  for the reverse conditions it is 
multiphase. 

4. Cr203 subscale formation is moderate behind 
Cr~O3 and extensive behind stratified scale. Its coales- 
cence to give a complete CreO~ layer  at the scale base 
invar iab ly  halts stratification. 

5. Chromium depletion in the alloy is extensive and 
long-lasting.  If the protective scale fails, stratified 
nonprotect ive scale can appear on rela t ively chrom- 
ium-r ich  alloys. In  practice this is rare, because Cr20~ 
subscale loops key the init ial  scale to the alloy. 
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A B S T R A C T  

E x p e r i m e n t s  w e r e  c a r r i e d  o u t  to  d e t e r m i n e  w h e t h e r  r e d u c i b l e  i n o r g a n i c  
i n h i b i t o r s  p a s s i v a t e  i r o n  so le ly  b y  t h e i r  o w n  c a t h o d i c  r e d u c t i o n  or  h a v e  some  
a d d i t i o n a l  ro le  in  t h e  p a s s i v a t i o n  process .  P a s s i v a t i o n  was  e f fec ted  p o t e n t i o -  
s t a t i c a l l y  in  p e r t e c h n e t a t e  a n d  c h r o m a t e  s o l u t i o n s  a t  p o t e n t i a l s  n o b l e  to  t h e  
c a l c u l a t e d  r e v e r s i b l e  p o t e n t i a l  of t h e  i n h i b i t o r  coup le  u n d e r  t h e  c o n d i t i o n s  
p r e v a i l i n g .  I t  w a s  f o u n d  t h a t  t h e  i n h i b i t o r s  r e d u c e  g r e a t l y  b o t h  t h e  c r i t i c a l  
c u r r e n t  d e n s i t y  a n d  c h a r g e  r e q u i r e d  fo r  a n o d i c  p a s s i v a t i o n  w h e n  t h e y  a r e  
no t  t h e m s e l v e s  r e d u c e d .  I t  was  s h o w n  also t h a t  n e i t h e r  of  t h e  i n h i b i t o r s  is 
c a p a b l e  of s u p p l y i n g  m o r e  t h a n  a v e r y  s m a l l  f r a c t i o n  of t h e  c u r r e n t  d e n s i t y  
r e q u i r e d  fo r  p a s s i v a t i o n  in  t he  a b s e n c e  of t h e  a d d i t i o n a l  e f fec t  w h i c h  ar ises ,  
p r e s u m a b l y ,  t h r o u g h  a d s o r p t i o n  of t h e  i n h i b i t i n g  an ions .  T h e  r e s u l t s  s h o w  
t h e  i n a d e q u a c y  of t he  h y p o t h e s i s  t h a t  t h e  o x i d a t i o n - r e d u c t i o n  p r o p e r t i e s  of 
t h e  i n h i b i t o r  a l o n e  a r e  suff ic ient  to a c c o u n t  f o r  i ts  p a s s i v a t i n g  ac t ion .  

T h e  m o s t  w i d e l y  u s e d  i n o r g a n i c  i n h i b i t o r s  of t h e  
c o r r o s i o n  of i r o n  a n d  s t ee l  h a v e  one  or  m o r e  of t h e  
f o l l o w i n g  p r o p e r t i e s :  (a )  t h e y  a r e  d e r i v e d  f r o m  w e a k  
ac ids  a n d  c o n s e q u e n t l y  t h e i r  sa l t s  h a v e  b u f f e r i n g  ac-  
t i o n  a t  t h e  c o r r o s i o n  i n t e r f a c e ;  (b)  t h e i r  a n i o n s  f o r m  
s p a r i n g l y  s o l u b l e  p r o d u c t s  w i t h  t h e  e s c a p i n g  cations 
a n d  t h u s  p r o v i d e  a m o r e  or  less p r o t e c t i v e  f i lm; (c)  
t h e y  h a v e  o x i d i z i n g  p r o p e r t i e s  w h i c h  h a v e  b e e n  p r e -  
s u m e d  to b e  suf f ic ien t  to  p r o d u c e  p a s s i v a t i o n  b y  a 
p u r e  o x i d a t i o n - r e d u c t i o n  r e a c t i o n ;  or  (d )  t h e y  a r e  
a d s o r b e d  a t  t h e  i n t e r f a c e  in  such  a w a y  as to a l t e r  
t h e  m e c h a n i s m  or  r a t e  c o n s t a n t s  of one  or  m o r e  of 
t h e  c o r r o s i o n  p a r t i a l  p rocesses .  T h e o r i e s  of t h e i r  i n -  
h i b i t i n g  a c t i o n  h a v e  b e e n  v a r i o u s l y  d e r i v e d  f r o m  
t h e s e  c h a r a c t e r i s t i c s  (1) .  

In  t h e  p u r e l y  e l e c t r o c h e m i c a l  m e c h a n i s m  [ ( c ) ,  
a b o v e ]  (2) ,  no  specif ic  a c t i o n  is a s c r i b e d  to t h e  i n -  
h i b i t o r  o t h e r  t h a n  i ts  a b i l i t y  to p r o v i d e  a m i x e d  p o -  
t e n t i a l  w i t h  t h e  c o r r o d i n g  m e t a l  in  t h e  r e g i o n  of p a s -  
s ive  po t en t i a l s .  2 On  t h e  c o n t r a r y ,  t h e r e  a r e  r e a s o n s  for  
a s s u m i n g  t h a t  a d s o r b e d  i n h i b i t o r  a n i o n s  p r o d u c e  s p e -  
cific e l e c t r o s t a t i c  or o t h e r  k i n e t i c  effects  o v e r  a n d  
a b o v e  a n y  r e s u l t s  of t h e i r  o x i d i z i n g  a c t i o n  a lone .  A n  
e x a m p l e  of s u c h  specif ic  effects  m a y  b e  s een  in  t h e  
d e s t r u c t i o n  of p a s s i v a t i o n  b y  a d d e d  e l e c t r o l y t e s  w h i c h  
do n o t  a l t e r  t h e  o x i d a t i o n - r e d u c t i o n  p r o p e r t i e s  of t h e  
i n h i b i t o r .  S u c h  effects  h a v e  b e e n  d e m o n s t r a t e d  in  t h i s  
l a b o r a t o r y  fo r  i r o n  in  t h e  u s e  of s e v e r a l  i n h i b i t o r s  
(3, 4) .  A c o m p e t i t i v e  a d s o r p t i o n  h a s  b e e n  a s s u m e d  
to be  in  o p e r a t i o n ,  a n d  t h i s  ha s  b e e n  m e a s u r e d  in  t h e  
case  of iod ide  ion  (5) .  H a c k e r m a n  a n d  P o w e r s  h a v e  
s h o w n  t h e  c o m p e t i t i v e  a c t i o n  of s u l f a t e  a n d  c h r o m a t e  
ions  at  a s u r f a c e  of c h r o m i u m  (6) ,  a n d  t h e  ion  e x -  
c h a n g e  of u n r e d u c e d  c h r o m a t e  ions  b y  h y d r o x i d e  or  
s u l f a t e  ions  on  s t a in l e s s  s tee l  ha s  also b e e n  s t u d i e d  
q u a n t i t a t i v e l y  (7) .  P o s e y  a n d  S y m p s o n  (8)  f o u n d  
t h a t  t h e i r  s t u d y  of t h e  effect  of a n i o n s  u p o n  c e r t a i n  
c a t h o d i c  p r o c e s s e s  o n  s t a i n l e s s  s t ee l  cou ld  b e  i n -  
t e r p r e t e d  m a t h e m a t i c a l l y  i n  t e r m s  of a d y n a m i c  a d -  
s o r p t i o n  e q u i l i b r i u m  a t  t h e  e l ec t rode .  

I t  is, of course ,  t r u e  t h a t  i f  a m e t a l  is c a p a b l e  of 
b e i n g  p a s s i v a t e d  b y  a n o d i c  p o l a r i z a t i o n ,  a n d  i f  a r e -  
d u c i b l e  i n h i b i t o r  h a s  a su f f i c ien t ly  n o b l e  e l e c t r o d e  
p o t e n t i a l  a n d  a c a t h o d i c  p o l a r i z a t i o n  c u r v e  t h a t  pas ses  
to t h e  h i g h - c u r r e n t  s ide  of t he  c r i t i c a l  p a s s i v a t i o n  c u r -  
r e n t  d e n s i t y  of t h e  m e t a l ,  t h e n  no  f u r t h e r  p a r t i c i p a -  
t i o n  of t h e  i n h i b i t o r  is r e q u i r e d  b e y o n d  i ts  c a t h e d i c  
p o l a r i z a t i o n .  E v e n  so, i t  r e m a i n s  to  b e  c o n s i d e r e d  

1 R e s e a r c h  s p o n s o r e d  by  t h e  U n i t e d  S t a t e s  A t o m i c  E n e r g y  C o m -  
m i s s i o n  u n d e r  c o n t r a c t  w i t h  t h e  U n i o n  C a r b i d e  C o r p o r a t i o n .  

'~ S t e r n  (2) r e c o g n i z e d  t h e  p o s s i b i l i t y  t h a t  a n  i n h i b i t o r  m i g h t  r e -  
d u c e  t h e  c r i t i c a l  c u r r e n t  d e n s i t y  r e q u i r e d  f o r  p a s s i v a t i o n .  

w h e t h e r ,  i n  t h e  ca se  of a m e t a l  c a p a b l e  of p a s s i v a t i o n ,  
t he  i n h i b i t o r  m a y  n o t  also ac t  spec i f ica l ly  a n d  n o n -  
c a t h o d i c a l l y  on  s o m e  s tep  of t h e  m e c h a n i s m  w h i c h  
l eads  to p a s s i v a t i o n .  I n  v i e w  of t h e  h i g h l y  i r r e v e r s i b l e  
c h a r a c t e r  of b o t h  t h e  C r ( I I I - V I )  a n d  T c ( I V - V I I )  
couples in ac id ic  med ia ,  i t  is  i n d e e d  m o s t  u n l i k e l y  
t h a t  t h e  c a t h o d i c  p o l a r i z a t i o n  of t h e s e  i n h i b i t o r s  cou ld  
pos s ib ly  s u p p l y  t h e  l a r g e  c u r r e n t  d e n s i t i e s  n e c e s s a r y  
for  p a s s i v a t i o n  of i r o n  in  s u l f a t e  or  p e r c h l o r a t e  sys t ems .  

T h e  p r e s e n t  w o r k  w a s  u n d e r t a k e n  to p r o v i d e  a 
m o r e  d e t a i l e d  s t u d y  of p a s s i v a t i o n  a n d  a c t i v a t i o n  of 
i r o n  in  t h e  p r e s e n c e  of a r e d u c i b l e  i n h i b i t o r ,  i n  t h e  
h o p e  t h a t  ef fects  spec i f ica l ly  r e l a t e d  to a d s o r p t i o n  of 
u n r e d u c e d  i n h i b i t o r  m i g h t  b e  d i f f e r e n t i a t e d  f r o m  
s i m p l e  a n o d i c  p a s s i v a t i o n  b y  r e d u c t i o n  of t h e  i n h i b i t o r .  
T h e  m e t h o d  f o l l o w e d  w a s  to d e t e r m i n e  w h a t  effects,  
if  any ,  t h e  i n h i b i t o r  p r o d u c e s  in  t h e  p o l a r i z a t i o n  of t h e  
m e t a l  in  ac id ic  m e d i a  a t  p o t e n t i a l s  n o b l e  to t h e  ox i -  
d a t i o n - r e d u c t i o n  p o t e n t i a l  of t h e  i n h i b i t o r  so t h a t  i ts  
r e d u c t i o n  is r u l e d  out.  T h e  p e r t e c h n e t a t e  ion  is a d -  
m i r a b l y  s u i t e d  fo r  s u c h  a s tudy .  I t s  r e d u c t i o n  f o r m s  
a f i lm of T c ( O H ) 4 ,  w i t h  t h e  n o r m a l  p o t e n t i a l  of 
0.738v (9) 

T c ( O H ) 4 ( s )  ~.~ T c O 4 -  A- 4H + -~ 3 e - ;  Vh o = 0.738V 

I t  is t h e r e f o r e  c o n v e n i e n t  to c a r r y  ou t  p o t e n t i o s t a t i c  
p o l a r i z a t i o n s  u n d e r  c o n d i t i o n s  w h i c h  e i t h e r  p r o d u c e  
T c ( O H ) 4  or  k e e p  i t  o x i d i z e d  to T c O 4 - .  I t  is p o s s i b l e  
also to e x a m i n e  t h e  effects  of  T c ( O H ) 4  on  t h e  s u r -  
face,  as w e l l  as effects  a r i s i n g  f r o m  a d d i t i o n  of a 
f o r e i g n  ion, such  as t h e  s u l f a t e  ion. B y  u t i l i z i n g  t h e  
b e t a  a c t i v i t y  of 99Tc, i t  is p o s s i b l e  also to  d e t e r m i n e  
t he  a m o u n t  of t e c h n e t i u m  on  a n  e l ec t rode .  

T h e  e x p e r i m e n t s  d e m o n s t r a t e d  t h a t  t h e  p r e s e n c e  
of e i t h e r  p e r t e c h n e t a t e  or  c h r o m a t e  ions  g r e a t l y  r e -  
duces  b o t h  t h e  c u r r e n t  d e n s i t y  a n d  c h a r g e  r e q u i r e d  
for  p a s s i v a t i o n  of i r o n  a t  p o t e n t i a l s  n o b l e  to  t h e  r e -  
s p e c t i v e  c o u p l e  p o t e n t i a l s  u n d e r  t h e  p r e v a i l i n g  c o n d i -  
t ions .  B e t a  c o u n t i n g  c o n f i r m e d  t h e  a b s e n c e  of r e d u c -  
t ion  of t h e  i n h i b i t o r  d u r i n g  p a s s i v a t i o n  in  t h e  p e r t e c h -  
n e t a t e  so lu t ions .  C a t h o d i c  p o l a r i z a t i o n s  s h o w e d  b o t h  
p e r t e c h n e t a t e  a n d  d i c h r o m a t e  ions  to b e  c a p a b l e  of 
s u p p l y i n g  m u c h  l o w e r  c u r r e n t  d e n s i t i e s  t h a n  a r e  r e -  
q u i r e d  fo r  p a s s i v a t i o n  of i r o n  in  u n i n h i b i t e d  so lu t ions .  

Experimental 
T h e  e l e c t r o d e  m a t e r i a l  w a s  A r m c o  i ron ;  i t  w a s  m a -  

c h i n e d  i n to  a c y l i n d e r  1.25 c m  l o n g  a n d  0.625 c m  in  
d i a m e t e r .  T h e  u p p e r  e n d  w a s  t h r e a d e d  to fit a s t a i n -  
less  s tee l  rod  b y  w h i c h  i t  cou ld  b e  d r a w n  t i g h t l y  
a g a i n s t  a Tef lon  s leeve .  B e f o r e  use,  t h e  e l e c t r o d e  w a s  
e l e c t r o l y t i c a l l y  c l e a n e d  in  a m i x t u r e  of H3PO4(100) ,  

328 
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HNO3(20), and excess CrO~. It  was then t reated al-  
te rna te ly  wi th  HNO3 and HC1 several  times, the final 
t r ea tment  being act ivat ion in HC1 immedia te ly  before 
use. Solutions were  made f rom NHI4TcO~ or KTcO4 
and were  acidified to the desired pH value  by addition 
of Dowex-50 resin in the hydrogen- ion  form. The 
vo lume of solution used (125 ml in each side of an 
H-cel l )  was sufficiently large to p reven t  significant 
change in pH during polarization, as shown by re-  
peated measurement  dur ing the experiments .  To pro-  
duce heavy  deposits of Tc(OH)4 on the electrode, 
when  desired, it was polarized cathodical ly in a sepa- 
rate  cell  containing a slightly acidic solution of a per -  
technetate.  

Anodic polarizat ion was effected by a Fa i rPor t  Po-  
tent iostat-Galvanostat ,  Model 610. The potentiostat  
was preset  to the desired potential ,  and the circuit  
was closed by insert ing the electrode. A rapid s t ream 
of he l ium kept  the oxygen concentrat ion at a harmless  
level  dur ing the operation. The polarizing potentials  
in different exper iments  var ied  be tween  +350 and 
+850 my, re fe r red  to the saturated calomel electrode. 
The theoret ical  revers ib le  potential  of the Tc ( IV-VII)  
couple in the most concentrated and most acidic so- 
lut ion used was +326 m v  (SCE).  Polarizat ions were  
continued unt i l  the  current  density for electrodes that  
were  ini t ia l ly  f ree  of Tc (OH)4 fell  to an approximate ly  
steady value. This requi red  f rom 20 to 40 rain in the 
different experiments .  The current  densities on filmed 
electrodes were  not quite  l imit ing values, owing to 
continuous oxidation of Tc(OH)4  f rom the film. From 
the recorder  trace of the current  flowing dur ing the 
polarizat ion stage, the charge accumulated dur ing pas- 
sivation was computed graphically.  Upon complet ion 
of the polarization, the electrode and reference  cell 
were  quickly detached f rom the potentiostat  circuit  
and connected to a v ibra t ing  reed e lec t rometer  wi th  
a Brown recorder  for fol lowing the open-circui t  po- 
tential.  

To confirm the assumption tha t  passivat ion was 
effected wi thout  reduct ion of per techneta te  ions, an 
electrode was careful ly  decontaminated f rom 99Tc and 
polarized at +400 mv (SCE) in 10 -2 f TcO4-,  pH 2.80, 
under  he l ium for 43 min, at which t ime the cur ren t  
density had fal len to 3.0 x 10 -6 a m p / c m  2. The electrode 
was quickly wi thd rawn  from the cell, washed in five 
beakers  of disti l led water ,  and held under  running 
distil led wa te r  for 30 sec. The  specimen was again 
counted for beta activity. Since the cylindrical  form 
of the electrode made its exact  counting geometry  in-  
determinate ,  it was placed on the four th  (lowest) shelf 
of the counter  to minimize  the uncertainty.  As wil l  be 
detailed in the section on Results, the exper iment  suc- 
ceeded in confirming the absence of Tc (OH)4. 

In a few passivations, the ear ly  stages of current  
flow were  examined  by use of an oscilloscope (Te-  
tronix, Model 536), ~ the very  brief  init ial  surge of 
current  decaying too fast to be fol lowed with  the 
Brown recorder.  Here  again, the circuit  was closed by 
insert ion of the f reshly  act ivated electrode into the 
per techneta te  solution. 

Possible effects of Tc(OH)4  in the surface film were  
examined  by comparing polarizat ion curves of filmed 
and bare electrodes in sulfate media. Both potent io-  
static and galvanostat ic  procedures were  used. The 
effect of Tc(OH)4 was apparent  also in the act ivation 
experiments ,  some of which  were  conducted wi th  a 
p re formed film of Tc(OH)4 in too great  an amount  
to be oxidized complete ly  dur ing passivation at the 
e levated potential.  In other  experiments ,  the antag-  
onistic action of sulfate  and per techneta te  ions was 
shown by anodic polarizat ion in simple and mixed  
electrolytes. 

To evaluate  pract ical ly  the current  density obtain-  
able in reduct ion  of the inhibitor,  both per techneta te  
and dichromate  solutions were  polarized with  p la t -  

s T h e  a u t h o r  i s  i n d e b t e d  to h i s  c o l l e a g u e ,  Dr .  F r a n z  A. P o s e y ,  f o r  
ass i s tance  in  t h e s e  o b s e r v a t i o n s .  
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Fig. 1. Anodic charging curve in pertechnetate solutions: A, 10 - 2  
f, pH 3.00; area 2.77 cm2; without Tc(OH)4 in film. B, 10-:;  f, 
pH 3.92; area 2.61 cm2; lightly filmed with Tc(OH)4. 

inum electrodes containing the respect ive reduct ion 
products. 

Resul ts  
Passive-active transitions.--In repeated tests, it was 

found that the full  anodic output  of the potentiostat  
(ca. 40 ma) was insufficient to lead to passivation of 
either the Armco or electrolyt ical ly deposited iron 
electrodes in sulfate solutions of 0.1-0.5 ] concentra-  
tion at pH values be tween  1 and 4.18 when  the po- 
tentiostat  was set at +400 mv (SCE).  On the con- 
trary,  in per techneta te  solutions of comparable  con- 
centrat ions and acidities, af ter  an init ial  surge, the 
anodic current  rapidly  fell  to values characterist ic 
for passivation. Figure  1 shows the observed charging 
current  for two typical  electrodes. In one, curve  A, the 
surface was f ree  of any film when  introduced into the 
electrolyte  at +400 mv  (SCE);  in the other, the sur-  
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Fig. 2. Potential-time behavior on open circuit in pertechnetate 
solutions; electrodes free of Tc(OH)4. 
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face had a l ight b rown film containing Tc(OH)4,  but  
was act ivated in HC1 jus t  before use. The polar iza-  
tion of the unfilmed electrode was discontinued when 
the current  density became almost steady at 0.54 ~a/  
cm2; graphical  integrat ion of the recorder  chart  gave  
2.1 x 10 -3 cou lomb/cm 2 as the charge passed up to 
this point. Similar  results were  repea ted ly  obtained 
with  ini t ia l ly  bare electrodes. 

When the electrode was previously coated with  
Tc(OH)4,  somewhat  higher  cur ren t  densities and 
charges were  found because of oxidation of the 
Tc(OH)4  which occurs s lowly at +400 mv  (SCE).  
The current  density again fell  rapidly,  however ,  as 
the anodic process of passive film format ion was com- 
pleted. Use of the oscilloscope in cer ta in  of these ex-  
per iments  mere ly  confirmed the observation of a surge 
of current  which fel l  sharply wi th in  0.5 sec to values 
picked up by the Brown recorder.  

Figures  2 and 3 show the change of potent ial  with 
t ime when  the potentiostatic circuit  was quickly re-  
placed by a v ibra t ing  reed e lec t rometer  and recorder,  
wi th  the electrode on open circuit. Table I gives the 
exper imenta l  conditions for the different curves in 
these figures, together  wi th  calculated values of the 
revers ib le  potent ial  of the Tc ( IV-VI I )  couple and 
Flade potent ia l  for the same conditions (El = 0.338 
--0.59 pH, SCE).  The pr ior  potentiostatic polarizations 
had been conducted at potentials  that  were  well  above 
the theoret ical  value  for the Tc ( IV-VI I )  couple. 

In Fig. 1, curve  B is for an electrode that  was po- 
larized unti l  the visible film of Tc(OH)4  had been 
so largely  oxidized back to TcO4- that  the potent ial  
fel l  to --270 my  (SCE) before beginning to re-ennoble .  
Its behavior  in this respect  resembled  closely that  
shown by an unfilmed electrode, such as shown by 
curve  3 of Fig. 2 for the same concentrat ion and pH 
value. The anodic charge was 30 m c / c m  2, whereas  the 
smaller  charge of 15 m c / c m  2 was found for the elec-  
t rode represented by curve  3f in Fig. 3. In this case, 
the electrode re ta ined a dark film of Tc(OH)4.  Both 
electrodes, however ,  were  ful ly  passive when  put  on 
open circuit. 

F igure  4 gives both the cur ren t - t ime  and potent ia l -  
t ime curves for an electrode that  was held for only 
5 min at 850 m v  (SCE) immedia te ly  after having 
fal len to a m in imum open-ci rcui t  potent ia l  of 59 my 
(SCE) fol lowing polarization at 400 mv  (SCE).  The 
polarizat ion was stopped somewhat  before the cur -  

Table I. Passive-active transition experiments 

Calculated 
F igu re  Final  M-cou lomb/  potent ials  

and c .d .  cmU m y  (SCE) 
Curve  [TcO4-], M pH /m/cm u passed ETe(IV-VI1) E(Flade)  

2-1 10-1 1.88 1.8 14.0 326 227 
2-2 10-~ 3.00 0.19 0.9 219 161 
2-2' 10 -~ 3.15 0.50 205 152 
2-3 10 5 3.80 0.22 ~ 136 114 
3-1/" 10-1 1.88 1.6 8.8 328 227 
3-2)' lO-U 3.00 5.3 219 161 
3-3f 10 -a 3.80 5.5 15- 136 114 
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Fig. 4. Polarization of iron in 5.0 x ]0  - 2  # KTr pH 2.20 for 
5 rain at 850 mv (SCE); area 2.25 cm 2. 

rent  density reached its l imit ing value, the charge 
passed amount ing to 1.3 m c / c m  2 at this point. It  is 
seen that  the  potent ia l  on open circui t  fel l  rapid ly  by 
about 500 mv  to the vicini ty  of the Tc ( IV-VI I )  couple 
p o t e n t i a l  (Ewc in Fig. 4) and then leveled off before 
debasing again as the Flade  potent ia l  was approached. 
The 16-hr recording of the open-ci rcui t  potent ial  
shows that  even  though passivat ion was effected ap- 
proximate ly  at the revers ib le  potent ial  for evolut ion 
of oxygen [calc. 857 mv  (SCE)] ,  the surface state be-  
came stable in the e lect rolyte  only after  incipient  ac- 
t ivat ion and consequent  deposition of some Tc(OH)4 
at the lower  potential.  

The results shown in Fig. 2, 3, and 4 are typical  of 
many  exper iments  which differ somewhat  in detail  
but  agree in exhibi t ing the fol lowing uni form be-  
havior.  Consider, first, the results  for electrodes hav-  
ing no film of Tc(OH)4,  Fig. 2, 4. (A) When the cir-  
cuit  was opened, the potent ia l  first fel l  rapidly;  the 
rate  of change soon decreased, however ,  and the in-  
flection came at potentials  that  are c lear ly  re la ted to 
the revers ible  potent ial  of the inhibitor  couple in the 
different media. (B) The slow debasing was succeeded 
by a rapid fall  in potential ,  and this change occurred 
close to the calculated F lade  potent ial  for the pH 
value involved.  In these two respects the behavior  re-  
sembles closely that  observed in noninhibi t ing solu- 
tions. (C) The debasing of the potent ia l  was arrested 
before  ful l  act ivat ion occurred, however ,  and the 
min imum value of the potent ial  and ra te  of r e - en -  
nobl ing were  highly dependent  on the concentrat ion 
and acidity of the inhibi t ing solution. (Some of the 
observations were  continued unti l  the potential  of the 
i ron electrode approximated  that  of a p la t inum wire  
coated with Tc(OH)4  in the same solution, al though 
this requi red  several  hours) .  

F igure  3 refers  to electrodes which were  given a 
visible film of Tc(OH)4  by a cathodic prepolarization.  
It  is seen that  the init ial  debasing on open circui t  soon 
became very  slow and that  i t  ha l ted  wi thout  the elec- 
trodes becoming active. Again, the level  of the ap- 
p rox imate ly  stable potentials paral lels  the shift  in 
the Tc couple potent ial  in the different media. 

Al though the proper t ies  of the  Tc ( IV-VI I )  couple 
make  it  convenient  to carry out the potentiostatic pas- 
sivations at potentials that  are too noble for reduc-  
tion of the inhibitor  to occur, never theless  the pos- 
sibil i ty remains  that  small  act ive sites on the electrode 
might  react  wi th  the inhibi tor  and cause deposition 
of radioact ive  Tc(OH)4  locally. To test  this possibility, 
an exper iment  was done at -t-400 m v  (SCE) wi th  an 
electrode that  was first decontaminated of 99Tc,  

counted, passivated, rinsed, and counted aga in .  Cur-  
ren t  passed for 42 min, at which t ime the current  
density had fa l len to 3.0 ~a /cm 2 and the total  charge 
passed was 27 m c / c m  2. The specimen gave 22 cpm 
(counts /minute)  before passivat ion and 29 cpm af ter -  
ward. At  the 95% confidence level  the two counts are 
the same. I t  may  be calculated that  if the charge of 
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27 m c / c m  ~ had been augmented  to the extent  of even 
1% by deposition of Tc(OH)4,  the specimen should 
have acquired 4500 cpm. (This resul t  is based on a 
de terminat ion  that  the cyl indrical  surface of the elec-  
t rode reduced the counting efficiency by a factor 
of 2).4 

Influence of Tc(OH)4 on polarizations in  absence 
oS pe~technetate ions . - -Since  the act ivat ion exper i -  
ments disclosed a considerable effect of Tc(OH)4  on 
the re -ennobl ing  process, fur ther  polarizations were  
done in a sulfate med ium to de termine  whe the r  the 
film affects the anodic corrosion process at act ive po-  
tentials as wel l  as the cathodic process. An accelera-  
tion of cathodic processes by deposited Tc(OH)4  on 
passive i ron was repor ted  previously  (12). It  was 
difficult to obtain a high degree of reproducibi l i ty  on 
filmed specimens, but  a characteris t ic  set of polar iza-  
tion curves is shown in Fig. 5, which  was der ived 
f rom both potentiostatic and galvanostat ic  measure -  
ments in 0.10 f (K,H)2$O4 at pH 2.10 under  helium. 
The accelerat ion of the cathodic process is c lear ly  
seen in curves A' and B'. There  is probably  no appre-  
ciable effect on the anodic side, the observed displace- 
ment  being no greater  than the scatter of different 
polarizations of bare  electrodes. For  these reasons, the 
film makes the open-ci rcui t  potent ia l  in the sulfate 
solution somewhat  less act ive than that  of a bare 
electrode, but  the corrosion ra te  on open circuit  is 
considerably increased. 

Polarization in  a sulfate m e d i u m  wi th  and wi thou t  
per techne ta te . - -The  antagonistic effects of sulfate and 
per techneta te  ions were  demonstra ted by subject ing 
an electrolyt ical ly  deposited iron electrode of 0.110 
cm 2 surface to anodic polarizat ion wi th  the potent io-  
stat set at +400 m y  (SCE),  first in 0.10 f (K,H)2SO4 
at pH 1.85 and then in a mixed  solution which was 
3.9 x 10 -2 f in sulfate and 6.1 x 10 -3 f in per techne-  
tate at pH 2.15, in both cases under  helium. In the 
pure  sulfate solution, the e lect rode drew the l imit  of 
the anodic output  in the potentiostat  (ca. 360 m a / c m  2) 
wi thout  passivation, that  is, the  ins t rument  was in-  
capable of br inging the potent ial  to +400 inv. In the 
mixed  solution, an init ial  current  of 160 m a / c m  2 

These  e x p e r i m e n t s  g i v e  d i r e c t  s u p p o r t  to  t he  p r i o r  c l a i m  t h a t  
no  u n r e d u c e d  p e r t e c h n e t a t e  i ons  can be f o u n d  on r i n s e d  s p e c i m e n s  
(10, 11). 

flowed. This fel l  to 20 m a / c m  2 in 5 min and to a near ly  
steady 5 m a / c m  ~ in an addit ional  10 min. On opening 
the circuit, the potent ial  fel l  rapidly to - -550  mv  (SCE) 
and became steady at --581 my. This is about 10 my 
noble to the potent ial  to be expected in a simple sul-  
fate  solution (0.5 f) ,  according to the results of Kel ly  
(13). Hence, a l though a current  density of 360 m a / c m  2 
failed to induce passivation in the sulfate solution, 
a m a x i m u m  init ial  current  density of 160 m a / c m  2 
sufficed in the presence of the per techneta te  ions, al-  
though the mixed  solution was incapable of main ta in-  
ing passivity. 

Polarization oS the T c( IV -V I I )  couple.---Most dis-  
cussions of the electrochemical  action of reducible  in-  
hibitors have  been based on schematic polarization 
diagrams, ra ther  than on numbers  obtained exper i -  
mental ly.  The technet ium and chromium couples are 
ve ry  sluggish, and few revers ib le  values have been 
de termined  for them. Nevertheless,  polarization data 
which are empir ical ly  useful  for present  purposes 
were  obtained by polarizing a p la t inum electrode 
which  had been cathodically coated heavi ly  (black) 
wi th  Tc(OH)4.  5-B The electrolyte  was 0.10 f NH4TcO4 
at pH 2.15 under  helium. The potential  of a f reshly 
coated electrode is considerably negat ive to the re-  
versible  value, which it approaches very  slowly. Af ter  
some anodic pre-polarizat ion,  however ,  the equi l ibra-  
tion is more rapid. The polarization of the electrode 
f rom its revers ible  potent ial  soon runs into complica-  
tions that lead to l imit ing currents  of small  magnitude.  
Thus, on the cathodic side, a 17-hr galvanostat ic  po- 
lar izat ion at 54 #a /cm 2 led to a potent ial  of --122 mv 
(SCE),  or 430 m v  negat ive  to the revers ib le  value. 
On the anodic side, a l imit ing value  below 30 ~a/cm 2 
was reached. These results make  it evident  that, even 
at a concentrat ion much  higher  than that  necessary 
for effective inhibition, the avai lable  cathodic current  
density is ve ry  small  in comparison with  current  den-  
sities requi red  for passivation of iron in the absence of 
an inhibitor. For  the conditions of this measurement ,  
the exchange current  density was of the order  of 10-6 
a m p / c m  2. 

Passivation and polarization in chromate s o l u t i o n s . -  
The action of the dichromate  ion was examined  briefly 
in passivation exper iments  similar  to those done wi th  
the per techneta te  ion. The electrolytes were  K2Cr2OT, 
0.20 f, pH 3.68 and 0.020 f, pH 4.10. The Cr ( I I I -VI )  
couple gives such i r reproducible  values in acidic media  
that  a potent ial  calculated f rom free energies is not 
ve ry  meaningful .  The values computed for the process 

2Cr (OH)a(hydrous )  + H 2 0 ~ C r 2 0 7  = + 8H + + 6 e -  

for the two solutions indicated above are +570 mv and 
+530 mv  (SCE),  respect ively.  When  the i ron electrode 
was passivated with  the potentiostat  at +400 or +600 
mv  (SCE),  it was found that  the charging curve re-  
sembled Fig. 1, but  the charge passed for a steady 
current  density was 60-100 m c / c m  2, or ve ry  consider-  
ably more  than that  requi red  in the per techneta te  solu- 
tions. 

Af te r  passivation at +600 m v  in the 0 .20f  solution, 
the iron electrode fell  quickly to the same potential  
as that  of a bare  p la t inum wire,  but there  was a slow 
debasing to a somewhat  lower value, wi thout  in te rven-  
ing activation. Without  prior  anodic passivation, an 
act ive iron electrode was inser ted into the 0.20 f di- 
chromate  solution in helium. Its potential  rose only 
to --100 mv SCE in 15 hr  and was almost stat ionary at 

The  i d e n t i t y  of such ca thod ic  depos i t s  w i t h  Tc(OH)4 p r e c i p i t a t e d  
by  c h e m i c a l  r e d u c t i o n  of  p e r t e c h n e t a t c s  was  e s t ab l i shed  by t r ans -  
m i s s i o n  e l ec t ron  d i f f rac t ion .  The  a u t h o r  is  i n d e b t e d  to T. E. Wi l l -  
m a r t h  of t he  A n a l y t i c a l  C h e m i s t r y  D i v i s i o n  fo r  t h i s  serv ice .  

6 One w o u l d  n a t u r a l l y  w i s h  to k n o w  the  ca thod ic  c u r r e n t  d e n s i t y  
fo r  r e d u c t i o n  of  t he  p e r t e c h n e t a t e  i on  on an  a c t i v e  i r on  surface .  
S u c h  a m e a s u r e m e n t  is imposs ib le ,  h o w e v e r ,  s ince the  m e t a l  im-  
m e d i a t e l y  a c q u i r e s  a f i lm of t he  r e d u c t i o n  p r o d u c t s  a t  t he  a c t i v e  
po ten t i a l .  Hence  t he  m e a s u r e m e n t  on a f i lmed  sur face  is  e n t i r e l y  
rea l i s t i c  fo r  a d i s cus s ion  of  the  e x t e n t  of  t he  ca thod ic  a c t i o n  of  
the  i n h i b i t o r .  A p l a t i n u m  s u p p o r t  fo r  the  f i lm was  p r e f e r r e d  in  
o rde r  to e l i m i n a t e  d i r ec t  ac t ion  b e t w e e n  t he  s u p p o r t  and  r e d u c i b l e  
an ions .  
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Fig. 6. Polarization of the Cr(II I-VI) couple on a platinum 
electrode: 9.20 K2Cr2OT, pH 3.72. Calculated potential for dis- 
charge of hydrogen --463 mv (SCE). 

t ha t  point ,  t he  F l a d e  p o t e n t i a l  for  th is  p H  v a l u e  be ing  
+120  m v  ( S C E ) .  The  s lowness  and  i n c o m p l e t e n e s s  of 
the  debas ing  a f t e r  anodic  po la r i za t ion  a re  pe rhaps  r e -  
l a ted  to t he  fac t  (7) t ha t  the  pass ive  film b inds  some 
u n r e d u c e d  C r ( V I )  species in an  e x c h a n g e a b l e  fo rm,  
w h e r e a s  the  T c ( V I I )  species is not  so held.  These  ob-  
se rva t ions  ag ree  w i t h  the  p r ev ious  s tudy  of the  ac t ion  
of t he  c h r o m a t e  ion  in the  absence  of o x y g e n  (3, 10). 

S ince  i t  is e v i d e n t  tha t  r e d u c t i o n  of  c h r o m a t e  spe-  
cies in absence  of o x y g e n  does not  p roduce  c o m p l e t e  
pass iva t ion  bu t  does r e t a r d  the  cor ros ion  process  
grea t ly ,  i t  s e e m e d  des i rab le  to d e t e r m i n e  e x p e r i m e n -  
t a l ly  the  m a g n i t u d e  of t he  c u r r e n t  ava i l ab l e  for  
anodic  po la r i za t ion  of the  iron.  Po ten t io s t a t i c  po l a r i za -  
t ions w e r e  t h e r e f o r e  ca r r i ed  out, us ing  the  p l a t i n u m  
e lec t rode  w h i c h  had  s e r v e d  as ca thode  in t he  p r e v i o u s  
pass iva t ion  polar iza t ions .  The  e l e c t r o l y t e  was  0.20 f 
KfCr207 at p H  3.72, and  h e l i u m  was  passed t h r o u g h  
the  solut ion.  Resu l t s  a r e  s h o w n  in  Fig. 6, wh ich  is 
of no q u a n t i t a t i v e  t heo re t i c a l  s ignificance,  excep t  inso-  
fa r  as it  accounts  for  the  ineff ic iency of t he  Cr ( I I I - V I )  
couple  as a source  of ca thod ic  cu r ren t .  The  l a rge  
va lues  of dE/d log  j a r e  also typ ica l  of s imi la r  va lues  
f r e q u e n t l y  o b s e r v e d  on e lec t rodes  w i t h  poor ly  con-  
duc t ing  fi lms of r eac t ion  products .  I t  is seen  tha t  the  
h y d r o g e n - d i s c h a r g e  r eac t i on  is s u p e r i m p o s e d  on the  
r e d u c t i o n  of C r ( V I )  at po ten t ia l s  b e l o w  --450 m v  
(SCE) .  A n o r m a l  Ta fe l  s lope  o f - - 1 2 0  m v / d e c a d e  is 
observed ,  w i t h  an  e x c h a n g e  c u r r e n t  dens i ty  at t he  ca l -  
cu l a t ed  r e v e r s i b l e  po ten t i a l  in close a g r e e m e n t  w i t h  
t he  va lues  s h o w n  by  V e t t e r  (15). The  p r e s e n c e  of t he  
d i c h r o m a t e  ions is t h e r e f o r e  w i t h o u t  s ignif icant  in -  
f luence on the  d i scha rge  of hydrogen .  

Discussion 

T h a t  a n o r m a l  s ta te  of pass iva t ion  r e s u l t e d  f r o m  the  
po ten t ios ta t i c  po la r i za t ions  is shown  by  the  c l e a r l y  
r e cogn i zab l e  r e l a t i on  b e t w e e n  the  ca l cu la t ed  F l ade  po -  
t en t i a l  and the  po ten t i a l  at  w h i c h  r ap id  ac t i va t i on  set 
in w i t h  e l ec t rodes  h a v i n g  no Tc (OH)4  in  t he  film. Bo th  
the  nob le  po t en t i a l  at  w h i c h  the  po t en t io s t a t  was  set 
and  the  absence  of be t a  ac t i v i t y  on the  e l ec t rode  
pass iva ted  in t he  p e r t e c h n e t a t e  so lu t ion  conf i rm the  
conc lus ion  tha t  r e d u c t i o n  of t h e  i nh ib i t o r  was  not  in -  
v o l v e d  in t he  pass iva t ion  process  in these  expe r imen t s .  

T h e  pas s iva t ion  e x p e r i m e n t s  of bo th  F r a n c k  (16) 
and  Ol iv i e r  (17) showed  tha t  the  t i m e  r e q u i r e d  for  
pass iva t ion  of i ron  by  ga lvanos t a t i c  po la r i za t ion  is 
r e l a t e d  to t he  app l i ed  c u r r e n t  dens i ty  by  the  e x -  
p ress ion  ( j - - j o ) t p  ~ const., in  w h i c h  Jo is a c u r r e n t  
dens i ty  be low  w h i c h  no pas s iva t ion  is a t ta ined .  The  
cons tan t  t h e n  r e p r e s e n t s  t he  c h a r g e  p r e s u m a b l y  con-  
s u m e d  in  t he  pass iva t ion  process  alone.  F o r  i ron  in  1 
to 2N HeSO4 the  e x p e r i m e n t a l  a r r a n g e m e n t s  of F r a n c k  
and  Ol iv i e r  a g r e e d  in g iv ing  a v a l u e  of a r o u n d  1.7 
c o u l o m b s / c m  2 fo r  t he  constant .  M o r e  r ecen t ly ,  F r o -  

ment ,  Keddam,  and  More l  (18) h a v e  c o n d u c t e d  the  
pass iva t ion  in 1N H2804 by  ra i s ing  the  po t en t i a l  po-  
t en t ios t a t i ca l ly  at  d i f fe ren t  ra tes  and  r e c o r d i n g  the  
cur ren t .  The  lowes t  e f fec t ive  c u r r e n t  dens i ty  was  about  
154 m a / c m  2 for  the i r  condi t ions ,  th is  v a l u e  be ing  ob-  
t a ined  w h e n  the  po t en t i a l  was  r a i sed  16 m v / m i n .  In  a 
p h t h a l a t e - s u l f a t e  buffer  at p H  3, Wei l  and Bonhoef fe r  
(19) found  the  r equ i s i t e  cha rge  to be  1 c / c m  2, and  this  
q u a n t i t y  fe l l  on ly  to 130 m c / c m  2 at pH  va lues  of 4-6. 
E v e n  for  an  F e - 1 8 %  Cr, a l loy,  O l iv i e r  f ound  the  con-  
s tant  to be  8 m c / c m  2 and  Jo ~ 11 m a / c m  2. Va lues  of 
s imi la r  m a g n i t u d e  fo r  s ta inless  s teels  w e r e  found  by 
E d e l e a n u  (20). 

The  e f fec t ive  charges  and c u r r e n t  dens i t ies  v a r y  
s o m e w h a t  w i t h  t he  e x p e r i m e n t a l  condi t ions,  hence  it 
was  necessary ,  in the  p r e s e n t  work ,  to a sce r t a in  defi-  
n i t e ly  tha t  no pass iva t ion  r e s u l t e d  w h e n  a su l fa te  
m e d i u m  was  used  u n d e r  the  same  condi t ions  as w e r e  
found  to induce  pass iva t ion  in  t he  i nh ib i t i ng  solut ions.  
The  n e g a t i v e  r e su l t  f ound  in  su l fa t e  m e d i a  at pH ' s  
as h igh  as 4.18 cou ld  h a v e  b e e n  an t ic ipa ted ,  in v i e w  
of the  l imi t ing  anodic  ou tpu t  of t he  po t en t io s t a t  e m -  
ployed.  The  m e a s u r e m e n t s  show, the re fo re ,  t ha t  t he  
low va lues  ob ta ined  for  bo th  the  to ta l  charges  and  c u r -  
r en t  dens i t i es  in t he  p r e sence  of t he  inh ib i to r s  m u s t  be  
asc r ibed  to an effect  of t he i r  an ions  tha t  does no t  de -  
pend  upon  the i r  reduc t ion .  In  a l l  expe r imen t s ,  the  
p o t e n t i a l - t i m e  b e h a v i o r  on open  c i rcu i t  s h o w e d  tha t  
pass iv i ty  had  b e e n  a t ta ined ,  e v e n  w h e n  the  to ta l  
cha rge  was  as low as 1-2 m c / c m  2 on unf i lmed  speci -  
mens.  The  ev idence  indicates ,  the re fore ,  tha t  a f i lm of 
no m o r e  t h a n  10-15A in  th i ckness  ( ca l cu l a t ed  for  t he  
m a g n e t i t e  c rys ta l  s t r uc tu r e )  suffices to exh ib i t  t he  low 
cor ros ion  r a t e  and  F l a d e  po t en t i a l  c h a r a c t e r i z i n g  the  
pass ive  state,  a l t h o u g h  the  f i lm is no t  s table  e v e n  in 
the  p e r t e c h n e t a t e  so lu t ions  h e r e  used  un t i l  some 
T c ( O H ) 4  had  been  depos i t ed  at  t he  l o w e r  po ten t i a l s  
d u r i n g  inc ip ien t  ac t iva t ion .  

I t  is t h e r e f o r e  neces sa ry  to conclude ,  for  bo th  p e r -  
t e chne t a t e  and c h r o m a t e  systems,  tha t  the  p r e sence  of 
the  u n r e d u c e d  inh ib i t o r  t r e m e n d o u s l y  f a v o r s  the  
processes  l ead ing  to pass iva t ion .  F r o m  t h e  r e f e r ences  
c i ted  in  the  ea r ly  pa r t  of the  tex t ,  i t  is w e l l  e s t ab l i shed  
tha t  anions  a re  adsorbed,  and  it  is only  r e a s o n a b l e  to 
a s sume  tha t  this  adso rp t ion  is t h e  or ig in  of the  g rea t  
r e t a r d a t i o n  of the  anodic  d i sso lu t ion  process  in the  
p re sence  of the  inhib i tors .  

The  e x p e r i m e n t s  in w h i c h  a v i s ib le  film of Tc (OH)4 
was  p r e sen t  d e m o n s t r a t e d  aga in  some acce l e ra t ion  of 
ca thodic  processes  in a su l fa te  e n v i r o n m e n t ,  w i t h  l i t t le,  
if any,  d i s p l a c e m e n t  of t he  anodic  po la r i za t ion  curve .  
To the  e x t e n t  tha t  r e d u c t i o n  of t h e  inh ib i to r  is ac-  
ce l e r a t ed  by  T c ( O H ) 4 ,  h o w e v e r ,  by  so m u c h  is m a i n -  
t enance  or  r e s to ra t ion  of pas s iv i ty  f a v o r e d  in the  open -  
c i rcu i t  e x p e r i m e n t s  in  t he  p r e s e n c e  of t he  p e r t e c h -  
notate .  

I t  is possible  tha t  t he  T c ( O H ) 4  w h i c h  depos i t s  in t he  
i n t e r f ace  n o r m a l l y  m a y  f a v o r  m a i n t e n a n c e  of pas s iv i ty  
in two  ways .  T h e  obse rved  acce l e ra t ion  of ca thod ic  
processes  wou]d  be  one  fac tor .  A n o t h e r  m a y  w e l l  be  
the  sea l ing  of pores  or  w e a k  p laces  in t he  n o r m a l  
film by  the  p r e s u m a b l y  low so lub i l i ty  of T c ( O H ) 4 ,  
since, in genera l ,  the  so lub i l i ty  of  h y d r o x i d e s  decreases  
as t he  ca t ion  inc reases  in  va lence ,  up to a point .  This  
second poss ib i l i ty  is r e n d e r e d  p l aus ib l e  by  the  ea r l i e r  
o b s e r v a t i o n  (14) that ,  i f  a l i t t l e  H202 is added  to t he  
inh ib i t ing  p e r t e c h n e t a t e  solut ion,  s tab le  pass iva t ion  
m a y  be  ach i eved  at  p H  ca. 6 w i t h  depos i t ion  of  no 
m o r e  Tc (OH)4  t h a n  w o u l d  suffice to cove r  a f e w  t en ths  
of a pe r  cen t  of t he  surface.  A t h i r t e e n - y e a r  o b s e r v a -  
t ion  shows tha t  a f t e r  s tab i l i za t ion  is once es tabl i shed,  
no con t inu ing  c o n s u m p t i o n  of t h e  inh ib i to r  is de t ec t -  
ab le  (c losed bo t t l e  occas iona l ly  opened  for  w e i g h i n g  
and  coun t ing  the  spec imen) .  I n  f u r t h e r  suppor t  of this  
so lub i l i ty  effect,  i t  was  found  also (14) t ha t  T c ( O H ) 4  
depos i t ed  on ca rbon  s tee l  ca thodes  is q u i c k l y  ox id ized  
to T c O 4 -  by  I-I20~ w i t h  > 9 0 %  decon tamina t ion ,  
w h e r e a s  if  t he  h y d r o x i d e  is f o r m e d  t o g e t h e r  w i t h  the  
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anodic corrosion product, the decontaminat ion effi- 
ciency in  similar t rea tment  is general ly between 30 
and 40 %. 

In the experiments  with dichromate as inhibitor,  
the charge passed dur ing  passivation was up to 60-100 
mc /cm 2 in different experiments.  The thicker film so 
formed and its abil i ty to bind exchangeable Cr(VI)  
ions are most probably  the reason why complete ac- 
t ivat ion did not occur on open circuit. In  the absence 
of oxygen or external  anodic polarization, however,  
even 0.20 f KfCr~Or at pH 2.7 only slowly ennobled  the 
iron potential, and an exposure of 16 hr left the elec- 
trode very considerably below the Flade potential.  U n -  
like the per technetate  ion and osmium (VIII) oxide 
(21), therefore, the chromates cannot be considered to 
be vigorous as passivating inhibitors under  de-aerated 
conditions, though their own slow reducibi l i ty dis t in-  
guishes them sharply from molybdates and tungstates, 
which are quite ineffective without  a supplementary  
oxidizing agent. 

Kolo tyrk in  and Bune (22) and Makrides and Stern 
(23) have presented data on electrode potentials and 
corrosion rates in solutions containing strong oxidizing 
agents which they used as evidence for the conclu- 
sion that passivating inhibi tor  anions funct ion only by 
their cathodic action. It  is to be noted, however, that 
both sets of experiments  were done under  conditions 
which make passivation easier than it is with iron, and 
at the same time both enhance the oxidizing power of 
the additive and destroy its possible inhibi tory  action. 
The experiments  of Kolotyrkin  and Bune were done 
with nickel, while Makrides and Stern used stainless 
steel; both metals  are passivated at relat ively low 
current  densities. Both sets of experiments  were done 
in 1N H2804, which differs in two essential respects 
from electrolytes in  which the anions may  actual ly 
produce inhibit ion,  namely,  the high acidity accentu-  
ates oxidizing power both thermodynamical ly  and ki-  
netically, and the high concentrat ion of sulfate ions 
and low pH value completely suppress the inhibi t ion 
observed under  suitable conditions. Neither set of ex-  
per iments  can be used, therefore, as valid arguments  
against  specific, noncathodic action by inhibi t ing  
anions when  proper conditions for inhibi t ion are used 
(24). 

It was proposed earlier that  the basic kinetic effect 
of adsorbed ions of the type of the Cr (VI) and Tc (VII) 
species comes from the space charge or potential  gradi-  
ent induced clo~e to the site of adsorption (14, 25, 26). 
Such effects were shown to be of opposite sign for ad-  
sorbed sulfate and chromate ions, and the hypothesis 
led to the na tu ra l  predict ion that  the pertechnetate  
ion should be inhibit ing.  This was at once found to be 

the case. Whether  this par t icular  mechanism is correct 
or not, the present  experiments  make it ent i re ly  clear 
that the action of the passivating inhibi tors  involves 
at least two very distinct functions. The noncathodic 
effects of such inhibitors will  be discussed in another 
place. 
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ABSTRACT 

The anodic behavior  of pure  iron, mild steel (0.055% C) and i ron- l .3% C 
was studied in flowing oxygenated and deaerated solutions of sulfuric and 
hydrochloric  acids, the results  being presented mainly  as apparent  anodic 
polarization curves at low current  densities and as plots of potent ial  against  
Reynolds number  for a fixed current  density at high current  densities. The 
data were  obtained largely by convent ional  galvanostat ic  methods for plate 
electrodes situated in a cell of square cross section, designed to al low the 
complete development  of the hydrodynamic  and mass t ransfer  boundary 
layers. In solutions containing oxygen, the  rest  potentials  and apparent  po- 
larization curves were  shifted in the posit ive direction on increasing the flow 
rate, the effect being greater  the lower the carbon content of the alloy. In 
deaerated acid the curves were  insensi t ive to flow changes up to a crit ical  
current  density, which was lower  for more dilute acids and higher  carbon 
contents, since the reactions involved  are ent i re ly  act ivat ion controlled. In-  
fluences of carbon content, hea t - t rea tment ,  and acid and cation concentra-  
tions on the position and length of the Tafel  region of the anodic polarization 
curve are considered. At high current  densities (e.g., 100 m a / c m  2) the be- 
havior  of all three alloys depar ted from Tafel  behavior,  and potentiostatic 
and galvanostat ic  results were  observed to be sensitive to the l iquid flow 
rate  in both hydrochloric  acid and sulfuric acid solutions. F rom galvanostat ic  
results obtained at a current  density of 440 m a / c m  2 it was deduced that  a 
film was formed at the anode surface. The presence of this film was shown 
to present  an additional impediment  to convect ive  mass t ransfer  of anolyte, 
thus occasioning a redis tr ibut ion of the potent ial  difference be tween  meta l  
surface and bulk electrolyte.  While  changes in l iquid flow rate  could be 
expected to control the rate of mass t ransfer  in the l iquid boundary layer, 
their  effect on the thickness and nature  of the porous surface layer  was 
complex. 

Over for ty  years ago Fr iend and Dennet t  (1) re -  
ported that  the corrosion ra te  of rotat ing iron disks in 
aerated 0.01-0.2N H2S04 increased l inear ly  wi th  ro-  
tat ional  speed up to 4000 rpm. However ,  Whi tman 
et al. (2, 3) found for aerated and oxygenated  acid 
(0.33-5N), and to a lesser extent  for n i t rogen-sa tu-  
rated solution, that  the corrosion ra te  of 0.12% C steel 
cylinders first decreased, passed through a minimum,  
and finally increased l inear ly  with rotat ion rate. The 
speed corresponding to the min imum increased with  
acid concentrat ion while  the corrosion ra te  was inde-  
pendent  of acid concentrat ion at high flow rates, a re-  
sult confirmed recent ly  by other  workers  (4). 

It  is now general ly  accepted that  the final rise in 
corrosion rate  with flow veloci ty is due to an increase 
in the cathodic reduct ion current  of oxygen. It  was 
demonstra ted fur ther  (5) that  hydrogen surface films 
(or carbon or cement i te  films in the case of h igh-  
carbon alloys) in ter fere  wi th  this reaction. However ,  
in all cases, e lectrolyte  flow reduces the thickness of 
the boundary  layer, thus al lowing faster  t ransport  of 
oxygen to the meta l  surface. 

The init ial  fall  and min imum in corrosion rate  has 
caused some controversy.  It  was original ly suggested 
that  (2, 3) the energy requi red  to produce small hy-  
drogen bubbles dur ing rotat ion was greater  than for 
the large bubbles produced in stagnant  solutions, and 
presumably  the bubbles in terfered differently wi th  
oxygen arrival .  Russian workers  (4) refuted the lat ter  
idea, c laiming that  the phenomenon occurred in de-  
aerated solutions but, as pointed out by Makrides (6), 
such solutions may  contain traces of residual oxygen. 
This point was pursued by Foroulis and Uhlig (5) 
who provided strong evidence, using a var ie ty  of ro-  
ta t ing i ron-carbon  alloy cylinders in 0.33N H2SO4, that  
very  low concentrat ions of O2 (and Fe ~+ ions pro-  

duced incidental ly)  act as anodic inhibitors ra ther  
than as depolarizers in this region, thus accounting for 
the initial fall  and minimum. This effect of oxygen 
was evident  in static solutions for low-carbon steels, 
but the min imum corrosion ra te  occurred at h igher  
velocit ies for higher  carbon steels, due to the need to 
remove  hydrogen or cementi te  screens. 

Other workers  (6-8) applied quant i ta t ive  t rea tments  
to the ra te  of a r r iva l  of depolarizers other  than  oxygen 
at a corroding iron surface. It  was shown incidental ly 
that  the potential  and dissolution rate of rota t ing spe- 
cimens increased with  veloci ty  in a i r - sa tura ted  2N 
HC1, but  there  was no effect in deaerated acid (7). 
This was confirmed subsequent ly  in hydrogen-sa tu -  
rated 0.52N H2SO4 (6) and in n i t rogen-sa tura ted  0.33N 
H2SO4 (5). These results indicate that  the anodic dis- 
solution of iron and the cathodic evolut ion of hydro-  
gen are not mass- t ransfer -cont ro l led  at these current  
densities. Surface roughening may affect corrosion 
rates at high velocities, and this phenomenon must  
c lear ly  be considered in flow studies because of possi- 
ble influences on boundary  layers (8). 

Corrosion of iron and steel tubes by flowing acid has 
been less extens ive ly  and less quant i ta t ive ly  studied. 
It was reported (4) that  in concentrated H2SO4 Y 
0.0026 Re 0.8, where  Y is the corrosion rate  at Reynolds 
number  (Re) and in more  di lute  acid Y ~ a -~ bV ~ 
where  V is the veloci ty  and a and b are  constants. The 
lat ter  resul t  agrees wi th  corresponding work  for ro-  
tated specimens (9), but  it was also shown (4) that  
the corrosion rate  was independent  of flow rate  above 
a certain veloci ty  (presumably  in aerated solutions).  
Ross and Jones (10) emphasized the importance of 
mass t ransfer  considerations and showed that  the dis- 
solution ra te  of mild steel in N H2SO4 var ied as ~ /Re 
and direct ly  as Re for laminar  flow (Re <2000) and 
turbulent  flow, respectively.  
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There  has been surpr i s ing ly  l i t t le study of the in-  
fluence of flow at high current  densities where  con- 
centrat ion polarizat ion and consequent  filming occur 
in what  may  be t e rmed  the prepassive region. It  was 
suggested (11) that  for concentrated acid veloci ty is 
not impor tant  below that  cri t ical  value  requi red  to 
erode the protect ive  FeSO4 film. Hines and Wil l iamson 
(12, 13) also commented  briefly on the flow sensit ivi ty 
of mild steel in ve ry  concentrated H2SO4. Apparen t ly  
a thin compact ferrous sulfate layer  beneath the por-  
ous visible layer  controls the cur ren t  density at con- 
stant potential,  but diffusion f rom a layer  of saturated 
solution outside the film may also be important .  Hoar 
and Rothwel l  (14) studied the electropolishing of 
copper in orthophosphoric acid in a flow system of 
square section under  potentiostatic control, but  their  
results re fer  only to Re ~ 1000. 

All  of the previous work  is open to criticism. Disso- 
lution in pipes has often been studied in the presence 
of oxygen and under  not  clearly specified flow condi- 
tions. For the exper imenta l ly  s impler  system of a 
rotat ing cyl inder  or a revolv ing  disk in deaerated acid, 
it is not always possible to establish the precise hy-  
drodynamic and mass t ransfer  conditions necessary 
for quant i ta t ive  t reatment .  For  example,  segregat ion 
of the corrosion products  according to mass by the 
centr i fugal  forces may  play an impor tant  par t  in the 
re la t ive  extent  of depolarizat ion of anodic and cath-  
odic processes. The edges of revo lv ing  disks also dis- 
solve faster  than the inner  regions due to the th inner  
diffusion layer  at the edges. 

In the flow cell used in the present  study, the hy-  
drodynamic and mass t ransfer  boundary  layers were  
ful ly  developed on the corroding anodic surface. Dis- 
solution of pure  iron, mild  steel and i ron- l .3% carbon 
were  studied galvanostat ical ly  over  a wide range of 
current  densities in aerated, oxygenated  and deaerated 
sulfuric and hydrochlor ic  acids. This study is the first 
quant i ta t ive  consideration of mass t ransfer  at a rap-  
idly dissolving anode surface where  concentrat ion po- 
larization and consequent  filming prevail .  

This part  of the paper  deals wi th  mass t ransfer  at a 
dissolving unfi lmed anode at re la t ive ly  low current  
densities. In the second par t  the influence of flow on 
dissolution through an anodic film is discussed wi th  
special reference being made to mass t ransfer  con- 
siderations. 

Mass Transfer Relationships ]or an Unfilmed Anode 
Dissolving under Transport Control 

It may be assumed that  changes in veloci ty and con- 
centrat ion of an electrolyte  flowing past a dissolving 
plate occur within thin boundary layers. Al though 
veloci ty boundary  relations!~ips can be der ived in 
terms of fluid properties,  the definition of the concen- 
t rat ion boundary terms is only possible when  a fur -  
ther  s implifying assumption is made. This requires  
ei ther that  the interracial  concentrat ion of the t rans-  
fe r red  substance is constant over  the ent ire  anode 
surface or, a l ternat ively,  that  the diffusive flux (cur-  
rent  density) is constant. It is not possible to state 
in advance which of these conditions applies dur ing 
anodic dissolution, al though exper imenta l  observa-  
tions repor ted  later  suggest that  an equipotent ia l  sur-  
face is attained. 

When the flow over  the anode plate is laminar,  Eck-  
ert 's  (15) cubic veloci ty  profile leads to the fol lowing 
expression 

V 3 y 1 y3 
- -  = [i] 

V~ 2 5~ 2 5t 

f rom which the hydrodynamic  boundary layer  has the 
dimension 

5l = 4.64 (Rex)-0.~ 

and the re levant  in tegrated boundary  layer  mass 
t ransfer  equation is of the form 

d ~a (Ci --  C) V ' d y  --D [2] 
CL~ y ~  

Wranglen  and Nilsson (16) applied Eckert ' s  pro-  
cedure  to the case of a flat cathode and, if their  de-  
r ivat ion is fol lowed for a dissolving anode, similar  
expressions result.  However ,  because the concentrat ion 
gradient  is reversed  during dissolution, the numer ica l  
constants are sl ightly different and the concentrat ion 
boundary layer  at an anode is general ly  th inner  than 
at a cathode. It is also no tewor thy  that  the diffusion 
boundary layer  thickness ~4 depends not only on the 
Reynolds (Re) and Schmidt  (Sc) groups, but  also on 
the electrode length (x).  

Expressions for the thickness of the concentrat ion 
boundary layer  under  ei ther  assumption, and in both 
flow regimes, are given below 

Equipotential surface 
Laminar  flow 

54 : Blx Sc -0.33 Rex-~ l 

Turbulent  flow 

5a = Btx  Sc -0.33 Rex-0.6[ 

Values of the constants B~,Bt 

1 -- t "-xX~ [3] 

cathodic deposition anodic dissolution 

Bt ~ 4.53 Bl ~ 2.86 
Bt ~ 6.97 Bt = 5.40 

Constant current density 
Laminar  f low 

84 ~ Blx Sc -0.33 Rex -0.50 / 

Turbulent  flow 

84 ~ Btx  Sc -0.38 Rex -0.60 / 
L 

X o 10.8?' 1--~--j 
Xo ]0.33 

1 - - ~ - =  

cathodic deposition anodic dissolution 

Bt ~ 3.59 BL ~ 2.26 
Bt ~ 5.88 Bt ~ 4.87 

Equations [3] and [4] wi th  the appropr ia te  values of 
B~ and B~ show that  the thickness of the mass t rans-  
fer  boundary  layer  is much less at the leading edge 
of a dissolving specimen; a l though at high flow rates 
a near ly  constant value is rapidly  attained, there  is 
always a tendency for excessive dissolution at edges, 
as was indeed found in practice. 

Experimental Procedure 
Three  materials,  designated here  as "pure iron," 

"mild steel," and "iron-1.3% C," were  employed. The 
analysis of the pure  iron was C 0.0059, Si 0.0070, Mn 
0.0020, S 0.0080, P 0.0010, Ni 0.0044, Cr 0.0014, Co 
0.0032, Cu 0.0028, A1 0.002, O 0.014%, and of the mild 
steel C 0.055, Si trace, Mn 0.360, S 0.020, P 0.016, Ni 
0.020, Sn 0.007, A1 trace, Cd 0.030%. The i ron- l .3% C 
alloy was made by adding graphi te  to the vacuum-  
mel ted pure iron. 

The pure  iron and i ron- l .3% C were  in strip form, 
used mainly  in a cold-worked condition, obtained by 
cold roll ing f rom 0.254 to 0.163 and f rom 0.279 to 0.198 
cm, respectively,  af ter  anneal ing for two hours at 
650~ For a few runs in the annealed condition, final 
vacuum anneal ing was carr ied out at 650~ for two 
hours. The commercial  mild  steel had been cold rol led 
f rom 0.274 to 0.170 cm and was annealed at 650~ 

Metal lographic  examinat ion of the pure  i ron showed 
a single phase ferr i t ic  s t ructure  of massive grain size. 
The grains of the mild steel were  smaller  and con- 
tained a trace of pearlite.  The i ron- l .3% C contained 
large spheroidized cementi te  part icles in a ferr i t ic  
matr ix.  
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ELECTRI# LEAD I--- A 
Fig. I~ Flow cell in section 

U n l e s s  o t h e r w i s e  s t a t e d  t h e  s o l u t i o n s  w e r e  a l w a y s  
m a d e  f r o m  A n a l a r  g r a d e  r e a g e n t s  a n d  d i s t i l l ed  w a t e r .  
S o l u t i o n  c o n c e n t r a t i o n s  w e r e  n o r m a l l y  0.5% or  5.0% 
w / w  w i t h  r e s p e c t  to  H2804 or  HC1. 

A flow cel l  of s q u a r e  cross  s ec t i on  w a s  u s e d  b e -  
c a u s e  m a s s  t r a n s f e r  r e l a t i o n s h i p s  h a v e  r e c e n t l y  b e e n  
p u b l i s h e d  fo r  a f lat  p l a t e  c a t h o d e  in  s u c h  a ce l l  (16) .  

T h e  f low cell,  s h o w n  s c h e m a t i c a l l y  in  Fig. 1, w a s  
m a d e  of 0.95 c m  t h i c k  P e r s p e x  a n d  h a d  a n  i n t e r n a l  
c ross  s ec t ion  of  1.90 x 1.90 cm.  T h e  s ides  w e r e  j o i n e d  
b y  bol t s ,  a n d  i t  w as  m a d e  l e a k - p r o o f  b y  a p p l y i n g  a 
t h i n  l a y e r  of p o l y s t y r e n e  i n  t he  g rooves .  T h e  ce l l  
s ides  w e r e  c o n t i n u o u s  e x c e p t  f o r  t h e  s h o r t  l e n g t h s  l e f t  
v a c a n t  fo r  i n s e r t i o n  of t h e  c a t h o d e  a n d  a n o d e  decks .  
T h e  t o t a l  l e n g t h  of t h e  f low cel l  w a s  3 m  of w h i c h  2m 
( a b o u t  96 e q u i v a l e n t  p i p e  d i a m e t e r s )  p r e c e d e d  t he  
l e n g t h  c o n t a i n i n g  t h e  s p e c i m e n ,  so p e r m i t t i n g  t h e  fu l l  
d e v e l o p m e n t  of t he  h y d r o d y n a m i c  b o u n d a r y  l aye r .  
A b o u t  25 e q u i v a l e n t  d i a m e t e r s  of ce l l  l e n g t h  w e r e  p r o -  
v i d e d  a t  t h e  e n d  of t h e  t e s t  s ec t ion  to a v o i d  s u d d e n  
c h a n g e s  in  t h e  d i r e c t i o n  of flow. G r a d u a l  c o n v e r s i o n  of 
flow, f r o m  a c i r c u l a r  d u c t  to  a s q u a r e  one  of s o m e -  
w h a t  l a r g e r  cross  sec t ion ,  w a s  s u c c e s s f u l l y  p r o v i d e d  a t  
t h e  t w o  e n d s  of t h e  ce l l  b y  m e a n s  of P e r s p e x  b l o c k s  
in  w h i c h  t h e  s h a p e  of t h e  cross  s ec t ion  w a s  c h a n g e d  
g r a d u a l l y .  

T h e  c a t h o d e  a n d  a n o d e  decks  w e r e  b o l t e d  in to  t h e  
m a i n  b o d y  of t h e  cel l  a n d  a n y  m i n o r  j o i n t s  m a d e  l e a k -  
proof .  T h e  s p e c i m e n  w i d t h  w a s  t h e  s a m e  as t h a t  of 
t h e  i n t e r n a l  s u r f a c e s  of t h e  f low cell, a n d  i ts  l e n g t h  
was  g e n e r a l l y  g r e a t e r  t h a n  t w i c e  t h e  d i s t a n c e  r e q u i r e d  
to d e v e l o p  t h e  fu l l  m a s s  t r a n s f e r  b o u n d a r y  l a y e r  b u t  
n o t  as l o n g  as t h e  ca thode .  M e t a l  s p e c i m e n s  w e r e  
g l u e d  i n to  s h a l l o w  d e p r e s s i o n s  in  s p e c i m e n  decks ,  c a r e  
b e i n g  t a k e n  on  m o u n t i n g  to e n s u r e  t h a t  t h e y  w e r e  
f lush  w i t h  t h e  d e c k  a n d  s u b s e q u e n t l y  t h a t  t h e  d e c k s  
w e r e  f lush w i t h  t he  s ides  of t h e  flow cell. P l a t i n i z e d  
t i t a n i u m  ca thodes ,  g e n e r a l l y  15.24 x 1.90 cm, w e r e  
a t t a c h e d  to P e r s p e x  decks .  

A p l a s t i c  c e n t r i f u g a l  p u m p  w a s  u s e d  to c i r c u l a t e  
t h e  e l e c t r o l y t e  a t  a c o n t r o l l e d  r a t e  ( m e a s u r e d  b y  
r o t a m e t e r s )  t h r o u g h  1.59 c m  b o r e  g lass  t u b i n g  to t h e  
f low cell, t h e  t o t a l  v o l u m e  of t h e  s y s t e m  i n c l u d i n g  t h e  
t a n k s  b e i n g  30-40 l i te rs .  T h e  s o l u t i o n  w a s  s a t u r a t e d  
w i t h  p u r e  o x y g e n  or  p u r e  n i t r o g e n  a n d  w a s  k e p t  u n d e r  
a p o s i t i v e  h e a d  of p r e s s u r e .  T h e  t e m p e r a t u r e ,  m e a s -  
u r e d  w e l l  u p s t r e a m  f r o m  t h e  f low cell, v a r i e d  f r o m  
23 ~ to 26~ 

P o t e n t i a l s  w e r e  m e a s u r e d  w i t h  a s a t u r a t e d  c a l o m e l  
e l e c t r o d e  t h r o u g h  a b a c k s i d e  P i o n t e l l i  p robe ,  t h u s  
a v o i d i n g  IRo d r o p s  a n d  p r o v i d i n g  a m i n i m u m  d i s -  
t u r b a n c e  of t h e  h y d r o d y n a m i c  b o u n d a r y  l aye r .  T h e  
f ine c a p i l l a r y  Tef lon  p r o b e  f i t ted  t i g h t l y  i n t o  a ho l e  in  
t h e  c e n t e r  of t h e  s p e c i m e n  a n d  w a s  h e l d  i n  p o s i t i o n  b y  
s c r e w i n g  t h e  t h i c k e r  e n d  i n to  t h e  P e r s p e x  b a c k  of 
t h e  deck .  T h e  c a p i l l a r y  w a s  t r i m m e d  e x a c t l y  f lush  to 
t h e  s u r f a c e  of t h e  s p e c i m e n  b e f o r e  use.  A l l  p o t e n t i a l  
v a l u e s  a r e  q u o t e d  on  t h e  s t a n d a r d  h y d r o g e n  scale ;  
t h e y  w e r e  o b t a i n e d  b y  a d d i n g  240 m v  to t he  c a l o m e l  
va lues ,  l i q u i d  j u n c t i o n  p o t e n t i a l s  b e i n g  n e g l e c t e d .  

G a l v a n o s t a t i c  p o l a r i z a t i o n  c u r v e s  w e r e  o b t a i n e d  as 
d e s c r i b e d  l a t e r  u s i n g  c o n v e n t i o n a l  c i r cu i t ry .  C o r r e s -  

p o n d i n g  p o t e n t i o s t a t i c  c u r v e s  w e r e  s o m e t i m e s  o b t a i n e d  
u s i n g  a W e n k i n g  P o t e n t i o s t a t  ( s t a n d a r d  6 1 / T R ) .  

D u e  to t h e  w e l l - k n o w n  h y s t e r e s i s  effects  in  t h e  
s y s t e m s  i n v e s t i g a t e d ,  i t  was  n e c e s s a r y  to a d o p t  s t a n d -  
a r d  procedure for all experimental runs. The mounted 
specimen was etched in 1:3 HNO3 for 15 sec (or longer 
when it was felt that decarburized layers might ex- 
ist on the specimen), washed, dried and inserted in 
the cell. Pure nitrogen was passed through the cir- 
culating electrolyte by-passing the flow cell for 2 hr 
before the cell was connected, deaeration then being 
continued for about 30 rain until the specimen poten- 
tial became constant. Current was next passed through 
the cell for 15 min with maximum circulation speed 
of the electrolyte until a new steady value was 
achieved. Readings of potential were then made at 
successively lower flow rates to the minimum, then 
rising again to the maximum, the velocity being 
changed every 2 rain. Mean values are plotted on the 
various curves. With oxygenated and naturally aerated 
solutions a steady potential was obtained within 5 rain 
of imposing the external current; readings were taken 
after a further 5 rain during these runs. For low cur- 
rent density runs a single specimen could be used for 
several current densities, but at high current densities 
it was employed only once because of the change in 
geometry resulting from rapid dissolution. 

Anodic Dissolution at Low Current Densities 
Preliminary Considerations 

Hysteresis and reproducibility.--It w a s  e a r l y  es -  
t a b l i s h e d  t h a t  a p o l a r i z a t i o n  c u r v e  o b t a i n e d  b y  g r a d u -  
a l l y  r a i s i n g  t h e  c u r r e n t  d e n s i t y  s t e p w i s e  l ay  n o  m o r e  
t h a n  20 m v  a b o v e  t h e  c o r r e s p o n d i n g  c u r v e  o b t a i n e d  
s u b s e q u e n t l y  b y  r e d u c i n g  t h e  c u r r e n t  ( a t  Re  17,000). 
S i m i l a r l y ,  on  a p p l y i n g  a n y  c u r r e n t  t h e  p o t e n t i a l  of 
t h e  a n o d e  rose  s h a r p l y  to a m o r e  p o s i t i v e  v a l u e  a n d  
t h e n  g r a d u a l l y  d r o p p e d  to a f ina l  va lue .  T h e  r e v e r s e  
p h e n o m e n o n  o c c u r r e d  w h e n  t h e  c u r r e n t  w a s  s w i t c h e d  
off. S u c h  g e n e r a l  b e h a v i o r  c a n  b e  r e l a t e d  to p o t e n t i a l -  
d e p e n d e n t  specific s u r f a c e  a c t i v i t i e s  of t h e  s p e c i m e n  
w h i c h  c a n n o t  b e  d i s c u s s e d  in  d e t a i l  he re .  

W h e n  s p e c i m e n s  w e r e  u s e d  a t  s e v e r a l  c u r r e n t  d e n -  
si t ies,  v a l u e s  w e r e  o b t a i n e d  w i t h  b o t h  p r o g r e s s i v e l y  
i n c r e a s i n g  a n d  d e c r e a s i n g  c u r r e n t  dens i ty ,  m e a n  f igures  
b e i n g  p l o t t e d  o n  t h e  c h a r a c t e r i s t i c  cu rves .  E x p e r i -  
m e n t a l  r u n s  w e r e  a l l  d u p l i c a t e d  a n d  w e r e  o f t e n  t r i p l i -  
ca ted .  T h e  r e p r o d u c i b i l i t y  of p o t e n t i a l  r e a d i n g s  w a s  
_+ 2 m v  b e l o w  10 m a / c m  2 a n d  _+ 5 m v  a t  h i g h e r  c u r -  
r e n t  dens i t i es .  A t  v e r y  h i g h  c u r r e n t  d e n s i t i e s  ( >  400 
m a / c m  2) a n d  l ow  Re  ( ~  1000) i t  d e t e r i o r a t e d  to _ 20 
my ,  b u t  s u c h  r e s u l t s  a re  r a r e l y  quo ted .  
Potentiostatic and galvanostatic curves.--At r e l a -  
t i v e l y  l ow  c u r r e n t  d e n s i t i e s  v i r t u a l l y  i d e n t i c a l  r e s u l t s  
w e r e  o b t a i n e d ;  h o w e v e r ,  a t  v e r y  h i g h  c u r r e n t  d e n -  
s i t ies  a n d  low f low r a t e s  a f i lm of h y d r o g e n  a c c u m u -  
l a t e d  on  t h e  c a t h o d e  a n d  a f fec ted  t h e  f u n c t i o n i n g  of 
t h e  p o t e n t i o s t a t .  C o n s e q u e n t l y  g a l v a n o s t a t i c  c o n t r o l  
w a s  a d o p t e d  for  m o s t  r u n s .  
HC1 or H 2 S O 4 . - - W o r k  a t  v e r y  h i g h  c u r r e n t  d e n s i t i e s  
was  c o n d u c t e d  m a i n l y  i n  h y d r o c h l o r i c  ac id  b e c a u s e  of 
t h e  g r e a t e r  s o l u b i l i t y  of  t h e  i r o n  sa l t s  a n d  t h e  s m a l l e r  
t e n d e n c y  to p a s s i v a t e  i n  HCI. P o l a r i z a t i o n  c u r v e s  in  
H2SO4 a n d  HC1 a t  c o n c e n t r a t i o n s  of 0.5% a n d  5% w / w  
s h o w e d  r e l a t i v e l y  l i t t l e  d i f fe rence .  
Cell and specimen geometry.--The a n o d e  d i s s o l v e d  
u n i f o r m l y  in  s ta t i c  e n v i r o n m e n t s  a n d  in  f l owing  so lu -  
t ions  p r o v i d e d  t h e  c u r r e n t  d e n s i t y  w a s  low.  A t  h i g h  
c u r r e n t  dens i t i e s ,  t h e  l e a d i n g  a n d  t r a i l i n g  e d g e s  d i s -  
s o l v e d  f a s t e r  t h a n  t h e  r e s t  of t h e  sur face .  T h i s  s u g -  
ges t s  t h a t  t h e  d i f fus ion  b o u n d a r y  l a y e r  w a s  n o t  f u l l y  
e s t a b l i s h e d  a t  t h e  edges .  

T h e  h i g h e r  d i s s o l u t i o n  r a t e  of t h e  edges  w a s  u n -  
a f fec ted  b y  t h e  p o s i t i o n  of t h e  c a t h o d e ;  p l a c i n g  t he  
c a t h o d e  w e l l  d o w n s t r e a m  f a i l e d  to p r e v e n t  p r e f e r e n -  
t i a l  a t t a c k  of t h e  l e a d i n g  edge .  T h e  h i g h e r  r a t e  w a s  
n o t  c a u s e d  b y  t h e  n a r r o w  c r e v i c e s  b e t w e e n  d e c k  a n d  
a n o d e  s ince  m a s k i n g  of  t h e s e  c r e v i c e s  led  to t h e  de -  
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velopment  of "lips" immedia te ly  adjacent  to the cov- 
ered areas. 

Results were  independent  of anode size, provided it 
was smaller  than the cathode. For  the reverse  case, 
there was excessive dissolution over  an area roughly  
equal  to the cathode area. 

The anode was equipotent ia l  over  its main  surface: 
two probes placed 2.54 cm from each end showed the 
same potential.  Also, a small  (1.9 x 0.5 cm) anode, in-  
sulated f rom the main  deck but kept  at the same cur-  
rent  density, showed the same potent ial  as the rest  of 
t h e  deck provided it  was not  placed at an edge. The 
sides of the specimen corroded at the same ra te  as the 
center, even at high current  densities (400 ma/cm2) .  
Therefore,  the specimen behaved hydrodynamica l ly  as 
a flat plate. 

In f luence  of Oxygen  at Low Current  Densities 

In Fig. 2, the rest  potentials are plotted against  Re 
for all three  mater ia ls  in deaerated,  oxygenated,  and 
natura l ly  aerated conditions. Corresponding apparent  
polarization curves are depicted in Fig. 3 to 5. The lat-  
ter  results are presented at all Re for the mild  steel 
which shows behavior  in termedia te  be tween that  of 
the pure iron and the iron-1.3% C alloy. Results for 
these last mater ia ls  have  been condensed in Fig. 4 and 
5. 

For each mater ia l  it was found that  the rest  po- 
tential  changed very  l i t t le  (2-7 my) on raising Re 

_2401 I I I I 

- 2 9 0 ~  7 ~ 4 j-3  
_~-3~O I 

0 5 0 0 0  I 0 0 0 0  1 5 0 0 0  2 0 0 0 0  
Re 

Fig. 2. Variation of rest potentials with Re for all materials in 
0.5% w/w H2SO4. Pure iron: deaerated solution, curve 1 I~; 
aerated solution, curve 2 O; oxygenated solution, curve 3 A .  Mild 
steel: deaerated solution, curve 4 I ;  aerated solution, curve 5 e; 
oxygenated solution, curve 6 A .  Fe-1.3% C: deaerated solution, 
curve 7 half dark circle; aerated solution, curve 8 ~ ;  oxygenated 
solution, curve 9 V .  
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Fig. 3. Apparent anodic polarization curves for mild steel in 
0.5% w/w H2$O4: (a). oxygen saturated. 
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f rom 0 to 13,000-17,000 in deaerated solution. These 
small  changes are undoubtedly  due to minor  traces of 
oxygen remaining in solution. On the other  hand, for 
aera ted and oxygenated solutions the rest  potential  
increased wi th  flow velocity, the effect being greater  
in the oxygenated solutions. The same general  picture 
holds for the polarizat ion curves;  their  position is in-  
dependent  of Re in deaerated solution, but  they rise 
wi th  Re in the presence of oxygen. The influence of 
oxygen on the rest  potent ial  and on the position of 
the apparent  anodic polarizat ion curve is increasingly 
impor tant  the lower  the carbon content  of the alloy. 

It can be concluded that  in a deaerated solution the 
rest  potent ia l  and anodic polarizat ion curve, and con- 
sequent ly  the corrosion rate, are independent  of flow 
rate  in a duct of square cross section, thus confirming 
the corresponding results  of Makrides (6) and Foroulis  
and Uhlig (5) wi th  rotat ing electrodes. This result  
implies that  iron dissolution and hydrogen evolution 
are not mass- t ransfer  control led under  these condi- 
tions. 
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Fig. 4. Selected apparent anodic polarization curves for pure 
iron in 0.5% w/w H~SO4: E] deaerated; O naturally aerated; 
oxygenated. 
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Fig. 6. Schematic representation of relationship between ap- 
parent anodic curves and true anodic and cathodic curves in 
solutions containing oxygen. 

T h e  r e d u c t i o n  of o x y g e n  r a i s e s  t h e  r e s t  p o t e n t i a l  a n d  
t h e  p o l a r i z a t i o n  c u r v e s  b y  c o n t r i b u t i n g  to t h e  c a t h o d i c  
r e a c t i o n  a n d  i n c r e a s i n g  t h e  d i s s o l u t i o n  r a t e .  T h e  e f -  
f ec t  is m o r e  p r o n o u n c e d  t h e  l o w e r  t h e  c a r b o n  c o n t e n t  
( l o w e r  c o r r o s i o n  r a t e )  fo r  s e v e r a l  pos s ib l e  r ea sons .  

F i r s t ,  t h e  effect  w i l l  b e  s m a l l e r  a t  h i g h e r  n a t u r a l  co r -  
r o s i o n  r a t e s  b e c a u s e  t h e  c o n t r i b u t i o n  of o x y g e n  w i l l  
b e  r e l a t i v e l y  less  i m p o r t a n t  t h a n  t h e  v e r y  l a r g e  h y -  
d r o g e n - e v o l u t i o n  c o n t r i b u t i o n  to t h e  c a t h o d i c  c u r r e n t .  
Second ,  t h e  p r e s e n c e  of a h y d r o g e n  f i lm on  t h e  s u r -  
f ace  i n t e r f e r i n g  w i t h  t h e  access  of o x y g e n  to t h e  s u r -  
f ace  w i l l  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t  t h e  h i g h e r  t h e  
c o r r o s i o n  ra t e ,  as h a s  b e e n  p o i n t e d  ou t  b y  F o r o u l i s  
a n d  U h l i g  (5) .  I t  is pos s ib l e  in  t h e  p r e s e n t  f low cel l  
fo r  h y d r o g e n  to a d h e r e  to  t h e  s u r f a c e  e v e n  a t  h i g h  
Re  w h i c h  a p p a r e n t l y  is no t  t h e  case  w i t h  r o t a t i n g  
s p e c i m e n s .  A n  a d d i t i o n a l  obs t ac l e  to o x y g e n  a r r i v a l  
ex i s t s  in  t h e  case  of t h e  i r o n - l . 3 %  c a r b o n  a l loy  b e -  
c a u s e  a c a r b o n  a n d  c e m e n t i t e  f i lm a c c u m u l a t e s  on  t h e  
a n o d e  sur face .  

E x a m i n a t i o n  of a l l  c u r v e s  for  a e r a t e d  a n d  o x y g e n -  
a t e d  s o l u t i o n s  s h o w s  t h a t  a t  h i g h  Re  t h e  r e s t  p o t e n -  
t ia l  is r e a c h i n g  a l i m i t i n g  va lue ,  a lso i m p l y i n g  t h a t  
t h e  c o r r o s i o n  r a t e  is b e c o m i n g  c o n s t a n t .  Th i s  r a t e  is  
d e t e r m i n e d  b y  t h e  a r r i v a l - r a t e  of o x y g e n  t h r o u g h  t h e  
d i f fus ion  b o u n d a r y  l a y e r  w h i c h  is r e a c h i n g  a l i m i t -  
ing  t h i c k n e s s  a t  h i g h  Re. 

A n  i n t e r e s t i n g ,  a n d  a p p a r e n t l y  a n o m a l o u s ,  effect  
fo r  t h e  p u r e  i r o n  a n d  m i l d  s t ee l  a t  Re  < 3000-4000, 
c o r r e s p o n d i n g  a p p r o x i m a t e l y  to t h e  r e g i o n  of l a m i n a r  
flow, is t h a t  t h e  r e s t  p o t e n t i a l s  ( a n d  p o l a r i z a t i o n  
c u r v e s )  a r e  l o w e r  t h e  g r e a t e r  t h e  d e g r e e  of  o x y g e n a -  
t ion.  A c t u a l l y  i t  w as  s h o w n  b y  a l l o w i n g  15 m i n  i n -  
s t e a d  of t h e  u s u a l  2 m i n  b e t w e e n  r e a d i n g s  t h a t  t h e  
d i f f e r ences  b e t w e e n  a e r a t e d  a n d  o x y g e n a t e d  s o l u t i o n s  
( a l w a y s  < 5 m y )  cou ld  h a v e  b e e n  due  to h y s t e r e s i s  
effects.  In  t h i s  r e g i o n  t h e  r e s i s t a n c e  to d i f fus ion  of 
o x y g e n  t h r o u g h  t h e  t h i c k  b o u n d a r y  l a y e r  m u s t  h a v e  
b e e n  m o r e  i m p o r t a n t  t h a n  t h e  b u l k  o x y g e n  con t en t .  
T h e  r e s u l t  for  n o m i n a l l y  d e a e r a t e d  so lu t ion ,  some  20 
m v  h i g h e r ,  cou ld  n o t  b e  e x p l a i n e d  in  t h i s  w a y  a n d  
w a s  q u a n t i t a t i v e l y  r e p r o d u c i b l e .  T h e  m o s t  l i k e l y  e x -  
p l a n a t i o n  is t h a t  s m a l l  q u a n t i t i e s  of r e s i d u a l  o x y g e n  
(or  F e  3+) w e r e  a d s o r b e d  on  a c t i v e  a n o d i c  si tes,  i n -  
h i b i t i n g  i r o n  d i s s o l u t i o n  a n d  r a i s i n g  t h e  s lope  of t h e  
t r u e  a n o d i c  c u r v e  (5) .  Once  f low e n t e r s  t h e  t u r b u l e n t  
r eg ion ,  o x y g e n  r e a d i l y  a r r i v e s  a t  t h e  i n t e r f a c e  in  
o x y g e n a t e d  a n d  a e r a t e d  s o l u t i o n s  a n d  o b s c u r e s  t h i s  
effect.  A p p a r e n t  c o n f i r m a t i o n  of  t h e s e  ideas  is o b -  
t a i n e d  b y  s c r u t i n i z i n g  t h e  r e s u l t s  fo r  i r o n - l . 3 %  C; no  
ef fec t  ( o t h e r  t h a n  t h e  b o g u s  d i s p l a c e m e n t  of o x y g e n -  
a t e d  a n d  a e r a t e d  s p e c i m e n s  d u e  to h y s t e r e s i s )  is 
o b s e r v e d .  Th i s  is b e c a u s e  t h e  h y d r o g e n  a n d  c e m e n t i t e  
f i lms w o u l d  p r e v e n t  o x y g e n  a d s o r p t i o n  a n d  b e c a u s e  
t h e  v e r y  r o u g h  s u r f a c e  m i g h t  r e s t r a i n  t h e  f o r m a t i o n  
of l a m i n a r  flow. 

T h e  a p p a r e n t  a n o d i c  p o l a r i z a t i o n  c u r v e  is i n i t i a l l y  
a l m o s t  f la t  a n d  i ts  s lope  r i ses  w i t h  c u r r e n t  d e n s i t y  

u n t i l  i t  a p p r o a c h e s  t h e  T a f e l  va lue .  A t  l ow  c u r r e n t  
dens i t i e s ,  t h i s  c u r v e  is t h e  a l g e b r a i c  s u m  of t h e  a n o d i c  
r e a c t i o n  c u r r e n t  a n d  of t h e  t w o  c a t h o d i c  r e a c t i o n  c u r -  
r en t s ,  as s h o w n  s c h e m a t i c a l l y  i n  Fig. 6. I n  t h e  case  of 
t h e  p u r e  i r o n  i n  o x y g e n a t e d  s o l u t i o n  t h e  c a t h o d i c  
c u r v e s  m a y  b e  so d o m i n a n t  a t  h i g h  Re  t h a t  a n e g a t i v e  
s lope  is o b s e r v e d ,  a l t h o u g h  t h i s  is a l m o s t  w i t h i n  the  
l i m i t s  of e x p e r i m e n t a l  e r r o r .  As  t h e  o x y g e n  c o n t e n t  
of t h e  s o l u t i o n  is r a i sed ,  t h e  a p p a r e n t  c u r v e  r i ses  in  
t h e  m a n n e r  s h o w n .  O n  i n c r e a s i n g  t h e  c u r r e n t  d e n s i t y  
t h e  p r o p o r t i o n  of c a t h o d i c  a r e a s  a n d  c o n s e q u e n t l y  of 
t h e  c a t h o d i c  r e a c t i o n  on  t h e  a n o d e  s u r f a c e  d e c r e a s e s  
a n d  t h e  s h i f t  w i t h  f low b e c o m e s  p r o p o r t i o n a t e l y  less. 
I n  d e a e r a t e d  s o l u t i o n s  no  a n o d i c  s h i f t  w a s  o b s e r v e d ,  
a n d  t h e  s lope  of t he  c u r v e  w a s  s t eepe r .  I t  is n o t i c e a b l e  
t h a t  fo r  p u r e  i r o n  a n d  m i l d  s t ee l  in  a e r a t e d  a n d  o x y -  
g e n a t e d  so lu t i ons  t h e  s lope  a t  t h e  h i g h e s t  c u r r e n t  
d e n s i t i e s  r e p o r t e d  i n c r e a s e d  as Re  d e c r e a s e d .  T h i s  is 
in  h a r m o n y  w i t h  t h e  t h e o r y  g i v e n  above .  F u r t h e r  c o n -  
f i r m a t i o n  is a f fo rded  b y  t h e  s lopes  of t h e  c u r v e s  for  
i r o n - l . 3 %  C w h i c h  a r e  i n d e p e n d e n t  of Re  b e c a u s e  
o x y g e n  is r e l a t i v e l y  u n i m p o r t a n t .  F i n a l l y ,  m o s t  of  
t h e  c u r v e s  in  a e r a t e d  a n d  d e a e r a t e d  s o l u t i o n  do  n o t  
e x a c t l y  c o n f o r m  to t r u e  T a f e l  b e h a v i o r  ( t h e  s lopes  
b e i n g  too  l ow)  b e c a u s e  t h e  c a t h o d i c  r e a c t i o n  o n  t h e  
a n o d e  s u r f a c e  is s t i l l  s ign i f ican t .  R e s u l t s  a p p r o x i m a t -  
i ng  m o r e  c lose ly  to Ta fe l  b e h a v i o r  a r e  d i s cus sed  
be low.  

Apparent  Anodic Polarization Curves  
T h e  t y p i c a l  c u r v e  fo r  m i l d  s t ee l  i n  0.5% w / w  HC1, 

d e p i c t e d  i n  Fig. 7, s h o w s  t h r e e  d i s t i n c t  r eg ions .  A t  low 
a p p l i e d  c u r r e n t  d e n s i t i e s  ( u p  to a b o u t  1 m a / c m  2) t h e  
c u r v e  A B  is r e l a t i v e l y  flat. A t  s l i g h t l y  h i g h e r  c u r r e n t  
d e n s i t i e s  a n d  p o t e n t i a l s ,  w h e r e  h y d r o g e n  e v o l u t i o n  on  
t h e  a n o d e  s u r f a c e  is m u c h  less, t h e  a p p a r e n t  Ta fe l  
r e g i o n  B C  is r e a c h e d ,  w i t h  a s lope  of 65 my.  T h i s  r e -  
g ion  h a s  b e e n  e x t r a p o l a t e d  a b o v e  t h e  c u r r e n t  d e n s i t y  
of 12 m a / c m  2 w h e r e  i t  ceases  to  h o l d  t r u e  in  p rac t i ce .  
T h e r e  is no  s e n s i t i v i t y  to  f low in  t h e  f i rs t  two  r e g i o n s  
b e c a u s e  t h e  r e a c t i o n s  i n v o l v e d  a r e  a c t i v a t i o n  c o n -  
t ro l l ed .  
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Fig. 7. Complete apparent anodic polarization curves for mild 
steel in deaerated 0.5% w/w HCI at various Re. 
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Nevertheless,  above 12 m a / c m  2 the polarizat ion 
curves (which should be largely " t rue"  curves) rise 
sharply, the rise being greater  the lower  the Re. It  
is impor tant  to observe that  once the current  density 
corresponding to C is exceeded ve ry  rapid flow is 
incapable of depressing the polarizat ion curve  to the 
extrapola ted Tafel  line. Evidence wil l  be presented 
in the second part  to show that, once concentrat ion 
polarizat ion is established, filming of the anode sur-  
face occurs, and this is not  readi ly  removed.  I t  is just  
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Fig. 8. Influence of HCI concentration, carbon content and 
heat treatment on apparent anodic polarization curves (deaerated): 
(a) mild steel; [ ]  5% w/w acid; O, A 0.5% w/w acid. 
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Fig. 8 (c). Iron-1.3% C 

possible that  par t  of this residual  overpotent ia l  is due 
to an IRe drop in the electrolyte,  even though a back-  
side probe was adopted, but  this possibility wi l l  be 
neglected here. 

Corresponding curves for the three  mater ia ls  in de-  
aerated 0.5% and 5% w / w  HC1 are given in Fig. 8, 
the two branches at high cur ren t  densities represen t -  

OBSE RV -E.O- ............. 
CURV~:" 

/ " IRON DISSOLUTION 

Log i 

Fig. 9. Change in slope of apparent anodic curve due to in- 
crease in acid concentration in the absence of oxygen (schematic): 
(a) (top) dilute acid; (b) (bottom) concentrated acid. 

ing values for Re 205 and 15,000, respectively.  Included 
in the d iagrams for pure  iron are the results  for an- 
nealed specimens. Some of the more  impor tan t  quan-  
tities are tabulated in Table I. 
Influence of carbon content.--If the polarization 
curves for pure  iron, mild steel, and i ron- l .3% C taken 
f rom Fig. 8 are superimposed for each acid con- 
centrat ion several  interest ing conclusions may  be 
drawn. First, a l lowing for slight var iat ions in Tafel  
slope, which are probably re la ted to changes in spe- 
cific surface act ivi ty  de te rmined  by the polarizing 
cycle imposed, the apparent  polarizat ion curves in the 
Tafel  region are re la t ive ly  close. There  is some evi-  
dence that  curves for the i ron- l .3% C alloy lie to the 
r ight  of those for the pure  iron but the effect is not 
ve ry  pronounced. These curves clear ly  do not show 
up the massive differences in na tura l  cell corrosion. 
Thus, Wood and Roberts  (17) showed that  t rue  curves 
for iron-1.3% C obtained by weight  loss measure -  
ments  lie wel l  to the r ight  of those for pure  iron cor- 
responding to a tenfold increase in dissolution rate. 
In the present  case at low current  densities before 
Tafel  behavior  is observed the  curves are higher  and 
flatter for the h igher  carbon materials,  due to the 
grea ter  contr ibution of t h e  cathodic react ion to the 
apparent  anodic curve, and Tafel  behavior  does not 
start  unti l  the  current  density is h igher  (Fig. 9). 

The second impor tan t  point  is that  Tafe l  behavior  
ceases at a lower applied current  density the higher  
the carbon content. This could be due to the contr ibu-  
tion made  by local cell corrosion in providing a suffi- 
cient concentrat ion of Fe 2+ ions for concentrat ion po- 
lar izat ion and film format ion  to occur at an earl ier  
stage. An  a l te rna t ive  explanation,  which would  be 
more  l ikely  in potent ial  ranges where  local cell cor-  
rosion is negligible, is that  cement i te  and carbon cor- 
rosion products  block the surface, so increasing the 
actual  anodic cur ren t  density in regions of f ree  surface 
thus permi t t ing  an ear l ie r  onset of filming. 

Table I. Important values for materials in deaerated solutions 

M a t e r i a l  

d E  
T a f e l  s lope ,  - - ,  m y  R a n g e  of  T a f e l  b e h a v i o r  

R e s t  p o t e n t i a l ,  m y ,  EH d l o g  i c u r r e n t  d e n s i t i e s ,  m a / c m  z 

0 .5% HC1 5% HC] 0.5% HC1 5% HC1 0.5% HCI  5% HCI  

Cold  Co ld  A n -  Co ld  A n -  Co ld  Co ld  Cold  
A n n e a l e d  w o r k e d  A n n e a l e d  w o r k e d  n e a l e d  w o r k e d  n e a l e d  w o r k e d  A n n e a l e d  w o r k e d  A n n e a l e d  w o r k e d  

P u r e  i r o n  - - 2 8 0  - -322  - -242  - -263  65 65 54 54 - -23  0 .9-55 0 .45-155 0 .45-155  
M i l d  s t ee l  - - 2 9 0  - -  - - 2 4 5  - -  65 42 1-12 - -  0 .11-110  - -  
I r o n - l . 3 %  C - - 2 8 8  - -291  - - 2 3 8  - - 2 4 8  57 ~ 50 5-0 1.8-8 1.8-8 0 . 7 - 3 0  0 . 7 - 3 0  
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Influence of annealing.--A few results  were  obtained 
on annealed specimens of pure  i ron and i ron- l .3% C 
to compare wi th  the co ld-worked  specimens normal ly  
used. Examinat ion  of the rest  potentials  in Table I 
shows that  anneal ing raised the value  for pure iron 
by 42 mv  in 0.5% w / w  acid and by only 21 mv  in 5% 
w / w  acid. The very  small  shifts for i ron- l .3% C spec- 
imens are almost wi th in  the exper imenta l  error. The 
only apparent  polarizat ion curves which show any 
difference in the Tafel  region are those for the pure  
i ron in 0.5% w / w  acid, where  the curve  for the an- 
nealed specimen lies 28 my  above that  for the cold- 
worked  specimen. 

In view of the conflicting evidence and opinion on 
the importance of cold work  on dissolution behavior  
(17-19), deductions must  be made  wi th  reservation.  
At the outset it is impor tant  to emphasize  the differ- 
ences which occur when  comparing the behavior  of: 
(a) co ld-worked  specimens with  specimens obtained 
from them by subsequent  annealing, and (b) an-  
nealed specimens with  specimens obtained f rom them 
by cold working.  The comparison made here  lies in 
the first category. The higher  rest potentials of pure 
iron after  anneal ing can be explained readi ly  by the 
possible remova l  of many  active anodic sites by an-  
nealing, and probably much more important ,  the re-  
precipi ta t ion of cement i te  at appropriate  sites to form 
an increased number  of cathodic areas. Hydrogen evo-  
lution wil l  be simpler, cathodic polarizat ion wil l  be 
less, so the rest potent ia l  will  be higher,  in agree-  
ment  wi th  the findings of Foroulis  and Uhlig for 
0.002% C iron (18). The effect is less pronounced in 
the 5% w / w  acid because the much greater  H + con- 
centrat ion in the electrolyte  makes hydrogen evolu-  
tion easier, and it is less impor tant  to have specific 
cathodic sites. It  is difficult to draw conclusions f rom 
the apparent  anodic curves par t icular ly  if, as appears 
the case, some local cell action is still occurr ing in 
this region. However ,  the effect of anneal ing is less 
pronounced than for the rest  potentials  and is non-  
existent  in the case of the 5% w / w  acid. The lat ter  
findings agree with  those of Wood and Roberts  (17) 
who demonstra ted a shift be tween annealed and cold- 
worked specimens, using method (b) above, for 0.5% 
acid but  not for 5% acid, but  are not apparent ly  sup- 
ported by the theories of Foroulis  and Uhlig. (18). 

The insignificant changes in rest  potent ia l  and the 
position of the polarization curves for the i ron- l .3% 
carbon alloy are  not surprising since subcrit ical an- 
neal ing wil l  not  great ly  affect the redis t r ibut ion of 
massive cementi te .  However ,  a difference is observed 
in rest  potentials  and t rue  anodic curves using scheme 
(b) above (17). 

In agreement  wi th  the observations at low current  
densities, only the annealed pure  iron in 0.5% w / w  
acid filmed more  readi ly  than the co ld-worked  ma te -  
rial. This occurred at 23 ma/cm2 instead of 55 m a / c m  2 
due presumably  to the greater  inherent  dissolution 
rate  of annealed iron. It  is not par t icular ly  clear why  
this should be so because local cell corrosion should 
be very  small  at this potential.  The a l te rna t ive  ex-  
planat ion of par t ia l  surface blocking by cement i te  
products does not  look very  l ikely ei ther for such a 
re la t ive ly  pure  metal.  
Influence of acid concentration.--Consideration of the 
apparent  Tafel  slopes shows them to lie wi thin  the 
range 42-65 my which is in reasonable agreement  
wi th  the l i terature.  Not too great  credence should be 
given to the present  values since they were  obtained 
f rom apparent  curves obtained in a stepwise fashion. 
It does appear  that  the values  are re la t ive ly  inde-  
pendent  of carbon content  and are lower  the higher  
the concentrat ion of the acid, a t rend also found by 
other  workers  (17). 

For  all alloys the onset of concentrat ion polarizat ion 
and consequent  filming was delayed in the higher  
concentrat ion of acid unti l  a higher  applied current  
density was attained. This could be ascribed possibly 
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Fig. 10. Influence of adding FeCI2 on anodic curves for mild 
steel in deaerated 0.5% w/w HCI: O no Fe 2+ added; [ ]  0.57 g 
ions Fe2+/liter; X 1.73 g ions Fe2+/liter. 

to the greater  diffusivity of ferrous ions in the more 
concentrated acid, so restr ict ing their  accumulat ion 
in the boundary layers. Al te rna t ive ly  the film could 
be more  soluble in the 5% acid, where  the lower  pH 
might  be significant, but  this is definitely not the case 
wi th  yet  higher  concentrat ions (12, 13). 
Influence of initially dissotved ferrous ions.---Anodic 
polarization curves were  obtained for additions of 0.57 
and 1.73 g ions Fe2+/ l i te r  to solutions of HC1 in the 
form of FeC12.H20. These additions raised the rest 
potentials t o - - 1 9 0  and --188 my, respectively,  values 
par t ly  determined by the increase in Fe  2+ concen- 
t rat ion but main ly  by impur i ty  filming of the anode 
as commercial  grade FeC12-H20 had to be used. 

The apparent  polarization curves always remained  
higher  for the FeC12-containing solutions, but  the cur-  
rent  density at which depar ture  f rom Tafel  behavior  
occurred was independent  of FeC12 concentrat ion 
(Fig. 10). This proved that  the concentrat ion of Fe 2+ 
ions obtained at the interface just  prior  to filming 
must be much greater  than those resul t ing f rom the 
re la t ive ly  small  additions of FeC12 solution. 

Anodic Dissolut ion a t  H igh  C u r r e n t  Densi t ies  

The results presented in the first part  of this paper  
show that  at low and medium current  densities there  
is l i t t le dependence of ei ther  potent ia l  or current  
density upon the flow rate  (Fig. 7). This is not  to say 
of course that  there  is no mass transport,  but  ra ther  
that  its contr ibution is negligible save in those in-  
stances where  dissolved oxygen is present.  When the 
dissolution rate  is increased to a level  where  the speci- 
men surface adopts an ent i re ly  anodic role and solute 
is generated at a rate  approaching that  at which it 
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Fig. 13. Potentials of specimens in flowing 0.5% w/w HCI at 
current density of 440 ma/cm2: A pure iron; �9 mild steel; [ ]  
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is dispersed by diffusion and convection, a more  
marked  response to flow rate  should result.  F igure  11 
presents  results typical  of those obtained wi th  all  three  
metals  in both hydrochlor ic  and sulfuric acid; it shows 
that  at 100 m a / c m  2 the potent ia l  responded to flow 
variat ions over  a wide range of Reynolds number.  
Similarly,  Fig. 12 is typical  of potentiostatic data 
which show that at a sufficiently anodic potent ial  there  
is a wide  range of response to flow. The m a x i m u m  
current  density employed was 440 m a / c m  2, and at this 
value  there  was a marked  decrease in flow sensit ivi ty 
even at high Reynolds numbers.  

Reference  to Fig. 7 and 8(a) suggests that  at dis- 
solution rates corresponding to a current  density of 
12 m a / c m  2 (in the case of mild steel exposed to 0.5% 
w / w  HC1) the t rue  Tafel  behavior  of the anodic re-  
action is disturbed by an increasing degree of con- 
centrat ion polarizat ion and consequent  filming. Above 
this value, therefore,  the observed electrode potential  
includes act ivat ion overpotential ,  the concentrat ion 
overpotent ia l  in the film and be tween  the film and 
the bulk  electrolyte,  ohmic overpotent ia l  in the film, 
and any ohmic t e rm in the probe. This last t e rm is con- 
sidered to be negligible in a back probe of the P ion-  
telli type; the act ivat ion potent ial  may  be obtained by 
extrapolat ion of the Tafel  region of the curve. A com- 
parison of such values with those observed for all 
three metals  in 0.5% HC1 at m a x i m u m  dissolution rate 
(Fig. 13) indicates how the  apparent  concentrat ion 

overpotent ia l  and the ohmic overpotent ia l  in the film 
responded to flow rate. It  is recognized that  both of 
these factors wi l l  be operative,  but since it is difficult 
to separate them in a quant i ta t ive  manner ,  each wil l  
be dealt  with as a l te rna t ive  explanations,  as though 
the other were  negligible.  

When a solute is t ransported by means  of diffusion 
and convection through a boundary layer  under  the in-  
fluence of a concentrat ion dr iving force, the simplified 
equat ion for the flux jD, assuming no part icipat ion by 
the solvent  or other  species, is 

JD : K ( C i  -- Cb) 

The concentrat ion dr iv ing  force is the difference 
be tween the interfacial  concentrat ion and the bulk 
concentration, and K is re fe r red  to as the mass t rans-  
fer  coefficient. Wranglen  and Nilsson's t rea tment  of 
the cathodic (16) process allows us, wi th  an appropr i -  
ate change of constant, to calculate K for an equipo-  
tent ial  anodic process and compare theoret ical  mass 
t ransfer  coefficients wi th  those encountered at high 
current  densities. The interfacial  concentrat ion C~ may  
be calculated f rom the apparent  concentrat ion over-  
potent ial  (Ec) previously  described by introducing the 
concentrat ion of ferrous ions (C,-) corresponding to the 
revers ible  potent ia l  of the meta l  concerned. 

Thus if 
R T  C i 

E c :  zF l~  [--~-r  ] 

[E zF] 
C i :  C r ' e x p  L c - ~ ]  [5] 

Now Ec may be read off f rom resu l t s  such as those 
por t rayed in Fig. 13, and Cv may be calculated f rom 
the revers ib le  potent ial  (Erm) for each metal,  as cal-  
culated by the method of Bockris (20) 

RT 
Erm=E ~ lonCr 

zF 

or 

Cr = exp (Erm -- E ~ - -  [6] 
RT 

Concentration terms were used throughout because of 
the paucity of activity coeff• data. 

The results of such calculations in the case of mild 
steel sustaining a current density of 440 ma/cm 2 in 
flowing deaerated 0.5% HCI are displayed in Table II, 
from which two facts are immediately apparent. First, 
the observed mass transfer coefficient (U) is many 
orders of magnitude less than the calculated value 
(K), and second, the interracial concentration (Ci) 
is much higher than that expected from the 
solubility of the salts concerned in the medium em- 
ployed (e.g., 4.16 x 10 -3 moles /ml  for FeCl2). Table 
III  presents similar  data obtained f rom mi ld  steel in 
5% HC1, where  there  is good agreement  be tween  U 
and K at high Reynolds numbers.  The agreement  be- 
tween  the predicted and observed mass t ransfer  de- 

Table II. Comparison of observed and calculated mass 
transfer coefficients 

Mild steel in 0.5% w/w HCI 

R e  E c o n c  C i  U K 
m v  g i o n s / r n l  c m / s e c  c m / s e c  

lOOO 785 1.58 • 10 rt 1.442 • I0 ~z 6.4 • 10 -5 
1500 705 3.16 X i015 7.22 • I0 -~ 7.85 • 10 -5 
2000 640 2.00 • 1016 1.14 • 10 ~z 9.05 • IO -e 
2500 595 6.30 • I0 ~4 3.62 • 10 -~ 1.01 • IO -~ 
3000 565 6.30 • 10 :is 3.62 • 10 -2o 1.11 • 10 -4 
5 0 0 0  4 7 5  6 . 6 0  • 101~ 3 . 4 6  • 10  -7 1 .18  • 10  ~ 
7 0 0 0  435  3 . 1 6  X 1O" 7 . 2 2 0  • 10  -15 1 .42  • 10  -~ 

llOOO 390 l.OO X lO s 2.28 • I0-~ 1.78 • I0-4 
15000 370 2.24 • 107 1.015 x 10 -15 2.27 • 10 -4 
17000 365 1.41 • I0 'r 1.62 • 10 -15 1.67 • 10 -~ 
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Table III. Comparison of observed and calculated mass 
transfer coefficients 

Mild steel in 0.5% w/w HCI 

R e  E c o n c  Cr U K 
m v  g i o n s / m l  e m / s e c  c m / s e c  

I000 125 i . i  x i0  ~ 2.07 x i0  -6 6.82 x I0  -5 
1500 120 7.6 x 10 -I  3,00 x 10 ~ 8.37 x 10 -s 
2000 115 5.25 X I0  -I 4.35 x i0  -6 9.66 x I0  -s 
2500 110 3.56 x 10 -I  6.4 x 10 -B 1.08 X I0  -~ 
3000 105 2.4 x 10 -I  9.5 X 10 -e 1.18 x I0  -4 
5000 95 1.125 X i0 -I 2.02 X lO -~ 1.25 • I0  -~ 
7000 SO 3.56 X 10 -~ 6.4 x 10 -~ 1.51 x i0  -~ 

11000 75 2.405 x 10 -~ 9.5 X 10 -5 2.01 x I0  -t 
15000 70 1.645 X 10 -2 1.385 X 10 -t  2.42 X IO -I 
1 7 0 0 0  67 1 .34  x 10 -~ 1.7 x 10 -4 2 . 6 4  X 10 -4 

p e n d e n c e  is t h u s  c l e a r l y  d e p e n d e n t  on  t h e  m e t a l  a n d  
e l e c t r o l y t e  a n d  b o t h  m a t t e r s  a r e  c o m m e n t e d  on  la te r .  

S u p e r s a t u r a t i o n  of t h e  m e t a l - e l e c t r o l y t e  i n t e r f a c e  
w i t h  m e t a l l i c  ions  a n d  n u c l e a t i o n  a n d  g r o w t h  of so l -  
u b l e  f i lms h a v e  b e e n  o b s e r v e d  b y  s e v e r a l  w o r k e r s  in 
d i f f e r e n t  sy s t ems .  A l t h o u g h  in  t h i s  w o r k  c o n d i t i o n s  fo r  
p a s s i v i t y  w e r e  n o t  a t t a i n e d ,  t h e  f o r m a t i o n  of c r y s t a l -  
l i ne  l a y e r s  d u e  to s u p e r s a t u r a t i o n  a l o n e  h a v e  b e e n  
n o t e d  p r e v i o u s l y  (21-23) .  T h e  i n t e r r a c i a l  c o n c e n t r a -  
t i o n  C~ is t h e  c o n c e n t r a t i o n  p r e v a i l i n g  a t  t h e  m e t a l  
s u r f a c e  w h e r e  t h e  a n i o n  c o n c e n t r a t i o n  is low,  w h i l e  
Ci' is t h a t  v a l u e  a t  w h i c h  t h e  f i lm s u b s t a n c e  is j u s t  
so lub le .  I t  s h o u l d  b e  n o t e d  t h a t  a c o n s t a n t  m a s s  t r a n s -  
f e r  r a t e  r e q u i r e s  t h a t  (C(  - -  CD) r e m a i n s  c o n s t a n t  also. 
Thus ,  if  t h e  t r a n s p o r t  p r o p e r t i e s  of t h e  f i lm a r e  r e p -  
r e s e n t e d  b y  m e a n s  of a f i lm coeff ic ient  ( h ) ,  t h e  s t e a d y -  
s t a t e  f lux t h r o u g h  b o t h  f i lm a n d  b o u n d a r y  l a y e r  in  
se r i e s  m a y  b e  w r i t t e n  as 

[7] 3D = h ( C i - -  Ci') = K ( C I ' - -  Cb) = U ( C i - -  Cb) 

w h e n c e  
1 1 1 

+ 
U h K 

a n d  so 
U K  

h 
K - - U  

Thi s  e x p r e s s i o n  e n a b l e s  us  to  e x t r a c t  t h e  f i lm coeffi-  
c i e n t  f r o m  t h e  o b s e r v e d  coeff ic ient  b y  m e a n s  of t h e  
t h e o r e t i c a l  m a s s  t r a n s f e r  coefficient .  

T h e  d i m e n s i o n s  of t h e  f i lm a r e  r e l a t e d  to t h e  s o l u -  
b i l i t y  of t h e  s u b s t a n c e ,  as fo l lows.  C o n s i d e r  t h a t  a 
m e t a l  M of v a l e n c y  m r e a c t s  w i t h  a n  a n i o n  X of 
v a l e n c y  n thus ,  ( a g a i n  e m p l o y i n g  c o n c e n t r a t i o n s  
r a t h e r  t h a n  a c t i v i t i e s )  

M --> M m + -F m r  

m 
- - X  -{- m e ~  - - X ' -  
n n 

a n d  
-m. 

M ~ +  + - -  X - - 1  ~ M X m / .  
n 

If  t h e  c o n c e n t r a t i o n  of X ions  is Cx, a n d  t h e  s o l u b i l i t y  
p r o d u c t  of MXm/n  ~ S, sol id  ex i s t s  a t  a c a t i o n  c o n c e n -  
t r a t i o n  C~, 

w h e n  
s = [ c f l  [c=].,/,, 

A p r i l  I 9 6 6  

o r  

S 
C{ 

[Cx]m/" 
n o w  le t  

I ac  
Jn  = - -  - -  ( D  + , )  [ 8 ]  

A n F  Oy 

w h e r e  e is t h e  c o n t r i b u t i o n  to t r a n s p o r t  d e r i v e d  f r o m  
t u r b u l e n t  eddies ,  a n d  i n t e g r a t i n g  b e t w e e n  t h e  l i m i t s  

C = C i  w h e n  y = 0  

C =  C(  w h e n  y - - - -y l  

[ S ] I y ,  [9] 
C i - - -  (Cx) m/" ---- A n F  (D + e) 

o r  

Ys = (D + ~) ~ C~ (C~) ~ / "  [10] 

T h i s  r e s u l t  m a y  a p p e a r  to  s u g g e s t  t h a t  i n c r e a s e d  t u r -  
b u l e n c e  a t  a f ixed  c u r r e n t  d e n s i t y  w o u l d  r e s u l t  i n  a 
t h i c k e r  film. H o w e v e r ,  i n c r e a s e d  t u r b u l e n c e  w o u l d  also 
r e d u c e  t h e  i n t e r r a c i a l  c o n c e n t r a t i o n  fo r  i t  is  t h e  o u t e r  
v a l u e  C( w h i c h  is c o n t r o l l e d  o n l y  b y  c o n s i d e r a t i o n s  
of so lub i l i t y .  

T h u s  a t  a n y  g i v e n  f lux  (o r  c u r r e n t  d e n s i t y )  t h e  f i lm 
t h i c k n e s s  d e c r e a s e s  as t h e  t u r b u l e n t  c o n t r i b u t i o n  to 
m a s s  t r a n s p o r t  i nc reases .  U n f o r t u n a t e l y  l a c k  of p r e -  
cise s o l u b i l i t y  d a t a  f o r  i r o n  sa l t s  in  s o l u t i o n s  of ac ids  
p r e v e n t s  a n  a s s e s s m e n t  of t h e  a b s o l u t e  v a l u e  of C{ but ,  
as h a s  b e e n  s h o w n  a l r e a d y  in  m a n y  in s t ances ,  t h e  f i lm 
c o n s t i t u t e d  t h e  d o m i n a n t  r e s i s t a n c e  to t h e  d i f fus ion  of 
f e r r o u s  ions.  

T h e  f o r m a t i o n  of a p o r o u s  f i lm o n  t h e  a n o d e  i n -  
c reases  t h e  e l e c t r i c a l  r e s i s t a n c e  a n d  i n t r o d u c e s  a n  IRo 
drop.  E m p l o y i n g  t h i s  a l t e r n a t i v e  a p p r o a c h ,  i t  is pos -  
s ib le  to  c a l c u l a t e  t h e  r e s i s t a n c e  f r o m  t h e  p o t e n t i a l  in  
excess  of t h e  a p p r o p r i a t e  a c t i v a t i o n  p o t e n t i a l .  T h e  
r e s u l t s  (Fig.  14) s u g g e s t  t h a t  a t  c u r r e n t  d e n s i t i e s  of 
less t h a n  80 m a / c m  ~ t h e  f i lm w a s  no t  f u l l y  f o r m e d ,  
a n d  also t h a t  t h e  f u l l y  d e v e l o p e d  r e s i s t a n c e  w a s  de -  
p e n d e n t  o n  f low ra te .  

I f  t h e  l i m i t i n g  r e s i s t a n c e  v a l u e s  (Ro) f r o m  th i s  
g r a p h  a r e  u s e d  in  c o n j u n c t i o n  w i t h  e x p e r i m e n t a l  E 
vs. Re da ta ,  i t  is pos s ib l e  to  c o m p a r e  t h e  c a l c u l a t e d  
o v e r p o t e n t i a l  (o r  IRo d r o p )  w i t h  t h e  o b s e r v e d  va lue ,  
as in  Fig.  15. I t  w i l l  b e  s e e n  t h a t  c lose  a g r e e m e n t  b e -  

i i i i i , F I . r  
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Fig. 14. Film resistance at various flow rates, for mild steel and 
0.5% w/w HCl. 
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Fig. 15. Comparison of observed overpotential and that calculated 
from IRo for mild steel in 0.5% w/w HCI at 440 ma/cm 2. 
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t w e e n  these  two  va lues  exis ts  at  Reyno lds  n u m b e r s  in 
excess  of  5000, bu t  t ha t  at l o w e r  flow ra tes  a dis-  
c r e p a n c y  becomes  apparen t .  This  could  be  due  e i the r  
to d i f fe ren t  f i lm p rope r t i e s  at low Re, or  to a m o r e  
subs tan t i a l  con t r i bu t i on  f r o m  concen t r a t i on  po l a r i za -  
t ion in t he  pores  of  the  fi lm at  low c u r r e n t  densi t ies .  

Ef]ect of Variations in C co~te~t, Anneal ing,  
Acid  Concentration, and Dissolved F e ( I I )  Ions 

T h e  resu l t s  so fa r  discussed,  a l t hough  i l l u s t r a t i ve  
of t he  b e h a v i o r  of a l l  t he  sys tems  e x a m i n e d  at h igh  
c u r r e n t  densi t ies ,  w e r e  m a i n l y  d r a w n  f r o m  e x p e r i e n c e s  
w i t h  mi ld  s tee l  in d e a e r a t e d  0.5% w / w  so lu t ion  of h y -  
d roch lo r i c  acid. As  in t he  c u r r e n t  dens i ty  r eg imes  r e -  
v i e w e d  ear l ie r ,  i t  is to be  e x p e c t e d  tha t  changes  in ca r -  
bon  content ,  h e a t - t r e a t m e n t ,  acid concen t ra t ion ,  or  in 
the  in i t i a l  p r e sence  of f e r rous  ions w o u l d  r e su l t  in 
changes  in the  effect  of  f low rate.  

Carbon con ten t . - -As  has  been  r e m a r k e d ,  the  c u r r e n t  
dens i ty  at  w h i c h  d e p a r t u r e  f r o m  T a f e l  b e h a v i o r  and 
hence  flow sens i t iv i ty  is o b s e r v e d  va r i e s  w i t h  ca rbon  
content .  These  f igures  w e r e  55 m a / c m  ~ for  p u r e  iron,  
12 m a / c m  2 for  m i l d  steel ,  and  8 m a / c m  2 for  1.3% C 
alloy.  The  inc reased  ca rbon  con t en t  i nc rea sed  the  na t -  
u ra l  d i sso lu t ion  r a t e  so tha t  t he  concen t r a t i on  o v e r -  
po ten t i a l  and  f i lming  effects b e c a m e  m o r e  not iceable .  
S i m i l a r  b e h a v i o r  is o b s e r v e d  at h igh  c u r r e n t  dens i t ies  
(Fig.  13). 

Anneal ing . - - In  on ly  one ins tance ,  n a m e l y  of pu re  
i ron  in 0.5% w / w  HC1 solut ion,  d id  a n n e a l i n g  re su l t  
in a c h a n g e d  b e h a v i o r  at  h igh  c u r r e n t  densi t ies .  F i g u r e  
16 shows h o w  the  o b s e r v e d  p o t e n t i a l  of t he  spec imens  
d i f fered  f r o m  each  o the r  at va r i ous  flow rates .  I t  
w o u l d  seem tha t  in  this  case  the  a n n e a l i n g  a m o u n t e d  
to a d i f fe ren t ia l  h e a t - t r e a t m e n t  r e s u l t i n g  in m o r e  n u -  
m e r o u s  ca thod ic  si tes (18). This  effect  was  no t  no t i ce -  
ab le  e i the r  in i n c r e a s e d  acid  concen t r a t i ons  or  w h e n  
the  ca rbon  con t en t  was  h igher ,  because  of t he  g r ea t l y  
inc reased  n a t u r a l  d i sso lu t ion  rates .  

Acid concentrat ion . - -The resu l t s  ob ta ined  f r o m  spec-  
imens  of a l l  t h r ee  m e t a l s  exposed  to 0.5 and  5.0% w / w  
HC1 a re  s h o w n  in Fig.  17. I t  is c l ea r  tha t  in bo th  ca r -  
b o n - c o n t a i n i n g  a l loys  the  i nc rea sed  acid  c o n c e n t r a t i o n  
r e d u c e d  the  d e g r e e  of c o n c e n t r a t i o n  po l a r i za t i on  and  
the  r e su l t i ng  f i lming process,  t h e r e b y  d i m i n i s h i n g  the  
sens i t iv i ty  to f low rate .  The  p o t e n t i a l  of p u r e  .~ron 
indeed  ceased  to be  flow sens i t ive  w h e n  i m m e r s e d  in 
the  s t r o n g e r  acid. 

N o w  a r e - a r r a n g e m e n t  of Eq.  [7] resu l t s  in an  e x -  
press ion  fo r  the  fi lm fac to r  h 

1 
h -- [ 1 1 ]  
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Fig. 16. Variation of potential of annealed (open box with dot) 
and cold worked (open circle) pure iron in flowing 0.5% w/w HCI 
(current density 440 ma/cm2). 
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Fig. 17. Variation of potential of specimens in flowing HCI (cur- 
rent density 440 ma/cm2). Circle, Pure iron in 0.5% w/w HCI; box, 
pure iron in 5.0% w/w HCI; half dark circle, mild steel in 0.5% 
w/w HCI; half dark box, mild steel in 5.0% w/w HCI; �9 iron-1.3% 
C in 0.5% w/w HCI; �9 iron-l.3% C in 5.0% w/w HCI. 

and as at any  f ixed c u r r e n t  dens i ty  I / A  

h ( C i - -  C()  = K ( Q ' - -  Cb) 

C~' = (hC~ + K C b ) / ( K  -t- h) [12] 

subs t i tu t ing  fo r  C' = S /  ( Cx) m/n 

(Cx) ml~ 
h = [13] 

Ci --  S~ (Cx) ~/* 

T h u s  an inc rease  in Cz, t he  an ion  concen t ra t ion ,  w o u l d  
r e d u c e  h, t he  f i lm factor ,  in any  flow s ta te  w h e r e  K is 
constant .  

( K - F h )  c b ( K )  
Ci : Ci' h --h 

(C~) m/n -~ + 1 --  C5 -~ [14] 

n o w  r e - a r r a n g i n g  [11] as 

K U 
- -  1 

h h 
and subs t i tu t ing  

U [  S C b ] + l  [15] 
Ci = --~ ( Cx) m/* 

w h i c h  also p red ic t s  t ha t  an  inc rease  in  an ion  concen -  
t r a t i on  (i.e., acid  s t r eng th )  w o u l d  r e s u l t  in a r e d u c -  
t ion of Ci, and  hence  the  p robab i l i t y  of t he  necessa ry  
c o n c e n t r a t i o n  of  ca t ions  to r e su l t  in f i lming.  F o r  e x -  
ample ,  in the  case  of i ron  in  HC1, w h e r e  m / n  = 2, a 
t en fo ld  change  in an ion  c o n c e n t r a t i o n  re su l t s  in a lmos t  
a 100-fold change  in  Ci. A d o p t i n g  the  fi lm res i s t ance  
approach ,  a p p a r e n t  f i lm res i s tances  a r e  g i v e n  in Tab le  
IV. F i lms  f o r m e d  in c o n c e n t r a t e d  acid  m a y  be  th i cke r  
t h a n  the  res i s t ance  ind ica tes  because  e n t r a p p e d  ac id  is 
m o r e  conduc t ive .  

Ferrous ion concentrat ion.--Equation [15] is also of  
i n t e re s t  i n a s m u c h  as i t  p red ic t s  that ,  once  f i lming is 
comple te ,  t he  p r e sence  of f e r rous  ions  in so lu t ion  (Cb) 
shou ld  h a v e  l i t t l e  effect  on the  i n t e r r ac i a l  c o n c e n t r a -  
t ion  ( C 0 .  E x p e r i m e n t s  w e r e  ca r r i ed  ou t  in  wh ich  0.57 
g ion  F e f + / l i t e r  w e r e  added  to 0.5% HC1 solut ion,  and 
1.73 g ion  F e 2 + / l i t e r  added  to 5.0% HC1 solut ion,  in 
the  f o r m  of FeC12 �9 HfO crysta ls .  A t  h i g h  d i sso lu t ion  
ra tes  the  r ead ings  w e r e  r a t h e r  uns teady ,  bu t  in g e n :  
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Table IV. Apparent film resistances for Re ~ 10,000 at 
c.d. of 440 ma/cm 2 

Alloy Electrolyte Physical Apparent film 
HCI state resistance, 

ohm . em 2 

Pure Iron 0.5% Co]d worked 0.53 
Mild steel 0.5% Annealed 0.90 
Fe-l.3% C 0.5% Cold worked 1.00 
:Mild steel 5.0% Annealed 0.18 
Fe-l.3% C 5.0% Cold worked 0.32 
Pure iron 0.5% Annealed 0.75 

e r a l  t h e r e  w a s  l i t t l e  d e p a r t u r e  of b e h a v i o r  of  a l l  t h r e e  
a l loys  f r o m  t h a t  e x p e r i e n c e d  in  p l a i n  acid.  I t  is of 
i n t e r e s t  to  n o t e  t h a t  t h i s  is no t  e x p e c t e d  if  d i f fu s iona l  
c o n t r o l  is e n t i r e l y  b y  m a s s  t r a n s p o r t  in  t h e  b o u n d a r y  
l aye r ,  b u t  is p r e d i c t e d  f r o m  Eq. [15] w h i c h  i n c l u d e s  
t h e  f i lm fac to r .  

Conclusions 
1. T h e  r e s t  p o t e n t i a l s  a n d  a p p a r e n t  a n o d i c  p o l a r i z a -  

t i on  c u r v e s  fo r  a l l  m a t e r i a l s  in  H2SO4 c o n t a i n i n g  o x y -  
g e n  s h i f t  i n  t h e  p o s i t i v e  d i r e c t i o n  w i t h  i n c r e a s e  in  f low 
r a t e ,  d u e  to o x y g e n  r e d u c t i o n  a d d i n g  to t h e  c a t h o d i c  
c u r r e n t .  T h e  s h i f t  is less  a t  h i g h e r  c a r b o n  c o n t e n t s  d u e  
to t h e  s m a l l e r  r e l a t i v e  c o n t r i b u t i o n  of o x y g e n  to  t h e  
t o t a l  c a t h o d i c  c u r r e n t  a n d  a lso  to b l o c k i n g  t h e  spec i -  
m e n  s u r f a c e  b y  h y d r o g e n ,  c a r b o n  a n d  c e m e n t i t e  films. 
A n o m a l o u s  effects  a t  l ow  R e  fo r  p u r e  i r o n  a n d  m i l d  
s t ee l  m a y  b e  d u e  to i n h i b i t i o n  b y  o x y g e n  or  F e  3 + ions.  

2. I n  d e o x y g e n a t e d  HC1 t h e  a p p a r e n t  a n o d i c  po -  
l a r i z a t i o n  c u r v e  is c o m p o s e d  of t h r e e  d i s t i n c t  r eg ions .  
T h e  f i rs t  is r e l a t i v e l y  flat, r e p r e s e n t i n g  t h e  n e t  r e s u l t  
of t h e  t r u e  a n o d i c  a n d  c a t h o d i c  p r o c e s s e s  o n  t h e  spec i -  
m e n ;  t h e  s e c o n d  is a T a f e l  r e g i o n  w h e r e  a n o d i c  d i s -  
s o l u t i o n  is a c t i v a t i o n  c o n t r o l l e d ;  i n  t h e  f ina l  r e g i o n  
t h e r e  is a s h a r p  r i s e  in  p o t e n t i a l  d u e  to c o n c e n t r a t i o n  
p o l a r i z a t i o n  w h i c h  i m m e d i a t e l y  p r o d u c e s  f i lming.  T h e  
o v e r p o t e n t i a l  i n  excess  of t h e  a c t i v a t i o n  v a l u e  m a y  b e  
a c c o u n t e d  fo r  e i t h e r  in  t e r m s  of c a t i o n  c o n c e n t r a t i o n  
g r a d i e n t s  w i t h i n  t h e  f i lm a n d  b e t w e e n  t h e  f i lm a n d  
b u l k  s o l u t i o n  or  as a n  IRo d r o p  in  p o r e s  in  t h e  film. 

3. I n  t h e  f i rs t  t w o  reg ions ,  t h e  p o t e n t i a l  is no t  s e n -  
s i t ive  to f low d u r i n g  a g a l v a n o s t a t i c  r u n .  F l o w  s e n s i -  
t i v i t y  a p p a r e n t  in  t h e  t h i r d  r e g i o n  is  a t t r i b u t e d  e i t h e r  
to  r e d u c t i o n  i n  c o n c e n t r a t i o n  o v e r p o t e n t i a l  i n  t h e  f i lm 
or  to  f i lm t h i n n i n g .  

4. I n c r e a s e  in  c a r b o n  c o n t e n t  a n d  d e c r e a s e  in  ac id  
c o n c e n t r a t i o n  r e d u c e s  t h e  a p p a r e n t  r a n g e  of c u r r e n t  
d e n s i t i e s  o v e r  w h i c h  T a f e l  b e h a v i o r  is de t ec t ed .  T h e  
a p p a r e n t  T a f e l  s lope  is l o w e r  in  m o r e  c o n c e n t r a t e d  acid.  
T h e  c u r r e n t  d e n s i t y  a t  w h i c h  T a f e l  b e h a v i o r  ceases  is 
i n d e p e n d e n t  of l a r g e  c o n c e n t r a t i o n s  of F e  2 + ion a d d e d  
to t h e  acid.  

5. A n n e a l i n g  a c o l d - w o r k e d  s p e c i m e n  h a s  no  ef fec t  
o n  a n y  r e g i o n  in  t he  case  of F e - l . 3 %  C in  0.5% or  
5% w / w  HC1 or  of p u r e  i r o n  in  5% w / w  HC1. H o w -  
eve r ,  p u r e  i r o n  i n  0.5% w / w  ac id  d i s so lves  m o r e  
r a p i d l y  in  t h e  a n n e a l e d  c o n d i t i o n  p r o b a b l y  d u e  to t h e  
p r o d u c t i o n  of  f a v o r a b l e  c a t h o d i c  si tes.  

6. I n  t h e  f l o w - s e n s i t i v e  r e g i o n  t h e  l e a d i n g  edge  
d i s so lves  p r e f e r e n t i a l l y  in  c lose  a c c o r d a n c e  w i t h  
t h e o r y .  

7. F i l m i n g  is c a u s e d  b y  s u p e r s a t u r a t i o n  of t h e  
b o u n d a r y  l a y e r  w i t h  F e  2+ ions  a n d  once  t h e  f i lm is 
f o r m e d  i t s  s t a b i l i t y  is d e t e r m i n e d  b y  i t s  s o l u b i l i t y  
p r o d u c t .  T h e  f i lm is t h i c k e r  f o r  h i g h e r  c a r b o n  c o n -  
t e n t s  a n d  a t  l ow  ac id  c o n c e n t r a t i o n s  b u t  is i n d e p e n d e n t  
of t h e  b u l k  F e  2+ c o n c e n t r a t i o n .  I n c r e a s e  in  f low r a t e  
r e d u c e s  t h e  f i lm t h i c k n e s s  or  t h e  c o n c e n t r a t i o n  p o l a r -  
i z a t i o n  a s s o c i a t e d  w i t h  i t  to a l i m i t i n g  va lue .  A l -  
t h o u g h  i t  h a s  p r o v e d  pos s ib l e  to t r e a t  t h e  d a t a  q u a n -  
t i t a t i v e l y  i n  t e r m s  of e i t h e r  p h e n o m e n o n  e x c l u s i v e l y ,  
i t  is n o t  pos s ib l e  to  s e p a r a t e  t h e i r  i n d i v i d u a l  c o n t r i -  
b u t i o n s  to  t h e  m e a s u r e d  o v e r p o t e n t i a l .  
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A Redox Printing Technique for the Study of the 
Electronic Conductivity of Anodic Oxide Films on Valve Metals 

Gerhart  P. Klein 

Laboratory for Physical Science, P. R. Mallory & Co. Inc., Northwest Industrial Park, Burlington, Massachusetts 

ABSTRACT 

A pr int ing method using iodide-s tarch as the redox indicator in a solid- 
ified electrolyte  was developed for  applications to various va lve  metals  and 
their  anodic oxide films. It  was used to study the electronic conduct ivi ty  of 
anodic oxide films on tan ta lum and niobium and to detect defect ive sites in 
oxide films on aluminum. Applied to t i tanium, zirconium, and silicon, as wel l  
as the  other va lve  metals,  the technique was used for an evaluat ion of the 
surface condition of the meta l  substrates. The technique also was useful  in 
cases where  the oxide films corroded under  the influence of the pr int ing 
electrolyte.  

Some of the va lve  metals  are noted for high re -  
sistivity oxide films (1) that  can be produced by 
anodic oxidation. However ,  the high resis t ivi ty  can 
be real ized only when  mater ia ls  of ex t reme pur i ty  
are being used. In most practical  cases, heterogenei t ies  
which disrupt  the uni formi ty  of the dielectr ic  were  
found to be present  in the oxide film giving infer ior  
over -a l l  properties.  Impuri t ies  and several  other  con- 
ditions have been identified as sources for excessive 
electronic conduct ivi ty  of anodic oxide films leading 
to "gassir~g," i.e., oxygen  evolut ion during format ion 
in aqueous electrolytes in the, absence of redox sys- 
tems other  than H20/O2-system and to excessive leak-  
age currents.  

The distr ibution of the electronic current  wi l l  de-  
pend on the distr ibut ion of the heterogenei t ies  and 
impurities.  It can vary  f rom complete  uniformity,  
both microscopical ly and macroscopically,  to distinct 
s ingular i ty  in cases of random contamination.  

Measurements  in electrolytes do not permit  the de- 
te rminat ion  of the distr ibut ion of the electronic cur-  
rents unless the react ion products are immobil ized 
at the site of their  creation. These must  be detectable 
by their  color or other  dist inguishing characteristics.  

The quant i ta t ive  evaluat ion of electronic currents  
is possible, at least  in principle, by measur ing the re -  
action products of redox reactions by standard ana-  
lyt ical  or e lectroanalyt ical  methods. However ,  the 
quanti t ies of mater ia ls  to be evaluated  are usual ly  so 
small, except  in cases of large electronic currents  and 
small  volumes, that  the sensit ivi ty of most analyt ical  
methods is inadequate.  

This situation led to our development  of a thin 
layer pr in t ing-out  technique which uses a redox in-  
dicator pr int ing electrolyte  in gelled form supported 
by a porous back-up mater ia l  for the determinat ion  
of the distr ibution and densi ty  of the electronic cur-  
rent  passing through anodic oxide films in the fo rma-  
tion direction. The electronic current  is uti l ized to 
oxidize the reduced species of the redox indicator, the 
oxidized form of which must  show a color dist inctly 
different from the reduced form which ideally should 
be colorless. The oxidized form being fixed by the gel 
can then be evaluated optically. 

Experimental Procedures 
From the large number  of redox indicators avai l -  

able only few qual i fy  for use in the pr int ing tech-  
nique as applied to anodic oxide films. The main  cr i -  
ter ia  for their  selection were:  sensitivity, redox po- 
tential,  distinctness of color change, diffusion of the 
oxidized form in the pr in t ing electrolyte,  chemical  
stabil i ty and stabili ty towards  light, compatibi l i ty 
wi th  the anodic oxide films and substrate metals  to be 
tested. One of the systems found to be most satisfac- 
tory f rom the point of v iew of these cr i ter ia  was the 
iodide / iodine-s ta rch  redox system for reasons that  
wil l  become evident  in the following. 

The pr int ing electrolyte  consisted of an agar-agar  
gel 0.01-0.1 molar  in potassium iodide, 0.05 molar  in 
borax, and containing va ry ing  amounts  of soluble 
starch. The mix tu re  was kept  l iquid in a wa te r  bath. 
On cooling it solidified to a rigid, non- tacky  gel. The 
borax served as both a buffer and a means to make  
the solidified gel more  rigid. 

To per form a pr int ing test  l iquid gel was spread 
on a specimen in the form of sheet or foil. The speci- 
men  then  was sandwiched between two sheets of a 
suitable back-up material ,  such as MILLIPORE filter 
paper, and compressed in the pr int ing press (Fig. 1). 

The  press was made f rom a clamp to the jaws of 
which electrode plates had been attached. Excess elec- 

A IIIItllll JllIJlll - 
B r  1 
C v l l z ~ , l l l l l l l l l l ~ , l l l t l l l l l l A  ~ 
B t  l 

A I I I I I j l l l l l l l l l l l J J l l  - 

Fig. I. Schematic view of printing set-up: A, negative electrode 
plates; B, printing medium consisting of back-up material and 
electrolyte; C, specimen. 
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t rolyte  gel was squeezed out assuring a thin smooth 
layer  of pr int ing electrolyte  in int imate  contact wi th  
the specimen surface and wel l  bonded to the back-up  
mater ia l  which, at the same time, became soaked wi th  
electrolyte.  Electr ical  connections were  made to a 
constant current  or constant voltage power  supply, 
depending on the test to be performed.  The specimen 
was connected to the positive, and the press wi th  the 
electrode plates to the negat ive  output  of the power  
supply. 

Electronic current  oxidized iodide to iodine which, 
upon react ing with  starch, led to the formation of a 
blue to black coloration on a clear whi te  background. 
The prints were  preserved by bonding them to glass 
slides with the gel side down fol lowed by drying in 
an air stream. The color changed to brown after  dry-  
ing. They could be stored for several  months wi th -  
out noticeable deterioration.  

Two pr in t ing-out  modes were  used. In the dynamic 
mode, the pr int ing was done at constant currents,  i.e., 
while  format ion of the oxide film was taking place. 
In this case we obtained the integral  electronic charge 
that  passed whi le  the film was formed to a certain 
voltage. Pr in t ing was usual ly done in voltage intervals  
wi th  a new layer  of pr int ing medium used in every  
pr int ing interval .  This resul ted in a series of prints  
which covered the whole range of anodic oxidation 
of a specimen up to the scintil lation vol tage and which 
reflected the electronic conduct ivi ty  and its var ia t ion 
whi le  the oxide film was being grown. In the static 
mode, the pr int ing was done at constant vol tage on 
a specimen that  had been oxidized previously.  The  test 
was per formed at the format ion vol tage of the film or 
a fract ion thereof. This test was used to test the elec- 
tronic conductivi ty of specimens that  had been ano- 
dized previously under  any exper imenta l  condition 
and could be used to evaluate  the effect of format ion 
conditions on the electronic conduct ivi ty  and to de-  
tect defects in the oxide film. 

The min imum sensit ivi ty of the pr in t ing technique 
to detect electronic charges was found to be 1 mi l l i -  
cou lomb/cm 2, approximately ,  for the iodide / iodine-  
starch redox system. Since the electronic current  is 
in tegrated while  a pr int  is being taken even small  
currents  could be detected if the pr int ing t ime was 
extended. However ,  this was practical  only wi th in  
certain limits because the pr int ing medium tended to 
dry out and because of slight fading and diffusion. 
Best results were  obtained when  the pr int ing t ime 
was kept below about 15 min. This corresponded to 
min imum current  densities which could just  be de-  
tected of approximate ly  1 ~,a/cm ~. Point  defects could 
be detected if their  current  was of the order of 1 
nanoamp and higher. 

Two factors  contr ibute  to the distinctness of the 
pr int ing marks:  

1. The iodine forms an adsorption complex with  
starch in which the iodine vapor  pressure is reduced 
greatly.  

2. The starch, being a high polymer,  is immobil ized 
in the mat r ix  of the agar gel. The same is t rue for 
the adsorption complex ~vith iodine. 

The second factor, on the other  hand, is also re-  
sponsible for the spreading of the pr int ing marks  
whi le  they are being produced. The iodine has to dif-  
fuse to regions around the current  source that  have  
free starch still available. This explains the increase 
in the size of the marks  wi th  increasing pr int ing t ime 
wi thout  fur ther  increase after  the power  has been 
shut off. Only if a large excess of iodine has been 
formed wil l  there  be addit ional  spreading by diffu- 
sion. The greater  the starch concentrat ion the sharper  
the prints. The high sensitivity, the color change 
f rom colorless to blue-black,  the distinctness of the 
pr int ing marks, and their  stabili ty are the main ad-  
vantages of the iodide/ iodine-s tarch  redox indicator 
system over  most of the other  redox systems which, 
in most cases, gave ve ry  diffuse pat terns  only. 

Nothing has been said so far  about the compatibi l i ty  
of this redox system with  the anodic oxidat ion of the 
common va lve  metals. Most oxide forming metals  ex-  
hibit  a par t icular  sensit ivi ty toward halide ions which 
are responsible for corrosion effects which prevent  
the formation of protect ive  and insulat ing oxide films. 
This effect is ve ry  noticeable wi th  a luminum where  
even traces of chloride can be harmfu l  when  insulat-  
ing anodic oxide films are to be formed. The only 
metals where  such effects have been found to be ab- 
sent are tanta lum and niobium. The pr int ing tech- 
nique with iodide can be applied to these metals  wi th -  
out limitations. In the case of most other va lve  metals, 
iodide-iodine containing electrolytes lead to specific 
corrosion, a fact that  l imits the use of the pr int ing 
method. However ,  it is still a useful tool for the de- 
tection of imperfect ions in oxide films on these metals, 
as wil l  be shown in the next  paragraphs.  

The concentrat ion of iodide in the pr int ing electro-  
lyte has to be chosen such that  the scinti l lat ion po- 
tent ial  of the electrolyte  is sufficiently high; this re-  
quires low concentrations. On the other  hand, high 
concentrations are requi red  to suppress oxygen evo- 
lut ion at sites of high local current  density. If the 
concentrat ion of iodide is too low, deplet ion in the 
layers adjacent  to the substrate surface wi l l  lower  the 
iodine solubili ty and thus lead to the format ion of 
free iodine which cannot reach unreacted  starch. Ob- 
viously, the most sui table iodide concentrat ion has to 
be determined empir ica l ly  for each application. 

Appl icat ions  of  the Pr int ing Techn ique  
Tantalum and niobium.--Anodic oxide films on tan-  

ta lum and niobium can be formed in electrolytes 
containing iodide as readi ly  as in more convent ional  
format ion electrolytes. The l inear i ty  of the voltage 
increase during constant current  format ion of very  
clean specimens and the wel l -def ined sparking vol t -  
ages observed as a function of the concentrat ion of 
potassium iodide were  considered to be sufficient cri-  
teria for a "normal"  format ion behavior.  The iodide 
pr in t ing-out  technique could, therefore,  be applied 
to t an ta lum and niobium in the dynamic and static 
modes. For  example,  a vacuum annealed tan ta lum foil 
specimen could be oxidized anodically whi le  prints 
were  taken in the a r rangement  described above wi th-  
out any trace of general  darkening and only a few 
spots due to the oxidat ion of iodide to iodine and its 
react ion with  starch (Fig. 2a). The  vol tage increased 
l inear ly  to the scinti l lation point which was found to 
be near  200v for the par t icular  e lectrolyte  used in 
this experiment .  

Fig. 2. Anodic prints obtained with tantalum and niobium foil. 
a. Vacuum annealed tantalum foil; dynamic print at 1 ma/cm 2, 
0-150v formation, b. "As received" tantalum foil; dynamic print 
at 1 ma/cm 2, 0-50v formation, c. "As received" niobium foil; dy- 
namic print at 1 ma/cm 2, 50-100v formation, d. Same foil as c., 
reverse side. Area of each print approximately 2 cm 2. 
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Specimens of foil in the "as received"  condition by 
contrast  produced prints  which revea led  a large num-  
ber of localized electronical ly conducting centers, or 
even uni form electronic conduct ivi ty  (Fig. 2b-d) .  F ig-  
ure 2c and d, obtained f rom "as received"  niobium 
sheet, show how the electronic conduct ivi ty  pat terns  
may differ on the two sides of a specimen. 

Anodic oxide films on tan ta lum and niobium formed 
in the electrolytes  containing iodide may  not show 
satisfactory propert ies  for use as thin film dielectrics, 
e.g., in capacitors, but  this is not  due to any damage 
done by the pr int ing process. The pr int ing process i t-  
self is neut ra l  as was shown by a comparison of prints  
obtained with  clean and contaminated specimens. In 
addition, the propert ies  of the electronical ly conduct-  
ing sites in anodic oxide films were  found to be un-  
affected by the pr int ing process. No corrosion phe-  
nomena, such as have been observed wi th  a luminum 
and the other  va lve  metals, have  been observed with  
tan ta lum and niobium. 

Aluminum.- -Aluminum behaves quite differently 
f rom tanta lum and niobium which were  iner t  toward  
iodide and iodine, respectively.  A luminum cannot be 
oxidized anodically in hal ide containing electrolytes,  
such that  insulat ing films are formed with a vol tage 
increase typical  for constant current  formations.  The 
presence of even small  amounts of halide ions leads 
to the corrosion of anodic oxide films formed in hal ide-  
free electrolytes. By applying the pr in t ing-out  tech-  
nique wi th  iodide-s tarch to a luminum that  had been 
anodized previously in electrolytes containing am-  
monium borate, we found that  violent  b reakdown re-  
actions took place if we applied the ful l  previous 
format ion vol tage of the film. However ,  by applying 
a fract ion of the format ion voltage, typical ly  be tween 
20 and 50%, the current  was found to be stable in 
the low mi l l iampere  per  square cent imeter  range with 
only a sl ight tendency to increase wi th  time. Only if 
one print  af ter  the other  was taken at the same vol t -  
age did the current  increase to higher  values. It  was 
still l imited by the oxide film itself, however .  The 
prints  revea led  a pa t te rn  of specks on the whi te  back-  
ground of the pr int ing medium. The oxide film had 
clearly been corroded at sites of current  flow, but  the 
surprising resul t  was that  the corrosion at these sites 
had been accompanied by electronic current  which 
led to the marks  on the prints. By comparison, prints  
taken at constant cur ren t  wi th  bare a luminum did 
not show any blackening. Also, large areas of the 
oxides were  free of corrosion sites if the a luminum 
was of high pur i ty  and, in addition, was cleaned prop-  
erly. The prints obtained from various specimens are 
shown in Fig. 3. They were  all oxidized in ammonium 
borate solution to 100v and aged for 1 hr. The prints 
were  taken at 40v for 30 sec each. The first pr int  of 
the series was obtained with  99.999% a luminum foil 
af ter  electrochemical  polishing, the second pr int  with 
the same foil in the "as received" condition, the third 
wi th  99.99% foil in the "as received" condition, and 
the four th  pr int  wi th  commercia l  a luminum wrap,  also 
in the "as received"  condition. It is easily seen that  
characterist ic differences were  observed wi th  these 
specimens and that  the pr in t ing-out  method clear ly  
revea led  defect ive areas in the anodic oxide film. The 
importance of the surface condition as an electronic 
current  de te rminant  is indicated by the differences 
between the prints obtained wi th  chemical ly  polished 
and "as received" 99.999% foil on the one hand and 
"as received"  99.99% foil on the other. It  indicates that  
the stated pur i ty  is meaningfu l  only if it specifically 
includes the surface purity.  

The pr in t ing-out  technique,  as applied to a luminum 
with  iodide-s tarch as the redox indicator, can be 
considered as a corrosion test which uncovers  in-  
homogeneit ies  in the oxide films by v i r tue  of the elec- 
tronic cur ren t  that  accompanies the corrosion reaction. 
A correlat ion be tween  the electr ical  propert ies  of the 
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Fig. 3. Anodic prints obtained with aluminum foil. a. 99.999% 
pure foil, electropolished and oxidized to 100v in aqueous ammonium 
borate solution. Static print taken at 40v with 30 sec printing time. 
b. Same foil, in "as received" condition. Test as in (a). c. 99.99% 
pure foil in the "as received" condition. Test as in (a). d. House- 
hold aluminum wrap, as received. Test as in (a). Area of each 
print approximately 2 cm 2. 

anodic oxide films and the number  of corrosion sites 
has been found to exist. 

Titanium, zirconium, silicon.~Anodic oxide films 
were  produced on these metals  but  the films were  
usual ly of lower qual i ty  than those on tan ta lum and 
aluminum. The oxide films on these mater ia ls  are all 
quite  sensit ive to halides so that  format ion in halide 
containing electrolytes is e i ther  impossible or pro-  
ceeds only to a few volts. The behavior  of the oxide 
free and oxide covered metals  is in termedia te  to that  
of tan ta lum and aluminum, even though closer to 
the latter. The anodic oxidation of t i tanium did not 
proceed beyond 4-5v under  the conditions of the 
pr in t ing test at constant current.  Figure.  4a and b 
give the resul t  of tests per formed with  99.9-t-% ti- 
tanium sheet. F igure  4b was obtained with  the sheet 
in the "as received"  condition, Fig. 4a shows the re-  
sult  obtained with  chemical ly polished material .  A 
pr int  similar  to Fig. 4a was obtained when  a chem-  
ically polished specimen was oxidized to 100v in am-  
monium borate  and tested at 10v. Again, the various 
prints reflect characterist ic differences in the dis tr ibu-  
tion and densi ty of the electronic conduct ivi ty  which 
show that  the pr in t ing-out  technique, even when  the 
system is not inert,  can still give informat ion helpful  
for the evaluat ion of surface t reatments  and specimen 
quality. 

In Fig. 4c and d two examples  of prints wi th  zir-  
conium are given. Zirconium behaved similar ly to 
t i tanium, except  in the case when  a chemical ly pol-  
ished specimen was tested. A more or less uniform 
distr ibut ion of the electronic conduct ivi ty  was found 
wi th  t i tanium compared to a distr ibution showing a 
few very  active areas in the case of zirconium. 

Silicon could be oxidized to about 25v under  the 
pr int ing condition. A comparison of prints obtained 
wi th  specimens with  different surface t rea tments  and 
doping again revea led  characterist ic differences which 
could be uti l ized for an evaluat ion of the qual i ty  and 
surface condition of silicon specimens. 

Conc lus ions  

1. The electronic conduct ivi ty  of anodic oxide films 
on tan ta lum and niobium could be studied dur ing the 
growth of the oxide. The behavior  of electronical ly 
conducting sites could, therefore,  be studied dynam-  
ically and statically wi th  respect  to the growth of 
the oxide film. 
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Fig. 4. Anodic prints obtained with titanium, zirconium, and 
silicon, a, Chemically polished titanium sheet 99.9- f -% purity. 
Dynamic print at 1 ma/cm 2 for 60 sec reached 4v, approximately. 
b. Same foil as above in "as received" condition. Test as in (a). 
c. Chemically polished zirconium sheet 9 9 . 9 ~ %  purity. Test as 
in (a). d. Same foil as in (c), in "as received" condition. Test as 
in (a). e. Two sides of silicon slice, (left) polished, (right) 
"rough." Dynamic print at 1 ma/cm 2 reached 25v in about 2 min. 
f. Mechanically polished and etched silicon slice. Test as in (e). 
Area of each print approximately 2 cm 2. 

S u r f a c e  c o n t a m i n a t i o n  of r a n d o m  d i s t r i b u t i o n  w a s  
f o u n d  to b e  t h e  m a i n  r e a s o n  for  t h e  h i g h  e l e c t r o n i c  
c o n d u c t i v i t y  of "as  r e c e i v e d "  foil. C h e m i c a l  p o l i s h -  
i ng  a n d  v a c u u m  a n n e a l i n g  p r o d u c e d  s p e c i m e n s  es -  
s e n t i a l l y  f r e e  of gross  defec ts .  

2. T h e  p r i n t i n g - o u t  t e c h n i q u e  cou ld  b e  u s e d  for  
t h e  d e t e c t i o n  of de fec t s  in  a n o d i c  o x i d e  f i lms on  a l u -  

m i n u m  a t  p o t e n t i a l s  w e l l  b e l o w  t h e  f o r m a t i o n  vo l t age .  
T h e  c o r r o s i o n  of t h e  o x i d e  f i lm a t  d e f e c t i v e  s i tes  w a s  
f o u n d  to b e  a c c o m p a n i e d  b y  e l e c t r o n i c  c u r r e n t s .  No 
e l e c t r o n i c  c u r r e n t s  w e r e  o b s e r v e d  w i t h  b a r e  a l u m i n u m .  

3. I n  t h e  case  of t i t a n i u m ,  z i r c o n i u m ,  a n d  si l icon,  
t h e  p r i n t i n g - o u t  t e c h n i q u e  c o u l d  b e  u s e d  fo r  a n  e v a l u -  
a t i on  of t h e  s u r f a c e  c o n d i t i o n  e v e n  t h o u g h  t h e  a n o d i c  
o x i d a t i o n  p r o c e e d e d  o n l y  to a f e w  vol t s .  A b e h a v i o r  
s i m i l a r  to  t h a t  of a l u m i n u m  w a s  f o u n d  fo r  a n o d i c  or  
t h e r m a l l y  g r o w n  o x i d e  f i lms w h e n  t e s t e d  a t  a f r a c -  
t i on  of t h e  f o r m a t i o n  v o l t a g e  or  i t s  e q u i v a l e n t .  

4. T h e  d e t e c t i o n  s e n s i t i v i t y  of t h e  p r i n t i n g  m e d i u m  
for  u n i f o r m  e l e c t r o n i c  c u r r e n t s  a p p r o a c h e d  t h e  low 
m i c r o a m p e r e / s q u a r e  c e n t i m e t e r  r a n g e  in  t h e  case  of 
t a n t a l u m  a n d  n i o b i u m .  P o i n t  de fec t s  cou ld  b e  d e -  
t e c t e d  i f  t h e i r  c u r r e n t  w a s  in  t h e  n a n o a m p e r e  r a n g e .  

In  t h e  case  of a l u m i n u m  a n d  t h e  o t h e r  m e t a l s  t h e  
s e n s i t i v i t y  cou ld  n o t  b e  e v a l u a t e d  q u a n t i t a t i v e l y .  I t  
w a s  f o u n d ,  h o w e v e r ,  t h a t  in  t h e  case  of a l u m i n u m  v e r y  
s m a l l  de fec t s  cou ld  b e  a c t i v a t e d ,  a l l o w i n g  e n o u g h  
t i m e  a n d  a suf f ic ien t ly  l a r g e  f r a c t i o n  of t h e  f o r m a t i o n  
vo l t age ,  s u c h  t h a t  t h e  e l e c t r o n i c  c u r r e n t  a c c o m p a n y i n g  
t h e  c o r r o s i o n  r e a c t i o n  w o u l d  l e ad  to t h e i r  de t ec t i on .  

T h e  s i t u a t i o n  m a y  b e  s i m i l a r  w i t h  s o m e  of t h e  o t h e r  
m e t a l s  a n d  t h e i r  o x i d e  fi lms, e v e n  t h o u g h  th i s  w a s  
n o t  s t u d i e d  in  a n y  de ta i l .  

5. T h e  p r i n t i n g - o u t  m e t h o d  is a q u i c k  a n d  r e l i a b l e  
m e t h o d  to e v a l u a t e  t h e  q u a l i t y  of o x i d e  f i lm d i e l ec t r i c s  
a n d  t h e  s u r f a c e  c o n d i t i o n  of s u b s t r a t e  m a t e r i a l s .  I t  
is p a r t i c u l a r l y  u s e f u l  in  t h e  case  of t a n t a l u m  a n d  n i -  
o b i u m  w h e r e  t h e  t e s t  is  n o n d e s t r u c t i v e .  O n e  of t h e  
m a i n  a d v a n t a g e s  of t h e  t e s t  is t h a t  p r i n t s  c a n  b e  o b -  
t a i n e d  w h i c h  r e c o r d  d i r e c t l y  t h e  e l e c t r o n i c  c u r r e n t  
d i s t r i b u t i o n .  
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A B S T R A C T  

T h e  c o n d i t i o n s  u n d e r  w h i c h  a n o d i c  o x i d e  f i lms o n  t a n t a l u m  s h o w e d  e l ec -  
t r o n i c  c o n d u c t i v i t y  w e r e  s t u d i e d  u s i n g  a n  e l e c t r o c h e m i c a l  p r i n t i n g - o u t  t e c h -  
n i q u e  w i t h  s t a r c h - i o d i d e  as t h e  r e d o x  i n d i c a t o r .  T h e  s e n s i t i v i t y  f o r  t h e  
d e t e c t i o n  of e l e c t r o n i c  c h a r g e  w a s  a p p r o x i m a t e l y  1 m i l l i c o u l o m b / c m  2. T h e  
effect  of a l l o y i n g  ( c o n t a m i n a t i o n ) ,  t h e r m a l  ox ida t ion ,  p l a s t i c  d e f o r m a t i o n ,  
a n d  s u r f a c e  t o p o g r a p h y  w e r e  i n v e s t i g a t e d  w i t h  r e g a r d  to t h e i r  c o n t r i b u t i o n  
to t h e  e l e c t r o n i c  c o n d u c t i v i t y  of a n o d i c  o x i d e  f i lms on  m e c h a n i c a l l y  t r e a t e d  
( " r o u g h " )  t a n t a l u m  sur faces .  I t  w a s  c o n c l u d e d  t h a t  i m p u r i t i e s  a l o n e  w e r e  
r e s p o n s i b l e  f o r  t h e  e l e c t r o n i c  c o n d u c t i v i t y  e v e n  in  cases  w h e r e  s u p p o s e d l y  
c l e a n  t a n t a l u m  h a d  b e e n  a b r a d e d  w i t h  t a n t a l u m .  R o u g h n e s s  b y  i t se l f  w a s  
n o t  a suf f ic ien t  c o n d i t i o n  fo r  e l e c t r o n i c  c o n d u c t i v i t y .  

T h e  e l e c t r o n i c  c o n d u c t i v i t y  (e.c.) of a n o d i c  o x i d e  
f i lms on  s u b s t r a t e  m e t a l s  s u c h  as t a n t a l u m ,  n i o b i u m ,  
a l u m i n u m ,  a n d  o t h e r  " v a l v e "  m e t a l s  in  e l e c t r o l y t i c  
s y s t e m s  a n d  w i t h  sol id  c o u n t e r  e l e c t r o d e s  m a y  b e  

m a d e  u p  of t w o  p a r t s :  A u n i f o r m l y  d i s t r i b u t e d  p a r t  
w h i c h  is d u e  to t h e  e l e c t r o n i c  c o n d u c t i v i t y  of t h e  
b u l k  oxide ,  a n d  a n o n u n i f o r m l y  d i s t r i b u t e d  o n e  w h i c h  
is l oca l i zed  in  h e t e r o g e n e i t i e s  i n  t h e  o x i d e  film. B y  
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heterogenei t ies  we mean deviations in the s t ructure  
and composition in the widest  sense, i.e., factors which 
disrupt the uni formi ty  of the dielectric. A separat ion 
of the two parts of the electronic conduct ivi ty  (e.c.) 
is requi red  before an analysis of ei ther par t  can be 
a t tempted  successfully. 

Heterogenei t ies  in anodic oxide films were  consid- 
ered by several  authors to explain abnormal  fo rma-  
tion behavior,  excessive leakage currents,  abnormal  
a-c propert ies  (1, 2), electrolytic rectification (2-4), 
and luminescence (5). Pores, cracks, microfissures, 
with or wi thout  direct e lectrolyte  contact to the sub- 
strate, or h ighly conducting areas of unspecified na-  
ture were  discuss.ed to explain these phenomena.  A 
blocking mechanism had to be assumed in order  to 
explain why  the act ive sites could wi ths tand the 
high field s t rength present  across the film. Oxygen 
bubbles formed at the base of pores and cracks were  
discussed by Vermi lyea  (6) and Young (1), who also 
suggested the condenser pressure as a possible means 
of closing microfissures. 

Vermi lyea  (7) published electronmicroscopic studies 
of flaws which he found to have  been caused by a 
var ie ty  of different t rea tments  and conditions. 

In a previous paper (8) we described a pr in t ing-  
out technique and showed how it could be applied to 
the study of the gross electronic conduct ivi ty  of an- 
odic oxide films on tan ta lum and niobium. In this 
paper, we  describe its use in the invest igat ion of the 
conditions under  which anedic oxide films on these 
metals  became electronical ly conducting and its use 
to study the dynamic changes of the electronic con- 
duct ivi ty (e.c.) during film format ion and the ex-  
ternal  factors affecting it. 

Previous studies (1, 2, 6) have shown that  the elec- 
tr ical  properties,  especially the e.c. of anodic oxide 
films formed on "rough" (mechanical ly  treated) sur-  
faces differed great ly  from those of films formed on 
"smooth" (chemical ly  polished) surfaces. Rough sur-  
faces, in general,  were  produced by abrasion or by 
rol l ing as in the case of sheet mater ia l  in the "as re-  
ceived" condition. Obviously, mechanical  surface t rea t -  
ments  can have many more  effects than just  the pro-  
duction of a rough topography of the surface. They 
can be grouped into four  categories: effects of (i) 
contamination;  (ii) local heat ing of the surface; (iii) 
plastic deformat ion of the surface layers;  (iv) surface 
topography, that is, roughness in the t rue  sense. 

We shall consider each of these factors separately 
and then apply these results  to the problem of the 
e.c. found with  oxide films on mechanica l ly  t reated 
surfaces in general. 

Exper imental  Procedures 

The anodic pr int ing technique described in an 
earl ier  paper  (8) was used to study the electronic 
currents  in the  oxide films; we re fer  to that  paper  for 
exper imenta l  details. 

Specimens were  cut f rom Kawecki  tan ta lum sheet 
0.01 and 0.002 in. thick which was designated as high 
reliabil i ty,  capacitor grade, annealed mater ia l  of 
99.9+ % purity. The chemical  polishing fol lowed 
standard procedures,  i.e., the specimens were  dipped 
in a mix tu re  of 5 parts H2SO4, 2 parts ttNO3, 1.5-2 
parts HF (parts per vo lume of concentrated commer-  
cial acids) for 10-20 sec at 40~176 and was fol-  
lowed by a 10-sec dip in concentrated HF to remove  
the film left  f rom the polishing t reatment .  Vacuum an-  
nealing and al loying of the tan ta lum sheet was done in 
a Varian high vacuum resistance heated furnace un-  
der pressures of 10 6 mm Hg and lower. 

Experimental  
Contamination: Electronic conductivity o] anodic 

oxide films on alloys o] tantalum with iron, nickel, 
and carbon.--Bulk contamination.--Contamination is 
known to be responsible for excessive electronic con- 
duct ivi ty  of anodic oxide films (9, 10). F rom the large 
number  of possible contaminants,  we chose three  in 

Fig. 1. Anodic prints of Ta alloyed with Fe by heating Ta sheet 
with Fe powder under the following conditions: Pressure less than 
10 -6  mm Hg, temperature 1400~ time 2 hr. See Table I. 

Table I 

C u r r e n t  
P r i n t  No. d e n s i t y  T i m e  F o r m a t i o n  R e m a r k s  

/~a/cm ~ sec v o l t a g e  r a n g e  

1 625 70 to 10 
2 250 60 to 13.5 
3 62.5 60 to 10.5 
4 625 70 1 5 t o 2 0  
5 625 70 20 to 23 

6 625 35 to 10 
7 625 50 10 to  20 
8 625 65 20 to 30 
9 625 75 30 to  40  

10 625 85 40 to  50 
11 625 40 to  10 

A f t e r  No.  5-1 r a i n  
dip i n  cone .  H F  

A f t e r  No.  1O-1 r a in  
dip i n  cone .  H F  

12 625 55 10 to 20 
13 625 55 20 to 30 
14 625 50 30 to  40 
15 625 55 40 to  50 
16 625 60 50 to  60 
17 625 55 60 to 70 

18 625 55 70 to 80 
19 625 55 80 to  90 
20 625 55 90 to 100 
21 625 55 1O0 to 110 
22 625 55 110 to 120 
23 625 55 120 to 130 
24 625 55 130 to  140 
25 625 60 150 to  160 

A f t e r  No.  17-1 r a i n  
dip in  cone ,  HCI  

order  to demonstra te  the specific effects of al loying 
constituents in Ta on the e.c. of anodic oxide films as 
detectable wi th  the pr int ing technique. 

The alloys were  prepared by heat ing chemical ly 
polished tan ta lum sheet wi th  thin layers  of iron, 
nickel, and carbon powder  at 10 -6 mm Hg pressure 
and 1400~ for 2 hr. Powder  was used because it 
p roved  the simplest  way  of producing alloys with a 
composition gradient  at the surface, a condition that  
gave a qual i ta t ive  picture of the effects of composi-  
tion on the e.c. 
Tantalum alloyed with iron.--Three series of prints are 
shown in Fig. 1 obtained f rom the Ta -Fe  alloy speci- 
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men. The first group of pr ints  was taken wi thout  
fur ther  p re t rea tment  of the specimen, the second and 
third groups were  taken af ter  r emova l  wi th  HF of the 
oxide films formed in series one and two, respectively.  
The anodic oxidation to 10v (Pr int  1.1) was accom- 
panied by high electronic current.  Pr ints  1.2 and 1.3 
were  taken at one fifth and one tenth  of the initial cur-  
ren t  density and give more  details of the conducting 
area due to the lower  intensi ty of the prints. Pr ints  
1.4 and 1.5, again taken wi th  ful l  current  density, show 
that  the ra te  of vol tage increase at constant current  
slowed down progressively and approached almost  
zero above 20v. Trea tments  in conc. HC1, di lute HNOs, 
and aqua regia ei ther pr ior  to taking the first pr int  or 
be tween prints did not affect the electronic conduc- 
t iv i ty  as reflected in the fol lowing prints. The init ial  
oxide film was removed  wi th  conc. HF  before the 
second series of prints was taken. This t rea tment  also 
dissolved some of the Ta -Fe  alloy as could be seen 
f rom the gas evolut ion and the format ion of pits at 
sites where  the Fe powder  particles had al loyed wi th  
the Ta. Pr ints  1.6 through 1.10 show the electronic 
conduct ivi ty  of the film formed after  the HF treatment .  
The formation proceeded rapidly  at first but again 
slowed down af ter  the e.c. developed wi th  increasing 
film thickness. The format ion  t ime through 10v in-  
creased f rom 50 sec in the first in te rva l  to 85 sec in 
the fifth interval .  At the end of the first series fo rma-  
tion through 3v had requ i red  70 sec. 

The HF t rea tment  was repeated as before and an-  
other  series of 10v in terva l  prints was taken. Again, 
the e.c. buil t  up gradually,  even though much slower 
than before (except for a na r row area at the r igh t -  
hand side which gave prints  ra ther  l ike those in the 
second series).  Even pr int  1.17 with the strongest  
blackening requi red  only 55 sec for a format ion 
through 10v. The specimen was dipped in conc. HC1 
after  print  1.17 and then print ing was continued. Pr in t  
1.18 no longer  showed the blackening of the back-  
ground whi le  the marks  at the r igh t -hand  side were  
not affected by HC1. 
Tantalum alloyed with nickeL--The prints  taken of a 
Ta -Ni  alloy specimen are shown in Fig. 2. In con- 
trast  to the Ta -Fe  alloys, the e.c. was low init ial ly so 
that  film format ion  proceeded smoothly to 30v wi th  
only l i t t le  increase in the format ion t ime for a 10v in- 
terval.  Upon fur ther  oxidation, the e.c. increased 
rapid ly  which is reflected both in the more  intense 
blackening of the prints and the increase in t ime to 
cover a 10v format ion interval .  Dipping the specimen 
in aqua regia  for 1 rain after  pr int  2.5 strongly re -  
duced the e.c. in the fol lowing format ion interval .  The 
e.c. increased rapidly  after  the aqua regia dip which 
was repeated after  pr in t  2.7 wi th  the same result:  The 
first print  af ter  the dip showed very  l i t t le blackening 
whi le  the fol lowing one was again ex t r eme ly  dark, it 
requi red  100 sec for the 10v in terva l  formation. A 
static pr int  at 45v was clear. 

Apri l  1966 

Table II 

C u r r e n t  
P r i n t  N o .  d e n s i t y ,  T i m e ,  F o r m a t i o n  R e m a r k s  

~ a / c m  2 sec  v o l t a g e  r a n g e  

t 625 45 to  10 
2 625 55 10 t o  20  
3 625 60 20 to  30 
4 625 55 30 t o  40 
5 625 75 40 to  50 A f t e r  No .  5-1 r a i n  

d i p  i n  a q u a  r e g i a  
6 625 75 S0 t o  60 
7 625 90 60  t o  70 A f t e r  N o .  7-1 r a i n  

d i p  i n  a q u a  r e g i a  
8 625 50 70 to  g0  
9 625 100 S0 to  90 

10 - -  60 45 C o n s t a n t  v o l t a g e  

Tantalum a~loyed with carbon.---The prints  obtained 
f rom tanta lum foil containing tan ta lum carbide are 
shown in Fig. 3. Pr ints  3.1-3.10 were  obtained with  a 
specimen containing an area of low and uni form con- 
centrat ion while  the concentrat ion in the fol lowing 
specimen, prints  3.11-3.20, was high and nonuniform. 
The behavior  of the e.c. wi th  film format ion differed 
great ly  f rom that  observed wi th  alloys of tan ta lum 
with  iron and nickel. The ini t ial  one or two 10v in te r -  

Fig. 3. Anodic prints of Ta alloyed with C by heating Ta sheet 
with thin layer of graphite under the following conditions: Pressure 
lower than 10 -6 mm Hg. temperature 1400~ time 2 hr~ Series 
A (No. 1-10): low concentration of Ta2C; Series B (No. 11-20): 
higher concentration of Ta2C. See Table III. 

Table Ill 

P r i n t  C u r r e n t  
No .  d e n s i t y ,  T i m e ,  F o r m a t i o n  

~ a / c m  ~ sec  v o l t a g e  r a n g e  R e m a r k s  

1 625 50 to  10 S e r i e s  A - - l o w  e o n c .  o f  
2 625 75 10 to  20  T a l c  
3 625 75 20 to  30 
4 625 70 30 t o  40 
5 625 72 40 t o  50 
6 625 80 70 t o  80 
7 625 80 90 t o  100 
S 625 80  1{)0 t o  l l O  
9 625 75 120 t o  130 

10 - -  60 50 C o n s t .  v o l t a g e  
11 625 55 to  10 S e r i e s  B - - h i g h e r  c onc .  
12 625 55 10 to  20 of  Ta2C 
13 625 53 20 t o  30 
14 625 55 30 t o  40  
15 625 55 40 to  50 
16 625 60 70 t o  80 
17 625 45 90 to  100 
18 625 50 100 to  110 
19 625 60 120 t o  125 
20 - -  60 20  C o n s t .  v o l t a g e  

Fig. 2. Anodic prints of Ta alloyed with Ni by heating Ta sheet 
with Ni powder under the following conditions: Pressure lower than 
10 - 6  mm Hg, temperature 1400~ time 2 hr. See Table II. 
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Fig. 4. Anodic prints of Ta sheet scratched with: a. Ta; b. Ni; 
c. C; d. Fe. See Table IV. 

Table IV 

C u r r e n t  
d e n s i t y ,  F o r m a t i o n  

P r i n t  No.  ~a / cm2  T i m e ,  sec v o l t a g e  r a n g e  R e m a r k s  

1 125 30 to  2.6 a.  T a  
2 625 60 20 to 30  b.  N i  
3 625 65 40 to  50 c. C 
4 625 70 70 to 80 d. F e  
5 625 65 110 to 120 
6 625 65 130 to  140 

val  prints  revealed h igher  e.c. compared with  the 
fol lowing ones obtained dur ing format ion  f rom 20 
through 80v. Above  80v the e.c. s tarted to increase and 
became ex t remely  high above 120v. Constant voltage 
prints taken at fractions of the format ion vol tage 
after this act ivat ion had taken  place showed different 
results for the two specimens wi th  low and high car-  
bide content. The specimen with  the lower concentra-  
tion still exhibi ted the rapid decrease in the e.c. wi th  
field observed previously wi th  Fe  and Ni alloys of 
Ta. The areas wi th  high concentrat ion of carbide were  
act ive regardless  of the vol tage applied. The resistance 
in these areas was ra ther  low and apparent ly  ohmic. 

Surface contamination.--Electronic conductivi ty in 
scratches can be seen in Fig. 4 which gives prints  
taken of a specimen of chemical ly  polished Ta sheet 
that  was scratched wi th  Ta, Ni, Fe, and C. The Ta 
scratches were  taken as the basis for comparison. The 
first print, taken at low current  density wi th  a fo rma-  
tion vol tage still below 2v gives the init ial  distr ibution 
of the e.c. along the scratches. Subsequent  prints  were  
taken in 10v in tervals  at the higher  current  density 
of 625, ~a /cm 2. Very high current  density was requi red  
to overcome the init ial  range of high e.c. always ob- 
served wi th  mechanical ly  t rea ted  specimens. The Ta 
scratch gave only a few distinct sites of e.c., whi le  the 
other  scratches were  h ighly  conducting with  C 
scratches being dominant.  The e.c. of the C and Ni 
scratches decreased wi th  increasing format ion  vol tage 
while  the e.c. in the Fe  scratch area increased strongly. 
The Ta line, af ter  being almost invisible in in ter -  
mediate  vol tage ranges, became more  uniform and 
more pronounced toward higher  format ion voltages. 

Tanta lum scratches on Ta sheet that  was annealed 
for 8 hr at 2100~ gave very  low nonuniform e.c. on 
the first 10v print, no e.c. be tween 10 and 120v, and 
very  faint  uniform e.c. above 120v. Less pure  mater ia l  
showed more of the discontinuous e.c. along the 
scratches. 

Therma~ ox/datio~ oS tanta~u~.--Mechanical surface 
t reatments  may  lead to local t empera tu re  increases 
and the format ion of addit ional  thermal  oxide beyond 
that always present  on Ta. By s tudying specimens of 
Ta foil which were  heated in air we  a t tempted to eval -  
uate the effect of p re -ex is t ing  thermal  oxide in the e.c. 
of subsequent ly  formed anodic oxide films. 

The heat ing of tan ta lum in air leads to the forma-  
tion of amorphous and crystal l ine oxides. Amorphous  
oxide is formed init ial ly at t empera tures  below 350~ 
longer t imes and higher  tempera tures  favor  the forma-  
tion of crystal l ine oxide (11). 

Fig. 5. Anodic prints of Ta sheet given various pretreatments 
and oxidized thermally in air. See Table V. 

Table V 

P r i n t  T h e r m a l  P r i n t i n g  
No.  P r e t r e a t r a e n t  o x i d a t i o n  c o n d i t i o n s  

I 
2 
3 

4 
5 
6 
7 

8 

9 

10 

I I  

12 

13 

14 

15 

v . a  
v .a .  
v . a . / 1 0  r a i n  K O H / 1 0  r a i n  

H 2 0  
c.p.  + H F / 1 0  r a i n  H 2 0  
c.p.  + H F / 1  r a i n  H 2 0  
c.p.  + HF/IO r a i n  H~O 
c.p.  t t F / 1 0  r a i n  HC1/10 

r a i n  H~O 
c.p.  + H F / 1 0  r a in  HC1/1  

m m  H~O 
c.p.  + H F / 1 0  r a i n  H C I / 1 0  

m i n  HeO 
c.p.  + H F / 1 0  m i n  K O H / 1 0  

m m  I-I~O 
c.p.  + H F / 1 0  r a i n  K O H / 1  

r a i n  H 2 0  
c.p.  + H F / 1 0  r a i n  K O H / 1 0  

m r a  H~O 
v .a .  'ox. to  100v  in  0 .1% 

I~PO~ 
v . a . / o x ,  to 100v in  0.1% 

H3PO4 
c.p.  + H F / o x .  to 100v in  

0 .1% I-IsP 04 

n o n e  60 sec;  1 m a / c m ~  
500~ 5 r a i n  60 sec; 1 m a / c r a  ~ 

500~ 5 r a i n  60 sec; 1 m a / c m  ~ 
n o n e  60 sec;  1 m a / c m  ~ 
500~ 5 r a i n  60 see;  1 m a / c r a  2 
500~ 5 r a i n  60 sec;  1 r na / cm~  

n o n e  60 sec;  1 m a / c m a  

500~ 5 r a i n  60 sec; 1 m a / c m  "J 

500~ 5 r a i n  60 sec; 1 m a / c m 2  

n o n e  60 sec ;  i ma/cm-"  

500~ 5 r a i n  60 sec;  1 m a / c m  ~ 

500=C; 5 r a i n  60 sec;  1 m a / e m  -~ 

n o n e  60 sec;  1 raa /c ra~  

500~ 5 r a i n  60 sec; i r a a / c r a e  

500~ 5 m i n  60 sec;  I m a / e m  -~ 

A b b r e v i a t i o n s :  v . a .  = v a c u u m  a n n e a l e d ;  c .p.  + I-IF = c h e m i c a l  
p o l i s h  f o l l o w e d  b y  a 10-sec  d i p  i n  conc .  H F ;  HC1 = conc .  HC1; 
K O H  = 10N a q u e o u s  K O H  s o l u t i o n .  

The prints  shown in Fig. 5 were  obtained with  speci- 
mens pre t rea ted  in various ways and heated to 500~ 
for 5 rain in s tat ionary air. 

Annea led  foil gave completely  clear prints when 
unheated (print  5.1), but  when  heated, the prints  f re -  
quent ly  revea led  a number  of localized electronical ly 
conducting sites (print  5.2). Uni formly  distr ibuted 
electronic current,  however ,  was not observed. With 
foil of highest  pur i ty  we found no e.c. e i ther  wi th  or 
wi thout  the rmal  oxidation. 

When  chemical ly polished foil was used, we obtained 
prints wi thout  e.c. if  taken with  the unheated foil 
(print  5.4). When the same foil  was heated in air we 
obtained prints  wi th  l i t t le e.c. if the specimen was 
r insed in water  for a short  t ime only (print  5.5) while 
ra ther  high e.c. was observed after ex tended rinsing 
in cold or boil ing wate r  (print  5.6). When rinsed for 
short t ime only it was difficult to avoid drying marks  
which a lways became centers of high e.c. They account 
for the nonuniform pat tern  in pr int  5.5 Dipping in 
conc. HC1 for 10 min after  chemical  polishing and a 
10 sec HF dip led to clear prints  wi thout  thermal  oxi-  
dation (print  5.7), prints reflecting very  l i t t le  e.c. af ter  
short r insing in wate r  (print  5.8), and uni form e.c. 
a f ter  a 10 min r inse (print  5.9). Trea tment  of annealed 
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( p r i n t  5.3) or  c h e m i c a l l y  p o l i s h e d  ( p r i n t s  5.10-5.12) 
fo i l  i n  a l k a l i n e  s o l u t i o n s  p r o d u c e d  a n  effect  s i m i l a r  to 
t r e a t m e n t  in  H F  w h e r e a s  d i p p i n g  in  c o n c e n t r a t e d  ac ids  
l ike  HNO3, H2SO4, H~PO4, etc., d i d  n o t  p r o d u c e  f i lms 
w i t h  e.c. e i t h e r  w i t h  or  w i t h o u t  t h e r m a l  o x i d a t i o n .  

P r i n t  5.14 w a s  o b t a i n e d  f r o m  a v a c u u m  a n n e a l e d  
s p e c i m e n  p r e v i o u s l y  o x i d i z e d  in  p h o s p h o r i c  ac id  to 
100v f o l l o w e d  b y  a 5 r a in  t h e r m a l  t r e a t m e n t  in  a i r  a t  
500~ I t  s h o w s  a p a t t e r n  of e l e c t r o n i c  c o n d u c t i v i t y  
w h i c h  w a s  n o t  o b s e r v e d  w h e n  a n  u n h e a t e d  s p e c i m e n  
w a s  t e s t e d  ( p r i n t  5.13). W i t h  c h e m i c a l l y  p o l i s h e d  i n -  
s t e a d  of a n n e a l e d  foil, c o n s i d e r a b l y  m o r e  loca l i zed  e.c. 
was  o b s e r v e d  a f t e r  h e a t i n g  ( p r i n t  5.15). 

T h e  e.c. of c r y s t a l l i n e  anod ic  t a n t a l u m  ox ide  w a s  
f o u n d  to b e  too l ow  fo r  d e t e c t i o n  w i t h  o u r  m e t h o d  
w h e n  w e  t o o k  p r i n t s  of v a r i o u s  s p e c i m e n s  w h i c h  h a d  
b e e n  c r y s t a l l i z e d  a n o d i c a l l y  fo r  1 h r  a t  90~ in  2% 
HNO3 (12) a n d  w h i c h  s h o w e d  a h i g h  d e n s i t y  of c r y s -  
t a l l i n e  a reas .  S o m e  e.c. w a s  f o u n d  w h e n  s c i n t i l l a t i o n  
a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  of c r y s t a l l i n e  o x i d e  h a d  
t a k e n  p lace .  

Plastic deformation o] tantalum sheet by bending . -  
S i n c e  p l a s t i c  d e f o r m a t i o n  is a c o n s e q u e n c e  of  a l l  m e -  
c h a n i c a l  s u r f a c e  t r e a t m e n t s ,  w e  h a d  to  c o n s i d e r  i t s  
effect  on  t h e  e.c. of o x i d e  f i lms f o r m e d  o n  p l a s t i c a l l y  
d e f o r m e d  s u b s t r a t e s .  

C h e m i c a l l y  p o l i s h e d  s h e e t  w a s  b e n t  u p  to 10 t i m e s  
a t  f o u r  d i f f e r e n t  pos i t ions .  O n e  s p e c i m e n  w a s  u s e d  fo r  
t a k i n g  p r i n t s  a f t e r  b e n d i n g ,  t h e  o t h e r  one  a f t e r  i t  w a s  
s u b m i t t e d  to t h e r m a l  o x i d a t i o n  in  a i r  a t  500~ fo r  2 
min .  F i g u r e  6 s h o w s  t h a t  a l o n g  t h e  b e n d s  a f e w  lo -  
ca l i zed  m a r k s  i n d i c a t i n g  e.c. w e r e  f o u n d  b e i n g  b o t h  
m o r e  n u m e r o u s  a n d  i n t e n s e  a f t e r  t h e r m a l  ox ida t ion .  
V a c u u m  a n n e a l e d  s h e e t  s h o w e d  f e w  c o n d u c t i n g  sites,  

Fig. 6. Anodic prints of vacuum annealed Ta sheet deformed plas- 
tically by repeated bending at positions A-D. The second series 
shows prints of a specimen that was thermally oxidized in addition 
to bending. See Table VI. 

Table VI 

C u r r e n t  d e n s i t y ,  F o r m a t i o n  
P r i n t  No. / ~ / c m ~  T i m e ,  see  v o l t a g e  r a n g e  R e m a r k s  

1 625 45 to 10 
2 625 60 10 to 20 
3 625 60 20 t o 3 0  
4 625 60 30 to  40 
5 625 60 40 to 50 
6 625 40 to 10 
7 625 60 10 to 20 
8 625 60 20 to  30 
9 625 60 30 to 40 

10 625 60 40 to 50 

h i g h l y  c o n t a m i n a t e d  s h e e t  s h o w e d  m o r e  u n i f o r m  e.c. 
a l o n g  t h e  b e n d s .  

Surface topography--roughness.--The s u r f a c e  t o p o g -  
r a p h y  of m e c h a n i c a l l y  t r e a t e d  su r faces ,  t h e i r  r o u g h -  
ness ,  w as  h e l d  r e s p o n s i b l e  f o r  t h e  e l e c t r o n i c  c o n d u c -  
t i v i t y  of ox ide  f i lms o n  s u p p o s e d l y  c l e a n  su r faces .  T w o  
m e c h a n i s m s  w e r e  p r o p o s e d  to e x p l a i n  t h e  e.c. (1, 2, 7) : 

( i )  T h e  field a t  s h a r p  p o i n t s  a n d  r i d g e s  w a s  t h o u g h t  
to b e  h i g h e r  t h a n  t h e  a v e r a g e  g i v i n g  r i se  to f ie ld e m i s -  
s ion  effects  w h i c h  e v e n t u a l l y  w o u l d  l e ad  to  b r e a k -  
d o w n ;  a n d  (ii) ox ide  f o r m a t i o n  a t  a s p e r i t i e s  w o u l d  
p r o d u c e  h i g h l y  s t r e s s e d  f i lms w h i c h  w o u l d  c r a c k  a n d  
e x p o s e  t h e  b a r e  m e t a l .  E l e c t r o n i c  c o n d u c t i o n  w o u l d  be  
d u e  to a loca l  f ie ld i n c r e a s e  or  d u e  to c h a n g e s  in  t h e  
o x i d e  f i lm as a c o n s e q u e n c e  of loca l  h e a t i n g  f o l l o w i n g  
h i g h  loca l  c u r r e n t s  a t  b a r e  spots .  O x y g e n  b u b b l e s  w e r e  
t h o u g h t  to  p l a y  a ro l e  in  s t a b i l i z i n g  a c t i v e  p o r e s  a n d  
mic ro f i s su res .  

S i n c e  i t  is di f f icul t  to p r o d u c e  r o u g h n e s s  b y  o t h e r  
t h a n  m e c h a n i c a l  m e a n s ,  a n d  s ince  a l l  s u c h  a t t e m p t s  
a r e  l i k e l y  to i n t r o d u c e  s ide  effects,  we  c o u l d  n o t  s t u d y  
r o u g h  s u r f a c e s  per se. H o w e v e r ,  w e  p r e p a r e d  speci~ 
m e n s  w i t h  s h a r p  edges  b y  t e a r i n g  t h i n  fo i l  a n d  b y  
e l e c t r o c h e m i c a l  e t ch ing .  T h e  fo i l  w a s  0.0005 in. t h i c k  
a n d  h a d  v e r y  j a g g e d  edges  a f t e r  e t ch ing .  T h e  r a d i i  of 
c u r v a t u r e  of s u c h  edges  w e r e  a f e w  m i c r o n s  a f t e r  
e t ch ing .  P r i n t s  t a k e n  f r o m  s u c h  s p e c i m e n s  n e v e r  
s h o w e d  a n y  t r a c e  of e l e c t r o n i c  c u r r e n t  a l o n g  t h e  e d g e s  
u p  to t h e  s p a r k i n g  p o t e n t i a l  of t h e  p r i n t i n g  e l e c t r o -  
ly te .  E v e n  w h e n  s o m e  of t h e  j ags  t o r e  off w h i l e  c h a n g -  
ing  t h e  p r i n t i n g  m e d i u m  t h e  n e x t  p r i n t  w o u l d  s t i l l  
s h o w  no  b l a c k e n i n g  a t  t h o s e  sites. S u r f a c e s  w i t h  a 
h i g h  d e g r e e  of  s u r f a c e  r o u g h n e s s  cou ld  a lso  b e  p r o -  
d u c e d  b y  s i n t e r i n g  t a n t a l u m  p o w d e r  to t a n t a l u m  foil. 
P r i n t s  t a k e n  f r o m  s u c h  s p e c i m e n s  d id  n o t  r e v e a l  a n y  
e l e c t r o n i c  c o n d u c t i v i t y  w h i c h ,  b y  i t s  d i s t r i b u t i o n ,  cou ld  
h a v e  b e e n  a t t r i b u t e d  to r o u g h n e s s .  T h e  p a r t i c l e  size 
w a s  less  t h a n  10~; s i n t e r i n g  t i m e  a n d  t e m p e r a t u r e  w e r e  
such  t h a t  no  s ign i f i can t  c h a n g e  of t h e  p a r t i c l e  s h a p e  
cou ld  h a v e  t a k e n  p l ace  d u r i n g  s i n t e r i n g .  

Electronic conductivity of blasted tantalum surSaces. 
- - A b r a s i o n  c a n  l e a d  to c o n t a m i n a t i o n  of t h e  s u r f a c e  
l a y e r s  of a s p e c i m e n  in  v a r i o u s  w a y s :  b y  t h e  t r a n s f e r  
of i m p u r i t i e s  f r o m  t h e  a b r a s i v e  to t h e  s u b s t r a t e  a n d  
t h e  e m b e d d i n g  of a b r a s i v e  pa r t i c l e s .  Also,  i m p u r i t i e s  
p r e s e n t  in  t h e  s u b s t r a t e  c an  b e c o m e  exposed ,  fo r  e x -  
a m p l e ,  w h e n  t h e  a b r a s i v e  r e m o v e s  t h e  s o f t e r  m a t e -  
r i a l  w h i l e  l e a v i n g  t h e  h a r d e r  p r e c i p i t a t e s  on  t h e  s u r -  
face.  

T h e  b l a s t i n g  of t a n t a l u m  w i t h  t a n t a l u m ,  a l u m i n a ,  
a n d  d o l o m i t e  p o w d e r  w a s  f o u n d  to p r o d u c e  s i m i l a r  
s u r f a c e  c o n d i t i o n s  as f a r  as t h e  e.c. of  a n o d i c  o x i d e  
f i lms w as  concerned. T h e  d e g r e e  of s u r f a c e  d a m a g e  
d e p e n d e d  on  t h e  r e l a t i v e  h a r d n e s s  of s u b s t r a t e  a n d  
a b r a s i v e  a n d  t h e  i n t e n s i t y  a n d  d u r a t i o n  of b l a s t i ng .  
D o l o m i t e  p o w d e r  w a s  c h o s e n  b e c a u s e  of t h e  ease  w i t h  
w h i c h  i t  cou ld  b e  d i s s o l v e d  i n  acids.  P a r t i c l e s  of a b r a -  
s ive  w h i c h  a d h e r e d  to t h e  s u r f a c e  d id  n o t  g ive  a n y  e.c. 
as l ong  as t h e  a b r a s i v e  w a s  of h i g h  p u r i t y  a n d  i t se l f  
a n  i n s u l a t o r .  S c r a t c h e s  p r o d u c e d  w i t h  t a n t a l u m  on  t h e  
s a m e  s p e c i m e n s  w e r e  u s e d  as a s t a n d a r d  fo r  c o m p a r i -  
sons  s ince  c o n t a m i n a t i o n  b y  t h e  a b r a s i v e  w a s  l e a s t  
l i k e l y  to h a v e  o c c u r r e d  in  t h i s  case.  F i g u r e  7 s h o w s  
d y n a m i c  p r i n t s  o b t a i n e d  w i t h  b l a s t e d  s p e c i m e n s .  P r i n t s  
7.1-7.3 t a k e n  a t  c o n s t a n t  c u r r e n t  r e v e a l  h o w  a p a t t e r n  
of e l e c t r o n i c a l l y  c o n d u c t i n g  s i t e s  d e v e l o p e d .  I n i t i a l  
specks  in  p r i n t  7.1 b e c a m e  s o m e w h a t  f a i n t e r  in  t h e  
f o l l o w i n g  t w o  p r i n t s  w i t h  m a n y  m o r e  a p p e a r i n g  in  t h e  
c e n t e r  p o r t i o n  of t h e  b l a s t e d  a rea .  A c lose r  c o m p a r i -  
son  s h o w s  t h e  c o n t i n u e d  p r e s e n c e  of m o s t  of t h e  specks  
i n i t i a l l y  p r e s e n t .  H i g h e r  c u r r e n t  d e n s i t i e s  b r o u g h t  
f o r t h  m o r e  specks  i n  p r i n t  7.4, b u t  p r i n t  7.5 w a s  p r a c -  
t i c a l l y  i d e n t i c a l  w i t h  p r i n t  7.3 e x c e p t  fo r  i t s  i n t e n s i t y .  
T h e  f o l l o w i n g  se r i e s  of p r i n t s  w a s  t a k e n  a t  a h i g h e r  
c u r r e n t  d e n s i t y  in  v o l t a g e  i n t e r v a l s  of 20v. 

T h e  e.c. d e c r e a s e d  r a p i d l y  once  t h e  f i rs t  f e w  v o l t s  of 
f o r m a t i o n  h a d  b e e n  a c h i e v e d  a t  a h i g h  c u r r e n t  d e n s i t y  
a n d  c o n t i n u e d  to d e c r e a s e  m o r e  s l o w l y  a b o v e  20v. T h e  
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b e h a v i o r  w a s  t h e  o p p o s i t e  o f  w h a t  w a s  f o u n d  w i t h  t h e  
u n h e a t e d  a p e c i m e n  w h e r e  t h e  e.c. h a d  s h o w n  a n  i n -  
c r e a s e  in  a s i m i l a r  s e r i e s  of  p r i n t s .  T h e  v o l t a g e s  
r e a c h e d  in  c o m p a r a b l e  p r i n t s  of  t h e  u n h e a t e d  a n d  
h e a t e d  s a m p l e s  w e r e  s l i g h t l y  h i g h e r  i n  t h e  ca se  of  t h e  
l a t t e r  s i nce  a t h e r m a l  o x i d e  f i lm w a s  p r e s e n t .  T h e  
f o l l o w i n g  s e r i e s  o f  p r i n t s  in  20v  i n t e r v a l s  r e v e a l e d  
v e r y  s t r o n g  e.c. i n  t h e  i n t e r v a l  to 20v. A p a r t  f r o m  a n  
i n t e n s i v e  b l a c k e n i n g  o f  t h e  b l a s t e d  a r e a  a p a t t e r n  w a s  
a l so  f o u n d  a r o u n d  it. T h e  e.c. d e c r e a s e d  s l i g h t l y  in  
t h e  h i g h e r  f o r m a t i o n  v o l t a g e  i n t e r v a l s ,  b u t  r e m a i n e d  
s e v e r a l  t i m e s  h i g h e r  t h a n  w i t h  t h e  u n h e a t e d  s p e c i m e n .  
T h e  b l a s t e d  a r e a  i t s e l f  w a s  so i n t e n s e l y  b l a c k e n e d  t h a t  
n o  d e t a i l s  c o u l d  b e  o b s e r v e d  e x c e p t  w h e n  a s h o r t  t i m e  
p r i n t  w a s  t a k e n  ( n o t  s h o w n )  t h a t  r e v e a l e d  loca l i zed  
s p e c k s  i n d i c a t i n g  d i s c r e t e  s o u r c e s  of  e.c. 

A d d i t i o n a l  i n f o r m a t i o n  c o n c e r n i n g  t h e  o r i g i n  of  t h e  
e.c. of  b l a s t e d  a r e a s  w a s  o b t a i n e d  w h e n  t h e  o x i d e  
f o r m e d  o n  b l a s t e d  s p e c i m e n s  d u r i n g  p r i n t i n g  w a s  r e -  
m o v e d  w i t h  H F  b e f o r e  a n o t h e r  s e r i e s  of  p r i n t s  w a s  
t a k e n .  R e s u l t s  a r e  s h o w n  in  F ig .  8. R e m o v a l  of  t h e  
o x i d e  a n d  p r i n t i n g  w e r e  r e p e a t e d  t h r e e  t i m e s .  T h e r m a l  
o x i d a t i o n  a f t e r  o x i d e  r e m o v a l  w a s  a p p l i e d  in  t h e  l a s t  

Fig. 7. Prints No. 1 through 10: Anodic prints of chemically 
polished Ta sheet blasted with dolomite powder. Specimen was 
cleaned with HCI after blasting. Diameter of blasted area 0.5 cm. 
Prints No. 11 through 20" Anodic prints of chemically polished 
Ta sheet blasted with dolomite powder and cleaned with HCI. The 
specimen was then oxidized thermally in air at 500~ for 2 min. 
See Table VII. 

Table VII 

Current 
density, Formation 

Print No. ~a/cm 2 Time, sec voltage range Remarks 

1 12.5 120 to 1.3 Blasted with dolo- 
2 12.5 60 to 1.35 mite powder 
3 12.5 60 to 1.4 
4 125 30 to 2.5 
5 12.5 60 to 2.0 
6 625 60 to 20 
7 625 120 40 to 60 
8 625 115 80 to 100 
9 625 115 120 to 140 

10 625 115 140 to ~60 
II  12.5 120 to 1.5 
12 12.5 60 to 1.55 
13 12.5 60 to 1.55 
14 125 30 to 5.0 
15 12.5 60 to 4.1 
16 625 60 to 20 
17 625 130 40 to 60 
18 625 125 80 to I00 
19 625 125 124 to 140 
20 625 130 140 to 160 

Blasted with dolo- 
mite powder foE- 
lowed by thermal 
oxidation 

s p o t s  w e r e  m a d e  u p  of  a l a r g e  n u m b e r  of  t i n y  s p e c k s  
w h i c h  r e m a i n e d  t h e  s a m e  o v e r  m o s t  of  t h e  r a n g e  o f  
a n o d i c  o x i d a t i o n  c o v e r e d  in  t h e  p r i n t s .  O n l y  w i t h i n  t h e  
f i rs t  10v h a d  t h e r e  b e e n  a p r o n o u n c e d  c h a n g e  in  t h e  
r e l a t i v e  i n t e n s i t y  of  t h e  specks .  T h e  s p e c k s  p e r s i s t e d  
o v e r  a su f f i c i en t l y  l a r g e  v o l t a g e  r a n g e  to e x c l u d e  t h e i r  
b e i n g  t r a n s i e n t s .  P r i n t s  7.5 a n d  7.10 m a y  s e r v e  as  a n  
i l l u s t r a t i o n  of  t h e  d e c r e a s e  in  t h e  e.c. f r o m  t h e  in i t i a l  
s t a g e s  of  f i lm f o r m a t i o n  to i ts  l a t e r  s t ages .  T h e  t o t a l  
c h a r g e  t h a t  h a d  b e e n  p a s s e d  i n  p r i n t  7.10 w a s  72 
m c b / c m  2 c o m p a r e d  to o n l y  0.75 m c b / c m  2 in  p r i n t  7.5 
e v e n  t h o u g h  t h e  e l e c t r o n i c  c h a r g e  p a s s e d  w a s  s e v e r a l  
t i m e s  l a r g e r  i n  t h e  l a t t e r  p r i n t .  

T h e  s e c o n d  h a l f  of  F ig .  7 s h o w s  a s e r i e s  of  p r i n t s  
t a k e n  f r o m  a s i m i l a r l y  p r e t r e a t e d  s p e c i m e n  t h a t  w a s  
h e a t e d  in  a i r  a t  500~ f o r  2 m i n  a f t e r  t h e  b l a s t i n g .  I n  
t h i s  case ,  t h e  e.c. s t a r t e d  o u t  v e r y  h i g h  in  t h e  f i r s t  
p r i n t  a n d  d e c r e a s e d  r a p i d l y  in  t h e  f o l l o w i n g  ones ,  T h i s  

Fig. 8. Anodic prints of Ta sheet blasted with 50/~ alumina 
powder. First row: as after blasting; second row: repeat, after 1-min 
dip in conc. HF; third row: repeat, after 1-min dip in conc. HF; 
fourth row: repeat, after 1-min dip in conc HF and thermal oxi- 
dation at 500~ in air for 2 min. See Table VIII.  

Table VIII 

Current 
density, Time, Formation 

Print No. ma/cm 2 sec voltage range Remarks 

1 1 50 to 10 Blasted with alumina 
2 1 55 10 to 20 powder 
3 1 55 20 to 30 
4 1 55 30 to 40 
5 1 55 40 to 50 
6 1 45 to 10 After :No. 5--l-rain 
7 1 50 10 to 20 dip in conc HF 
8 1 50 20 to 30 
9 1 50 30 to 40 

I0 1 50 40 to 50 
11 1 40 to i0 After No. 10--l-rain 
12 1 50 10 to 20 dip in conc I-IF 
13 1 50 2(} to 30 
14 1 50 30 to 40 
15 I 50 40 to 50 
16 1 60 to 10 After No. 15--1-nlin 
17 1 60 1G to 2G dip in cone HF; ther- 
18 1 55 20 to 30 real oxidation 2 rain 
19 1 55 30 to 40 500~ 
20 1 50 40 to 20 
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series of prints (prints  8.16-8.20); the specimen had 
been blasted wi th  a lumina powder.  

The first series of prints  (prints 8.1-8.5), s imilar  to 
parts  of Fig. 7, again showed the high init ial  e.c. 
fol lowed by a sharp decrease after  the first format ion 
in terva l  and a ve ry  sl ight  increase on fu r ther  oxida-  
tion. Af te r  r emova l  of the ini t ial  oxide film by dip-  
ping in concentrated HF a second series of prints  
(prints  8.6-8.10) showed an e.c. gradual ly  increasing 
wi th  an increase in the format ion voltage. The pa t te rn  
of the e.c., being at first h ighly nonuniform, became 
more  and more uni form whi le  the size of the pr int  
approached the size of the total  blasted area. 

The oxide was dissolved in conc. HF after  oxida-  
tion to 50v and a th i rd  series of pr ints  (prints  7.11- 
7.15) was taken. The intensi ty of the e.c., at  a much 
reduced level  compared to the last series, shows the 
same tendency to increase gradual ly  wi th  an increase 
in format ion voltage. The oxide was again dissolved 
in conc. HF after  format ion  to 50v. The  specimen was 
then rinsed in t r ip le-dis t i l led  water ,  dried in an air 
stream, and heated at 500~ for 5 min. Prints  7.16- 
7.20 were  taken  after  this t reatment .  The blasted area 
ini t ial ly showed lower  e.c. than the surrounding area, 
but  wi th  increasing format ion  vol tage the blasted area 
showed an increasing e.c., whereas  the surroundings 
became less conducting. 

Discussion 

The effects of bulk contaminat ion on the e.c. of 
anodic oxide films on Ta were  demonst ra ted  by taking 
anodic prints  of Ta al loyed with  Fe, Ni, and C. The 
effects of surface contaminat ion were  shown for Ta 
that  was scratched with  Ta, Ni, Fe, and C. With alloys 
of Ni and Fe the e.c. was ei ther  strong from the be-  
ginning wi th  a tendency to increase further ,  as in-  
dicated by the first series of prints obtained with  Fe, 
or it s tarted out low and increased gradual ly  wi th  
progressing film growth unti l  it reached very  high 
values as in the case of Ni and wi th  Fe  af ter  HF 
treatment .  The e.c. was affected by chemical  t rea t -  
ments of the oxidized specimen in the case of the Ta-Ni  
alloy where  aqua regia, for example,  removed the 
cause for e.c., at  least temporari ly .  The e.c. was not 
noticeably affected by chemical  t rea tments  of the 
oxide covered specimen in the case of Fe and C alloys 
as long as fluorides and hydrofluoric acid were  absent. 
Af te r  prolonged HF t rea tment  of the Ta -Fe  alloy, 
which dissolved Fe r ich portions of the alloy, oxides 
were  formed on anodic oxidation exhibi t ing e.c. that  
was r emoved  by conc. HC1. 

I t  appears that  in the case of Ta-Ni  alloys a Ni r ich 
oxide at the oxide-e lec t ro ly te  interface was respon-  
sible for the e.c. The e.c. of the oxide film on the Fe -Ta  
alloy must  ei ther  be due to an oxide film which in 
itself is highly doped with  Fe, or a highly doped sur-  
face film that  still shows the chemical  reac t iv i ty  of 
Ta205 ra ther  than of any of the i ron oxides. In  any 
case, the e.c. was not affected in the same way it was 
in the case of the  Ta-Ni  alloy. 

Without  discussing in detai l  the possible mechanism 
of the anodic oxidation of tan ta lum alloys we shall 
briefly consider some aspects that  may  help to under -  
stand the characterist ics of the e.c. of alloy oxides. 
Assuming a thin init ial  oxide layer  consisting main ly  
of tan ta lum oxide, we are l ikely  to have a compet i -  
t ion be tween  tan ta lum and foreign ions in regard  
to their  t ransport  through the already exist ing oxide 
film under  high field conditions. In case the foreign 
ions migra te  at a h igher  ra te  than the tan ta lum ions 
they wil l  accumulate  at the oxide-e lec t ro ly te  interface 
unless they dissolve in the electrolyte.  Depending on 
the pH of the solution and the par t icular  anions pres-  
ent, a layer  wi l l  be formed on the tan ta lum oxide, this 
layer  being ei ther insulat ing or electronical ly conduct-  
ing, or porous and permeable  to the electrolyte.  In case 
the migra t ion  ra te  of the foreign ions is less than that  

of Ta ions, or if the t ransport  number  for  the cations 
is less than one, in te rmedia te  situations may  be found 
where  oxide layers rich in foreign ions are formed 
inside the oxide film or at the meta l -ox ide  interface. 

The valency of the ions as they a r r ive  at the ox ide /  
e lectrolyte  interface wi l l  depend on the nature  of the 
ions and their  environment .  In the case of Fe  or Ni 
the valency could be two, three, or even higher. These 
high valency ions may  then react  wi th  the electrolyte  
and be reduced by any redox system with a suffi- 
cient ly negat ive redox  potential.  It is conceivable,  
therefore,  that  the redox indicator system that  we 
used ( iodide/ iodine-s tarch)  reacted with  these ions, 
leading to a blackening of our prints which was not 
due to electronic conduct ivi ty  of the film. However ,  
the result  of this react ion would  be the same as wi th  
t ru ly  electronic charge transport.  

In order  to de te rmine  whe the r  oxidat ion of iodide 
by higher  valency ions could have  contr ibuted to our 
results to any appreciable degree, we  used the pr in t ing 
technique with  indicators for  Fe  2+, Fe ~+, and Ni 2+ 
ions, respectively.  The sensi t ivi ty of these color re-  
actions was about as high as for the iodine-s tarch re-  
action. The test indicators were  K~Fe(CN)6 for Fe 2+, 
KSCN for Fe  3+, and d imethyl  g lyoxim for Ni 2+. In no 
case did we observe more than a trace of any of the 
low valency ions and no trace at all of the higher  
valency ions. These tests were  conducted under  condi- 
t ions where  very  strong colorat ion of the iodide-s tarch 
prints would have  been observed. 

An additional test showed beyond doubt that  no 
high valency ions were  formed in a concentrat ion that  
could have affected our results. Prints  were  taken as 
usual except  that  the pr in t ing electrolyte  did not con- 
tain any potassium iodide. The tanta lum alloy to be 
tested was anodized through at least 10v (it would  
have  given a ve ry  strong blackening of the prints  wi th  
iodide).  Since no iodide was present  in this test, the 
prints were  absolutely clear. If  any higher  va lency 
ions had been formed, they should have  reacted im-  
media te ly  wi th  a drop of potassium iodide solution 
brought  onto this print. Nei ther  wi th  Ta -Fe  nor wi th  
Ta-Ni  alloys did we observe any posi t ive reaction. 
This showed that  the blackening of our prints was 
indeed a result  of the electronic conduct ivi ty  of the 
anodic oxide film. It  also showed that  pract ical ly  no 
corrosion of the Fe and Ni was taking place during 
pr in t ing since even low valency ions could only be 
found in trace concentrations at the most. 

The observat ion that  wi th  aqua regia we could re-  
move something f rom the surface of oxides on Ta-Ni  
alloys which caused the prints  to become black showed 
that  a Ni containing compound was present  at the 
oxide-e lec t rolyte  interface;  however ,  this compound 
did not cause blackening of the pr int ing medium 
wi thout  the passage of current.  The over -a l l  mech-  
anism of electron t ransfer  is not  known, but  it does 
not seem to go via  a consecutive homogeneous redox 
reaction, at least wi th  Fe  and Ni alloys of Ta. 

It is clear that  fu r the r  studies of the s t ructure  and 
composition of the mixed  oxide films and their  kinetics 
of growth are requi red  before final conclusion can be 
drawn. 

With carbon the behavior  was very  different. The 
e.c. s tarted out high, decreased subsequently,  and in- 
creased again on approaching vol tages around 100v. 
Above 120v the anodic oxide film was destroyed by a 
process which led to excessive e.c. A behavior  of this 
kind can be understood qual i ta t ive ly  by assuming that  
the original  substrate surface contained both tantalum 
and carbon (in the form of tan ta lum carbide) and 
that  the init ial ly formed oxide film was electronical ly 
conducting due to the carbon. As more film was buil t  
up, the e.c. decreased since the new film consisted 
mainly  if tanta lum oxide, carbon having been lef t  be-  
hind. This eventual ly  led to the format ion of a layer  of 
carbon undernea th  the insulat ing oxide film, at the 
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i r regular i t ies  of which  the dielectr ic  would  break  
down at high fields. 

Areas on the Ta sheet where  carbon had reacted in-  
completely  wi th  the substrate showed strong act ivi ty  
which in some cases did not exhibi t  the same expo-  
nential  current- f ie ld  characterist ics that  we  observed 
wi th  most other  defects (13). The resistance of these 
areas appeared to be ohmic with  the cur ren t  being 
l imited by diffusion in the electrolyte,  or in te r rupted  
by gas evolution. A similar  si tuation arose when  
tan ta lum was scratched and contaminated with  carbon. 
Direct  contact be tween  sufficiently large areas of 
meta l  and carbon was bel ieved to have  p reven ted  the 
growth of tan ta lum oxide thus mainta in ing  active 
areas on the substrate. But  in most  cases of surface 
contaminat ion the anodic oxide appeared to have 
grown underneath,  above, and around the impuri t ies  
thereby establishing the characterist ics typical  for 
most defects in anodic oxide films. 

The results obtained wi th  Ta specimens that  were  
pre t reated in various ways and then oxidized the r -  
mal ly  (500~ in air, for  5 min)  are  summarized be-  
low. Vacuum annealed Ta foil was used as the stand- 
ard for comparisons. As was shown in Fig. 5, no e.c. 
was observed whenever  prints were  taken f rom foil 
that  was annealed in vacuum or polished chemically,  
as long as the specimens were  not oxidized thermal ly .  
Occasionally, chemical ly polished mater ia l  would give 
rise to nonuniform e.c. which could be t raced to gross 
impurit ies.  

Af te r  thermal  oxidation, vacuum annealed foil 
tended to show some nonuniform e.c. with a dis tr ibu-  
t ion typical  for contamination.  No un i fo rm e.c. was 
found ei ther  af ter  short  oxidation at 500~ or after  
oxidation up to several  hours at 2-400~ Thermal  
oxide, e i ther  amorphous or crystall ine,  does not give 
rise to e.c. of the subsequent ly formed anodic oxide 
wi th in  the sensit ivi ty of the pr in t ing  method. Thermal  
oxidation brings out  impurit ies,  however ,  which would  
not have  been apparent  before. It  can be used as a 
means to amplify their  effect. Thermal  oxidat ion in 
connection with  anodic pr int ing is an effective means 
to test the pur i ty  of tan ta lum foil. 

Chemical  t rea tment  of vacuum annealed foil prior  
to thermal  oxidation led to more  or less uniform e.c. 
of the anodic oxide film if alkal ine reagents  were  used. 
Mineral  acids had only a minor  effect. The effect of 
concentrated HF depended strongly on the durat ion 
of subsequent  r insing in water :  ve ry  l i t t le  e.c. was ob- 
served if the specimen was blown dry after  dipping 
in Hf, wi thout  r insing in water ,  whi le  high e.c. was 
found af ter  several  minutes  of r insing in cold or 
hot t r ip le-dis t i l led  water .  Fur the r  r insing did not  
change the intensi ty of the e.c. once it was established. 

Chemical ly  polished foil, that  was given the usual 
10-rain r inse in conc. HF, behaved s imilar ly  to vacuum 
annealed foil with HF treatment .  Besides more  or 
less uni form effects of the chemical  t reatments ,  non- 
uniform e.c., probably due to impurit ies,  was more  
f requent ly  observed with  chemical ly polished material .  

Uni formi ty  of the e.c. could not be achieved when  
chemical  t rea tments  were  used. I t  was difficult to 
avoid drying marks, especially after  ve ry  short  r ins-  
ing times, even though t r iple-dis t i l Ied wate r  was used. 
Drying  marks, fingerprints, etc., always led to e.c. 
af ter  thermal  oxidation. But even if the prepara t ion 
and handl ing of the specimens was done wi th  great  
circumspection we  obtained a considerable degree of 
nonuniformity.  Extended  rinsing in wate r  af ter  chemi-  
cal t rea tments  usual ly  gave the most  uni formly  dis- 
t r ibuted e.c. The conditions characteris t ic  of vacuum 
annealed foil  were  most  closely approached by wash-  
ing chemical ly  polished foil in conc. HC1 and short 
r insing in water.  Pract ica l ly  no uni form e.c. was ob- 
served except  for the almost unavoidable  drying 
marks. 

These observat ions are tenta t ive ly  explained in the 
fol lowing way. Tanta lum oxides formed by the rmal  

oxidat ion are insulat ing and do not cause subsequent ly  
formed anodic oxide films to become electronical ly 
conducting. If, however ,  a t an ta lum hydroxide  film is 
present  init ially,  the rmal  oxide may  be fo rmed  which  
exhibits  a h igher  e.c. due to the hydroxy l  ions re-  
placing oxygen ions, t ransforming the tanta lum oxide 
into a highly conductive n - type  semiconductor.  A 
similar  react ion would be expected to take  place with  
fluoride; however ,  it seems l ikely  that  t an ta lum fluo- 
rides, being ra ther  volatile,  may  be r emoved  dur ing 
the thermal  oxidation. This would  expla in  why  HF 
t reated specimens showed e.c. only af ter  washing in 
water  for several  minutes  or af ter  short  t r ea tment  in 
conc. KOH. 

It  is not clear why  thermal  oxidation should be re -  
quired to produce these effects. Apparent ly ,  the hy-  
droxyl  ions, if responsible for  the  electronic conduc- 
tivity, are not  incorporated in sufficiently high concen- 
t ra t ion as would  be the case if a thin pre-exis t ing  sur-  
face film wi th  high anion concentrat ion was  being 
oxidized thermally.  

If specimens anodized in di lute phosphoric acid were  
heated in air af ter  the same chemical  pretreatments ,  
s imilar  effects were  observed. By comparing vacuum 
annealed and chemical ly polished specimens, more  
localized defects were  observed in the la t ter  case. This 
again suggested the pr int ing method combined with  
the rmal  oxidat ion as a means to evaluate  the effect ive- 
ness of purification techniques and the qual i ty  of Ta 
foil. 

Plast ic deformat ion (bending) of Ta sheet did not 
produce e.c. a t t r ibutable  to this t reatment .  Usual ly  a 
few localized centers wi th  high e.c. were  found, but  
they were  probably caused by impuri t ies  which be-  
came exposed due to slip wi th in  grains and the dis- 
p lacement  of neighboring grains re la t ive  to one an- 
other. Thermal  oxidation af ter  bending produced in- 
creased e.c. which again was localized in a l imited 
number  of sites. I t  seems most  l ikely  that  impuri t ies  
became exposed at the surface by the combined action 
of bending and thermal  oxidation. Since the sheet was 
bent back and for th  ten or more  times, plastic de-  
format ion was so extensive that  a un i form effect 
along the bends should have  been seen if the strain as- 
sociated with  plastic deformat ion had an effect on the 
e.c. at all. This resul t  is interest ing in that  it reveals  
a strong secondary effect of a par t icular  t r ea tment  that  
was induced by the p r imary  effect of this t rea tment ;  
the p r imary  effect was inoperat ive  in producing e.c. 
directly. 

The exper iments  wi th  foil having torn and highly 
jagged edges produced by e lect rochemical  etching and 
of foil wi th  powder  sintered onto it did not  give any 
indication of e.c. due to surface geometry.  Likewise, 
the re format ion  of cracked anodic oxide films at high 
local current  densities gave no indicat ion of any elec-  
tronic current  due to excessively high local fields. 

These tests cannot be considered a sufficient proof 
that  the geometry  of the substrate has no effect at all 
on the e.c., but  they suggest tha t  i t  is so. 

In discussions of the e.c. of " rough"  surfaces in the 
l i tera ture  (1, 2, 6, 7) it has been maintained,  af ter  
other  possible causes were  thought  to have  been ex-  
cluded, that  the geometry  alone could be responsible 
for electronical ly conducting sites on the surface. Sev-  
eral  mechanisms by which this could happen were  sug- 
gested. They were  all based on the assumption that  for 
one reason or another  the field s t rength was increased 
locally wi th  the consequence o f  electronic current  due 
to field emission. This current  could be the precursor  
of local b reakdown which in tu rn  migh t  lead to local 
heating, destruct ion of the dielectric,  and crystal l iza-  
tion. 

These mechanisms requi re  that  an increase in the 
field s t rength lead to an exponent ia l  increase in the 
electronic conductivity.  While  the field strengths en-  
countered in these thin film dielectrics under  the 
test conditions are such that  field emission may  occur, 
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w e  m u s t  t a k e  i n t o  a c c o u n t  t h e  ion ic  c o n d u c t i v i t y  as 
a s t a b i l i z i n g  f a c t o r  fo r  t h e  f ie ld s t r e n g t h .  I f  t h e  e.c. 
w a s  d u e  to  h i g h  fields only ,  t h e n  t h e  e l e c t r o n i c  c u r r e n t  
s h o u l d  h a v e  b e e n  t r a n s i t i o n a l  s ince  t h e  f ield w o u l d  
h a v e  c a u s e d  t h e  ionic  c u r r e n t  to r i s e  as w e l l  a n d  t h i s  
w o u l d  h a v e  led  to f i lm r e p a i r  a n d  a c o r r e s p o n d i n g  
d r o p  in  t h e  loca l  f ield t o w a r d s  a v e r a g e  va lues .  T h e r e -  
fore ,  if  t h e  e.c. w as  c a u s e d  b y  c r a c k i n g ,  as s u g g e s t e d  
b y  Y o u n g  (1, 2) ,  t h e n  w e  s h o u l d  see  c h a n g i n g  p a t t e r n s  
on  t h e  p r in t s .  A c c o r d i n g  to Y o u n g ,  t h e  c r a c k s  s h o u l d  
also b e c o m e  m o r e  n u m e r o u s  w i t h  i n c r e a s i n g  f i lm 
t h i c k n e s s .  N e i t h e r  p h e n o m e n o n  w a s  o b s e r v e d  b y  us. 
O n  t h e  c o n t r a r y ,  t h e  c o n d u c t i v e  s i tes  w e r e  f o u n d  to b e  
a c t i v e  o v e r  r a t h e r  l a r g e  f o r m a t i o n  i n t e r v a l s  s t a r t i n g  a t  
l ow  v o l t a g e s  w i t h  t h e i r  i n t e n s i t y  s t a y i n g  c o n s t a n t  or  
e v e n  d e c r e a s i n g  w i t h  i n c r e a s i n g  f i lm t h i c k n e s s .  No i n -  
c r e a s e  in  t h e  n u m b e r  of specks  or  a r a d i c a l  c h a n g e  in  
p a t t e r n  w e r e  o b s e r v e d  w i t h  m e c h a n i c a l l y  t r e a t e d  
s p e c i m e n s  t o w a r d s  h i g h e r  f o r m a t i o n  v o l t a g e s  once  t h e  
i n i t i a l  m a x i m u m  in  t h e  e.c. in  t h e  f i rs t  10v i n t e r v a l  w a s  
o v e r c o m e .  

S u d d e n ,  h igh ,  loca l  c u r r e n t s ,  e i t h e r  ion ic  or  e l ec -  
t ron ic ,  c o u l d  h a v e  d a m a g e d  t h e  o x i d e  f i lm t h r o u g h  
loca l  h e a t i n g  e i t h e r  b y  c a u s i n g  t h e  f i lm to  c rys t a l l i ze ,  
or  a t  l e a s t  to  n u c l e a t e  c r y s t a l l i n e  oxide .  Aga in ,  t h e s e  
c h a n g e s  wo.uld m o s t  l i k e l y  h a v e  r e s u l t e d  in  e p h e m e r a l  
b u r s t s  of e l e c t r o n i c  c u r r e n t  s ince  a t  l e a s t  p a r t i a l  h e a l -  
ing  of t h e  d a m a g e  w o u l d  h a v e  f o l l o w e d  a n y  c a t a -  
s t r o p h i c  even t .  I n  add i t i on ,  i t  h a d  b e e n  f o u n d  t h a t  t h e  
e.c. of t h e r m a l  a n d  a n o d i c  c r y s t a l l i n e  o x i d e s  w a s  b e l o w  
t h e  s e n s i t i v i t y  of t h e  p r i n t i n g  m e t h o d .  In  no  case  d id  
w e  f ind e l e c t r o n i c a l l y  c o n d u c t i n g  d e f e c t s  w i t h  a n  i n i -  
t i a l  b u r s t  a n d  a t r a i l  of d i s a p p e a r i n g  e l e c t r o n i c  c u r r e n t  
w h i c h  w e  w o u l d  e x p e c t  in  a l l  of t h e s e  cases.  

V e r m i l y e a  (7)  f o u n d  r o u g h n e s s  to  b e  one  of  t h e  
causes  f o r  f laws w h i c h  in  h i s  m o d e l  t ook  t h e  f o r m  of a 
t h i n  o x i d e  f i lm s e p a r a t e d  f r o m  t h e  s u b s t r a t e  b y  a n  a i r  
gap.  No d i r e c t  r e f e r e n c e  w a s  m a d e  to t h e i r  e.c.; i t  w a s  
e v e n  t h o u g h t  t h a t  t h e y  w e r e  p a s s i v e  e l e c t r i c a l l y  c o n -  
t r i b u t i n g  to t h e  c a p a c i t y  only .  H o w e v e r ,  in  a n  e a r l i e r  
p a p e r  (6) V e r m i l y e a  h a d  f o u n d  ga s s i ng  to t a k e  p lace  
w h e n  r o u g h  s u r f a c e s  w e r e  anod ized .  T h e  q u e s t i o n  
a rose  w h e t h e r  t h e  f laws w e r e  r e s p o n s i b l e  fo r  t h e  e.c. 
w h i c h  s h o u l d  h a v e  b e e n  d i s t r i b u t e d  r a t h e r  u n i f o r m l y  
o n  a m a c r o s c a l e  s ince  t h e  n u m b e r  of f laws  h a d  b e e n  
found to be very high in scratches and nowhere lower 
t h a n  104/cm 2 on  t h e  b e s t  s m o o t h  s p e c i m e n s .  

V e r m i l y e a ' s  f laws s e e m e d  to h a v e  a p p e a r e d  u n d e r  
a m u l t i t u d e  of cond i t ions .  O u r  s t u d i e s  s h o w e d  t h e  m o s t  
d i s t i n c t  f l aws  to b e  c a u s e d  b y  t h e r m a l  c r y s t a l l i n e  o x i d e  
a n d  t a n t a l u m  c a r b i d e  p r e c i p i t a t e s .  T h e  e.c. of i n -  
d i v i d u a l  f laws  w a s  b e l o w  t h e  s e n s i t i v i t y  of o u r  m e t h o d ,  
b u t  e v e n  v e r y  h i g h  c o n c e n t r a t i o n s  of  f laws  c a u s e d  b y  
t h e r m a l  o x i d e  d id  n o t  g ive  a n  i m p r i n t .  H i g h e r  c a r -  
b ide  c o n c e n t r a t i o n s  on  t h e  o t h e r  h a n d  g a v e  p r i n t s  as 
t h e  ones  s h o w n  in  Fig.  3. M e c h a n i c a l l y  t r e a t e d  spec i -  
m e n ~  d e v e l o p e d  a v a r y i n g  n u m b e r  of f laws  d e p e n d i n g  
n o t  o n l y  on  t h e  k i n d  of a b r a s i v e  used ,  b u t  e v e n  m o r e  
on  t h e  s u b s t r a t e  m a t e r i a l  a n d  i ts  a n d  t h e  a b r a s i v e ' s  
p u r i t y .  

T h e  p a t t e r n  of e.c. w h i c h  w e  o b s e r v e d  w i t h i n  
b l a s t e d  a r e a s  a n d  a l o n g  s c r a t c h e s  i n d i c a t e d  t h a t  t h e  
s o u r c e s  of e.c. cou ld  n o t  b e  d i s t r i b u t e d  u n i f o r m l y  on  a 
m a c r o s c o p i c  sca le  as w o u l d  h a v e  b e e n  e x p e c t e d  if t h e  
f laws  h a d  b e e n  r e s p o n s i b l e  fo r  t h e  o b s e r v e d  e.c. A t  
l e a s t  t h e  p r e d o m i n a n t  sou rces  of e l e c t r o n i c  c u r r e n t  
w e r e  f e w  c o m p a r e d  w i t h  t h e  n u m b e r  of f laws or  e v e n  
t h e  n u m b e r  of b l a s t i n g  m a r k s .  Also,  w e  f o u n d  v e r y  
f e w  e l e c t r o n i c a l l y  c o n d u c t i n g  s i tes  a l o n g  t a n t a l u m  
s c r a t c h e s  o n  t a n t a l u m .  T h i s  l ed  us  to  c o n c l u d e  t h a t  
t h e  e.c. i n  m e c h a n i c a l l y  t r e a t e d  a r e a s  of  t a n t a l u m  
cou ld  n o t  be  r e l a t e d  to t h e  f laws  t h a t  w e r e  o b s e r v e d  b y  
V e r m i l y e a ,  and,  in  some  cases,  b y  us. 

I f  w e  c o n s i d e r  t a n t a l u m  s c r a t c h e s  on  c a r e f u l l y  p u r i -  
fied t a n t a l u m  as t h e  c loses t  a p p r o a c h  to a r o u g h  s u r -  
face,  e l i m i n a t i n g  a t  l e a s t  c o n t a m i n a t i o n ,  w e  h a v e  to 
e x p l a i n  t h e  o b s e r v a t i o n  of e.c. in  t h e  i n i t i a l  p r i n t ,  t h e  
a b s e n c e  of e.e. i n  t h e  r a n g e  f r o m  10 t h r o u g h  120v a n d  

t h e  a p p e a r a n c e  of u n i f o r m  b u t  v e r y  l ow  e.c. a b o v e  
120v. I n  case  t h e  s p e c i m e n  w a s  t h e r m a l l y  ox id i zed  
a f t e r  s c r a t c h i n g  t h e  s a m e  g e n e r a l  p i c t u r e  w a s  ob -  
s e r v e d  w i t h  t h e  a d d i t i o n  of s u d d e n l y  a p p e a r i n g  h i g h e r  
e.c. a b o v e  140v. T h e  i n i t i a l  e.c. w a s  n o n u n i f o r m l y  d i s -  
t r i b u t e d  a l o n g  t h e  s c r a t c h  a n d  t h e  n u m b e r  of c o n -  
d u c t i n g  s i tes  c o r r e l a t e d  w e l l  w i t h  t h e  n u m b e r  of 
" s l i v e r s "  o b s e r v e d  a l o n g  t h e  s c ra t ch .  I n  t h i s  case,  
g e o m e t r y  cou ld  h a v e  p l a y e d  a ro l e  as a cause  fo r  e.c. 
H o w e v e r ,  t h e  e.c. w a s  o b s e r v e d  o n l y  in  t he  i n i t i a l  p r i n t  
a n d  w a s  t o t a l l y  a b s e n t  in  t h e  f o l l o w i n g  ones  u p  to a p -  
p r o x i m a t e l y  120v. 

T h e  u n i f o r m  e.c. o b s e r v e d  a b o v e  this. v o l t a g e  is 
diff icul t  to  e x p l a i n :  T h e  g e o m e t r y  w o u l d  cause  n o n -  
u n i f o r m  e.c. w h i l e  t h e r m a l  o x i d e  h a s  b e e n  s h o w n  no t  
to cause  e.c. u n d e r  t h e s e  cond i t ions .  W h e t h e r  s t r a i n  
cou ld  a c c o u n t  fo r  i t  is u n c e r t a i n .  T h e  s u d d e n  a p p e a r -  
ance  of e.c. a b o v e  140v in  s c r a t c h e s  t h a t  w e r e  t h e r -  
m a l l y  ox id i zed  as w e l l  a p p e a r  to h a v e  b e e n  c a u s e d  b y  
s p o n t a n e o u s  c r y s t a l l i z a t i o n  a c c o m p a n i e d  b y  a d i s r u p -  
t i on  of t h e  a m o r p h o u s  ox ide  f i lm as o b s e r v e d  w h e n  
s c i n t i l l a t i o n  occur red .  I n  t h e  case  of t h e  t h e r m a l l y  ox i -  
d i zed  s p e c i m e n  a c c n n e c t i o n  of  t h e  f a i n t  u n i f o r m  e.c. 
w i t h  f laws  is l i k e l y  s ince  t h e r m a l  o x i d a t i o n  of p l a s t i -  
ca l ly  d e f o r m e d  t a n t a l u m  led to a v e r y  h i g h  d e n s i t y  
of f laws a n d  a n o d i c  c rys ta l s .  H o w e v e r ,  i n  t h e  case  of 
t h e  s p e c i m e n  w h i c h  w a s  s c r a t c h e d  only ,  no  f laws w e r e  
o b s e r v e d  w h i c h  cou ld  h a v e  a c c o u n t e d  fo r  t h e  f a i n t  
u n i f o r m  e.c. 

T h e  i n t e r p r e t a t i o n  of t h e  p r i n t s  f r o m  b l a s t e d  spec i -  
m e n s  wi l l  b e  b a s e d  on  t h e  r e s u l t s  o b t a i n e d  fo r  t h e  
i n d i v i d u a l  f a c t o r s  c o n t r i b u t i n g  to t h e  effects  of m e -  
c h a n i c a l  s u r f a c e  t r e a t m e n t s .  A b r a s i v e  pa r t i c l e s ,  if  b y  
t h e m s e l v e s  i n s u l a t o r s ,  d id  n o t  g ive  r i se  to e.c. w h e n  
s p r i n k l e d  o n  t a n t a l u m  foil. C o n d u c t i n g  p o w d e r ,  such  
as ca rbon ,  b y  c o m p a r i s o n  y i e l d e d  e x c e s s i v e l y  h i g h  e.c. 
I t  is v e r y  u n l i k e l y ,  t h e r e f o r e ,  t h a t  a b r a s i v e  p a r t i c l e s  
e v e n  if  p a r t i a l l y  or  c o m p l e t e l y  e m b e d d e d  in  t h e  s u b -  
s t r a t e  w e r e  r e s p o n s i b l e  for  t h e  effects  f o u n d  w i t h  
b l a s t e d  su r faces .  B y  c o m p a r i n g  se r ies  two,  t h r e e ,  a n d  
f o u r  of  Fig. 8, w e  f o u n d  t h a t  a c o n s i d e r a b l e  n u m b e r  
of i n d i v i d u a l  m a r k s  in  t h e  s e c o n d  se r ies  cou ld  also be  
f o u n d  in  t h e  f o u r t h  ( a f t e r  t h e r m a l  o x i d a t i o n ) ,  w h e r e a s  
p r a c t i c a l l y  no  m a r k s  w e r e  f o u n d  i n  t h e  t h i r d  ser ies .  
P a r t i c l e s  of a b r a s i v e  c a n n o t  a c c o u n t  fo r  t h i s  b e h a v i o r  
s ince  t h e y  s h o u l d  p r o d u c e  m a r k s  in  a l l  t h r e e  ser ies :  
a n  e m b e d d e d  p a r t i c l e  e i t h e r  is t h e r e ,  t h e n  i t  g ives  r i se  
to e.c., or  i t  is r e m o v e d  a n d  no  f u r t h e r  t r e a t m e n t  l ike  
t h e r m a l  o x i d a t i o n  w i l l  b r i n g  i t  back .  

R o u g h n e s s  w a s  s h o w n  to h a v e  no  or  o n l y  a t e m p o -  
r a r y  effect:  s l i ve r s  a l o n g  Ta  s c r a t c h e s  w e r e  f o u n d  to 
be  c e n t e r s  of i n i t i a l  e.c. w h i c h  d e c r e a s e d  r a p i d l y  on  
f i lm f o r m a t i o n .  T h e  i n i t i a l l y  v e r y  h i g h  e.c. o b s e r v e d  
in  a l l  b l a s t i n g  e x p e r i m e n t s  ( w i t h o u t  t h e r m a l  o x i d a -  
t i on )  m a y  in  p a r t  b e  e x p l a i n e d  b y  this .  H o w e v e r ,  
o t h e r  fac tors ,  e s p e c i a l l y  c o n t a m i n a t i o n ,  m a y  h a v e  c o n -  
t r i b u t e d  s u b s t a n t i a l l y  as wel l .  

A f t e r  t h e  f i rs t  o x i d e  l a y e r  w a s  r e m o v e d  t h e  e.c. 
no  l o n g e r  s h o w e d  t h e  c o n d u c t i v i t y  m a x i m u m  in  t he  
i n i t i a l  p r i n t i n g  i n t e r v a l .  T h i s  cou ld  b e  e x p l a i n e d  b y  
a d e c r e a s e  in  t h e  i n i t i a l  r o u g h n e s s ,  b u t  a lso b y  t h e  
r e m o v a l  of s u r f a c e  i m p u r i t i e s .  T h e  p r i n t s  of t h e  
b l a s t e d  a r e a s  a f t e r  t h e  r e m o v a l  of t h e  i n i t i a l  ox ide  
f i lm ( s e c o n d  ser ies ,  Fig.  8) i n c r e a s e d  in  size w i t h  
i n c r e a s i n g  f o r m a t i o n  vo l t age .  I f  r o u g h n e s s  w e r e  r e -  
s p o n s i b l e  for  t h e  e.c. i t  s h o u l d  h a v e  b e e n  u n i f o r m  
o v e r  t h e  w h o l e  a rea .  S t r e s s  c o n c e n t r a t i o n s  m a y  be  
e l i m i n a t e d  as a s o u r c e  of e.c. b y  v i r t u e  of t h e  b e n d -  
ing  t e s t  r e su l t s .  

T h e  s t r o n g e s t  p o i n t  in  f a v o r  of i m p u r i t i e s  as  t h e  
cause  fo r  t h e  e.c. o b s e r v e d  w i t h  b l a s t e d  s u r f a c e s  is 
t h e  effect  t h e r m a l  o x i d a t i o n  h a s  a f t e r  r e p e a t e d  a n o d l c  
o x i d a t i o n  a n d  o x i d e  r e m o v a l .  T h e  i n t e n s i t y  of t h e  e.c. 
h a d  b e c o m e  so l ow  t h a t  i t  c o u l d  n o  l o n g e r  b e  d e t e c t e d  
w i t h  t h e  p r i n t i n g  t e c h n i q u e .  T h e r m a l  o x i d a t i o n  led  
to r e n e w e d  s t r o n g  e.c. i n  t h e  b l a s t e d  a rea ,  w i t h  some  
loca l i zed  m a r k s  w h i c h  h a d  b e e n  p r e s e n t  in  p r e v i o u s  
se r ies  b e f o r e  d e a c t i v a t i o n .  T h e r m a l  o x i d a t i o n  w o u l d  
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have  removed  the ex t reme roughness since sharp 
projections especial ly on plast ically deformed surfaces 
oxidize more  rapidly.  The last series in Fig. 8 has 
to be seen in comparison wi th  Fig. 5, since HF pre-  
t rea tment  usually led to e.c. in combinat ion wi th  
thermal  oxidation. It  accounts for the e.c. sur round-  
ing the blasted area which for itself shows only con- 
siderably lower  e.c., probably because the blasted area 
was oxidized the rmal ly  more readi ly  than the rest. 
The HF effect decreased rapidly in successive prints 
in favor  of a more  pronounced effect in the blasted 
area. 

Comparison of the results obtained with  blasted 
surfaces and of surface and bulk contaminat ion lead 
to the conclusion that  the e.c. af ter  blast ing showed the 
characterist ics of a surface scratched with contam- 
inating material ,  i.e., surface contamination. The fol-  
lowing series after surface cleaning showed the char-  
acteristics typical  :for bulk contamination. 

Other  factors discussed in this paper  may  contr ibute  
to the e.c. to some degree; however ,  their  over -a l l  
contr ibut ion appears to be masked by the effect of 
impuri t ies  in the major i ty  of cases. 

The overwhe lming  contr ibution to the e.c. of me-  
chanical ly t reated areas came f rom a l imited number  
of ra ther  active sites which remained active over  large 
format ion vol tage intervals.  No conclusions can be 
drawn at this point  about the s t ructure  of the elec- 
t ronical ly act ive sites and the conduction mechanism. 

Quant i ta t ive  measurements  of the intensi ty of black-  
ening of the prints  by densi tometr ic  methods have 
been used to de termine  the field dependence of the 
electronic current  in electronical ly  conducting areas 
of tan ta lum oxide films. They wil l  be the subject of 
a fu ture  publication. 

Conclusions 
1. The redox pr in t ing technique was used to study 

the electronic conduct ivi ty  of anodic oxide films whi le  
they were  being formed (dynamic behavior)  and after  
format ion under  other suitable conditions. 

2. The study of alloys of tanta lum with  nickel, iron, 
and carbon (bulk contaminat ion)  revea led  character -  
istic differences in the dynamic behavior  of the elec- 
tronic conduct ivi ty  dur ing the format ion of the ox-  
ide film. It  was shown that  for specific impuri t ies  the 
e.c. as reflected in the prints var ied  characteris t ical ly 
with increasing format ion voltage. 

3. Surface contaminat ion produced by scratching 
with  nickel, iron, and carbon was studied by com- 
paring the e.c. of these scratches wi th  scratches made 
with tan ta lum alone. With increasing format ion vol t -  
age, a decrease in the intensi ty of the e.c. was ob- 
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served with Ni and C compared with  an increase in 
the case of bulk contamination.  

4. Thermal  oxidation led to an amplification of the 
effects of impurit ies.  No e.c. was found to be asso- 
ciated with  the rmal ly  or anodically formed crystal-  
l ine oxide in the absence of impurities.  

5. Plastic deformat ion (bending of sheet) led to 
e.c. which was i r regular ly  dis tr ibuted along the bends 
indicating that  no direct  correlat ion existed be tween  
the plastic deformat ion  of tan ta lum and the e.c. The  
impur i ty  content  of the mater ia l  was an impor tant  
variable.  The effect of bending was more  pronounced 
the higher  the impur i ty  content. Thermal  oxidat ion 
after  bending led to an increased e.c., r a the r  than to 
a greater  un i formi ty  of the e.c. along the bends. 

6. Roughness as produced by ex t reme  e lec t rochem- 
ical etching, or by tear ing of thin foil, or by sintering 
of powder  onto foil  gave no indication of e.c. due to 
these conditions. 

7. The e.c. of mechanical ly  t reated surfaces was 
found to be due mainly  to impurit ies,  the contr ibu-  
tions f rom other factors being not detectable. The 
dynamic behavior  of the e.c. of blasted surfaces was 
similar  to that  of surfaces scratched with  contaminat -  
ing materials.  Af te r  surface cleaning, the e.c. was 
s imilar  to that  of alloyed tantalum. 
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Phase Changes in Thin Reactively Sputtered Alumina Films 
R. G. Frieser 1 

Bell Te~ep.hene Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A study has been made of the prepara t ion and propert ies  of a luminum 
oxide films prepared by react ive sputtering. Depos i t ion  temperature ,  rate, 
oxygen pressure, etching characterist ics in HF, and phase changes of the 
deposited films as a funct ion of hea t - t r ea tmen t  were  investigated.  Two phases 
of deposited a lumina could be prepared;  e i ther  an amorphous,  HF soluble, 
or a polycrysta l l ine  form of v-alumina,  which was considerably more  HF 
resistant. On the basis of the observed changes in HF solubility, re f rac t ive  
indices, and phase changes, a tenta t ive  model  is proposed which could be 
per t inent  to catalytic behavior  of a lumina powders. 

While s tudying the propert ies  of reac t ive ly  sput-  
tered oxides, thin ( ~  1000A) a luminum oxide films 
were  prepared  which exhibi ted anomalous solubil i ty 
behavior  in HF. This paper  describes the prepara t ion  

t Present  address: Sprague Electric Company,  North Adams,  Mas- 
sachusetts.  

and proper t ies  of these films and a tenta t ive  in te rpre -  
tation of the observed t ime- t empera tu re  dependence 
of the HF solubil i ty of these films and a correspond-  
ing increase in their  re f rac t ive  index. The  proposed 
model  is based on the known phase t ransformat ions  of 
alumina. 
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E x p e r i m e n t a l  P r o c e d u r e s  a n d  Resu l ts  

The deposition of the films was carr ied out in an 
oi l - f ree  vacuum system in order to reduce contami-  
nation f rom pump oil. To reduce contaminat ion fu r -  
ther, par t icular ly  during loading of the apparatus,  the 
entire vacuum system was enclosed by a Whitfield- 
type hood. By recircula t ing and filtering the air in the 
enclosure, par t icula te  mat te r  of a size larger  than 
0.3~ was reduced to two part icles in 3Vz hr. 

Using a combination of sorb- and ion-pumps,  the 
pressure in the system was reduced to about 10-6 
Torr  prior to sputtering.  Dur ing  the deposition the 
system was operated as a dynamic system, keeping a 
constant pressure (1 to 5 x 10 -4 Torr)  in the sput te r -  
ing chamber. This was accomplished by permit t ing  a 
certain amount  of oxygen or of an oxygen-a rgon  m i x -  
ture  to enter  a sput ter ing chamber  through a con- 
t rol led l eak -va lve  while  the sorb-pump continuously 
removed  approximate ly  the same amount  of gas. The 
sput ter ing gases were  used direct ly  f rom tanks wi th -  
out fur ther  purification. The electrodes were  5 cm in 
diameter ;  their  separat ion dur ing the exper iment  was 
ei ther 2.5 or 5.0 cm. The anode, which held the ma te -  
rials to be coated, was above the cathode which held a 
disk of pure  a luminum (99.9999%, 5 cm diameter  x 
0.3 cm thick) .  Both electrodes were  electr ical ly 
shielded to prevent  sput ter ing in undesirable direc-  
tions. Elect rochemical ly  polished silicon disks were  
employed as substrates wi th  a few exceptions, when 
mechanical ly  polished pla t inum disks were  employed. 
All  disks were  chemical ly cleaned prior  to deposition, 
and t ransported in a dust f ree container  to the sput-  
ter ing chamber.  

The deposited film thickness in the range of 500- 
7000A was observed to be a l inear funct ion of t ime 
(Fig. 1). The deposition ra te  of the react ive ly  sput-  
tered a lumina  was found to vary  direct ly  wi th  the 
sput ter ing vol tage (1-2 kv) ,  the total  sput ter ing gas 
pressure (1 to 5 x 10 -4 Torr ) ,  the  current  density 
(0.25-3.5 ma/cm2) ,  and inversely  as the  electrode 

separation. The deposition, however ,  was found to de-  
crease as the oxygen par t ia l  pressure increased in an 
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Fig. 1. Film thickness of reactively sputtered alumina as a 
function of deposition time at oxygen pressures (in ~, where 1 
~, = I miJffTorr), sputtering voltages (in kv) and electrode separa- 
tions (in cm). Electrode separation: ~ - ,  2.5 cm; . . . .  , 5.0 cm; 
. . . . .  , extrapolation, e,  20~, 1.1 kv; A ,  50~, 1.5 kv; O, 
20/~, 1.1 kv; I-1, 50~, 20 kw. 

oxygen-a rgon  mix tu re  of the sput ter ing gas. The sub- 
strate temperature ,  as a resul t  of the ion and electron 
bombardment  of the substrates, increased as the depo- 
sition rate  increased since the anode was not cooled. 
A range of 100~176 was observed.  

Depending on the exper imenta l  conditions, two 
types of a lumina films could be deposited. A poly-  
crystal l ine -r-alumina film, which  was difficultly solu- 
ble in HF, resul ted under  conditions favor ing high 
deposition rates and substrate temperatures .  At low 
deposition rates and substrate temperatures ,  an amor-  
phous, HF-soluble  film was deposited. 

A coating was considered soluble in HF or am-  
monium bifluoride solution if, when immersed,  a con- 
tinuous change in the in te r fe rence  colors was ob- 
served. Fi lms which showed an induct ion period (no 
change of in ter ference  colors) when  immersed in HF 
for 1 min  or longer were  considered difficultly solu- 
ble. No color changes were  noted but instead, af ter  
the induction period, localized dissolution of the film 
occurred, which spread with  t ime over  the ent ire  sur-  
face. Under  such conditions insoluble flakes of oxide 
could be observed to remain  in the acid solution. The 
conditions which produced the t ransi t ion f rom the 
soluble to the difficultly soluble form of reac t ive ly  
sput tered a lumina are not  we l l  defined. 

Soluble a lumina films were  obtained when the depo- 
sition ra te  was below 400 A /h r ,  whereas  difficultly 
soluble films were  obtained at rates above 600 ) , /h r .  
In the range be tween  400 and 600 A / h r  the solubil i ty 
of the film decreased progress ively  as deposition t ime 
and thickness increased. Since no provision for cool- 
ing the anode existed, the h igher  deposition rates re-  
sulted in higher  tempera ture .  The same solubil i ty 
effects could be obtained by heat ing  the soluble films 
in vacuum, nitrogen, or n i t rogen-oxygen  ambients 
(no weight  changes were  noted),  or by bombardment  
with an in te rmi t ten t  e lectron beam (90 kv) .  

Fur thermore ,  it was noted tha t  the loss of solubili ty 
of the films appeared to start  at the free film surface 
and proceeded into the bulk of the film as a function 
of t ime and /o r  t empera tu re  on heating. The fol lowing 
exper iment  is a typical  example  demonstra t ing the 
existence of such a difficultly soluble skin whi le  the 
bulk of the film below the skin exhibi ted a solubil i ty 
characterist ic similar to that  of the original  films. 

A 4550A thick a lumina film (deposition ra te  570 
A/hr ,  deposition t ime 8 hr) was etched in a modified 
ammonium bifluoride solution. This etch contained 
12% concentrated tt2SO4 and was sufficiently slow to 
permit  thickness measurements  of the films every  10 
sec. F i lm thickness measurements  were  made by com- 
paring changes in the in ter ference  colors wi th  in ter -  
ference colors of prepared standards. An etch rate  
of 840 A / m i n  was est imated for the first 750A on top 
of the  film. The remainder  of the coating (3800A) 
then dissolved in 20 sec; this corresponded to an etch 
rate  of about 11,000 A/min .  This observat ion suggests 
that  a thin surface layer  is responsible for the  de-  
crease of the solubil i ty of the film and fu r ther  that  
this results  f rom low heat t reatment .  At  wha t  t ime /  
t empera ture  conditions a soluble a lumina film can be 
completely  conver ted was not  ascertained. 

The densities of the films were  de termined  f rom 
weight -a rea- th ickness  measurements .  These were  
found to be 1.8 ___ 0.2 g / cm 3 for ei ther type of film. 
This is about V2 of the value  repor ted  in the l i te ra ture  
for bulk -r-alumina which ranges f rom 3.42-3.67 (g /  
cm 3 ). 

The observed re f rac t ive  indices of the films var ied 
from 1.51 • 0.03 for the soluble to 1.62 • 0.03 for the 
difficultly soluble alumina, wi th  ~,-alumina being re-  
ported as 1.76 (2). Refrac t ive  indices were  measured  
by the VAMFO techniques (Variable Angle  Mono- 
chromatic  Fr inge  Observat ion)  (3). 

Physical  homogenei ty  of the a lumina films was ex-  
amined by chlorine etching. All  films were  etched in 
ammonium bifluoride solution to remove  about 500A 
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f rom the soluble films pr ior  to exposure to hot  chlo-  
r ine at 800~ for 30 min. Etch pits in the silicon sub- 
strate were  then observed under  a microscope. Exami -  
nation of the soluble films revea led  many  very  small  
pits (>  50/ram2). A heat  t r ea tment  of the coating, 
such as 4 hr  at 260~ pr ior  to_chlorine etching re -  
duced the number  of pits to 3 to 4 / m m  2. These ob- 
servat ions support  the contention that  a s t ructura l  
r ea r rangement  of the deposited oxide apparent ly  oc- 
curs as a result  of heat  t reatment .  Fi lms deposited on 
silicon substrates at rates above 600 A / h r  showed few 
(1 to 2 / ram 2) etch pits if  the film was 400A thick. 

The  dielectric s t rength of soluble and heat  t rea ted 
(3 hr  at 100~ a lumina  films on silicon substrates 
was examined  using 25 mil  gold evaporated contacts 
on 3400A thick films and a vol tage ramp of 5 v/rain.  
The dielectric strengths of the films increased by a 
factor of 2 on heat ing (4 to 8 x 105 v / c m ) .  

Differential  the rmal  analysis of several  representa-  
t ive alumina films showed only one phase t rans forma-  
tion at about 375~ in air, in the range  f rom 25 ~ to 
]200~ (heat ing ra te  1~ This change was i r -  
revers ib le  and exothermic.  Electron diffraction studies 
have shown that  (i) the soluble a lumina  was amor-  
phous, and (ii) that  the films became progress ively  
more crystal l ine on heat ing and that  this crystal l ine 
phase was a 7(~1, ~, K)-alumina. Format ion  of the 7- 
a lumina phase was clearly a t empera tu re - t ime  de- 
pendent  phenomenon.  From line broadening it was 
inferred that  the films were  composed of crystalli tes,  
the d iameter  of which grew on heat ing f rom 30 to 
50A. 

Prolonged (164 hr) heat ing of an a lumina  film at 
e i ther  1000 ~ or 1150~ in ni t rogen did not  conver t  the 
v -a lumina  form to the s - fo rm al though according to 
the l i t e ra ture  3,-alumina is not stable above 1100~ 
(4). On plat inum substrates the 3,-phase persisted un-  
der such drastic conditions, whi le  on silicon substrates 
the films again became amorphous. This phase might  
be a t t r ibuted to the diffusion of silicon in the ~-alu-  
mina and the format ion of an amorphous a lumina-  
silicate. 

The consistently low density observed for the re -  
act ively sput tered films as compared to the l i te ra ture  
value  of a lumina (1), the etching experiments ,  the 
physical inhomogenei ty  ( revealed pinholes) ,  and the 
measured crystal l i te  size support  the suggestion that  
the s t ructure  of the react ive ly  sput tered a lumina films 
is an aggregate of particles, and therefore  porous. 

Discussion 
Studies of the re f rac t ive  indices in a luminum oxide 

systems have shown that  a luminum can exist in both 
4- and 6-fold coordination in the same compound (5), 
and that  the ref rac t ive  index increases wi th  the co- 
ordinat ion number  of a luminum (5), (from 1.5 to 1.6). 
Since the range of ref rac t ive  indices observed in this 
s tudy are the same as those cited in the l i terature,  
the observed increase in the re f rac t ive  index on heat  
t rea tment  of the film could be in terpre ted  as a change 
f rom 4- to 6-fold coordination of the a luminum atom. 

An acid-soluble amorphous fo rm is ment ioned by 
Durran t  and Dur ran t  (6). In the present  work, reac-  
t ively  sput tered a lumina can be deposited as an amor-  
phous, HF soluble film. Such films on heat ing undergo 
crystal l ization resul t ing in v-alumina.  I t  should be 
pointed out that  format ion of v -a lumina  by react ive  
sputter ing does not proceed v ia  the dehydra t ion  of 
gibbsite or a luminum hydroxide  (7), which is the 
usual procedure  repor ted  in the l i terature.  The strong 
t ime- t empera tu re  dependence of the phase t ransfor-  
mation and the fact that  no weight  changes were  ob- 
served on heat ing even in n i t rogen-oxygen  mixtures  
argues that  a reconst ruct ive  t ransformat ion is taking 
place (8). This could be accompanied by some a lumi-  
num atoms changing their  coordination number  f rom 
4 to 6 as they move  f rom a te t rahedra l  to an octa-  
hedra l  site. The reason that  the init ial  increase in 
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density associated wi th  a recons t ruc t ive  t r ans fo rma-  
tion was not observed can be due to the porous nature  
of the films, since the observed densi ty was that  of a 
film and not that  of the  individual  crystalli tes.  The 
observed decrease in the pinhole  density on heat ing 
may indicate that  in the amorphous phase ve ry  small  
crystall i tes could be present, which  on heat ing coa- 
lesce with the bigger  particles. Such a process would  
close many  of the channels, but  would  still leave a 
spongy coating hav ing  a low density. 

The apparent  change in observed solubil i ty of the 
films as a function of the depth in the film could be 
explained on the basis of the low solubil i ty of anhy-  
drous v -a lumina  forming  a film on top of a layer  of 
readi ly  soluble amorphous alumina. This explanat ion 
would not be applicable to the repor ted  decrease in 
the acid solubil i ty of wel l  crystal l ized and anhydrous 
~-a lumina which did not  have  any amorphous com- 
ponent. However ,  a mechanism proposed here  could 
fit the  data in this work  as wel l  as some data pub- 
lished on the study of catalysis and hydra t ion  on ~- 
alumina. For  instance Per i  (9) s tudying v -a lumina  
surfaces came to the conclusion that  for anhydrous 
v -a lumina  "some other  type of s t ra in - re l i ev ing  mech-  
anism (than hydrat ion)  apparent ly  becomes operat ive  
on the  surface of dry a lumina above 500-600~ '' 
Per i  does not offer any suggestions concerning this 
mechanism. Solubil i ty studies of v -a lumina  powders  
in concentrated HC1 have  shown that  the solubil i ty 
decreases marked ly  as a resul t  of pr ior  heat  exposure 
in the range f rom 600 ~ to 1500~ (10). Similar  be-  
havior  was noted for the solubil i ty in HF of reac t ive ly  
sput tered a lumina  in this work. The .observation of 
the induction period for the solvent  at tack on reac-  
t ively  sput tered a lumina films is in accord wi th  cata-  
lytic studies on v -a lumina  powders (11-13). Here  
again the loss of catalytic action and the length of the 
induction period (hydrat ion of the surface) was found 
to be a funct ion of pr ior  heat  t rea tment .  Recal l ing 
that  the solubil i ty decreased as the ref rac t ive  index 
increased, it is tempt ing to postulate that  a change in 
the coordinat ion number  of the a luminum atoms in 
the surface is responsible. 

s -a lumina  has a hexagonal  closest packed s t ructure  
wi th  all a luminum atoms located on octahedral  sites. 
This form of a lumina is known to be quite  insoluble 
in minera l  acids, and catalyt ical ly  inert, v-alumina,  
however ,  has a defect spinel structure,  thus some of 
the a luminum atoms are located in te t rahedra l  sites: 
A luminum atoms sit t ing on a t e t rahedra l  site in a 
crystal  would have  sp 3 hybr id  bonding (6). For  those 
a luminum atoms which are on the surface in -y-alu- 
mina and would be in te t rahedra l  sites only two bonds 
remain  in a r igid position. These would point  into the 
body of the crystal. The other  two bonds point ing up 
f rom the surface would  not be "dangl ing bonds" in 
the usual sense of the term. With oxygen and air as 
ambient  these bonds would most l ikely  have  hydroxyl  
ions at tached to them. However ,  these would, on the 
surface, be mobile, and thus, it does not seem unrea-  
sonable to t reat  these two bonds as having  somewhat  
the characterist ic of "dangl ing bonds." If this can be 
assumed the fol lowing a rgument  could be made. 
Haneman (11) has argued that  on GaAs the "dangling 
bonds" on the cleaved surface rever t  to a less -hy-  
bridized form. In our case this would mean that  the 
sp ~ character  of the hybr id  bonds would change to 
something more closely resembl ing an sp hybrid  bond 
which is l inear.  The two oxygen atoms, bonded to 
the a luminum atom, would then exper ience  a force 
pushing them out and away f rom the a luminum atoms. 
But they are h indered by the o ther  oxygen atoms in 
the surface f rom moving  too far. This would  strain 
the surface. This strain could be however  rel ieved,  
wi th  l i t t le energy requirements ,  by the a luminum 
atom "flipping" over  into the surface, since below each 
te t rahedra l  site is an empty  octahedral  site. Such a 
surface with  all a luminum atoms in 6-fold coordina- 
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tion would  be v i r tua l ly  an o-a lumina  surface. This 
film would  still give an electron diffraction pat tern of 
a -y-alumina. Because of the increasing coordination 
number  of the a luminum atom, a hexagonal  closest 
packed s t ructure  would  resul t  as in o-alumina,  which 
in turn reduces the polar izabi l i ty  of the oxygen atoms. 
Such a surface could be expected to be more iner t  to 
chemical  at tack and would  requi re  an init iat ion period 
(5). Such a mechanism would be t ime- t empera tu re  
dependent  as well  as surface ini t iated and presumably  
progress towards the oxide-subst ra te  interface. 
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The Relationship Between Coercivity and the Structure and 
Composition of Electroless Cobalt-Phosphorus Films 

M. G. Miksic,' R. Travieso, A. Arcus, and R. H. Wright 
International Business Machines Corporation, Systems Development Division, Poughkeepsie, New York 

ABSTRACT 

Electroless cobal t -phosphorus films were  prepared under  va ry ing  con- 
ditions of temperature ,  hypophosphi te  concentration, total concentration, time, 
and pH to de termine  the relat ionship between coercivity, structure,  and 
chemical composition of the films. It was found that  coercivi ty increases wi th  
increasing percentage of phosphorus content. The thickness effect on co- 
ercivi ty  is complex and dependent  upon the phosphorus concentration. The 
prefer red  orientat ion of the films is re la ted to phosphorus concentration. 
Fi lms wi th  phosphorus weight  per cent smaller  than 2 exhibit ,  on the average,  
a normal orientation of the c-axis to the substrate; those with higher per 
cent phosphorus generally have the c-axis parallel to the substrate. 

The magnet ic  propert ies of thin films, in general,  
and of cobalt, in part icular ,  are s trongly dependent  
upon the crystal l ine s t ructure  and the macroscopic 
s t ructure  of the film. Many propert ies  of these films 
have been re la ted to the thickness of the deposits 
wi th  consideration of the deposition parameters  (1, 2). 
In this report,  we consider the var ia t ion of the mag-  
netic propert ies with thickness for electroless films of 
constant phosphorus concentrat ion in the range f rom 
0.5 to 4 w / o  (weight  per cent) P which have  been 
prepared under  var ied  conditions. 

The propert ies  of bulk Co itself are a function of 
crystal l ine direction. The magneto-crys ta l l ine  aniso- 
t ropy of cobalt at room tempera tu re  is considerably 
higher  than that  of the other  fer romagnet ic  elements.  
The curves showing the ratio of the areas under  mag-  
netization (for the c-axis  the easy direction, and the 
a-axis  the hard direction) indicate a measure  of mag-  
netic anisotropy; it is 10 t imes that  of iron and 100 
t imes that of nickel. Thus, it wil l  be expected that  in 
some cases the magnet ic  propert ies  are a function of 
the pre fe r red  or ientat ion of the crystal l i tes which 
make  up the films, but  in other  cases, shape anisotropy 
can also be of importance.  

1 Present address: Queens College, New York. 

Experimental Techniques 
Sample p~eparation.--The cobal t -phosphorus films 

were  chemical ly deposited on polyethylene  te repha-  
late substrate. 

The substrate was rendered  hydrophil ic  using 
Koretzky t rea tment  (3) which consists of 30 sec im-  
mersion in a 27.5N solution of H2SO4 containing 38 
g/1 of Na2CrfOT'2 H 2 8 0 4  at a t empera tu re  of 80~ 
Substrate  was r insed in deionized water  at 25~ for 
30 sec, fol lowed by 30 sec immers ion  in a 3.3N solu- 
tion of NaOH at a t empera tu re  of 84~ and rinsed. 

The sensitization and activation of the substrate was 
per formed using Bergs t rom technique (4) which con- 
sists of 30 sec immers ion in an aqueous solution con- 
taining 30 g/1 of SnC12"2H20 and 10 ml/1 of concen- 
t rated HC1 at a pH of 1.0 and a t empera tu re  of 25~ 
This was fol lowed by 30 sec r insing in deionized water  
at 25~ and 30 sec immers ion in an aqueous solution 
containing 0.75 g/1 of PdC12 and 10 ml/1 of concen- 
t rated HC1 at a pH of 1.0 and a t empera tu re  of 25~ 
and rinsed. 

The electroless cobal t -phosphorus deposition was 
made using the fol lowing modified Brenner  bath (5): 
CoSO4"7HeO, 35 g/ l ;  NaH2PO~-H20, 20 g / l ;  Na3C6H5OT. 
2H20, 35 g/ l ;  (NH4)2SO4, 66 g/1. 
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NH4OH was added to adjust  pH to 8.3 at a t empera -  
ture of 75~ for 3 to 5 rain. 

To study the effect of process parameters  on the 
s t ructure  and composition of the electroless cobalt-  
phosphorus films the fol lowing parameters  were  varied,  
one at a time, systematical ly:  bath tempera ture ,  67 ~ 
to 87~ pH, 7.3 to 9.3; NaH2PO2.H20, 5 to 25 g/1. 

Magnetic measurements.--The coercive force was 
obtained by using a 60 cycle hysteresis loop t racer  
having a m a x i m u m  driving field of 2000 oersteds. 

X-ray difIraction.--A Norelco diffractometer  and 
filtered molybdenum Ka radiat ion were  employed for 
all the x - r a y  diffraction studies. The ratios I ( 002 ) /  
I(100), for the films were  normalized to a ratio of 1.1, 
calculated f rom the s t ructure  of hexagonal  cobalt in 
order  to avoid the er ror  of using the l i te ra ture  values 
for polycrysta l l ine  cobalt which all show some degree 
of p re fe r red  orientation. 

Chemical anMysis.--Chemical analysis of the thin 
films was made only for cobalt and phosphorus. At  
present, these are the only elements known to have a 
major  influence on the characterist ics of the film. A 
General  Electric vacuum x - r a y  emission apparatus 
was used for this study. 

The operat ing conditions were  as follows: Cobalt: 
x - r a y  target,  tungsten at 40 ma and 50 kv; rece iv ing  
slit, 0.005 in.; analyzing crystal, l i th ium fluoride; pulse 
height  selector; detector, scinti l lation counter;  air 
path. Phosp,horus: x - r a y  target, chromium at 40 ma  
and 50 kv; receiving slit, 0.020 in.; analyzing crystal, 
EDDT; pulse height  selector; detector,  gas flow pro-  
port ional  counter- ,  P-10 gas; vacuum path, at 5~ pres-  
sure. 

The standards used were  previously compared with  
standard chemical  analysis. Cobalt  was analyzed col- 
or imetr ical ly  by n i t roso-R-sa l t  method (6). Phos-  
phorus analysis was made color imetr ical ly  by the 
Heteropoly Blue method (7). 

The exper imenta l  results indicated that  the coercive 
force does not seem to be a funct ion which depends 
only on thickness. It may vary  independent ly  of th ick-  
hess by changing the hypophosphite  concentration, the 
total concentration, the pH, and the t empera tu re  in 
the cobalt bath. The coercive force increases, in gen-  
eral, wi th  increasing hypophosphite  concentrat ion and 
total concentrat ion and with  decreasing pH, t empera -  
ture, and thickness ( t ime of deposit ion).  

In Fig. 1, the coercive force is plot ted against  the 
phosphorus concentrat ion of a group of films prepared  
under  widely  vary ing  conditions. The significance here  
is that  the coercivi ty  appears to be direct ly  re la ted 
to the phosphorus concentrat ion of the film for  a broad 
range of deposition conditions. Thus, this may  not in-  
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Fig. 1. Coercive force vs. phosphorus weight for cobalt-phosphorus 
films. 
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dicate ways to make  a good magnet ic  film, an admit -  
tedly complex undertaking,  but  it is a step toward 
Characterizing magnet ic  parameters  wi th  the film 
composition. The points lying below the curve  in the 
high phosphorus range and above the curve  at the low 
phosphorus range are films general ly  heavier  than 0.2 
m g / c m  2. It  is now possible to consider the var ia t ion of 
coercive force wi th  film thickness (or cobalt weight)  
for films having a constant phosphorus concentration. 

In Fig. 2, the data plot ted in Fig. 1 is grouped 
roughly according to the phosphorus concentration. 
The coercive force increases wi th  increasing cobalt 
we igh t  for phosphorus concentrat ion smal ler  than 2% 
and decreases wi th  increasing cobalt weight  for phos-  
phorus concentrat ion larger  than 2%. The data indi-  
cates a general ly  smaller  dependence of the coercive 
force on phosphorus concentrat ion for films heavier  
than 0.2 m g / c m  2. It was observed that  the phosphorus 
concentrat ion decreases wi th  increasing film thick-  
ness when  deposition t ime is increased on a given 
bath. This suggests that, in general,  the phosphorus 
concentrat ion is h igher  at the init ial  stage of deposi- 
tion. X - r a y  emission and electron probe measure-  
ments on selected samples have  indicated that  the 
phosphorus concentrat ion at the substrate in terface  is 
larger  than at the film surface. 

X - r a y  diffraction data indicates that, in general,  
films with  phosphorus concentrat ion less than 2% have  
the c-axis  normal  to the substrate and those wi th  
phosphorus concentrat ion greater  than 2% have  the 
c-axis  paral le l  to the substrate. This is indicated in 
Fig. 3 and 4 by the value of the x - r a y  intensi ty for 
the reflected plane, (002) and (100), as given by the 
symbol Ioo2/Iloo. A ratio of Ioo2/Iloo la rger  than one 
indicates a c-axis  preferen t ia l ly  or iented normal  to 
the plane of the film, whereas  a va lue  smaller  than 
one indicates a c-axis  preferen t ia l ly  oriented in the 
plane of the film. 

The aggregate  size as shown by electron micro-  
graphs increases wi th  cobalt weight  at a constant  
phosphorus concentrat ion (Fig. 3) and decreases wi th  

Fig. 3. Electron micrographs for cobalt-phosphorus films with 
increasing cobalt weight at constant phosphorus concentration. 
Magnification IO,O00X. 
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Fig. 4. Electron micrographs for cobalt-phosphorus films with 
increasing phosphorus concentration at constant cobalt weight. 
Magnification IO,O00X. 

increasing phosphorus concentrat ion at constant  cobalt 
weight (Fig. 4). These micrographs also show a crev-  
ice tyPe surface s t ructure  at a phosphorus concentra-  
tion below approximately 2% and a noncrevice type 
surface s t ructure  at a phosphorus concentrat ion above 
2%. 

Discussion 

The results indicate that the magnetic  properties of 
chemically deposited cobalt, as previously reported 
(1), depend on the cobalt plus hypophosphite ion 
concentration,  the total  bath concentration,  the pH, 
temperature,  and thickness (t ime of deposition).  It  
seems that  these process parameters  affect the chemi-  
cal composition of the deposits which were found to 
relate  closely to the s t ructural  and magnet ic  proper-  
ties. Films with phosphorus concentrat ion smaller  
than 2% have their average or ientat ion with the c- 
axis normal  to the substrate, aggregate size larger 
than 0.2;` and coercive force smaller  than  400 oer-  
steds. Films with phosphorus concentrat ion larger 
than 2% have their average orientat ion with the e- 
axis paral lel  to the substrate,  aggregate size less than  
0.2;, and coercive force larger than 400 oersteds. In  
general, the coercive force increases with increasing 
phosphorus concentration. The thickness effect on co- 

ercive force is shown to be complex and dependent  
also upon the phosphorus concentration. 

Also of interest  is the chemical na ture  of the phos- 
phorus which is present  wi th in  the film. Cobalt-phos- 
phorus compounds have not been observed by x - ray  
diffraction, and in fact all diffraction traces have been 
identified as corresponding to a-cobalt  which has a 
hexagonal  close packed crystallographic structure. 

No satisfactory model for the electroless cobalt-  
phosphorus films can be set forth based on the avail-  
able data. However, there appears to be a correla-  
tion between coercivity of the film and the phosphorus 
concentrat ion which, in  turn,  seems to relate to the 
crystallographic orientation, surface structure, and 
aggregate size. 
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The Kinetics of Growth of FeSn2 Layers on Tinplate 

H. E. Biber 

Applied Research Laboratory, United States Steel Corporation, Monroeville, Pennsylvania 

ABSTRACT 

FeSn2 alloy layers were formed on unal loyed t inplate specimens heated 
by immersion in cons tan t - tempera ture  oil baths and by resistance heating. 
The data show that  the critical factor affecting a l loy- layer-growth  behavior  
is the rate  at which the unal loyed t inplate is heated. As the heat ing rate is 
decreased the average a l loy- layer -growth  rate  decreases instead of remain ing  
constant. With rapid heating, there is an appreciable in terva l  dur ing  which 
the growth of the alloy ceases or practically ceases. 

During the production of tinplate, a th in  layer  of 
FeSn2 is formed at the s teel - t in  interface. In  the hot-  
dip t in -p la t ing  process, this alloy layer  forms whi le  
the steel strip is immersed in  the mol ten t in  bath. In  
the electrolytic process, it forms when  the freshly 
plated strip is briefly heated to melt  the coating and 
give it a high reflectance (flow br ightening) .  Exces- 
sive amounts  of this i ron- t in  alloy are de t r imenta l  to 
the physical properties of tinplate, therefore, the 
kinetics of its formation is a subject of interest  in 
the t inplate  industry.  

Loginow and F ranken tha l  (1) studied the kinetics 
of this reaction in detail by immers ing  strips of mat te  
t inplate (i.e., electrolytic t inplate  that  had never  been 
heated) in  a cons tan t - tempera ture  oil bath for var i -  
ous times and then measur ing the resu l tan t  amount  
of alloy. Their  data for bath temperatures  of 175 ~ 
316~ showed that  the growth rate increased with in -  

creasing bath tempera ture  and that  a parabolic rate 
law was followed at all  temperatures.  

Seybolt  (2) studied the kinetics of a l loy- layer  for- 
mat ion by immers ing  strips of steel in mol ten  t in 
main ta ined  at 260 ~ 288 ~ 316 ~ and 330~ His data 
also showed that a parabolic ra te  law was followed at 
each temperature.  

However, when  Thwaites (3) formed alloy layers 
by immers ing matte  t inplate in  oil baths heated to 
175 ~ 200 ~ and 225~ he found that  the growth did 
not follow a parabolic rate law. In  addition, he ob- 
served that  when  mat te  t inplate  was heated resistively 
to 250~ and held at that  temperature,  no addit ional  
alloy was formed after the first 3 sec, even though the 
heat ing was cont inued for 30 sec. 

This present  study was unde r t aken  to resolve the 
differences in the results of the previous studies of 
a l loy- layer  growth. 
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Exper imenta l  W o r k  
Matte t inplate  was prepared  f rom 0.010-in.-thick 

Type L steel in a circulat ion cell  wi th  phenolsulfonic 
acid electrolyte.  The coating weights  were  0.5, 1.0, 1.5, 
and 2.0 lb per  base box (1.3, 2.6, 3.8, and 5.1 x 10 -4 
oz/in. 2, respect ively) .  

For  most of the study, l/z-in, squares  of the  ~natte 
t inplate were  immersed  for var ious t imes in a con- 
s t an t - t empera tu re  oil bath vigorously s t i r red by a 2- 
in . -d iameter  propel ler  dr iven at 10,500 rpm. Al loy-  
layer  growth was measured  for bath tempera tures  of 
200 ~ 210 ~ , 220 ~ 231 ~ , 240 ~ 260 ~ and 300~ Some 
addit ional  measurements  were  made for a bath at 
240~ wi th  a less vigorous s t i r rer  speed of 1800 rpm 
and wi thout  stirring. When the oil was stirred, the 
tempera ture  var ia t ion was less than +_0.5~ how-  
ever, when  the oil was not stirred, t empera tu re  gradi-  
ents set up in the bath  resul ted in a var ia t ion  of about 
•176 Immedia te ly  upon remova l  f rom the oil bath, 
the specimen was quenched in an organic liquid. 

Alloy layers  were  also formed by resis t ively heat -  
ing strips of mat te  t inplate  for var ious times. Al loy-  
l aye r -g rowth  data were  obtained for various poten-  
tials applied across the strip. 

The heavier  t in-coat ing weights  were  used for the 
longer  t imes and /o r  higher  tempera tures  so the 
amount  of f ree  t in would  always be considerably in 
excess of the expected amount  of al loyed tin. To 
minimize the possible effect of alloy layer  formed 
at room temperature ,  no measurements  were  made 
wi th  mat te  t inplate  that  was more  than  three days old. 

The amount  of al loy layer  formed on each specimen 
was de termined  in duplicate by the coulometric  
method of Kunze and Wil ley (4). 

The heat ing rates wi th  different degrees of st irr ing 
of the oil bath at 240~ and wi th  resis tance heat ing  
were  de termined  by means of an i ron-constantan  
thermocouple  welded to steel specimens ident ical  in 
size to the t inplated specimens. The thermocouple  was 
connected to a fas t - response chart  recorder .  

Results 

In the oil bath s t i rred at 10,500 rpm, the alloy layer  
grew in three  dist inct  stages (Fig. 1). In  the ini t ial  
stage the alloy layer  formed ve ry  rapidly.  The growth 
fol lowed a ra te  law of the form w -~ k t  n, where  n > 1. 
The value  of n and the total amount  of alloy formed 
in this first stage increased wi th  increasing bath  t em-  
perature.  Fol lowing this init ial  stage was a second 
stage in which l i t t le  addit ional  alloy was formed.  The 
durat ion of this g rowth- re ta rda t ion  stage var ied  f rom 
about 15 to 200 sac at different bath tempera tures ;  
however ,  the changes in durat ion were  not consistent 
wi th  the changes in tempera ture .  In the third stage 
the growth again fol lowed a ra te  law of the form 
w ~ k t  n, but n = 0.3 at each bath tempera ture ,  Table 

I 5 10 50 100 500 J000 5000 10,000 
TLME~ seconds 

Fig. 1. Alloy-layer-growth data obtained with vigorous stirring 
at various bath temperatures. Note: Data points omitted from all 
curves except 200 ~ and 300~ for simplification. 
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Table I. Slope of plotted third stage alloy-layer-growth data 
at various bath temperatures 

B a t h  T e m p e r a t u r e ,  ~  S l o p e ,  n 

200 0.31 
220 0.30 
231 0.32 
240 0.29 
260 0.30 
300 0.32 

I. This last stage comprised the main  par t  of the 
growth curve. 

St i r r ing the oil at 10,500 rpm causes the t inplate  
specimen to be rapidly heated to bath temperature .  If 
the agitat ion of the oil is reduced, the heat ing ra te  is 
reduced (Fig. 2) and the a l loy - l aye r -g rowth  behavior  
changes. An example  of this relat ionship is seen in 
the results of a l loy - l aye r -g rowth  measurements  at 
240~ in oil baths s t i r red at 10,500, 1800, and 0 rpm 
(Fig. 3). With  the rapid heat ing ra te  provided by 
st i rr ing at 10,500 rpm, the alloy layer  grew in three  
stages and the init ial  stage persisted wel l  beyond the 
t ime requi red  to heat  the specimen to bath t empera -  
ture. With the in termedia te  heat ing ra te  provided by 
st i rr ing at 1800 rpm, the three-s tage  nature  was less 
pronounced and the slope of the third stage was in-  
creased. With the slow heat ing ra te  provided by the 
unst i r red bath, the al loy layer  g rew in two stages. The 
initial r ap id -g rowth  stage persisted only unti l  the  
specimen was heated to bath  temperature .  The slope 
of the main port ion of the plot ted data was greater  
than in the s t i rred baths, hav ing  a va lue  of almost 
0.5. 

Thus the results for oil heat ing can be summarized 
as follows. For  a given bath  tempera ture ,  as the heat-  
ing ra te  is increased three changes occur in the 
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Fig. 2. Heating of V2 x �89 in. squares of black plate with dif- 
ferent degrees of stirring of oil. Stirrer speed, rpm: e, ]0,500; M, 
1800; A,0.  
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Fig. 3. Alloy-layer-growth data obtained for tinplate with dif- 
ferent degrees of stirring at 240~ 
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Fig. 4. Approximate heating curves on resistance melter with 
constant potential or potentials increasing 16v/sec to 120v. 

plotted a l loy - l aye r -g rowth  data: (i) the slope of the 
main port ion of the plotted data continuously de- 
creases f rom a value  of about 0.5; (ii) an init ial  stage 
of accelerated growth becomes pronounced, and (iii) 
an in termedia te  stage of growth re tardat ion appears 
at a higher  heat ing rate. 

No explanat ion can be offered for  the growth re -  
tardation. It  was thought  to indicate the format ion of 
3 new phase that  could not be detected by the coulo- 
metr ic  analysis. However ,  x - r a y  diffraction analysis 
showed only FeSn2 in the alloy layer  before, during, 
and after  the g rowth- re ta rda t ion  stage. 

This relat ionship be tween  heat ing rate  and al loy- 
l aye r -g rowth  behavior  clarifies the differences in the 
results of previous a l loy - l aye r -g rowth  studies. Logi-  
now and Franken tha l  (1) used large specimens in an 
unst i r red oil bath, which resulted in a slow heat ing 
rate. Therefore  they observed little, if any, of the 
ini t ial  stage of accelerated growth, and the slope of 
their  plotted data was 0.5. Seybolt ' s  paper (2) does 
not include informat ion  about the heat ing rate, but, 
because he observed only the parabolic growth, it is 
assumed that  his specimens were  also heated slowly. 
On the other  hand Thwaites '  oi l -bath specimen heat-  
ing rates (3) must  have been faster than Loginow and 
Frankentha l ' s  because his data did not indicate the 
parabolic ra te  law. His res is tance-heat ing exper iments  
certainly involved  rapid heat ing rates because the 
specimens were  heated to 250~ in 3 sec. The fact that  
no additional alloy was formed after the first 3 sec., 
even though heat ing was continued for 30 sec., indi-  
cates that  the alloy layer  was in the g rowth - re t a rda -  
tion stage. In fact, Thwaites '  a l loy - l aye r -g rowth  
curves at 250 ~ and 300~ obtained by resistance hea t -  
ing compare favorably  wi th  the present  curves for 
260 ~ and 300~ obtained by rapid oil heating. 

Oi l -bath heat ing differs considerably f rom commer-  
cial practice in which the tin coating is f low-br ight-  
ened by rapidly heat ing the  strip resis t ively for a few 
seconds. The t inplate t empera tu re  increases continu- 
ously during the ent ire  res is tance-heat ing period, 
whereas  wi th  oi l -bath heat ing it increases exponen-  
t ial ly to the bath temperature .  To obtain a bet ter  un-  
ders tanding of a l loy- layer  growth dur ing resistance 
heating, a l loy - l aye r -g rowth  curves were  prepared  by 
heat ing mat te  t inplate resis t ively wi th  three different 
constant potentials and three  different continuously 
increasing potentials.  The constant potentials pro-  
duced heat ing rates that  were  pract ical ly linear, Fig. 
4, whereas  the continuously increasing potentials pro-  
duced heat ing rates that  continuously increased. For  
the same mel t ing  time, the growth curves obtained 
with  ei ther heat ing condition are general ly  the same, 
Fig. 5. There  is ve ry  l i t t le a l loy- layer  growth unti l  
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Fig. 5. Alloy-layer growth with constant or increasing potentials 
on resistance melter. * equals tin melting time. 

the t inplate t empera tu re  approaches the mel t ing point 
of tin; then the growth proceeds rapidly. Each of the 
growth curves exhibits  the arrest  that  is characterist ic 
of growth during rapid heating. However ,  the arrest  
is not as pronounced as with oi l -bath heating, pre-  
sumably because the t empera tu re  is continuously in-  
creasing. 

Discussion 
In studies of the kinetics of surface reactions one is 

concerned with  the effects of t ime and tempera ture  on 
the amount  of react ion product  formed. Ideal ly  the 
reactants  are kept  apart  unti l  the system is at the de- 
sired temperature.  However  wi th  a system such as 
t inplate this is not possible because the reactants  are 
always in int imate  contact. Thus the react ion can oc- 
cur f rom the onset of heating. The results of the 
present  study show that  wi th  such a system there  is 

Table II. Effect of different heating rates on alloy-layer-growth rates 

A. L i n e a r  H e a t i n g  R a t e s - - R e s i s t a n c e  H e a t i n g  a t  C o n s t a n t  P o t e n t i a l  

E v a l u a t i o n  a t  240~ E v a l u a t i o n  a t  260~ 
A p p r o x -  

i m a t e  A v e r a g e  
h e a t i n g  A v e r a g e  g r o w t h  

r a t e ,  T i m e ,  a A l loy ,  b g r o w t h  r a t e ,  T i m e ,  A l loy ,  r a t e ,  
~  sec l b / b b  l b / b b  sec sec l b / b b  l b / b b  sec 

68 2,9 0.025 0.0086 3.2 0,072 0,022 
40 5.0 0.025 0.0050 5.5 0.075 0.014 
25 8.0 0.019 0 .0024 8.8 0.045 0.0051 

B. I n c r e a s i n g  H e a t i n g  R a t e s - -  
R e s i s t a n c e  H e a t i n g  a t  I n c r e a s i n g  P o t e n t i a l  

E v a l u a t i o n  a t  240~ E v a l u a t i o n  a t  260~  

A v e r a g e  
S t a r t i n g  A v e r a g e  g r o w t h  

p o t e n t i a l ,  T i m e J  Al loy ,b  g r o w t h  r a t e ,  T i m e ,  A l loy ,  r a t e ,  
v sec l b / b b  l b / b b  sec sec I b / b b  l b / b b  sec 

50 4.3 0.043 0.010 4.6 0.078 0.017 
35 5.3 0.038 0.0072 5.6 0.070 0.012 
0 7.3 0.020 0 .0027 7.6 0.052 0.0068 

C. E x p o n e n t i a l  H e a t i n g  R a t e s - -  
Oi l  H e a t i n g ,  D i f f e r e n t  S t i r r i n g  R a t e s  a t  240~  

E v a l u a t i o n  a t  240~  
A v e r a g e  

S t i r r e r  speed ,  T i m e ,  ~ A l loy , e  g r o w t h  r a t e ,  
r p m  sec l b / b b  l b / b b  sec 

10,500 2.7 0.024 0 .0089 
1,800 7.0 0.041 0 .0059 

0 50.0 0.056 0.0011 

C a l c u l a t e d  f r o m  h e a t i n g  r a t e .  
b F r o m  F i g .  5. 
v F r o m  F ig .  4. 

F r o m  F ig .  2. 
e F r o m  F ig .  3. 
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a factor other  than t ime and tempera tu re  that  affects 
the amount  of react ion product  formed. 

If the growth of the i ron- t in  alloy layer  depended 
only on t ime and temperature ,  wi th  different l inear  
heat ing rates, there  should be an inverse  propor t ion-  
ali ty be tween the heat ing rates and the re la t ive  
amounts of ahoy layer  formed when a given t empera -  
ture was reached. For  example,  if one heat ing ra te  
were  twice another,  it would reach a given t empera -  
ture  in half  the t ime and should cause half  as much 
a l loy- layer  growth. However  wi th  ei ther  heat ing ra te  
the average  growth rate  should be identical  when  
evaluated  at the same temperature .  (The average  
growth rate  is the amount  of alloy layer  that  has 
formed when  a given t empera tu re  is reached divided 
by the t ime requi red  to reach that  temperature . )  

The data for l inear  heat ing rates show that  the 
amount  of alloy layer  formed when a given t empera -  
ture is reached is not inverse ly  proport ional  to the 
heat ing rate  and fur ther  that  the average growth ra te  
actual ly decreases as the heat ing rate  decreases, Table 
IIA. The data for increasing heat ing rates and for  ex-  
ponent ia l  heat ing rates also show the same effects, 
Table IIB and IIC, respectively.  The heat ing rates for 
resistance heat ing at increasing potentials  were  prac-  
t ically identical  above about 150~ and differed con- 
s iderably in the range 40~176 whereas  those for 
the 240~ oil baths were  just  the opposite. Thus it 
appears that  a reduct ion in heat ing ra te  in any part  of 
the t empera tu re  range up to at least 240~ produces 
these effects. 

The cause of these effects is not known. It  is pos- 
sible that  they can be explained on the basis of in-  
creased FeSn2 crystal l i te  nucleat ion rates wi th  de- 
creased heat ing rates, and this is cur rent ly  being in-  
vestigated. 

Summary 
The rate  at which mat te  t inplate is heated strongly 

affects the kinetics of a l loy- layer  formation.  For  a 
given oil bath temperature ,  as the heat ing ra te  is in-  

creased, the slope of the main  port ion of the plotted 
growth data continuously decreases f rom a value of 
0.5, an initial stage of accelerated growth becomes 
pronounced, and at a higher  heat ing ra te  an in te r -  
mediate  stage of growth re tardat ion appears. When 
mat te  t inplate is rapidly heated resist ively,  as in com- 
mercia l  flow brightening,  the growth data exhibi t  a 
growth retardation,  however ,  it is not as pronounced 
as with oi l -bath heating. 

An analysis of the growth data for both oi l -bath 
heat ing and resistance heat ing shows that  a reduced 
heat ing rate  reduces the average  a l loy - l aye r -g rowth  
rate  and therefore  causes a smaller  amount  of alloy 
layer  to be formed by the t ime a given t empera tu re  
is reached. It  appears that  a reduced heat ing rate  in 
any par t  of the t empera tu re  range to at least 240~ 
wil l  cause this effect. 
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Epitaxial Synthesis of GaAs Using a Flow System 
M. Rubenstein and E. Myers 

Westinghouse Electric Corporation, Research & Develop~r~ent Center, Pittsburgh, Pennsylvania 

ABSTRACT 

The epi taxial  synthesis of gal l ium arsenide uti l izing a flow system was 
achieved using gal l ium trichloride,  arsenic, and hydrogen as reactants, and 
oriented single crystals of GaAs as substrates. Under  the conditions of these 
experiments,  there is almost no difference in growth rates be tween the "A" 
orientat ion of the {111} surface and the "B" or ientat ion of a {111} surface. 
The ra te  of growth on a {110} surface is more  than twice as great  as on a 
{111) surface, and the rate  of growth  on a {100} surface is s lower by a factor 
of 1.4 than on a {111} surface. 

Gal l ium arsenide has been prepared  in a var ie ty  of 
manners  (1-4). This paper  concerns the epi taxial  syn- 
thesis of GaAs using GaC13, arsenic, and Ha. The ove r -  
all react ion can be wr i t t en  as 

4GaC13 -}- As4 -}- 6H2 ~ 4GaAs -{- 12HC1 [1] 

Since this reaction appears to be the complete hydro-  
gen reduct ion of GaCI3 in the presence of arsenic, one 
must  look at the various equi l ibr ia  involved in this 
over -a l l  react ion (5) 

2GaC13 ~ Ga2C12 + 2C12 [2] 

3Ga2C12 ~ 4Ga -[- 2GaCI3 [3] 

H2 + C12 ~ 2HC1 [4] 

As4 ~ 2As2 [5] 

2Ga + As2 ~ 2GaAs [6] 

In the system GaC13-As4-H2 the sources of chlorine 
are in reactants  [2] and [4]. The rat io of any of the 
three reactions is not critical. However ,  in the s.ys- 
tern GaC13-AsC14-H2, the ratio of GaC13:AsC13 must  
not fall  below uni ty  (3). When this ra t io  falls below 
unity, not only is there  no epi taxial  growth, but the 
substrates are often attacked. This GaC13-AsCla-H2 
system has three  sources of C12: Eq. [2], [4], and [7]. 

2AsCla ~ As2 -b 3C12 [7] 

If the C12 concentrat ion were  to increase, react ion [2] 
would shift to the left, react ion [3] would shift to the 
left, react ion [6] would shift  to the left  and the over -  
all react ion [1] would  shift  to the left  so that  less or 
l i t t le GaAs would  grow epitaxial ly.  In the system 
GaC13-As4-H2, as long as the chlorine source is only 
in Eq. [2] and [4] (and not in Eq. [7]) and as long 
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Fig. 1. Diagrammatic flow system for the epitaxial synthesis of 
GaAs. 

as H2 is the carrier,  any combination of ratios of re-  
actants is non-cr i t ica l  for  the epi taxial  growth of GaAs. 

Experimental Procedures 
GaCl~ was prepared  by ALCOA and A I A G  from 

their  respect ive 99.9999 % gallium. Arsenic was 
99.999-b % f rom ASARCO. The heat ing was done wi th  
hinged resistance furnaces and heat ing tapes. The glass 
apparatus was quar tz  except  for the Vycor ball  and 
socket joints. F igure  1 shows the d iagrammat ic  sketch 
of the apparatus wi th  the t empera tu re  profile of the 
react ion furnace. The tube in furnace III was 45 mm 
OD and the length of the deposition zone (where  the 
seeds were  placed) was about  25 cm. 

Furnace  I was mainta ined at a t empera tu re  of about 
70~ furnace II was mainta ined at a t empera tu re  of 
about 450~ Heat ing tapes were  used f rom points B 
to C to mainta in  the wal l  t empera tu re  at a min imum 
of 475~ Hydrogen and /o r  argon (argon for flushing 
the hydrogen  out of the system at the end of the ex-  
per iment)  can flow through the system moni tored  by 
flow meters  at points F. The exper iments  usual ly lasted 
about 5 hr. 

All  substrates were  single crystals of GaAs sliced, 
lapped, and given a nonpreferent ia l  polishing etch. 
The dimensions of the seeds were  about lx5x5 ram. 
The seeds were  placed on a graphi te  slab as indicated 
in Fig. 1. The flat surfaces of the substrates were  
oriented in {111}, {110}, and {100} planes. The seeds 
were  placed on a graphi te  slab (as indicated in Fig. 
1) to give re la t ive  rate  growths using the "A" and 
"B" orientat ions of the {111} planes as the standard. 
In some runs {110} and {100} oriented substrates were  
placed adjacent  to (111} seeds so the {111} oriented 
substrates could be used as a s tandard exper iencing 
the same flow rates of gases, concentrations, and tem-  
peratures.  

The flow ra te  of arsenic was about  0.13 mM/min ,  
and the flow rate  of GaC13 was be tween  0.2 to 0.7 
mM/min ,  and the total  flow rate  was about 200 cc/min.  
The arsenic flow rate  and the GaC13 flow rates were  
calculated f rom weight  measurements  of the sources 
before and af ter  runs. The  total  flow rate  was made by 
cal ibrat ing the flow mete r  settings wi th  the gas com- 
ing out of the bubbler  at the effluent end of the ap-  
paratus. The opt imum tempera tu re  for the growth of 
GaAs on the substrates (max imum amount  of GaAs 
deposited) was 665~176 Deposits grew at the ra te  
of be tween  0.07 to 0.45 #/min.  This difference in 
growth rates was p r imar i ly  due to differences in flow 
rates of the GaC13. The thickness of the GaAs growth 
was obtained by angle lapping and decorat ing the 
junct ion using an aqueous solution containing CuSO4 
and HF  (6). 

Results 
Table I contains data f rom three representa t ive  runs. 

Under  "substrate  or ientat ion" column, the numbers  
and let ters re fe r  to positions of substrates as indicated 
in Fig. 1. The thickness of the grown layers used in 

Table I. Representative results 

R u n  S u b s t r a t e  Temp .  of  T h i c k n e s s  f r o m  
des igna t ion*  o r i e n t a t i o n  seed, ~ a n g l e  l app ing ,  

EP  23 (a} IC{111} 668 65 
ID{111} 68 
2C{111} 663 40 
2 D { l l l }  38 
3C{111} 662 30 
3 D { l l l }  28 
4 C { I I I }  663 28 
4D{111} 27 

E P  24 (b) 1 C { l l l }  674 17 
1D{l l0}  35 
2C{i11} 663 23 
2D{l10} 55 
3C{111} 661 24 
3D{l10} 56 
4C{111} 662 23 
4I){110} 51 

EP 25 (c) 1 C { l l l }  672 88 
1D{100} 60 
2C{~I ' }  660 55 
2D{100} 35 
3C(111} 657 3 5  
3D{ loo}  30 
4C{111-} 651 31 
41~{I00} 25 

* H y d r o g e n  flow o v e r  GaC13 for  these  t h r e e  r u n s  was  125 m l / m i n .  
H y d r o g e n  flow o v e r  a r sen ic  for  these  t h r e e  r u n s  was  145 m l / m i n .  

(a) {111} g rows  at  a b o u t  t h e  s a m e  r a t e  as {111}. 
(b) {110} g r o w s  a b o u t  134% fas t e r  t h a n  (111} or  f as te r  b y  a fac-  

tor  of 2.34. 
(c) {100} g rows  a b o u t  26% s lower  t h a n  {111} or  s lower  b y  a fac to r  

of  1.35. 

this paper  were  obtained by angle lapping and decorat-  
ing with  a copper solution. Weight  gain measurements  
of substrates before and af ter  growth could not be 
used to determine  thicknesses of growth since the 
ratio of the surface area of the tops of these substrates 
to the surface area of the sides var ied  be tween  1.0 and 
1.5. There  was very  l i t t le  g rowth  on the bot tom sur- 
face of these substrates. 

The three runs indicated in Table I are meant  to 
be representa t ive  of many  runs. These three  repre -  
sentat ive runs demonstra te  a few points. One can note 
that  the substrates downst ream in EP 23 and EP 25 
show smaller  growth layers than substrates which are 
upstream. But EP 24 does not demonstra te  this trend. 
The GaC13 flow for EP 25 was the largest  flow, for 
EP 23 the flow was somewhat  smaller, and the flow 
for EP 24 was appreciably smaller.  The two fast flow 
rate  exper iments  yielded larger  growth rates and a 
lessening of growth on downst ream substrates. Faster  
flow rates of GaC13 produce faster  growth rates  of 
GaAs wi th in  the l imits  of the flow rates in these ex-  
periments.  The reduct ion of growth  as one looks at 
downst ream substrates is probably  due to the reac-  
tion products f rom the ups t ream substrates reducing 
the rate  of growth on the downs t ream substrates. EP 
24 indicates that  at t empera tures  of 674~ and greater  
the ra te  of deposition of GaAs is being reduced by 
the ra te  of t ransport  of GaAs. EP 24 also shows a 
more uniform rate  of deposition on ups t ream and 
downst ream substrates. If the flow rate  of GaC13 is 
slow enough the react ion products  f rom the upst ream 
substrates probably have enough t ime to diffuse away 
and not deter the growth rates on the downst ream 
substrates. These same observations were  noted in 
runs other  than EP 23, EP 24, and EP 25. 

The  re la t ive  rates of growth on the three or ienta-  
tions of GaAs (under  the conditions stated ear l ier  in 
this paper)  are {110} > {111} > {100}. The {110} sur-  
face grows faster  than a {111} surface by a factor of 
about 2.3; and the {100} surface grows slower than 
a {111} surface by a factor  of about 1.4. No real  differ-  
ence in growth rates were  observed be tween  the "A" 
and "B" orientations of the {111} surfaces. Many of 
these layers on the four  orientat ions were  checked 
by back reflection Laue x - r a y  diffraction studies and 
were  all found to be single crystal  growths wi th  the 
same orientat ions as their  respect ive  substrates. These 
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layers were  also l ight ly  lapped and given a p re fe r -  
ential  etch to demonstra te  that  there  were  no grain 
boundaries  in the grown layers. 

Two runs were  made in which the carr ier  gas was 
argon. No deposition was observed on the seeds and 
the seeds were  seriously attacked. These exper iments  
confirm that  hydrogen is more than just  the carr ier  
gas but  is necessary for the react ion to synthesize 
GaAs. 

Variat ion was per formed on the m a x i m u m  temper -  
ature indicated in Fig. 1. This t empera tu re  was var ied 
be tween  1150 ~ and 900~ wi th  no apparent  effect on 
the rate  of deposition. At t empera tures  lower than 
850~ there  was l i t t le or no deposition of GaAs on 
the seeds. One can conclude from this that  a t emper -  
ature of 900~ or h igher  is necessary to shift  Eq. [2] 
to the right. The function of this high t empera tu re  
zone is to allow the par t ia l  reduct ion of the GaCI~ so 
that  a disproport ionat ion react ion can occur in the 
substrate zone. 

The efficiency of growth on these seeds is be tween  
1 and 3%. This efficiency is calculated on the basis of 
the amount  of GaAs deposited on the seeds and the 
amount  of arsenic or GaC18 del ivered  f rom the sources 
(whichever  was the lesser amount) .  Be tween  15 and 
50% of the GaC13 which lef t  the tube in furnace I 
was recovered  in the trap, af ter  point  D (see Fig. 1). 
The trap ment ioned above was air cooled. At  the flow 
rates used in these exper iments  much  of the GaC13 
and any Ga2C14 formed would  be t rapped since the 
mel t ing points are 77.9 ~ and 171~ respectively.  If 
the trap contained any Ga2C14 mixed  with  the GaC13 
the recovery  of gal l ium would be that  much higher  
than repor ted  here. Of course, some of the gal l ium 
halide was not trapped, so the figures of 15-50% are 
low figures. The var ia t ion  be tween  15 and 50% was 
due pr imar i ly  to the ra te  at which GaCI~ left  the tube 
in furnace  I. The inefficiency of the growth of GaAs on 
the seeds can be a t t r ibuted to the equil ibria  (Eq. [2] 
and [3] indicate that  1 mole out of an init ial  3 moles 
of GaC13 must  be unreacted) ,  to GaAs which formed 
on the walls of the quartz  tube (par t icular ly  down-  
s t ream f rom the seeds), and to the fact  that  every  
molecule  passing through the high t empera tu re  zone 
does not undergo reduction. This technique could be 
made more  efficient by using more seeds in the depo- 
sition zone, by t i l t ing the seeds f rom the horizontal  
(7) (or placing the seeds in a ver t ica l  state) ,  and by 
passing the reactants  through the system at op t imum 
flow rates. 

Discussion 
The data on the re la t ive  rates of growth on the 

various orientat ions (111}, (111}, (110}, and (100} in 
the l i te ra ture  varies  t remendous ly  (8-10) and the 
authors wi l l  not a t tempt  to try to in terpre t  why  var i -  
ous exper imenta l  procedures used by various scientists 
give such var ied  results. However ,  we would  l ike to 
offer an explanat ion for the results  in this paper. The 
results of the exper iments  in this paper  are consistent 
wi th  the model  presented by Gatos (11). A surface 
atom on a (100} orientat ion is bonded to two atoms 
of the crystal  and has 2 unshared electrons. A surface 
atom on a {111}, {111), or a {110} or ientat ion is bonded 
to three atoms of the crystal  and has one unpaired 
electron. 

If  one assumes that  these various surfaces are sur-  
rounded by gal l ium atoms (as Ga2C12 or GaC1) and 
arsenic atoms about to form bonds with  the surface 
atoms, the probabi l i ty  would  be greater  to form such 
bonds if the atom in the gas would  have  to make  one 
bond wi th  one surface atom to complete the te t ra -  
hedron of the surface atom. Therefore,  one would  ex-  
pect growth on a {100) surface to be s lower than 
g rowth  on a (111), (111), or (110} surface. The (111} 
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and (111} surface consists only of gal l ium atoms and 
arsenic atoms, respectively,  and the (110} surface con- 
sists of gal l ium and arsenic atoms. The probabi l i ty  of 
growth  on the (110} should be greater  since gal l ium 
and arsenic are in the gas above the surface ready to 
form bonds with  the surface. In the case of the {111} 
surface, a layer  of arsenic atoms must  deposit before 
a layer  of gal l ium atoms can deposit. Therefore,  one 
would  expect  the (110} surface to accept growth faster  
than a {111} or a (111} surface. F rom the above dis- 
cussion one would expect  the (111} surface to grow 
at the same ra te  as the (111} surface. 

Marinace (12) found the same re la t ive  growth 
rates wi th  respect  to the {110}, {111}, and (100} or ien-  
tations using a sealed- tube iodine t ransport  type 
growth of ge rmanium on germanium. 

Sangster  (13) discussed the re la t ive  growth rates 
of I I I -V  compounds. He concluded that  the (110} 
growth rates should be grea ter  than the (111} as this 
paper  is report ing,  but  he concluded that  the fastest  
growing orientat ion should be the (100}. He concluded 
this f rom the most  stable and least  stable planes. Ex -  
per imenta l ly  he repor ted  confirmation of his conclu- 
sions by re fe r r ing  to InSb (311} crystals (grown f rom 
the melt)  so that  the deve lopment  of facets would be 
encouraged. The facets found in sequence of s trength 
or prominence  were  {111} ~ (110} ~ {100}. The order  
of rates of growth  should be in the reverse  order. 
Sangster  in this same reference  (13) also points out 
that  "crystals of I I I -V  compound semiconductors are 
not usual ly grown under  near- iso thermal ,  nea r - equ i -  
l ibr ium conditions, but  are grown rapid ly  in the pres-  
ence of strong tempera tu re  gradients."  

This paper  demonstrates  the isoepitaxial  synthesis 
of GaAs in a flow system in which the reactants  are 
GaC13, As4, and H2. This paper  also shows that  under  
the conditions as set for th  here, there  is almost  no 
difference in growth rates  be tween  the "A" and "B" 
orientat ions of the (111} orientations;  the ra te  of 
growth on a {110} orientat ion is more than twice as 
fast as on a (111} plane; the ra te  of growth  on a (100} 
or ientat ion is s lower by a factor of about  1.4 than on 
a {111} orientation. 

Manuscript  received J u n e  14, 1965; revised manu-  
script received Oct. 20, 1965. This paper  was presented 
at the San Francisco Meeting, May 10-13, 1965. 

Any discussion of this paper  wi l l  appear in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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ABSTRACT 

Under  certain conditions of wave leng th  and substrate impur i ty  level, 
correction factors were  found to be necessary for the infrared in ter ference  
method of measur ing epi taxial  layer  thickness. A general  theory has been 
developed which relates  the index of refract ion and ext inct ion coefficient to 
physical propert ies  of the semiconductor  and the wavelength.  F rom these 
constants, a phase change at the epitaxial  layer -subs t ra te  interface is cal-  
culated. This phase shift  is shown to influence the measurement  and a cor-  
rection factor is derived. 

In 1961 Spitzer and Tanenbaum (1) proposed a 
nondestruct ive  technique for the measurement  of the 
thickness of epi taxial  layers deposited on heavi ly  
doped substrates of the same type. This technique 
rel ies  on the reflection of infrared radiat ion from the 
epitaxial  l aye r -a i r  in terface  and f rom the epi taxial  
layer -subs t ra te  interface and subsequent  in te r fe r -  
ence of the two beams. Fu r the r  work  was done by 
Alber t  and Combs (2) and Pl iskin and Grochowski  
(3) in expanding the technology and comparing the 
infrared in ter ference  method with  other  techniques.  
It was assumed in the aforement ioned papers that  
the phase shift on reflection at the layer -subs t ra te  in-  
terface was constant and did not enter  into the calcu- 
lation of the layer  thickness. However ,  it was pointed 
out by Alber t  and Combs (2) that  in the transi t ion 
region be tween  low ref rac t ive  index and high ext inc-  
tion coefficient the phase shift on reflection was a 
function of wavelength.  In 1961, Pl iskin (4) meas-  
ured this phase shift showing it was a function of 
wave leng th  and proposed that  this phase shift could 
be used to de termine  the substrate resist ivi ty em-  
pirically. Alber t  and Combs (2) l imited their  dis- 
cussion of the thickness measurement  to the spectral  
region where  the phase shift was small. However ,  the 
wave leng th  region in common use, 11-35~, encom- 
passes the transi t ion region for most  low resist ivi ty 
substrates. 

This va ry ing  phase shift is evidenced by the fact 
that  successive peaks or val leys do not yield the same 
layer  thickness when calculated in the s tandard man-  
ner. 

To de termine  the phase shift at the epi taxial  l ayer -  
substrate interface, the index of refract ion and ex-  

P2 

O no 
A- k 

i \ I n I 
Epitaxial Layer Y~'~B kl 

n2 

Substrate k 2  

Fig. 1. Geometry of infrared interference method of measuring 
epitaxial layer thickness. 

t inction coefficient must  be known. This paper  wil l  
present  theoret ical  solutions for these optical con- 
stants and propose a method of correct ing the thick-  
ness measurement  by including the varying phase 
shift. 

Theory 
The geometry  of the technique is i l lustrated in Fig. 

1. Here  the incident beam makes  an angle, 0, wi th  a 
normal  to the surface. The beam is split by reflection 
and refraction. The reflected ray undergoes a phase 
shift r at point A. The ref rac ted  ray passes through 
the epi taxial  layer  and is reflected at point B exper i -  
encing a phase shift r The ref rac ted  and reflected 
ray then passes back through the epi taxial  layer  to 
point C where  it is again ref rac ted  and interferes  wi th  
the reflected ray. This interface is ei ther construct ive 
or destruct ive depending upon the re la t ive  phase of 
the two rays. The mult iple  reflected rays are not con- 
sidered because they add nothing to the analysis. 

In this analysis of the epi taxial  layer  thickness 
measurement ,  several  assumptions have  been made. 
First, it is assumed that  there  is an abrupt  change in 
conduct ivi ty  at the layer -subs t ra te  interface and that  
wi th in  each region the conduct ivi ty  is uniform. Sec-  
ond, the assumption is made that  the wave leng th  is 
sufficiently long so that  no direct  transitions can be 
made across the band gap. For  silicon, this can be 
satisfied if k > 2p. This is equ iva len t  to stat ing that  
the lattice contribution to the dielectric constant is 
independent  of wavelength.  Third, i t  is assumed that  
the band s t ructure  is such that  there  are no interband 
transitions. Fourth,  the assumption is made  that  the 
carr ier  concentrat ion in the epi taxial  layer  is suffi- 
ciently low that the carriers do not contr ibute  to the 
dielectric constant and only the latt ice contr ibution 
need be considered. This is equiva len t  to saying that  
the ext inct ion coefficient is zero and the ref rac t ive  
index is constant wi th  wavelength.  Fifth, the effects 
of polarization are neglected because the angle of in-  
cidence of the ray at the layer  substrate interface is 
close to zero. The first assumption is quest ionable but 
necessary to make the analysis possible. It  wil l  be 
shown in the data that  this condition is not too res t r ic-  
t ive since the results  are self-consistent.  For  normal  
epi taxial  structures, conditions two through five are 
satisfied. 

Equations [1] and [2] express the phases of the out-  
going rays at points C and D in terms of the optical 
path lengths and the phase shifts the rays suffer when 
reflected. Because the epi taxial  layer  is nonabsorbing 
the phase shift of the t ransmit ted  ray at point A is 
zero and is neglected (5). 

4~hnl 2 
r o~ [1] 

~k/n12 --  sin20 
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4~h sin20 
tD = - -  r [2] 

~ / n l  2 - -  sin20 

The  d i f fe rence  in phase ,  5, is 

4ah 
~ ~z - -  ~2 -F - - ~  ~/n~ ~ -- si ne(} [3] 

The  o rde r  of i n t e r f e r ence ,  P, is 

6 = 2~P [4] 

w h e r e  if  P ~ 0, 1, 2, 3 . . .  i n t e r f e r e n c e  is cons t ruc t ive ,  
and  if P : 1/2, 3/2, 5/2 . . .  i n t e r f e r e n c e  is des t ruc t ive .  

E q u a t i o n s  [3] and  [4] can be  so lved  for  t he  ep i t ax i a l  
l aye r  th ickness ,  h, as 

( ~ j  ( I , ~ )  ~j [5] 
h = PJ - -  2--~- + 2~ / 2~,/nl 2 _ sin~0 

An  exp re s s ion  for  t he  order ,  P, is ob ta ined  by  w r i t i n g  
Eq. [5] for  the  two  d i f fe ren t  i n t e r f e r e n c e  e x t r e m u m  
and sub t r ac t ing  one  f r o m  the  other .  T h e  c o n v e n t i o n  is 
adop ted  t h a t  ~ > ~ ,  hence  P2 > P~ and  P~ = P~ - F m .  
The  r e su l t  is g i v e n  by 

m~l (~11L1 -- ~12k2 ~21kl - -  @22~2 
P2 - -  + [ 6 ]  

~1 - -  ~-2 2z(L~ - -  k2) 2~(M - -  k2) 

w h e r e  @x~ is the  phase  shi f t  at  M and  @x2 is t he  phase  
shi f t  at  ~2. 

E q u a t i o n s  [7a] and [7b] exp res s  t he  phase  shif ts  
�9 ~, and  @2 in t e r m s  of t he  ind ices  of r e f r a c t i o n  and 
the  e x t i n c t i o n  coeff icients  of m e d i u m s  0, 1, and  2 (6) .  
F o r  n o r m a l  inc idence  

2 nokl 
t a n  @] = = 0 as kl  = 0 [Ta] 

n02 -- nl 2 -- kl 2 

2 nok2 
t an  ~2 ~ fo r  k~ = 0 [Tb] 

nl 2 -- n22 -- k22 

In  o rde r  to ca l cu la t e  t he  phase  shif ts  v a l u e s  of n 
and  k m u s t  be  obta ined .  

Moss (7),  S m i t h  (8) ,  Sp i t ze r  and  F a n  (9),  and  L y -  
den  (10) m a d e  va r i ous  a p p r o x i m a t i o n s  to t he  t h e o r y  
of t he  op t ica l  cons tan ts  of a semiconduc to r .  These  ap -  
p r o x i m a t i o n s  m a k e  the i r  so lu t ions  va l id  fo r  l imi t ed  
r anges  of w a v e l e n g t h  and  ca r r i e r  concen t ra t ion .  The  
gene ra l  so lu t ions  (11) for  t he  i n d e x  of r e f r a c t i o n  and 
ex t inc t i on  coeff icient  a re  g i v e n  by  Eq.  [8a] and  [Sb]. 
These  so lu t ions  h a v e  been  ver i f ied  by  compar i son  w i t h  
pub l i shed  da ta  on the  r e f l ec t iv i ty  of  h e a v i l y  doped  
s emiconduc to r s  (12). 
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Fig. 2. Phase shift on reflection at the epitaxial layer-substrate 
interface for N / N  + silicon. 
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Fig. "!. Phase shift on reflection at the epitoxiol layer-substrote 
interface for P/P + silicon. 

of l ight .  A l l  the  symbo l s  h a v e  the i r  s t a n d a r d  m e a n -  
ings. KL is t he  d ie lec t r i c  cons tan t  of t he  in t r ins ic  s emi -  
conduc to r  at  l o n g  w a v e l e n g t h s ,  and D is a c o n v e n i e n t  
p a r a m e t e r  in the  in tegra ls .  The  choice  of t h e  pos i t ive  
or  n e g a t i v e  s ign is d ic ta ted  by  the  fact  tha t  n and k 
mus t  be real .  

These  solu t ions  a re  app l i ed  to  Eq. [7a] and [Tb] to 
ca lcu la te  t h e  phase  shift .  I t  can  be  s h o w n  t h a t  as t h e  
i m p u r i t y  c o n c e n t r a t i o n  decreases ,  t h e  i n d e x  of r e -  
f r ac t i on  app roaches  the  in t r ins ic  i n d e x  of r e f r a c t i o n  
and the  ex t inc t i on  coefficient  app roaches  zero.  F o r  t he  
first phase  shift ,  r w i t h  a l i gh t ly  doped  layer ,  less 

e2L2NJ(D) ]1/2 ~ (~ 
= 1 KL 1 § 

n k / ~  4~2eoC 2m* _ 

,[ k =  KL e  2Nj(.) ].2 {_ 1 
4g2eoCim * 

• 1 +  

eS~6N4po2g2[L (D) ]2 

64:~6eo2C6m ,4 [ gL  e2)~2NJ ( D ) I2 
4~2eoC2m * 

eS~.6N4po2g2 [ L ( D ) ] 2 

e2~2NJ(D) 12 
64~6eo2CSm .4 [ KL 4~2eoC 211~* 

1/2 fl/2 

1/2 t l /2 

[8a] 

[8b] 

w h e r e  

J (D)  = - -  
1 ~ oo X 9/2 e-X dx 

3 F(5 /2 )  o x s + D 

L ( D )  =- F | ~  
x3 e -x  dx 

e ]  o x ~ + D  

N2e4~.2po2r (4) g 
D =  

4~2C2m.2 

r ( 4 )  
g -  

[ r ( 5 / 2 )  ] 2 

w h e r e  N is the  ca r r i e r  concen t ra t ion ,  po the  d -c  r e -  
s is t ivi ty ,  L t h e  w a v e l e n g t h ,  m* the  c o n d u c t i v i t y  effec-  
t ive  mass,  e t he  c h a r g e  on e lec t ron ,  and  C the  ve loc i ty  

t h a n  101T/cm 3, and the  w a v e l e n g t h  r e g i o n  b e t w e e n  5 
and 35~, the  phase  shi f t  is ~, and no t  a f unc t i on  of the  
w a v e l e n g t h .  

S ince  no such  c o n v e n i e n t  a p p r o x i m a t i o n  m a y  be  
m a d e  for  t he  second phase  shift ,  these  e q u a t i o n s  w e r e  
p r o g r a m m e d  for  an  I B M  7094 c o m p u t e r  and  so lved  
n u m e r i c a l l y  (13). F i g u r e  2 shows ~2/2~ p lo t t ed  as a 
f u n c t i o n  of w a v e l e n g t h  for  v a r i o u s  subs t r a t e  r e s i s t iv i -  
t ies  for  N - t y p e  silicon. F i g u r e  3 shows  t h e  same  p a r a m -  
e te rs  p lo t t ed  fo r  P - t y p e  silicon. The  phase  sh i f t  v a r i e s  
f r o m  zero to s as the  w a v e l e n g t h  or  c a r r i e r  concen -  
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Table I. Order calculation for N / N  + silicon 

The substrate resistivity, p~ = 0.0069 ohm-em. The average error 
for uncorrected order is 0.35 and for c o r r e c t e d  order  is 0.10. 
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Table Ill. Order calculations for thin N / N  + silicon sample 

An a p p r o x i m a t e  t h i c k n e s s  o f  4~ w a s  u s e d  to c a l c u l a t e  a n  a p p r o x i -  
m a t e  o r d e r  of  1.26. T h e  c o r r e c t  o r d e r  fo r  t h a t  p e a k  is  t h e r e f o r e  1,0. 

T h e  s u b s t r a t e  r e s i s t i v i t y ,  p2 = 0.006, o h m - c m .  

U n c o r r e c t e d  
o r d e r  U n c o r r e c t e d  C o r r e c t e d  

k(~)  mX0 1 ,t~2jkj Order Corrected o r d e r  o rde r -P~  
R e f e r e n c e  ~ c o r r e e -  o r d e r - P j  k (~)  mko 1 ~ j k  O r d e r  

n u m b e r  M a x  M i n  ko--kJ  2 27r t i o n  M a x  M i n  R e f e r e n c e  ~ c o r r e c -  
n u m b e r  M a x  M i n  k0 -- XJ 2 27r t i o n  M a x  M i n  

-- 1 27.90 2.34 5.90 -- 0.40 1.94 
0 21.95 - -  3.53 - -  - -  -- 1 28.80 1.37 6.05 0.38 0.99 
1 18.30 3.51 2.40 - -0 .31  3.20 0 17.25 - -  2.39 
2 15.40 3.85 1.70 - -0 .28  3.57 1 12.20 2.26 1.16 0.25 2.01 
3 13.05 4.19 1.20 -- 0.26 3.93 

t r a t i o n  i n c r e a s e s .  T h e s e  p h a s e  sh i f t s  a r e  t h e n  u s e d  i n  
Eq. [5] a n d  [6] to  c a l c u l a t e  t h e  l a y e r  t h i c k n e s s .  

Discussion 
T h e  b e s t  a n d  m o s t  g e n e r a l  p r o c e d u r e  f o u n d  fo r  c a l -  

c u l a t i n g  e p i t a x i a l  l a y e r  t h i c k n e s s  f r o m  t h e  i n t e r -  
f e r e n c e  p a t t e r n  is: ( I )  K n o w i n g  t h e  r e s i s t i v i t y  of  t h e  
s u b s t r a t e ,  d e t e r m i n e  t h e  o r d e r s  of t h e  m a x i m a  a n d  
m i n i m a  o b s e r v e d .  (II) C a l c u l a t e  t h e  t h i c k n e s s  f r o m  
t h e  o r d e r  u s i n g  t h e  p h a s e  s h i f t  co r r ec t i on .  

T a b l e  I s h o w s  a s a m p l e  o r d e r  c a l c u l a t i o n  fo r  a n  
N / N  + e p i t a x i a l  l aye r .  ~1 h a s  b e e n  r e p l a c e d  b y  ~ a n d  t h e  
t e r m s  f a c t o r e d  to y i e l d  t h e  1 /2  in  t h e  u n c o r r e c t e d  
o rde r .  I n  a l l  of t h e  c a l c u l a t i o n s  p r e s e n t e d ,  a l l  c o m p u -  
t a t i o n s  i n v o l v i n g  w a v e l e n g t h s  a r e  t a k e n  f r o m  t h e  
r e f e r e n c e  n u m b e r  ze ro  w h i c h  w a s  t h e  l o n g e s t  w a v e -  
l e n g t h  v a l l e y  o c c u r r i n g  in  t h e  s p e c t r u m .  T h e  c a l c u -  
l a t e d  o r d e r  g e n e r a l l y  d i f fe r s  f r o m  a w h o l e  i n t e g e r ,  f o r  
a m a x i m u m ,  or  a h a l f  i n t e g e r ,  f o r  a m i n i m u m  b y  less  
t h a n  0.2. T h i s  d e v i a t i o n  is f e l t  to  b e  c a u s e d  b y  s m a l l  
e r r o r s  in  r e a d i n g  t h e  w a v e l e n g t h s  of m a x i m a  or  
m i n i m a ,  w h i c h  c a u s e  s ign i f i can t  e r r o r s  w h e n  t h e  
d i f f e r e n c e  i n  w a v e l e n g t h s  is t a k e n .  I f  t h e  o r d e r  c a l c u -  
l a t i o n  s p a n s  m a n y  f r inges ,  t h e  a v e r a g e  e r r o r  is g e n -  
e r a l l y  less  t h a n  0.1. B e c a u s e  of t h i s  effect,  s a m p l e s  
w i t h  t h i c k  l a y e r s  m a y  b e  t r e a t e d  d i f f e r en t l y .  B y  c o m -  
b i n i n g  Eq.  [5] a n d  [6] a n d  s o l v i n g  f o r  t h e  t h i c k n e s s  

m ~ l ~ 2  [ ~ b 2 1 - -  ~b22 ] 
1 [9] 

h = 2 ( n i  2 _ s i n 2 0 )  1/2 ()~1 - -  ~-2) 2 ~ m  

E q u a t i o n  [9] m a y  b e  u s e d  w h e n  t h e  p a i r  of w a v e -  
l e n g t h s ,  u s e d  fo r  t h e  ca l cu l a t i on ,  s p a n  m a n y  f r i n g e s  
so t h a t  t h e  " d i f f e r e n c e "  e r r o r s  a r e  sma l l ,  a n d  m is 
l a rge .  

W h e n  t h e  c o r r e c t  o r d e r  of one  m a x i m u m  or  m i n i -  
m u m  h a s  b e e n  d e t e r m i n e d ,  t h e  o r d e r s  of  o t h e r  m a x i m a  
a n d  m i n i m a  m a y  b e  a s s igned .  N o t e  t h a t  w h e n  t h e  
o r d e r  is c o r r e c t e d ,  no  d i f f icul ty  is e x p e r i e n c e d  in  a s -  
s i g n i n g  w h o l e  or  h a l f  i n t e g e r s  to  t h e  p e a k s  or  va l l eys .  

T a b l e  I I  s h o w s  t he  t h i c k n e s s  c a l c u l a t i o n s  fo r  t h e  
s a m e  s a m p l e  t r e a t e d  in  T a b l e  I. T h e  t h i c k n e s s e s  ca l -  
c u l a t e d  w i t h o u t  c o r r e c t i o n  s h o w  a s y s t e m a t i c  e r r o r  
w h i l e  t h e  c o r r e c t e d  v a l u e s  a g r e e  q u i t e  wel l .  T h e  u n -  
c o r r e c t e d  t h i c k n e s s ,  c a l c u l a t e d  b y  

h '  ~ [9a]  
2 (nl 2 -- sin28) i/2 (kl --  L2) 

has a spread of 13.6% while the corrected thickness 
has only a 2.6% spread. 

Table II. Thickness calculation for the same sample as in Table I 

T h e  a v e r a g e  c o r r e c t e d  t h i c k n e s s  is 7 .01a  ~ 1.3% a n d  a v e r a g e  u n c o r -  
r e c t e d  t h i c k n e s s  is  7.62~ • 0 .8%.  

( I ,~  C o r r e c t e d  U n c o r r e c t e d  
R e f e r e n c e  O r d e r  - -  t h i c k n e s s  th ickness  

n u m b e r  X (~) P 2• h (~e) h '  (~) 

-- 1 27.90 2.0 0.214 6.98 7.59 
O 21.95 2.5 0.155 6.97 
1 18.30 3.0 0.136 7.11 8.1-5 
2 15.40 3.5 0.115 7.07 7.63 
3 13.05 4.0 0.099 6.93 7.12 

I t  s h o u l d  b e  n o t e d  t h a t  t h e  c o r r e c t i o n  d e c r e a s e s  
t h e  c a l c u l a t e d  t h i c k n e s s .  T h e  c o r r e c t i o n  h a s  i t s  l a r g e s t  
effect  w h e n  t h e  o r d e r  is smal l .  F o r  P = 2, a t y p i c a l  
c o r r e c t i o n  is - -10%.  T h e  c o r r e c t i o n  i m p r o v e s  t h e  
a g r e e m e n t  b e t w e e n  t h e  s t a i n i n g  t e c h n i q u e  a n d  i n -  
f r a r e d  t e c h n i q u e  s ince  t h e  i n f r a r e d  t e c h n i q u e ,  w i t h -  
ou t  co r r ec t i on ,  a l w a y s  r e a d s  t h i c k e r .  I t  w a s  r e p o r t e d  
b y  P l i s k i n  a n d  G r o c h o w s k i  (3)  t h a t  t h e  d i f f e r e n c e  b e -  
t w e e n  t h e  t w o  t e c h n i q u e s  r a n g e d  u p  to  11%. 

T a b l e  I I I  shows  o r d e r  c a l c u l a t i o n s  fo r  a t h i n  N / N  + 
e p i t a x i a l  s i l i con  s a m p l e .  I t  w a s  n o t e d  b y  P l i~k in  (4) 
t h a t  i f  t h e  a p p r o x i m a t e  t h i c k n e s s  is k n o w n  w i t h i n  w i d e  
l imi ts ,  t h e  o r d e r  m a y  b e  deduced .  T h i s  is t r u e  f o r  low 
o r d e r s  (1, 2, a n d  3) as  i n c o r r e c t  choices  of t h e  o r d e r  
c h a n g e  t h e  t h i c k n e s s  b y  a t  l e a s t  33%. Th i s  c h a n g e  is 
a t  l e a s t  50% for  o r d e r s  1 a n d  2. O r d e r  zero,  i f  n e v e r  
o b s e r v e d  as t h e  s e c o n d  p h a s e  s h i f t  (r  n e v e r  r e a c h e s  

T a b l e  I V  s h o w s  t h i c k n e s s  c a l c u l a t i o n s  fo r  t h e  s a m e  
t h i n  s a m p l e .  T h e s e  d a t a  e x h i b i t  t h e  se l f  c o n s i s t e n c y  
o b s e r v e d  o n  t h e  t h i c k e r  s a m p l e  e v e n  w h e n  t h e  o r d e r  
c o r r e c t i o n  is 30% fo r  f i rs t  o rde r .  T h i s  e x h i b i t e d  self  
c o n s i s t e n c y  e x t e n d s  t h e  r a n g e  of  t h e  i n f r a r e d  t e c h n i q u e  
b e l o w  5~. 

T a b l e s  V a n d  VI  s h o w  s i m i l a r  c a l c u l a t i o n s  fo r  a 
P / P +  e p i t a x i a l  s i l i con  sample .  T h e  d a t a  h a v e  b e e n  
t r e a t e d  in  t h e  s a m e  m a n n e r  as t h e  N - t y p e  samples .  

I n  conc lus ion ,  t h e  s h i f t  i n  p h a s e  of i n f r a r e d  r a d i -  
a t i o n  u p o n  r e f l ec t ion  f r o m  a n  e p i t a x i a l  l a y e r - s u b s t r a t e  
i n t e r f a c e  ha s  b e e n  ca l cu l a t ed .  W h e n  th i s  p h a s e  sh i f t  
is i n c l u d e d  in  t h e  c a l c u l a t i o n  of e p i t a x i a l  l a y e r  t h i c k -  

Table IV. Thickness calculations for sample shown in Table I I I  

T h e  a v e r a g e  c o r r e c t e d  t h i c k n e s s  i s  2 .90  -4- 0 .016~ a n d  t h e  a v e r a g e  
u n c o r r e c t e d  t h i c k n e s s  is  3.32 • 0.073~. 

~Sj C o r r e c t e d  U n c o r r e c t e d  
R e f e r e n c e  O r l e r  t h i c k n e s s  t h i c k n e s s  

n u m b e r  k(~)  P 2~r h(~)  h ' ( /D 

-- 1 26.80 1.0 0.246 2.95 3.46 
0 17.05 1,5 0,138 2.87 - -  
1 12.20 2.0 0.099 2.88 3.17 

Table V. Order calculation for P/P + silicon 

T h e  s u b s t r a t e  r e s i s t i v i t y  i s  0.01 o h m - c m .  T h e  a v e r a g e  e r r o r  f o r  t he  
c o r r e c t e d  o r d e r  is  0.12 a n d  f o r  t h e  u n c o r r e c t e d  o r d e r  is 0.39. 

X(~) mko 1 (])2j ~ J O r d e r  C o r r e c t e d  
R e f e r e n c e  F c o r r e c -  o r d e r - P l  

n u m b e r  M a x  M i n  Xo--Xj 2 27r t i on  M a x  M i n  

-- 1 29.80 1.38 6.38 0.31 1.07 
0 19.00 - -  2.76 - -  
1 14.00 2 .40 1.61 0.23 2.17 

Table VI. Thickness calculations for the same sample as in Table V 

T h e  a v e r a g e  c o r r e c t e d  t h i c k n e s s  i s  3 .10 • 0 .0339  a n d  t h e  a v e r a g e  
u n c o r r e c t e d  t h i c k n e s s  i s  3.64 • 0.12/~. 

�9 ,~j C o r r e c t e d  U n c o r r e c t e d  
R e f e r e n c e  O r d e r  t h i c k n e s s  t h i c k n e s s  
n u m b e r  X(~) P 2~ h(~)  h'(tD 

-- 1 29.80 1,0 0.214 3.02 3.40 
0 19.00 1,5 0.145 3.08 - -  
1 14.00 2,0 0.114 3.20 3.88 
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ness, the self consistency of the measurement  is im-  
proved, and the applicable thickness range is in-  
creased. 
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Reaction of Tantalum with Molten Cerium-Cobalt Alloys 
Felix B. Litton and John C. Biery 

University of California, Los Alamos Scientific Laboratory, Lo~ Alarr~os, New Mewico 

ABSTRACT 

The reaction of t an ta lum with molten cer ium-cobal t  was investigated by 
heat ing alloys containing from 6 to 18 w/o  cobalt in sealed t an ta lum cap- 
sules at temperatures  from 600 ~ to 800~ and at times from 4 to 2069 hr. At 
800~ with 18 w/o  cobal t -cer ium alloy, reaction layers formed which varied 
in thickness with t ime from 5 to 16~. The reaction layer  consisted of two sep- 
arate zones. The inne r  diffusion zone contained discrete particles of cerium 
distr ibuted in a tan ta lum-cobal t  alloy, TaCo or Ta2Co. The composition of 
the molten cer ium-cobal t  alloy, temperature,  and reaction t ime controlled 
the composition and growth of the reaction layer. The tan ta lum-cobal t  phase 
identified as Ta2Co was predominant  in layers formed from cer ium-cobal t  
containing 12 w/o  cobalt, while either TaCo or Ta6Co7 was predominant  in 
the layer  formed from cer ium-cobal t  containing 18 w/o  cobalt. The sequen-  
tial steps in  the formation of the reaction layer  are as follows: dissoluti6n 
of tanta lum,  precipi tat ion of Ta-Co crystals on the Ta surface, diffusion of 
Co into and Ta out from an inner  diffusion zone, and continued precipitat ion 
of a tan ta lum-cobal t  alloy from the l iquid cer ium-cobal t  mel t  onto the outer 
layer. The growth rate at long times was controlled by diffusion of t an ta lum 
and cobalt through the outer precipi tat ion layer. 

Low mel t ing p lu ton ium alloys have been proposed 
for fuels in fast breeder  power reactors to el iminate 
the problem of i r radiat ion damage and to simplify 
handl ing  and reprocessing procedures (1, 2). Alloys of 
potential  value occur in  the P u - F e  and Pu-Ce-Co sys- 
tems (3-5). The Los Alamos Molten P lu ton ium Reactor 
Exper iment  (LAMPRE) was operated to determine 
the problems that  might  be encountered when  these 
fuels are used under  operat ing conditions. The core of 
the LAMPRE reactor consisted of an array of t an ta -  
lum capsules containing p lu tonium fuel alloy (6-8). 
Tan ta lum and tungsten  had been observed to be satis- 
factory materials  for alloy containment,  but  t an t a lum 
was preferred because of the greater ease in its fabr i -  
cation. 

In  out-of-pi le  exper iments  with the Pu-Co-Ce fuel 
and Co-Co b inary  alloys held in t an ta lum capsules, a 
cobal t - tan ta lum reaction layer was observed to form. 
To unders tand  better  the mass t ransfer  processes of 
t an ta lum in  the Co-Ce-Pu fuels, a knowledge of the 
characteristics of the reaction layer  was necessary. 
This s tudy was ini t ia ted in an at tempt to determine 
these characteristics by observing layers formed from 
the Co-Co alloys. 

Experimental 
Materials.--Tantalum capsules, 1~/~ in. long, were 

fabricated from 0.025 in. wal l  x 0.430 in. O.D. seamless 
tubing. End caps were stamped from sheet stock. Cap- 
sules were fabricated from powder metal lurgy,  double 
arc-melted,  and electron-beam-processed material .  

The parts  were degreased and dipped in  hydrofluoric- 
nitr ic acid mix ture  prior to at taching the end cap by 
welding, after which the capsule blanks were vacuum 
annealed for 1 hr  at 1450~ 

Cerium base alloys were prepared to contain nomi-  
na l ly  6, 12, and 18 w/o  Co by heat ing 99.8 w/o  Ce 
with 99.5 w/o  Co to 900~ for 2 hr in t an ta lum cruci-  
bles under  a hel ium atmosphere. Dur ing  alloying, the 
melts  were st irred with he l ium and filtered through 
a t an ta lum frit. Pr ior  to their use, the cerium base 
alloys were analyzed for cobalt, then stored in a 
vacuum desiccator. 

Procedure.--The react ion between t an ta lum and Co- 
Co alloys was studied by heat ing 5g of each alloy 
composition in a t an ta lum capsule for a specified t ime 
at a given temperature.  The cerium base alloys were 
cut, weighed, and placed in the capsules in  air, and 
sealed in a welding box under  argon. The capsules 
were placed in a copper block and heated under  a 
positive pressure of 10 cm of helium. The tempera ture  
of the furnace was regulated from a thermocouple 
central ly  located in the copper block to wi th in  _--4- 5~ 
of the desired temperature .  

After  heating, t ransverse  sections were cut from the 
t an ta lum capsule for metal lographic examinat ion  and 
chemical analysis  to de termine  the s t ructure  and 
amount  of cobalt in  the reaction layer. The cer ium- 
cobalt alloy was dissolved from the t ransverse  section 
in dilute hydrochloric acid, and, after visual ly meas-  
ur ing  the  layer  thickness, the weight  of cobalt in  the 
layer was determined by  chemical analysis  and re-  
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ported as mil l igrams cobalt per square cent imeter  of 
surface area. 

Descr ip t ion  of  React ion  Layer  Growth  

Photographs of the react ion layer formed on tan ta -  
lum in contact wi th  6, 12, and 18 w / o  cobal t -cer ium 
alloys for 96 hr  at 800~ are shown in Fig. 1, 2, and 
3o The tan ta lum capsules were  cut longi tudinal ly  to 
produce the section shown at the r ight  in each figure 
and the Ce~Co alloy dissolved f rom one-hal f  of the 
capsule wi th  dilute hydrochloric  acid reveal ing  the 
section shown at the lef t  in each figure. A react ion 
layer  was formed above the l iquid meniscus in each of 
the capsules. However ,  a react ion layer  was not 
formed along the surface in contact wi th  the bulk 
l iquid with 6 and 12 w / o  Co-Ce alloys. With these al-  
loys, the areas in direct  contact wi th  the mel t  or wi th  
heavy films above the l iquid surface show an etched 
appearance. The react ion layer  in Fig. 1 and 2 is the 
s i lvery zone above the etched areas. In Fig. 2 a fa i r ly  
heavy layer  of react ion layer  crystals has grown im-  
media te ly  above the etched area. The Co-Ce alloy 
has cl imbed the walls  of the capsule and has covered 
all surfaces with a thin l iquid l a y e r .  For  the 6 and 
12 w / o  Co-Ce alloys at this length of exposure, the 
react ion layer  forms only on the surfaces covered wi th  
this ve ry  thin film. In contrast, as shown in Fig. 3, a 
react ion layer  was formed above the meniscus and in 
the bulk l iquid contact area with mol ten  18 w / o  Co- 
Ce alloy. 

Structure of reaction layer.--The react ion layer  con- 
sists of a diffusion zone adjacent  to the tan ta lum and 
a crystal l ine deposit in contact wi th  the cer ium-cobal t  
alloy. Electron microprobe analysis indicated that  the 
diffusion zone contained cer ium globules dis tr ibuted 
in a tan ta lum-cobal t  phase and the crystal l ine deposit  
consisted of an impur i ty - f r ee  tan ta lum-cobal t  phase. 

X- r ay  and microprobe analyses showed that  two 
distinct tan ta lum-cobal t  phases were  included in the 
reaction layer  zones. However ,  they also indicated 
that  the exact  composition of these phases var ied  
somewhat.  Therefore,  in this repor t  these phases are 

t i t led A and B. The A phase is nominal ly  Ta2Co while  
the B phase is nominal ly  TaCo with some solubili ty of 
cobalt existing in both phases. For  instance, the com- 
position of the B phase was found to range f rom 
Ta6C07 to TaTC06. 

The composition of the react ion layer  zones varies 
wi th  changes in t empera tu re  and cobalt concentrat ion 
in the melt. Two cobal t - tempera ture  regimes exist. 
In the upper one B is the stable phase in contact with 
the melt;  in the lower  regime A phase is stable. The 

Fig, 2. View of tantalum capsule heated in contact with 12 w/o 
Co-Ce alloy. Left, To-Co reaction layer covers the entire area above 
the meniscus of the Ce-Co alloy. Magnification 2.5X. 

Fig. 1. View of tantalum capsule heated in contact with 6 w/o 
Co-Ce alloy, Left, After dissolving the Ce-Co alloy in dilute hy- 
drochloric acid, the reaction layer is shown as the silvery zone 
above the etched area. Magnification 2.5X. 

Fig. 3. View of tantalum capsule heated in contact with 18 w/o 
Co-Ce alloy. Left, Crystalline Ta-Co reaction layer is on the tan- 
talum surfaces above and below the meniscus. Magnification 2.5X. 
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Table (. Temperature-cobalt concentration boundary between 
A and B phase stable regimes 

C o b a l t  c o n c e n t r a t i o n  
T e m p ,  ~ in  mel t ,*  w / o  

800 15 
700 18 

* A p h a s e  is s t a b l e  b e l o w  t h i s  c o n c e n t r a t i o n  w h i l e  B p h a s e  is  
s t ab l e  a b o v e  th i s  c o n c e n t r a t i o n .  

t empera ture -coba l t  concentrat ion boundary  be tween  
the regimes is shown in Table I. 

The inner  diffusion zone which may not be in direct  
contact with the mel t  can contain layers of both A 
and B phase. In the upper  coba l t - t empera tu re  regime, 
microprobe analysis has shown the outer  precipi tat ion 
zone to be B phase and the inner  diffusion zone to be 
mainly  B phase wi th  a possible thin zone next  to the 
meta l  being A phase. In the lower  regime, both the 
inner  and outer zones contain only A phase. 

Examples  of the above phenomena  are shown in 
Fig. 4 and 5. The two- layered  s t ructure  in Fig. 4 has 
been emphasized by a selective etching procedure. 
The outer  precipi tat ion crystals resisted etching and 
appear much  as they did in the as-polished state. The 
inner  diffusion zone was at tacked much more rapidly 
by the etch. This layer  was produced wi th  18 w / o  
Co-Ce at 700~ in 1024 hr. 

The outer  precipi tat ion layer  appears to grow in 
horizontal  platelets of re la t ive ly  uni form thickness 
across the tanta lum diffusion zone surface. The aver -  
age thickness of the platelets  is approximate ly  5-6~, 
but the width  of the platelet  may  be as great  as 300#. 
In Fig. 5 a ve ry  large crystal  which had fal len off the 
tan ta lum surface is shown. Note the we l l - fo rmed  cor-  
ners of 120 ~ This par t icular  crystal  is 330~ long and 
200# wide. These crystals were  formed in 18 w / o  
Co-Co at 740~ in 832 hr. 

Growth  Rates of Reaction Layer  in Bulk  Liquid 
Contact Area  

6 w / o  Cobal t -cer ium. - -Wi th  6 w / o  cobal t -cer ium 
alloy no reaction layer  was formed on tan ta lum in 
contact wi th  the bulk l iquid phase at t empera tures  
from 600 ~ to 800~ and periods of t ime up to 2069 hr. 

12 w / o  Cobal t -cer ium.- -React ion layers were  formed 
with  12 w / o  cobal t -cer ium alloy at 800~ but not at 
lower temperatures .  However ,  even  at 8000C the 
layers formed only after  re la t ive ly  long periods of 
time, i.e., 1024 and 2069 hr. The reaction layer  th ick-  

Fig. 5. B phase precipitation platelet, 330/~ long x 200~ wide 
x 5/~ thick. 
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Fig. 6. Reaction layer growth as a function of time, 18 w/o Co- 
82 w/o Ce at 800~ 

nesses observed at these t imes were  5.5~ and 8.5, r e -  
spectively. 

18 w / o  Cobalt-cerium.--8OO~ growth ra te  
data for t an ta lum wi th  18 w / o  cobal t -cer ium alloy 
at 800~ are shown in Fig. 6 and in Table II. At  this 
t empera tu re  a react ion layer  was fo rmed  in periods 
as short  as 4 hr. The react ion layer  grew ve ry  rapidly  
in the first 250 hr. Thereaf ter ,  the growth essentially 
stopped. The thickness observed after  2069 hr  as esti-  
mated f rom the cobalt density data was 16.7~. 

The thicknesses, of the  react ion layer  in microns as 
obtained f rom photomicrographs are also tabulated 
in Table II for the 18 w / o  Co-Ce alloy at 800~ Visual 

Table II. Ta-Co reaction layer growth for 18 w/o Co-Ce at 800~ 

C o b a l t  a r e a  d e n s i t y  in  r e a c t i o n  l a y e r ,  
m g / c m  ~* 

L a y e r  
T i m e ,  h r  E x p e r i m e n t a l * * *  Smoo thed***  t h i c k n e s s , * *  

4 1.28 1.40 5.2 
16 2.58 2.40 9.0 

64 3.48 3.60 11.0 
240 4.51 4.58 15.3 

4.64 
1024 4.57 5.20 - -  

5.53 
2069 5.31 5.76 - -  

6.22 

Fig. 4. Structure of reaction layer. Two zones are shown: the 
diffusion zone adjacent to the tantalum, covered by crystals 
identified by x-ray analyses as B phase. Etched. Magnification 
420X. 

* D e t e r m i n e d  b y  c h e m i c a l  a n a l y s i s  of  r i n g  c u t  f r o m  c a p s u l e .  
** D e t e r m i n e d  by  g r a p h i c a l  i n t e g r a t i o n  of l a y e r  a r e a  on  p h o t o -  

m i c r o g r a p h .  
*** T h e  e s t i m a t e d  e x p e r i m e n t a l  s t a n d a r d  d e v i a t i o n  is  6 .1%.  T h e  

e s t i m a t e d  s t a n d a r d  d e v i a t i o n  of t h e  s m o o t h e d  c u r v e  is 2 .0%,  a n d  a 
95% c o n f i d e n c e  w i d t h  a b o u t  t h e  s m o o t h e d  c u r v e  is  _+ 6 .6%.  



374 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

Table III. Time required for reaction layer to start forming when 
in contact with bulk cobalt-cerium melts (A/V ~ 5 cm - I )  

T i m e  to f i rs t  f o r m a t i o n ,  h r  

6OO~ 700~ 800~ 

6 w / o  Co-Ce  > 2 0 6 9  > 2 0 6 9  > 2 0 6 9  
12 w / o  Co-Ce  > 2 0 6 9  > 2 0 6 9  1024 
18 w / o  Co-Ce  > 2 0 6 9  256 { I n t e r m i t t e n t  4 

t h e r e a f t e r )  

readings at 1024 and 2069 hr  were  not obtained. These 
data are nQt as rel iable as the cobalt density data 
since the visual thicknesses were  measured f rom one 
small  area of the layer while  the chemical  data were  
obtained f rom the layer  formed on a complete  r ing 
cut f rom the capsule. Comparison of the visual  and 
chemical data indicates that  the microns of thickness 
per mi l l igram per square cent imeter  of cobalt den-  
sity decreased f rom 3.7 at 4 hr  to 2.9 at 240 hr. This 
var ia t ion would indicate that  the composite l ayer  was 
changing in cobalt composition wi th  t ime and was be-  
coming more  dense. 
700~ 700~ with  18 w / o  Co-Ce, react ion layers 
formed after 256 hr  of contact time. However ,  even  
after  this ini t iat ion period subsequent  tests at longer  
periods did not consistently produce react ion layers. 
For  instance, at 256 and 1024 hr  the observed cobalt  
density in the layer  was 3.94 and 6.88 m g / c m  2, re -  
spectively. But at in termedia te  and longer t imes of 
625 and 2069 hr  no layer  was produced whatsoever .  
This type of behavior  seems to indicate that  the 18 
w/o- -700~ conditions represents  one of the boundary 
points be tween the fast and slow react ive  regimes. 
600~ 600~ with the 18 w/o  mel t  no react ion 
layer  was formed in the bulk l iquid contact zone in 
periods up to 2069 hr. 

A summary  of the min imum observed t imes to form 
react ion layers in contact wi th  the bulk l iquid phase 
is given in Table III. 

Effect of Cobal t  Concentrat ion on Reaction Layer 
Formation Rate 

The results f rom the 12 and 18 w / o  Co-Ce melts  at 
800~ show a large change in react ion layer  fo rma-  
tion rate  wi th  change in cobalt  concentration.  To test 
the effect more  exactly, a series of capsules was run  
for 96 hr  at 890~ with mel t  concentrat ions ranging 
f rom 11 to 16 w / o  cobalt in 1% increments.  The re -  
sults are shown in Fig. 7. Up to 14 w / o  cobalt no 
layer  was formed. Then almost  dramatical ly,  the layer  
started to grow rapidly  at 15 and 16 w / o  cobalt. The 
measured cobalt density in the layer  increased f rom 

0.01 m g / c m  2 at 14 w / o  to 2.4 m g / c m  2 at 15 w/o .  A 
1% increase in cobalt concentrat ion increased the re -  
action rate by a factor of 200 or more.  

Effect of Surface Area to Volume Ratio on Reaction 
Layer Formation 

The ratio of tan ta lum contact surface area to mel t  
volume (A /V)  great ly  influences the abili ty of the 
reaction layer  to form, especially in the low concen-  
t r a t ion- tempera tu re  regime. For  instance, react ion 
layer  is a lways found above the meniscus where  a 
thin layer  of melt, 10-20~ thick, has crept  up the wall. 
Here  the A / V  ratio is 500 to 1000 cm -1. In the same 
systems, 6 and 12 w / o  cobalt at 600~176 no reac-  
tion layer is formed at t imes up to 1000 hr  on areas  in 
contact wi th  the bulk l iquid phase where  the A / V  
ratio is approximate ly  5 cm-1.  

To invest igate  the area to vo lume ratio effects, 
finely divided tan ta lum powder  (30~ diameter  par -  
ticles) was added to 6 w / o  Co-Ce and was run at 
600~ for 96 hr. In this short  period a react ion layer  
formed on the tan ta lum wal l  in direct  contact wi th  
the powder,  while  no react ion layer  was found on the 
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Fig. 7. Reaction layer thickness as a function of cobalt concen- 
tration in melt; 96 hr at 800~ 

wall  where  no powder  resided. The A / V  ratio in the 
powder  zone was approximate ly  250 cm -1. 

Mechanica l  Instabi l i ty of Reaction Layer 
A number  of exper iments  have  been run  which in-  

dicate that  the outer  precipi tat ion layer  cannot stand 
excessive mechanical  or the rmal  shock. Tempera tu re  
cycling and mel t  f reezing cause the precipi tat ion 
crystals to disengage f rom the diffusion zone. The 
crystal  shown in Fig. 5 is one of many  hundreds  of 
crystals which fell  off f rom the wal l  of a capsule 
when the mel t  was frozen, capsule inverted,  and alloy 
remelted.  Also, a few runs at t empera tures  of 900~ 
and above indicate that  the precipi tat ion layer  grows 
and spalls wi th  no obvious the rmal  perturbations.  

The instabil i ty of the precipi ta t ion zone indicates 
that  the over -a l l  react ion layer  might  not be protec-  
t ive and se l f -heal ing if it is the rmal ly  per turbed.  The 
layer  growth is s lowed by the format ion of the p re -  
cipitation zone. If it f a l l s  off, then the total layer  can 
continue to grow unt i l  more crystals cover the surface. 
A worse case which could cause catastrophic fa i lure  is 
one in which the precipi tat ion crystals detach but 
loosely hang onto the wall. The dissolving t an ta lum 
can precipi ta te  on the detached crystals which now 
serve as a local sink. The dissolution process is un-  
impeded since the precipi tat ion zone is not r e - fo rmed  
to inhibit  the diffusion of cobalt into and tan ta lum out 
f rom the diffusion zone. 

Mechanism for Formation of Reaction Layer 
The fol lowing s tepwise mechanism is proposed to 

explain the observed phenomena.  
1. Dissolution of tan ta lum into the melt. Before  the 

layer  can grow tanta lum must  dissolve into and satu-  
rate the melt. The  rate  of dissolution appears to be a 
strong function of cobalt concentration. In the high 
coba l t - t empera ture  regime, the ra te  is ve ry  fast while  
in the low reg ime the ra te  appears to be quite  slow. 
During this period cobalt does not diffuse into the 
tan ta lum wall. The  cobalt does at tack the tan ta lum 
and probably forms Ta-Co A or B phase molecules  or 
subcrit ical sized crystall i tes on the surface. Whi le  the 
melt  is unsaturated,  these crystall i tes are unstable and 
immedia te ly  dissolve. In this manner  t an ta lum and 
cobalt t ransfer  back into the l iquid metal.  

2. Supersa tura t ion  of the mel t  and precipi tat ion of 
stable crystals on the tan ta lum surface. The mel t  be-  
comes supersaturated wi th  respect  to the A or B phase 
crystals and precipi tates  these crystals on the tan ta -  
lum surface. The mel t  is not saturated with  respect  
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to the tanta lum metal  since the tan ta lum is in a higher  
energy state in the metal  wal l  then in the Ta-Co crys-  
tals. 

3. Format ion  of diffusion zone. With the precipi ta-  
tion of the crystals, the diffusion zone immedia te ly  
starts to form. The cobalt attacks the tan ta lum sur-  
face and forms the A or B phase erystaIlites. Now, 
however ,  stable crystals of A or B phase are in direct 
contact wi th  the react ive surface, and the new crys-  
tallites are stabilized in the local area of the precipi-  
tate. The newly  formed react ion compound does not 
dissolve into the mel t  since the mel t  is now saturated 
with respect  to the stable crystals. 

As the reaction proceeds, the react ive zone moves 
inward into the metal. Also, the growth can move  out 
radial ly  f rom the init ial  precipi tat ion crystal. (Note: 
Circular  colonies of crystals and react ive  zones have 
been noted on tabs immersed  in the Co-Co alloy.) 

By observing growth on thin foils of known thick-  
ness, the original  tan ta lum surface is readi ly  ident i -  
fied as the boundary be tween the precipi tat ion zone 
and the diffusion zone. Therefore,  as the Ta-Co reac-  
tion zone is formed, tanta lum must  diffuse outward 
toward the mel t  to main ta in  vo lume and mass con- 
t inui ty  since the Ta-Co compounds are  less dense than 
tan ta lum itself. The outward  current  of tan ta lum can 
dissolve into the mel t  because the mel t  is saturated 
with respect  to the A or B phase crystals and not wi th  
respect to the tan ta lum metal.  

4. Continued growth of the A or B phase crystals. 
The  tan ta lum which is dissolving into the mel t  f rom 
the diffusion zone precipitates on the crystals which 
are near  by. The A or B phase crystals then continue 
to grow in platelets on the surface and to move la ter -  
ally across the surface. Figures 8 and 9 show two 
stages in this development  of the crystal l ine layer  as 
grown f rom 18 w / o  Co-Ce at 800~ 

5. Slowing down of layer  growth as precipitat ion 
crystals cover the surface. Since the precipi tat ion 
crystals are we l l - fo rmed  fiat platelets, they present  a 
diffusion barr ie r  to the diffusing cobalt and tantalum. 
Therefore,  the process is essentially t e rmina ted  when  
the crystals cover the surface. Slow growth can occur 
since there  must  be a small  but  finite diffusivity for 
the cobalt and tan ta lum in the precipi tat ion layer.  

S u m m a r y  

Observed phenomena. 
1. For  tempera tures  and cobalt concentrat ions be-  

low 18 w / o  at 700~ and 15 w / o  at 800~ a react ion 
layer forms in contact wi th  the bulk fluid only after  
long incubation periods of 1000 hr  or more. ( A / V  : 5 
cm -1) . 

2. For  t empera ture -coba l t  conditions above the 
limits in 1, the react ion layer  forms at short t imes of 
4 hr  or less in the bulk phase contact  area. 

Fig. 8. Hexagonal B phase crystals in an early stage of development 

Fig. 9. A heavy layer of B phase crystals as developed at long times 

3. For  all concentrat ions and tempera tures  tested 
(6-18 w / o  Co and '600~176 the react ion layer  
formed in contact wi th  the thin l iquid layer  above the 
meniscus in periods of 4 hr  or less. ( A / V  ~ 500-1000 
cm -1) . 

4. Microprobe and chemical  analysis show crystals 
in equi l ibr ium with the mel t  to be A phase (approxi-  
mate ly  Ta2Co) for the low tempera tu re -coba l t  condi-  
tions and to be B phase (approximate ly  TaCo) for the 
high tempera ture -coba l t  conditions. 

5. Microprobe and chemical  etching indicate that  
two layers form, one on the outside of the original  
surface and one inside the original  surface. The outer  
layer  appears to be crystals precipi ta ted f rom the 
mel t  since they are well  formed and contain no im-  
purities. The inner  layer  appears to be a diffusion 
zone of Co in Ta since it etches easily and contains 
impuri t ies  of cerium. The outer  crystals are A or B 
phase as indicated in i tem 4 above. The ma t r ix  of the 
inner  layer  is nominal ly  A phase for the low tempera -  
ture-concent ra t ion  cases and B phase for  the  high 
tempera ture -concent ra t ion  systems. 

6. Evidence indicates that  crystal  precipi ta t ion must  
occur first before the cobalt diffusion zone can form. 

Proposed Mechanism 
The react ion layer  appears to grow with  the fol low- 

ing sequence of events.  
1. Tan ta lum dissolves into the melt .  
2. The mel t  becomes supersaturated and precipitates 

A or B phase in termetal l ic  crystals. 
3. The cobalt diffusion zone starts to form. 
4. Tanta lum diffuses out of the diffusion zone, dis- 

solves into the melt,  and back precipitates on the A 
or B phase crystals. 

5. The layer  growth almost terminates  when the 
diffusion zone is complete ly  covered wi th  thick crys-  
tals. 

Proposed Cobalt Effect 
1. The tan ta lum is a t tacked by the cobalt. The main 

effect is to form TanCo nuclei  which immedia te ly  dis- 
solve into the melt. 

2. The reverse  reaction of TanCo precipi ta t ion does 
not occur unti l  the mel t  is supersaturated and can 
grow crystals above a crit ical  size. 

3. As t empera tu re  and cobalt  concentrat ion are 
lowered, the cobalt react ion produces Ta2Co ins tead  
of TaCo. The Ta2Co react ion proceeds much more  
slowly than does the TaCo reaction. 

Stability 05 Layer 
1. The precipi tated crystals are not securely affixed 

to the tan ta lum surface. These crystals tend to spall 
off with thermal  or physical shock. With  spallation 
the cobal t - tan ta lum reaction is a l lowed to continue. 
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Standard Molar Free Energy of Formation of Uranium Dicarbide 
and Uranium Sesquicarbide by Electromotive Force Measurements 

W. K. Behl and J. J. Egan 
B r o o k h a v e n  Nat iona l  Labora tory ,  Upton,  N e w  Y o r k  

ABSTRACT 

The free energy of format ion of UC2 and U2Cs has been determined by 
means of the fol lowing solid state galvanic cells operated be tween  700 ~ and 
900~ 

U,UFa (s) I CaF2 (s) ]UF3,UC2,C [A] 

U,UF3 (s)ICaF2(s)IUF3,U2C3,C [B] 

Although UC2 is in metastable  equi l ibr ium wi th  carbon in cell A, results are  
significant. Exper imenta l  details are presented and results are compared with 
values obtained by other  techniques.  

In many cases e lect romotive force measurements  
provide a useful  method for an accurate de terminat ion  
of the free energy of format ion of compounds in l iq-  
uid or solid state. In this laboratory,  solid state gal-  
vanic cells 

U,UF3 (s) [CaF2 (s) IUF3,UC2,C (s) [A] 
and 

U,UF3 (s) I CaF2 (s) IUFs,U2C3,C (s) [B] 

were  employed to de termine  the free energy of for-  
mation of u ran ium dicarbide and uran ium sesquicar-  
bide, respect ively,  in the tempera ture  range 700 ~ 
900~ It  has been observed f rom the phase diagram 
(1) that  UC2 is in equi l ibr ium with  carbon only at 
t empera tures  above about 1500~ At  lower  t empera -  
tures, U2C3 is the stable phase in equi l ibr ium with  car-  
bon. Thus in the t empera tu re  range 700~176 cell A 
is in a metastable  state. However ,  studies of several  
workers  (2,3) indicate that  the t ransformat ion of 
UC2 to U2C3 and carbon is an ex t remely  slow process. 
In one exper iment  in this laboratory a sample of UC2 
was heated to about 900~ for more  than a week, at 
which t ime an x - r a y  of the exper iment  showed no 
U2C3 in the sample. As this study has shown, despite 
the metastable  nature  of cell A, meaningfu l  results for 
the free energy of format ion of uran ium dicarbide 
were  obtained f rom this cell. 

In cell A at the le f t -hand  electrode 

U -- U +~ 4- 3e 

and at the r igh t -hand  electrode 

3e W U +3 4- 2C = UCe 

and the over-a l l  react ion on passing 3F is 

U 4- 2C ~ UC2 

with the CaF2 conducting F -  ions from r ight  to left. 
Thus 

~F~ ~ - -3FE [ 1 ] 

Likewise in cell B 
2 U = 2 U  +34-6e  

6e 4- 2U +3 4- 3C ~ U2C3 
and over -a l l  

2U 4- 3C ---- U2C3 
with 

=-%F~ ~ - -6EE [2] 

Experimental 
Uranium dicarbide was prepared  by mixing  finely 

filed uran ium metal  with an excess of carbon powder,  
pressing the resul t ing mix tu re  into a pellet, and heat -  
ing the pellet  in a graphi te  crucible under  vacuum at 
1600~176 for 30-40 min in an induction furnace. 
An x - r a y  of the sample identified UC2 and carbon. 

The following procedure  was employed to prepare  
uran ium sesquicarbide. Equiva len t  amounts  of u ra -  
nium metal  and carbon to form UC2 were  mixed  to- 
gether  and heated in a graphi te  crucible under  vacuum 
at 1600~ in an induction furnace for 2 hr. To this a 
calculated amount  of u ran ium meta l  was added to 
yield a composit ion corresponding to U2C3. Two  pellets  
were  made of the mix tu re  and placed in a molybdenum 
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crucible (one over  the other) and heated at 1450~ 
under  vacuum for 5 hr. The top pellet  was then re-  
moved, crushed, and again made into a pel let  and 
placed over  the o ther  pel let  in the molybdenum cup 
and heated for 12 hr  under  vacuum. The procedure 
was repeated once more  and finally the pellets  heated 
at 1450~ under  vacuum for 18 hr. The bot tom pel let  
in immedia te  contact wi th  molybdenum was discarded 
and the top pellet  used for experiments .  An x - r a y  
of the sample identified it as U2C~. 

The u ran ium carbides so prepared  were  separately 
crushed and mixed  with  UF~, and again pressed into a 
pellet. A similar  pellet  was obtained by mixing finely 
filed uran ium with  uran ium fluoride. 

All  the above mixing  operations were  per formed 
under  carbon te t rachlor ide  to p reven t  u ran ium metal  
or the carbides f rom coming in contact wi th  the air. 
Also the mix tu re  under  CC14 resul ted in a paste, f rom 
which it was easier to obtain the pellets. Carbon te t ra -  
chloride was la ter  pumped  off by evacuat ing the as- 
sembled cell. 

A calcium fluoride single crystal, which has been 
shown to conduct ent i re ly  through fluoride ions, served 
as the auxi l ia ry  electrolyte;  molybdenum disks were  
used to provide  the leads. The cell was then quickly 
assembled and evacuated for a few hours. The cell  ar-  
r angement  was similar  to the one repor ted  by Egan, 
McCoy, and Bracker  (5). The cell was then filled with 
argon gas that  provided the iner t  a tmosphere  dur ing 
the course of the experiment .  The  t empera tu re  was 
gradual ly  raised to 800~ and the cell a l lowed to come 
to an equi l ibr ium value  (general ly  2-3 days) ; this was 
indicated by a steady value of emf. The emf of the 
cell was then measured at var ious temperatures .  Tem-  
pera ture  cycling did not affect the values of the cell 
potentials. In all cases, the cells were  operated for a 
period of 1 month. 

Results 

The cell  potential  vs. t empera tu re  plots for cells A 
and B are presented in the curves shown in Fig. 1. 
The measurements  for cell A were  carr ied out be- 
tween 700 ~ and 900~ whi le  those for cell B were  car-  
ried out up to 800~ 

The free energies of format ion for u ran ium dicar-  
bide and uran ium sesquicarbide at various t empera -  
tures calculated f rom Eq. [1] and [2] are shown on 
the r ight  of the figure. They are also given by the 
equations 

U(/~) -F 2C(gr)  = UC2(s) 
~F ~ = --15,820 --  8.2T (kcal) [3] 

U(7)  -F 2C(gr)  ~ UC2(s) 
AF ~ ~ --18,980 --  5.2T (kcal) [4] 

2U(/3) ~- 3C(gr)  = U2C~(s) 
hFo = --43,860--  7T (kcal) [5] 
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Fig. 1. Curves of emf measurements taken on cells of type A 
and B. Results from two separate ceils are shown in each case 
(dosed and open circles). 
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Fig. 2. Relative integral molar free energy vs .  composition in 
the U-C system. The triangles represent values compiled in ref. 
(4). The circles represent values taken from the measurements re- 
ported here. 

in the t empera tu re  range of the experiments .  The p re -  
cision be tween  different cells was of the order  of +2 
mv  for UC2 and •  mv  for U2C3. Thus the accuracy 
is est imated as --+200 cal for the values repor ted  here. 

In curve  A of Fig. 1, a break  is observed at 780~ 
This corresponds to the phase t ransformat ion of /~-ura-  
nium to v-uranium,  which is known (6) to occur at 
772~ 

Alcock and Grieveson (7) have  measured  the free 
energy of format ion for the react ion 

U(1) + 2C(s) = UC2(s) 

by measur ing the u ran ium dissociation pressure of the 
carbide in equi l ibr ium with  pure  carbon in the t em-  
pera ture  range 1700~176 The free energy of for-  
mat ion (--27.54 kcal) ext rapola ted  f rom these meas-  
urements  to 1132~ ( the mel t ing  point  of u ran ium)  
compares ve ry  wel l  wi th  the value  (--26.28 kcal)  
obtained by extrapolat ion f rom the present  measure-  
ments. 

An idea about the stabili ty of the different phases in 
a b inary  system can be obtained (8) f rom a plot 
of re la t ive  integral  molar  free energy vs. mole f rac-  
tion. Such a plot  for the u ran ium-ca rbon  system is 
shown in Fig. 2, in which the values of re la t ive  inte-  
gral  molar  free energies of U2C3 and UC2 obtained 
f rom the present  measurements  are plot ted along with  
the l i te ra ture  (4) values for UC, U2C~, and UC2. These 
value~ are f rom a thermochemical  assessment using 
previous results  f rom calorimetry,  phase equilibria,  
vapor  pressures, and other methods. The agreement  is 
quite  close be tween  these values and the exper imenta l  
values reported here. It  is clear f rom the plot that  at 
1000~ U2C3 is the stable phase in equi l ibr ium with  
carbon. This is in agreement  'w i th  the ear l ier  phase 
d iagram studies (1) for the U-C  system. 
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The Ductile-Brittle Transition in Tantalum Carbide 
H. A. Johansen and J. G. Cleary 

Research Laboratories, West inghouse Electric Corporation, Pi t tsburgh,  Pennsylvania  

ABSTRACT 

Tantalum carbide was prepared in the composition range TaC0.7~ to TACI.26 
and consolidated by hot pressing. Compositions at ends of the range were 
two phase. A modified cantilever-beam test method was used to determine 
the ductile-brittle transition temperature (Tdb) at a given strain rate and for 
this geometry as a function of carbon content. The Tab range from TaC0.9s 
was 1825~176 and the median nominal bend stress in this range was 
23,000 psi (1617 kg/cm2). At TaC0.9o the median nominal bend stress was at 
a min imum of 14,000 psi (984 k g / c m  ~) for the Tdb range 1750~176 Tdb 
increases approximate ly  150~ wi th  increasing x across the s ingle-phase cubic 
region of TaCx. 

Informat ion concerning the h igh- t empera tu re  me-  
chanical propert ies  of ref rac tory  "hard metals"  is of 
direct  importance to their  use as s t ructural  mater ia ls  
and to an unders tanding of the meta l l ic i ty  and mech-  
anism of deformat ion of the general  class of t ransi t ion 
meta l  interst i t ia l  compounds. 

Tanta lum carbide, because of its ve ry  high mel t ing  
point and good resistance to thermal  decomposition, 
has long been of interest  for many h igh- t empera tu re  
applications, but  the ex t reme bri t t leness and the ab- 
sence of data on the mechanical  propert ies at e levated 
tempera tures  have  l imited its consideration. In par -  
ticular, knowledge has been lacking concerning the 
t ransi t ion t empera tu re  (Tdb) f rom bri t t le  to ducti le 
behavior,  and its dependence on composition and other  
factors. Whi le  the Tdb is not as wel l  defined a physical  
quant i ty  as, say density or mel t ing  point, because 
surface condition, porosity, second phase content, and 
other  factors may  influence Tdb, never theless  such in- 
format ion is of practical  importance in unders tanding 
the limits of gross plastic flow. This work  supplies new 
informat ion on the duct i le -br i t t le  t ransi t ion of we l l -  
character ized tan ta lum carbide under  specific condi- 
tions. 

Previous  work  in this field has been reported by 
Will iams and Schaal  (1) and by Will iams (2) who 
carr ied out compression tests on single crystal  TiC as 
a function of temperature ,  composition, and other 
parameters .  Single crystal  ZrC and NbC were  also 
examined by Will iams (2), and the behavior  was 
found to be similar to that  of TiC, a l though NbC was 
reported to have a higher  hardness than ei ther TiC 
or ZrC. 

Experimental 
Preparation of TaCx.- -Tanta lum carbide composi- 

tions were  prepared by direct  react ion of the e lements  
under  argon in a graphi te  resistor furnace according 
to the react ion 

Ta ~- xC --> TaCx 

for nominal  values of x = 0.8 to 1.0. This is approxi-  
mate ly  the s ingle-phase cubic NaC1 structure  region. 

In addition, compositions in the two-phase  cubic plus 
hexagonal  Ta2C region, and in the cubic plus excess 
carbon region were  prepared  for comparison with  the 
cubic s ingle-phase TaC. 

The mater ia ls  used were  meta l lurgica l  grade tanta-  
lum powder  (Kawecki)  and spectroscopic grade 
graphi te  powder  (National  Carbon) .  The tanta lum 
meta l  was of 99.8% puri ty  wi th  oxygen the chief non- 
metal l ic  impuri ty  (0.1%) as de termined by vacuum 
fusion, and silicon and niobium the principal  metal l ic  
impuri t ies  at I00 ppm each de termined  spectro- 
graphically.  

Preparation of test  spec imens . - -The  t an ta lum car-  
bide powders were  consolidated by hot -press ing  in 
graphite dies wi th  4 w / o  cobalt as binder.  The cobalt 
used was h igh-pur i ty  (99.999%) sponge (United Min- 
eral) .  Hot-press ing was carr ied out by direct  heat ing 
of the die by means of R. F. induction to 2000~ and 
applying a pressure of 1.5 tons/ in.  2 (211 kg/cm2).  
Densities obtained were  be tween  90 and 95% of theo-  
retical. Close to stoichiometry,  dense compositions 
were  somewhat  more difficult to obtain. The composi-  
tions prepared of TaCx were  x ~ 0.73, 0.84, 0.90, 0.98, 
and 1.26 (1.0 + 0.26 free carbon) .  Af te r  compaction by 
hot pressing, rec tangular  cross-section specimens were  
prepared by diamond sawing to produce a rod 2 to 3 
mm on a side and 5 cm long. The sawn rods were  then 
decobalted by heat ing to 2000~ in vacuum to leave a 
cobalt content  less than 0.1 w / o  as de termined  by 
x - r a y  fluorescence analysis. 

To insure homogenei ty  prior  to testing, pre l iminary  
analysis for carbon content  of the sawn specimens was 
made by x - r ay  diffraction using a 114.6 m m  camera,  
and CuKa radiat ion wi th  nickel  filter. The pat terns 
were  single phase except  for  TaC1.26 which showed free 
carbon lines, and TaC0.r3 which  showed Ta2C. The 
latt ice parameters  for the s ingle-phase compositions 
were  ao ~ 4.4540A for  TaC0.98, ao ~ 4.4427A for 
TaC0.g0, and ao = 4.4356A for TaC0.s4. The parameters  
are in good agreement  wi th  those repor ted  by Bow- 
man  (3). 
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Fig. 1. Modified cantilever-beam tester (schematic) 

All  carbon contents were  de termined  after  the bend 
tests by analysis of the individual  specimens for car-  
bon by combustion. The total carbon analyses found 
were:  carbon (in w / o )  4.57, 5.23, 5.60, 6.10, and 7.84; 
corresponding to x values in TaCx of 0.734, 0.84, 0.90, 
0.98, and 1.26, respectively.  Analysis  for f ree  carbon 
was made metal lographical ly ,  and, except  for the com- 
position TaC1.26 where  a del iberate  excess was added, 
the microstructures  showed no graphite.  Oxygen  and 
ni t rogen were  not determined,  but, as found by dif-  
ference on ignition, were  es t imated to be less than  200 
ppm each in all compositions. 

Tes t  m e t h o d . - - A  modified can t i l ever -beam test 
method was selected as the best means to compare  
h igh- t empera tu re  s t rength properties.  The most de-  
sirable method is the standard tensile test, but  this 
was considered too difficult and costly. The compres-  
sion test was also considered, but  in terpre ta t ion  of 
data is difficult and gives, finally, only the behavior  
in compression. 

The modified can t i l ever -beam test apparatus is 
shown in Fig. 1 and consisted of a slotted graphi te  re-  
sistor dri l led in one end to receive  the specimen. The 
specimen was heated by radiat ion when  a cur ren t  was 
passed through the graphite resistor. A graphi te  push 
rod t ransmit ted  the bending force to the f ree  end of the 
specimen and bending (or f rac ture)  occurred at the 
graphi te  fulcrum. A Schaev i tz -Byt rex  load cell  and a 
Brown recorder  were  used to record the data. All  
tests were  conducted under  flowing argon atmosphere.  

The t empera tu re  was read wi th  a Micro-opt ical  
Py romete r  and the optics corrected by checking the 
mel t ing  points of nickel, molybdenum,  tantalum, and 
tungsten. Tempera tures  were  read on the specimens 
at the point  of m a x i m u m  stress direct ly  above the ful -  
crum. No correct ion was made for emissivi ty of TaC 
since the dependence of the spectral  emissivi ty on car-  
bon content  was not known. The apparent  t empera -  
tures repor ted  here  are lower  than the t rue  specimen 
tempera tures  by an est imated 25~176 depending on 
the t empera tu re  range of the test. 

The test  specimens were  brought  to a p rede te rmined  
t empera tu re  under  no- load conditions, then the dr ive 
of the test machine was started. The test proceeded 
(when ductile) to a total  deflection of 2.5 m m  (0.1 in.) 
at a deflection rate  of 0.9 m m / m i n  (0.0354 in . /min) .  
The moment  arm in all  tests was 1 cm (0.394 in.). The 
deflection of 2.5 m m  was selected because this deflec- 
tion gave only a 3% change, due to downward  motion 
of the end of the specimen, in the length of the mo-  
ment  arm. 

Ducti le bend specimens are  shown in Fig. 2. The  
top specimen is before test, the  middle  specimen is to 
the 2.5 m m  deflection, and the bot tom specimen bent to 
approximate ly  45 ~ wi thout  failure. 

Results and Discussion 
The m a x i m u m  load obtained at br i t t le  fracture,  or 

at 2.5 mm (0.1 in.) deflection in ductile bending, was 
used in the s tandard beam stress formula  to calculate  

Fig. 2. Bend specimens 

the nominal  bending stress, ~, i.e., the m a x i m u m  ten-  
sile s t rength and m a x i m u m  compressive stress 

M c  h bh ~ 
= a n d M = ] l , c =  , I =  . 

where  ] is load, l is specimen arm length, h is speci- 
men  cross-section height, and b is specimen cross- 
section width. 

Since the beam formula  for bending stress is prop-  
er ly applicable only in the elastic region, the results  
reported here, which include both elastic and ducti le 
deformation,  are designated nominal  bending stresses. 
The values should be used only for comparison wi th in  
the TaCx compositions. However ,  tungsten rod tested 
in this equipment  showed a value  of bending stress 
of 16,410 psi (1153 k g / c m  2) at 2270~ in reasonable 
agreement  wi th  published values of tensile stresses in 
tungsten at e levated t empera tu re  (4). 

I t  should be pointed out that  a posit ive influence of 
strain ra te  on critical resolved shear stress for TiC was 
found by Will iams (2). TaC should show the same be-  
havior.  Values for the nominal  bending stress repor ted  
here  refer  only to the specific exper imenta l  conditions 
and par t icular ly  to the specific deflection ra te  of 0.9 
m m / m i n  (0.0354 i n . / r a i n ) .  

Stresses for  each composit ion were  plot ted against 
temperature ,  and results are shown in Fig. 3. For  the 
compositions x = 1.26, 0.98, 0.90, and 0.84, a Tdb t r an-  
sition region of about 100~ width  was obtained.  That  
is, at t empera tures  above the region all tests gave 
ducti le behavior,  and below, all britt le.  Within  the 
region both ductile (D) and br i t t le  (B),  as well  as 
duct i le -br i t t le  (DB) behavior  occurred. The last type 
of deformat ion (DB) was character ized by init ial  
ductile bending, fol lowed by br i t t le  fa i lure  before the 
2.5 m m  (0.1 in.) deflection was obtained. For  the com- 
position x = 0.73 a na r row transi t ion region of 100~ 
could not be defined; instead, the t ransi t ion occurred 
over  the t empera tu re  in terva l  1500~176 and was 
all (DB) behavior.  Nominal  stress values  averaged 
about  27,000 psi in this region. This high value  was 
a t t r ibuted to the presence of the subcarbide Ta2C in 
the composition TaC0.73. Values for the room tempera-  
ture  bend stresses were  for values of x: 0.73 = 56,694 
psi (3986 kg/cm2),  0.84 ~ 16,906 psi (1189 kg/cm2),  
0.90 = 23,418 psi (1646 kg/cm2),  0.98 = 20,236 psi 
(1423 kg/cm2),  and 1.26 = 43,498 psi (3048 kg/cm2).  

A specimen of TaC1.26 was polished wi th  6# diamond 
powder  on copper, but  no par t icular  effect of polishing 
on bend behavior  was noted for this composition. This 
is not  surprising since the presence of in terna l  defects 
due to a large  excess of f ree  graphi te  in the  micro-  
s t ructure  would  overr ide  the influence of purely  sur-  
face defects. 
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Fig. 3. Stress vs.  temperature for TaCo.s4 to 1.26 

A gas-carbided specimen of TaC showed a br i t t le  
f rac ture  at 2030~ which was a higher  t empera tu re  
than for TaCl.eb. The only discernible difference be-  
tween  gas-carbided TaC and the hot-pressed mater ia l  
close to s toichiometry (TaC0.gs) was a sl ightly smaller  
grain size of the gas-carbided TaC. However ,  a va r ia -  
tion in grain sizes be tween  3 and 14 ASTM (70-5~) of 
hot-pressed TaC in compositions near  s toichiometry 
showed no par t icular  effect in ei ther bending stress or 
Tdb, 

If for each composition a curve  be d rawn from the 
ducti le region and ext rapola ted  into the midpoint  of 
the duct i le -br i t t le  zone, then a median stress, ~, as 
shown in Fig. 3, is obtained. A plot of the median 
stress data, ~, vs. the carbon content  x in TaCx is 
shown in Fig. 4. The curve is seen to be near ly  con- 
stant be tween  ~0.gs and ;1.26 with  a slight fal l ing off in 
stress possibly due to excess carbon in the two-phase  
composition TaC1.2e The curve  then falls sharply f rom 
TaC0.9s to a m in imum at r and rises sharply to o-0.s4 
and is shown directed toward the higher  average  
values (~27,000 psi) in the Ta2C-TaC two-phase  
region. 

A min imum in the room tempera tu re  u l t imate  t en-  
sile and t ransverse  rup ture  s t rength has also been re-  
ported at TaC0.s by Santoro (5). The shift  in the min i -  
mum to TaC0.90 shown in our work  may be due to the 
difference be tween  room tempera tu re  and elevated 
t empera tu re  measurement .  The implications of a pro-  
nounced min imum wel l  wi th in  the cubic s ingle-phase 
region are not readi ly  understood, but  as suggested by 
Santoro (5), this effect may  be connected with  a t r an-  
sition in the electronic structure.  

F igure  5 shows the results of plot t ing the mid-poin t  
t empera tu re  of the duct i le -br i t t le  t ransi t ion region for 
each composition against  the carbon content  x in TaCx 
An increase in Tdb of approximate ly  150~ is found 
with  increasing x across the single phase cubic region 
of TaCx. 
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Fig. 4. Median bending stress ~ in ductile-brittle zone vs. 
carbon content x in TaCz. 

The data show that  the duc t i le -br i t t l e  t ransi t ion 
range for polycrystal l ine TaC at or near  s toichiometry 
is be tween  1850 ~ and 1950~ and the average nominal  
bending stress in this region is 23,000 psi (1617 k g /  
cm2). This is in reasonable agreement  wi th  a value  of 
17,600 psi (1237 k g / c m  ~) at 2000~ reported by Shaffer 
(6). 

Examinat ion  of the microst ructures  of ductile, duc- 
t i le-bri t t le ,  and bri t t le  deformat ion and f rac ture  
showed no discernible differences in the region of 
stress. Bri t t le  f rac ture  was ent i re ly  intergranular .  

Cobalt was used as a sintering aid as it is one of the 
best for this purpose, and its use al lowed much lower  
hot-pressing tempera tures  and shorter  s intering times 
at high temperature .  Carbon p ick-up f rom graphi te  dies 
was thus avoided or minimized.  Residual  cobalt  (less 
than 0.1 w / o  after vacuum decobalt ing) could have 
had a possible influence on the deformat ion at high 
temperatures .  However ,  the existence of a carbide 
skeleton in various carbides such as T iC-WC-Co  at 
cobalt contents up to 15% has been repor ted  by 
Kreimer ,  Vakhorskaya,  and Baranov (7), and the 
bending strength was repor ted  to be independent  of 
the cobalt content be tween 20 ~ and 500~ A cont inu-  
ous carbide skeleton was found for WC-Co containing 
less than 10% Co by Dawihl  (8). Kl imenko (9) re-  
ported that  Cr3C~ with  even 30% Ni preserved  a car-  
bide skeleton, and specimens wi th  5% and 15% Ni had 
considerable bending s t rength up to 1100~ It should 
be reasonable to conclude that, on the basis Of the 
evidence for strong carbide skeletons formed in var i -  
ous other systems as well  as TaCx, and for the change 
i n  Tdb with change in carbon content, the effect 
of residual  Co was removed,  or at least minimized.  

Will iams and Schaal  (1) have  discussed the influ- 
ence of increasing the C /me ta l  ratio in single crystal  
TiCx. They found the critical resolved shear stress to 
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Fig. 5. Ductile-brittle transition temperature vs.  carbon content 
x in TaCx. 
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increase wi th  increasing x. This also appears to be the 
case wi th  TaCx where  the nominal  bending stress in-  
creases wi th  x above x : 0.90. The Tdb for polycrys ta l -  
l ine TaCx of 1725~176 is much higher  than the 
800~176 range reported for single crystal  TiCx. At  
1100~ all  compositions of single crystal  TiCx were  
repor ted  to exhibi t  plastic flow independent  of the 
Ti /C ratio (1). 

Tanta lum carbide, in common with  the other  t ransi -  
t ion meta l  carbides, shows a high mel t ing  point and 
high hardness. This indicates some degree of covalent  
or other  t ight bonding. On the other  hand, the high 
electrical  and the rmal  conductivi ty indicate some de-  
gree of meta l l ic - type  bonding. Plastic deformat ion  in 
metals  occurs by dislocation movement ,  and the pres-  
ence of vacancies in TaC due to substoichiometry 
might  be expected to lead to the s t rengthening of the 
TaC latt ice by a dis locat ion-vacancy mechanism. This 
s t rengthening behavior  is observed in TaCx for x 
values less than 0.9. Since, however ,  the TaCx lat t ice 
is s t rengthened above x ~ 0.9 by addition of carbon 
(or decreasing carbon vacancies) in a fashion simi-  
lar to that  of TiC, we  may  conclude wi th  William~ and 
Schaal  (1) that  a vacancy-dis locat ion interact ion is 
less impor tant  as a s t rengthening mechanism in this 
composition range than an increase in Peierls  stress 
(or other  source of lat t ice resis tance) .  

Above the duct i le -br i t t le  t ransi t ion tempera ture  the 
s t rength does not appear  to depend as s trongly on the 
C /Ta  rat io as in the duct i le -br i t t le  region. This may  
indicate that  once the source of latt ice resistance is 
the rmal ly  removed,  the mater ia l  tends to react  in a 
uni form manner ,  regardless  of carbon content. 

Summary 
1. Polycrysta l l ine  TaCx has been examined by a 

modified can t i l ever -beam test method to obtain the 
duct i le -br i t t le  t ransi t ion t empera tu re  (Tdb) as a func-  
tion of x. 

2. Nominal  bend stresses as a funct ion of t empera -  
ture  and carbon content  were  determined.  An average 
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va lue  in the duct i le -br i t t le  t ransi t ion region for TaC0.gs 
(1850~176 was 23,000 psi (1617 kg/cm2).  

3. Tdb falls wi th  decreasing carbon content  to 
TaC0.g0, where  the median  bend stress is at a min imum 
of 14,000 psi (984 k g / c m  2) for the t empera tu re  range 
1750~176 

4. Below the cubic single phase boundary (x approx. 
0.80) the presence of the second phase Ta2C drastically 
alters the duct i le -br i t t le  t ransi t ion to give a broad 
range of 1500~176 The nominal  bend stress is 
raised to as high as 32,000 psi (2250 k g / c m  2) at 1600~ 

5. A m in im um  in the median bending stress was 
found at x ~ 0.90. A vacancy-dis locat ion interact ion 
does not  appear  to be the principal  s t rengthening 
mechanism in TaC . A high Peier ls  stress for dis- 

x~0.9 
location movemen t  is expected. 
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The Potentiostatic Method as Applied to the Anodic Oxidation 
of the Valve Metals, and the Field Dependence of the Tafel 

Slope for Aluminum 

M. J. Dignam and D. Goad 
Department of Chemistry, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The potentiostatic method for de termining the s teady-s ta te  parameters  
for anodic oxidation of the va lve  metals  is examined in relat ion to present  
models for the conduction propert ies  of the oxides. I t  is shown that  despite 
the fact  that  potentiostatic conditions correspond to nonsteady-s ta te  con- 
ditions, the s teady-sta te  field coefficient (reciprocal  Tafel  slope) may  be 
de termined  accurately,  and re la t ive ly  easily, f rom such measurements .  Data 
for a luminum are presented in i l lustrat ion and found to be in accord with  
an equat ion of the form i : a exp[~E--SE~], where  i is the current  density, 
E the field strength, and ~, 7, and 5 posit ive constants for  isothermal  condi-  
tions. The values of 7 and 8 obtained are in good agreement  wi th  values 
obtained previously  using a method in which s teady-sta te  conditions were  
mainta ined during measurement .  The agreement  lends fur ther  support  for 
the inclusion of the t e rm in E 2 in the conduction equation. 

Previous  workers  have carr ied out exper iments  on 
anodic oxidation of va lve  metals, in which the oxide 
was formed under  s teady-s ta te  conditions to a given 
overpotential ,  which was then held  constant (1, 2). 
By fol lowing the current  decay dur ing the potent io-  
static condition, kinet ic  data were  obtained. I t  is im-  
portant  to emphasize that  potentiostatic conditions are 

not s teady-s ta te  conditions for this system, since the 
field is changing as the film grows. It  is, therefore,  not 
val id to analyze such data using a s teady-s ta te  ionic 
conduction equat ion as has been done previously,  but 
ra ther  they must  be in terpre ted  using a model  which 
makes al lowance for  t ransient  behavior.  At  present, 
there  are two such models: the high field Frenke l  de- 
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fect  model  (1) and the recent  "dielectr ic  mosaic" the-  
ory (3). It  is not necessary to discuss these theories 
here;  a ful l  discussion may  be found in the references 
cited. This paper  presents an analysis of the potent io-  
static method  in re la t ion to both of these theories. 
The two theories give rise to essential ly the same 
result,  which is tested against  new data for the anodic 
oxidat ion of a luminum. 

Theory 
The purpose of this section is to der ive  an equat ion 

giving the current density as a function of time for 
an experiment carried out as outlined in the introduc- 
tion. This will be clone first and in some detail with 
reference to the dielectric polarization theory, the high 
field Frenkel defect theory being treated briefly later. 

The relevant equations for the dielectric polariza- 
tion model are recorded below 

~dE e rode 
- -  -- Bi (#sE--~Ee) [1] 

dt dt 

i = io exp ( - - r  exp L - - ~ -  \ 1 - -  Cr 

The various paramete rs  are defined as follows: E, Ee 
are the applied field and the effective field s t rength 
respect ively;  t is the t ime;  ~ is the act ivat ion dipole 
(effective charge act ivat ion distance produc t ) ;  gl, ~s 
are the effective act ivat ion dipoles for t ransient  and 
s teady-sta te  conditions, respect ively;  B is a kinetic 
parameter  wi th  the dimensions reciprocal  charge t imes 
area; i is the ion current  density;  io is a t empera tu re  
independent  constant wi th  the dimensions of current  
density; ~ is the act ivat ion energy at  zero field strength,  
and C a constant whose value  depends on the shape of 
the potent ial  energy surface for the act ivat ion process. 

A fur ther  relat ionship requi red  is that  be tween  the 
applied field and the effective field under  s teady-  
state conditions 

di dE ) 
ie =0---- 

dt - -~  

#Ee = #sE at s teady-sta te  [3] 

Equat ion [1] may now be solved for the conditions 
of the exper iment  in question. Accordingly setting 

i = dq /d t  

the solution to [1] becomes 

Ye  Bq : (~l--#s) e Bq ~ dq [4] 
o o dq 

where  Y = gEe -- #sE represents  the deviat ion of the 
effective field f rom its s teady-s ta te  value. The bound-  
ary conditions used to obtain Eq. [4] are that  ~Ee = 
~sE at q = O. 

Set t ing ( '~  E = ~ = E o  1 + [5] 
x To 

we obtain 
dE --Eo, ( 1 +  :fq ) - ~  
d q -  Xo ~ [6] 

where  V is the potent ial  across the oxide film assumed 
to be equal  to the overpotent ia l ;  Xo, the film thick-  
ness at t = 0 = q; X, the film thickness at t ime t; Eo, 
the field strength at t ime t ---- 0. 

dX We 
f 

dq pF 

where  We and p are the electrochemical  equivalent  
weight  and density of the oxide, respectively,  and F 
is Faraday ' s  constant. 
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Subst i tut ing [6] in [4] we now obtain 

EJ f "  e Bq 
YeBq = (~s--m) Xo o (1 q- ]q/Xo) 2 dq [7] 

Al though the integral  in [7] may  be expressed ex-  
pl ici t ly in terms of the exponent ia l  integral,  a more  
useful expression results on integrat ion by parts. Ac-  
cordingly, the integral  may  be wr i t t en  

~ q  eBqdq 1 [ e Ba .]q 

o (1 § ]q/Xo) 2 B (1 § ]q/Xo) 2 o 

2f I TM e Ba dq 

§  (1 §  ~ [8] 

It is clear that  the error  in I in t roduced by neglect ing 
the remainder  in tegra l  on the r igh t -hand  side is less 
than 2f/Bxo in unity. For  alumina,  S = 5.6 x 10 -5 
cmZ/coul; B = (1.22 + 0.07) x 104 cmf/coul  (4); so 
that  neglect  of the r ema inde r  term will  introduce an 
er ror  in I ~ ~ %  for Xo ~ 170A. Since the first t e rm 
is a l ready very  small,  represent ing  the deviat ion f rom 
steady state, neglect  of the remainder  in tegra l  is of no 
consequence. 

Accordingly,  [7] becomes 

Eof [ 1 e_Bq ] [9] 
u  (~--~1) ~ (1 §  2 

When sufficient charge has passed such that  Bq is ap- 
preciably greater  than uni ty  we wil l  have 

exp ( - -Bq)  < < 1 
and hence 

E J  1 4 y_-- ( ~ - -  ~1) BXo (1 + 5q/Xo) 2 for q > ~ -  [10] 

From Eq. [10] we see that  fol lowing a t ransi t ion 
period corresponding to a charge past of 4/B, Y re -  
mains essentially constant (since f q / X o  << 1). This 
means that  fol lowing the t ransient  period the effective 
field strength lags behind the s teady-sta te  effective 
field strength by a constant amount. Combining this 
result  wi th  the conduction Eq. [2], we conclude that  
to a first approximat ion the current  density wi l l  lag 
behind its s teady-s ta te  value  by a constant factor. To 
show this we start  by replacing Eq. [2] by an approxi-  
mation which wil l  be val id over  a sufficiently nar row 
range of the effective field. Accordingly we wr i te  

i ---- A exp flee [11] 
where  

A = i o e x p  - - ~  r Cr " [12] 

~ ( 2 ~ E e )  
fl = ~ 1 -- - - .  [13] 

C~ 

and Ee is the mean effective field strength over the 
range of interest. Eliminating ~e from Eq. [9] and 
[11] and substituting for E according to [5] we obtain 

~sEo (~s - -  ~1) 
In i /A  = § fls 

(1 § f q /Xo )  gs 

EoJr [ 1 _ e _ B q ]  [14] 
BXo (1 § fq /Xo)  2 

where  ~ is the s teady-s ta te  reciprocal  Tafel  slope at a 
field strength equal  to the mean field s t rength over  the 
region of interest, and is given by 

# S  - -  

fls = ~ (1 --  2~sE/Cr [15] 

where  E is the mean ex te rna l  field s t rength for the 
region of the exper iment  being considered. 



Vol. 113, No. 4 POTENTIOSTATIC METHOD IN OXIDATION 383 

F r o m  Eq.  [14] w e  m a y  n o w  see  t h a t  a t  t = 0 = q 
t h e  s e c o n d  t e r m  o n  t h e  r i g h t  is 0 a n d  h e n c e ,  t h e  c u r -  
r e n t  d e n s i t y  is s i m p l y  t h e  s t e a d y - s t a t e  c u r r e n t  d e n s i t y  
fo r  t h e  i n i t i a l  f ield s t r e n g t h  Eo as i n d e e d  i t  m u s t  b e  
s ince  t h i s  r e p r e s e n t s  t h e  s t a r t i n g  cond i t ions .  As  q i n -  
c reases ,  h o w e v e r ,  t h e  t e r m  o n  t h e  r i g h t  i n c r e a s e s  a n d  
r e a c h e s  a l i m i t i n g  v a l u e  w h i c h  c h a n g e s  o n l y  v e r y  
s l o w l y  w i t h  t i m e ;  t h u s  w h e n  e x p  (--Bq) < <  1 t h e  
c u r r e n t  d e n s i t y  lags  b y  a n  a l m o s t  c o n s t a n t  f a c t o r  
b e h i n d  t h e  s t e a d y - s t a t e  v a l u e  fo r  t h e  f ie ld i n  ques t ion .  

F o r  c o m p a r i s o n  w i t h  e x p e r i m e n t a l  d a t a  a m o r e  u s e -  
f u l  e q u a t i o n  is o b t a i n e d  o n  d i f f e r e n t i a t i n g  Eq.  [14] 
w i t h  r e s p e c t  to  t i m e  a f t e r  s e t t i n g  e x p  (--Bq) < <  1. 

d t  -i~ = Xo (1 + fq/Xo) 2 
(#s - -  #1) Eof 2 1 

+ 2fis [16] 
~s BXo 2 (I +$q/Xo) ~ 

Thus a plot of I/i vs. t will be nearly a straight 
line, there will be an initial deviation with a "time 
constant" corresponding to Bq = I, then a nearly 
straight line with slope [3sEo~/Xo(l-~q/Xo) 2 (the 
second term in [16] is negligible by comparison). The 
initial points corresponding to Bq < 1 will fall below 
this straight line. From Eq. [14], extrapolation of the 
straight line portion following the initial transient 
will give an intercept i't at t = 0, which is related to 
the actual initial current, ii, by 

iq (~s -- ~1) Eof 
In ----/3s 

il gs BXo 
/~s --/Zl ] In  i l  

= [17] 
~s B X o  A 

T h e  t r e a t m e n t  b a s e d  on  t h e  F r e n k e l  d e f e c t  m o d e l  
is s i m i l a r  a n d  b e g i n s  w i t h  e q u a t i o n  (1) 

= { [ W l - - e a l E  ]~[--i'r 
0 m  (No  --'D%) Vl e x p  - -  ( ~  
8t kT j e 

( [ W2--ea2E ]}  
i = 2ea2mv2 exp  - -  kT 

w h e r e  WI a n d  W2 a r e  a c t i v a t i o n  ene rg i e s ,  a l  a n d  a2 
a r e  a c t i v a t i o n  d i s t ances ,  Vl a n d  ve v i b r a t i o n  f r e q u e n -  
cies, No t h e  c o n c e n t r a t i o n  of l a t t i ce  si tes,  m t h e  c o n -  
c e n t r a t i o n  of F r e n k e l  defec t s ,  e t h e  c h a r g e  on  t h e  m o -  
b i l e  ion, a n d  ~' c a p t u r e  c r o s s - s e c t i o n  of v a c a n t  sites.  

To o b t a i n  a s o l u t i o n  fo r  t h e s e  e q u a t i o n s  a p p r o p r i a t e  
to  t h e  p r o b l e m  a t  h a n d  is m o r e  di f f icul t  s ince  t h e y  a r e  
n o n l i n e a r .  I t  c an  b e  s h o w n ,  h o w e v e r ,  t h a t  a f t e r  suffici-  
en t  c h a r g e  h a s  p a s s e d  s u c h  t h a t  e x p  (--2r < <  1, 
t h e  c o n c e n t r a t i o n  of c h a r g e d  de f ec t s  m lags  i t s  c o r r e s -  
p o n d i n g  s t e a d y - s t a t e  c o n c e n t r a t i o n  b y  a n e a r l y  c o n -  
s t a n t  f ac to r ,  l e a d i n g  to  t h e  s a m e  t y p e  of  c u r r e n t  
d e p e n d e n c e  as g i v e n  b y  [14]. T h u s  t h e  t w o  t h e o r i e s  
p r e d i c t  s u b s t a n t i a l l y  t h e  s a m e  b e h a v i o r  f o r  th i s  e x -  
p e r i m e n t ,  a n d  osc i l loscope  t e c h n i q u e s  to r e c o r d  t h e  
i n i t i a l  t r a n s i e n t  a r e  r e q u i r e d  to d i f f e r e n t i a t e  b e t w e e n  
t h e m .  As  s u c h  m e a s u r e m e n t s  w e r e  no t  c a r r i e d  ou t  
he re ,  w e  s h a l l  n o t  p u r s u e  t h e  F r e n k e l  d e f e c t  t h e o r y  
f u r t h e r .  

T h e  c o n c l u s i o n  w h i c h  m a y  b e  d r a w n  f r o m  t h e s e  
a n a l y s e s  a r e  as fo l lows :  b o t h  t h e  d i e l e c t r i c  p o l a r i z a -  
t i on  t h e o r y  a n d  t h e  h i g h - f i e l d  F r e n k e l  d e f e c t  t h e o r y  
w h e n  a p p l i e d  to c o n s t a n t  v o l t a g e  e x p e r i m e n t s  of t h e  
t y p e  o u t l i n e d  e a r l i e r  p r e d i c t  t h a t  t h e  c u r r e n t  d e n s i t y  
w i l l  l ag  b e h i n d  t h e  s t e a d y - s t a t e  c u r r e n t  d e n s i t y  b y  
a p p r o x i m a t e l y  a c o n s t a n t  fac to r ,  f o l l o w i n g  a n  i n i t i a l  
t r a n s i e n t .  F o r  f i lms w h i c h  a r e  n o t  too t h in ,  h o w e v e r ,  
t a n g e n t s  to  a p lo t  of  r e c i p r o c a l  c u r r e n t  d e n s i t y  a g a i n s t  
t i m e  h a v e  a l m o s t  p r e c i s e l y  t h e  s a m e  s lope  as  w o u l d  b e  
o b t a i n e d  f r o m  a h y p o t h e t i c a l  p lo t  of t h e  r e c i p r o c a l  of 
t h e  t r u e  s t e a d y - s t a t e  c u r r e n t  d e n s i t y  a g a i n s t  t ime .  
I t  w o u l d  a p p e a r  to b e  safe,  t h e r e f o r e ,  to  u s e  c o n s t a n t  
v o l t a g e  e x p e r i m e n t s  to  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  

s t e a d y - s t a t e  f ie ld  coeff ic ient  ( s t e a d y - s t a t e  r e c i p r o c a l  
T a f e l  s l o p e ) .  

I n  t h e  f o l l o w i n g  s ec t i on  d a t a  fo r  t h e  a n o d i c  o x i d a -  
t i o n  of a l u m i n u m  u n d e r  p o t e n t i o s t a t i c  c o n d i t i o n s  a r e  
p r e s e n t e d  i n  o r d e r  to  t e s t  t h e  v a l i d i t y  of t h e  p r i n -  
c ip le  Eq. [16] a n d  [17]. 

Exper imental  M e t h o d  
Deta i l s  of t h e  ce l l  des ign ,  g l y c o l - b o r a t e  1 e l ec t ro ly t e ,  

etc., m a y  b e  f o u n d  in  a p r e v i o u s  p u b l i c a t i o n  (6) .  F o r  
t h e  p r e s e n t  e x p e r i m e n t s  t h e  p r e v i o u s l y  d e s c r i b e d  r e f -  
e r e n c e  e l e c t r o d e  w a s  r e p l a c e d  b y  a m e r c u r y  m e r -  
cu r i c  o x i d e  e l e c t r o d e  (7) i m m e r s e d  in  a 20% s o l u -  
t i o n  of a q u e o u s  a m m o n i u m  p e n t a b o r a t e .  T h e  e l e c t r o -  
l y t e s  w e r e  s e p a r a t e d  b y  a t h i n  m e m b r a n e  p e r m e a b l e  
to ca t ions  only .  

T h e  e x p e r i m e n t  w a s  c a r r i e d  ou t  b y  f o r m i n g  t h e  f i lm 
a t  a c o n s t a n t  c u r r e n t  d e n s i t y  of 2.095 x 10 -4  a m p / c m  e 
to a f ixed  c o n s t a n t  p o t e n t i a l  of  t h e  a n o d e  w i t h  r e -  
spec t  to  t h e  r e f e r e n c e  e l ec t rode .  F r o m  th i s  p o t e n t i a l  
t h e  a n o d e  o v e r p o t e n t i a l  V m a y  b e  f o u n d .  S i n c e  

V ---- V ' - -  Vrev + Vref 

V' is  t h e  m e a s u r e d  d i f f e r e n c e  i n  p o t e n t i a l  b e t w e e n  
a n o d e  a n d  r e f e r e n c e  e l ec t rode ,  Vrev t h e  c a l c u l a t e d  p o -  
t e n t i a l  of a h y p o t h e t i c a l  r e v e r s i b l e  a l u m i n u m - a l u -  
m i n u m  o x i d e  e l e c t r o d e  w i t h  r e s p e c t  to  a h y d r o g e n  
e l e c t r o d e  in  t h e  s a m e  so lu t ion ,  a n d  Vref is t h e  p o t e n -  
t i a l  of r e f e r e n c e  e l e c t r o d e  w i t h  r e s p e c t  to  a h y d r o -  
g e n  e l e c t r o d e  in  t h e  e l ec t ro ly t e .  

Vrev w a s  c a l c u l a t e d  a s - - 1 . 3 8 6 v ,  Vre5 w a s  m e a s -  
u r e d  as  0.567v, a n d  V'  = 26.79v, t h u s  V = 27.61v. B e -  
c a u s e  of space  c h a r g e  a n d  i n t e r r a c i a l  po t en t i a l s ,  t h e  
u n c e r t a i n t y  in  V m a y  b e  as m u c h  as  2v. T h e  i m p o r -  
t a n c e  of t h i s  m a y  b e  m i n i m i z e d  b y  u s i n g  t h i c k e r  f i lms.  

U s i n g  t h e  d a t a  of B e r n a r d  a n d  Cook  (9) in  t h e  m a n -  
n e r  p r e v i o u s l y  d e s c r i b e d  (6 ) ,  t h e  f o r m a t i o n  field 
s t r e n g t h ,  Eo, h a s  t h e  v a l u e  0.0856 v / A  so t h a t  t h e  
i n i t i a l  f i lm t h i c k n e s s ,  Xo, is 27.61/0.0856 ----- 312A. 

Results 
F i g u r e  1 s h o w s  a p lo t  of  1/i vs. t f o r  t h e  f irst  f e w  

seconds  a n d  a f t e r  s e v e r a l  hou r s ,  s h o w i n g  c l e a r l y  a 
d i f f e r e n c e  in  slope.  L e a s t  s q u a r e s  s t r a i g h t  l i ne s  w e r e  
f i t ted  to s ix  se ts  of da ta ,  o b t a i n e d  b y  t a k i n g  p o i n t s  
c o v e r i n g  f a c t o r s  of a b o u t  4 f a l l  i n  t h e  c u r r e n t  d u r i n g  
t h e  s a m e  run .  T h e  i n t e r c e p t  o n  t h e  t = 0 a x e s  o b -  
t a i n e d  f r o m  t h e  d a t a  fo r  t h e  f i rs t  f e w  s e c o n d s  d i f fers  
f r o m  t h e  r e c i p r o c a l  of t h e  i n i t i a l  s t e a d y - s t a t e  c u r r e n t  
d e n s i t y  b y  t h e  a m o u n t  (1.88 _+ 0.23)x103 c m 2 / a m p .  
T h e  d i f f e r e n c e  is s t a t i s t i c a l l y  s ign i f ican t ,  b e i n g  in  fact ,  
8 t i m e s  t h e  s t a n d a r d  d e v i a t i o n  of t h e  i n t e r c e p t .  T h e  
s h i f t  p r e d i c t e d  f r o m  Eq.  [17], u s i n g  t h e  v a l u e s  of f, 
B, Xo g i v e n  e a r l i e r  a n d  s e t t i n g  #s = 23.5; ~1 = 7.8 e A  
( 4 ) ;  a n d  fis = 374 v / A  (see  b e l o w )  is 1.58 x 1(} 3 cm2 /  

a m p  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  
sh i f t .  

z T h i s  is  t h e  o n l y  k n o w n  e l e c t r o l y t e  fo r  w h i c h  c lose  to 100% 
c u r r e n t  e f f i c i enc ies  f o r  t h e  f o r m a t i o n  of a n o d i c  o x i d e  f i lms  on  a l u -  
m i n u m  are obtained at low current densities. 
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Fig. 2. Results of calculation of values of/~s 

Neglect ing the very  small  final term, Eq. [16] may  
be wr i t t en  

d--~ T = fls rE2~ V [181 

The slopes of the lines as de te rmined  above were  as- 
sumed to be equal  to the der ivat ive  of 1/i with re -  
spect to t at the mean field value. Values of E were  
calculated by numerica l  integrat ion of the charge 
passed, assuming 100% current  efficiency wi th  re -  
spect to film formation. Values of /~s were  then cal-  
culated as a function of the mean field strength 
using Eq. [18]. The results are shown in Fig. 2, the 
ver t ical  lines represent ing  _ 2 s tandard deviat ions of 
fis. It should be noted that  E 2 changes by several  per 
cent for a decade change in current  so that  it is not 
a good approximat ion to regard it as constant as 
Dre iner  (2) has done. 

The  solid l ine in Fig. 2 represents  the least squares 
regression l ine and corresponds to the fol lowing values 
for the parameters  in Eq. [15] and their  s tandard 
deviations 

~ s = 2 5 . 0 e A ;  ~ =  10% 

C r  7.08ev; ~ 5% 

These values are in good agreement  wi th  those found 
previously  using a different method (6). 
vis: 

# s ~ 2 3 . 8 e A ,  ~ 1 4 %  

C r  ~ : 3 %  

Discussion 
The present  analysis and data confirm the val id i ty  

of the potentiostatic method for obtaining values of 
the s teady-s ta te  field coefficient. In addition, the ex-  

istence of a quadrat ic  te rm in the field in the net  ac- 
t ivat ion energy, repor ted  previous ly  (6), has been 
verified. 

Some comment  on the papers by Dreiner  (2, 8), 
who employed the potentiostat ic method to de termine  
the field coefficient for the anodic oxidat ion of tan-  
talum, is in order, since he purports  to find the s teady-  
state field coefficient independent  of field s t rength and 
inversely  proport ional  to tempera ture ,  in direct  con- 
trast  to the findings of Young (10). As he was un-  
able to detect any curva ture  in a plot of 1/i vs. t he 
concluded that  fis was independent  of field strength. 
Using Young's values  for the re levan t  parameters ,  
however ,  it can be shown that  the decrease in ~s wi th  
increasing field cancels to a large degree the increase 
in E 2 wi th  increasing field [18], so that  the slope 
d ( l / i ) / d t  remains almost independent  of time. F u r -  
thermore,  contrary to the conclusion stated in the 
paper, Dreiners '  results do indeed indicate an anom- 
alous t empera tu re  dependence of the field coefficient. 
The t empera tu re  dependence of the field coefficient 
predicted by the simple equat ion which omits the 
te rm in E ~, is that  the field coefficient be propor t ional  
to 1/T (i.e., ~s vs. 1/T is a straight l ine wi th  zero 
intercept) .  Dreiner ' s  results, however ,  indicate a ve ry  
substantial  posit ive intercept.  ]n order  to obtain pro-  
port ional i ty  be tween ~s and 1/T the slope of the 
straight l ine represent ing  var ia t ion  of ~s with 1/T 
presented by Dreiner  would have  to be approximate ly  
doubled. Such an ad jus tment  in the equat ion for the 
s t raight  line falls wel l  outside the exper imenta l  scat- 
ter  in his data. Thus, his data indicate beyond any 
reasonable doubt the presence of an anomalous t em-  
pera ture  dependence for the field coefficient. As an 
adequate  explanat ion for this anomalous behavior  
has been presented previously  by one of us (5) the 
mat te r  wil l  not be discussed fur ther  here. 

Manuscript  rece ived  Oct. 22, 1965. 

Any  discussion of this paper  wi l l  appear in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Kinetics of the Chemical and Electrochemical 
Reduction of Platinum Black Surface Oxides 

Jaspal S. Mayell 
Central Research Division, American Cyanamid Company, Stamford, Connecticut 

ABSTRACT 

A comparat ive  study of the reductions of p la t inum black surface oxides 
by electrochemical  (at constant current)  and chemical  means (by propane) 
has been made. F rom the na ture  of the rates of the chemical  reduction,  f rom 
potent ia l - t ime behavior,  and f rom the two breaks observed in potential  vs. 
logar i thm coulombs for reductions at < l .60v  oxidation, two types of surface 
oxides at the p la t inum black electrode have been observed. The chemical 
reduct ion of the  p la t inum black surface oxide, when  the electrode is oxidized 
to a potential  in the range of 1.30-1.60 v vs. hydrogen  electrode, is zero order  
wi th  respect  to oxide format ion and has a ra te  of 7.1 x 10 -v  equ iva l en t / s ec / cm 2 
or "67 ma/cm2. ' ' The zero order  reaction observed suggests that  the oxygen 
is strongly adsorbed. The  chemical  reduct ion  ra te  of the surface oxide formed 
at potentials less than 1.30v, is not constant, and the oxygen is held loosely 
at the p la t inum surface. 

In many reactions, it is quite often observed that  
the products obtained by chemical  or electrochemical  
oxidation or reduct ion are the same. However ,  their  
compara t ive  kinetic behavior  is not  wel l  understood. 
Recently,  Schuldiner  and Warner  (1) have studied 
the chemical  reduct ion of surface oxides of smooth 
pla t inum with  hydrogen saturated sulfuric acid. They 
have  shown that  the most  l ikely ra te  control l ing step 
is the migrat ion of Gad atoms to p la t inum active sites, 
where  they react  wi th  hydrogen. They also have  ob- 
served that  the chemical  reaction rate  is independent  
of the surface coverage of p la t inum from a monolayer  
up to about two layers of oxygen per  p la t inum atom. 

In this study, known amounts  of the surface oxides 
are formed on the p la t inum black molded electrodes 
by anodic oxidation at constant current  density to 
p rede te rmined  potentials. The chemical  reduct ion of 
the surface oxides by propane is compared with  the 
e lectrochemical  reduct ion at constant current.  

Experimental 
The working  electrode was p la t inum black (30 rag /  

cm 2) having  15% polyte t raf luoroethylene (P.T.F.E.) as 
a binder. It  was placed in a shielded polychlorot r i -  
f luoroethylene electrode holder as shown in Fig. 1. 
The shield was only u in., and the electrode was 
backed by a gas permeable  but l iquid impermeable  

G A S I N L E T , , ~  

PLATINUM WIRE 

GA$OUTLET 

P O R O U S M E M B R A N E ~  ~HREADEDGLASS 

THREADED KEL F 

. . . . . . . . . . . . . .  . . . .  

POROUSMOLDED 7/ 
pLATINUM ELACK 
ELECTRODE 

Fig. 1. Gas permeable liquid impermeable melded platinum 
black-P.T.F.E, porous electrode assembly, 

porous P.T.F.E. The area of the electrode in contact 
wi th  the electrolyte  was 0.462 cm 2. Propane  (3 m l /  
rain) a tmosphere  in large excess of the stoichiometric 
amount  requi red  was kept  over  the porous P.T.F.E. 
The blank runs were  per formed with  a ni t rogen at-  
mosphere.  

The auxi l iary  electrode was also p la t inum black 
separated from the working compar tment  by a sin- 
tered glass disk. The reference  electrode was hydrogen 
gas bubbled through 85% H3PO4 over  a molded p la t -  
inum black P.T.F.E. electrode contained in a Vycor 
tube (No. 7900) having a porous tip of Vycor 7930. 
The Vycor tube was placed in 85% H~PO4 so that  the 
porous tip was completely  submerged in the acid. Ni-  
t rogen was bubbled continuously through a sintered 
disk in order to remove  any hydrogen leaking through 
the Vycor tube. The hydrogen reference  electrode 
assembly was kept  at room temperature .  The connec- 
tion to the working compar tment  of the cell was made 
by means of a br idge of small  bore tubing. All  poten-  
tials ment ioned in this work are re fe r red  to the above 
hydrogen electrode which differs f rom the hydrogen 
electrode in 1M HC104 by about ~30  inv. The ap- 
paratus  used has a l ready been described (2, 3). 

The propane was al lowed to flow at a high rate, far 
in excess of the stoichiometric amount  required,  di- 
rec t ly  over  the porous P.T.F.E. The s t ructure  of the 
test electrode shown in Fig. 1 was such that  there  was 
always an excess of propane avai lable at the electrode 
surface for the reduction of surface oxides. The wate r  
proofed porous gas electrode caused a considerable 
decrease in the average effective diffusion layer  th ick-  
ness. Propane  was thus easily avai lable  at the reac-  
t ion sites. The ra te  of chemical  reduct ion of the sur-  
face oxides of p la t inum black was not dependent  on 
the diffusion of propane but was similar  to that  of 
constant current  reduct ion as wil l  be shown in the 
results. 

Results and Discussion 
Mayell  and Langer  (2) oxidized p la t inum black elec-  

trodes in 2N H2SO4 at a constant current  density to 
different potentials. They observed f rom coulometric  
reduct ion that  the oxidation sequence for pla t inum 
black electrode was Pt  --> P t (O H )2  -> P t (O)2  -* 
Pt(O)2.5(approx.). Complete  format ion of the mono- 
layer  of P t (OH)2  occurred when the electrode was 
oxidized to a potential  of 1.24v whi le  the mono-  
layer  of P t (O)2  occurred at 1.54v. Above  1.60% the 
amount  of surface oxide formed remained constant, 
corresponding to Pt  (O) 2.5(approx.). 

In the present  work, similar  results were  observed 
when  a p la t inum black electrode was oxidized in 85% 
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Fig. 2. Plot of potential to which the platinum black electrode 
was oxidized at constant current density in 85% H3PO4 vs. Curve I, 
log coulombs required to reduce, electrochemically, the oxidized 
surface at 130~ (oxidation and reduction were performed at 40.5 
ma/cmS); curve II, log seconds required for propane to reduce 
the electrode at 150~ after the electrode was oxidized at 134 
ma/cm 2 to different anodic potentials; curve III, the chemical re- 
duction rate, /chemical, by propane to reduce the total surface 
oxides formed at different potentials at 134 ma/cm2; curve IV, 
icl~emical of the second oxygen layer alone, by propane, when the 
electrode is oxidized to a potential in the range of 1.30-1.60v at 
134 ma/cm 2. 

HsPO4 (H202 t r e a t e d ) l  a t  130~ a t  a c o n s t a n t  c u r r e n t  
d e n s i t y  of 40.5 m a / c m  2 to p r e d e t e r m i n e d  p o t e n t i a l s .  
T h e  cel l  w a s  p u t  o n  o p e n  c i r cu i t  f o r  3 ra in ,  d u r i n g  
w h i c h  t h e  o x y g e n  e v o l v e d  w as  r e m o v e d  b y  b u b b l i n g  
w i t h  n i t r o g e n  a n d  t h e n  t h e  e l e c t r o d e  w a s  r e d u c e d  at  
t h e  a b o v e  c u r r e n t  dens i ty .  T h e  n u m b e r  of  c o u l o m b s  
r e q u i r e d  to r e d u c e  t h e  p l a t i n u m  b l a c k  s u r f a c e  ox ides  
w a s  p l o t t e d  a g a i n s t  t h e  p o t e n t i a l  to  w h i c h  t h e  e l e c -  
t r o d e  h a d  b e e n  ox id ized ,  as s h o w n  in  c u r v e  I, Fig.  2. 
Th i s  w i l l  s e r v e  as a r e f e r e n c e  to c o m p a r e  t h e  r e s u l t s  
o b t a i n e d  in  t h e  r e d u c t i o n  of s u r f a c e  o x i d e s  b y  p r o p a n e .  

T h e  c u r r e n t  d e n s i t y  u s e d  to ox id i ze  t h e  p l a t i n u m  
b l a c k  e l e c t r o d e  in  t he  b l a n k  e x p e r i m e n t  ( n i t r o g e n  
a t m o s p h e r e )  was  40.5 m a / c m  2. W h e n  p r o p a n e  was  
a l l o w e d  to f low (3 m l / m i n )  o v e r  t h e  p o r o u s  P.T.F.E. ,  
t h e  p o t e n t i a l  d id  no t  r i s e  a b o v e  0.Sv w h e n  c u r r e n t s  
u p  to 130 m a / c m  2 w e r e  u t i l i z e d  to ox id i ze  t h e  e l e c t r o d e  
in  85% H3PO4 a t  150~ I t  t h u s  a p p e a r e d  t h a t  t h e  e l ec -  
t r o c h e m i c a l  o x i d a t i o n  of p r o p a n e  o c c u r r e d  p r e d o m i -  
n a n t l y  as c o m p a r e d  to t h e  f o r m a t i o n  of  s u r f a c e  o x i d e s  
a t  c u r r e n t s  less  t h a n  130 m a / c m 2  ( a n d  p o t e n t i a l s  
< 0 . 8 v ) .  W h e n  t h e  c u r r e n t  d e n s i t y  w a s  i n c r e a s e d  to 134 
m a / c m 2 ,  t h e  e l e c t r o d e  c o u l d  b e  o x i d i z e d  to a b o u t  2v. 
A b o v e  a p p r o x i m a t e l y  1v t h e  f o r m a t i o n  of s u r f a c e  
ox ides  a n d  a b o v e  1.60v t h e  e v o l u t i o n  of o x y g e n  p r e -  
d o m i n a t e d  o v e r  t h e  o x i d a t i o n  of p r o p a n e .  I t  cou ld  
b e  a s s u m e d  i n  t h i s  w o r k  t h a t  t h e  c h e m i c a l  r e d u c t i o n  
of P t  s u r f a c e  ox ides  b y  p r o p a n e  d u r i n g  t h e i r  a n o d i c  
f o r m a t i o n  ( a t  c o n s t a n t  c u r r e n t )  is neg l i g i b l e .  

T h e  e l e c t r o d e  w a s  o x i d i z e d  to p r e d e t e r m i n e d  p o t e n -  
t i a l s  a n d  o n  o p e n  c i rcui t ,  t h e  p o t e n t i a l  d r o p p e d  to 0.2v 
as s een  in  Fig. 3. T h e  t i m e  T r e q u i r e d  fo r  t h e  p o t e n t i a l  
to  r e a c h  0.4v was  t a k e n  as t h a t  c o r r e s p o n d i n g  to c o m -  
p l e t e  r e d u c t i o n  of t h e  s u r f a c e  oxides .  A n  i n c r e a s e  
in  t h e  t i m e  fo r  c h e m i c a l  r e d u c t i o n  w a s  o b s e r v e d  as 
t h e  e l e c t r o d e  w a a  o x i d i z e d  to h i g h e r  po t en t i a l s .  W h e n  
t h e  e l e c t r o d e  w a s  o x i d i z e d  to  p o t e n t i a l s  in  t h e  r a n g e  of 
1.30 to 1.60v, n o r m a l i z a t i o n  of t h e  o p e n  c i r cu i t  p o t e n -  
t i a l  d e c a y  c u r v e s  w i t h  r e s p e c t  to  t i m e  i n d i c a t e d  a n  
i d e n t i c a l  s h a p e  fo r  a l l  of t h e  e x p e r i m e n t a l  cu rves .  

1 0 .2  m l  o f  3 0 %  H 2 0 2  w a s  a d d e d  t o  a l i t e r  o f  8 5 %  H ~ P O t  a n d  
h e a t e d  i n  w a t e r  c o n d e n s e r  a t  1 5 0 ~  f o r  6 h r  t o  r e m o v e  e x c e s s  o f  
H~O2 ( t e s t e d  b y  d e c o l o r i z a t i o n  o f  K M n O D .  
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Fig. 3. Plots of potential vs.  time when a platinum black elec- 
trode, ever which propane is flowing at the rate of 3 ml/min, is 
oxidized at 134 ma/cm 2 to predetermined potentials (rising part 
of the curve) at 150~ in 85% H3PO4 and then put on open 
circuit (declining part of the curves). Dotted lines are a blank 
run under nitrogen atmosphere. AB is oxidation and CD is reduc- 
tion, both at 40.5 ma/cm 2 of the platinum black electrode. BC 
is open circuit decay potential before reduction. 

O n e  v e r y  c h a r a c t e r i s t i c  f e a t u r e  of t h e  o p e n  c i r cu i t  
d e c a y  i n  Fig.  3 w a s  t h e  v e r y  s h a r p  t r a n s i t i o n  f r o m  
a b o u t  0.9 to 0.2v. W h e n  p l a t i n u m  s u r f a c e  o x i d e s  
( f o r m e d  in  t h e  a b s e n c e  of p r o p a n e )  w e r e  r e d u c e d  a t  
c o n s t a n t  c u r r e n t ,  t h e  t r a n s i t i o n  w a s  no t  s h a r p  as  s een  
in  c u r v e  CD of Fig.  3. T h e  q u i c k  d r o p  to n e a r  t h e  
t h e r m o d y n a m i c  p o t e n t i a l  of t h e  p r o p a n e  o x i d a t i o n  
(E ~ = 0.15v) ,  s u g g e s t e d  t h a t  t h e  c h e m i c a l  

C 3 H ~ - - > C O 2 ( 2 5 ~  
r e d u c t i o n  of s u r f a c e  ox ides  w a s  n o t  l i m i t e d  b y  m a s s  
t r a n s p o r t  of  p r o p a n e .  I n  a n o t h e r  e x p e r i m e n t  in  w h i c h  
a s a t u r a t e d  s o l u t i o n  of p r o p a n e  w a s  u s e d  u n d e r  i d e n -  
t i ca l  o x i d a t i o n  cond i t ions ,  t h e  d r o p  in  p o t e n t i a l  w a s  
g r a d u a l  s h o w i n g  m a s s  t r a n s p o r t  l i m i t a t i o n .  

A p lo t  of log  t i m e  ( d e c a y  of o p e n  c i r cu i t  p o t e n t i a l  
to 0.4v) b y  p r o p a n e  (Fig.  3) vs. t h e  p o t e n t i a l  (JR co r -  
r e c t e d )  to  w h i c h  t h e  w o r k i n g  e l e c t r o d e  w a s  o x i d i z e d  
is s h o w n  as c u r v e  II, Fig.  2. T h e  c lose  s i m i l a r i t y  of  
c u r v e s  I a n d  II  s u g g e s t e d  t h a t  t h e  n a t u r e  of t h e  
c h e m i c a l  r e d u c t i o n  of s u r f a c e  ox ides  b y  p r o p a n e  is 
v e r y  s i m i l a r  to t h a t  of e l e c t r o c h e m i c a l  r e d u c t i o n  a n d  
t h a t  t h e  s u r f a c e  o x i d e  r e d u c t i o n  is r a t e  c o n t r o l l i n g  in  
b o t h  cases.  Also,  t h e  s h a p e  of c u r v e  I I  is  f u r t h e r  e v i -  
d e n c e  fo r  t h e  e x i s t e n c e  of t w o  d i f f e r e n t  s u r f a c e  o x i d e s  
a t  p o t e n t i a l s  l o w e r  t h a n  1.60v, a c o n c l u s i o n  d r a w n  
f r o m  p r e v i o u s  w o r k  o n  c a t h o d i c  r e d u c t i o n  of s u r f a c e  
o x i d e s  (2) .  

T h e  d a t a  a b o v e  1.60v i n  c u r v e s  I a n d  I I  of Fig.  2 
w e r e  diff icul t  to c o m p a r e  b e c a u s e  of o x y g e n  e v o l u t i o n .  
P r e v i o u s l y  (2) ,  o x y g e n  was  r e m o v e d  b y  a n i t r o g e n  
p u r g e  b e f o r e  e l e c t r o c h e m i c a l  r e d u c t i o n .  T h i s  w a s  no t  
poss ib l e  in  t h e  e x p e r i m e n t s  w i t h  r e d u c t i o n  b y  p r o -  
pane ,  as t h e  e l e c t r o d e  m u s t  b e  c o n t i n u o u s l y  in  c o n t a c t  
w i t h  p r o p a n e  in  o r d e r  to  o b t a i n  m e a n i n g f u l  r e su l t s .  

Kinetics 
S i n c e  s u r f a c e  o x i d e s  a r e  p r e s e n t  a t  t h e  p l a t i n u m  

b l a c k  e l e c t r o d e  a t  a l l  t imes ,  d i f fus ion  of t h e  e l e c t r o -  
a c t i v e  species  does  n o t  occu r  a n d  t h e  r e d u c t i o n  is c o n -  
t r o l l e d  b y  F a r a d a y ' s  l aw.  

T h e  o v e r - a l l  c o m p l e t e  r e d u c t i o n  of t h e  p l a t i n u m  
b l a c k  s u r f a c e  o x i d e s  a t  c o n s t a n t  c u r r e n t  d e n s i t y  occu r s  
a c c o r d i n g  to t h e  e q u a t i o n  

P t ( O ) x  -J- 2 x H + ~ - 2 x e - - > P t - b x H 2 0  [1] 

w h i l e  t h e  o v e r - a l l  c h e m i c a l  r e d u c t i o n  b y  p r o p a n e  fo l -  
lows  t h e  e q u a t i o n  
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Table I. Kinetic data for the reduction of platinum black surface oxides 

" O x i d a t i o n  p o t e n t i a l "  v o l t s  vs .  I f .  E ,  

1.10 1.20 1.24 1.30 1,40 1.50 1.60 

N u m b e r  of  e q u i v a l e n t s  o f  p l a t i n u m  s u r f a c e  o x i d e / e r a  2 F x 107 118.4 
d e t e r m i n e d  e l e c t r o c h e m i c a l l y .  

T i m e ,  t,  r e q u i r e d  by  p r o p a n e  to  r e d u c e  t h e  t o t a l  s u r f a c e  o x i d e  4.34 
in  s e e / c m  ~ of e l e c t r o d e .  

C h e m i c a l  r e a c t i o n  r a t e ,  k ,  e q u i v a l e n t s / s e e / c m  s • 10 v f o r  t h e  r e -  27.32 
duction of total surface oxides. 

C h e m i c a l  r e a c t i o n  r a t e ,  k ' ,  e q u i v a l e n t s / s e c / c m  2 • 107 fo r  t h e  
r e d u c t i o n  of  s econd  o x y g e n  l a y e r  on ly ,  

229.6 260.0 305.6 375.2 452.8  546 .0  

16.4 26.6 40.7 53.2 65.0 79.0 

13.98 9.78 7.52 7.08 7.00 6.92 

- -  - -  3.24 4.32 5.00 5.48 

10 10 
P t ( O ) x  + C3H8-> - - P t  + 3 CO2 + 4 H 2 0  [2] 

X X 

P r o p a n e  oxid izes  c o m p l e t e l y  to CO2 as has  b e e n  
shown  by  G r u b b  (4) in a fue l  cell.  In  t he  p r e sen t  s tudy  
the  p r o p a n e  e lec t rode  is exac t ly  s imi la r  to a fue l  cel l  
anode  c o m p a r t m e n t  a n d  thus  a s imi la r  o v e r - a l l  ox i -  
da t ion  of p ropane  occurs.  

The  chemica l  r e a c t i o n  ra te ,  k in  e q u i v a l e n t s / s e c / c m  2 
for  t he  r e d u c t i o n  of to ta l  su r face  ox ides  as s h o w n  in 
Tab l e  I is d e t e r m i n e d  as fo l lows  

r 
k = - -  [3] 

t 

w h e r e  t is t i m e  r e q u i r e d  for  p r o p a n e  to r e d u c e  the  
ox ides  and  r is t he  n u m b e r  of e q u i v a l e n t s  of t he  su r -  
face  oxide.  P is ca l cu la t ed  by  us ing  F a r a d a y ' s  l aw  

iT 
r = [4] 

F 

w h e r e  i t  is the  n u m b e r  of cou lombs  r e q u i r e d  to r e d u c e  
the  su r f ace  ox ide  e l e c t r o c h e m i c a l l y  in  t h e  p r e s e n c e  of 
n i t rogen.  F r o m  the  va lues  of  k as s h o w n  in Tab l e  I 
and  the  cu rves  in Fig. 2, i t  appea r s  t ha t  the  o x y g e n  is 
adso rbed  d i f f e ren t ly  on  the  p l a t i n u m  b l ack  surface ,  
w h e n  the  e l ec t rode  is ox id ized  to a po ten t i a l  in t he  
r a n g e  of 1.30-1.60v ~than at  < l . 30v .  

If  i t  is a s sumed  tha t  t he  adso rp t ion  of o x y g e n  in 
the  su r f ace  ox ide  f o r m e d  in t he  po t en t i a l  r eg ion  of 
1.30-1.60v is s imi la r  to t ha t  f o r m e d  at  <1.30% t h e n  the  
r a t e  of  the  chemica l  r e d u c t i o n  of the  second o x y g e n  
layer ,  k" in e q u i v a l e n t s  pe r  s e c / c m  2, is d e t e r m i n e d  as 
be low 

r d e t e r m i n e d  a t  1.30-1.60v ~ ]Pdetermined a t  1.24v 
~' = [5] 

t a t  1.30-1,60v - -  t a t  1.24v 

since a m o n o l a y e r  of  o x y g e n  is comple t e  at 1.24v (2).  
T h e  r a t e  shou ld  dec rease  if  t h e  n a t u r e  o2 t h e  su r f ace  

ox ide  is s imi l a r  to t ha t  f o r m e d  at po ten t i a l s  <1.30% as 
shown  in Fig.  2. H o w e v e r ,  the  v a l u e  of k'  increases ,  as 
seen in T a b l e  I, w h e n  t h e  e l ec t rode  is ox id i zed  to 
h i g h e r  potent ia l s ,  w h i c h  con t rad ic t s  t he  above  as-  
sumpt ion .  Thus,  t he  o x y g e n  a toms  of t he  two  p l a t i n u m  
b lack  e l ec t rode  su r face  oxides  a r e  a r r a n g e d  d i f ferent ly .  

The  r e d u c t i o n  ra tes  d e t e r m i n e d  above  could  be  e x -  
p ressed  in t e r m s  of  cons tan t  c u r r e n t  

i t  ( e l e c t r o c h e m i c a l )  
i,,chen~ical,~ = [6] 

t ( chemica l )  

T h e  v a l u e s  of/"chemical" fo r  the  r e d u c t i o n  of to t a l  s u r -  
face  ox ides  and  second o x y g e n  l a y e r  a lone  a r e  p lo t t ed  
as c u r v e s  I I I  and  IV, r e spec t ive ly ,  in  Fig.  2. T h e  t h r e e  
d i s t inc t  r eg ions  o b s e r v e d  in  c u r v e  I I I  show a s im i l a r  
t r e n d  as seen  in t h e  o the r  two  c u r v e s  of t he  s a m e  
figure.  T h e  dec rea se  in  i"cheraical" a b o v e  1.60v is caused  
by  the  i nab i l i t y  to r e m o v e  o x y g e n  and  so is no t  con-  
s ide red  fo r  c o m p a r i s o n  purposes .  

I t  is qu i t e  c lea r  f r o m  the  da ta  in T a b l e  I and  c u r v e  
I I I  of Fig.  2, t ha t  t he  chemica l  r a t e  for  t he  r e d u c t i o n  
of to ta l  su r face  ox ides  f o r m e d  in  t he  po t en t i a l  r a n g e  
of 1.30-1.60v is i n d e p e n d e n t  of t he  a m o u n t  of su r face  
ox ide  fo rmed .  The  o v e r - a l l  r e d u c t i o n  is thus  ze ro  
order ,  and  t h e  r a t e  cons tan t  is 7.1 x 10-7 e q u i v a l e n t s /  

s e c / c m  2 of t h e  e l ec t rode  w h i c h  is e q u i v a l e n t  to "67 
ma /cm2.  ' '  

A ze ro  o r d e r  r eac t i on  is s t rong ly  sugges t i ve  of 
s t rong  adso rp t ion  of  o x y g e n  (5) w h e n  t h e  e lec t rode  
is ox id ized  to a p o t e n t i a l  in  t he  r a n g e  of 1.30-1.60v. 
I t  has  been  sugges ted  (1) t ha t  o x y g e n  a toms  could  go 
in to  t he  in t e r s t i t i a l  ho les  in  t h e  P t  l a t t i ce  ( e spec ia l ly  
in the  110 p l ane )  a f t e r  a m o n o l a y e r  of o x y g e n  a toms  
h a v e  been  fo rmed .  

P o t e n t i a l - T i m e  B e h a v i o r  
C o m p a r i s o n  of t he  chemica l  r e d u c t i o n  by  p ropane  

and  e l e c t r o c h e m i c a l  r e d u c t i o n  at cons tan t  c u r r e n t  of 
the  p l a t i n u m  b l ack  su r face  ox ides  f o r m e d  by  ox ida t ion  
at  cons t an t  c u r r e n t  in t he  po t en t i a l  r a n g e  of  abou t  
1.30-1.60v can  be  m a d e  by  a s suming  a q u a s i - e q u i l i b -  
r i u m  hypothes is .  I t  is supposed  tha t  a l l  s teps  p r io r  to 
t he  r a t e - d e t e r m i n i n g  one  in t he  r eac t ion  sequence  a re  
a lmos t  in equ i l i b r ium,  i.e., t he  r a t e  cons tan t  of t he  
r a t e - c o n t r o l l i n g  s tep is at  l eas t  t en  t imes  s m a l l e r  t han  
al l  o t h e r  a n t e c e d e n t  s teps in  b o t h  d i rec t ions .  C o n -  
w a y  (6) d e t e r m i n e d  the  k ine t i cs  fo r  consecu t ive  r e -  
ac t ions  (us ing  cons tan t  c u r r e n t ) : a s s u m i n g  the  above  
hypo thes i s  and  d e r i v e d  t h e  f o l l o w i n g  e q u a t i o n  

2.303 R T  T - -  t 
E ---- a + log  

F t 
2.303 R T  8 

----- a q- l o g - -  [7] 
F (i -- 8) 

where E is the potential on open circuit after oxidation 
to predetermined potential; a is a constant; t is the 
time in seconds for complete reduction of Pt (O)x taken 
at 0.4v; 8 is the fraction of the surface covered with 
Pt(O)x at any time t after the electrode has been 
oxidized to predetermined potential. 0 = I refers to 
ox ide  c o v e r a g e  at  ~ ---- 0 in a g iven  e x p e r i m e n t ;  (1 - -  0) 
is t he  f r ac t ion  of  t he  su r f ace  c o v e r e d  by  t h e  po t en t i a l  
d e t e r m i n i n g  i n t e r m e d i a t e  at  any  t i m e  t as in Eq.  [8]; 
w h i l e  F, R, and  T h a v e  t he i r  u sua l  va lues .  

I t  has  been  found  t h a t  t he  plots  of  E vs.  log (T - -  4 ) / t  
gave  s t r a igh t  l ines  w h e n  the  su r face  ox ide  f o r m e d  in 
the  po ten t i a l  r eg ion  of 1.30-1.60v was  r e d u c e d  c h e m i -  
ca l ly  by  p r o p a n e  ( c u r v e  I) and  e l e c t r o c h e m i c a l l y  at  
cons tan t  c u r r e n t  ( c u r v e  I I )  as s h o w n  in Fig.  4. The  
e x p e r i m e n t a l  s lopes  of  0.085 ( c u r v e  I, Fig.  4) for  
c h e m i c a l  r e d u c t i o n  at  150~ and  0.081 ( c u r v e  II,  Fig .  
4) for  t he  e l e c t r o c h e m i c a l  r e d u c t i o n  at 130~ c o m p a r e  
v e r y  w e l l  w i t h  t he  t h e o r e t i c a l  s lopes ( 2 . 3 R T / F )  of 
0.084 and  0.080, r e spec t ive ly .  

T h e  first s tep could  t h e n  be a q u a s i - e q u i l i b r i u m  r e -  
action.  One  poss ib i l i ty  for  e l e c t r o c h e m i c a l  r e d u c t i o n  
m a y  be  

kf 
P t ( O ) x  + H + + le,~-~ [ P t ( O ) x - 1  ( O H ) ]  [8] 

kb 

w h i l e  fo r  c h e m i c a l  r e d u c t i o n  m a y  be  

kf 
P t ( O ) ~  -5 H + ~-~ [Pt  ( O ) ~ - 1  ( O H ) ]  [9] 

kb 

f o l l o w e d  by  t h e  r a t e  d e t e r m i n i n g  step in bo th  the  
cases. The  e l e c t r o c h e m i c a l  e q u i l i b r i u m  condi t ion  is 

aFE (1 -- a)FE  

R T  R T  
k~ o C n +  e = k~ ( 1 - -  e) e [10] 
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Fig. 4. Plot of potential vs. log - - - - 7 - - , /  for the reduction of 

surface oxide formed in the potential region of 1.30-1.60v in 
85% H3PO4. Curve I, chemical reduction by propane at 150~ 
when the electrode was oxidized at 134 ma/cm 2 to 1.3v; curve II, 
electrochemical reduction at constant current density of 40.5 
ma/cm at 130~ when the electrode was oxidized to 1.54v at 
40.5 ma/cm 2. 

F E  

0 -RT- 
~ K CH+ e [ 1 1 ]  

1 - - 8  

where  a is the t ransfer  coefficient; CH+ is the concen- 
t ra t ion of H + which is in large excess and so is con- 
stant; and K = kb/kf.  

The above equi l ibr ium expression (6) is a the rmo-  
dynamic equat ion for the surface species and is in-  
dependent  of ~ and any possible double layer  effect. 

Al though the slopes of the two curves in Fig. 4 are 
the same, their  potent ial  d isplacement  of about 0.13v 
is quite remarkable .  The ease of the chemical  reduc-  
tion by propane is evident  f rom the small  "over  poten-  
t ial" requi red  to reduce  the surface oxide formed in 
the potent ial  region of 1.30-1.60v al though the equ iva-  
lent  "cur ren t  densi ty" is about 1.5 times that  of the 
electrochemical  reduction. 

Curves I and II of Fig. 4 and the po ten t ia l - t ime 
curves for e lectrochemical  and chemical  reduct ion in 
Fig. 3 again demonstra te  the similar  na ture  of elec-  
t rochemical  and chemical  reduct ion of the p la t inum 
black surface oxides. 

E vs. log ( v -  t) is l inear  when  the surface oxides 
formed at potentials ~ l . 30v  are reduced at constant 
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current  density. However ,  E vs. log ( ~ - - t ) / t  is not 
l inear  in the above range. It  thus appears that  the sur-  
face oxides formed at potentials ~ l .30v  are reduced by 
a mechanism different f rom that  operat ive  when the 
oxide is formed in the potential  range of 1.30-1.60v. 
The exper imenta l  slope (2.3 RT/aF)  of 0.25 at 130~ 
gives a value of 0.33 for ~. This mechanism may  in- 
volve  a simple electrochemical  reaction. One possi- 
bil i ty may  be the fol lowing mechanism 

slow 

P t (OH)2  -b H + -F 1 e < > [Pt OH] -}- H20 

[12] 

fast 
[Pt OH] -F H + -F 1 e > Pt  -F H20 [13] 

The formation of Pt  OH in termedia te  has also been 
postulated by Lai t inen and Enke (7) during the oxi-  
dation of Pt  electrode surface. 

F rom the different rates and apparent  react ion 
orders of the chemical  reduction;  f rom the potent ia l -  
t ime behavior,  and f rom the two breaks observed in 
curves I and II of Fig. 2 below 1.60v, two types of 
surface oxides at a pla t inum black electrode are pro-  
posed; one formed at less than 1.3Ov and the other  at 
1.30-1.60v. The difference in the two surface oxides is 
not only in the amount  of oxygen held per  p la t inum 
atom but also in the nature  of the surface oxide (rela-  
t ive degree of adsorption) formed. It is qui te  l ikely 
that  the p la t inum surface oxides below 1.30v (oxygen 
loosely held) could play a significantly different role 
in electrochemical  reactions than the surface oxides 
above 1.30v (oxygen strongly adsorbed).  
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ABSTRACT 

Inter ferograms of the t ransient  condit ion of concentrat ion gradient  bui ld-  
up have  been recorded with  a motion picture  camera for horizontal  electrodes 
in the ca thode-over -anode  position. The  appropriate  solution of Fick's  sec- 
ond law for the unsteady state has been shown to predict  the concentra t ion 
gradient  at t imes of the order of 150 sec or greater.  The in ter ference  fr inges 
can be in tegrated as t ime dependent  concentrat ion contours and, hence, a 
measure  of the diffusion current  obtained. Logically, at t = 0  sec, idiff ~ 0. 
Exper imenta l  data show that  iaiff reaches a m a x i m u m  at t imes grea ter  than 
150 sec in the diffusion layer,  and t goes f rom 0 to some value close to one 
dur ing the same time. It  has been impossible to decide on a definite value  for 
the t ransference number  and diffusion coefficient that  would  be appropriate.  

Concentrat ion gradients  at working electrodes were  
difficult to obtain unti l  the advent  of the modern  op- 
tical methods of Schl ieren pat terns (1) and in ter -  
f e romet ry  (2). The recording system has always been 
a still camera unti l  ve ry  recent ly  when  a motion pic- 
ture camera was used (3). This recording technique 
should provide sufficient data of good qual i ty  to es- 
tablish quant i ta t ive ly  the dependence of concentra-  
tion changes in the electroact ive species with time. 

A series of in ter ferograms of an exper iment  wi th  the 
electrodes in the ca thode-over -anode  position were  
recorded on motion pic ture  film and the results ana-  

lyzed and compared to the theory of ionic transport.  
To the best of the author 's  knowledge  this is the first 
recording of such t ransient  concentrat ion changes. 

Experimental 
A 0.5M CuSO4 solution, p i t  4.5, made  up in the 

usual way was electrolyzed in an in te r fe rometer  (Fig. 
1) which has been described in detail  e lsewhere  (4). 
Briefly, the cell  had two copper electrodes 0.2 cm thick 
and 4 cm long sandwiched 0.313 cm apart  be tween  two 
coated glass flats. The flats were  held  in a specially 
shaped Teflon cyl inder  which was placed in a clamp 
with  which an appropriate  wedge  angle be tween  the 
flats could be produced. Col l imated sodium vapor  l ight  
produced wedge  fr inges which were  recorded by a 
Bolex Pai l la rd  16 mm motion picture  camera  on Ansco 
Hypan film at 24 f rames/sec .  The film was underex-  
posed, and therefore  requi red  overdeveloping by a 
factor  of 2 to 4. The developed film was then pro-  
jected at a magnification factor of 80, and f rom frames 
at selected t imes representa t ive  fr inges were  sketched 
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Fig. 1, Exploded view of the cell without the thermostating clamp 
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Fig. 2. Interference fringes (as sketched from 16 mm film) at 
various times after the beginning of electrolysis in the system 
Cu/CuSO4/Cu. Electrolyte concentration 0.1N, pH 4.5. 
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on  g r a p h  p a p e r  (Fig.  2) .  D e t a i l s  of t h e  t y p e  of f r i n g e s  
o b t a i n e d  a n d  a d j u s t m e n t s  m a d e  to t h e m  a p p e a r  in  
A p p e n d i x  I. 

C a r e f u l l y  p r e p a r e d  p u r e  p o l y c r y s t a l l i n e  c o p p e r  e l ec -  
t r o d e s  w e r e  u s e d  in  t h e  ce l l  w h i c h  w a s  t h e r m o s t a t e d  
a t  25~ W h e n  a s u i t a b l y  o r i e n t e d  f r i n g e  s y s t e m  h a d  
b e e n  p r o d u c e d ,  t h e  m o t i o n  p i c t u r e  c a m e r a  w a s  s t a r t ed ,  
t h e n  a p r e s e t  c o n s t a n t  c u r r e n t  p a s s e d  t h r o u g h  t h e  cell, 
i n  t h i s  case  0.9022 m a / c m  2. 

T h e o r y  

T h e  t h e o r y  of ion ic  m a s s  t r a n s p o r t  in  e l e c t r o l y s i s  h a s  
b e e n  r e v i e w e d  b y  Tobias ,  E i s e n b e r g ,  a n d  W i l k e  (5) .  
T h e y  g ive  fo r  t h e  r a t e  of t r a n s f e r  of ions  i n  t h e  x d i -  
r e c t i o n  (x  p e r p e n d i c u l a r  to  t h e  p l a n e  of t h e  e l e c t r o d e )  

8~ 8C 
Nt = CU -- D + VC 

ax Ox 

w h e r e  Nt = t o t a l  r a t e  of t r a n s f e r ,  g r a m  i o n s / c m 2 - s e c ;  
C ~ c o n c e n t r a t i o n  in  g r a m  ions/cm'~;  U = m o b i l i t y ,  
c m 2 / s e c - v o l t ;  -% = p o t e n t i a l ,  vo l t s ;  x = d i s t a n c e  in  
d i r e c t i o n  of  t r a n s f e r ,  cm;  D ~ d i f fus ion  coeff icient ,  
cm2/sec ;  a n d  V = v e l o c i t y  fo r  s t e a d y - s t a t e  cond i t ions .  
In  t h e  e x p e r i m e n t a l  s e t - u p  h e r e  used ,  h o r i z o n t a l  
e l ec t rodes ,  c a t h o d e - o v e r - a n o d e ;  V = 0 s ince  c o n v e c t i o n  
is a b s e n t  l e a v i n g  o n l y  e l e c t r o m i g r a t i o n  a n d  d i f fus ion ,  
r e p r e s e n t e d  b y  t h e  f i rs t  a n d  second  t e r m s  o n  t he  r i g h t  
side.  T o b i a s  et al. t h e n  g ive  a n  e x p r e s s i o n  fo r  t h e  r a t e  
of ionic  t r a n s p o r t  b y  d i f fus ion  Ng = Nt  - -  N ~  = I 
( 1 - - t + ) / n F  w h e r e  Nm = r a t e  of m i g r a t i o n ,  g r a m  
i o n s / c m 2 - s e c ;  t+ = c a t i o n  t r a n s f e r e n c e  n u m b e r ,  a n d  
t h e  o t h e r  s y m b o l s  h a v e  t h e i r  u s u a l  m e a n i n g s .  A g a i n  
t h i s  e x p r e s s i o n  is fo r  s t e a d y - s t a t e  cond i t i ons .  

C o n s i d e r i n g  t h e  u n s t e a d y  s ta te ,  t h e  s o l u t i o n  of t h e  
e q u a t i o n  

8C 82C 
= D - -  

at Ox 2 

fo r  t h e  b o u n d a r y  c o n d i t i o n s  AC = 0 a t  t = 0, x : 0 
a n d A C : 0 a t t v ~ 0 ,  x ~  l i s  

~ / D t / l  2 1 l t - -  1 - -  x / l  
AC(x.t) = ie r fc  

nF D ~/Dt/12 

as g i v e n  b y  C a r s l a w  a n d  J a e g e r  (6) ,  u s i n g  o n l y  t h e  
f i rs t  t e r m  of t h e  c o m p l e t e  se r ies  s o l u t i o n  s ince  i e r fc  
z --> 0 as z --> :c. I t  is w o r t h  n o t i n g  t h a t  t h e  e x p r e s s i o n  
is i n d e p e n d e n t  of  1, o n l y  r e q u i r i n g  t h a t  ~C ~ 0 as 
x -~ 1 (2l ~ e l e c t r o d e  s e p a r a t i o n ) .  I n c l u s i o n  of t h e  
a n i o n  t r a n s f e r e n c e  n u m b e r  in  t h e  p r e - e r r o r  f u n c t i o n  
coeff ic ient  ( t - - ) ,  is to  b e  e x p e c t e d  a n d  as in  t h e  
s t e a d y  s t a t e  is i n t e n d e d  to m a k e  a l l o w a n c e  for  t h e  
m i g r a t i o n  c u r r e n t ,  i e r f c  is t h e  c o m p l e m e n t  of  t h e  i n t e -  
g r a t e d  e r r o r  f u n c t i o n  (6) .  

T h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  s h o u l d  p e r m i t  a 
t e s t i n g  of t h e  eff icacy of t h i s  t r e a t m e n t  s ince  t h e  
n u m b e r  of c o u l o m b s  d i s c h a r g e d  a t  a n y  t i m e  c a n  be  
c a l c u l a t e d  b y  c o n s i d e r i n g  t h e  n u m b e r  of ions  r e -  
q u i r e d  to b e  r e m o v e d  ( d i s c h a r g e d )  to  p r o d u c e  t h e  
o b s e r v e d  c o n c e n t r a t i o n  g r a d i e n t .  T h i s  c a n  b e  d o n e  b y  
a f o r m  of g r a p h i c a l  i n t e g r a t i o n  w h i c h  m a k e s  o n l y  t h e  
a s s u m p t i o n s  t h a t  t h e  f r i n g e  s e l ec t ed  is a t y p i c a l l y  
a v e r a g e  f r i n g e  fo r  t h e  w h o l e  e l e c t r o d e  su r face ,  t h a t  
t h e  d i f fus ion  coeff ic ient  is k n o w n  a n d  c o n s t a n t  o v e r  t h e  
c o n c e n t r a t i o n  r a n g e  c o n s i d e r e d ,  a n d  t h a t  a l l  r e f r a c t i v e  
i n d e x  c h a n g e s  a r e  d u e  to CuSO4 c o n c e n t r a t i o n  changes .  

i 

0 , 0 2  
Anode  

R e s u l t s  

T h e  i n i t i a l  a t t e m p t s  to  f i t  t he  i n t e r f e r e n c e  f r i n g e  
se l ec t ed  as t y p i c a l  a t  150 sec w e r e  m a d e  u s i n g  t h e  
d i f fus ion  coeff ic ient  of CuSO4 as r e p o r t e d  b y  E v e r s o l e  
(7) a n d  c o - w o r k e r s  a n d  t h e  t r a n s f e r e n c e  n u m b e r  
fo r  SO42-  a c c o r d i n g  to F r i t z  a n d  F u g e t  (8) .  T h e  d i f -  
f u s i o n  coeff ic ient  a n d  t r a n s f e r e n c e  n u m b e r  f o r  t h e  c o n -  
c e n t r a t i o n  a t  t h e  s e l ec t ed  x w e r e  u s e d  f o r  e a c h  p o i n t  
c a l cu l a t ed .  R e s u l t s  a r e  s h o w n  in  Fig.  3. T h e  a g r e e -  

A p r i l  1966 
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Fig. 3. Comparison of calculated and experimental values at  15 
and 150 sec. 0 calculated using best literature values of D and 
t- for each concentration; �9 calculated using D ~ 4.4 x 10 - e  
cm 2 sec - 1 ,  appropriate literature t-  and current densities from 
Fig. 4; �9 calculated using D ~ 4.4 x 10 - 6  cm 2 sec - 1  appropriate 
literature t- and current densities from Fig. 4. 

m e n t  w i t h  t h e  a n o d e  s ide  of t h e  i n t e r f e r o g r a m  is q u i t e  
good, b u t  fo r  t h e  c a t h o d e  t h e  p r e d i c t i o n  is e v e r y -  
w h e r e  s h o r t  of t h a t  found .  T h e  p r e d i c t e d  v a l u e s  fo r  15 
sec a r e  a l m o s t  50% too h i g h  a n d  so a r e  n o t  p lo t t ed .  

R e a l i z i n g  t h a t  t h e  r e s u l t s  of o t h e r  s tud ie s  (9)  of 
t h e  C u / C u S O 4 / C u  s y s t e m  h a v e  s h o w n  v a l u e s  fo r  t h e  
d i f fus ion  c o n s t a n t  of a b o u t  4.4 x 10 - 6  cm2/sec ,  t h e  r e q u i -  
s i te  c u r r e n t  d e n s i t i e s  to  g ive  a g r e e m e n t  a t  ACmax u s i n g  
D = 4.4 x 10 -6  w e r e  ca l cu l a t ed ,  a n d  a r e  s h o w n  in  Fig.  
4 to  s u g g e s t  t h a t  e v e n t u a l l y  a p o t e n t i a l  g r a d i e n t  w i l l  
be  p r o d u c e d  s u c h  t h a t  Na = Nt. I f  i n s t e a d  t h e  d i f fus ion  
c o n s t a n t  is c a l c u l a t e d  fo r  e a c h  t i m e  a n d  u s i n g  t h e  a p -  
p r o p r i a t e  t r a n s f e r e n c e  n u m b e r  s u c h  t h a t  ACca]c ~ ACexp 
at  t h e  e l e c t r o d e  ( x  = 0) ,  D o b v i o u s l y  a p p r o a c h e s  
4.4 x 10 -8  cm2/ sec  a t  s o m e  t i m e  g r e a t e r  t h a n  150 sec 
(Fig.  5) .  

U s i n g  t h e  c a l c u l a t e d  r e q u i r e d  c u r r e n t  d e n s i t y  f o r  
D = 4.4 x 10 -6  cm2 / sec  a n d  a v e r a g e  l i t e r a t u r e  t r a n s -  
f e r e n c e  n u m b e r s ,  v a l u e s  a t  s e l e c t e d  d i s t a n c e s  f r o m  t h e  
e l e c t r o d e s  w e r e  p l o t t e d  on  Fig.  3 a n d  fo r  15 sec is 
q u i t e  good. T h e  a g r e e m e n t  is w o r s e  t h a n  t h e  f i rs t  a t -  
t e m p t ,  b u t  no t  m u c h  worse .  F i g u r e  4 s h o w s  t h e  r e s u l t s  
of  g r a p h i c a l  i n t e g r a t i o n  to o b t a i n  t h e  n u m b e r  of 
c o u l o m b s  of c h a r g e  r e q u i r e d  to d i s c h a r g e  t h e  n e c e s -  
s a r y  n u m b e r  of ions  to f o r m  t h e  c o n c e n t r a t i o n  g r a d i e n t  
f o u n d  a t  v a r i o u s  t imes .  T h e  succes s ive  c u r r e n t  d e n -  
s i t ies  p l o t t e d  in  Fig.  4 a r e  a g a i n  p l o t t e d  h e r e  in  a 
d i f f e r e n t  way .  B e g i n n i n g  a t  3 1/3 sec  t h e  v a l u e  f o u n d  
is p l o t t e d  f r o m  ze ro  t i m e  to u t h e  d i s t a n c e  to t h e  n e x t  
c a l c u l a t e d  va lue ,  i n  t h i s  case  4 1/16 sec s ince  t h e  n e x t  
t i m e  is 5 sec. T h e  5-sec  v a l u e  is n o w  p l o t t e d  to j o i n  a t  
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Fig. 4. Current densities calculated at various times, using D 
4.4 x 10 - 8  cm 2 sec - 1  and appropriate literature t-  such that 

the concentration change found experimentally at x ~ 0 is equal 
to the calculated concentration change; �9 anode; O cathode. 
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Fig. S. Diffusion constants calculated to give agreement with 
concentration change found at the electrode using appropriate 
literature t- values; �9 anode; 0 cathode. 

this point and is d rawn  ha l f -way  across the nex t  t ime 
interval .  Plots for both the anode and cathode were  
made. The line drawn for the anode appears to be 
genera l ly  too high, but  the cathode plot is reason- 
ably representa t ive  of the charge-car r ied  points. The 
cur ren t  density plots appear  to be approaching the 
same slope as the ex te rna l ly  measured  current  density. 

Assuming the diffusion constant to be fixed at 
4.4 x 10 -6 cm2/sec the t ransference number  necessary 
to give agreement  at x = 0 and t = 150 sec is 
t - -  = 0.58 for 15 sec t - -  = 0.298. This suggests that  
t - -  goes to zero at t ~ 0, when  of course Nt = Nm 
since there  is no diffusion gradient  to support  a dif- 
fusion current.  

Conclusions 

The qual i ty  of the fit of calculated points using 

~/Dt/l 21 1 t-- 1 -- x / l  
AC(x,t) ~ ierfc . - -  

nF D ~/Dtll2 

is sufficiently good that, apart  f rom the theoret ical  
reason for selecting it, it obviously is the correct  form 
to represent  the physical process considered, that  is 
the sudden imposit ion of a constant current  density 
be tween  parallel ,  plane, horizontal  electrodes in the 
absence of convection. 

However ,  the problem of deciding on the values of 
the basic constants to use has not been solved. The as- 
sumption that  a concentrat ion contour, calculated f rom 
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Fig. 6. Charge transferred vs. time, Line 1 is the externally 
measured current density; line 2 is the calculated required value 
of the current density at the anode from Fig. 4; line 3 is the 
same value for the cathode. �9 number of charges transferred at 
the anode at a given time found by integrating under the con- 
centration contour. �9 cathode values obtained in the some way. 

a re f rac t ive  index contour wi th  no al lowance for pH 
change or extraneous reactions is probably as good as 
the data. If this is so, then the problem becomes one of 
deciding wha t  D and t - -  to use, again assuming that  
the ex terna l ly  measured current  density must  be used 
unmodified. These problems can probably be resolved 
by electrolysis for longer t imes so that  plots l ike Fig. 
4 and 5 could indicate the s teady-sta te  diffusion con- 
stant and diffusion current.  Electrolysis at the l imit ing 
cur ren t  density should also give helpful  information 
regarding these two quantities.  
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A P P E N D I X  I 
Fringes of equal inclination: Brewster's fringes.-- 

Tolansky has given an excel lent  t r ea tment  of fringes 
of equal incl inat ion (10). However  the difference be-  
tween wedge or f izeau-type fr inges and Brewster ' s  
fr inges wil l  be considered briefly. 

F igure  7 shows schematical ly the l ight  path and 
how Brewster ' s  fringes are produced. If the incident 
l ight  is at an angle to the wedge  whose angle is small  
(about 2 rain of arc) ,  instead of gett ing wedge  fringes, 
that  is, a continuous set of equal ly  spaced paral le l  
fringes, rings of fr inges are produced. In this exper i -  
ment  it was intended to use wedge fringes, but since 

.... i x  I I - - - t  I 

f / ~ ~ M  END V,EW 
. . . . . . . . . . . . . .  ~ ~ ( - ~ .  C . . . . .  I(~hnrs~ g h . . . . . .  lens) 
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Fig. 7. Production of firewster's fringes 
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t h e  r a d i u s  of c u r v a t u r e  of t h e  f r i n g e s  is r e l a t i v e l y  
l a r g e  a n d  t h e  t w o  t y p e s  c a n  e x i s t  s i m u l t a n e o u s l y ,  i t  
is e a s y  to c o n f u s e  t h e  two.  T h e  e r r o r  w a s  no t  d i s -  
c o v e r e d  u n t i l  a l a r g e  n u m b e r  of t e d i o u s  h a n d  m e a s -  
u r e m e n t s  h a d  b e e n  m a d e .  

F o r  w e d g e  f r inges ,  t h e  f r i n g e s  a p p e a r  o n  a u n i f o r m  
w e d g e  a t  p o s i t i o n s  w h e r e  t h e  t h i c k n e s s  of  t h e  w e d g e  
is a n  i n t e g r a l  m u l t i p l e  of t h e  w a v e l e n g t h  of t h e  m o n o -  
c h r o m a t i c  l igh t ,  t h a t  is s ince  nk  : 2~t cos r w h e n e v e r  
t h e  t h i c k n e s s  h a s  i n c r e a s e d  b y  k/2  f r o m  t h e  l a s t  f r i nge ,  
b r i g h t  or  da rk ,  a n e w  f r i n g e  appea r s ,  n is t h e  o r d e r  of 
i n t e r f e r e n c e ,  ~ t h e  r e f r a c t i v e  i ndex ,  t t h e  t h i c k n e s s ,  
a n d  r t h e  a n g l e  of i n c i d e n c e  of t h e  l igh t .  I f  r b e c o m e s  
a v e r y  l i t t l e  less  t h a n  90 ~ fo r  t h i c k  wedges ,  B r e w s t e r ' s  
f r i n g e s  r e su l t .  

B r e w s t e r ' s  f r i n g e s  a r e  l o c a t e d  a t  i n f i n i t y  a n d  a p p e a r  
o n  t h e  w e d g e  as r ings .  T h e  f r i n g e s  w i l l  a p p e a r  a t  
p o s i t i o n s  g o v e r n e d  b y  nk = ~ t ( c o s i n e  of t h e  a n g l e  of 
r e f r a c t i o n  in  t h e  f i rs t  g lass  f lat  m i n u s  cos ine  of t h e  
a n g l e  of r e f r a c t i o n  in  t h e  s e c o n d  g lass  f lat)  a s s u m i n g  
cos r is a b o u t  e q u a l  to  1, s ince  t h e  l i g h t  pas ses  o n l y  
once  t h r o u g h  t h e  cell. 

V a r i a t i o n s  in  t h e  r e f r a c t i v e  i n d e x  of t h e  w e d g e  of 
e l e c t r o l y t e  cause  d i s p l a c e m e n t  of t h e  f r i n g e s  u p  a n d  
d o w n  t h e  w e d g e  ( t o w a r d  t h e  a p e x  i f  t h e  c h a n g e  is an  
i n c r e a s e  in  c o n c e n t r a t i o n )  w h i c h  t a k e s  t h e  f o r m  of 
a p e r t u r b a t i o n  to t h e  a rc  of t h e  c i r c l e  s e e n  b e t w e e n  
t h e  e l ec t rodes .  T h e  f r i n g e s  m e a s u r e d  f o r  t h e  S / V  pos i -  
t i o n  w e r e  a 2 ~ 35' a rc  of a c i r c l e  of 3.43 cm r a d i u s  a n d  
t h o s e  for  t h e  C / A  p o s i t i o n  h a d  a s i m i l a r  r a d i u s  of c u r -  

v a t u r e .  A d e t a i l e d  a c c o u n t  of h o w  to r e l a t e  w e d g e  
f r i n g e  p e r t u r b a t i o n  to c o n c e n t r a t i o n  h a s  b e e n  g i v e n  b y  
O ' B r i e n  a n d  Rosen f i e ld  (7) a n d  c o m p l e t e  r e v i e w  of 
t h e  t h e o r y  b y  O ' B r i e n  (9) .  

To  a l l o w  p lo t s  of  c o n c e n t r a t i o n  c h a n g e s  to b e  m a d e  
on  c a r t e s i a n  c o o r d i n a t e s ,  t h e s e  a r c s  h a d  to  b e  c o n -  
v e r t e d  to s t r a i g h t  l ines .  F r e q u e n t l y  t h e  i n c r e m e n t s  a t  
success ive  pos i t i ons  a t  w h i c h  m e a s u r e m e n t s  w e r e  m a d e  
w e r e  s m a l l e r  t h a n  t h e  e x p e c t e d  p r e c i s i o n  of m e a s u r e -  
m e n t .  H o w e v e r ,  to e n s u r e  t h a t  s o m e  s y s t e m a t i c  m e t h o d  
of c o r r e c t i o n  fo r  f r i n g e  c u r v a t u r e  w a s  used ,  a t r a n s -  
p a r e n t  p l a s t i c  t e m p l a t e  w h o s e  p l o t t i n g  e d g e  w a s  cu t  
in  t h e  m i r r o r  i m a g e  of t h e  c u r v e  w a s  u s e d  in  r e p l o t t i n g  
t h e  u n c o r r e c t e d  v a l u e s  r e a d  f r o m  t h e  d i s p l a y  of t h e  
o r i g i n a l  f r inges .  I n  t h i s  w a y  t h e  c u r v a t u r e  w a s  p l o t t e d  
ou t  a n d  a lso  a n y  r o t a t i o n  of ax is  n e e d e d  to  c o r r e c t  
t h e  a n g l e  of t h e  f r i n g e s  to  t h e  e l e c t r o d e  to 90 ~ . Of 
c o u r s e  s ince  b o t h  t h e  p l a s t i c  t e m p l a t e  a n d  t h e  p e n c i l  
p o i n t  h a d  t h i c k n e s s ,  a f u r t h e r ,  b u t  i t  is t h o u g h t ,  r a n -  
d o m  s c a t t e r  of p o i n t s  r e s u l t e d .  A s m o o t h  c u r v e  w a s  
t h e n  d r a w n  t h r o u g h  t h e  po in t s .  A sca le  i n  w h i c h  
f r i n g e  p e r t u r b a t i o n s  a r e  s h o w n  as c o n c e n t r a t i o n  
c h a n g e  in  m o l e s  p e r  l i t e r  h a s  b e e n  a d d e d  to t h e  f igures  
w h e r e  neces sa ry .  T h e  l i m i t  of a c c u r a c y  of t h e  m e a s -  
u r e m e n t s  is t h a t  w i t h  w h i c h  t h e  c e n t e r  of a n y  f r i n g e  
can  b e  l o c a t e d  r e l a t i v e  to t h e  c e n t e r  of a n o t h e r  f r i nge .  
I n  t h i s  case  i t  is t h o u g h t  f r o m  t h e  r e s u l t s  of r e p e a t e d  
m e a s u r e m e n t s  to  b e  a b o u t  •  of a f r i n g e  w i d t h  
or  a b o u t  •  x 10-41VL De ta i l s  of t h i s  t y p e  of c a l c u l a -  
t i o n  h a v e  b e e n  g i v e n  p r e v i o u s l y  (4) .  
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A B S T R A C T  

T h e  a - c  i m p e d a n c e  c h a r a c t e r i s t i c s  of p o l a r i z e d  p o r o u s  g a s - d i f f u s i o n  e l ec -  
t r o d e s  a r e  c a l c u l a t e d  on  t h e  bas i s  of a s impl i f i ed  d u a l - l a y e r  mode l .  I t  is  
s h o w n  t h a t  t h e  c o n s i d e r a t i o n  of a r e g i o n  w i t h i n  t h e  e l e c t r o d e  w h e r e i n  s i m u l -  
t a n e o u s  d i f fus ion  a n d  r e a c t i o n  o c c u r  c an  r e s u l t  in  e i t h e r  a n  i n d u c t i v e  or  
c a p a c i t i v e  r e a c t a n c e ,  d e p e n d i n g  o n  t h e  m a g n i t u d e s  of d i m e n s i o n l e s s  f r e -  
q u e n c y  a n d  d - c  c u r r e n t  d e n s i t y  p a r a m e t e r s .  T h e  a b s e n c e  of such  a r eg ion ,  
w h i c h  c o r r e s p o n d s  to t h e  l i m i t i n g  ca se  a t  h i g h  r e a c t i o n  r a t e s ,  r e s u l t s  i n  
c a p a c i t i v e  r e a c t a n c e  only .  

R e c e n t l y ,  G u t m a n n  (1) d i s c u s s e d  t h e  e x p e r i m e n t a l  
o b s e r v a t i o n  of l a g g i n g  c u r r e n t s  in  e l e c t r o c h e m i c a l  sys -  
t e m s  a n d  p r o p o s e d  a n  e x p l a n a t i o n  of t h i s  i n d u c t i v e  
effect  b y  a n a l o g y  w i t h  v i scoe la s t i c  p h e n o m e n a .  A n u m -  
b e r  of a u t h o r s  h a v e  c o n s i d e r e d  t h e  a - c  i m p e d a n c e  of 
e l e c t r o d e  s y s t e m s  [e.g., ( 2 ) - ( 1 8 ) ] ,  a l t h o u g h  n o n e  of 

1 P r e s e n t  add re s s :  C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  Texas  
A & ]YI U n i v e r s i t y ,  Col lege  S ta t ion ,  Texas .  
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Fig. 1. Schematic diagram of dual-layer model 

ELECTROLYTE 

t h e i r  r e s u l t s  a c c o u n t  fo r  t h e  effects  d e s c r i b e d  b y  G u t -  
m a n n .  I t  w i l l  b e  s h o w n  t h a t  i n d u c t i v e  r e a c t a n c e s  a r i se  
n a t u r a l l y  f r o m  a c o n s i d e r a t i o n  of t h e  F a r a d a i c  i m -  
p e d a n c e  of a p o l a r i z e d  p o r o u s  e l e c t r o d e  in  w h i c h  m a s s  
t r a n s p o r t  a n d  e l e c t r o c h e m i c a l  r e a c t i o n  c a n  p r o c e e d  s i -  
m u l t a n e o u s l y  o v e r  a d i s t r i b u t e d  r e g i o n  of t h e  e l ec -  
t rode .  

The Model 
A s impl i f i ed  d u a l - l a y e r  m o d e l  is c o n s i d e r e d  fo r  

a n a l y s i s  a n d  is s c h e m a t i c a l l y  i l l u s t r a t e d  in  Fig. 1. One  
face  of t h e  e l e c t r o d e  is e x p o s e d  to a b i n a r y  gas  p h a s e  
c o n t a i n i n g  a r e a c t a n t  a n d  a n  i n e r t  c o m p o n e n t ,  a n d  
t h e  o t h e r  face  is e x p o s e d  to  a l i q u i d  ( e l e c t r o l y t e )  
phase ,  a lso  c o n s i d e r e d  to be  a b i n a r y  m i x t u r e  of a r e -  
a c t i n g  ( ion ic )  c o m p o n e n t  a n d  a n  ine r t .  T h e  p o r o s i t y  of 
t h e  two  l a y e r s  a n d  t h e  d i f f e r e n t i a l  p r e s s u r e  is a s s u m e d  
to b e  s u c h  t h a t  t h e  g a s - l i q u i d  i n t e r f a c e  is m a i n t a i n e d  
a t  t h e  j u n c t i o n  of t h e  t w o  l aye r s .  T h e  r e s i s t i v i t y  of t h e  
e l e c t r o d e  m a t r i x  w i l l  b e  n e g l e c t e d  i n  c o m p a r i s o n  w i t h  
t h a t  of t h e  e l e c t r o l y t e  so t h a t  t h e  e l e c t r o d e  m a t r i x  
w i l l  b e  e s s e n t i a l l y  a t  a u n i f o r m  p o t e n t i a l .  

T h e  e l e c t r o d e  is a s s u m e d  to b e  o p e r a t i n g  in  a p o -  
l a r i z e d  cond i t i on ,  r e s u l t i n g  in  a d - c  c u r r e n t  I a n d  d - c  
p o l a r i z a t i o n  E. T h e  e l e c t r o d e  r e a c t i o n  w i l l  t h u s  p r o -  
ceed  i r r e v e r s i b l y  a n d  w i l l  b e  r e p r e s e n t e d  b y  t h e  g e n -  
e r a l  e x p r e s s i o n  

gG + lL ~- h e -  -> pP [1] 

T h e  c o r r e s p o n d i n g  r a t e  e q u a t i o n  r e l a t i n g  c u r r e n t ,  
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polarization, and concentrat ion can thus be wr i t ten  as 

I : Io --6?o -~o exp R~ ~ E [2] 

where  G and L are the concentrations at the react ion 
site, while  Go and Lo are those in the bulk phases, 
which are constant. The react ion orders g', l', and n' 
may or may not be the same as g, l, and n of [1], de- 
pending on whe the r  or not [1] represents  the t rue 
kinetics of the electrode reaction. 

In order to de termine  the a-c impedance cf the 
electrode, we consider an a-c component  of potent ial  
superimposed upon the d-c (constant) value. If the 
ampli tude of this a-c component  is small  compared 
with  the value of ( a n ' F / R T ) ,  correspondingly small  
a-c components of polarization, current,  and concen- 
t ra t ion wil l  result.  Thus rewr i t ing  [2] in terms of 
total (a-c plus d-c) quantities, gives 

I+i=Io (--ff--o 
an'F ] 

exp - -  (E + ~]) [3] 
RT 

Recognizing that  

( _ ~Gk  an'F ) 
' L'  RT n < <  1 

and neglect ing terms of second order in these quan-  
tities, [3] can be wr i t ten  in the l inearized form 

+ ~ ~ ] [43 

Equation [4] is the kinetic rate  equat ion re la t ing the 
a-c components of current,  polarization, and concen- 
tration. 

Mass t ransport  through the porous layers of the 
electrode is assumed to occur by a diffusional type of 
mechanism, so that  Fick's  second law applies 

0c a2c 
-- D A u -  [5] 

~t 0z 2 

Here, DAB can be thought  of as a "pseudo" diffusion 
coefficient for t ransport  through the porous medium. 
For  diffusion paths which are large compared with  
pore size, the relat ion be tween  gaseous binary molec-  
ular  diffusivity and the porosity and tortuosity of the 
medium is (19) 

~r 

DAs = D A s -  [6] 
Y 

For t ransport  of the electrolyte  through the pores, an 
equivalent  mechanism wil l  be assumed. In this case, 
the "pseudo" diffusivity wil l  also include the effects 
of migration. For  dilute electrolytes, this is accom- 
plished simply by mul t ip ly ing  the molecular  diffusiv- 
ity by the factor (1 + Z]/Z2) as shown by Levich (20), 
where  Z] and Z2 are the charge numbers  of the react -  
ing and nonreacting ions, respectively. For very con- 
centrated electrolytes, the effect is much more com- 
plicated, and the diffusion coefficient can no longer 
be considered a constant. 

We shah consider three regions within the electrode. 
Region I includes the entire gas-filled pore layer, in 
which the only rate process is diffusion of the gaseous 
reactant in accordance with Fick's law. Region II in- 
dudes the major portion of the liquid-filled pore layer, 
in which the only rate process is diffusion of the liq- 
uid reactant in accordance with Fick's law (with the 
appropriate "pseudo" diffusion coefficient). Region Ill 
is that portion of the liquid filled po.re layer adjacent 
to the gas-liquid interface in which the catalyzed elec- 
trochemical react ion is assumed to occur. Hence s imul-  
taneous diffusion and react ion occur in this region, by 
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the fol lowing assumed mechanism. The gaseous re-  
actant dissolves in the l iquid electrolyte  at the in te r -  
face, resul t ing in a concentrat ion Ci at the electrolyte  
interface as given by Henry ' s  law 

ctRT 
Ci---- G~ [7] 

H 

The dissolved reactant  diffuses through the l iquid-  
filled pores, and reacts  s imultaneously at catalyt ic 
sites on the pore walls as it diffuses. For  small  values 
of the pore d iameter  to length ratio, the problem is 
essentially one dimensional.  Thus for region III, Eq. 
[5] is replaced by 

02c 02c ( a ~ F )  
Oc = DAB - - - -  r --~ D A B - - - -  i [8] 
6t OZ 2 OZ 2 

Since the concentrat ion of dissolved gaseous reactant  
wi l l  be small  compared wi th  that  of the l iquid (elec-  
t rolyte)  reactant,  L, the react ion zone (region III) 
wil l  be small  compared with  the total  diffusion path  
(alL) Of L. Hence the concentrat ion of L wil l  be as- 
sumed constant over  this region at a value  of L~, as 
de termined  by solution of the diffusion equation for 
region II. 

In  summary,  the appropriate  dependent  var iables  
wi thin  the three  regions, and their  respect ive depend-  
ence on t ime and spatial coordinates are: 

Region I: 
z = 0; G = Gi, ~ = [i(t) 

0 < z <  riG; G = G ( z ) ,  ~ =  ~(z,t) 

ig 
z = dc; G = Go, d~/dz = 

nFDG6 
Region II: 

z = 0 ; L = L ~ , ~ = ~ . i ( t )  

0 < z <  alL; L = L(z ) ,  ~. = ~(z, t)  

il 
Z -~ alL; L = Lo, dZ/dz  

nFDLL 
Region III:  

ctRT ctRT 
z = 0; C = Ci = G i - - - - ~ ,  " / =  ~/i(t ) = ~( t )  --if- 

z >  0; C = C ( z ) , 7  = ~/(z,t), L = L~ 

These conditions are expressed in terms of concen- 
trat ions at the interface, which  are dependent  va r i -  
ables and hence are not known a p~iovi. However ,  in 
solving the appropriate  equations these conditions are 
essential ly replaced by the fol lowing boundary  con- 
ditions involving the total current  density It, produced 
by the electrode 

o-oo( o) 
g dz z o l ~ z=0 

n F D G L ( d C )  
- -  - -  [ 9 ]  

g dz z o 

with equivalent  expressions for the total  a l ternat ing 
current  density, it, in terms of the flux of a l ternat ing 
concentrat ion components.  

It  is noted that  [2] can be wr i t ten  

R T  
E = -  { ln ( I / Io )  q- g ' l n (Go/G)  ~- l' l n ( L o / L }  [10] 

an'F 

i.e., the total  polarization can be expressed as the 
sum of three terms which are determined by the cur-  
rent  production ("act ivat ion polar izat ion") ,  and the 
change in reactant  concentrations f rom bulk values 
("concentrat ion polar izat ion") .  The same in te rpre ta -  
t ion can be made  f rom [4] for the a l ternat ing com- 
ponents. Since L is assumed constant at Li over  the 
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react ion zone, for a given total  current  the te rm in-  
volving L is essential ly a l inear ly  addi t ive  constant 
( the same being true for )0. Thus the contr ibution of 
L and ~ to d-c  polarizat ion and a-c impedance,  r e -  
spectively, results in an addit ional  addit ive t e rm de- 
pendent  only on the total  current  and Fick's  law over  
region II. Fur thermore ,  since the calculat ion of this 
te rm is analogous to that  for gas phase polarization 
(region I) ,  the resul t ing gas and l iquid phase terms 
are analogous, so that  nothing new is learned by in- 
cluding the L term. Henceforth,  it wi l l  be omitted, 
wi th  the knowledge  that  it could later  be included by 
simple l inear  addit ion for a given total  current.  This 
is equiva len t  to saying that  setting l' ~ 0 results in no 
loss of general i ty  for the present  model. 

Steady D-C Analysis 

The solution for the steady d-c component  of con- 
centrat ion has been given e lsewhere  (21). The results, 
for a first order  (g' = 1) react ion and considering the 
effect of the iner t  gas phase component  are 

C = C~ exp (--z  ~ K )  
where  

c t P o  
Ci ~ -  [ 1 -  ( 1 - - G o / P o )  exp (It~A2)] 

H 

K = [Itg/(nFDaLCi) ]2 

A2 ~ (nF Po D a d g  RT d6) 
and 

E - -  
2 RT 

In (It/A~Ci) 
an'F 

A3 = [anFDGLIoH/ (gGoct) ] 1/2 

[11] 

[12] 

[13] 

[14] 

[15] 

[16] 
where  

In Eq. [11]-[16], Go refers  to the par t ia l  pressure of 
the gaseous reactant  in the bulk gas phase, Po is the 
total  pressure, and DGG and D~L re fer  to the pseudo-  
diffusivities of the gas reactant  component  wi th in  the 
gas filled and liquid filled pores, respectively.  These 
equations are exact only if the l iquid filled region is 
effectively semi-infinite re la t ive  to the react ion zone. 
As seen f rom [11], the effective penetra t ion depth of 
the react ion zone is of the order of 1~k/K, which is 
quite  small  for normal  values of current  density (i.e., 
significant polarization values) .  Hence the assumption 
of a semi-infinite l iquid filled layer for the purpose of 
applicabil i ty of these equat ions should be quite ade- 
quate under  polarized conditions. 

Impedance Calculations 

The electrode impedance is defined as the ratio of 
the a l ternat ing components of polarization (n) and 
current  density (it), for a sinusoidally vary ing  input. 
This involves the s imultaneous solution of Eq. [4] 
and [8] for the appropriate  a l ternat ing components,  
together  wi th  the condition 

n F D G L ( d ~ )  
it - -  [17] 

g ~ z=0 

The steady d-c component  also enters through I in Eq. 
[4]. 

Taking the LaPlace  t ransform of [8] and combining 
with  [4] ( f o r l ' ~  0, g ' ~  1) gives 

d2~'(s) - - ~ ( s )  K 1 + = An(s) 
d z  2 

exp ( - - zk /K)  

[18] 

[19] 

t,h (s) 
--}-. exp ( - -z~/K)  [20] 

K(1 --~) 
where 

~ 1 -~ s/KD~L [21] 

and ~ ( s )  is given by the solution [5] for region I, 
re la t ing ~ ( s )  and fi(s) by Henry ' s  law [7]: 

A4 
~i(s) = i~(s) 

dGN/S/DGG 

[ 1 - - e x p  (dGN/s/DGG) ] =i~A4r(s)  [22] 

1 ~- exp (dG~/s/D6a) 
where  

gc RT  dG 
A4 --  [23] 

nF H DGG 

Subst i tut ing the der ivat ive  of (the t ransform of) [2] 
into [17], employing [22] for ~ ( s ) ,  and solving for 
~ ( s ) / ~ ( s )  gives 

Z ( s )  = ~ ( s )  / i t ( s )  = 

~ K [  (g/nrDaL) -- A4F(s)~fK~] [1 + r  [24] 

Now if the substi tut ion s ~ j~o is made  in [24], the 
resul t  is the complex impedance,  Z(j~o). Separat ing 
this into real  and negat ive imaginary  parts gives the 
resistance (R) and capacit ive reactance (Xc) of the 
electrode, as a funct ion of frequency,  (o. F rom [22] 
and [21], the f requency dependence of Z is seen to be 
a function of the fol lowing two dimensionlesa groups 

= dG~/co/2DG~ [25] 
and 

r - -  - -  [26] 
�9 DGK KDG 

The group ~ is essentially the square root of the ratio 
of the characterist ic diffusion t ime through the gas 
pore layer  to the angular  period of the a l ternat ing 
voltage. The group ~ represents  essentially the ratio 
of the characterist ic react ion (relaxat ion) t ime to the 
angular  a l ternat ing period. 

Evaluat ion  of Z(jr as a function of ~ was done 
with the aid of a computer  for the representa t ive  sys- 
tem parameters  shown in Table I. The results are ex-  
pressed as impedance attenuation,  (DB)z, and phase 
angle, 6 defined as follows 

(DB) z ~ 20 log (Z/Zo) [27] 

0 ~ tan - I  (Xc/R)  [28] 

Figures 2 and 3 show (DB)z and 0 as functions of 
for various values of r the rat io of current  density to 
the gas phase diffusion l imited current  density 

r ~ IdIlim; Iiim = Ae [29] 

It  is pointed out that  negat ive  values of 6 correspond 
to induct ive reactances. 

F igure  4 shows the Argand diagram (Xc vs. R) for 
the impedance components. The famil iar  semicircular  
form is seen, which blends into a 45 ~ line as ~ in-  
creases. At  sufficiently large values of ~ the reactance 
becomes inductive, and the curves approach a line 
with a negat ive slope of 45*. 

where  
A ~ ,n 'FCiK/RT 

The solution to [18] is 

~(s) 

Table I. Parameter values used in calculations 

G a s  p h a s e :  x a  = 0 .21  m o l e  f r a c t i o n ,  Po = 1 a r m  
H e n r y ' s  l a w  c o n s t a n t :  H = 3 . 9 5  • 104 a r m / m o l e  f r a c t i o n  
P o r o u s  m e d i u m :  �9 = 0 .5 ,  ~" = 15 ,  dG = dL = 0.1 c m  
D i f f u s i v i t i e s :  D a c  = 0 .2  c m ~ / s e e ,  D L L  = 2 • 10 - s  c m e / s e c  

DGL = 1 • 10  -5 cm2/sec 
K i n e t i c  p a r a m e t e r s :  Io  = 10-5  a m p / c m ~ ,  n = n" = 4 ,  ~ = V2 

(aIo) = 5 • 10  -5  a m p / c m  3, T = 2 5 ~  
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Fig. 2. Impedance attenuation as a function of frequency and 
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Fig. 3. Capacitive phase angle as a function of frequency and 
current density. 

Limiting (Uncoupled) Behavior 
As previously noted, the above analysis is valid 

for reaction penetra t ion depths (1/~/K) less than dL. 
However, [as shown in  (19)], when  the reaction rate 
(It) is sufficiently large so that  1A/K is of the order 
of the pore diameter, this approach is not valid, since 
it will  not then be possible to introduce a "pseudo" 
diffusion coefficient as per Eq. [6]. Fur ther ,  it will  
not be possible to define an effective rate constant 
per un i t  volume, represented by (Ioa). However, in 
this case the penetra t ion depth would be so small  that 
the reaction takes place essentially at the plane of the 
interface located at  the junc t ion  of the two layers, and 
there wil l  be no region of s imultaneous react ion and 
diffusion represented by region III. Thus this condition 
is equivalent  to a p lanar  nonporous electrode, with 
finite but  independent  diffusion paths for each reactant.  

In  this event, the d-c and a-c characteristics will be 
determined by the sum of three separate terms, as 
given by Eq. [4] and [10]. Here, the values of G, L, 
7 and % are those a t  the interface which resul t  from 
the solution of the diffusional flux equations, while 
I and i represent  total values since the current  is not 
distr ibuted as before. This condition is t reated in (21) 
as the "uncoupled" model. 

Again assuming l' = 0, the resul t ing complex im- 
pedance becomes, 

RT ( 1 gg'dcF(j~) > 
Z(9~) - -  [30] 

an'F It n F DGC Gi 

The impedance is thus composed of a purely  re-  
sistive term, which is inversely proport ional  to total 
d-c current  ("activation impedance") ,  and a complex 
term due to diffusion ("concentrat ion impedance") .  
The contr ibut ion to (DB)z and 0 from the concentra-  

0.~ 

0. I 

E 
c 

x ~ 

-OJ 

0.I 

T I r T 

= , 

0.2 Q5 Q4 0.5 0.6 0.7 
R (ohm cm z) 

Fig. 4. Argand diagram 

t ion impedance term only is shown as the dashed curve 
on Fig. 2 and 3. As expected, the results for the total 
Z(j~o) (i.e., the sum of both activation and concen- 
t ra t ion terms) for the uncoupled case approach the 
previous results for the coupled case very closely for 
larger values of r At smaller  values, the (DB)z and 0 
curves approach zero, the induct ive characteristic be- 
ing absent. Likewise the Argand diagram for the con- 
centrat ion impedance is a semicircle b lending  into a 
45 ~ l ine through the origin. The addition of the re-  
sistive activation term mere ly  serves to shift the entire 
curve along the real  axis. No negative ( inductive) re-  
actance is predicted for this l imit ing (uncoupled) con- 
dition. 

Restrictions 
The analysis of electrode impedance presented here 

does not include the non-Faradaic  effects of ohmic 
resistance and double layer capacitance, both of 
which contr ibute to the total impedance. The former 
is quite often negligible in  comparison with mass 
t ransport  effects, as pointed out by Aust in  and Lerner  
(22), and in  any event can be independent ly  meas-  
ured and separated from polarization data [e.g., Brodd 
(23)]. The double layer  capacitance, on the other 

hand, can be quite significant, especially in porous 
systems. Although in principle it too may be deter-  
mined  independent ly  in  the absence of reaction, this 
is not easily done in practice. However these factors 
should not affect the qual i tat ive picture of electrode 
impedance presented here, inasmuch as the inductive 
effects appear only at relat ively high frequencies, and 
capacitive reactance effects from the double layer 
should be small  at these frequencies. 

Manuscript  received Apri l  2, 1965; revised m a n u -  
script received J a nua r y  7, 1966. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in the December 1966 
JOURNAL. 
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SYMBOLS 
a specific catalyt ical ly act ive area, cm2/cm s 
A2 term defined by Eq. [14] 
As te rm defined by Eq. [16] 
A4 term defined by Eq. [23] 
ct total  concentrat ion of l iquid phase, mo le / cm  3 
C concentrat ion of dissolved gaseous reactant,  

m o l e / c m  3 
ds width of gas-filled pore layer, cm 
d L  width  of l iquid filled pore layer, cm 
~AB binary molecular  diffusion coefficient of phase A 

reactant  in phase B, cm2/sec 
DAB "pseudo" diffusion coefficient for porous medium, 

cm2/sec 
E d-c polarizat ion (deviat ion f rom open-ci rcui t  po- 

tent ia l ) ,  v 
g stoichiometric coefficient for gas phase reactant  
g" react ion order wi th  respect  to gas phase reactant  
G gas phase reactant,  concentration, mo le / cm  s 
H Henry ' s  law constant, a t m / m o l e  fract ion 
i a l ternat ing component  of cur ren t  density, a m p /  

cm 2 
I d-c current  density, a m p / c m  2 
Io exchange current  density, a m p / c m  2 

j ~/--1 
K te rm defined by Eq. [13] 
1 stoichiometric coefficient of l iquid phase reactant  
l' react ion order wi th  respect  to l iquid phase re-  

actant  
L l iquid phase reactant,  concentration, m o l e / c m  3 
n number  of electrons involved  in over -a l l  elec- 

t rode reaction 
n' equivalent  electron change in rate  equat ion 
Po gas pressure, arm 
R resistance, ohm-cm 2 
s t ransform variable,  sec -1 
Xc capacit ive reactance, ohm-cm 2 
Xo mole fract ion of reactant  in gas phase 
Z impedance, ohm-cm 2 
z distance from gas- l iquid interface, cm 

Greek 
t ransfer  coefficient 
te rm defined by Eq. [21] 
a l ternat ing component  of dissolved gas phase 
reactant  concentration, m o l e / c m  3 

.~" al ternat ing component  of gas phase reactant  con- 
centration, mole/cm8 
al ternat ing component  of polarization, v 
capacit ive (lagging) phase angle, degrees 

~, a l ternat ing component  of l iquid phase reactant  
concentration, m o le / cm  3 
dimensionless t e rm defined by Eq. [25] 
tortuosi ty 

r ratio of d-c current  density to gas diffusion 
l imited current  density 

r dimensionless t e rm defined by Eq. [26] 
r angular  frequency,  sec -1 
r te rm defined by Eq. [22] 
A te rm defined by Eq. [19] 

porosity 

Subscripts 
i gas- l iquid interface 
o bulk phase, ex terna l  to electrode 
t total  value 

Technical Notes 

Potassium Distribution in Nickel-Oxide Electrodes 

Frederick P. Kober and Paul Lublin 
General  Telephone & Electronics Laboratories, Inc., Bayside, New Y o r k  

Various authors have considered the role and dis- 
t r ibut ion of potassium ion in the electrochemical  oxida-  
tion of n ickel -oxide  electrodes in alkal ine solution. 
Bourgaul t  and Conway (1) were  able to re la te  ex t rap-  
olated values of the " revers ib le"  electrode potent ia l  to 
the act ivi ty  of H20 and K O H  in the e lec t rochem-  
ical oxidation reactions using the data of Aker lof  and 
Bender  (2). Their  results indicate the association of 
hydra ted  KOH wi th  the charged state. A formal  reac-  
tion is given and shows the discharged state to be free 
of any adsorbed KOH. These results are in qual i ta t ive  
agreement  wi th  the previous work  of Kornfei l  (3). 
Nei ther  of these authors has considered the inclusion of 
potassium into the crystal  s t ructure  of the act ive ma te -  
rials. 

Experimental 
The potassium content of s intered nickel  electrodes 

impregnated  wi th  nickel  hydroxide  was invest igated 
by means of electron probe analysisd A Norelco A M R /  

1 E l e c t r o n  p robe  ana ly s i s  of  s i n t e r e d  c a d m i u m  e lec t rodes  was  re-  
c e n t l y  r e p o r t e d  b y  E. L i f s h i n  a n d  J .  L. W e i n i n g e r ,  128th Mee t ing ,  
E l e c t r o c h e m i c a l  Soc ie ty ,  Buf fa lo  (1965). 

3 electron probe analyzer  equipped with  two channels 
and a beam scanner, operat ing at 30 kv, was. employed. 
The electrodes to be invest igated were  cycled in 31% 
KOH at the 3-hr ra te  and then  thoroughly washed wi th  
deionized water  in a continuous extractor  for at least 
48 hr. This elaborate washing procedure  was employed 
to insure the complete  remova l  of any adsorbed elec- 
trolyte. The electrodes were  then potted in epoxy re-  
sins and polished in alcohol in order to reduce the ten-  
dency for the re-d is t r ibut ion  of the potassium ions. 

Beam scanning techniques  were  used to survey the 
samples. Since the specimen current  is a funct ion of 
atomic number  as well  as mass density, the specimen 
current  scans are indicat ive of both average atomic 
number  and porosity. Consequently,  any in terpre ta t ion 
of the results must  be tempered  by a consideration for 
the porous s t ructure  of the samples. Potassium x - r ay  
scans were  used to reveal  the re la t ive  distr ibution of 
potassium in a given area under  examination.  As addi- 
t ional  information,  concentrat ion profiles were  ob- 
tained by positioning the goniometers  on selected po- 
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Fig. 1. Potassium x-ray scan. Magnification approximately 400X. 
(a) Initial charge. 

Fig. 1 (b). Initial discharge 

Fig. 1 (c). Charged, 50 cycles 

Fig. 1 (d). Discharged, 50 cycles 

Fig. 1 (e). Recharged to 40% capacity 

tassium and nickel lines and mechanical ly t ransla t ing 
the specimen under  the electron beam. 

Results and Discussion 
The specimen current  scan of a charged and dis- 

charged electrode revealed the highly porous na ture  
of the electrode surface. Because of the porosity of the 
surface, quant i ta t ive  analysis of the potassium content 
is not possible. However, quali tat ive generalizations 
can be made concerning the concentrat ion and distri-  
but ion  of potassium in the electrode. 

Figure 1 shows the potassium x-ray scans of sintered 
nickel-oxide electrodes. In general, the charged state 
appears to have a higher potassium content than the 
discharged state. The highest potassium concentrat ion 
is observed dur ing the ini t ial  charging of an electrode 
(Fig. la ) .  Upon subsequent  cycling the concentrat ion 

NiKa I (5) -ZOO,OOO counts/ 
\ minute, full scale 

I _1 i ~ -, 125 microns 

NiKa= (3) 2 0 0 , 0 0 0  counts/ 
minute, full scale 

counts/minute, I I | |  l KVK='(3! " 4 ~ v v  V ~ ~ 1 / ~  v~ ~ ~ u l l  ~ole 
I_ • 125 microns F 

Fig. 2. Nickel and potassium concentration profiles. (a, top) 
Charged, 50 cycles, (b, bottom) discharged, 50 cycles. 
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slowly decreases to a stable l imit ing value  (Fig. lc  
and e). This increase in potassium concentrat ion dur-  
ing charging is in qual i ta t ive  agreement  wi th  the re-  
sults of Bourgaul t  and Conway (1) and Kornfe i l  (3). 
However ,  it is also observed that  potassium is asso- 
ciated with  the Ni (OH)2 s t ructure  of the discharged 
state. It appears that  a l though potassium is exchanged 
be tween  the solid-phase and the e lect rolyte  during the 
course of e lectrochemical  reaction, a residual  amount  
always remains  incorporated within  the crystal  s truc- 
ture. 

Perhaps more interest ing than the changes in potas-  
sium concentrat ion which occur during electrode reac-  
tion is the distr ibution of potassium wi th in  the solid 
phase. The x - r ay  scans (Fig. 1) reveal  agglomerates  
of potassium, i.e., localized areas of high potassium 
concentration. This result  is fur ther  evidenced by the 
concentrat ion profiles shown in Fig. 2. The exact  mean-  
ing of this result  is, at  present, not wel l  understood 
with  respect  to the role of potassium ion in the over -  
all react ion mechanism. 

Electron probe analysis is easily extended to a 
study of the effect on electrode reactions of cations 
other  than potassium. There is, however ,  one notable 
exception. The analysis of l i th ium ion is, at present, 
beyond the capabilit ies of the electron probe. 
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Red Emitting AI20  Based Phosphors 
Virgi l  D. Mochel  1 

Technical Staffs Division, Coming Glas~ Works, Corning, New York 

Two new A1203-containing phosphors which emit  in 
the red and near - in f ra red  have  been prepared.  

The first type is prepared  by thoroughly mix ing  
A120~, Li2CO3, and Fe203 and firing in air at a t emper -  
a ture  be tween  1100 ~ and 1550~ A br ight  red or fuch-  
sia photoluminescence (PL) results when  they are 
i r radiated with  254 rn~ radiation. Only a weak  red emis-  
sion is observed if they are  excited at 366 rn~. 

Reagent  grade mater ia ls  are satisfactory for the 
preparation.  PL is observed for concentrat ions of 
Li20 vary ing  be tween  0.05 and 20.8% in weight  per  
cent. A concentrat ion of 5.0% Li20 is optimum. Li20 
was usually added as Li2CO3, but other compounds of 
Li could be used as well.  Fe203 concentrat ions var ied  
be tween  0.013 and 1.3% by weight  wi th  0.13% being 
optimum. 

The best firing t empera tu re  was found to be about 
1450~ al though bright  PL  is observed f rom any of 
these phosphors fired in the range 1100~176 F i r -  
ing t ime is not critical above 1200~ but at l l00~ a 
marked  improvement  in PL is noticed in firing at 1 
hr  as compared to 30 min. The phosphors were  fired in 
oxidizing reducing, and neut ra l  a tmospheres  wi th  no 
differences noted in the PL. 

1 P r e s e n t  addres s :  C e n t r a l  Resea rch  Labora to r i e s ,  The  F i r e s t o n e  
T i re  and  R u b b e r  C o m p a n y ,  A k r o n ,  Ohio.  
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Fig. 1. Emission and excitation 
phosphor. Curves ore normalized. 

.70  . 80  

spectra for Li20'SAI203:Fe 

According to x - r a y  diffraction analysis, Li20 serves 
to form the crystal l ine phase, l i th ium spinel (Li20. 
5A120~) otherwise known as l i thium zeta alumina 
(1,2). The Fe20~ is an activator,  apparently.  There  is 
enough Fe impuri ty  in reagent  grade A1203 to act ivate  
the phosphor, but  the PL is enhanced by fur ther  Fe203 
additions. 

F igure  1 shows the exci tat ion and the emission spec- 
t ra  of these phosphors. The spectra were  obtained with  
an Aminco-Bowman  Spectrophotofluorometer.  The 
solid curves are the emission spectra in the visible and 
the nea r - in f ra red  regions when excited with  254 m~ 
radiation. The emission peak in the visible region cen- 
tered at 390 m~ was obtained with  a 1P28 photomul-  
t ipl ier  tube, and the peak centered at 682 m~ was ob- 
tained with  a 7102 photomul t ip l ier  tube. Because of 
the lack of calibration, the re la t ive  intensit ies of the 
two peaks could not be determined.  All  curves are 
normalized. The dotted curve is the exci tat ion spec- 
t rum for the 682 n ~  peak. 

Figure  2 shows a direct  comparison of the red emis-  
sion wi th  that  of Sylvania  No. 235 phosphor, which is 

1.0 f 

.50 
WAVELENGTH I F )  

Fig. 2. Comparison of the red emissions of Sylvania 235 phosphor 
and li20"SAI203:Fe phosphor. Both phosphors were excited with 
254 m!~ radiation: 1, Sylvania No. 235 phosphor; 2, Li20"SAI203:Fe 
phosphor. 

-I 
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Vol. 113, No. 4 RED EMITTING A1203 BASED PHOSPHORS 399 

- - - - - -  E X C I T A T I O N  - -  EMISSION 

! 
I 

I I I  

i) ' tJ ~ 
t 

t 

I ] I I \ N ~ I  
. IO .20  .30  .40 .50  .60  

W A V E L E N G T H  ( , u )  

\ 
[ 

.70 .80  

Fig. 3. Emission and excitation spectra for CaO'2AI203:MnCI2 
phosphor. Curves are normalized. 

a Mn-ac t iva ted  magnesium arsenate  phosphor. The 
curves were  run  under  identical  conditions and have 
been corrected for the sensi t ivi ty of the photomul t i -  
pl ier  tube. The ratio of the in tegrated intensities, under  
the two curves is 1.8/1. 

The t empera tu re  dependence of the A120~ phosphor 
is excellent.  The re la t ive  brightness remains essentially 
constant at least up to a t empera tu re  of 320~ No color 
shift is observed over  this range. The color coordinates 2 
( t r ichromatic  coefficients) are x ~ 0.729 and y ~ 0.272. 

Another  series of red PL phosphors was prepared  by 
s lurrying a mix tu re  of A12Os, CaO, and MnC12 in water  
and firing at 1450~ The concentrat ion of CaO can be 
var ied be tween 4.0 and 17.0% by weight  and the con- 
centrat ion of MnC12 between 0.0048 and 1.0% by 
weight. The opt imum composition appears to be: AI20~ 
--83.0%, CaO--17.0%, MNC12--0.048%. 

X - r a y  diffraction analysis shows CaO-2A1203 as the 
major  phase and alpha-A1203 as a minor  phase. The 
CaO-2A1203 phase wi th  MnC12 as the act ivator  gives 
rise to the PL. It is known that  A1203 emits a red or a 
green luminescence when  act ivated wi th  Mn (3). How-  
ever, A1203 compositions which contained only MnC12 
or only CaO exhibi ted a very weak red PL. This was 
also t rue of those containing MnCle and just  small  con- 
centrat ions of CaO. As the concentrat ion of CaO in- 
creased, the brightness of the phosphor also increased 
unti l  the opt imum was reached. 

The spectra are shown in Fig. 3. Again the solid 
curve  shows the emission spect rum and the dotted 
curve shows the exci tat ion spectrum. There  is a strong 
red emission centered at 665 m~ and a weaker,  broad 

The  color  coo rd ina t e s  a n d  the  t e m p e r a t u r e  d e p e n d e n c e  w e r e  
k i n d l y  m e a s u r e d  b y  W. A. M c A l l i s t e r  of  W e s t i n g h o u s e  E lec t r i c  
Corpo ra t ion ,  L a m p  Div i s ion .  
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Fig. 4. Comparison of the red emissions of Sylvania 235 phosphor 
and CaO'2AI203:MnCI2 phosphor. Both phosphors were excited 
with 366 m~ radiation: 1, Sylvania No. 235 phosphor; 2, CaO" 
2AI20~ :MnCI2 phosphor. 

peak at about 500 m~. The phosphor is exci ted by both 
254 m~ and 366 m~, radiation, but the red emission is 
most s trongly exci ted by 366 m~. 

F igure  4 gives a direct comparison of the red emis-  
sion of this type of phosphor with that  of the Sylvania  
No. 235 phosphor. Both were  excited wi th  366 m~ ra-  
diation. The integrated intensi ty of the Sylvania  phos- 
phor is about 2.9 times greater  than that  of the A1203 
phosphor. 

Since the blue emission of the first type of phosphor 
is centered at about 390 rr~, it can be used to act ivate 
any other phosphor which is sensitive to this wave-  
length. This was done with  a mix ture  of the two phos- 
phors described above. Peaks f rom both phosphors ap- 
peared in the spectrum when  excited with  254 m~ ra -  
diation. 

Manuscript  received Aug. 19, 1964; rev ised  m a n u -  
script received Sept. 24, 1965. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Silicon Dioxide Films Doped with Phosphorus 
Y. Miura,  S. Tanaka,  Y. Matukura ,  and H. Osafune 

Semiconductor Division, Nippon Electric Co., Ltd., Kawasaki, Japan 

There  recent ly  has been great  interest  in the proper -  
ties of the silicon dioxide film wi th  the development  of 
the oxide coated semiconductor devices such as the 
planar  transistor, MOS transistor, and in tegrated cir- 
cuit. It has been repor ted  (1) that  the semipermanent  
changes in the surface potential  occur in the oxide 
coated silicon when  an external  field is applied at 
e levated temperature .  This instabil i ty can be accounted 
for by the migra t ion  of sodium ions (2) and /o r  oxygen 
vacancy ions (3) in the silicon dioxide film. It  would 
be very  difficult to produce sodium-free  or vacancy-  
free silicon dioxide film in the device production. One 

method to obtain a stable dioxide film is the doping of 
phosphorus into the silicon dioxide film, because the 
phosphosilicate layer  is supposed to be an effective 
mask against  the sodium and oxygen vacancy ions (4). 
The exper imenta l  techniques of the phosphorus doping 
into the silicon dioxide film during the vapor  deposi- 
t ion of the silicon dioxide (5) and dur ing the thermal  
oxidat ion are discussed in this paper. 

F igure  1 (a) shows the schematic d iagram of exper i -  
menta l  apparatus to obtain the silicon dioxide film 
doped with  phosphorus by vapor  growth technique. 
Through the SIC14 saturator and POC13 or PC13 satu- 



400 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

2 Si rod S a m p l e  Mole  r a t i o  (P /S i )  P (wt  %) in  SiO2 

3 Carbon 
152 0 . 2 3  

4 r.f. coil 112 0.49 
117 O.75 

Ar AF I L r ~ l  02 113 1.1 
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Fig. 1. Apparatus for growth of the silicen dioxide films doped 
with phosphor-s. 

rator, argon gas is introduced into the react ion cham-  
ber, where  the gas is mixed  with  the oxygen gas satu- 
ra ted  with  HeO. 

The silicon dioxide doped with phosphorus is grown 
onto the silicon wafer  mounted  on the silicon pedestal  
heated by RF power. 

On the incorporat ion of phosphorus into the silicon 
dioxide, the fol lowing reactions may be wr i t ten  

2POC13 4- 3H20 -> P205 4- 6HC1 

SIC14 4- 2H20-~ SiO2 4- 4HC1 

The upper react ion proceeds only in oxygen atmos-  
phere, and the product  P205 incorporates into the sili-  
con dioxide film. The silicon dioxide f ree  of phosphorus 
is deposited ini t ia l ly  onto the silicon wafer  and sub- 
sequent ly  phosphorus-doped silicon dioxide. 

This procedure prevents  the diffusion of phosphorus 
into the silicon. Deposition of the silicon dioxide is 
carr ied out at the t empera tu re  above 900~ and the 
growth rate  of the silicon dioxide film is independent  
of doping with  phosphorus. 

F igure  1 (b) shows another  technique to obtain the 
phosphorus doped silicon dioxide film. Phosphorus  is 
incorporated into the silicon dioxide film dur ing the 
thermal  oxidation process. At first, the wet  oxygen is 
introduced, and then POCI~ is introduced. The oxida-  
tion rate  in this process is not affected by the addition 
of POCh but is similar to that  in the ordinary  thermal  
oxidation. 

The presence of phosphorus in the silicon dioxide 
film is verified by the absorption band at 7.5~ clue to 
phosphorus, a l though it has not been repor ted  yet  that  
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Fig. 2. Effect of phosphorus doped into silicon dioxide layers 
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Table I. Phosphorus content in the silicon dioxide films 
Deposition temperature 900~ 

5,6 
10.0 
15.4 
19.6 

this absorption band corresponds to phosphorus. Curve 
A in Fig. 2 shows the absorption curve of the nondoped 
silicon dioxide film and it does not show the peak at 
7.5#, while  curve B for the film doped with phosphorus 
has the peak at 7.5#. Phosphorus content  is de te rmined  
by the chemical  analysis. The phosphorus content  in-  
creases l inear ly  wi th  the mole  ratio of phosphorus to 
silicon in gas phase, as shown in Table  I. 

The etch rate  of the silicon dioxide film increases 
with the increasing phosphorus content. Successive 
etching of the silicon dioxide film doped with  phospho- 
rus shows that  phosphorus un i formly  distributes along 
the growth  direct ion of  the silicon dioxide. The  re f rac -  
t ive index slightly increases wi th  the increasing phos- 
phorus content. The dielectr ic  constant is near ly  con- 
stant, independent  of phosphorus content. 

MOS diodes are fabricated for s tudying the stability 
of the surface potent ia l  in the oxide coated silicon un-  
der the b ias - tempera tu re  stress. Silicon substrates are 
prepared by using an FZ crystal  of n - type  15 ohm-cm. 
No par t icular  caution is taken about the a luminum 
evaporation.  On the exper iments  of the MOS stability, 
the shift of  the f la t -band-vol tage,  Z~VFB, in capaci- 
tance-vol tage  characterist ics of the MOS diode is 
measured before and af ter  the b ias - tempera tu re  t rea t -  
ment. Posit ive sign of A V F B  means the accumulat ion 
of electrons to the silicon surface at the sil icon-silicon 
dioxide interface. The measurements  are per formed at 
1 mc/sec.  

F igure  3 shows the re la t ion be tween  A'V'FB and the 
field strength in the silicon dioxide film dur ing the 
b ias - tempera ture  t rea tment  for 30 min  at 300~ Curve 
(A) in Fig. 3 corresponds to the diode prepared by 
using the wafer  wi th  the silicon dioxide film doped 
with  11.4% (BW) phosphorus by the vapor  grown 
technique, and curve (B) corresponds to the diode 
with 15% (BW) phosphorus doped by the the rmal  ox-  
idation technique. Posi t ive sign of the field s t rength 
shows a bias direction as meta l  is posit ive to silicon. 
For nondoped MOS diode, curve  (C), the value  of 
/k~"fB is r emarkab ly  large even at a positive low field 
strength, but  for the diodes wi th  phosphorus doped 
silicon dioxide the value  of  AVFB is small. I t  is not ice-  
able that  AVFB at the high negat ive  value  of the field 
s t rength is negative.  

Stable MOS diodes are obtained by doping the silicon 
dioxide film with  phosphorus, as shown in Fig. 3. I t  

- -  Curve (A) - 5 0  

. . . .  Curve (B) - 4 0  

. . . .  Curve (C) -30  
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Fig. 3. Relation between the shift of flat-band-voltage ~VFB 
and field strength in the silicon dioxide film. 
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cannot be defined whe ther  or not phosphorus combines 
with sodium ion or oxygen vacancy ion in the silicon 
dioxide film. But, it can be concluded that  phosphorus 
doped into the silicon dioxide impedes the movemen t  
of such ions and gives stable MOS diodes. 

Thermal  diffusion of phosphorus into the silicon di- 
oxide film has been put into pract ice to obtain a stable 
oxide film (4). But, it has a r emarkab le  gradient  of the 
phosphorus content  in the silicon dioxide film. As men-  
t ioned above, the etching rate  increases wi th  the in-  
creasing phosphorus content. In the fabricat ion of the 
device, selective etching of the oxide film is an im-  
portant  process, then the uni form distr ibution of phos- 
phorus in the silicon dioxide film is desirable. The 
oxide film obtained by the technique,  presented in this 
paper, has a fixed etching rate  independent  of the posi- 
tion in the oxide film. Thus, these doping techniques 

are suitable for the fabricat ion of the planar  transistor, 
MOS transistor, and the integrated circuits. 

Manuscript  received Dec. 15, 1965. 

Any  discussion of this paper  wi l l  appear in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  
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Preparation of Rare Earth Nitrides by Reactive Arc Melting 
R. J. Gambino and J. J. Cuomo 

Watson Research Center, International Business Machines Corporation, Yorktown Heights, New Yoq'k 

The rare  ear th  nitr ides are a group of ref rac tory  
compounds with  the rock salt structure.  They are hard, 
br i t t le  compounds, stable, but  ex t remely  sensitive to 
hydrolysis.  Current  interest  in the magnet ic  and elec- 
tr ical  propert ies of these compounds has prompted  an 
invest igat ion of improved  methods for their  p repara -  
tion. 

The nitr ides have  been prepared  in the past by the 
react ion of rare  earth meta l  filings (1) or hydr ide  
powders (2) wi th  ni t rogen or with ammonia  gas. 
These methods have not in general  yielded stoichi- 
ometric products even after long and repeated reac-  
tion (1, 2). Elabora te  precautions must  be taken to 
p reven t  the oxidation of powdered  rare  ear th  metals  
and hydrides and the hydrolysis  of the ni tr ide product. 
The product  is obtained in the fo rm of a finely divided, 
highly react ive  powder  which is unsuitable for many 
types of physical  propert ies  measurements .  

The object ive  of this study was to devise a method 
for the preparat ion of high purity,  oxygen free, rare  
ear th  nitr ides in an unreact ive,  consolidated form. In 
some init ial  exper iments  it was found that the nitrides 
could be formed by react ing molten rare  earth metal,  
contained in a tan ta lum crucible, wi th  flowing, high 
pur i ty  ni t rogen (3). The reaction did not go to com-  
pletion, however ,  because the product  formed as an 
impervious crust on the surface of the melt  inhibi t ing 
fur ther  reaction. The product  was ve ry  fine grained 
and sensit ive to hydrolysis.  

The method u l t imate ly  developed was react ive  arc 
melting. This method differs f rom iner t  gas arc mel t -  
ing in that  the gas phase in which the arc is sustained 
takes par t  in the reaction. The rare  earth meta l  is arc 
mel ted on a water  cooled copper hear th  in a high pur -  
i ty ni t rogen atmosphere.  The steep t empera tu re  gradi -  
ent in the melt, inherent  in this configuration, causes 
the ni t r ide to precipi ta te  at the cooler bot tom of the 
melt. In one operation, the ni t r ide  is formed and con- 
solidated into a dense, coarsely grained ingot. The 
method is rapid and simple and is we l l  suited for the 
prepara t ion  of solid solutions be tween nitr ides as wel l  
as doped samples. 

Experimental 
The apparatus consists of a commercia l  arc furnace 

with  a water  cooled copper hear th  and a wa te r  cooled 
tungsten electrode. The chamber  was provided  with  a 
vacuum port  connected to a mechanical  pump through 
a l iquid ni t rogen trap. The pressure was moni tored  

wi th  a thermocouple  gauge and a bellows gauge for 
pressures above atmospheric.  A pressure rel ief  valve,  
set for 3 psi above atmospheric,  was also provided.  The 
input  to the chamber  was connected to cylinders of 
argon (ul t ra  high pur i ty  99.999%) and ni t rogen (pre-  
purified 99.996%) through appropriate  valves  and flow 
meters.  A flow of ei ther  gas or a mix tu re  of both 
could be del ivered to the chamber.  

Metals in both ingot and sponge form were  used for 
this s tudy (analyses of gadol inium are shown in Table 
I) .  Most of the samples were  prepared  f rom ingot 
ra re  earth; in a few cases it was possible to obtain the 
higher  pur i ty  distil led sponge. The meta l  to be ni t r ided 
( typically 2 to 5g) was placed in the mel t ing  chamber  
which was then evacuated to about 10~ and backfilled 
with  argon, at least three times. The arc was struck 
and the sample mel ted in argon. With the sample still 
molten, the argon flow was stopped and a flow of ni-  
t rogen was initiated. The arc was mainta ined for 1 
min after  the ni t rogen was introduced. The react ion 

Table I. Spark source mass spectrographic analyses of 
gadolinium metal 

A t o m i c  p p m  

E l e m e n t  I n g o t  S p o n g e  (d is t i l led)  

O 40,000 1,000 
F 15,000 20 
A1 400 20 
Si  3,000 40 
S 16,000 15 
CI 100 90 
K 400 <.100 
Ca 400 <.100 
Ti  <.5 230 
Cr  100 20 
M n  50 4 
Fe  200 8 
Co <.5 <.5 
Ni  30 40 
C u  I00 30 
As <5 
Y i00  170 
Sn  < 5  < 5  
La  60 20 
Ce 60 1 
P r  75 1 
N d  1,500 290 
Tb  60 100 
D y  60 11,440 
HO 30 50 
Er  <'5 140 
T m  < 5  10 
Ta 200 <.10 
P t  100 <. 10 
A u  < 5  <.5 
P b  < 5  5 
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w a s  c a r r i e d  ou t  in  t h r e e  or  f o u r  such  m e l t i n g  s t eps  
b e c a u s e  m a i n t a i n i n g  t h e  a rc  fo r  m o r e  t h a n  1 r a i n  
c a u s e d  o v e r h e a t i n g  of  t h e  w a l l s  of  t h e  c h a m b e r .  D u e  
to t h e  d i f f icu l ty  of s t r i k i n g  t h e  a rc  in  n i t r o g e n ,  i t  w a s  
n e c e s s a r y  to e v a c u a t e  t h e  c h a m b e r  a n d  b a c k  fill w i t h  
a r g o n  b e f o r e  e a c h  m e l t i n g .  T h e  a rc  c u r r e n t  u s e d  v a r i e d  
f r o m  180 to 260 a m p  d e p e n d i n g  o n  t h e  m e l t i n g  p o i n t  
of t h e  m e t a l .  T h e  n i t r o g e n  f low w a s  10 l i t e r s / m i n .  
So l id  s o l u t i o n s  w e r e  p r e p a r e d  b y  a l l o y i n g  t h e  tw o  r a r e  
e a r t h s ,  t h e n  n i t r i d i n g  t h e  a l l oy  b y  t h e  s a m e  p r o c e d u r e  
as  w a s  u s e d  fo r  t h e  p u r e  me t a l s .  

M e t a l l o g r a p h i c  sec t ions  of p r o d u c t  i n g o t s  w e r e  m a d e  
b y  c o n v e n t i o n a l  t e c h n i q u e s  w i t h  s l i g h t  mod i f i ca t ion .  
T h e  s a m p l e  w a s  f r a c t u r e d  i n to  s e v e r a l  p ieces  i n  o r d e r  
to o b t a i n  a v e r t i c a l  sec t ion .  T h e  s p e c i m e n  w a s  m o u n t e d  
in  g lycol  p h t h a l a t e  o n  a m e t a l  p o l i s h i n g  p l u g  a n d  
h a n d  g r o u n d  o n  400, 600, a n d  0 /2  m e t a l l o g r a p h i c  
p a p e r s  w i t h  k e r o s e n e  as  a l u b r i c a n t  a n d  r inse .  T h e  
s a m p l e  was  t h e n  p o l i s h e d  w i t h  1~ d i a m o n d  p a s t e  on  
a v i b r a t o r y  po l i she r .  T h e  p o l i s h e d  s u r f a c e  h a d  a b l u e -  
b l a c k  l u s t r o u s  f in i sh  w h i c h  r e a c t e d  w i t h  a i r  w h e n  t h e  
k e r o s e n e  w a s  r e m o v e d  g i v i n g  i n t e r f e r e n c e  co lors  a n d  
e v e n t u a l l y  a w h i t e  or  d u l l  g r a y  su r face .  T h e  m i c r o -  
g r a p h s  h a d  to b e  t a k e n  w i t h i n  a b o u t  15 m i n  of f ina l  
p o l i s h i n g  to a v o i d  t h i s  a i r  co r ros ion .  T h e  i n i t i a l  s t a g e s  
of o x i d a t i o n  w e r e  s e l e c t i v e  w i t h  r e s p e c t  to g r a i n  
o r i e n t a t i o n  a n d  g r a i n  b o u n d a r i e s  a n d  t h u s  c o n s t i t u t e d  
a c o n v e n i e n t  a n d  e f fec t ive  e tch .  No o t h e r  e t c h i n g  p r o -  
c e d u r e  w a s  n e c e s s a r y .  A n a l y s i s  of t h e  m i c r o g r a p h s  w a s  
m a d e  b y  t h e  l i n e a l  m e t h o d  (4) .  

S p e c i m e n s  fo r  x - r a y  d i f f r ac t i on  a n a l y s i s  w e r e  p r e -  
p a r e d  b y  p u l v e r i z i n g  t h e  n i t r i d e  to  a f ine  p o w d e r  i n  
a d r y  n i t r o g e n  ( d e w  p o i n t  - - 1 0 0 ~  f i l led d r y  b o x  a n d  
s ea l i ng  t h e  p o w d e r  in  L i n d e m a n n  g lass  c a p i l l a r i e s  
(0.3 m m  d i a m e t e r ) .  P o w d e r  p a t t e r n s  w e r e  m a d e  w i t h  
F e - K a  r a d i a t i o n  in  a 90 m m  D e b y e - S c h e r r e r  c a m e r a .  

Results 
Most  of t h e  r a r e  e a r t h  n i t r i d e s  as w e l l  as y t t r i u m  

n i t r i d e  h a v e  b e e n  p r e p a r e d  b y  th i s  t e c h n i q u e .  T h e  r e -  
su l t s  of x - r a y  d i f f r ac t i on  a n d  m e t a l l o g r a p h i c  a n a l y s e s  
on  some  of t h e s e  s a m p l e s  ( p r e p a r e d  f r o m  i n g o t  R.E.)  
a r e  s h o w n  in  T a b l e  II. S a m p l e s  p r e p a r e d  f r o m  g a d o -  
l i n i u m  s p o n g e  a n d  g a d o l i n i u m  i n g o t  ( see  T a b l e  I)  d i d  
n o t  s h o w  s ign i f i can t  d i f f e r e n c e s  in  t h e  p r o p e r t i e s  t a b -  
u l a t ed .  F r o m  t h e  d a t a  in  T a b l e  II  one  n o t e s  t h e s e  
s a m p l e s  a r e  a l m o s t  f u l l y  dense .  

T h e  o x y g e n  c o n c e n t r a t i o n  i n  t h e  p r o d u c t  n i t r i d e  a n d  
in  t h e  a s - r e c e i v e d  r a r e  e a r t h  m e t a l  s p o n g e  w a s  d e t e r -  
m i n e d  b y  s p a r k  s o u r c e  m a s s  s p e c t r o g r a p h i c  ana lys i s .  
I n  t h e  t w o  s a m p l e s  e x a m i n e d ,  G d N  a n d  ErN,  t h e  o x y -  
g e n  l e v e l  w a s  f o u n d  to b e  t h e  s a m e  in  t h e  n i t r i d e  as 
in  t h e  m e t a l ,  b o t h  a b o u t  1000 a t o m i c  p p m .  Th i s  r e s u l t  
sugges t s  t h a t  no  o x y g e n  c o n t a m i n a t i o n  o c c u r s  d u r i n g  
t h e  n i t r i d e  p r e p a r a t i o n .  

T h e  p r o d u c t  i ngo t s  u s u a l l y  h a v e  a t h i n  l a y e r  of u n -  
r e a c t e d  m e t a l  on  t h e i r  t op  a n d  b o t t o m  s u r f a c e s  w h i c h  
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c a n  b e  g r o u n d  off to  i s o l a t e  t h e  n i t r i de .  O c c l u s i o n s  of 
r a r e  e a r t h  m e t a l  a r e  o b s e r v e d  as a m i n o r  s e c o n d  
p h a s e  [ u s u a l l y  < 1  v / o  ( v o l u m e  p e r  c e n t ) ]  w i t h i n  t h e  
n i t r i d e  g ra ins .  S i n c e  t h e  u n r e a c t e d  m e t a l  i n  t h e  n i t r i d e  
p o r t i o n  of t h e  i n g o t  is p r e s e n t  i n  s m a l l  c o n c e n t r a t i o n s  
a n d  occu r s  as i s o l a t e d  occ lus ions  r a t h e r  t h a n  a t  g r a i n  
b o u n d a r i e s ,  i t s  effect  o n  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  
n i t r i d e  is p r o b a b l y  smal l .  

T h e  u n r e a c t e d  m e t a l  i n  t h e  ingots ,  b o t h  a t  t h e  s u r -  
f ace  a n d  w i t h i n  t h e  g ra ins ,  c a n  b e  e l i m i n a t e d  b y  a n -  
n e a l i n g  t h e  i ngo t s  in  f lowing  N2 fo r  2 h r  a t  2200~ 
Th i s  t r e a t m e n t  a lso  r e s u l t s  in  c o n s i d e r a b l e  g r a i n  
g r o w t h  (see  T a b l e  I I ) .  T h e  s a m p l e s  h a d  to b e  e x p o s e d  
to air ,  h o w e v e r ,  w h i l e  b e i n g  t r a n s f e r r e d  f r o m  t h e  a r c  
m e l t e r  to t h e  a n n e a l i n g  f u r n a c e .  T h e  o x i d e  l aye r ,  
f o r m e d  on  t h e  i n g o t  s u r f a c e  d u r i n g  t h i s  a i r  e x p o s u r e ,  
d i f fu sed  i n t o  t h e  i n g o t  d u r i n g  t h e  a n n e a l  a n d  t h u s  w a s  
a s o u r c e  of  o x y g e n  c o n t a m i n a t i o n .  

So l id  so lu t i ons  of t h e  t y p e  G d N 1 - x O x  h a v e  b e e n  
p r e p a r e d  b y  r e a c t i n g  m i x t u r e s  of G d  m e t a l  a n d  Gd203 
w i t h  n i t r o g e n .  A t  2000~ o x y g e n  c a n  s u b s t i t u t e  fo r  
n i t r o g e n  u p  to a n  X v a l u e  of  0.12. T h e  l a t t i c e  c o n s t a n t  
of t h e  sol id  s o l u t i o n  d e c r e a s e s  w i t h  o x y g e n  c o n c e n t r a -  
t i o n  f r o m  4.99 to 4.96A a t  t h e  s o l u b i l i t y  l imi t .  T h e  
p a r a m a g n e t i c  C u r i e  t e m p e r a t u r e ,  %p, d e c r e a s e s  f r o m  
68~  fo r  G d N  to 31~  fo r  t h e  m o s t  o x y g e n  r i c h  so l id  
so lu t ion .  I t  is a p p a r e n t  f r o m  t h o s e  r e s u l t s  t h a t  o x y g e n  
c o n t a m i n a t i o n  c a n  h a v e  a d r a s t i c  effect  on  t h e  m a g -  
ne t i c  p r o p e r t i e s  of r a r e  e a r t h  n i t r i de s .  

T h e  l a t t i c e  c o n s t a n t s  of t h e  a rc  m e l t e d  n i t r i d e s  a r e  
in  good a g r e e m e n t  w i t h  t h e  v a l u e s  r e p o r t e d  in  t h e  l i t -  
e r a t u r e  (5 ) .  T h e  l a t t i c e  c o n s t a n t  of t h e  n i t r i d e  p h a s e  
in  s a m p l e s  w h i c h  w e r e  i n t e n t i o n a l l y  i n c o m p l e t e l y  r e -  
ac t ed  w as  t h e  s a m e  as  t h a t  of s i n g l e  p h a s e  ingots .  Th i s  

Fig. 1. Micrograph of GdN prepared by reactive arc melting (X 200) 

Table II. Results of metallographic and x-ray diffraction analysis 

A v e r -  M e t a l  H a r d -  
a g e  P o r o s i t y  v o l -  L a t t i c e  nes s  b 

S a m p l e  gral"h v o l u m e ,  u m e ,  c o n -  50 g 
C o m p o s i t i o n  n u m b e r  size, ~ % % s t an t ,  ao l o a d  

C e N  45R 150 < I  0 5.02 
N d N  32 100 < 1 10 635 
G d N  30 50 3 0 644 

54R 30 0 < 1  4.99 
Z X - 2  a 100 5 < 1  

D y N  55 30 0 1 4.89 858 
H o N  56 20 < 1  < 1  4.87 936 
E r N  33 20 < 1  2 4.84 1035 
YI~(0.1  m / o  G d N )  29 20 0 1 895 
Y N ( 0 . 5  m / o  E r N )  74 20 1 < 1  
Y N ( 0 . 1  m / o  G d N )  Z X - 7  a 500 5 0 
YN(I.0 m/o GdN) 87A a I00 8 0 
L a N ( 1 . 0  m / o  G d N )  94A a < l O 0 0  0 0 
Gdo. 75Euo~aN 37 20 0 5 1120 
Gdo.gYbo.iN 38 50 <i 3 4.982 1072 
Gdo .~Ybo .~N 39 10O O 2 4.977 1017 
Gdo.~CeonN 58R 50 0 2 

S a m p l e s  a n n e a l e d  2 h r  a t  2200~C i n  f l o w i n g  n i t r o g e n .  
b Vickers Diamond Penetration Microhardness. Fig. 2. Micrograph of CeN (X 200) 
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Fig. 3. Hypothetical rare earth-nitrogen phase diagram showing 
the concentration of nitrogen in the liquid (C1, C2, C3) at suc- 
cessive time intervals. 

suggests ve ry  l imited solid solubil i ty on the meta l  
rich side of the compound. No impur i ty  phase, other  
than the metal,  was observed by x - r a y  diffraction in 
any of the samples. 

Discussion 

In order to elucidate the mechanism of ni tr ide for-  
mation, ingots were  examined metal lographical ly ,  in 
ver t ical  section, af ter  various periods of reaction. A 
band of ni t r ide several  mi l l imeters  thick was observed 
near  the bottom of the ingot for 1 min of nitr idation.  
The thickness of the ni t r ide  band increased with  reac-  
tion t ime unti l  af ter  approximate ly  3 rain it encom- 
passed v i r tua l ly  the ent ire  vo lume of the sample. A 
thin ( >  1 mm thick) layer  of unreacted meta l  was 
found on the bottom surface of the ingot in all cases. 
This surface layer  is in contact wi th  the water  cooled 
copper hear th  and thus remains solid throughout  
melting. The last port ion of the mel t  to freeze always 
contains some unreacted metal  and often has the mi -  
crostructure  of a eutectic, suggesting that  the ni t r ide 
is crystal l izing from a ni t rogen deficient melt. These 
observations suggest the fol lowing mechanism for the  
reaction: 

1. Ni t rogen gas dissociates at the surface of the mel t  
and /o r  in the plasma of the arc and dissolves in the 
mol ten  meta l  at t empera tu re  Ts (see Fig. 3). 

2. The dissolved ni t rogen is rapidly  dis tr ibuted 
throughout  the mel t  by the arc current  st irr ing of the 
melt  unti l  the concentrat ion has the value  C1 (Fig. 3). 

3. Initially,  the mel t -sol id  interface is at t empera -  
ture TI, the mel t ing  point of the ra re  ear th  metal.  
Ni t r ide begins to precipi tate at the interface when 
concentrat ion C1 is achieved. 

4. As the concentrat ion of ni t rogen in the mel t  in-  
creases, the t empera tu re  of the mel t -sol id  interface 
moves up the l iquidus curve. At  the same time, the 
interface moves upward  through the mel t  leaving 
solid ni tr ide behind it. 

A similar  mechanism has been proposed for the 
format ion of I I I -V compounds by the "Solute  Bui ldup" 
method (6). 

Conclusions 
Arc mel t ing is par t icular ly  wel l  suited for this 

method of reaction. The mel t  is in a ve ry  steep ~em- 
pera ture  gradient  so that  the format ion of an impene-  
t rable crust of ni t r ide at the surface is avoided. The 
dissociation of ni t rogen gas in the arc plasma and the 
rapid st i rr ing of the mel t  by the arc current  probably 
contr ibute  to the high react ion rate. Rapid reaction 
makes it practical  to use the rare  earth metal  in bulk 
form thus e l iminat ing the oxygen contaminat ion as- 
sociated wi th  the fine powders  used in previous me th -  
ods. The product  is in the form of a dense ingot suit-  
able for the fabricat ion of specimens for physical 
proper ty  measurements  and is much more resistant  to 
react ion than the fine powders  previously  obtained. 
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Brief  C mm n ca, on 

The Solubility of Oxygen in Molten Carbonates 
M. Schenke, G. H. J. Broers, and J. A. A. Ketelaar 

Central Technical Institute-TNO, The Hague, The Netherlands 

The solubili ty of gases in mol ten  salts has caused 
much  interest  recent ly  wi th  regard  to technological  
problems (1-5). We have  de termined  the solubili ty of 
oxygen in mol ten  alkali  carbonates wi th  respect  to gal-  
vanic h igh- t empera tu re  fuel  cell research. 

Our method is based on an amperometr ic  t i t ra t ion of 
the dissolved oxygen, by adding stepwise solid Na2SO8 
as a reducing agent  [compare the potent iometr ic  acid- 
base t i t rat ions in mol ten  salts by Shams-E l -Din  et al. 
(6) and ear l ier  publications].  The oxygen was dis- 
solved by leading a n  0 2 - C 0 2  gas mix tu re  of known 
composit ion through the melt,  and t i t rat ions wi th  
Na2-SO3 were  carr ied out under  a cover of a N2-CO2 
mixture ,  whi le  the CO~ part ia l  pressure was kept  con- 
stant. As indicator a system of two rotat ing p la t inum 
wire  electrodes was used; during the exper iment  a 
fixed potent ial  difference was mainta ined between 
these electrodes potentiostatically,  the current  being a 
measure  of the amount  of dissolved oxygen. The pro-  
cedure wi l l  not be described here extensively;  only the 
results wil l  be given. 

We de termined  the solubili ty of oxygen in the eu-  
tectic mix tu re  of Li2CO3, Na2CO3, and K2CO3 (com- 
position in mole  %: 43.5% ai2co3,  31.5% Na2CO3, 
25.0% K2CO3; mp 397~ and in the eutectic mix ture  
of Li2CO~ and Na2CO~ (in mole %: 53.3% Li2CO~, 
46.7% Na2CO3; mp 496~ 

Henry 's  law, L = Zp, was found to be obeyed wi th in  
the limits of accuracy, (p ~ gas pressure in atm; Z 
Henry ' s  coefficient, expressed in m o l e / c m  3 atm; L 
gas solubili ty in mole/cm3) .  In Fig. 1 the decadic log- 
ar i thm of the Henry  coefficient is given as a function 
of 1/T. The plotted lines were  calculated wi th  the 
method of least squares. 

There  is a small, but cer ta inly significant dependence 
of solubil i ty on the composit ion of the carbonate melt,  
both wi th  respect  to the absolute value  and to the 
t empera tu re  coefficient. The solubilities of 02, as wel l  
as the heats of solution are of the same order  of mag-  
ni tude for different mel ts  and comparable  wi th  data 
found for other  gases and other  melts  (1-5). As can be 
seen, the process of solution is endothermic,  the en-  
thalpies of solution, calculated with  AH ~ - -R  [0 In 
Z]/[O ( I / T ) ] ,  being -~ 14.9 kca l /mole  for  the binary 
mix tu re  and Jr 17.7 kca l /mo le  in the te rnary  case, r e -  
spectively. The solubili ty of H2 in mol ten carbonates 
wi l l  be de termined  in an analogous way. 
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Fig. 1. Henry coefficient of oxygen in molten eutectic [i2CO3- 
Na2CO3 (1) and eutectic Li2CO3-No2CO3-K2CO3 (2) mixtures. 
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A B S T R A C T  

M e a s u r e m e n t s  u s i n g  a p o l a r o g r a p h i c  m e t h o d  of  t h e  s o l u b i l i t y  of  M n ( I I )  
in  3-13.5M K O H  a n d  3-19M N a O H  a t  23 ~ 50 ~ a n d  70~ as w e l l  as s o l u b i l i t y  
of M n ( I I I )  in  5-13.5M K O H  a t  23~ a r e  r e p o r t e d .  T h e  e x p o n e n t i a l  i n c r e a s e  
in  s o l u b i l i t y  f o u n d  w i t h  i n c r e a s i n g  K O H  a n d  N a O H  c o n c e n t r a t i o n s  is p r i n c i -  
p a l l y  d u e  to t h e  f o r m a t i o n  of O H -  c o o r d i n a t e d - c o m p l e x  ions ;  M n ( O H ) 2  -~ 
n O H -  = [ M n ( O H ) n + 2 ]  n - .  B a s e d  o n  t h e  c a l c u l a t i o n  of  t h e  e q u i l i b r i u m  c o n -  
s t an t ,  a l i k e l y  p r e d o m i n a n t  spec ies  of t h e  M n ( I I )  c o m p l e x e s  is [ M n ( O H ) 4 ]  = 
in  5-12M KOH.  B a s e d  on  m e a s u r e m e n t s  f o r  s o l u b i l i t y  of M n ( I I )  t he  h e a t  
of d i s s o l u t i o n  w a s  f o u n d  to b e  6.7 k c a l  in  9M KOH.  

I t  h a s  b e e n  s h o w n  p r e v i o u s l y  (1) t h a t  t h e  c a t h o d i c  
r e d u c t i o n  of e l e c t r o l y t i c  MnO2 in  9M K O H  t o o k  p l a c e  
in  two  s teps ,  n a m e l y ,  f r o m  MnO2 to  Mn2Os (or  
M n O O H )  i n  t h e  f i rs t  s t ep  a n d  f r o m  Mn~O3 to M n ( O H ) 2  
i n  t h e  s e c o n d  step.  I t  w a s  a s s u m e d  t h a t  t h e  f i rs t  s tep  
was  a h o m o g e n e o u s  p h a s e  d i s c h a r g e  t h r o u g h  a p r o -  
t o n  a n d  e l e c t r o n  t r a n s f e r  i n  t h e  MnO2 la t t i ce ,  a n d  
fo r  t h e  s e c o n d  s t ep  a n e w  d i s c h a r g e  m e c h a n i s m  w a s  
p r o p o s e d  (1) b a s e d  on  t h e  p r e s e n c e  of d i s s o l v e d  
M n ( I I )  a n d  M n ( I I I )  in  9M KOH.  I n  o r d e r  to  s t u d y  
t h e  de t a i l s  of t h e  s e c o n d  step,  s o l u b i l i t y  v a l u e s  of 
M n ( I I )  a n d  M n ( I I I )  o x i d e s  or  h y d r o x i d e s  in  c o n c e n -  
t r a t e d  a l k a l i n e  s o l u t i o n s  w e r e  n e e d e d .  Th i s  p r o m p t e d  
t h e  p r e s e n t  m e a s u r e m e n t s .  

F e w  p a p e r s  h a v e  b e e n  p u b l i s h e d  on  t h e  s o l u b i l i t y  
of M n ( I I )  in  a l k a l i n e  so lu t ions .  F o x  et al. (2) in  
s o l u b i l i t y  m e a s u r e m e n t s  of M n ( O H ) 2  in  n e u t r a l  so-  
l u t i o n  a n d  u p  to 4M N a O H  s o l u t i o n s  f o u n d  t h a t  t h e  
s o l u b i l i t y  i n c r e a s e d  w i t h  i n c r e a s i n g  N a O H  c o n c e n -  
t r a t i o n :  7.53 x 1 0 - 5 m  of M n ( I I )  in  1.924m N a O H  
a n d  29.8 x 10-h~q in  4.14m NaOH.  T h e y  p r o p o s e d  a 
r e a c t i o n ,  M n ( O H ) 2  + O H -  ---- H M n O 2 -  ~- H20,  to  b e  
a m a i n  r e a c t i o n  in  th i s  N a O H  c o n c e n t r a t i o n  r a n g e .  
S c h o l d e r  a n d  K o l b  (3) m e a s u r e d  s o l ub i l i t i e s  of 
M n ( O H ) 2  in  6.1-18.7M N a O H  s o l u t i o n  a t  b o i l i n g  t e m -  
p e r a t u r e s  (108~176 a n d  f o u n d  t h e  M n ( I I )  ion  
c o n c e n t r a t i o n  to b e  0.211 x 10-2m-13 .34  x 1 0 - 2 m  in  
t h e  c o n c e n t r a t i o n  r a n g e  of NaOH.  T h e y  also i s o l a t e d  
N a 2 [ M n ( O H ) 4 ]  a n d  Ba2 (o r  S r 2 ) [ M n ( O H ) ~ ]  f r o m  
50% N a O H  (or  19M N a O H )  s o l u t i o n  s a t u r a t e d  w i t h  
M n ( O H ) 2 .  

In  t h e  p r e s e n t  m e a s u r e m e n t s ,  b y  a p o l a r o g r a p h i c  
m e t h o d ,  M n ( I I )  s o l u b i l i t i e s  in  3-13.5M K O H  a n d  i n  
N a O H  w e r e  o b t a i n e d  a t  23 ~ , 50 ~ , a n d  70~ a n d  
M n ( I I I )  s o l u b i l i t y  w a s  m e a s u r e d  in  5-13.5M K O H  
at  23~ T h e  d a t a  a r e  d i s cus sed  to  e l u c i d a t e  t h e  e q u i -  
l i b r i u m  in  t h e  s o l u t i o n  a n d  to i d e n t i f y  t h e  p r e d o m -  
i n a n t  spec ies  of M n  ( I I )  complexes .  

A p o l a r o g r a p h i c  m e t h o d  w as  s e l e c t e d  in  t h e  p r e s e n t  
m e a s u r e m e n t  b e c a u s e  t h e  p o l a r o g r a p h i c  d i f fus ion  c u r -  
r e n t  is n o t  o n l y  p r o p o r t i o n a l  to  t h e  c o n c e n t r a t i o n  of 
d i s s o l v e d  M n  ( I I )  or  M n  ( I I I ) ,  b u t  is u s u a l l y  u n a f f e c t e d  
b y  t h e  excess  sol id  m a t e r i a l  s u s p e n d e d  in  t h e  s o l u t i o n  
( e x c e p t  co l lo ida l  m a t e r i a l s  , w h i c h  w i l l  b e  m e n t i o n e d  
l a t e r ) .  T h e r e f o r e ,  t h e  v e r y  di f f icul t  s e p a r a t i o n  of t h e  
excess  m a n g a n e s e  h y d r o x i d e  b y  f i l t r a t i o n  f r o m  v i s -  
cous  a l k a l i n e  so lu t i ons  of h i g h  c o n c e n t r a t i o n  w a s  
avo ided .  

Experimental 
General polarographic behavio~ of M n ( I I )  and 

M n ( I I I ) . - - - I n  a l k a l i n e  so lu t ions ,  M n ( I I )  ion  g ives  a n  
o x i d a t i o n  w a v e  a n d  M n ( I I I )  ion  g ives  a r e d u c t i o n  
w a v e  a t  a d r o p p i n g  m e r c u r y  e l e c t r o d e  as s h o w n  p r e -  
v i o u s l y  in  t h e  case  of 9M K O H  (1) .  W h i l e  t h e  h a l f -  
w a v e  p o t e n t i a l  of t h e  a n o d i c  w a v e  w a s  c o n s i d e r a b l y  
a p a r t  f r o m  t h a t  of t h e  c a t h o d i c  w a v e  in  l o w e r  K O H  

or N a O H  c o n c e n t r a t i o n s ,  w i t h  i n c r e a s i n g  K O H  or 
N a O H  c o n c e n t r a t i o n  t h e  a n o d i c  a n d  c a t h o d i c  p o l a r o -  
g r a m s  b e c a m e  m o r e  r e v e r s i b l e  a n d  t h e  d i f f e r e n c e  b e -  
t w e e n  t h e  t w o  h a l f - w a v e  p o t e n t i a l s  b e c a m e  s m a l l e r .  
In  19M N a O H  (ca. 50% N a O H  b y  w e i g h t ) ,  t h e  a n o d i c  
a n d  c a t h o d i c  h a l f - w a v e  p o t e n t i a l s  w e r e  w i t h i n  5 m y  of 
e a c h  o t h e r  a n d  w e r e  e q u a l  to  - -0 .467v  vs. H g / H g O  
(19M N a O H ) .  A l t h o u g h  t h e  p o l a r o g r a m s  of M n ( I I )  
a n d  M n ( I I I )  ions  w e r e  n o t  r e v e r s i b l e  a t  l o w e r  K O H  
a n d  N a O H  c o n c e n t r a t i o n s ,  a f a i r l y  w e l l - d e f i n e d  d i f -  
f u s i o n  l i m i t i n g  c u r r e n t  (id) w a s  o b s e r v e d  in  t h e  c o n -  
c e n t r a t i o n  r a n g e  s t u d i e d  (3-13.5M K O H  a n d  3-19M 
N a O H ) ,  t h e  id v a l u e s  w e r e  f o u n d  to b e  p r o p o r t i o n a l  
to  t h e  M n ( I I )  o r  M n ( I I I )  c o n c e n t r a t i o n .  T h e r e f o r e ,  
t h e s e  p o l a r o g r a p h i c  c h a r a c t e r i s t i c s  w e r e  u t i l i z ed  to 
m e a s u r e  t h e  so lub i l i t i e s  of M n ( I I )  a n d  M n ( I I I )  ions  
in  c o n c e n t r a t e d  a l k a l i n e  so lu t ions .  

Solubi l i ty  measurements  for M n  ( I I ) . - - A l l  t h e  
m e a s u r e m e n t s  r e p o r t e d  h e r e  w e r e  m a d e  in  a s l i g h t l y  
mod i f i ed  p o l a r o g r a p h i c  H - c e l l  w i t h  a c o n t r o l l e d  po -  
t e n t i a l  a n d  d e r i v a t i v e  v o l t a m m e t e r  (4) as s h o w n  in  
Fig.  1. T h e  s i n t e r e d  glass  disc, w h i c h  s e p a r a t e s  t h e  
H - c e l l  i n t o  t w o  c o m p a r t m e n t s ,  was  p l a c e d  c lose r  to 
t h e  t e s t  s o l u t i o n  a r m ,  so t h a t  t h e  v i scous  s o l u t i o n s  of 
h i g h  c o n c e n t r a t i o n  cou ld  b e  t h o r o u g h l y  s t i r r e d  b y  t h e  
N2 gas  b u b b l i n g .  T h e  i n i t i a l  v o l u m e  of t h e  N a O H  or 
K O H  s o l u t i o n  in  t h e  t e s t  a r m  w a s  20.0 or  25.0 ml .  
B o t h  a r m s  w e r e  f i l led w i t h  t h e  s a m e  s o l u t i o n  a n d  t h e  
l e v e l s  w e r e  k e p t  equa l .  I n  t h e  s o l u b i l i t y  m e a s u r e m e n t  
of M n ( I I ) ,  MnSO4 s o l u t i o n  of k n o w n  c o n c e n t r a t i o n  
w a s  a d d e d  s t ep  b y  s tep.  B e f o r e  t h e  i n i t i a l  add i t ion ,  
d i s s o l v e d  o x y g e n  w a s  t h o r o u g h l y  e l i m i n a t e d  b y  b u b -  

Nz   EF'ON ['POLA O-1 

- -  , Hg / HgO 

@ SINTERED GLASS DISC 
TEFLON STOP COCK 

Fig. I. Polarographic setup. A, Platinum counter electrode; *, 
controlled potential voltmeter (three electrode polarograph). 
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Fig. 2. Schematic id - [Mn( l l ) ]  curves: curve 1, an ideal curve; 
curves 2 and 3, experimentally obtained carves. Small arrows on 
the carves indicate the direction to which the is value changed 
with time. 
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Fig. 5. ig - [Mn( l l ) ]  curve in 5.3M KOH at 23~ 

b l i n g  p u r e  N2 gas, b e c a u s e  M n ( I I )  ion  is eas i ly  o x -  
id i zed  to M n ( I I I )  b y  d i s s o l v e d  o x y g e n  in  a l k a l i n e  so-  
lu t ions .  O n  e a c h  a d d i t i o n  of t h e  M n S O 4  so lu t ion ,  t h e  
s o l u t i o n  w a s  t h o r o u g h l y  m i x e d  w i t h  p u r e  N2 gas,  a n d  
t h e  is was  m e a s u r e d  a t  - -0 .130v vs.  a H g / H g O  r e f e r -  
e n c e  e l e c t r o d e  in  t h e  s a m e  so lu t ion .  D u r i n g  t h e  m e a s -  
u r e m e n t s  a t  50 ~ a n d  70~ t h e  p o l a r o g r a p h i c  ce l l  w a s  
k e p t  in  a w a t e r  b a t h ,  b u t  t h e  H g / H g O  r e f e r e n c e  e l ec -  
t r o d e  w a s  h e l d  a t  23~ T h e  t i m e  r e q u i r e d  to o b t a i n  a 
c o n s t a n t  is va lue ,  a f t e r  t h e  a d d i t i o n  of MnSO4,  v a r i e d  
c o n s i d e r a b l y ,  d e p e n d i n g  on  t h e  M n ( I I )  c o n c e n t r a t i o n  
as  w e l l  as o n  t h e  t e m p e r a t u r e .  A t  M n ( I I )  c o n c e n t r a -  
t ions  f a r  b e l o w  the  s a t u r a t i o n  v a l u e ,  a c o n s t a n t  is  w a s  
o b t a i n e d  u s u a l l y  w i t h i n  10-15 r a i n  a f t e r  e a c h  MnSO4 
add i t i on .  H o w e v e r ,  n e a r  t h e  s a t u r a t i o n  va lue ,  a n d  
p a r t i c u l a r l y  a t  r o o m  t e m p e r a t u r e  a n d  low K O H  c o n -  
c e n t r a t i o n s ,  in  m a n y  cases  t h e  is  d i d  n o t  r e a c h  a c o n -  
s t a n t  v a l u e  e v e n  a f t e r  60-100 ra in .  I n  t h o s e  cases,  t h e  
is  v a l u e s  w e r e  t a k e n  a f t e r  60-100 m i n  e v e n  t h o u g h  
t h e y  a r e  n o t  e q u i l i b r i u m  va lues .  A t  M n ( I I )  c o n c e n -  
t r a t i o n s  f a r  g r e a t e r  t h a n  t h e  so lub i l i t y ,  t h e  is  r e a c h e d  
c o n s t a n c y  i n  a r e l a t i v e l y  s h o r t  t ime ,  p r o b a b l y  b e c a u s e  
t h e  s u s p e n d e d  so l id  f u n c t i o n s  as seed  f o r  t h e  p r e c i p i -  
t a t i o n  a n d  c o a g u l a t i o n  of t h e  co l lo id  a n d / o r  t h e  b r e a k -  
i ng  of t h e  s u p e r s a t u r a t i o n  m a y  b e  m u c h  eas ie r .  

T h e  id v a l u e s  t h u s  o b t a i n e d  w e r e  p l o t t e d  a g a i n s t  
t h e  M n ( I I )  c o n c e n t r a t i o n .  T h e  g e n e r a l  s h a p e  of t h e  
i s - [ M n ( I I ) ]  c u r v e s  a r e  s h o w n  s c h e m a t i c a l l y  i n  Fig.  
2 a n d  some  m e a s u r e m e n t s  a r e  s h o w n  in  Fig.  3, 4, 
a n d  5. C u r v e  1 in  Fig.  2 r e p r e s e n t s  t h e  i d e a l  case  
w h e r e  is i n c r e a s e s  l i n e a r l y  w i t h  M n ( I I )  c o n c e n t r a t i o n  
to t h e  s a t u r a t i o n  v a l u e  w i t h  n o  f u r t h e r  i n c r e a s e  a f t e r  
t h e  s o l u b i l i t y  va lue .  T y p e s  of t h e  c u r v e s  o b t a i n e d  e x -  
p e r i m e n t a l l y  a r e  s h o w n  w i t h  c u r v e s  2 a n d  3 in  Fig.  2. 
T h e  r e a s o n s  fo r  s u c h  d e v i a t i o n s  f r o m  t h e  i d e a l  c u r v e  
m a y  b e  as fo l lows.  W h e n  MnSO4 s o l u t i o n  w a s  a d d e d ,  
e v e n  w i t h i n  t h e  s o l u b i l i t y  va lue ,  w h i t e  p r e c i p i t a t e  of 
M n ( O H ) 2  w a s  f o r m e d  b e c a u s e  of t h e  loca l i zed  h i g h  
c o n c e n t r a t i o n  of M n ( I I ) ,  a n d  t h e  M n ( O H ) 2  s u s p e n -  

s ion  s l o w l y  d i s s o l v e d  or  p o l y m e r i z e d  M n ( I I )  spec ies  
s l o w l y  d e c o m p o s e d  to r e a c h  a n  e q u i l i b r i u m .  C u r v e  2 
i n  Fig.  2 p r o b a b l y  r e p r e s e n t s  s u c h  a case.  I n  some  
cases  ( c u r v e  3 in  Fig.  2) ,  t h e  id exceeds  t h e  v a l u e  of  
t h e  s o l u b i l i t y  c o n c e n t r a t i o n .  T h i s  is p r o b a b l y  b e c a u s e  
of t h e  f o r m a t i o n  of  co l lo ida l  M n ( O H ) 2  a n d  s o m e  of 
t h e  co l lo ida l  p a r t i c l e s  a r e  r e a c t i n g  a t  t h e  d r o p p i n g  
m e r c u r y  e l e c t r o d e  in  a d d i t i o n  to t h e  d i s s o l v e d  M n ( I I )  
species .  A t  p o i n t  C on  c u r v e  3, t h e  id d e c r e a s e s  s l o w l y  
w i t h  t i m e  to a n  e q u i l i b r i u m  v a l u e  as s u c h  co l lo ida l  
p a r t i c l e s  coagu la t e ,  as s h o w n  in  Fig. 5 ( c u r v e  a b ) .  

A t  h i g h  t e m p e r a t u r e s  a n d  h i g h  caus t i c  c o n c e n t r a -  
t ions ,  t h e  i s - [ M n ( I I ) ]  c u r v e  w a s  c lose  to t h e  i dea l  
c u r v e  ( c u r v e  1 of Fig.  2) as s h o w n  i n  Fig. 3. A t  l ow  
t e m p e r a t u r e s  a n d  l o w  caus t i c  c o n c e n t r a t i o n s  t h e  i s -  
[ M n ( I I ) ]  c u r v e  w a s  of  t h e  s a m e  t y p e  as c u r v e  3 in  

Fig.  2 a n d  is s e e n  in  Fig. 5. 
I n  o r d e r  to  o b t a i n  a s o l u b i l i t y  va lue ,  ( n a m e l y ,  to  

f ind  ou t  t h e  i n t e r s e c t i o n  A of t h e  l i ne s  O A  a n d  A B  i n  
Fig.  2) e n o u g h  p o i n t s  to c o n s t r u c t  a s t r a i g h t  l i n e  O A  
a n d  one  or  two  p o i n t s  a f t e r  t h e  s a t u r a t i o n  c o n c e n t r a -  
t i on  a r e  n e c e s s a r y .  U s u a l l y  t h r e e  o r  f o u r  p o i n t s  w e r e  
t a k e n  a t  l ow  M n ( I I )  c o n c e n t r a t i o n s  w h i c h  w e r e  f a r  
f r o m  t h e  s a t u r a t i o n  va lue ,  a n d  one  or  t w o  p o i n t s  
t a k e n  b e y o n d  t h e  s a t u r a t i o n  a l l o w i n g  a l o n g  t i m e  to 
o b t a i n  a t r u e  e q u i l i b r i u m .  

S o l u b i l i t y  o f  M n ( I I I ) . - - I n  o r d e r  to m e a s u r e  M n ( I I I )  
so lub i l i t y ,  M n ( I I )  in  K O H  or  N a O H  s o l u t i o n  m u s t  b e  
o x i d i z e d  to M n ( I I I ) .  T w o  m e t h o d s  fo r  s u c h  a n  o x i d a -  
t i on  w e r e  t e s t ed ;  o x i d a t i o n  b y  02  gas  a n d  e l e c t r o -  
c h e m i c a l  o x i d a t i o n  a t  a p l a t i n u m  e l e c t r o d e  u n d e r  c o n -  
t r o l l e d  po t en t i a l .  I n  t h e  f i rs t  m e t h o d ,  M n ( ! I )  i on  w a s  
a d d e d  to t h e  a l k a l i n e  s o l u t i o n  a n d  o x y g e n  gas  w a s  
b u b b l e d  t h r o u g h .  T h e  id w a s  m e a s u r e d  a t  - -1 .25v vs. 
Hg/I- IgO e l e c t r o d e  in  t h e  s a m e  so lu t ion ,  a n d  is v a l u e s  
w e r e  p l o t t e d  a g a i n s t  t i m e ;  a n  e x a m p l e  of s u c h  a c u r v e  
is g i v e n  i n  Fig.  6 in  w h i c h  is a t  - -0 .13v is a lso g i v e n  
to s h o w  M n ( I I )  c o n c e n t r a t i o n .  T h e s e  c u r v e s  i n d i c a t e  
t h a t  M n ( I I )  is o x i d i z e d  to M n ( I I I )  w i t h  t i m e  b y  
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Fig. 6. /d-Time curves during Mn(ll) oxidation in 9M KOH by 
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Fig. 8. Current-potential curves at a platinum electrode (apparent 
area: 9.0 cm 2) in 9.OM KOH containing Mn(ll) and Mn(ll l)  at 
23~ The current-potential curve in pure 9M KOH in which no 
manganese was added was close to the zero current line. The curve 
was taken with a scanning rate of 250 mv/min along the direction 
shown by arrows on the curve. Nitrogen gas was bubbled through 
the solution at a constant rate during the measurement. 
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Fig. 7. id max-Mn(ll) concentration in 9M KOH by the 02 gas 
oxidation method (see text). 

b u b b l i n g  o x y g e n  gas, b u t  M n ( I I I )  ion  can  b e  f u r t h e r  
o x i d i z e d  to MnO2, b e c a u s e  t h e  id d e c r e a s e d  f ina l ly  to  
zero  a n d  MnO2 p r e c i p i t a t e d .  W h e n  t h e s e  / d - t i m e  
c u r v e s  w e r e  t a k e n  fo r  v a r i o u s  i n i t i a l  M n ( I I )  c o n -  
c e n t r a t i o n s  a n d  t h e  id m a x  ( see  Fig.  6) w a s  p l o t t e d  
a g a i n s t  i n i t i a l  M n ( I I )  c o n c e n t r a t i o n ,  a c u r v e  s i m -  
i l a r  to c u r v e  1 of Fig. 2 w a s  found ,  a n d  t h e  a p p r o x -  
i m a t e  s o l u b i l i t y  of M n ( I I I )  w a s  o b t a i n e d  as s h o w n  
i n  Fig.  7. T h e  s o l u b i l i t y  v a l u e s  b y  t h i s  m e t h o d  w e r e  
c lose  to t h o s e  o b t a i n e d  b y  t h e  e l e c t r o c h e m i c a l  o x i d a -  
t ion.  H o w e v e r ,  a c c u r a c y  of t h e  id m a x  m e a s u r e m e n t  
w a s  poor ,  a n d  t h e r e f o r e  t h e  r e s u l t s  b y  t h e  e l e c t r o -  
c h e m i c a l  o x i d a t i o n  w i l l  b e  r e p o r t e d  he re .  

I n  t h e  e l e c t r o c h e m i c a l  ox ida t ion ,  M n ( I I )  ion  in  
9M K O H  w a s  o x i d i z e d  a t  - -0 .35v  vs.  H g / H g O  (9M 
K O H ) .  T h e  p o t e n t i a l  v a l u e  w a s  f o u n d  f r o m  a c u r -  
r e n t - p o t e n t i a l  c u r v e  (Fig.  8) t a k e n  in  9M K O H  c o n -  
t a i n i n g  M n ( I I )  a n d  M n ( I I I ) .  T h e  c u r r e n t - p o t e n t i a l  
c u r v e  m a y  b e  i n t e r p r e t e d  as fo l lows ,  a l t h o u g h  t h e  
de t a i l s  w i l l  b e  d i s c u s s e d  in  a s e p a r a t e  p a p e r .  I n  t h e  
p o t e n t i a l  r a n g e  f r o m  b to c, M n ( I I I )  ion  is r e d u c e d  
to M n ( I I )  ion  a n d  f r o m  c to f, M n ( I I )  ion  is o x i d i z e d  
to M n ( I I I )  ion, a n d  f r o m  f to i, M n ( I I )  a n d  M n ( I I I )  
ions  a r e  o x i d i z e d  to MnO2 w h i c h  depos i t s  on  t h e  p l a t -  
i n u m  e lec t rode .  T h e  p o t e n t i a l  a t  d is t h e  a p p r o x i m a t e  
s t a n d a r d  p o t e n t i a l  of t h e  M n ( I I ) - M n ( I I I )  c o u p l e  in  
9M K O H  a n d  t h a t  a t  g is of  t h e  M n  ( I I I ) - M n O 2  couple .  
T h e  w a v e  j is d u e  to d i s s o l u t i o n  of t h e  d e p o s i t e d  
MnO2, a n d  a t  k t h e  p l a t i n u m  s u r f a c e  b e c o m e s  c o m -  
p l e t e l y  b r i g h t .  T h e  p e a k  p o t e n t i a l  of k d e p e n d s  on  
t h e  a m o u n t  of MnO2 a n d  is n o t  a c o n s t a n t  va lue .  

T h e  p o t e n t i a l  fo r  t h e  M n ( I I )  o x i d a t i o n  i n  o t h e r  
K O H  s o l u t i o n s  w a s  d e t e r m i n e d  i n  a s i m i l a r  m a n n e r .  
A t  v a r i o u s  i n i t i a l  M n ( I I )  c o n c e n t r a t i o n s  ( a d d e d  as 

M n S O 4 ) ,  id v a l u e s  w e r e  d e t e r m i n e d  a t  a d r o p p i n g  
m e r c u r y  e l e c t r o d e  a t  - -1 .30v a f t e r  t h e  c o n t r o l l e d  p o -  
t e n t i a l  o x i d a t i o n  a t  - -0 .35v.  S o l u b i l i t i e s  w e r e  o b -  
t a i n e d  f r o m  t h e  i d - [ M n ( I I I ) ]  c u r v e  in  t h e  s a m e  m a n -  
n e r  as d e s c r i b e d  a b o v e  fo r  t h e  M n ( I I )  so lub i l i ty .  

D u r i n g  t h e  m e a s u r e m e n t ,  m e r c u r y  a c c u m u l a t e d  a t  
t h e  b o t t o m  w a s  t a k e n  o u t  t h r o u g h  t h e  Tef lon  s topcock.  

A c c u r a c y . - - A l l - o v e r  a c c u r a c y  of t h e  s o l u b i l i t y  d a t a  
m a y  b e  ___5% b e c a u s e  of  v a r i o u s  e r r o r s  a s s o c i a t e d  w i t h  
v o l u m e  m e a s u r e m e n t  of M n S O 4  s o l u t i o n  a n d  id m e a s -  
u r e m e n t  in  a d d i t i o n  to  r e l a t i v e l y  p o o r  t e m p e r a t u r e  
c o n t r o l  ( _ 0 . 5 ~ 1 7 6  

I n  c o n n e c t i o n  w i t h  t h e  e r r o r  of t h e  id m e a s u r e m e n t  
a t  t h e  d r o p p i n g  m e r c u r y  e l e c t r o d e  in  c o n c e n t r a t e d  
K O H  or  N a O H  so lu t ions ,  s t a b i l i t y  of t h e  g lass  c a p i l -  
] a ry  o r  c o n s t a n c y  of t h e  d r o p  t i m e  m u s t  b e  m e n t i o n e d ,  
b e c a u s e  t h e  t ip  of t h e  g lass  c a p i l l a r y  m a y  b e  a t t a c k e d  
b y  a l k a l i  s o l u t i o n  a n d  m a y  c h a n g e  t h e  c h a r a c t e r i s t i c s .  
T h e  id is p r o p o r t i o n a l  to  m 2/3 t 1/6 ( m  is f low r a t e  of 
H g  a n d  t is d r o p  t i m e ) ,  of  w h i c h  m is l a r g e l y  d e -  
t e r m i n e d  b y  t h e  h e i g h t  of t h e  m e r c u r y  poo l  a n d  f r i c -  
t i o n  in  t h e  c a p i l l a r y  so t h a t  t h e  v a l u e  m a y  b e  k e p t  
c o n s t a n t  e v e n  w h e n  t h e  t ip  is a t t a c k e d ,  a n d  t m a y  b e  
i n f l u e n c e d  b y  t h e  c o n d i t i o n  of t h e  t ip  of t h e  c a p i l -  
l a ry .  T h e  d r o p  t i m e  m e a s u r e m e n t  i n  3 -19M N a O H  
w a s  c a r r i e d  o u t  o v e r  s e v e r a l  h o u r s ;  t h e  c h a n g e  of 
t h e  d r o p  t i m e  w a s  no t  a p p r e c i a b l e  i n  t h e  per iod .  I n  
t h e  p r e s e n t  m e a s u r e m e n t ,  t h e  g lass  c a p i l ] a r y  w a s  
d i p p e d  in  t h e  s o l u t i o n  o n l y  d u r i n g  t h e  id m e a s u r e m e n t  
and,  w h e n e v e r  i l l  b e h a v i o r  s t a r t ed ,  t h e  t ip  w a s  r e -  
n e w e d  b y  c u t t i n g  t h e  e n d  a p p r o x i m a t e l y  a c e n t i m e t e r .  
F o r  e a c h  c o m p l e t e  se r i e s  of m e a s u r e m e n t s  of i d -  
M n ( I I )  or  M n ( I I I )  cu rve ,  t h e  s a m e  c a p i l l a r y  w a s  
used.  

~100  

5 IO IS 
KOH CONCENTRATION, MOLF'/,~ 

Fig. 9. Solubility of Mn(ll)  in KOH 
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Fig. 10. Solubility of Mn(ll) at 23~ in KOH and NaOH 

Results 
Solubili t ies of Mn( I I )  in KOH and NaOH solutions 

are shown in Fig. 9 and 10, respect ively.  In both so- 
lutions the solubili ty increases rapidly  wi th  increas-  
ing caustic concentration. In Fig. 9 solubili ty values 
in KOH solutions are also plotted and show that  sol- 
ubilit ies in KOH and NaOH are essential ly the same 
when compared at the same caustic concentrat ion 
(molar i ty) .  However ,  the highest possible concentra-  
tion was 50% by weight  for both KOH and NaOH 
(13.4M in KOH and 19.0M in NaOH) at room t em pe r -  
ature. 

The solubil i ty of Mn( I I I )  in KOH is given in Fig. 
11 and shows that  the solubil i ty of Mn( I I I )  also in-  
creases rapidly wi th  increasing KOH concentration. 
When compared to Mn( I I )  solubil i ty ( lower  l ine in 
Fig. 11) at the same concentration, Mn( I I I )  solubili ty 
is approximate ly  8-10 t imes higher  than the Mn( I I )  
values. The Mn( I I I )  solubil i ty obtained by O2 oxida-  
tion is a l i t t le  lower, probably  because at the id max  
(Fig. 6) MnO2 format ion has a l ready taken place. 

Discussion 
Since the main  coordination numbers  of Mn( I I )  

are four and six (5), a number  of Mn( I I )  complex 
ions of general  formulas  [Mn (OH) n (H20) 4 - , ]  (n-2)-  
and [ M n ( O H ) , ( H 2 0 ) 6 - n ] (  " - 2 ) -  can coexist in con- 
centrated KOH or NaOH solutions, having an equi-  
l ibr ium among themselves.  Of these possible species 
an equi l ibr ium constant for the K2Mn(OH)4 fo rma-  
tion of Eq. [1] was arb i t rar i ly  calculated, because 
act ivi ty  coefficients of K2Zn(OH)4 in KOH solutions 
are avai lable (7) and can be used in place of those 
of K2Mn(OH)4 as a first approximation.  Also 
[Mn(OH)4]  = may  be a p redominant  form, judging 
from the work  of Scholder  and Kolb (3), in which 
Na2[Mn(OH)4] was isolated f rom the 50% NaOH 
solution saturated with  Mn(OH)2.  

In the solubil i ty measurement  presented above, 
MnSO4 solution was added to the KOH solutions. 
Therefore,  there  is a quest ion whe the r  the suspended 
excess solid is Mn(OH)2  or not. In order  to check 
this, Mn(I I )  solubil i ty was measured by adding ex-  
cess MnO to 9M KOH. The data were  very  close to 

600 
KOH(M} 

5 3 0 _ _  130Mg/X 
9.07 245  
11.62 360 
15.57 510 

i 

SOLUBILITY of Mn (~II) 

:~ 40(  

c: 

"6 ~o f Mn(~I), 25~ 

~ 20C 

�9 ,,' Mn (II), 23~ o I "  y 

0 ' " ~ ' '  ' ' ' 
C} 5 I0 15 

KOH CONCENTRATION, MOLE/~ 

Fig. 11. Solubilities of Mn(lll) and Mn(ll) in KOH. The point 
marked with X was measured by oxidizing Mn(ll) with 02 gas 
(see text). 

that  shown in Fig. 9. This indicates that  we  can as- 
sume Mn(OH)2 as a solid phase. 

Mn (OH) 2 -F 2KOH ~-- K2Mn (OH) 4 [1] 

Expression of the equi l ibr ium constant for reaction 
[1] can be reduced to Eq. [3], assuming aMn(OH)2 ~ 1. 

a K 2 M n ( O H ) 4  
K -- [2] 

a M n ( O H ) 2  " a2KOH 

q 2 K +  �9 m 2 K +  �9 , ) ,Mn(OH)4 = - T ~ M n ( O H ) 4  = 
K =  

72  K +  �9 m 2 K +  �9 ,y2OH-- �9 TTt2OH-- 

"T3•  " ~ / ' K 2 M n ( 0 H ) 4  
K --  [3] 

^ /4•  - Ty~2KOH 

K's were  calculated and are  shown in Table  I, in 
which mK2Mn(OH)4 was calculated f rom the solubili ty 
of Mn( I I )  at 23~ ~KOH was obtained f rom the ta -  
ble given by Harned  and Owen (,6) and the 7• 
values (7) in KOH solutions of various concentrat ions 
were  used in place of 'Y~K2Mn(OH)4. In general,  ac t iv-  
ity coefficients of dissolved salts are largely  deter -  
mined by the dissociation type  of the  salt, and the re -  
fore it is unl ikely  that  the use of '~• in the 
same KOH solution of various concentrat ions in t ro-  
duces serious er ror  in the calculat ion of K. The K's 
thus calculated give a fa i r ly  good constant in 9-12M 
KOH, so that  a predominant  species in this range  of 
KOH concentrat ion is probably  [Mn(OH)4]  =. 

Another  rough way  to est imate the number  of O H -  
ions coordinated to the Mn( I I )  ion is to plot  the 
logar i thm of the Mn( I I )  solubil i ty against the log- 
a r i thm of the K O H  concentration. The slope of such 
a plot should give the number  of O H -  added to 
Mn(OH)2.  Such a plot  is shown in Fig. 12, in which 
most of the data at 50" and 70~ fall  on straight  lines 
of the slope of 2.0. This suggests that  the predominant  
Mn(I I )  complex ion may be [Mn(OH)4]  = in 3-12M 
KOH at 50 ~ and 70~ 

The rough method  based on the log [Solubil i ty  of 
M n ( I I ) ]  vs. log [KOH] plot  can be justified as fol-  
lows. Taking the logar i thm of both sides of Eq. [3] 

Table I. Calculation of K 

K O H  K O H  S o l u b i l i t y  of  S o l u b i l i t y  of  aKOH 
M m Mn++, rag /1  Mn++, IT/ ~•  ( ~ ~ •  ~/•  (Off) 4 g 

3.07 3.10 5.2 9.75 • 10 ~ 1.08 3.41 0.466 7.6 • 10 -7 
5,30 5,75 12.0 23.7 2,078 12.4 1,047 3.9 
9.31 10.90 25,0 53.8 7.902 87.3 5.39 1.6 

10.22 12.30 34.0 74.8 12.44 135.3 8 ,209 1.8 
11.62 14.65 44.0 101.0 18.97 278,4 15.93 1.5 
13.52 17.80 68.0 237.0 38.0 676.4 73.77 14.4 
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Table II. Estimated values of M/m and the activity coefficient 
ratio of Eq. [3] showing rough constancy 

K O H  
IVI M / m  for  KOI-I M / m  ~or Mn (II) 7a• 

3.07 0.991 0.973 0.074 
5.30 0.922 0.923 0.061 
9.31 0.854 0.846 0.042 

10.22 0.830 0.829 0.023 
11.62 0.794 0.794 0.031 
13.52 0.760 0.523 0.194 

l o g  mK2Mn(OH)4 : log K -  

~3~K2Mn(OH)4 
log t- 2 log 7ngo H 

"74• 

as shown in Table II, M / m  for KOH and K2Mn(OH)4 
and log (~3~K2Mn(OH)4/'y4• a r e  roughly constant 
in 3-I2M KOH. Therefore,  we can wr i t e  

log S = k + 2 log [KOH] 

where  S is solubil i ty of Mn( I I )  in rag/1 and [KOH] 
is molar i ty  of KOH. Although molar i ty  values change 
with  t empera tu re  and molal i ty  values do not, the 
change in M / m  with  t empera tu re  change f rom 23 ~ to 
79~ is small  and can be neglected for the approxi -  
mate  method described above. 

Two points on Fig. 12 for  Mn( I I )  in lower  KOH 
concentrat ions at 23~ devia te  f rom the solid l ine of 
the slope 2.0. These points were  difficult to measure  
and may  not be accurate  because of ve ry  low i4 and 
the possibility of air oxidation of Mn( I I )  and fo rma-  
tion of colloidal Mn(OH)2  as ment ioned before. The 
values measured in NaOH by Fox et al. are  consid- 
erably  higher  than the present  va lue  in KOH, al- 
though the present  measurements  indicate that  the 
solubili ty of Mn( I I )  is essentially the same in both 
KOH and NaOH as shown in Fig. 10. The higher  
values of Fox et al. may be due to the  colloidal par -  
ticles of Mn(OH)e  which passed through their  filter 
and were  included in thei r  final colorimetr ic  de ter -  
mination. 

Using the equi l ibr ium constant va lue  K : 1.6 x 
10 -7 (Table I) ,  AF ~ ( ~  - - R T  In K) was found to be 
9.15 kcal  for the process of Eq. [1]. The approximate  
heat  of dissolution for  the process of Eq. [1] in 9M 
KOH was calculated f rom d log S /d  ( l / T )  ~ - -AH/  
2.3R, where  S is solubil i ty of Mn( I I ) ,  by using data 
for 9M KOH at 23 ~ 50 ~ and 70~ AH was found to 
be 6.7 kcal. 
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Ledge Formation on the (111) Surface of Copper 
L. D. H u l e t t ,  Jr., and  F. W .  Y o u n g ,  Jr. 

So l id  S t a t e  Div i s ion ,  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  O a k  R idge ,  T e n n e s s e e  1 

ABSTRACT 

The ledges formed by bunching of atomic steps during dissolution of cop- 
per crystals wi th  surfaces vicinal  to (111) have  been investigated. The condi-  
tions for ledge stabil i ty were  de te rmined  in dissolution exper iments  for  which 
data of step velocities vs.  step spacings had been determined previously.  F rom 
these data step interact ion functions were  generated,  and step motion was 
s imulated on a digital computer,  making  use of the Mullins and Hir th  modi -  
fication of the kinematic  theory of dissolution. Ledges could be made to ap- 
pear or disappear  in the computer  exper iments  for conditions correspond-  
ing direct ly  to laboratory  exper iments  in which the ledges appeared or dis- 
appeared. 

On close-packed and vicinal  surfaces the pre fe r red  
sites for atom removal  are at monatomic steps, and 
dissolution processes can be described in terms of 
the motion of these steps across the surface. The k ine-  
matic theory of step motion as developed by F rank  
and Cabrera  (1) deals wi th  average  veloci ty as a 
funct ion of average  step spacing, ignoring micro-  
scopic fluctuations. However ,  there  are certain dis- 
solution conditions for which microscopic fluctua- 
tions are amplified, causing steps to bunch into mul -  
t iatomic "ledges." The F rank -Cabre ra  theory, wi th -  
out modification, cannot t rea t  bunching since it deals 
only with  averages, but recent ly  Mullins and Hir th  
(2) have  considered the velocit ies of individual  steps. 
A neares t -ne ighbor  interact ion model  is used, and 
the veloci ty of each step is defined as a function of 
the distances f rom the step ahead and the step be-  
hind, a formulat ion capable of t reat ing bunching. In 
previous work  (3), the F rank -Cabre ra  kinemat ic  
theory  was used to analyze the growth of dislocation 
etch pits on (111) surfaces of copper. Ignoring ledges, 
we were  able to explain the general  dissolution shapes 
of the pits and de termine  average  step velocit ies as a 
funct ion of step spacing. In the present paper  we con- 
sider the ledges. 

The topographic changes associated with dissolu- 
tion are described in Fig. 1. F igure  l ( a )  is a photo-  
micrograph of a dislocation pit  and ledges formed on 
a (111) copper surface. Figures  l ( b )  and l ( c )  are 
schematic profiles of the surface before  and after dis- 
solution. Before dissolution is started [see Fig. 1 (b)] ,  
monatomic steps are present  because of slight misori-  
entations f rom the exact (111) surface. F igure  l ( c )  
shows that  as the steps moved across the surface dur -  
ing dissolution they aggregated to form ledges. The 
sides of the dislocation pit  are vicinal  surfaces com- 
posed of steps nucleated at the point of dislocation- 
surface intersection. 

In this study the step motion i l lustrated in Fig. 1 (b) 
and l ( c )  was s imulated on a digital computer,  mak-  
ing use of the Mul l ins -Hi r th  modification of the k ine-  
matic theory. Conditions for stabili ty and instabil i ty 
of ledges were  de termined  by laboratory  experiments ,  
and the veloci ty vs. step spacing data were  obtained 
f rom pits formed under  the same conditions. F rom 
these data, step interact ion functions were  generated 
which were  used to simulate laboratory  dissolution 
conditions in the computer  experiments .  In this pa-  
per  we shall show correspondence between the labo- 
ra tory  and computer  experiments.  In addition, there  
was semiquant i ta t ive  agreement  for the f requency  of 
ledge generat ion and the slopes of ledge fronts be-  
tween laboratory  and computer  experiments.  

L a b o r a t o r y  E x p e r i m e n t s  

In our previous etch pit  studies (3) measurements  
of step flux, J ,  as a function of step density, p, were  

x R e s e a r c h  sponso red  b y  t he  IT. S. A t o m i c  E n e r g y  C o m m i s s i o n  
u n d e r  con t r ac t  w i t h  U n i o n  Ca rb ide  Corpora t ion .  

made  for several  dissolution conditions. Step flux is 
defined as J = pV, whe re  V is the average  step veloc-  
ity and p is the reciprocal  of step spacing, ~. F rom J 
vs.  p curves, ~d vs.  e curves can be calculated. Two 
such curves are shown in Fig. 2. For  the conditions of 
curve I, step veloci ty increases monotonical ly  as step 
spacing increases. For  the conditions of curve  II the 
veloci ty of steps is a m a x i m u m  for in te rmedia te  step 
spacings. For  the conditions of the type I curve  there  
is an effective repulsion be tween  steps for all values 
of e, whi le  for the conditions of the type II curve  
there  is an effective at t ract ion be tween steps of large 
e. The dissolution parameters  that  de termine  whe the r  
the curve  is type I or type I I  are bromide  ion concen- 
t ra t ion and current  density. When these parameters  
are such that  the V-e curve  is type II, ledges form 
and are stable, but  under  the conditions that  cause 
type I curves, ledges do not form and are not stable. 
These observations are exemplif ied in the fol lowing 

(a) 

50F  
i - - - -  i 

(b) f 

(c) 
J 

Fig. l(a). Photomicrograph of dislocation pit and ledges formed 
by electrolytic etching of a copper surface vicinal to (111). Fig. 
l(b). Schematic diagram of dislocation and steps on the vicinal 
surface in (a) before etching. Fig. 1(c). Schematic diagram of steps 
in the dislocation pit and in the ledges of the vicinal surface in 
(a) after etching. 
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l a b o r a t o r y  e x p e r i m e n t s .  A l l  d i s s o l u t i o n s  w e r e  c a r r i e d  
o u t  e l e c t r o l y t i c a l l y ,  as  p r e v i o u s l y  d e s c r i b e d  (3, 4 ) .  

( A )  S t a r t i n g  w i t h  a n  e l e c t r o p o l i s h e d  su r f ace ,  l e d g e s  
a r e  g e n e r a t e d  if  t h e  d i s s o l u t i o n  is g o v e r n e d  b y  a t y p e  
I I  c u r v e  a n d  i f  t h e  a v e r a g e  s t ep  s p a c i n g  is less  t h a n  
a b o u t  550A. T h e  l e d g e s  i n  Fig.  1 a r e  t h e  r e s u l t  of  s u c h  
a d i s so lu t ion .  T h e y  d e v e l o p e d  u n d e r  t h e  s a m e  c o n d i t i o n  
as t h o s e  fo r  w h i c h  t h e  t y p e  I I  c u r v e  of Fig.  2 w a s  
m e a s u r e d .  T h e  a v e r a g e  s t ep  s p a c i n g  w a s  200&, c o r -  
r e s p o n d i n g  to a m i s o r i e n t a t i o n  of  Yz ~ f r o m  t h e  (111) 
pole.  F i g u r e  3 is a n  e l e c t r o n  m i c r o g r a p h  of t h e  r e p l i c a  
of a l e d g e  f o r m e d  u n d e r  s i m i l a r  cond i t ions .  F r o m  t h e  
d i s t o r t i o n  of t h e  s h a d o w  of t h e  1/4 m i c r o n  p o l y s t y r e n e  
ba l l ,  one  c a n  e s t i m a t e  t h a t  t h e  h e i g h t  of t h e  l e d g e  
a n d  t h e  s lope  of i ts  f r o n t  a r e  a b o u t  100 a t o m s  a n d  6 ~ 
r e s p e c t i v e l y .  

(B)  S t a r t i n g  w i t h  a n  e l e c t r o p o l i s h e d  su r face ,  l e d g e s  
a r e  n o t  g e n e r a t e d  if  t h e  d i s s o l u t i o n  c o n d i t i o n s  a r e  
t h o s e  of t y p e  I cu rves .  T h e  s u r f a c e  i n  Fig.  4, w h i c h  
h a s  n o  ledges ,  w a s  e t c h e d  u n d e r  t h e  s a m e  c o n d i t i o n s  
as  t h o s e  fo r  w h i c h  t h e  t y p e  I c u r v e  of Fig.  2 w a s  
m e a s u r e d .  T h e  a v e r a g e  m i s o r i e n t a t i o n  a n d  s t ep  l e n g t h  
of  t h e  s u r f a c e  is a b o u t  t h e  s a m e  as t h a t  of  t h e  s u r -  
face  in  Fig.  1. 

(C)  F o r  a g i v e n  b r o m i d e  c o n c e n t r a t i o n ,  l a r g e  
c h a n g e s  in  c u r r e n t  d e n s i t y  c an  c a u s e  l e d g e s  to d i s a p -  
pea r .  T h e  f i rs t  f r a m e  i n  Fig. 5 is a p h o t o m i c r o g r a p h  
of a s u r f a c e  h a v i n g  l e d g e s  f o r m e d  a t  a n  a v e r a g e  c u r -  

Fig. 4. Photomicrograph of a dislocation pit and vicinal surface 
having no ledges. Dissolution conditions were the same as those 
of curve I, Fig. 2. 
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Fig. 2. Laboratory measurements of average step velocities as 
functions of average step spacings for conditions under which 
ledges do not form (curve I) and for conditions under which ledges 
do form (curve IlL Dissolution conditions of curve I: 6M HCI; 
0.03M HBr; 5 ma/cm 2 current density. Dissolution conditions of 
curve I1: 6M HCI; 0.25M HBr; 10 ma/cm 2 current density. 

Fig. 3. Electron photomicrograph of the replica of a ledge formed 
under conditions similar to those of curve II, Fig. 2. 

Fig. 5. Ledge disappearance caused by current density increase. 
Solution composition: 6M HCI, 0.03M HBr. Current density for 
frame (a) 1 ma/cm2; for frame (b), 5 ma/cm2; time difference 
between frames is 20 sec. 

r e n t  d e n s i t y  of 1.0 m a / c m  2. T h e  s e c o n d  f r a m e  is of t h e  
s a m e  s u r f a c e  a f t e r  t h e  c u r r e n t  d e n s i t y  h a s  b e e n  i n -  
c r e a s e d  to 5 m a / c m  2. T h e  h i g h e r  c u r r e n t  d e n s i t y  
c a u s e d  t h e  V-e  c u r v e  to s h i f t  f r o m  a t y p e  II  to  a 
t y p e  I c u r v e  fo r  w h i c h  l e d g e s  a r e  u n s t a b l e .  

(D )  T h e r e  is a " t h r e s h o l d "  s t ep  s p a c i n g  b e y o n d  
w h i c h  s t eps  a r e  too w i d e l y  s e p a r a t e d  to i n t e r a c t  a n d  
f o r m  ledges ,  e v e n  i f  t h e  c o n d i t i o n s  c o r r e s p o n d  to t y p e  
II. O n  (111) s u r f a c e s  of c o p p e r  t h e  t h r e s h o l d  s p a c i n g  
is 500-700A. I n  Fig.  6 t h e  a v e r a g e  m i s o r i e n t a t i o n  2 of 
t h e  s u r f a c e  o n  t h e  r i g h t  p a r t  of t h e  p h o t o m i c r o g r a p h ,  
w h i c h  h a s  no  ledges ,  is  less  t h a n  1/4~ w h i c h  c o r r e s -  
p o n d s  to a s t ep  s p a c i n g  of  550A or l a rg e r .  T h e  s u r f a c e  
h a v i n g  l e d g e s  in  t h e  l e f t  p a r t  of t h e  p h o t o m i c r o g r a p h  
h a s  a s tep  s p a c i n g  s m a l l e r  t h a n  550A. T h e  d i s s o l u t i o n  
c o n d i t i o n s  w e r e  t h e  s a m e  as t h o s e  of e x p e r i m e n t  ( A ) .  

The Mull ins-Hirth Fowmulation; Step Interaction 
Functions 

M u l l i n s  a n d  H i r t h  p r o p o s e d  t h a t  d i s s o l u t i o n  p r o c -  
esses  b e  d e s c r i b e d  b y  in f in i t e  se ts  of s i m u l t a n e o u s  
e q u a t i o n s ,  e a c h  e q u a t i o n  r e p r e s e n t i n g  t h e  m o t i o n  of 
a n  i n d i v i d u a l  s t ep  

Vn = f(en) "q- f(en-1) 

Vn+I : f(~n+D + f(~.) [1] 
- ~  c a n  be  c a l c u l a t e d  f r o m  t h e  a s y m m e t r y  of  e t ch  

p i t s .  
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Fig. 6. Illustration of threshold step spacing effect. Average step 
spacing on left portion of surface, containing ledges, is less than 
the threshold. Average spacing on right portion of the surface, 
having no ledges, is greater than the threshold. 
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Fig. 7.(a) Schematic diagram of monatomic steps. (b) Schematic 
diagram of multiatomic step. 

T h e  s u b s c r i p t  n o t a t i o n  is de f ined  i n  Fig.  7 ( a ) ;  e d e -  
n o t e s  s tep  spac ing ,  a n d  x d e n o t e s  t h e  c o o r d i n a t e  of 
t h e  s tep,  m e a s u r e d  f r o m  a n  a r b i t r a r y  r e f e r e n c e .  T h e  
b o u n d a r i e s  of t h e  s u r f a c e  a r e  x = • oo. 

T h e  f - f u n c t i o n s  a r e  of t h e  s a m e  f o r m  fo r  t h e  s p a c -  
ings  in  f r o n t  a n d  b e h i n d  a g i v e n  s tep.  T h e y  e x p r e s s  
t h e  n a t u r e  of t h e  i n t e r a c t i o n  b e t w e e n  s teps  a n d  a r e  
t h e  m e d i u m  b y  w h i c h  c o n d i t i o n s  of t h e  l a b o r a t o r y  
e x p e r i m e n t s  a r e  s i m u l a t e d  i n  t h e  c o m p u t e r  e x p e r i -  
m e n t s .  

To e m p l o y  t h e  F r a n k - C a b r e r a  t h e o r y  i t  was  n e c e s -  
s a r y  to i g n o r e  l edges  a n d  o t h e r  s u r f a c e  r o u g h n e s s .  
C u r v e s  I a n d  II, Fig.  2, a r e  t h e r e f o r e  m e a s u r e s  of 
a v e r a g e  s t ep  ve loc i t i e s  as  f u n c t i o n s  of a v e r a g e  s p a c -  
ing.  To e x t r a p o l a t e  f r o m  t h e s e  a v e r a g e  ve loc i t i e s  to  
f - f u n c t i o n s  of t h e  M u l l i n s - H i r t h  f o r m u l a t i o n  i t  is 
n e c e s s a r y  to a s s u m e  t h a t  a s u r f a c e  w i t h  a n  a v e r a g e  
s t ep  s p a c i n g  of ~ is e q u i v a l e n t  to a s u r f a c e  w i t h  a 
u n i f o r m  s tep  s p a c i n g  of t h i s  s a m e  e. I f  t h i s  a s s u m p -  
t i o n  is va l id ,  t h e  ve loc i t i e s  f o r  t r a i n s  of s teps  c a n  b e  
w r i t t e n ,  a c c o r d i n g  to  Eq.  [1] ,  as 

= 2 f ( ; )  [2] 

T h e  f - f u n c t i o n s  u s e d  in  t h e  m a c h i n e  c a l c u l a t i o n s  of 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  I 9 6 6  

t h i s  p a p e r  w e r e  d e t e r m i n e d  f r o m  c u r v e s  I a n d  II  of 
Fig.  2 u s i n g  Eq.  [2].  

T h e  v a l u e s  of t h e  v e l o c i t y  f u n c t i o n s  a n d  t h e  f - f u n c -  
t i ons  fo r  v e r y  s m a l l  s tep  s p a c i n g s  cou ld  n o t  b e  m e a s -  
u r e d  d i r e c t l y  a n d  h a d  to b e  e x t r a p o l a t e d .  T h e  v e l o c -  
i t ies  of s teps  w i t h  a v e r a g e  s p a c i n g s  of 0.7A, w h i c h  
c o r r e s p o n d s  to t h e  i n t e r s e c t i o n  of t w o  (111) su r faces ,  
m u s t  b e  ze ro  s ince  i t  is a s s u m e d  t h a t  a t o m s  a r e  n o t  
r e m o v e d  f r o m  c l o s e - p a c k e d  su r faces .  T h e r e f o r e ,  t h e  
V - f u n c t i o n s  a n d  t h e  f - f u n c t i o n s  w e r e  e x t r a p o l a t e d  to 
ze ro  fo r  0.7A spac ings .  

T h e  v a l u e s  of t h e  V - f u n c t i o n s  fo r  v e r y  l a r g e  e's 
w e r e  e x t r a p o l a t e d  ~ f r o m  p lo t s  of  b o t h  V vs  p a n d  
(OJ/Op) vs. p. F o r  s p a c i n g s  l a r g e r  t h a n  t h e  t h r e s h -  
o ld  [ e x p e r i m e n t  ( D ) ] ,  t h e  f - f u n c t i o n s  m u s t  b e -  
h a v e  in  such  a m a n n e r  t h a t  s t eps  do n o t  b u n c h ;  t h a t  
is, t h e r e  is n9  d i f f e r e n c e  in  t h e i r  ve loc i t ies .  T h i s  r e -  
q u i r e m e n t  is sa t i s f ied  i f  t h e  f - f u n c t i o n s  a r e  c o n s t a n t  
fo r  l a r g e  v a l u e s  of e, a r e a s o n a b l e  a s s u m p t i o n ,  s ince  
s teps  s p a c e d  f r o m  e a c h  o t h e r  b e y o n d  a c e r t a i n  d i s t a n c e  
h a v e  n e g l i g i b l e  i n t e r a c t i o n s  a n d  t h e i r  ve loc i t i e s  a r e  
c o n s t a n t  a n d  equa l .  T h e r e f o r e ,  t h e  t y p e  I I  f - f u n c t i o n s  
w e r e  e x t r a p o l a t e d  to f ( c o )  a t  t h e  s p a c i n g  of 550A, 
w h i c h  w a s  t h e  e x p e r i m e n t a l l y  m e a s u r e d  t h r e s h o l d  
spac ing .  O n  s u r f a c e s  e t c h e d  u n d e r  t y p e  I c o n d i t i o n s  
no  t h r e s h o l d  s p a c i n g  c o u l d  b e  deduced ,  b u t  f r o m  t h e  
V vs. p plot ,  V a p p e a r e d  to a p p r o a c h  a c o n s t a n t  v a l u e  
fo r  s p a c i n g s  l a r g e r  t h a n  230A w h i c h  w a s  u s e d  as t h e  
t h r e s h o l d  spac ing .  

Calculat ion  Procedure  

(a )  To s i m u l a t e  a n  in f in i t e  s u r f a c e  100 s t eps  w i t h  
pe r iod i c  or  cycl ic  b o u n d a r y  c o n d i t i o n s  w e r e  used .  T h a t  
is, i n  t h e  c o u r s e  of t h e  c a l c u l a t i o n  t h e  c u r r e n t  l e n g t h  
of t h e  f i rs t  s t ep  w a s  u s e d  as t h e  l e a d i n g  b o u n d a r y  
c o n d i t i o n  (101st  s t ep )  a n d  t h a t  of  t h e  100th s t ep  w a s  
u s e d  as t h e  r e a r  b o u n d a r y  c o n d i t i o n s  ( 0 t h  s t e p ) .  

(b )  T h e  m o t i o n  of s t eps  w a s  s i m u l a t e d  b y  s i m u l -  
t a n e o u s  n u m e r i c a l  i n t e g r a t i o n  of  e a c h  of t h e  v e l o c i t y  
e q u a t i o n s  (1) .  F o r  a n  i n c r e m e n t  of t ime ,  At, t h e  co-  
o r d i n a t e  i n c r e a s e  of t h e  n th s t ep  w a s  c a l c u l a t e d  as 

Ax~ = [f(~n) + f (~ . -1)  ] At 

Th i s  o p e r a t i o n  w a s  i t e r a t e d  on  e a c h  of t h e  100 s t eps  
w i t h  t h e  cycl ic  b o u n d a r y  c o n d i t i o n s  a p p l i e d  to t h e  
1st a n d  100th s teps .  A t  t h e  e n d  of t h e  cyc le  t h e  e's 
w e r e  r e c a l c u l a t e d  

en ~ X n + l - - X n  

T h e  cyc le  w as  r e p e a t e d  t / A t  t imes ,  w h e r e  t w a s  t h e  
s i m u l a t e d  d i s s o l u t i o n  t ime .  I n  a l l  t h e  c a l c u l a t i o n s  
s h o w n  in  th i s  p a p e r ,  At w a s  e q u a l  to  0.005 sec. Conf ig -  
u r a t i o n s  g e n e r a t e d  b y  t h e  0.005-sec c a l c u l a t i o n s  w e r e  
c o n v e r g e n t  o n  t h o s e  g e n e r a t e d  b y  c a l c u l a t i o n s  u s i n g  
s m a l l e r  At's, t h e r e b y  j u s t i f y i n g  t h e  cho ice  of At. 

(c)  S t e p s  w e r e  p e r m i t t e d  to  co l l apse  to  f o r m  m u l t i -  
s teps ,  b u t  n e g a t i v e  s t e p  spac ing ,  w h i c h  w o u l d  c o r r e -  
s p o n d  to " u n d e r c u t t i n g , "  w a s  f o r b i d d e n ;  i.e., t h e  m a -  
c h i n e  w a s  p r o g r a m e d  s u c h  t h a t  t h e  c o o r d i n a t e  of a 
g i v e n  s t ep  w a s  n e v e r  a l l o w e d  to b e  l a r g e r  t h a n  t h e  
c o o r d i n a t e  of t h e  s t ep  a h e a d .  

(d)  M u l l i n s  a n d  H i r t h  s u g g e s t e d  t h a t  t h e  v e l o c i t y  
of m u l t i s t e p s  s u c h  as in  Fig.  7b, c o n t a i n i n g  m steps ,  
b e  de f ined  as fo l lows  

v = 1 / m  [ f ( ~ )  + f ( ~ + ~ ) ]  [81 

W e  h a v e  u s e d  a d i f f e r e n t  t r e a t m e n t .  W h e n  m u l t i s t e p s  
w e r e  e n c o u n t e r e d  d u r i n g  a c a l c u l a t i o n  cycle,  t h e  v e -  
loc i t ies  of a l l  u n d e r s t e p s ,  s u c h  as s teps  ( n  4- 1) a n d  
( n  4- m - -  1) i n  Fig.  4, w e r e  se t  to  ze ro  fo r  t h e  i n -  
s t a n t  r e p r e s e n t e d  b y  t h a t  cycle.  T h e  t o p  s t eps  [ s tep  
( n  -4- m )  i n  Fig.  7] w e r e  a l l o w e d  to m o v e  i n  a n o r m a l  
m a n n e r  w i t h  t h e i r  ve loc i t i e s  de f ined  b y  Eq.  [1].  

�9 ~Limp_~0V (p) = l i m  - ~ p  / = l i m e ~ a r  ( ~  (e)) 

p - ~ 0  
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S i m u l a t i o n  o# E x p e r i m e n t a I  R e s u l t s  

To approximate  an electropolished surface one must  
make some assumptions about its nature.  Electropol-  
ishing makes surfaces ve ry  smooth on a macroscopic 
scale, but  there  are microscopic fluctuations in step 
lengths. Very  l i t t le is known about step configurations 
on electropolished surfaces, so an empir ical  choice 
was made which is i l lustrated for 100 steps by the 
uppermost  d iagram in Fig. 8, and is analyt ical ly  de- 
scribed as follows 

Z~N (e) ~ exp ( --~r2 
Ae \ 4 / 

INITIAL / 
CONFIGURATION / 

f 
6 sec 

for which r = ~/i and AN(e) is the number  of steps 
wi th  a spacing be tween  e and e + • The order of the 
steps is random. All  the step diagrams in this paper  
were  plot ted by machine, and the step lengths are 
accurately proport ional  to those calculated. 

(A) To s imulate  labora tory  exper iment  (A),  the 
calculat ion procedure  was applied to the electropol-  
ished surface configuration using an f - func t ion  de- 
r ived f rom curve II in Fig. 2. The results are i l lus-  
t rated in Fig. 8. The two lower  diagrams, represent ing  
the surface after 6 and 10 sec of s imulated dissolution, 
show that  a step pi le-up,  corresponding to a ledge, 
was generated.  The use of the type II f - func t ion  
caused the interact ion be tween steps to be such that  
there  was a tendency to aggregate. The per iodici ty  
of ledge generat ion is one ledge per  100 steps, and the 
slope of the ledge front  is about 20~ compare with  
the 6 ~ slope of Fig. 3. 

(B) To s imulate  laboratory exper iment  (B),  the 
calculat ion was applied to the electropolished surface 
configuration using an f - func t ion  der ived f rom curve  
I, Fig. 2. As shown by the lower diagrams in Fig. 9, 
no step pi le-ups occurred. The surface remained  
smooth on a macroscopic scale. 

(C) Ledge disappearance, described in laboratory  
exper iment  (C), was s imulated by applying the cal-  
culation procedure,  using a type I f-function,  to an 
init ial  distr ibution of step lengths that  contains 
ledges. As shown in Fig. 10, the ledges were  made 
to disappear after  10 sec of s imulated dissolution. The 
type I f - func t ion  effects a repulsion be tween steps in 
the ledges, causing them to dissociate. 

(D) In laboratory  exper iment  (D) there  was no 
ledge format ion because the steps were  too widely  
separated to interact.  This observat ion was s imulated 
by using an init ial  configuration of steps wi th  an 
average spacing larger  than the threshold spacing 
(see type II curve, Fig. 2). An average  step spacing 
of 1000A was used, which is about twice as large as 

INITIAL 
CONFIGURATION / 

6 sec 

t0 sec 

I -  - -  2,a 

Fig. 8. Step diagrams generated by a simulated dissolution experi- 
ment in which the step interaction function was type II. 

/ 
t0 sec 

Fig. 9. Step diagrams generated by a simulated dissolution experi- 
ment in which the step interaction function was type I. 

INITIAL ~ ' - ' ~ ' - - - '  
CONFIGURATION 

4 sec 

/ 
f / 10 s e c /  

Fig. 10. Ledge disappearance in a simulated dissolution experi- 
ment using a type I step interaction function. 

the threshold, 550A. For  spacings beyond the thresh-  
old, the f - funct ion  is constant. Fig. 11 shows that  
af ter  a simulated i0-sec dissolution there  were  no 
ledges generated.  The s imulated surface remained 
macroscopical ly smooth, as did the actual surface 
seen in the laboratory.  In the  init ial  configuration 
used in this calculation, 21 pairs of steps were  close 
enough to in teract  (~ ~ 550A). At the end of the cal-  
culation this number  had decreased to 18. 

( A - l )  The number  of ledges generated depends on 
the init ial  dis tr ibut ion of steps chosen to simulate the 
electropolished surface. For  the calculat ion shown in 
Fig. 12 a random distr ibut ion of step lengths was used. 
It  was generated as follows 

~ = ~AV (1 • R) 

where  en is the init ial  step length of the •th step, 
eAV is the average  step length and R is a random 
number  vary ing  between 0.00 and 0.99. The plus or 
minus sign was chosen according to whe ther  the sec- 
ond digit  of R was odd or even. The calculation pro-  
cedure was applied to this distr ibution using the same 
type II f - funct ion  as was used in calculation A. Be-  
cause of the different ini t ial  distr ibution of steps, a 
greater  number  of ledges were  generated.  The slopes 
of the ledge fronts were  about  the same as that  of 
the ledge genera ted  in exper iment  A. The random 
distr ibut ion of steps used in this calculat ion repre -  
sented a more  per turbed  surface than the Gaussian 
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Fig. 11. Simulated dissolution experiment using a type II step 
interaction function and a surface whose average step spacing is 
greater than the threshold. 
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t0 sec 
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Fig. 12. Simulated dissolution experiment using a random dis- 
tribution of step lengths to represent the electropolished surface, 
type 11 step interaction function. 

distr ibution used in A. That  is, the average  deviat ion 
of the step lengths was greater  for the random dis- 
tribution. 

(A-2) If the f - funct ion  is given a faster  ra te  of 
change in the large-e region, more  ledges wi th  steeper 
fronts wil l  be generated.  The 10-sec configuration in 
Fig. 13 was generated f rom the same init ial  dis t r ibu-  
t ion as was used in A, but  the f - funct ion  was given a 
lower  value  at the threshold spacing. In calculat ion 
A, the f - func t ion  was ext rapola ted  to a value  of 0.04 
~/sec (one-hal f  the ext rapola ted  value  of V in Fig. 2) 
at the threshold spacing. For  the present  calculat ion 
it was ex t rapola ted  to a value  of 0.02 ~/sec. 

Discussion and Conclusions 
In these calculations we have  modified Mullins and 

Hir th 's  t rea tment  of the motion of mul t ia tomic  steps. 
They t rea t  mult is teps as units, which once formed 
cannot dissociate and whose velocity is defined by 
Eq. [3]. Equat ion [3] implies that  ledge veloci ty  is 
dependent  on height.  We have  found exper imenta l ly  
that  this is not  true;  ledges may differ in height  by 
large factors, but still move wi th  the same velocity. 
Also, it seems reasonable that  mul t ia tomic steps might  
dissociate if fu ture  conditions permit.  For  example,  

Y 
40 sec 

Fig. 13. Simulated dissolution experiment using a type II f-func- 
tion with a fast rate of change for large step spacings. 

the uppermost  step in a mul t ia tomic  step [step n + ~n 
in Fig. 7 (b) ]  can break away f rom its lower  neigh-  
bors. Collapsed understeps,  of course, should not be 
able to move since this would  result  in "undercu t -  
ting," which amounts  to the remova l  of atoms from 
close-packed surfaces and is energet ical ly  unfavor -  
able. We therefore  t reated mul t ia tomic  steps in the 
manner  described in the calculat ion procedure.  As c 
at tempts to become less than 0.TA, the  f - func t ion  
should behave in such a manner  that  s trong repuls ive  
terms, which prevent  undercutt ing,  arise be tween  the 
steps. This is accomplished, in effect, by  the special 
instructions in the calculation program which disre-  
gard negat ive  values and substi tute zero values in 
their  places. 

The machine calculations show that  this model  of 
step kinematics  is capable of explaining the be-  
havior  of ledges observed in the laboratory.  Exper i -  
menta l ly  it was found that  the conditions for ledge 
format ion and stabili ty can be categorized as those 
for which the V-e curves are type II, whi le  under  the 
conditions of type I curves, ledges do not form and 
are unstable. The results of the s imulated dissolutions 
paral le led these observations. This model  assumes a 
neares t -ne ighbor  interact ion be tween  steps. The na-  
ture of the interaction, "a t t rac t ive"  or "repulsive",  4 
is expressed by the f-function.  Calculat ion (A),  which 
simulates laboratory exper iment  (A) ,  shows that  the 
type II f - func t ion  causes the interact ion to be at- 
tractive,  which results in a ledge. For  type I f - func -  
tions there  is a repulsion be tween  steps that  tends 
to dampen large fluctuations in step spacing and pre -  
ven t  ledge formation,  and this effect is demonstra ted 
by calculat ion (B). Type I interactions also tend to 
annihi late  ledges once they are formed. This fact is 
accounted for by calculat ion (C). Calculat ion (D) 
shows that  the theory predicts the fact that  ledges do 
not form when the steps are too far  apar t  to in-  
teract. The number  of pairs of steps capable of in ter -  
acting decreased during this calculat ion which sug- 
gests that  bunching wil l  never  occur, even if the 
calculation were  extended indefinitely. 

Admi t ted ly  Eq. [2], which i l lustrates the assump- 
tion made in order  to be able to evaluate  the f - func -  
tion f rom exper imenta l  data, is an oversimplification. 
However ,  it should be a reasonable first approxima-  
tion and allow at least a semiquant i ta t ive  est imate 
of the na ture  of the interactions. These calculations 
only purpor t  to describe this system qual i ta t ive ly  or 
at best semiquant i ta t ively.  Whether  there  is k inemat ic  

S i n c e  t h e r e  a r e  no  e n e r g y  t e r m s  i n v o l v e d ,  i t  is  n o t  p r o p e r  to  
c o n s i d e r  t h e  i n t e r a c t i o n s  as  f o r ce s  in  t h e  s t r i c t  p h y s i c a l  sense .  
L i g h t h i l l  a n d  W h i t h a m  (5) d i scuss  t h i s  p o i n t  P e r h a p s  a b e t t e r  
t e r m i n o l o g y  is " k i n e m a t i c  a t t r a c t i o n "  a n d  " k i n e m a t i c  r e p u l s i o n . "  
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at t ract ion or repulsion be tween  steps is the impor -  
tant  factor, it is not  de termined  by the exact  na tu re  
of S(~), ra ther  by its general  form. Therefore,  small  
deviations in f(e) genera l ly  wil l  not  al ter  the type 
of interaction.  

Calculat ion (A) is in semiquant i ta t ive  agreement  
with laboratory  exper iment  (A) in that  the f r equency  
of ledge generat ion and the slopes of the ledge fronts 
are approximate ly  the same. In laboratory observa-  
tions the f requency  of ledge generat ion is approx-  
imately  1.2 ledges per  2~ along the surface. The slope 
of the ledge fronts for the exper imenta l  conditions 
corresponding to this calculation were  about 6 ~ . The 
ledge in calculat ion (A) ,  having a f requency of one 
ledge per 2~ and a f ronta l  slope of 20 ~ is a reasonable 
semblance of these observations. In investigations of 
some of the factors that  de te rmine  the f requency  of 
ledge generat ion and f ronta l  slopes, calculat ion ( A - l )  
shows that  the init ial  step configuration is impor tant  
in de termining the f requency  of ledge generation. The 
random init ial  distribution, which represents  a more  
per turbed electropolished surface than that  used in 
exper iment  (A),  causes more ledges to be generated.  
That  is, the greater  average  deviat ion of step lengths 
apparent ly  results in a larger  number  of regions in 
which the step configurations are such that  bunching 
can occur. Calculat ion (A-2) shows that  the f - func -  
tion is also impor tant  in de termining the f requency 
of ledge generation. In this calculation the greater  
ra te  of change of the f - funct ion in the large-~ region 
causes larger  differences in step velocit ies which lead 
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to a h igher  incidence of steps pi l ing up to form ledges. 
The slopes of the ledge fronts  in calculations (A) and 
( A - l )  are approximate ly  the same, but  those of 
(A-2) are considerably steeper. This observation sug- 
gests that  the slopes of ledge fronts are dependent  on 
the shape of the f - funct ion  curve  but not  on the ini-  
t ial  step configuration. 

Manuscript  received Sept. 27, 1965; revised manu-  
script  received Jan.  25, 1966. This paper  was presented 
at the Buffalo Meeting, Oct. 10-14, 1965. 

A n y  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be publ ished in the December  1966 
J O U R N A L .  
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Oxidation of Copper Single Crystals in Aqueous 
Solutions of Inorganic Salts 

I. Topography of Oxide Formed in CuSO4 and Cu(OAc)~ Solutions 

C. Earl Guthrow, Jr.) and G. Tyler Miller, Jr. ~ 
Department of Chemistry, Hampden-Sydney College, Hampden-Sydney, Virginia 

ABSTRACT 

Electron microscopic examinat ion  was made of the topography of Cu20 
formed on the (110), (100), and (111) faces of copper single crystals im-  
mersed for vary ing  times in aqueous solutions of CuSO4 and Cu(Ohc)2 .  
Considerable differences in the nature  of the oxide were  observed in the 
two systems. Po lyhedra  of Cu20 were  formed on all th ree  faces in solutions 
of CuSO4, whi le  under  the same init ial  conditions of Cu( I I )  ion concentra-  
tion, pH, and t empera tu re  in C u ( O h c ) 2  solutions re la t ive ly  smooth and con- 
t inuous films formed on the (110) and (111) faces, whi le  polyhedra  were  
observed on the (100) face. Anneal ing  the copper surfaces in H2 at 500~ be-  
fore immersion enhanced the format ion  of polyhedra  in the CuSO4 system 
and the format ion of continuous films in the Cu(OAc)2  system. EpitaxiaI  re -  
lationships be tween the meta l  and oxide, as shown by reflection electron dif-  
fraction, were  the same in both the CuSO4 and Cu(OAc)2  systems, and this 
was the same as found in other  studies of Cu20 formed in gaseous 02 at high 
tempera tures  and in pure  wate r  at room temperature .  

An unders tanding of the fundamenta l  processes in-  
volved in the oxidat ion of metals  is one of the im-  
portant,  unsolved problems of modern  science. The 
format ion of oxide films on meta l  surfaces exposed 
to aqueous solutions is quite complex and a great  
amount  of fundamenta l  work  needs to be carr ied out. 

This paper  reports  results obtained in the first of a 
series of studies designed to obtain a c learer  picture  
of wha t  happens at a surface of copper when  it is 
immersed  in an aqueous solution of some inorganic 
salt. In most corrosion or oxidation studies polycrys-  
tal l ine meta l  specimens have been used, and as a 

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of M a t e r i a l s  Sc i ence ,  U n i v e r s i t y  of  
V i r g i n i a ,  C h a r l o t t e s v i l l e ,  V i r g i n i a .  

2 P r e s e n t  add re s3 :  D e p a r t m e n t  of  C h e m i s t r y ,  St .  A n d r e w s  P r e s b y -  
t e r i a n  Col lege ,  L a u r i n b u r g ,  N o r t h  C a r o l i n a .  

result  the data obtained represented  the composite 
behavior  of a number  of different crystal  faces and 
grain boundaries.  Such measurements  are often use- 
ful for solving pressing technological  problems, but 
they give only l imited informat ion about the mech-  
anism of corrosion reactions. The work  of Gwathmey  
and his associates (1-7) has shown the importance of 
crystal  face and the absolute necessity for careful  
surface preparat ion in any fundamenta l  study of 
metal  surfaces. 

Since most work  with copper single crystals has 
been concerned wi th  oxidation in the gas phase, there  
are re la t ive ly  few studies in aqueous solutions. One 
notable exception is found in the careful  work  of 
Kruger  and his associates (8-10) on the oxidation of 
copper single crystals in pure  water .  In addition, in-  
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direct ly  re la ted work  on the potentials of copper sin- 
gle crystals in copper sulfate solutions has been re -  
ported by Miller  (11), Trager t  and Robertson (12), 
Piontel l i  (13), Jenkins  and St iegler  (14), and J e n -  
kins and Bertocci  (15). 

In an ear l ier  study Miller  (11), and Mil ler  and 
Lawless (16), made an extens ive  invest igat ion of the 
oxidation of copper single crystals in CuSO4 solutions. 
They found that  a continuous oxide film did not form, 
but  instead large wel l -def ined polyhedra  of cuprous 
oxide formed at random points on the meta l  surface. 
The height, shape, and re la t ive  number  of these poly-  
hedra  var ied  reproducibly  wi th  crystal  face. Later,  
Kassis and Miller  (17) carr ied out explora tory  ex-  
per iments  in which copper single crystals were  ox-  
idized in solutions of Cu(NO3)2 and Cu(OAc)2.  In 
the copper (II) n i t ra te  system, polyhedra  formed 
which were  s imilar  to those found in the CuSO4 
system, whi le  in the Cu(OAc)2 system a re la t ive ly  
smooth and continuous oxide film formed. 

Since the continuous film could afford greater  cor-  
rosion protect ion than the polyhedra,  an extens ive  
study of the variables  affecting these two contrast ing 
types of oxide growth was initiated. The present  
study, which is the first in a series of investigations,  
is concerned with  an electron microscopic and elec-  
t ron diffraction study of the effect of t ime on the 
oxidat ion of the (100), (110), and (111) planes of 
copper in solutions of copper ( I I )  sulfate and cop- 
pe r ( I I )  acetate. The present  study extends the ear-  
l ier  studies (11, 16, 17) to include additional reac-  
tion t imes and additional impor tant  variables. 

Experimental Procedure 
Materials.--Copper single crystal  rods of 99.999% 

pur i ty  were  grown f rom the mel t  by the Br idgman 
technique and machined into spheres % in. in d iam- 
eter and having a cyl indrical  stem approximate ly  
V4-3/s in. in d iameter  x �89 in. in length. 2 Fla t  surfaces 
paral le l  to specific crystal lographic planes were  cut 
on the spheres. 

In all studies 0.05N solutions of ei ther  CuSO4. 
5H20 or Cu(OAc)2 .H20  were  made f rom reagent  
grade chemicals and wate r  which had been demin-  
eralized, distil led through a tin l ined still, and stored 
in a seasoned polyethylene  vessel. This water,  when  
cooled to room temperature ,  was also used to wash 
all single crystal  surfaces. Af te r  oxidizing copper 
crystals in solutions whose concentrat ion var ied f rom 
0.001 to 0.40N, it was decided to use 0.05N as the  so- 
lution concentrat ion for  all exper iments  ra ther  than 
the 0.39N concentrat ion used in ear l ier  studies (11, 
16). This normal i ty  could possibly a l low the solution 
to be t reated theoret ical ly  using Debye-Huckel ,  On- 
sager, or other  approaches, and at the same t ime it 
supported an oxidation react ion wi th  a reasonable 
rate. Since Shreir  and Smith (18) found that  CuSO4 
solutions were  often unstable, f resh CuSO4 solutions 
were  prepared  every  week. 

The polyethylene water  reservoir  was not used 
unti l  it had been seasoned for at least two weeks 
unti l  the  reproducible  "s tandard" oxidation pa t te rn  
shown in Fig. 1 could be obtained on copper single 
crystal  spheres washed with  wate r  stored in the 
reservoir.  This pattern,  which consisted of a sym- 
metr ical  and beaut i ful  ar ray  of in te r fe rence  colors, 
was formed by oxidizing the crystal  in a cupric ace- 
ta te  solution for 5 min. Exper iments  on a given day 
were  not run  unless this "s tandard"  pa t te rn  could 
be obtained. Since the pat tern  is sensitive to im-  
purit ies of the order  of a few parts per  mil l ion and 
to the slightest change in surface preparat ion,  this 
practice represented a convenient  and ex t remely  
sensitive method of checking reproducibil i ty.  This 
approach has been discussed in detail  by  Young, 
Cathcart,  and Gwathmey  (6). These s tandard pat terns  

The  copper  s ing le  c rys t a l  rods  used  in  th i s  s t u d y  were  o b t a i n e d  
f r o m  the  V i r g i n i a  I n s t i t u t e  fo r  Sc ient i f ic  Research ,  6300 R i v e r  Road,  
R i c h m o n d ,  V i rg in i a .  

will  probably vary  sl ightly f rom one laboratory  to 
another,  since they only assure that  measurements  
wil l  be carr ied out under  a constant state of t race 
contamination.  

Preparation of surfaces.--Spheres and flat surfaces 
were  etched in a 1:1 by volume solution of concen- 
t rated nitric acid and disti l led water ,  mechanical ly  
polished, e lectrolyt ical ly  polished, and washed care-  
ful ly  to remove  traces of phosphate ions as described 
by Young, Cathcart,  and Gwathmey  (6). To be cer-  
tain that  strain and deformat ion were  absent and to 
insure  that each plane remained  wi th in  2 ~ of the 
desired orientation, they were  checked wi th  x - r ay  
diffraction using a Laue back-ref lect ion technique 
after  the ini t ial  surface prepara t ion  and af ter  every  
2-4 experiments.  In the case of (100) plane the ori-  
entat ion was held  wi th in  1 ~ 

Reaction procedure.--After the  crystal  was washed 
and polished, it was exposed to the desired electro-  
lyte  solution under  two sets of conditions. In the first 
series of exper iments  the copper specimens were  
dried in a je t  of ni t rogen and then annealed in purified 
dry hydrogen for 1 hr  at 500~ in a Py rex  react ion 
chamber.  Af te r  the crystal  was cooled in a hydrogen 
atmosphere  to 25~ the desired electrolyte  solution 
was t ransferred under  hydrogen  pressure  f rom a 
solution reservoir  to the crystal  react ion chamber.  In 
these "annealed"  exper iments  any init ial  thin film of 
oxide had to be fo rmed  whi le  the crystal  was exposed 
to the electrolyte.  

In the second series of experiments ,  the crystal  
was not dr ied af ter  being washed but was immersed  
immedia te ly  for the desired length of t ime in a glass 
vessel  containing approximate ly  30 ml  of the  elec-  
t rolyte  solution and main ta ined  in a wa te r  bath at 
30 ~ • 0.05~ In order  to prevent  evaporat ion the 
react ion vessel was closed for  the longer  immers ion 
times. In these "unannealed"  exper iments  the oxide 
formed in the electrolyte  solution probably grew on 
top of a thin 20-30A oxide film formed in the air. 
Af te r  the desired immers ion t ime the crystal  was 
quickly removed  from the solution, immedia te ly  
washed for 30 sec in disti l led water  and dried in a 
je t  of N2. 

In both types of exper iments  no a t tempt  was made 
to remove  dissolved oxygen f rom the electrolyte  solu- 
tions. It  was est imated that  the oxygen concentrat ion 
was approximate ly  10 -4 moles / l i ter .  In all exper i -  
ments  the pH of the solution was measured  before 
and after  reaction. The pH of 0.05N CuSO4 was found 
to be 4.3 • 0.05. Pourba ix  (19) has shown that  cu- 
prous oxide is the rmodynamica l ly  stable at this va lue  
but that  cupric oxide would  not be expected to form. 
As a result, the  init ial  pH of all solutions was set 
at 4.3 • 0.05. The value  for 0.05N Cu(OAc)2,  which 
was normal ly  5.6, was adjusted to 4.3 by the addition 
of reagent  grade glacial acetic acid. 

Surface examination and characterization.--After 
react ion the surface of the crystal  was examined  
using optical and electron microscopy. In addition, 
electron and x - r a y  diffraction techniques were  used 
to ident i fy the react ion products  and to de te rmine  
their  epitaxial  relat ionship to the meta l  substrate. In 
order  to examine  the surfaces using electron micros-  
copy, it was necessary to use a replica technique. 
In most cases the surface was preshadowed wi th  p la t -  
inum at angles f rom 5 ~ to 20 ~ and repl icated using a 
carbon evaporat ion technique.  These carbon replicas 
were  stripped successfully f rom the surface using a 
sequence of solutions including fresh 5% by vo lume 
ethylenediamine,  a 3:1 mix tu re  of 10% by volume 
ammonium persulfa te  and concentrated ammonium 
hydroxide,  and subsequent  washing in 10% by vo l -  
ume nitric acid and distil led water .  A modified shad- 
owing and repl icat ing procedure  was ini t iated after  
i t  was found that  the e thylenediamine  dissolved the 
p la t inum during the str ipping operation. In order to 
protect  the p la t inum it was sandwiched be tween  two 
layers of carbon. 
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Fig. 1. Oxidation pattern formed on a spherical copper single 
crystal immersed in 0.39N Cu(OAc)2 for 5 rain at 30.0~ pH 4.3. 

Exper imenta l  Results 

Oxidation of spheres.--Oxidation of copper single 
crystal  spheres under  various conditions gives a sym-  
metr ical  and beautiful  oxidation pa t te rn  of in te r fe r -  
ence colors resul t ing f rom the different rates of oxi-  
dation of the various crystal lographic planes. The 
"standard" oxidation pat terns for the oxide formed in 
dry oxygen gas at 250~ and in CuSO4 solutions at 
25~ have  been given in the original  article of the 
present  s tudy (16). A typical  s tandard pa t te rn  formed 
in Cu(OAc)2  solution at 25~ is shown in Fig. 1. 
Compared to the pa t te rn  formed in CuSO4, this ace- 
tate pa t te rn  is much sharper  and the colors are more 
bril l iant.  In general,  this indicated the format ion of 
much smoother oxide films in the cupric acetate sys- 
tem. In an earl ier  art icle Lawless and Miller  (22) 
suggested that  the oxide pat terns formed by immers -  
ing careful ly  prepared  copper single crystal  spheres 
in a 0.39N solution of CuSO4 for times f rom 1 to 5 
rain provided a quick and convenient  means for 
ident i fying par t icular  crystal lographic planes for pur-  
poses of cut t ing flat crystal  faces or for other pur-  
poses. Since the pat terns  formed after  5 rain immer -  
sion of the spheres in 0.05N or 0.39N Cu(OAc)2  are 
much sharper,  they represent  an even bet ter  method 
for quickly and accurately locating par t icular  faces 
on a spherical  crystal. 

Effect of oxidation time on surface topography. -  
The (110), (111), and (100) planes of copper were  
oxided in copper (II) sulfate and copper (II) acetate 
solutions for times vary ing  f rom 30 sec to 24 hr. In 
all exper iments  reflection electron diffraction showed 
that  the only surface product  formed was Cu20. The 
init ial  pH of 4.3 was mainta ined dur ing the course of 
oxidation in the copper (II) acetate solutions, whi le  
in the copper (II) sulfate solutions it had dropped 
sl ightly after  5 min  immers ion and after  immers ion  
for  24 hr  it had dropped to values ranging f rom 3.5 
to 3.7 depending on the re la t ive  surface area of cop- 
per  exposed to the solution. The topography of the 
surfaces af ter  oxidat ion is shown in Fig. 2-6. 

CuSO4 system.--In the original  study of this series 
Miller  and Lawless (16) showed that  large individual  
oxide polyhedra  formed on annealed copper single 
crystals immersed  in 0.39N CuSO4 solutions. In the 
present  study these results have been expanded to 
include additional immers ion  times, unannealed  crys-  
tals, and 0.05N CuSO4 solutions. 

F igure  2 shows the format ion of Cu20 as a func-  
tion of t ime on the (110) face. It  shou]d be noted that  
the exposed surface be tween  the polyhedra  increased 
as the polyhedra  grew larger.  On the (111) plane 
evidence of oxide polyhedra  was observed, a l though 
individual  polyhedra  were  ve ry  difficult to distinguish, 
since the surface had the appearance of run- toge the r  

Fig. 2. Growth of oxide polyhedra with time on the (110) face 
of copper after immersion in 0.05N CuSO4 at 30.0~ initial pH 
4.3: a, 30 sec; b, 3 min; c, 5 min; d, 15 min; e, 1 hr. Magnifica~ 
tion 15000X before reduction for publication. 

Fig. 3. Effect of time on the oxidation of the (100) face of cop- 
per in 0.05N CuSO4 at 30.0~ initial pH 4.3: a, 5 mln; b, 15 min; 
c, 1 hr. Magnification 15000X before reduction for publication. 

polyhedra  after  only 5 rain. F igure  3 shows that  the 
growth of polyhedra  on the (100) face fol lowed the 
same over -a l l  growth pat tern  as that  on the (110) 
face. 

For  immers ion t imes longer  than an hour, the poly-  
hedra  on the (100) and (110) faces grew together  to 
form a re la t ive ly  continuous film. As ment ioned above, 
this occurred much ear l ier  on the (111) face. After  
24 hr  this continuous film on all  three faces appeared 
to be etched, and the pH of the solution had dropped 
f rom 4.3 to approx imate ly  3,5-3,7, depending on the 
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p a r t i c u l a r  c r y s t a l  face.  U n d e r  t h e s e  m o r e  ac id ic  c o n -  
d i t i ons  t h e  r a t e  of d i s s o l u t i o n  of o x i d e  w a s  p r o b a b l y  
b e g i n n i n g  to b e c o m e  m o r e  c o m p e t i t i v e  w i t h  t h e  r a t e  
of  o x i d a t i o n .  

C u ( O A c ) 2  system.--Figure 4 s h o w s  t h a t  in  t h e  ace -  
t a t e  s y s t e m  a r e l a t i v e l y  s m o o t h  a n d  c o n t i n u o u s  o x i d e  
f i lm f o r m e d  i n s t e a d  of p o l y h e d r a .  N u m e r o u s  i m m e r -  
s ion  t imes ,  o t h e r  t h a n  t h o s e  s h o w n ,  w e r e  s t u d i e d  a n d  
a t  no  t i m e  f r o m  30 sec  to  48 h r  w a s  t h e r e  a n y  e v i d e n c e  
of p o l y h e d r a  f o r m a t i o n  on  t h e  (110) face.  T h e  f i lms 
f o r m e d  on  t h e  (111) f ace  w e r e  a lso c o n t i n u o u s  a n d  
e v e n  s m o o t h e r  t h a n  t h o s e  on  t h e  (110) face .  O n  t h e  
(100) face  t h e  f i lm w a s  r e l a t i v e l y  s m o o t h  a n d  c o n -  
t i n u o u s  u p  to  o x i d a t i o n  t i m e s  of a b o u t  10 min ,  as  
s h o w n  b y  Fig.  5a. H o w e v e r ,  s o m e  v e r y  i n t e r e s t i n g  
r e s u l t s  w e r e  o b s e r v e d  w h e n  t h e  (100) p l a n e  w a s  o x -  
i d i zed  fo r  t i m e s  f r o m  10 m i n  to 1 hr .  As  s h o w n  i n  
Fig.  5b a n d  c, w e l l  de f i ned  p o l y h e d r a  f o r m e d  i n  t h e  
a c e t a t e  s y s t e m  u n d e r  t h e s e  cond i t i ons .  B y  c o m p a r i n g  
Fig.  3c a n d  5c i t  c a n  b e  s e e n  t h a t  t h e  d e n s i t y  of ox ide  
p o l y h e d r a  a f t e r  1 h r  in  b o t h  s y s t e m s  w a s  n o t  s ig -  
n i f i c a n t l y  d i f f e ren t .  H o w e v e r ,  a c o m p a r i s o n  of Fig.  3a 
a n d  Fig.  5a s h o w s  t h a t  t h e r e  w a s  a s i gn i f i c an t  d i f f e r -  
e n c e  b e t w e e n  t h e  two  s y s t e m s  a f t e r  5 m i n  i m m e r s i o n .  
A t  f irst  i t  w a s  f e l t  t h a t  t h e s e  s o m e w h a t  u n e x p e c t e d  
r e s u l t s  w e r e  o b t a i n e d  b e c a u s e  t h e  (100) p l a n e  w a s  
h e l d  w i t h i n  2 ~ of t h e  d e s i r e d  o r i e n t a t i o n  r a t h e r  t h a n  
1 ~ A close  l ook  a t  t h e  s t a n d a r d  s p h e r e  p a t t e r n  in  
Fig.  1 r e v e a l e d  t h a t  t h e r e  w e r e  m o r e  s ign i f i can t  
c h a n g e s  in  o x i d e  t h i c k n e s s  in  t h e  r e g i o n  a r o u n d  t h e  
(100) f ace  t h a n  t h e r e  a r e  in  t h e  (111) a n d  (110) 

r eg ions .  A f t e r  r e p e a t i n g  t h e  e x p e r i m e n t  s e v e r a l  t i m e s  
w i t h  (100) f aces  w i t h i n  ~ - 1  ~ of t h e  p r o p e r  o r i e n t a -  
t ion ,  p o l y h e d r a  w e r e  s t i l l  f o u n d ,  a l t h o u g h  t h e i r  d e n -  
s i ty  a n d  s h a p e  d i f f e r ed  s l i g h t l y  f r o m  t h o s e  f o r m e d  o n  
faces  g r e a t e r  t h a n  1 ~ off of t h e  (100) o r i e n t a t i o n .  As  
a r e s u l t  a l l  (100) p l a n e s  w e r e  m a i n t a i n e d  w i t h i n  1 ~ 

Epfect of annealing.--By c o m p a r i n g  Fig. 6a a n d  
Fig.  2c, i t  c a n  b e  s e e n  t h a t  in  t h e  CuSO4 s y s t e m  t h e  
g r o w t h  of i n d i v i d u a l ,  r e g u l a r l y  s h a p e d  o x i d e  p o l y -  
h e d r a  w a s  f a v o r e d  w h e n  t h e  c r y s t a l  w a s  a n n e a l e d  in  
h y d r o g e n  a t  500~ A l t h o u g h  t h e  s a m e  g e n e r a l  t e n -  
d e n c y  to f o r m  p o l y h e d r a  w a s  o b s e r v e d  i n  t h e  case  of 
u n a n n e a l e d  c rys ta l s ,  t h e  p o l y h e d r a  b e c a m e  r o u n d e d  
a n d  r a n  t o g e t h e r  to  c o v e r  a g r e a t e r  f r a c t i o n  of t h e  
su r f ace .  

Fig. 5. Effect of time on the oxidation of the (100) face of cop- 
per after immersion in 0.05N Cu(OAc)2 at 30.0~ pH 4.3: a, 5 
min; b, 15 min; c, 1 hr. Magnification 15000X before reduction 
for publication. 

Fig. 4. Effect of time on the oxidation of the (110) face of cop- 
per in 0.05N Cu(OAc)2 at 30.0~ pH 4.3: a, 30 sec; b, 3 min; 
c, 5 min; d, i hr. Magnification 15000X before reduction for pub- 
lication. 

Fig. 5. Oxide formation on annealed (110) faces of copper; a, 
5 min in 0.05N CuSO4 at 30.0~ initial pH 4.3; b, 5 min immer- 
sion in 0.05N Cu(OAc)2 at 30~ pH 4.3. Magnification 15000X 
before reduction for publication. 

F i g u r e  6b a n d  Fig. 4c s h o w  t h a t  in  t h e  C u ( O A c ) ~  
s y s t e m  t h e  o x i d e  f o r m e d  w i t h  b o t h  a n n e a l e d  a n d  u n -  
a n n e a l e d  c r y s t a l s  w a s  r e l a t i v e l y  s m o o t h  a n d  c o n t i n -  
uous  c o m p a r e d  to t h a t  f o r m e d  in  t h e  CuSO4 sys t em.  
T h e  s m o o t h n e s s  a n d  c o n t i n u i t y  of  t h e  f i lm w a s  g r e a t l y  
e n h a n c e d  w h e n  t h e  c r y s t a l  w a s  a n n e a l e d .  
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Addit ional  exper iments  were  run  to de termine  
whe ther  the observed effect of anneal ing was due to 
changes in the na ture  of the metal  surface when  
heated to 500~ or due to the differences in the 
initial thin oxide films formed on the annealed and 
unannealed  crystals. With annealed surfaces, the ini-  
t ial  oxide growth must  fo rm in the solution, whi le  in 
the unannealed  system any oxide formed in the so- 
lut ion would  be expected to grow on top of a thin 
(20-30A) air formed film. In this experiment ,  a (110) 
flat face was annealed in hydrogen at 500~ removed  
from the anneal ing apparatus, exposed to the air at 
room tempera ture  for  several  minutes,  and then im-  
mersed in the desired solution. Electron microscopic 
examinat ion showed that  the oxide topography was 
very  similar to that  of an unannealed  (110) flat ex-  
posed to the same solution. Thus, the main effect of 
anneal ing appears to lie in the difference be tween the 
initial thin films of oxide ra ther  than the effect of 
heat ing the metal  surface. 

Since in both the CuSO4 and the Cu(OAc)2  sys- 
tems the only apparent  effect of anneal ing was to en-  
hance the over-a l l  type of behavior,  i.e., individual  
polyhedra  format ion in the sulfate system and smooth 
continuous films in the acetate system, it was de-  
cided to run the major i ty  of exper iments  under  unan-  
healed conditions. Fur thermore ,  since each annealed 
exper iment  was long and tedious, it was fel t  that  
this would allow a quicker  and broader  study of the 
variables  affecting the two systems. Anneal ing  ex-  
per iments  thus need only to be run  later to check 
the results at the more impor tant  exper imenta l  con- 
ditions. 

Epitaxy.--The epitaxial  relat ionships of cuprous 
oxide crystals immersed  in the CuSO4 solutions have  
been reported previously  by Lawless and Miller  (22). 
In the present  invest igat ion electron diffraction 
studies showed that  essentially the same epi taxial  
relat ionships were  found when  the oxide was formed 
in Cu(OAc)2  solutions. Fur thermore ,  the or ientat ion 
relationships be tween the meta l  and cuprous oxide 
in the CuSO4 and Cu(OAc)2  systems were  in general  
the same as those previously  found for oxidation of 
copper in pure  O2 at room tempera tu re  and at high 
tempera tures  by Lawless and Gwathmey  (23), and 
for oxidat ion of copper in pure wate r  by Kruge r  (8- 
1O) at room temperature .  

Discussion 
Since this is the second paper  in a long range study 

of the variables  affecting the oxidation of copper 
single crystals in aqueous salt solutions, it would  be 
p remature  to engage in a detailed theoret ical  discus- 
sion unti l  addit ional  data have  been obtained. It  
might  be helpful,  however ,  to summarize  the questions 
that  appear  to be impor tant  and in some cases to 
indicate possible explanations.  

The present  study, as wel l  as the previous study 
(16), indicated that  the fol lowing questions must  be 
considered: 

1. What  factors cause the rate  of oxidation in 
CuSO4 and Cu(OAc)2  solutions to be significantly 
greater  than that  in both pure  water  and in air at 
room tempera ture?  

2. Why are there  differences in the re la t ive  th ick-  
nesses of the oxide formed on the various crystal  
faces of copper immersed  in CuSO4 and Cu(OAc)2  
solutions and what  are these differences? 

3. What  mechanism can account for the format ion 
of oxide polyhedra  in the CuSO4 system and the for-  
mation of re la t ive ly  smooth, continuous films in the 
Cu (OAc) 2 system? 

4. How can this mechanism also account for the 
format ion of polyhedra  on the (100) face in the 
Cu (OAc) 2 system? 

5. Why does anneal ing the crystal  in H2 promote  
the format ion of polyhedra  in CuSO4 and the fo rma-  
tion of ve ry  smooth, continuous films in Cu(OAc)2? 
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6. Is the anion present  in the solution the p r imary  
var iable  control l ing the na ture  of the oxide topog- 
raphy? 

7. What  is the source of the copper found in the 
Cu~O film? 

8. What  is the source of  the oxygen in the Cu~O 
film? 

9. What  are  the effects on the oxidation process of 
variables  such as pH, dissolved oxygen concentration, 
temperature ,  and st irr ing? 

10. What  is the significance of the fact  that  the epi-  
taxia l  relat ionships of the meta l  and oxide were  the 
same for Cu20 formed in air, pure  water ,  CuSO4, and 
Cu(OAc)2 at room tempera ture?  

Some discussion of questions 1, 3, and 7 for the 
CuSO4 system has been given previously  by Miller  
(11) and Miller  and Lawless (16). The results of the 
present  study, which included immers ion times in 
CuSO4 between those in the original  study, gave a 
more detai led picture of the growth sequence of poly-  
hedra  as shown in Fig. 2. They show that  the amount  
of exposed surface be tween the polyhedra  increased 
as they grew larger,  which suggested that  the mech-  
anism of polyhedra  growth may  involve  a dissolu- 
tion of small  polyhedra  at certain points. This, in 
turn, could indicate that  changes in pH at the reac-  
tion surface could be one of the major  factors in the 
format ion of polyhedra.  This is supported by the fact  
that  the pH in CuSO4 solutions decreases wi th  t ime of 
oxidat ion whi le  the pH in the Cu(OAc)2  remains es- 
sential ly constant. This constancy of pH would be ex-  
pected in the Cu (OAc) 2 system, since the acetic acid 
added to adjust  the ini t ial  pH to 4.3 would  allow the 
solution to act as a buffer system. A detai led study 
of the effect of pH on oxidat ion in both systems is 
now being carr ied out in this laboratory.  Ives and 
Rawson (24) have  discussed the influence of pH on 
the appearance and dissolution of polyhedra  and their  
ideas will  be considered in a fu ture  paper  devoted 
exclusively  to the effect of pH. 

A wel l  supported explanat ion of the format ion of 
smooth films as opposed to polyhedra  as posed in 
question 3 does not appear  to be possible at this time. 
Severa l  factors which could be impor tant  are (i) 
localized surface changes in pH as ment ioned above; 
(it) format ion of complex ions be tween  the Cu (I) 
or Cu (II) ions and the anions in solution which could 
resul t  in changes in diffusion rates of copper ions to 
the react ion surface; (iii) selective adsorption of ca- 
tions, ion pairs, or other  species at steps or other  spots 
on the meta l  or oxide surface;  or (iv) factors which 
would  change the conduct ivi ty  of the oxide. 

It  is very  impor tant  to obtain the thickness meas-  
urements  ment ioned in quest ion 2, before  a meaning-  
ful in terpre ta t ion of the topographical  data presented 
in this paper  can be made. It is ant icipated that  these 
results wil l  be published in the near  future.  A com- 
parison of approximate  thicknesses of oxide formed 
on the (110) face of copper in various systems is 
shown in Table I. It  can be seen f rom the table that  
oxidat ion in solutions of copper salts occurs at a 
much greater  rate  than that  in wa te r  or pure  oxygen 
gas at the same temperature .  It  should be noted that  
the value  of 700-800A repor ted  for oxide thickness in 
CuSO4 should be in terpre ted  only as a measurement  
of total  oxide and not of thickness, since Fig. 2c in-  
dicates that  the surface contains oxide polyhedra  

Table I. Relative thickness of Cu20 formed on the (110) 
face of copper at room temperature 

A p p r o x i m a t e  
S y s t e m  th i ckness ,  A. O x i d a t i o n  t i m e  Re fe rence  

P u r e  w a t e r  25 5 ra in  (S), (9~ 
80 8-80 m i n  (8), (9) 

Pure ,  d r y  o x y g e n  100 S e v e r a l  m o n t h s  (20) 
0.05N Cu(OAc)~ 475 ~ 50 5 ra in  (21) 
0,05N CuSO~ 700-900 5 ra in  (21) 
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r a t h e r  t h a n  a smoo t h ,  c o n t i n u o u s  film. I n d e e d ,  t h i s  
s t u d y  a g a i n  e m p h a s i z e s  t h e  i m p o r t a n c e  of c a r r y i n g  
ou t  t o p o g r a p h i c a l  s t u d i e s  a l o n g  w i t h  r a t e  s tud ies ,  
s ince  i t  is n e c e s s a r y  to a s s u m e  t h e  f o r m a t i o n  of a 
smoo th ,  c o n t i n u o u s  f i lm in  o r d e r  to  ge t  a m e a n i n g f u l  
r a t e  e q u a t i o n  f r o m  m e a s u r e m e n t s  of o x i d e  t h i c k n e s s  
as a f u n c t i o n  of  t ime .  

I n  t h e  e a r l i e r  s t u d y  (16) t he  i m p o r t a n c e  of t h e  
r e a c t i o n  Cu  + Cu +2 ---- 2 Cu  + w a s  d i scussed .  F r o m  a 
t h e r m o d y n a m i c  s t a n d p o i n t ,  i t  is h i g h l y  p r o b a b l e  t h a t  
t h e  o v e r - a l l  f r e e  e n e r g y  c h a n g e  of t h e  o x i d a t i o n  of 
c o p p e r  m e t a l  in  C u ( I I )  ion  s o l u t i o n s  r e s u l t s  f r o m  t h e  
t e n d e n c y  of t he  s y s t e m  to a p p r o a c h  t h e  e q u i l i b r i u m  
r e p r e s e n t e d  b y  t h e  a b o v e  e q u a t i o n .  T h e  t e n d e n c y  of 
t h e  p H  to d e c r e a s e  t o w a r d s  3.2 in  t h e  u n b u f f e r e d  
CuSO4 s y s t e m  a l o n g  w i t h  t h e  t e n d e n c y  of i n i t i a l  c o r -  
r o s i o n  p o t e n t i a l s  on  v a r i o u s  c r y s t a l  faces  of  c o p p e r  to  
a p p r o a c h  a l i m i t i n g  v a l u e  i n  CuSO4 s o l u t i o n  (11, 12) 
i n d i c a t e  t h e  i m p o r t a n c e  of t h i s  r e a c t i o n ,  as a pos s ib l e  
d r i v i n g  fo rce  fo r  t h e  o v e r - a l l  p rocess .  T h e  w o r k  of 
J e n k i n s  a n d  B e r t o c c i  (15) e m p h a s i z e d  t h a t  t r u e  e q u i -  
l i b r i u m  for  t h i s  r e a c t i o n  e x i s t s  o n l y  in  s o l u t i o n s  
w h i c h  a r e  f r e e  of d i s s o l v e d  oxygen ,  w h i c h  h a v e  b e e n  
p r e - e q u i l i b r a t e d  w i t h  copper ,  a n d  w h i c h  e x h i b i t  a 
p H  less  t h a n  a b o u t  3.2. Of  course ,  n o n e  of  t h e s e  c o n -  
d i t i o n s  w a s  m e t  in  t h e  s y s t e m s  in  t h e  p r e s e n t  s tudy ,  
s ince  u n d e r  t h e s e  c o n d i t i o n s  ox ide  w o u l d  n o t  f o r m  on 
copper .  

No e x p l a n a t i o n  fo r  t h e  s u d d e n  a p p e a r a n c e  of p o l y -  
h e d r a  on  t h e  (100) f ace  in  t he  a c e t a t e  sys t em,  as 
p o s e d  in  q u e s t i o n  4, c a n  b e  o f fe red  a t  t h i s  t ime .  S i n c e  
o x i d e  on  t h e  (100) p l a n e  c a n  h a v e  f o u r  pos s ib l e  o r i -  
e n t a t i o n s  w h i l e  t h a t  on  t h e  (111) c a n  h a v e  t w o  a n d  
t h e  (110) o n l y  one  o r i e n t a t i o n  (11, 22),  m o r e  g r a i n  
b o u n d a r i e s  cou ld  be  f o r m e d  in  t h e  o x i d e  on  t h e  (100) 
face.  H o w e v e r ,  s ince  t h i s  s h o u l d  af fec t  t h e  a c e t a t e  a n d  
s u l f a t e  s y s t e m  in  t h e  s a m e  m a n n e r ,  t h i s  f a c t o r  m a y  
n o t  b e  t h e  c o n t r o l l i n g  one.  

W i t h  r e s p e c t  to t h e  ef fec t  of a n n e a l i n g ,  as r a i s e d  in  
q u e s t i o n  5, i t  is p r o p o s e d  t h a t  th i s  is d u e  p r i m a r i l y  
to  t h e  d i f f e r e n c e  in  t h e  n a t u r e  of t h e  t h i n  b a s e  f i lms 
f o r m e d  i n  t h e  two  sys t ems .  W h e n  t h e  u n a n n e a l e d  c r y s -  
t a l  is w a s h e d  i n  w a t e r  a n d  e x p o s e d  to t h e  a i r  p r i o r  to 
i m m e r s i o n ,  a t h i n  f i lm of t h e  o r d e r  of 10A p r o b a b l y  
f o r m s  i m m e d i a t e l y .  T h i s  f i lm t h e n  g r o w s  f a i r l y  r a p i d l y  
to a t h i c k n e s s  of a b o u t  30-50A. I n  t h i s  p r oce s s  t h e  i n -  
d i v i d u a l  c r y s t a l s  in  t h e  f i lm pos s ib ly  h a v e  t i m e  to 
o b t a i n  a m o r e  u n i f o r m  s t a t e  of  p e r f e c t i o n  a n d  to  
p a t c h  u p  a n y  w e a k  spots .  O n  t h e  o t h e r  h a n d ,  w i t h  
a n n e a l e d  c r y s t a l s  t h e  30A i n i t i a l  f i lm f o r m s  v e r y  r a p -  
i d ly  in  t h e  e l e c t r o l y t e  so lu t ion .  As  a r e su l t ,  t h e  c r y s -  
t a l s  in  t h i s  f i lm m i g h t  b e  e x p e c t e d  to  v a r y  w i d e l y  
i n  t h e i r  d e g r e e  of p e r f e c t i o n .  T h i s  c o u l d  p r o m o t e  t h e  
g r o w t h  of i n d i v i d u a l  p o l y h e d r a  b y  t h e  m e c h a n i s m  
p r o p o s e d  e a r l i e r  (16) .  A n o t h e r  e x p l a n a t i o n  of t h i s  
a n n e a l i n g  effect  cou ld  i n v o l v e  t h e  i n f l u e n c e  of  t e m -  
p e r a t u r e s  on  t h e  m e t a l  su r face .  I m p u r i t i e s  m i g h t  d i f -  
f u se  to t h e  m e t a l  s u r f a c e  f r o m  t h e  i n t e r i o r  of t h e  
c r y s t a l  or  t r a c e  i m p u r i t i e s  cou ld  b e  l e f t  o n  t h e  s u r -  
f ace  b y  r e d u c t i o n  w h e n  t h e  t h i n  f i lm of c u p r o u s  o x -  
ide  is r e d u c e d  b y  h y d r o g e n .  T h e s e  i m p u r i t i e s  cou ld  
p r o m o t e  or  r e t a r d  o x i d e  g r o w t h  a t  specif ic  r e a c t i o n  
si tes .  T h e  e x p e r i m e n t s  d e s c r i b e d  e a r l i e r  in  t h i s  p a p e r  
i n d i c a t e d  t h a t  th i s  ef fec t  is n o t  t h e  c o n t r o l l i n g  fac to r .  

W i t h  r e s p e c t  to  q u e s t i o n  6, t h e  r e s u l t s  of t h i s  s t u d y  
c e r t a i n l y  i n d i c a t e  t h a t  b y  v a r y i n g  t h e  a n i o n  t h e  n a -  
t u r e  of t h e  ox ide  c a n  b e  c o n t r o l l e d  a n d  p e r h a p s  in  
th i s  w a y  t h e  d e g r e e  of c o r r o s i o n  p r o t e c t i o n  a f fo rded  
b y  t h e  o x i d e  f i lm c a n  b e  c o n t r o l l e d .  H o w e v e r ,  s i nce  
t h e  p H  r e m a i n s  c o n s t a n t  in  one  s y s t e m  a n d  v a r i e s  in  
t h e  o the r ,  t h i s  c o n c l u s i o n  is no t  c e r t a in .  F u r t h e r  s t u d y  
of  t h e  effect  of a n i o n s  o n  ox ide  t o p o g r a p h y  is b e i n g  
c a r r i e d  ou t  b y  e x p o s i n g  c o p p e r  c r y s t a l s  to  s o l u t i o n s  
of c o p p e r  ( I I )  f o r m a t e  a n d  c o p p e r  ( I I )  p e r c h l o r a t e .  
D u e  to  s i m i l a r i t i e s  in  a n i o n s  i t  is  h y p o t h e s i z e d  t h a t  
t h e  o x i d e  f o r m e d  in  C u ( O A c ) 2  s o l u t i o n  w o u l d  b e  
s i m i l a r  to  t h a t  f o r m e d  i n  Cu(CHO2)2  so lu t ion ,  w h i l e  

t h a t  f o r m e d  in  C u ( C I O 4 ) 2  w o u l d  b e  s i m i l a r  to  t h e  
o x i d e  f o r m e d  in  CuSO4 so lu t ions .  

T h e r e  a p p e a r  to b e  t h r e e  poss ib l e  sou rce s  fo r  t h e  
o x y g e n  i n  t h e  Cu20,  as p o s e d  i n  q u e s t i o n  7: d i s s o l v e d  
02  o x y g e n  o b t a i n e d  f r o m  t h e  s u l f a t e  on  a c e t a t e  r a d -  
ical,  or  o x y g e n  f r o m  t h e  H20. S i n c e  t h e  r e a c t i o n  is so 
r a p i d  i n  c o p p e r  s a l t  s o l u t i o n s  as o p p o s e d  to p u r e  
w a t e r ,  i t  a p p e a r s  to b e  i m p r o b a b l e  t h a t  d i s s o l v e d  o x -  
y g e n  is t h e  source .  I t  a lso  s e e m s  u n l i k e l y  t h a t  t h e  
o x y g e n  w o u l d  c o m e  f r o m  t h e  b r e a k d o w n  of t h e  su l -  
f a t e  or  a c e t a t e  r ad i ca l s ,  a l t h o u g h  t h e r e  is  l i t t l e  i n -  
f o r m a t i o n  a v a i l a b l e  in  t h e  l i t e r a t u r e  o n  t h i s  m a t t e r .  
To c h e c k  th i s  poss ib i l i ty ,  i t  w a s  d e c i d e d  to ox id ize  a 
s p h e r e  i n  a s o l u t i o n  of c o p p e r  ( I I )  t e t r a f l u o r o b o r a t e ,  
C u ( B F 4 ) 2 ,  w h i c h  c o n t a i n s  a n  a n i o n  w i t h  n o  a v a i l a b l e  
oxygen .  Resu l t s  o b t a i n e d  s h o w e d  t h a t  a n  o x i d e  p a t -  
t e r n  d id  f o r m  in  t h e  s o l u t i o n  of C u ( B F 4 ) 2  a n d  t h u s  
i t  a p p e a r s  t h a t  t h e  a n i o n  is a t  l e a s t  n o t  t h e  p r i m a r y  
s o u r c e  of oxygen .  T h e  m o s t  l i k e l y  s o u r c e  of  o x y g e n  
a p p e a r s  to b e  H20.  S e v e r a l  e q u a t i o n s  fo r  pos s ib l e  
r e a c t i o n s  i n v o l v i n g  w a t e r  w e r e  g i v e n  in  t h e  p r e v i o u s  
a r t i c l e  (16) .  E x p e r i m e n t s  p l a n n e d  fo r  t h e  f u t u r e  i n -  
c l u d e  o x i d i z i n g  a c o p p e r  c r y s t a l  r e s p e c t i v e l y  in  a 
s o l u t i o n  m a d e  b y  d i s s o l v i n g  C u ( O A c ) 2  in  O TM l a b e l l e d  
w a t e r  a n d  in  a s o l u t i o n  p r e p a r e d  f r o m  n o r m a l  w a t e r  
a n d  O 's  l a b e l l e d  C u ( O A c ) 2 .  T h e  o x i d e  f o r m e d  cou ld  
t h e n  be  r e d u c e d  in  H2 i n  a c losed  v e s s e l  a n d  t h e  w a t e r  
f o r m e d  cou ld  t h e n  b e  a n a l y z e d  fo r  t h e  p r e s e n c e  of 
O TM w i t h  a m a s s  s p e c t r o g r a p h .  I n  t h i s  m a n n e r  i n -  
f o r m a t i o n  on  t h e  s o u r c e  of o x y g e n  in  t h e  o x i d e  cou ld  
be  o b t a i n e d .  

W i t h  r e s p e c t  to t h e  v a r i a b l e s  i n d i c a t e d  i n  q u e s t i o n  
9, t h e  effect  of p H  is p r e s e n t l y  u n d e r  s t u d y  a n d  t h e  
o t h e r  v a r i a b l e s  a r e  to b e  s t u d i e d  i n  t h e  f u t u r e .  

F i n a l l y ,  t he  m o s t  i m p o r t a n t  o b s e r v a t i o n  t h a t  c a n  b e  
m a d e  a b o u t  t h e  e p i t a x i a l  r e l a t i o n s h i p s  f o u n d  in  t h i s  
s t u d y  is t h a t  t h e y  a r e  t h e  s a m e  r e g a r d l e s s  of w h e t h e r  
to C u 2 0  is f o r m e d  in  gaseous  O2 a t  t e m p e r a t u r e s  f r o m  
100 ~ to 900~ (23) ,  in  p u r e  w a t e r  a t  r o o m  t e m p e r a -  
t u r e  (8) ,  or  in  so lu t i ons  of  CuSO4 or  C u ( O A c ) 2  a t  
r o o m  t e m p e r a t u r e .  T h i s  i n d i c a t e s  t h a t  o n e  f u n d a -  
m e n t a l  f a c t o r  w a s  d e t e r m i n i n g  t h e s e  r e l a t i o n s h i p s  a n d  
t h a t  e p i t a x y  m a y  b e  m o r e  f u n d a m e n t a l  t h a n  w a s  
t h o u g h t .  T h e s e  ideas  a r e  d i s c u s s e d  in  g r e a t e r  d e t a i l  
b y  L a w l e s s  a n d  G w a t h m e y  (23) a n d  L a w l e s s  a n d  
M i l l e r  (22) .  

Summary 
1. A m o r e  d e t a i l e d  p i c t u r e  of t h e  g r o w t h  s e q u e n c e  

of t he  f o r m a t i o n  of C u 2 0  p o l y h e d r a  o n  t h e  (110),  
(100) ,  a n d  (111) faces  of c o p p e r  in  CuSO4 s o l u t i o n  

w a s  o b t a i n e d .  T h e  e x p o s e d  s u r f a c e  b e t w e e n  t h e  p o l y -  
h e d r a  i n c r e a s e d  as t h e  p o l y h e d r a  g r e w  l a r g e r .  T h i s  
i n d i c a t e d  t h a t  t h e  m e c h a n i s m  of p o l y h e d r a  g r o w t h  
m a y  i n v o l v e  d i s s o l u t i o n  of s m a l l  p o l y h e d r a  a t  c e r t a i n  
po in t s .  

2. U n d e r  t h e  s a m e  c o n d i t i o n s  in  Cu  ( O A c ) 2  s o l u t i o n s  
r e l a t i v e l y  s m o o t h  a n d  c o n t i n u o u s  f i lms  of C u 2 0  r a t h e r  
t h a n  p o l y h e d r a  w e r e  o b s e r v e d  on  t h e  (110) a n d  (111) 
faces ,  w h i l e  p o l y h e d r a  w e r e  o b s e r v e d  o n  t h e  (100) 
face. 

3. D u r i n g  o x i d a t i o n  t h e  p H  of t h e  CuSO4 s o l u t i o n  
d r o p p e d  f r o m  i ts  i n i t i a l  v a l u e  of 4.3 to  3.5-3.7 fo r  
i m m e r s i o n  t i m e s  g r e a t e r  t h a n  1 hr ,  w h i l e  t h e  p H  of 
t h e  C u ( O A c ) 2  s o l u t i o n s  r e m a i n e d  e s s e n t i a l l y  c o n s t a n t  
t h r o u g h o u t  t h e  r e a c t i o n .  

4. A n n e a l i n g  of  t h e  m e t a l  s u r f a c e s  in  H2 a t  500~ 
p r i o r  to  i m m e r s i o n  i n to  t h e  e l e c t r o l y t e  s o l u t i o n  e n -  
h a n c e d  t h e  f o r m a t i o n  of i n d i v i d u a l  p o l y h e d r a  in  t h e  
CuSO4 s y s t e m  a n d  t h e  f o r m a t i o n  of smoo th ,  c o n t i n u -  
ous  f i lms in  C u ( O A c ) 2  so lu t ions .  T h i s  a p p a r e n t l y  r e -  
s u l t e d  f r o m  t h e  d i f f e r ences  in  t h e  i n i t i a l  t h i n  o x i d e  
f i lms f o r m e d  on  t h e  a n n e a l e d  a n d  u n a n n e a l e d  m e t a l  
su r f aces .  

5. T h e  e p i t a x i a l  r e l a t i o n s h i p s  of t h e  m e t a l  a n d  o x -  
ide  w e r e  t h e  s a m e  i n  b o t h  t h e  CuSO4 a n d  C u ( O A c ) 2  
sys t ems ,  a n d  t h i s  r e l a t i o n s h i p  w a s  t h e  s a m e  as t h a t  
f o u n d  i n  o t h e r  s t ud i e s  of C u 2 0  f o r m e d  on  c o p p e r  in  
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gaseous 02 at high temperatures  and in pure water  
at 25~ 
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Oxidation of Copper Single Crystals in Aqueous 
Solutions of Inorganic Salts 

II. Topography of Oxide Formed in Cu(CIO~)2 and Cu(CHO2)2 Solutions 

R. W. Topham' and G. Tyler Miller, Jr. 2 
Department of Chemistry, Hampden-Sydney College, Hampden-Sydney,  Virginia 

ABSTRACT 

Electron microscopic examinat ion  was made of the topography of Cu20 
formed on the (100), (110), and (111) faces of copper single crystals im-  
mersed for vary ing  times in aqueous solutions of Cu (C104)2 and Cu (CHO~)2. 
A previous study indicated the importance of the anion on topography in that  
Cu20 polyhedra formed on copper oxidized in CuSO4 solutions, while in 
Cu(OAc)2 solutions relat ively smooth, continuous films of Cu20 formed on 
the (110) and (111) faces and polyhedra were observed on the (100) face. It  
was hypothesized that due to similarit ies in the anions that  the oxide formed 
in copper (II) formate solutions would be similar to that  formed in copper(II)  
acetate solutions and that  oxide formed in copper(II)  perchlorate solutions 
would be similar to that formed in copper(II)  sulfate solutions. In  general, 
the present  study has substant iated this hypothesis. 

This is a cont inuat ion of a long range study of the 
growth of oxide on copper single crystal surfaces ex-  
posed to aqueous solutions of inorganic salts. The pre-  
ceding paper (1) indicated that  the anion present  in 
solutions containing copper(II)  ions could greatly in -  
fluence the topography formed on copper surfaces. 
Specifically, it was found that  oxide polyhedra formed 
on copper surfaces exposed to CuSO4 solutions, while 
relat ively smooth and continuous films formed in 
Cu(OAc)2 solutions on the (110) and (111) faces 

1 P r e s e n t  add re s s :  D e p a r t m e n t  of B i o c h e m i s t r y ,  Corne l l  U n i v e r -  
s i ty,  I t haca ,  New York .  

e P r e s e n t  addres s :  D e p a r t m e n t  of  C h e m i s t r y ,  St.  A n d r e w s  P r e s b y -  
t e r i a n  Col lege,  L a u r i n b u r g ,  N o r t h  Caro l ina .  

and polyhedra formed on the (100) face. 
Since control of the na tu re  and thickness of the 

oxide film by varying  the anion could significantly 
vary  the degree of corrosion protection afforded by 
an oxide film, it was desirable to investigate the in -  
fluence of other anions. If the anion is the p r imary  
variable  causing the different types of oxide growth, 
then it was reasoned that  because of the similarities 
in  anions, that  the topography of the oxide formed in 
copper(II)  formate solutions would be similar to 
that formed in  copper(II)  acetate solutions and l ike- 
wise, that  the oxide formed in copper(II)  perchlorate 
solutions would resemble that  in  copper(II)  sulfate 
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solutions. The present  study was under taken  to sup- 
port  this hypothesis. 

Exper imental  Procedure 

Known crystal lographic faces of careful ly  prepared  
copper single crystals were  exposed to 0.05N solutions 
of Cu(CHO2)2 and Cu(C104)2 mainta ined at 30 ~ ___ 
0.05~ and at an ini t ial  pH of 4.30 ___ 0.02. With the 
exceptions given below, all procedures  were  the same 
as those used in the previous study (1). 

Copper ( I I )  formate  was prepared by the react ion 
of basic copper (II) carbonate  and 50% aqueous formic 
acid. The react ion was carr ied out at 75~ for �89 hr  
and the copper( I I )  formate  obtained was doubly re-  
crystal l ized and dehydrated.  The pH of copper( I I )  
formate  solutions was adjusted to 4.3 by addit ion of 
reagent  grade formic acid. The copper ( I I )  perchlo-  
ra te  was prepared  in a similar  manner  by react ing 
basic copper( I I )  carbonate wi th  70% aqueous per -  
chloric acid for an hour  at 75~ After  a l lowing the 
react ion mix ture  to stand for several  days the salt 
was doubly recrysta l l ized and used in the pen tahy-  
drated form. 

The washing procedure for the copper crystals af ter  
electropolishing was var ied  sl ightly f rom the previous 
study as follows: 

1. Immedia te ly  after  removal  f rom the electropol-  
ishing bath crystals were  washed for 1 rain in demin-  
eralized wate r  wi th  a specific resis t ivi ty of at least 
1.2 mil l ion ohms. This wa te r  was obtained f rom a 
D-ion Master  demineral izer ,  Model No. 8120. 

2. This was fol lowed by washing in a rapidly stirred 
10% by volume HsPO4 for 1 rain. 

3. The crystal  was then re -washed  in the demin-  
eralized water  for 3 min. 

4. Finally,  the crystal  was washed in distil led wa-  
ter  2 wi th  a resis t ivi ty of approximate ly  1.4 mil l ion 
ohms for 2 min. 

Exper imental  Results 

As expected, reflection electron diffraction showed 
that  the oxide formed in the present  s tudy was Cu20. 
The init ial  pH of 4.3 was mainta ined dur ing oxida-  
tion in the copper( I I )  formate  solutions but in the 
copper( I I )  perchlorate  solutions it dropped to ap- 
p rox imate ly  3.5 af ter  immersion for 1 hr. These pH 

T h e  d i s t i l l ed  w a t e r  w a s  o b t a i n e d  b y  u s i n g  a C o n s o l i d a t e d  Stil l ,  
M o d e l  C S A - N P - X 2 .  

May 1966 

Fig. 2. Oxidation of the (110) face of copper in 0.05N Cu(CHO2)2 
at 30.0~ for 5 min. Initial pH 4.3. Magnification 15000X before 
reduction for publication. 

effects were  essential ly the same as those found re-  
spect ively in the CuSO4 and Cu(OAc)2  solutions. 

Figures  1 and 2 show a general  comparison of the 
topography of the oxide formed on the ( l l 0 )  face in 
Cu(CIO4)2 and C u ( C H O 2 ) 2  solutions after  5 min  of 
oxidation. By comparing Fig. 1 and 2, respectively,  
wi th  Fig. 2c and 4c in ref. (I)  it can be seen that  
polyhedra  form in the sulfate and perchlorate  systems, 
while  smooth films form in the acetate and formate  
systems. These pictures along with  others taken at 
immersion times varying from 30 sec to 24 hr show 
that the film formed in the formate system is nor- 
mally even smoother than that in the acetate and the 
polyhedra formed in the perchlorate solutions grow 
together to a much greater extent than those formed 
in the sulfate solutions. Results indicated that in 
CuSO4 solutions the oxide polyhedra require several 
hours to grow together to cover the entire surface, 

Fig. 1. Oxidation of the (110) face of copper in 0.05N Cu(CIO4)2 
at 30.0~ for 5 min. Initial pH 4.3. Magnification 1S000X before 
reduction for publication. 

Fig. 3. Oxidation of the (100) face of copper in 0.05N Cu(CIO4)2 
at 30.0~ for 10 min. Initial pH 4.3. Magnification 15000X before 
reduction for publication. 
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while  this happens in the Cu(C104)2 system wi th in  
1 hr. This indicates that  in the Cu(C104)2 solutions 
the oxide must  grow much more  rapidly, at least in 
a lateral  direction, so as to cover more of the sur-  
face. 

The (111) face in both Cu(C104)2 and Cu(CHO2)2 
solutions showed oxide growths similar  to those found 
respect ively in the sulfate and acetate systems. A 
comparison of Fig. 3 wi th  Fig. 3a of ref. (1) shows 
that  the (100) face oxidized in perchlora te  showed 
polyhedra  similar  to that  in the sulfate system. Again  
the oxide in perchlorate  were  more  run  together  than 
those in sulfate solutions. It was shown in the p re -  
vious study (1) that  the oxide formed on the (100) 
face in acetate solution was continuous up to about 
10 min but for immers ion times f rom 10 min to 1 hr  
polyhedra  were  observed. A comparison of Fig. 4 in 
this paper  with Fig. 5b in ref. (1) shows that  this 
phenomenon was also observed in the formate  system. 

Discussion 

It would appear that  the results of the present  
study when combined with  those in the previous study 
support  the conclusion that  the anion can great ly  af-  
fect the nature  of the oxide formed on copper sur-  
faces and that  similar  anions cause similar  oxide 
growths. However ,  as ment ioned in the ear l ier  paper  
this conclusion has not necessari ly been substantiated. 
It wil l  be recal led that  the bulk pH drops in the sul- 
fate and perchlorate  systems but remains essential ly 
constant in the buffered acetate and formate  systems. 
It  is possible that  a major  var iable  or perhaps even 
the control l ing var iable  could be changes in pH at 
the react ion surface. For example,  selective dissolving 
at weak points in an oxide film could cause the fo rma-  
tion of polyhedra  of oxide. In order  to check this 
possibility a detailed study of the effect of pH is now 
being carr ied out in this laboratory.  

The present  study raises two addit ional  questions. 
1. Why is the oxide formed in solutions of cop- 

pe r ( I I )  formate  normal ly  smoother than that  formed 
in copper (II) acetate solutions? 

2. Why do oxide polyhedra  formed in copper( I I )  
perchlorate  solutions apparent ly  grow la tera l ly  at 
a faster  ra te  than those formed in copper( I I )  sul- 
fate solutions? 

One possible factor that  could influence the fo rma-  
tion of continuous films as opposed to polyhedra  lies 

in the na ture  of the complex species present  in the 
electrolyte  solutions. The copper ( I I )  ion in solutions 
of CuSO4 and Cu(C104)2 would  exist predominant ly  
as Cu(H20)4  + + and the perchlorate  and sulfate ions 
would  exist in a noncomplexed  form. In concentrated 
solutions of Cu(OAc)2  and Cu(CHO2)2 the complex 
species present  are quite different, as shown by 
Yamada, Nakamura,  and Tsuchida (2). In concen- 
t ra ted copper ( I I )  formate  solutions there  are in-  
finite chains of composit ion Cu(CHO2)2"2H20 joined 
together  by hydrogen bonding through the two water  
molecules  and in concentrated copper( I I )  acetate so- 
lutions there  are binuclear  complexes of the form 
Cu2(CH3COO)4"2H20. Of course, these are  the mono-  
disperse species only in concentrated solutions; in the 
re la t ive ly  di lute solutions used in the present  study 
they would exist  in much lower  concentrat ions along 
with  Cu(H20)4++ 'C2H302 - ,  and CHO2- ions. 

If these formate  and acetate complexes wi th  copper 
were  present  in sufficient number,  they could be more  
easily adsorbed than the Cu(H20)4  + + at local charge 
sites in the thin init ial  film of Cu20. Using Pearson's  
terms (3) in which "hard"  acids are re la t ive ly  re -  
sistant to polarizat ion and "soft" acids are re la t ive ly  
easy to polarize, one would  expect  the formate  and 
acetate complexes to be fa i r ly  "soft" compared to 
the square planar  Cu(H20)4  ++ ion. Thus, these 
"softer"  or more  polarizable species could be more  
readi ly  adsorbed. If they were  adsorbed more  readily,  
they would  provide a larger  number  of nucleat ion 
sites for fur ther  oxide growth than the adsorbed 
Cu(H20)4  ++ and could thus account for the growth 
of a fa i r ly  smooth, continuous oxide film. 

Another  explanat ion could lie in the selective ad- 
sorption of the anions as opposed to the meta l  com- 
plex ions. The softer acetate and formate  ions could 
be more  easily polarized and adsorbed on the initial 
thin oxide film. The adsorbed anions could then 
at t ract  Cu(H20)4  ++. Again, if the acetate and for-  
mate  ions were  more  readi ly  adsorbed they  would 
provide  a much larger  number  of react ion sites and 
could account for continuous films. 

Summary 
1. Oxide formed in Cu(C10~)2 solutions on copper 

single crystals is genera l ly  in the form of polyhedra 
of Cu20. 

2. The polyhedra  are similar  to those found in a 
previous study using CuSO4 solutions except  that  they 
appear  to grow together  la tera l ly  at a faster  ra te  in 
the Cu (C104) 2 solutions. 

3. Oxide formed in Cu(CHO2)2 solutions on the 
(110) and (111) faces copper single crystals is gen-  
eral ly in the form of a smooth continuous film. 

4. These continuous films are similar  to those found 
in a previous study using Cu(OAc)2  solutions except  
that  they are even  smoother  than those formed in 
Cu (OAc) 2 solutions. 

5. Oxide polyhedra  formed on the (100) face of 
copper in solutions of Cu(CHO2)2. This behavior  is 
similar  to that  found in the previous study for the 
(100) face exposed to Cu(OAc)2  solutions. 

6. Dur ing oxidation the pH of the Cu(C104)2 so- 
lut ion dropped f rom its ini t ial  value of 4.3 to ap- 
p rox imate ly  3.5 after  immers ion for 1 hr, whi le  the 
pH of the Cu(CHO2)2 solutions remained essentially 
constant throughout  the reaction. 

Fig. 4. Oxidation of the (100) face of copper in 0.05N Cu(CHO2)2 
at 30.0~ for 10 min. Initial pH 4.3. Magnification 15000X before 
reduction for publication. 
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ABSTRACT 

The as-plated surfaces of cobalt electrodeposits obtained using various 
combinations of the common plat ing variables  as well  as some thinned foils 
of these samples were  studied. The basal plane was found to be  predominant ly  
perpendicular  to the substrate leading to <1120> and <1010> fiber axes. 
S t ructura l  features  associated wi th  each fiber axis are explained in te rms  of 
crystal  symmet ry  and twinning.  Using the concepts of f ree  and inhibi ted 
outgrowth it was not possible to predict  the s t ructure  resul t ing f rom plat ing 
under  a given set of variables.  The cubic phase of cobalt was observed af ter  
deposition at room tempera tu re  and low pH. 

Electrodeposi ted cobalt has been a topic for re -  
search during the past ha l f -cen tury  because of its 
magnet ic  properties,  its s imilari t ies to nickel, and its 
salient crystal lographic features. The allotropic t rans-  
format ion in cobalt and the repor t  by Kers ten (1) 
that  the high t empera tu re  face-centered-cubic  phase 
is present  at room tempera tu re  under  cer ta in  condi-  
tions of electrodeposit ion has been of par t icular  in-  
terest  to investigators.  A group at the Inst i tute  of 
Physical  Chemis t ry  of Bulgar ia  (2-4) has been con- 
cerned wi th  the effect of certain plat ing parameters  
on the occurrence of the cubic phase at room tem-  
perature.  Their  studies consisted of Debye-Sche r re r  
x - r a y  analyses. F rom the re la t ive  intensities of var i -  
ous diffraction lines they were  also able to draw some 
conclusions about p re fe r red  orientation. Other  inves t i -  
gators who used x - r ay  techniques to study growth 
textures  in relat ion to magnet ic  properties,  were  
Po lukarov  (5) and Quinn and Croll (6). Po lukarov  
also studied the surface micros t ruc ture  of a few sam- 
ples wi th  replicas. Brenner,  Couch, and Will iams (7) 
worked  with  cobalt deposits f rom chloride baths and 
noted the effect of phosphorous content  and hea t -  
t r ea tment  on the micros t ruc ture  of optical ly v iewed 
cross sections and on several  other properties.  

Finch, Wilman, and Yang (8) studied the or ienta-  
t ion of a number  of electrodeposited metals, among 
them cobalt, by electron diffraction. They repor ted  
that  cobalt has a <1120~ fiber axis in the hexagonal  
form and a <110~  orientat ion in f.c.c, form. Random 
deposits were  also observed. The first a t tempt  to 
re la te  or ientat ion to s t ructural  type was made by 
Weil  (9). He re la ted the types of surface structures 
that  could be expected under  cer ta in  plat ing condi-  
tions wi th  the fiber axes as de termined  by electron 
diffraction. The s t ructure  of cobalt electrodeposited 
on s ingle-crysta l  substrates has been the subject of 
recent  work  by Cliffe and Far r  (10) and also by 
Goddard and Wright  (11). 

None of the invest igat ions to date were  compre-  
hensive and systematic studies of the effect of the 
various plat ing parameters  on the s t ructure  of cobalt. 
The present  invest igat ion was under taken  to survey 
the orientat ion types which can exist in cobalt elec-  
trodeposits plated under  various combinations of pH, 
current  density, tempera ture ,  and concentrat ions of 
the negat ive  ions of two cobalt  salts. This study con- 
sisted of a de terminat ion  of the orientat ions of va r i -  
ous deposits in a way similar  to that  used by Baner jee  

1 P r e s e n t  addres s :  C e n t r a l  Resea rch  L a b o r a t o r y ,  A i r  R e d u c t i o n  
Corpora t ion ,  M u r r a y  Hil l ,  N e w  J e r s ey .  

and Goswami (12) in thei r  work  wi th  nickel, as 
wel l  as e lectron-microscopic examinat ions  of replicas 
of all  the surfaces and a number  of thin films in or-  
der to re la te  tex ture  and microstructure.  

Experimental Procedure 
Four  plat ing solutions were  prepared  f rom ana-  

lyt ical ly pure  chemicals to de te rmine  the effects of 
the impor tant  deposition variables,  namely  pH, cur-  
rent  density, bath tempera ture ,  and composition. The 
compositions of the solutions, all of which had the 
same cobaltous ion concentration, 1.25 moles / l i te r ,  are 
given in Table I. The solutions were  purified as de- 
scribed by Well  (9). 

Initially,  the s tar t ing cathodes were  electropolished 
copper sheet. Subsequently,  some exper iments  were  
repeated using cobalt start ing cathodes to de termine  
the possible effect of the substrate, to check on repro-  
ducibility, and to make  it easier  to thin the deposits 
e lectrolyt ical ly  for t ransmission electron microscopy. 
The s tar t ing-cathode sheets were  inserted in a plas- 
tic f rame which exposed an area of 0.4 dm 2 to the 
plat ing solution. The cathodes were  weighed before 
and af ter  deposition. The thicknesses of the deposits 
were  calculated f rom their  weights  and were  about 
50~ in all instances. Bagged cobalt anodes were  used, 
and the solutions were  not stirred. 

Deposition was per formed in each of the four  plat-  
ing baths at pH values of 2.0, 3.5, and 5.0. The pH was 
adjusted by addit ion of e i ther  H2804, HC1, or the 
appropriate  mixtures  to main ta in  the exist ing ratio 
of sulfate to chloride ions. The plat ing baths were  
operated at both room tempera tu re  and 60 ~ ~ 3~ 
At  room tempera tu re  and at each of the three  pH 
values in each of the four  baths, deposition took place 
at cur ren t  densities of 0.1, 0.5, 2.5, and 5.0 a m p / d m  2. 
The deposits obtained at 0.1 a m p / d m  2 and 60~ were  
not coherent  and therefore  not  studied fur ther .  Thus 
a total of 84 different plat ing conditions were  em-  

Table I. Bath compositions* 

M o l e s / l i t e r  M o l e s / l i t e r  
B a t h  COSO4 • 7H~O CoCI~ • 6H20 M o l a r  r a t io  

A. 0 1.25 A l l  ch lo r ide  
B 0.625 0.625 1:1 
C 1.136 0.114 10:1 
D 1.25 0 A l l  su l f a t e  

* A l l  b a t h s  also c o n t a i n e d  3 0 g / l i t e r  H3BOz and  0 .15g / l i t e r  s o d i u m  
l a u r y l  su l fa te .  



Vol. 113, No. 5 DEPOSITION MODES OF COBALT 425 

ployed. In addition, several  samples were  deposited 
in an a l l -sulfa te  bath at room tempera tu re  wi th  the 
pH lowered to be tween  1.0 and 1.5 for the purpose of 
obtaining deposits wi th  re la t ive ly  large amounts  of 
face-centered-cubic  material .  

The crystal lographic orientat ions of the deposits 
were  de termined  by several  methods. The re la t ive  
intensities of the lines f rom the various diffracting 
planes para l le l  to the surfaces of the deposits were  
measured by using a diffractometer  and Geiger-  
counter assembly in a G.E. X - R a y  Diffraction Uni t  
wi th  cobalt Ka radiation. The fiber axes were  also 
determined by glancing a Mo Ka incident beam nor-  
mal  to the surface in the manner  described by Tay-  
lor (13), as wel l  as by reflection electron diffrac- 
tion. 

The microstructures  of the as-plated surfaces of 
all deposits were  studied by electron microscopy using 
carbon replicas. The deposits plated on cobalt sub- 
strates were  str ipped and thinned by covering the 
deposit wi th  acid-resis tant  adhesive tape and electro-  
polishing in a s t i rred solution of 860 cc HsPO4, 51 cc 
H2804, and 100g CrO3 at 30-35v and 2-4 a m p / c m  2 at 
about 10~ The th inned foils were  examined by 
transmission electron microscopy and selected-area  
diffraction in an Hitachi  HU-11 Electron Microscope 
operated at 100 kv. 

Results 
The diffraction patterns,  which were  obtained f rom 

the as-plated deposits, could be classified into four  
types. In all  of them the basal plane {0001}, which in 
the hexagonal  system is the most densily packed one, 
was predominant ly  perpendicular  to the cathode. The 
most f requen t ly  observed pat te rn  also had the most 
closely packed direction, <1150> as the fiber axis. 
Occasionally, a <10 ]0>  fiber axis occurred. Sometimes 
a doubly fibered deposit  consisting of both <1120> 
and <1010> textures  was observed. A diffraction 
pa t te rn  in which the intensi ty of each Debye r ing had 
azimuthal  symmet ry  was also observed. In this pat-  
tern, however ,  all reflections from planes of the type 
{0002}, {0004}, etc. were  ei ther absent or quite  weak, 
consequent ly this type of or ientat ion has been te rmed 
pseudo-random. Table  II lists the type of fiber axis 
which was obtained under  the various plat ing condi- 
tions. The re la t ive  strengths of the fiber axes are also 
indicated and wil l  be discussed later. 

The electron-microscopic examinat ion of the rep-  
licas f rom the as-pla ted deposit surfaces showed that  

there  were  distinct s t ructural  features  associated with  
each of the four  types of fiber axes. Thus for each 
set of plat ing conditions listed in Table  II, which pro-  
duced a given type of orientation, there  were  certain 
dist inctive features  observed. A re la t ive ly  coarse 
s t ructure  wi th  a layered or faceted morphology rep-  
resented by Fig. l a  was found to occur in samples 
plated at 60~ and which had a strong <1120> fiber 
axis. In some areas the facets were  ar ranged so as to 
produce pyramida l  shapes. The strong <1120> tex-  
ture in deposits obtained at room temperature ,  was 
character ized by smaller,  though more  readi ly  rec-  
ognizable pyramids  as shown in Fig. lb. These pyra-  
mids general ly  possessed ei ther  four or five sides and 
usual ly had fine s t ructure  on their  faces. The weaker  
<1120> tex ture  was associated with  pyramids  with 
more  rounded sides as shown in Fig. lc. Samples 
having the < 1 0 i 0 >  fiber axis and the pseudo-random 
orientat ion f requent ly  exhibi ted acicular or r idge-  
l ike shapes on their  surfaces. F igure  ld  is representa-  
t ive of the <1010> texture.  The pseudo-random ori-  
entation was observed in deposits that  ranged f rom 
coarse ridges as seen in Fig. le, to the finer struc- 
tures of Fig. lf. It can be seen that  the ridges were  
genera l ly  symmetr ic  about a plane which was per -  
pendicular  to the surface and ran para l le l  to their  
long direction. The mixed  s t ructure  wi th  <1150> and 
< 1 0 ] 0 >  fiber axes showed both pyramids  and ridges. 
In addit ion to the aforement ioned var ia t ion with  
temperature ,  it was found that  the s t ructural  fea-  
tures, in general,  became smaller  and less distinct 
wi th  decreasing pH or current  density. 

In order to elucidate fur ther  the s t ructural  features  
associated wi th  the various orientations, t ransmission 
electron-microscopic studies of thin foils were  con- 
ducted. The pyramids  were  found not to be a single 
crystal, but to consist of several  sections which were  
in a twin relat ionship to each other. F igure  2 i l lus- 
trates this phenomenon for a five-sided pyramid.  In 
each section there  are closely spaced paral le l  lines, 
which were  observed in all deposits and represent  
the intersect ion of the basal plane {0001} with  the 
plane of the foil. In Fig. 2, {0001} planes are perpen-  
dicular  to the surface of the foil in each section. The 
< 0 0 0 I >  directions which therefore  lie in the plane 
of the foil are indicated in Fig. 2. The electron dif-  
fract ion pat terns  upon which the crystal lographic ob- 
servations were  based, also showed s t reaking in the 
<0001> direction, that  is perpendicular  to the fine 

Table II. Fiber axes 

Pla t ing  Room t e m p e r a t u r e  60~ 
condit ions Bath  A Ba th  B Bath  C Bath D Bath  A Bath  B Ba th  C Bath  D 

5.{) a m p / d i n  2 * 'R '  < 1 1 5 0 >  M *<1130>  M < 1 1 2 0 >  M < 1 1 2 0 >  M <112-0> W "R" "R" 
pH 2.0 

2.5 amp/din2 * 'R '  'R" * < 1 1 2 0 >  1VI < 1 1 2 0 >  M < 1 1 2 0 >  M <112-0> S 'R '  < 1 1 5 0 >  W 
pH 2.0 

0.5 amp/din2 'R '  * 'R '  * < 1 1 2 0 >  IV[ < 1 1 2 0 >  M < 1 1 2 0 >  VS < 1 1 2 0 >  VS 'R '  < 1 1 2 0 >  M 
pH 2.0 

0.1 a m p / d i n  2 'R" * 'R '  *<1150>  W < 1 1 3 0 >  IV[ . . . .  
pI~ 2.0 

S.0 amp/din2 "R' < 1 1 5 0 >  S + < 1 1 2 0 >  M <112-0> S < 1 1 2 0 >  S + < 1 1 2 0 >  S + "R" < 1 0 1 0 >  M 
pH 3.5 < 1 0 ~ 0 >  W <10"10> W <lOi-O> S 

2.5 amp/dm= "B' 'R '  < 1 1 2 0 >  M > 1 1 3 0 >  S < 1 1 2 0 >  S < 1 1 2 0 >  S 'R '  < 1 0 1 0 >  M 
pI=f 3.5 

0.5 amp/dm2 'R '  'R '  < 1 1 2 0 >  IV[ < 1 1 2 0 >  S < 1 1 2 0 >  VS < 1 1 2 0 >  VS 'R '  < 1 1 5 0 >  S 
pH 3.5 

0.1 amp/dm~ < 1 1 2 0 >  S < 1 1 2 0 >  S + 'R '  'R '  - -  - -  - -  - -  
pH  3.5 < 1 0 1 0 >  S 

5.0 a m p / d m  2 'R '  "R' < 1 1 5 0 >  S 'R '  < 1 1 5 0 >  S < 1 1 2 0 >  VS < 1 1 2 0 >  VS < 1 0 1 0 >  S 
pH 5.0 

2.5 amp/dm2 'R '  'R '  < 1 1 2 0 >  S 'R '  < 1 1 2 0 >  S < 1 1 2 0 >  S < 1 1 2 0 >  S < 1 0 1 0 >  M 
pH 5.0 

0.5 a m p / d m  e 'R '  < 1 1 2 0 >  S 'R '  'R '  < 1 1 2 0 >  VS < 1 1 2 0 >  VS <11-20> M < 1 1 2 0 >  W 
pH 5.0 

0.1 amp/din2 < 1 i 2 0 >  S < 1 1 2 0 >  S < 1 0 1 0 >  W < 1 0 ~ 0 >  S . . . .  
pH 5.0 

* Showed {200} cubic line. VS, v e r y  s trong;  S, s t rong;  M, m e d i u m ;  W, w e a k ;  'R ' ,  pseudo- random.  
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Fig. 1. Electron micrographs using replicas of cobalt deposits. Surfaces with: a) strong ~1120~ fiber axis formed at 60~ b) strong 
~1120~ fiber axis formed at room temperature; c) weak ~112.0~ fiber axis; d) ~1010~ fiber axis; e) psuedo random orientation and 
coarse needles; f( pseudo-random and finer sturcture. 

Fig. 2. Transmission electron micrograph of sample with pyrami- Fig. 3. Transmission electron micrograph of sample with curved, 
dal morphology, acicular morphology. 
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lines indicating that  the coherent ly  diffracting re -  
gions were  quite  thin in that  direction. When  the 
sample was t i l ted in the microscope, so that  the 
basal planes were  no longer  para l le l  to the electron 
beam, the finely spaced lines developed into fr inges 
of the kind general ly  associated with  faults in the 
stacking of closely packed planes. The acicular or 
r idge- l ike  features  had {0001} planes paral le l  to the 
long direction which were  again perpendicular  to the 
surface. The series of fine lines were  again present  as 
seen in Fig. 3, where  a <0001> direct ion is indicated 
for reference.  F igure  3 is a transmission electron 
micrograph of a sample having the curved- r idge  type 
of surface s t ructure  seen in Fig. le. The curva ture  is 
seen to resul t  f rom the fact that  a r idge was not a 
single crystal,  but  again consisted of a series of seg- 
ments. It is doubtful,  however ,  that  these segments 
bore a twin  relat ionship to one another.  On a n u m -  
ber of occasions s ingle-crysta l  needles were  also ob- 
served. 

In the course of the study of the prefer red  or ienta-  
tions by x - r a y  diffraction, an ex t ra  Debye r ing not 
belonging to the hexagonal  system was found in pat-  
terns f rom deposits plated at low pH and room tem-  
pera ture  in baths containing chloride ions. The sam- 
ples having the ext ra  line, which was always weak 
and broadened, are designated by asterisks in Table II. 
The ext ra  line had an in terplanar  spacing correspond- 
ing to that  of {200) planes of the face-centered-cubic  
lattice. The {200} line is the only cubic line which 
does not coincide with  a hexagonal  one. 

Deposit ion in an al l -sulfate  bath  operated at a pH 
of 1.0 to 1.5 resul ted in specimens with  a ve ry  fine 
grain size and the ext ra  {200} cubic line. Se lec ted-area  
diffraction of these deposits showed an intense {200} 
line, superimposed on the hexagonal  pattern,  but  
a t tempts  to isolate the cubic mater ia l  by dark-f ield 
microscopy were  unsuccessful due to the proximi ty  
of this reflection to the neighboring {1011} line. 

Discussion 
Severa l  authors (8, 12, 14) have  classified the 

structures of electrodeposits as la tera l  and out-  
growth. According to Reddy (15) there  is la tera l  
growth if preferent ia l ly  developed planes are pa-  
ral lel  to the surface and outgrowth if they are 
perpendicular.  In la tera l  growth, if the closest 
packed plane is the preferent ia l ly  developed one, 
a condit ion of free growth is said to exist. In out-  
growth, if the densest packed direct ion is p re fe ren-  
t ially perpendicular  to the surface, it is said to be 
the freest  growth. Thus for cobalt, a <0001> fiber 
axis corresponds to freest  la teral  growth and <1120> 
freest  outgrowth. Other  fiber axes, therefore,  r ep re -  
sent conditions of more inhibited growth and are 
said, according to Reddy (15), to result  f rom var ia -  
tions in the coverage of different atom planes by in- 
hibitors. As in this study the basal plane was in no 
instance preferent ia l ly  developed para l le l  to the sur-  
face, only outgrowth  can be considered to have  oc- 
curred. This fact was substantiated by examinat ions 
of the cross sections of the samples which showed a 
columnar  type of s t ructure  perpendicular  to the sub- 
strate. F rom the above, it can be concluded that  sam- 
ples which exhibi ted a strong <1120> fiber axis the re -  
fore had the most  free growth and those having other  
crystal  directions perpendicular  to the surface repre -  
sented a more inhibited condition. 

An a l ternate  theory of the relat ionship of p re fe r red  
orientat ion to the degree of inhibit ion has been pro-  
posed by Pangarov  (16). According to this theory, the 
work  of forming a two-dimens ional  nucleus for a 
given latt ice plane is a function of the overpotential .  
The latt ice plane for which the work  of forming such 
a nucleus is a min imum is the one paral le l  to the 
surface. In the hexagonal  system such a calculat ion 
leads to the order of fiber axes with increasing in- 

hibit ion as follows: <0001>--> <1011>--> <1120>-> 
< 1 0 i 0 > ~ < 1 1 2 0 > - ] - < 1 0 1 0 > .  As the first two or ienta-  
tions were  not observed, according to Pangarov 's  
theory, then <1120> is again the least inhibi ted 
growth  found in this study. However ,  it should be 
pointed out that  it is quest ionable whe the r  two-d i -  
mensional  nucleat ion has to occur for growth to con- 
t inue as screw dislocations (17) can provide continu- 
ing sites for atom incorporation.  It  also was found 
(18) that  there  is no definite relationship,  in the co- 
balt  baths studied, be tween  overpotent ia l  and the type 
of fiber axis. 

The results  shown in Table II can now be consid- 
ered in terms of the effects of the plat ing var iables  on 
the re la t ive  f reedom of growth  as indicated by the 
degree to which the <1120> fiber axis is developed. 
The effect of t empera tu re  in the two baths wi th  the 
highest  chlor ide- ion concentration, baths A and B, 
was opposite f rom that  in baths C and D. In baths 
A and B, increasing the tempera tures  resul ted in 
f reer  growth. Such an effect of t empera tu re  was ex-  
pected because the adsorption of impuri t ies  should 
have  been decreased and the meta l - ion  concentrat ion 
near  the cathode increased due to accelerated diffu- 
sion rates. However ,  at the low chlor ide- ion concen- 
t ra t ion or in their  absence, increasing tempera tures  
resul ted in more  inhibi ted growth  except  at pH 5.0 
and 0.5 a m p / d m  2 in bath C. It  may be postulated 
that  the low anode efficiencies usual ly  associated with  
low chlor ide- ion concentrat ion resul ted in the for-  
mat ion of other  react ion products, which at high 
tempera tures  could have diffused rapidly  to the 
cathode thereby inhibi t ing growth. A diffraction ring, 
ten ta t ive ly  identified as cobalt hydroxide,  was found 
in deposits plated under  these conditions. 

The effect of current  density as seen f rom Table II 
shows a t rend toward f reer  growth with  a decrease 
in the var iable  at 60~ in all four  p la t ing baths and 
at room tempera tu re  in baths A and B. A possible 
reason for this behavior  is less impover i shment  of the 
solution at the cathode at lower  current  densities. At  
room tempera tu re  in baths C and D, growth  became 
f reer  wi th  increasing current  densities. An explana-  
tion is that  the chloride ions decreased the adsorp-  
tion of an inhibitor.  As there  was a tendency toward 
f reer  growth at high pH values, the inhibitor  could 
have been hydrogen.  

The pH va lue  appeared to have  had li t t le effect at 
60~ when  the chlor ide- ion concentrat ion was re la -  
t ive ly  high. In bath C, growth became f reer  wi th  in-  
creasing pH possibly because the chlor ide- ion con- 
centrat ion was not sufficient to prevent  hydrogen 
f rom acting as an inhibitor. In the absence of chlo- 
r ide ions, growth tended to become f reer  wi th  de- 
creasing pH. A possible reason for this behavior  may  
be that  the basic substances which tended to form at 
high pH values were  the more  potent  inhibitors when  
their  adsorption was not impeded by chloride ions. 
At  room tempera tu re  there  was again na significant 
effect of pH on the type of growth. 

The chlor ide- ion concentrat ion exer ted the great-  
est influence at the e levated t empera tu re  of any of 
the variables  which were  studied. The baths with 
the higher  chlor ide- ion concentration, baths A and B, 
behaved alike as far  as free growth was concerned 
and exhibi ted the greatest  number  of <112"0> ori-  
entations. Here, the chloride ion probably prevented  
inhibition. In bath C there  was free growth only at 
high pH. A possible reason for this phenomenon,  
which has a l ready been stated, is that  there  were  not 
sufficient chloride ions to p reven t  inhibit ion due to 
hydrogen evolving at low pH values. In the absence 
of chloride ions, in bath D, inhibited growth occurred 
at high current  densities. An explanat ion for these 
observations has also a l ready been given. At room 
temperature ,  the effect of the negat ive  ions was not 
definite. Decreasing chlor ide- ion concentrat ion ap- 



428 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1966 

peared to favor  free growth at low pH and, except  
at the lowest current  density, also at the medium pH 
value. 

Thus, whi le  it is possible to explain the occurrences 
of inhibited or f ree  growth, the requi rements  of a 
satisfactory theory to predict  the behavior  are not 
realized. It is clearly necessary to de te rmine  exper i -  
menta l ly  the fiber axis under  a given set of plat ing 
conditions. However ,  wi th  a given set of plat ing con- 
ditions, the structures were  reproducible,  as those 
samples pla ted on copper and on cobalt substrates 
were  the same. 

The reason why certain s t ructural  features  were  
associated with  each fiber axis in hexagonal  cobalt 
can be deduced by analogy to SchlSt terer 's  (19) ex-  
planat ion of face-centered-cubic  nickel. The closest 
packed direct ion in the face-centered-cubic  latt ice is 
<110>.  When this direct ion was the fiber axis, mul t i -  
sided pyramids  were  observed. SchlSt terer  has shown 
that  these pyramids  resul ted because there  are two 
sets of twinning planes perpendicular  to the substrate. 
The possibili ty for the sections of a pyramid  to be in 
a twin  relat ionship to each other permits  a h igher  de- 
gree of symmetry.  In the hexagonal  system when  the 
close-packed direction <11~.0> is the fiber axis, there  
are also a number  of repor ted  (20) twinning  planes 
of the type {101L}, where  L can be an integer  f rom 
1 to 5, perpendicular  to the substrate. These planes 
probably provided the oppor tuni ty  for forming the 
type of pyramids  shown in Fig. 2. 

In nickel  when  the <211> direct ion was the fiber 
axis, Schl5t terer  (19) found elongated shapes. These 
shapes were  symmetr ic  about a plane paral le l  to the 
long direction and perpendicular  to the substrate. 
When there  was a <211>  fiber axis, there  is only one 
twinning  plane perpendicular  to the substrate, thus 
only shapes wi th  a two-fo ld  symmet ry  can form. The 
hexagonal  direction equiva len t  to <211> is <10~0>. 
When <1010> was the fiber axis in cobalt, the same 
types of shapes resul ted as were  observed wi th  <211> 
in nickel. As the basal plane of the hexagonal  latt ice 
is a mi r ro r  plane wi thout  twinning,  shapes having 
two-fo ld  symmet ry  can result  wheneve r  this plane 
was perpendicular  to the substrate. In the cubic sys- 
tem, as there  is no mi r ro r  symmet ry  about the {111) 
planes, there  had to be twinning on these planes in 
order  to produce the types of shapes which SchlSt-  
terer  observed. 

Face-cen te red-cubic  cobalt, unl ike "hexagonal"  
nickel  is the rmodynamica l ly  stable above 420 ~ 
Whereas  SchlSt terer  (19), has shown that  the ext ra  
line segment observed in diffraction pat terns  of some 
nickel  deposits and which had been indexed as the 
{1010} of a hexagonal  phase can also resul t  f rom 
double diffraction, the circumstances for cubic co- 
bal t  are probably different. As a complete  diffraction 
r ing corresponding to {200) has been observed, i t  is 
probable  that  there  actual ly  were  crystals or parts  
thereof  which had a face-centered-cubic  lattice. In-  
complete  t ransformat ion to the hexagonal  phase in 
wrought  cobalt, especially if the grain size is small, 
is a we l l - known  phenomenon (21, 22). The plated 
samples in which the cubic diffraction line was ob- 
served general ly  had a ve ry  fine grain size. It  has 
been postulated (23) that  the excess deposition en-  
ergy is equiva len t  to an effective t empera tu re  con- 
s iderably above ambient  at the cathode surface. Based 
on this theory, under  the conditions used in this study, 
the t empera tu re  at the growing cathode surface 
would be one at which the cubic phase is stable. Pos-  
sibly the fine grain size prevented  complete  t rans-  
formation. F rom Table  II it can be noted that  the 
presence of the chloride ion and low pH are also 
obviously associated wi th  format ion  of some cubic 
phase possibly by their  effects on the grain size. 

Many workers  (24-27) have used quant i ta t ive  x - r a y  
measurements  in order  to study the na ture  of lat t ice 

faults as well  as the effects of par t ic le  size and strain 
on the s t ructure  of cobalt powders. The application 
of these techniques to elucidate the latt ice faults and 
the presence of the cubic phase in electrodeposited 
cobalt is present ly  being studied. 

Conclusions 
1. In all deposits the basal planes were  p redom-  

inant ly  perpendicular  to the substrate  which led to 
the format ion of <11-20> and <10-10> fiber axes. 

2. Certain s t ructural  features  were  associated with  
each fiber axis and could be explained in terms of the 
crystal  symmetry  and avai lable  twinning  planes. 

3. Applying the concepts of f ree  or inhibited out-  
g rowth  to the various orientat ions which were  found 
did not permi t  a predict ion of the type of s t ructure  
which would  result  under  a g iven set of plat ing var i -  
ables. 

4. The cubic phase was observed at room temper -  
a ture  and pH 2.0 in the presence of chloride ions, and 
at pH 1.0-1.5 in an a l l -sulfa te  bath. 

Manuscript  received Oct. 11, 1965; revised manu-  
script received Feb. 14, 1966. This paper  was presented 
at the Washington Meeting, Oct. 11-15, 1964. This 
paper  is based on theses submit ted by two of the 
authors (R. S. and C. D. S.) in par t ia l  fulf i l lment  of 
the requi rements  for the MSc degree (Metal lurgy)  to 
the faculty of Stevens Inst i tute  of Technology. 

Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Effect of Crystal Plane on the Mechanism and 
the Kinetics of Copper Electrocrystallization 

A. Damjanovic, T. H. V. Setty, and J. O'M. Bockris 
The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

To study the mechanism and the kinetics of electrocrystal l ization,  elec-  
t rochemical  measurements  were  supplemented wi th  in situ microscopic obser-  
vations of growing copper electrodeposits.  The growth was fol lowed on main 
crystal  planes of copper single crystals up to an average  thickness of the 
deposit corresponding to 10 cou lomb/cm 2. Highly  purified solutions of 0.25M 
CuSO4 in 0.1M H2SO4 were  used. 

Tr iangular  and hexagonal  pyramids  form on the (111) plane at low 
(--~10 m a / c m  2) current  densities. Edges in the bases of these pyramids  are  
ei ther paral le l  to the <112> or to the <011> direction. At  higher  current  
densities (~10 ma/cm2) ,  the pyramids  t runcate  and gradual ly  t ransform 
into blocks. On the (110) plane, r idge  types of deposit develop. At  2 and 5 
m a / c m  2, the ridges are paral le l  to the [100] direction. At  10 m a / c m  2 and 
higher  current  densities, they are paral le l  to the [110] direction. Details of 
the types of deposit which are formed are given. Rates of growth of indi-  
vidual  growth forms are  de termined  and analyzed. 

On all crystal  planes, at any given cur ren t  density the electrode potent ia l  
changes wi th  the t ime of deposition. On the (100) plane, the t rend is for 
the potent ial  to increase wi th  deposition t ime unti l  the  average thickness of 
the deposit corresponds to about 3 cou lomb/cm 2. On the (111) plane, however ,  
there  is a large decrease in the potential,  which reaches a steady value  once 
the average  thickness of the deposit corresponds to about 6 cou lomb/cm 2. 
On the (110) plane, the magni tude  of the change in the potent ia l  wi th  t ime of 
deposition is the lowest  of the three  planes considered. 

Curren t -poten t ia l  plots, both f rom the data at the ini t ial  stages of deposi-  
tion, and f rom those obtained at an average thickness of deposit corresponding 
to 10 cou lomb/cm 2 and the same type of growth, show Tafel  slopes close to 
2RT/F. This slope is consistent wi th  a mechanism where  the first charge 
t ransfer  is ra te-control l ing.  

F rom the cur ren t -potent ia l  plots for the ini t ial  stages of deposition, ex-  
change current  densities on different crystal  planes are found to be in the 
order 

i~ < i~ < ihlo 

The decrease in the potent ial  wi th  t ime on the (111) plane is accounted for 
in terms of the format ion and growth of new and more  active crystal  faces 
over  the growing substrate. With this hypothesis, the observed change in 
the potential  on the (100) plane is also explained. The observed exchange 
current  densities at any instant of deposition is an average over  all crystal  
faces of different activities. The dependence of the exchange current  densi ty 
on the crystal  plane is discussed. 

An inherent  difficulty in the study of meta l  elec-  
t rocrystal l izat ion is the continuous change of the 
electrode substrate wi th  t ime of deposition (1). For  
this reason, the t ransient  technique, or the technique 
of monolayer  deposition, was f requen t ly  pre fe r red  
(2-7) over  that  of the long t ime deposition (or e lec-  
t rocrystal l izat ion) and has been used successfully in 
the study of the mechanisms and the kinetics of meta l  
electrodeposition. Most of these short t ime studies 
were  done on polycrysta l l ine  electrodes and thus, 
because of the effect of grain boundaries  and the dis- 
t r ibut ion of various crystal  planes, only average va l -  
ues of the kinetic parameters  were  obtained. This was 
clearly shown by the work  of Bockris and Kita  (6) 
in copper electrodeposit ion where  both the mech-  
anism and, for the same mechanism, the rate  of the 
react ion changed with  the electrode pre t reatment .  To 
separate the effects of various crystal  planes and pos- 
sibly of the grain boundaries,  on the study of short  
t ime electrodeposition, single crystals wi th  wel l  de- 
fined faces would  be pre fe r red  over  polycrysta l l ine  
electrodes. This is equal ly  impor tant  in the study of 
the mechanisms and the kinetics of e lectrocrystal l iza-  
tion at longer  times. However ,  in the la t ter  study, new 
crystal  faces wi th  different or ientat ion than the ini-  
t ial  substrate may  form and grow. Because of this 
format ion of new faces, the mechanism and the ki-  
netics of electrodeposit ion may  change. These la t ter  
changes may, in turn, al ter  the mechanisms of growth 

and produce new and different crystal  faces. For  this 
reason, in the study of the mechanisms of e lectrocrys-  
tallization, the electrochemical  data and their  changes 
with t ime of deposition have to be supplemented by 
other  types of observations,  such as optical measure -  
ments. These give informat ion  concerning the change 
of the substrate wi th  t ime and about the format ion 
and growth of new faces. 

In the present  study of copper electrocrystal l izat ion 
on (111) and (110) planes of copper single crystal, 
fol lowing the work  on the (100) plane a l ready pub-  
lished (8, 9), e lectrochemical  techniques were  com- 
bined with  optical ones. The aim was to obtain data, 
suitable for theoret ical  t reatment ,  on the dependence of 
the mechanism and the kinetics of e lectrocrystal l iza-  
tion on the ini t ial  crystal  plane and on the changes in 
the p lane  which arise f rom the format ion and the 
growth of new faces. 

The methods used involve  continuous observat ion 
and photography at regular  in tervals  of t ime by means 
of Nomarski  in ter ference  contrast  microscopy and 
polarized in te r fe romet ry  together  wi th  simultaneous 
electrochemical  measurements .  Supplementa ry  anal-  
ysis by means of electron microscopy was also car-  
r ied out. 

Experimental 
Crys~als.--Single crystals in the form of cylinders 

about 10 mm long and 8 m m  in diameter  were  cut so 
that  their  bases were  closely para l le l  to (110) or 
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(111) crystal  planes. Each crystal  was mounted  in 
the Teflon body of an electrodeposit ion cell. 

CeiL- -The  all Teflon cell  for  deposition was de-  
scribed in a previous publicat ion (10). It  allows 
observat ion of the growing deposit to be made in situ 
with re la t ive ly  high useful  magnification of 600-900X, 
wi thout  the object ive of the microscope being im-  
mersed in the solution. With this cell  it is possible to 
study deposition f rom highly purified solutions. The 
cell wi th  the crystal  is assembled and closed to the 
a tmosphere  inside a g love-box which is filled with  
prepurif ied argon. On the solution out let  tubing (10), 
a small  compar tment  ( ~  1 cm 3) is located with  a 
copper reference  electrode (prepared just  immedi -  
ately before use by electrodeposit ion f rom 0.25M 
CuSO4 -~ 0.1M H2SO4 solution with  10 m a / c m  2 for 
30 min) .  Electr ical  contact to the cathode is made  on 
the opposite (bottom) side of the crystal  (not exposed 
to the solution).  

Solution prepara t ion .~Analy t i ca l  grade (Baker)  
copper sulfate was recrysta l l ized twice in a closed 
system, in an a tmosphere  of highly purified ni t rogen 
(9), using f reshly  redist i l led conduct ivi ty  water .  Only 
the copper sulfate which crystal l ized first was used. 
The recrysta l l ized copper sulfate was washed quickly 
three  t imes with  f reshly  redist i l led conduct ivi ty  water,  
after which it was dissolved in addit ional  f reshly re-  
distil led conduct ivi ty  water .  Then the solution was 
t ransferred along a closed system of all glass tubing 
under  the pressure of purified N2 to a p re -e lec t ro l -  
ysis vessel for fu r the r  purification by pre -e lec t ro l -  
ysis. At  the same time, 50% H2SO4 was p re -e lec t ro -  
lyzed in a separate vessel. Details on pre-e lec t rolys is  
and final solution preparat ion have been given in a 
previous publicat ion (8). Jus t  before the exper iments  
with electrocrystal l ization,  the solution was passed 
through a column of act ivated charcoal and neut ra l  
a lumina to r emove  any residual  organic impuri t ies  
from the solution (8, 11). Before each exper iment ,  
charcoal  and a lumina in the purification column 
(length ~ 100 cm and diameter  ~ 6 cm) were  washed 
with  about 4 li ters of 1M H2SO4, and ther~ after  the 
H2SO4 passed through, three  t imes with  f reshly  re -  
distil led conduct ivi ty  water,  each pass using about 
2 liters. The first copper sulfate solution to pass 
through the column was discarded. The solution from 
the purification column was collected into a small  col-  
lector vessel ( ~  2 l i ter)  which was connected to the 
Teflon cell. This vessel, as all the others, was washed 
by overnight  soaking in a 1:1 mix tu re  of HNO3 and 
H2SO4, and then thoroughly  rinsed with  conduct ivi ty  
water.  Finally,  before the solution f rom the purifica- 
tion column was collected, the collection vessel  was 
washed in situ with freshly redist i l led conduct ivi ty  
water.  

The solution used was 0.25M in CuSO4 and 0.1M in 
H2SO4. (In a few exper iments  the concentrat ion of 
CuSO4 was changed and this has been noted in the 
text.) In some experiments ,  n -decy lamine  was added 
to the solution after it passed through the act ivated 
charcoal and alumina. For  this purpose, a small  
graduated separatory funnel  (50 cm :3) was at tached to 
the final collector vessel. 

Pre - t r ea tmen t  of  the copper substrate . - -For  each 
experiment ,  the copper single crystal  together  wi th  
the main body of the Teflon cell, was mechanical ly  
polished first on 4/0 emery  paper wi th  ethanol  as a 
lubricant,  and then on 0.3# alumina on a felt. The 
crystal  in the Teflon cell body was washed under  
running disti l led water,  then with a mix tu re  of e th-  
anol and ether, and finally wi th  ethanol. At  this 
stage, the crystal  and all  components  of the cell were  
introduced into the glove box (8). 

Fur the r  t r ea tment  of the electrode surface included 
electropolishing at a constant potential  in 50% H3PO4 
in the argon atmosphere.  Af ter  etectropolishing, the 
crystal  was washed wi th  10% HsPO4 and with  redis-  
t i l led conduct ivi ty  water .  All  components  of the cell  

were  washed inside the glove box with  wate r  redis-  
t i l led direct ly  into it. The cell  was assembled inside 
the glove box. The inlet  and out let  tubing were  at-  
tached to the cell  at this stage. So assembled, the cell 
was then t ransferred to the p la t form of a microscope, 
and the connections made to the solution and outlet  
vessels. Fur the r  exper imenta l  details are avai lable in 
ref. (8). 

General procedure.--Electrodeposi t ion was carried 
out at a given constant current  density to an average 
thickness of the deposit corresponding to 10 coulomb/  
cm 2 (3.6~). The overpotent ia l  (with respect  to a poly-  
crystal l ine copper reference  electrode in the same 
solution) was continuously recorded. A Kei th ley  600A 
Elec t rometer  and Moseley Autograf  (680) were  used. 
The growing crystal  substrate was continuously ob- 
served and photographed at regular  intervals .  Nomar -  
ski in ter ference  contrast  technique was used (12). 
Occasionally, level  differences in the deposit  were  
determined by Nomarski  polarized in te r fe romet ry  
(12). 

Polaroid posit ive film (3000 ASA) was used. Usu-  
ally, magnification on the photographs was 600X. 

Results 
Types  of Deposit  on (111) Plane 

Deposition was carr ied out at 2, 5, 10 15, 20, and 
30 m a / c m  2 f rom highly purified solutions, at 5 m a / c m  2 
f rom the solution containing n -decy lamine  in concen- 
trat ions vary ing  f rom 10 -9 to 10 -4 mole / l ,  and at 2, 5 
and 10 m a / c m  2 wi th  a constant concentrat ion of 
n-deeylamine.  

Types  of deposits at 2 and 5 m a / c m L - - A t  2 and 5 
m a / c m  2, the type of deposit fo rmed  f rom pure  solu- 
tions may  be classified as pyramid  format ion on ei ther 

Fig. 1. Photographs of electrodeposits at an average thickness of 
deposit corresponding to 10 coulomb/cm 2. 2 ma/cm 2. (a) Pyramid 
on substrate containing macrosteps; (b) high density of pyramidal 
growth (1-2" 105 cm-2). Magnification 600X. 
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smooth or layered  substrate  (Fig. 1). Some charac-  
teristics of the growth are listed here:  

(i) Pyramida l  growths, which often show a per -  
fect  geometr ical  shape, are of two types, t r iangular  
and hexagonal  (Fig. 2). 

(ii) Pyramids,  both t r iangular  and hexagonal ,  may 
form at any t ime of deposition. 

(iii) Pyramida l  faces in t r iangular  pyramids  are 
usually smooth. These faces are para l le l  ei ther to one 
of <112> or of <110> directions both of which lie 
in (111) plane. Hence, there  are four  orientat ions of 
these t r iangular  pyramids. These orientat ions are il-  
lustrated in Fig. 3. 

(iv) As a t r iangular  pyramid grows, it often de- 
velops, s tar t ing f rom the base, three  ext ra  side faces 
(Fig. 4, at places a).  Edges at the base of these ext ra  
faces are paral le l  e i ther  to the <112> or to the <111> 
direction. As these new faces develop, a t r iangular  
pyramid  gradual ly  t ransforms into a hexagonal  pyra -  
mid. 1 These newly  developed pyramida l  faces are 
usually stepped par t icular ly  close to the base of the 
pyramid  and often form only close to the base of the 
pyramids. 

(v) Tr iangular  pyramids,  or hexagonal ly  shaped 
pyramids originat ing f rom the t r iangular  ones, rare ly  
truncate.  The apex of some of these pyramids is ob- 
served to be a short l ine (presumably  para l le l  to the 

1 A pseudo  s i x fo ld  s y m m e t r y  is u n d e r s t o o d .  

Fig. 2. Electrodeposit at an average thickness of deposit corre- 
sponding to 10 coulomb/cm 2 showing hexagonally shaped and tri- 
angular pyramids. Current density i = 5 ma/cm 2 (600X). 

A 
/ \  

/ \ 
/ a \ 

i i  \\ 

Fig. 4. Schematic representation of a triangular pyramid on 
which additional (a) faces start forming from the base of the 
pyramid. 

base) ra ther  than a point. The line on wel l  devel-  
oped pyramids can be as long as 1#. 2 

(vi) "Regular  hexagonal"  pyramids  also appear. 
They form as "hexagonal"  in the earl iest  detectable 
stage. The occurrence of these pyramids is less f re -  
quent  than that  of the t r iangular  pyramids.  

(vii) "Hexagonal"  pyramids  tend to t runcate  even 
at an ear ly  stage of growth. Al l  side faces, and not 
only a l ternate  ones, are always stepped (Fig. 2). 

(viii) Truncated  "hexagonal"  pyramids grow side- 
wise and t ransform eventual ly  to sixfold "blocks" 
(e.g., Fig. 6 and 7). At  the center  of a block, a new 
pyramid  may  begin growing again (Fig. 2). 

(ix) When macrosteps are present  on the deposit 
(8), they all propagate  in the same direction. Some 
macrosteps fade out and disappear (8). 

Here, some differences be tween  deposits at 2 and 5 
m a / c m  2 are given. At both current  densities t r iangu-  
lar pyramids are more  f requent  than the " t rue  hex -  
agonal" ones. The ratio of the density of the t r iangu-  
lar  pyramids to the hexagonal  pyramids  is less in de-  
posits at 6 than at 2 m a / c m  2. On the average, f rom a 
number  of experiments ,  the density of pyramida l  
growths at 5 m a / c m  2 (5 x 105 cm -2) is h igher  than 
at 2 m a / c m  2 (about 1 to 2 x 105 cm-2) .  Finally,  the 
tendency for t r iangular  pyramids to acquire  additional 
faces and t ransform to "hexagonal"  pyramids  is higher  
at 5 than at 2 m a / c m  2. At 5 m a / c m  2, hexagonal  pyra -  
mids t runcate  more  readi ly  than at 2 m a / c m  2. 

[,~01 

. [[,~,1 

1[,,~] 

/ [~o,] ~,oT,] 

~ [~,~. 
\Eo,l 

Fig. 3. Side faces of triangular pyramids parallel to either 
< 1 1 2 >  or < 1 1 0 >  directions. 

Types of Deposits at 10 m a / c ~  2 and Higher Current 
Densities 

Hexagonal ly  shaped pyramids form predominant ly  
at 10 m a / c m  2, whereas  t r iangular  pyramids  ra re ly  
occur at this current  density. Almost  all "hexagonal"  
pyramids  t runcate  and t ransform into blocks and 
larger  hexagonal  layers  which may eventua l ly  disap- 
pear  by joining with  other hexagonal  layers  (Fig. 5a 
and 6). Tr iangular  pyramids,  if they form, also show 
a tendency to truncate.  Fur the r  a new pyramid  may 
begin growing over  a t runcated pyramid.  

At  15 m a / c m  2 and higher  C.D., the type of deposit 
may  still be described as pyramida l  but  t runcat ion is 
complete. At  30 m a / c m  2 no distinct features  in the 
deposit  can be seen. The deposit appears to be poly-  
crystall ine.  

Effect of addition of n-decylamine.--Addition of 
n -decy lamine  to the solution in concentrat ions below 
10 -5 mole/1 has no visible affect on the type of de- 
posit  formed. With 10 -5 mole/1 of n -decy lamine  and 
at 5 m a / c m  2 t runcat ion occurs readi ly  for hexagonal  
pyramids  and often for t r i angula r  pyramids.  With 10 -4 
mole/1 and at the same current  density, hexagonal  

2 A r r o w  s h a p e d  p y r a m i d s  w e r e  p r e v i o u s l y  r e p o r t e d  by  E c o n o m o u  
et  al. (13). 
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Fig. 7. An example of macrosteps on side faces of truncated 
pyramids. 5 ma/cm 2 in the presence of n-decylamine (600X). 

Fig. 5. Deposit at 10 ma/cm 2. A number of pyramidal growth 
transform to hexagonal blocks (a), and (b) triangular pyramid 
formed over a block (600X). 

pyramids  form in preference  to t r iangular ,  and all 
pyramids soon truncate. Side faces, even of t r iangular  
pyramids,  are stepped. Al te rna te  faces of a t runcated 
hexagonal  pyramid  contain macrosteps which are not 
paral le l  to the edge in the base, but  are ra ther  nor-  
mal  to it (Fig. 7). Complex shapes of pyramidal  
growths may  also form and are probably due to twin-  
ning (Fig. 8). 

With  10 -4 mole/1 of n -decy lamine  and at 2 m a / c m  2, 
the type of deposit is less affected than that  at 5 m a /  
cm 2. The t r iangular  pyramids remain  with  smooth 
faces. With 10 -4 mole/1 of n -decylamine  and at 10 
m a / c m  2, all pyramids  t runcate  at an ear ly  stage of 
growth. 

Fig. 6. Over a block close to its center a "line" parallel to an 
edge in the base often appears (600X). 

Fig. 8. An example of possible twinning (600X). 

In general, n -decylamine  affects the s t ructure  of the 
deposit more at high than at low current  densities. 

Ef]ect of CuSO4 concentration and o~ temperature 
on the deposit--Deposition at 5 m a / c m  2 on the (111) 
plane has been made f rom solutions containing 0.05 
mole/1 and 1 mole/1 of CuSO4. The concentrat ion of 
H2804 was 0.1 mole/1. The types of deposits obtained 
f rom these solutions were  the same as those obtained 
f rom 0.25 mole/1 and the same current  density. 

The morphology of the deposit  at 5 m a / c m  2 f rom 
0.25M CuSO4 and 0.1M H2SO4 solution at 0~ differed 
marked ly  f rom that  at room temperature .  No pyra -  
midal  growth and only macrosteps were  observed. 

Types of Deposit on (I10) Plane 
Deposition was carr ied out at 2, 5, 10, 15, 25, and 

30 m a / c m  2. At  all current  densities the r idge type 
of deposit  formed. In Fig. 9, these ridges are shown 
for two current  densities. The surface is not neces-  
sarily completely  covered by ridges and "smooth" 
areas exist be tween  them. Occasionally over  the 
"smooth" surface macrosteps may  have  formed. Pyra -  
midal  growth ra re ly  formed at 10 m a / c m  2. 

At  a given current  density, ridges are all aligned 
along a par t icular  direction. This direction is inde-  
pendent  of the direct ion of solution flow. Ridges wi th  
two different orientat ions are observed. At  2 and 5 
m a / c m  2, ridges are al igned para l le l  to the [100] direc-  
tion. At  10 m a / c m  2 and higher  current  densities, they 
are all al igned paral le l  to the [110] direction. 3 Ridges 

a Th is  type  of r i dges  was  p r e v i o u s l y  o b s e r v e d  by  P i c k  et  al. (14}. 
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Fig. 10. A plot of distances of a macrostep from a fixed point 
on the substrate vs .  time of deposition. 2 ma/cm 2. 

Fig. 9. Ridges developed on the (110) plane. (a) 5 ma/cm 2, (b) 
10 ma/cm 2 (600X). 

were not observed to advance la tera l ly  as, for instance, 
macrosteps (8). 

The effect of n -decy lamine  was examined at 5 m a /  
cm 2. No significant change in the type of deposit f rom 
that  in pure solutions was observed even  at 10 -4 
mole/1 of n-decylamine.  

Rates o~ Growth 
From a series of in situ (10) photographs taken at 

known intervals  of deposition times, the rates of 
growth of pyramids  and of macrosteps were  measured.  
In Fig. 10, the normal  distance of a macrostep f rom 
a reference  point (a pyramid)  is plot ted vs. t ime of 

deposition. F rom similar  plots rates of growth of pyra-  
mids at their  bases, and rates of macrostep propaga-  
tion both on pyramida l  faces and on "smooth" sub- 
strates were  determined.  Ave rage  rates f rom a n u m -  
ber of measurements  are collected in Table I. 

In all exper iments ,  it was found that, to a good 
approximation,  the rates of propagat ion of macro-  
steps both on "smooth" substrate  and on pyramida l  
faces, and the rates of growth of pyramids  in their  
bases were  independent  of the deposition t ime for all 
the average thicknesses of deposit  examined.  The ra te  
at which the base of both t r iangular  and hexagonal  
pyramids,  t runcated or not, propagate  was independent  
of the current  density. The rates of macrostep propa-  
gation, both on "smooth" substrate and on pyramidal  
faces, increased with current  density. To a first ap-  
proximation,  these two rates are equal. All  these rates 
are independent  of the concentrat ion of CuSO4. Ad-  
dit ion of n -decylamine  did not significantly affect 
e i ther  of these rates except  possibly in the case of 
macrosteps on pyramidal  faces at 2 m a / c m  2 and 10 -4 
mole/1 of n-decylamine .  

The edge of the upper  p la teau of t runcated  pyra -  
mids usual ly propagated faster  than the base of the 
pyramids.  In this way  t runcated pyramids gradual ly  
t ransformed into blocks. 

Change of Overpotential with Time 

Overpotent ia l  at a constant current  density usual ly 
changed with  t ime of deposition: i t  e i ther  increased 
or decreased. Often, for the same current  density and 
when  on the same crysta l lographic  plane, much the 
same type of deposit formed. Po ten t ia l - t ime  depend-  
ence may  have differed in details f rom one exper i -  
ment  to another.  The general  t rend and appearance 

Table I. Rates of advance of macrosteps and of pyramid growths on (111) plane 

M a c r o s t e p s  
C u r r e n t  on  s m o o t h  M a c r o s t e p s  
d e n s i t y  P u r i t y  of s u b s t r a t e  on  p y r a m i d a l  

(ma/cm~)  t h e  so lu t ion*  (A / sec )  f a c e s  (A/ sec )  

B a s e  of B a s e  of  B a s e  of  C a l c u l a t e d  
t r i a n g u l a r  h e x a g o n a l  t r u n c a t e d  r a t e  of  
p y r a m i d s  p y r a m i d s  p y r a m i d  d e p o s i t i o n  

(A/ sec )  (A/ sec )  (A/ sec )  (A/ sec )  

10 

P u r e  * 50-55 55-70 50-55 
10-~ M/1 ( ~ 1 0 0 )  50 

n-D** 

P u r e *  130 ( •  135 ( •  55 ( •  
10 ~ mo le /1  120 125 55 

n - D  
10 -5 m o l e / 1  55 

n - D  
10 4 m o l e / 1  45 

n - D  
1M CuSOa 130 135 55 
O.05M CuSO~ 130 135 55 

190 ~180 58 

50-55 

55 
55 

55 

45 45 

55 

58 

7.5 

18.7 

37.5 

* 0 .25M CuSO4 + 0 .1M H~SO~, no  n - d e c y l a m i n e .  
** n - D  s t a n d s  f o r  n - d e c y l a m i n e .  
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Fig. 11. Overpotential vs. time in two experiments at 5 ma/cm 2. 
(111) plane. 
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Fig. 12. Overpotential vs. the average thickness of the deposit 
at different current densities. Lines are idealized. The (100) plane. 
(a) Large layer formation at 5 ma/cm2; (b) pyramids (and some 
macrosteps) at 5 ma/cm2; (c) small layers and pyramids at 10 
ma/cm2; (d) ridges at 5 ma/cm ~ (in the presence of n-decylamine); 
(e) ridges at 10 ma/cm 2 (in the presence of n-decylamine); (f) 
smooth substrate (with or without small macresteps) at 5 ma/cm 2. 

of the plot  were,  however ,  much the same for both 
experiments .  This is i l lustrated in Fig. 11, where  
values of overpotent ials  for two exper iments  are 
plot ted vs. t ime of deposition. In both exper iments  
near ly  identical  deposits were  formed [pyramids on 
the (111) plane at 5 ma/cmU]. The best fit l ine is d rawn 
through all the exper imenta l  points for each cur ren t  
density. These lines at different current  densities are 
shown in Fig. 12, 13, and 14 for the (100), (111), and 
(110) planes, 4 respectively.  Line d in Fig. 13 cor- 
responds to the exper imenta l  points in Fig. 11. In 
most cases, however ,  more  than two exper iments  were  
avai lable  for construction of these lines. In these fig- 
ures, overpotent ials  are plotted vs.  average  thick-  
ness of the deposit in cou lomb/cm 2, and not vs.  t ime. 
On this scale overpotent ials  at different current  den-  
sities can be compared easily. 

T h e  (100) p l a n e . - - S o m e  characterist ics of the po- 
t en t ia l - t ime  curves for deposition are: 

At all current  densities, overpotent ials  tend to in-  
crease wi th  average thickness of the deposit  if py ra -  
midal  types of growth (8) or if macrosteps on 
"smooth" substrate develop. The opposite trend, that  
overpotent ia l  decreases wi th  the thickness of the de-  
posit, is observed when a large layer  type of deposit  
forms (8). 

Addit ion of n -decy lamine  to concentrat ions less than 
10 -7 mole/1 does not affect overpoten t ia l - t ime re la -  
tion. At  higher  ( ~  10 -7 mole / l )  concentrat ions of 
n-decylamine ,  when  the r idge type of deposit is 
formed (8), the potent ial  increases wi th  time, but  al-  
ways stays below that  for pyramidal  growth. 

In  all cases overpotent ia l  became reasonably con- 

T h a n k s  are  due  to Mr. M. 9 a u n o v i c  ~or m a k i n g  da t a  on the  
{100) p l a n e  a v a i l a b l e .  
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Thickness of the deposit 

Fig. 13. Overpotential vs. the average thickness of the deposit 
at different current densities. Lines are idealized. The (111) plane. 
(a) Occasional macrosteps -F occasional pyramids at 2 ma/cm2; 
(b) large pyramidal growth at 2 me/cm2; (c) smooth substrate -l- 
occasional pyramids at 5 ma/cm2; (d) large pyramidal growth at 
5 ma/cm2; (e) large pyramidal growth, n-decylamine, 5 ma/cm2; 
(f) large pyramidal growth, n-decylamine, 2 ma/cm2; (g) large 
truncated pyramids -F blocks (occasional steps), 10 ma/cm2; (h) 
large truncated pyramids, n-decylamine 10 ma/cm2; (i) small 
truncated pyramids -F blocks, 15 ma/cm ~. 
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Fig. 14. Overpotential vs. the average thickness of the deposit 
at different current densities. Lines are idealized. The (110) plane. 
(a) 2 ma/cm2; (b) 5 ma/cm2; (c) 10 ma/cm2; (d) 15 ma/cm2; 
(e) 5 ma/cm 2 in the presence of n-decylamine; (f) 5 ma/cm 2 
with almost smooth substrate. 

stant at the average thickness of the deposit corres-  
ponding to about 2-3 cou lomb/cm 2 (Fig. 12). 

T h e  (111) p l a n e . - - A t  any given current  density, 
overpotent ials  on the (111) plane are higher  than on 
the (100) plane, and, as wi l l  be seen later, on the 
(110) plane. 

At all current  densities, the overpotent ia l  e i ther  
ini t ial ly decreases but  becomes reasonably constant 
at about 6 cou lomb/cm 2, or it remains  reasonably 
constant f rom the init ial  ( ~  0.5 to 1 cou lomb/cm ~) 
t ime of deposition. In ei ther  case, overpotent ials  for 
the same cur ren t  density at the init ial  t ime of depo- 
sition are approximate ly  equal. When a deposit  is 
smooth, with or wi thout  macrosteps (it may  contain 
occasional pyramids,  e.g., 104 cm-2) ,  the overpoten-  
tial is fa i r ly  constant wi th  t ime for 2 m a / c m  2, and 
almost constant for 5 m a / c m  ~ (Fig. 13). When large 
and numerous  pyramids form, overpotent ia l  at the 
ini t ial  stage of deposition decreases wi th  t ime ra ther  
sharply. In the presence of n-decylamine,  overpoten-  
tials are usual ly  lower  than those in "pure"  solutions. 
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Fig. 15. Overpotential vs. average thickness of the deposit at 
5 ma/cm 2. The (111) plane. (a) 1M CuS04, (b) 0.25M CuS04. 
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Fig. 15. Overpotential vs. activity of Cu + +. Broken line repre- 
sents theoretically expected relationship. 

The (110) plane.---For a given current  density and 
any average  thickness of the deposit, overpotent ials  on 
this plane are lower than on ei ther  the (111) or the 
(100) plane. Except  for the init ial  period of deposi-  
tion, overpotent ials  are fa i r ly  constant wi th  t ime 
(Fig. 14). Contrary  to the observation on the (111) 
plane in the presence of n-decylamine,  overpotent ia l  
at the average  thickness of the deposit of 10 cou lomb/  
cm 2 is h igher  than that  f rom "pure"  solutions. 

Effect of Cu + + Concentration 

Overpotent iaI  for electrodeposit ion onto the (111) 
plane with  5 m a / c m  2 f rom 1M CuSO4 solution de-  
creases wi th  t ime in much the same way  as it does 
f rom 0.25M solution. The former  overpotent ia l  is lower  
by about 60-70 mv  than in the lat ter  case (Fig. 15). 
In Fig. 16, overpotent ials  5 at the average thickness 
of deposits of 10 cou lomb/cm 2 are plotted vs. log 
acu + +. The slope through two points is 

s T h e  a c t i v i t y  of Cu++ in  H2SO4 s o l u t i o n  w a s  c a l c u l a t e d  by  t h e  
e q u a t i o n  g i v e n  b y  G l u e c k a u f  (15) .  
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C u r r e n t  Densi ty  D(A/cm2) 

Fig. 17. Plot of overpotential vs.  current density for different 
planes, different types of deposit and for initial and final stage 
of deposition. Numbers correspond to those in Table II. (x) repre- 
sents initial values of overpotentials on the (110) plane; (0) repre- 
sents values at the average thickness of the deposit corresponding 
to 10 coulomb/cm 2. 

A~l )~ ~ 150 m v  
a log aCu+ + 

Current-Potential  Relationship 
In Fig. 17, overpotent ia ls  are plotted vs. log cur-  

rent  density. Overpotent ia ls  are taken for the init ial  
stages of deposition as wel l  as at the final stage of 
deposition corresponding to 10 cou lomb/cm 2. A l inear 
relat ionship exists be tween  electrode potent ia l  and 
log (current  density) over  one decade wi th  slopes 
be tween  115 and 130 my. Exchange  cur ren t  densities 
obtained by extrapola t ion to zero overpotent ia l  6 dif-  
fer  f rom one crystal  plane to another.  In Table  II data 
are summarized on the exchange current  densities, 
and on the slope d V / d  In i. It  can be noted that:  

(i) The exchange current  densities, /o'S, obtained 
f rom the data at the init ial  stage of deposition, are 
in the fol lowing order  

io110 > io100 > i O l l  I [ 1 ]  

i.e., overpotent ia ls  at the same current  density are in 
the reverse  order;  and (ii) overpotent ia l - log  i l ine 
for deposits on (110) planes obtained f rom the steady 
state data at 10 cou lomb/cm 2 devia te  toward higher  
overpotent ials  at cur ren t  densities above 10 m a / c m  2. 
Overpotent ia ls  at the init ial  stages of deposition, how-  
ever,  fal l  on the same Tafel  l ine (x in Fig. 17). 

Discussion 

Potent ial -Time Relationships 
The observed changes of overpotent ials  wi th  t ime 

of the deposition can, in principle, be accounted for 

6 I t  i s  t a k e n  t h a t  r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l s  on  d i f f e r e n t  c r y s -  
t a l  p l a n e s  a r e  t h e  s a m e  (16-18) .  

Table II. Tafel slopes and exchange current densities for deposition on various crystal planes and types of deposit 

P l a n e  No.  of  l ine*  T y p e  of d e p o s i t  

d~ 

d log  i to 
[ m v ]  [ a / c m : ]  R e m a r k s  

(100) 1 
2 
3** 

(110) 4** 
(111) 5 

6 
7 
8** 
9** 

P y r a m i d ,  t r u n c a t e d  p y r a m i d  + m a c r o s t e p s  
R i d g e s  
M a c r o s t e p s  + o c c a s i o n a l  p y r a m i d s  
R i d g e s  
O c c a s i o n a l  m a c r o s t e p s  + o c c a s i o n a l  p y r a m i d s  
L a r g e  p y r a m i d a l  g r o w t h  
L a r g e  p y r a m i d a l  g r o w t h  
O c c a s i o n a l  m a c r o s t e p s  + o c c a s i o n a l  p y r a m i d s  
L a r g e  p y r a m i d a l  g r o w t h  

122 10 -a 
120 10-3 
125 2 �9 10 ~ 
115 2 - 10 -a 
130 4 �9 10 -a 
130 6 �9 10-4 
125 lO-a 
130 3.5 �9 10 ~ 
120 4 �9 10 -~ 

IO-~M n - d e c y l a m i n e  

1 0 ~ M  n - d e c y l a m i n e  

10-~IVs n - d e c y l a m i n e  

* N u m b e r s  c o r r e s p o n d  to  t h o s e  i n  F i g .  17. 
** V a l u e s  of o v e r p o t e n t i a l s  a t  i n i t i a l  s t a g e  of d e p o s i t i o n .  
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by:  (A)  a change  in t he  m e c h a n i s m  of t he  reac t ion ,  
(B) a change  of t he  " a c t i v e "  su r face  area,  (C) the  
change  in t h e  ( appa ren t )  e x c h a n g e  c u r r e n t  densi ty ,  
and  (D) b lock ing  of t he  g r o w t h  sites ( adso rp t ion  of 
impur i t i e s  on s teps ) .  

The  o b s e r v e d  s lope of 2 R T / F  agrees  w i t h  tha t  f ound  
by  Ma t t son  and  Bockr i s  (4),  Bockr i s  and E n y o  (5) ,  
and  Bockr i s  and  K i t a  (6).  A c c o r d i n g  to t he  l a t t e r  
authors ,  on e lec t rodes  of e l ec t rodepos i t ed  copper ,  
Ta fe l  l ines  e x t e n d  to low overpo ten t i a l s .  This  is a 
cha rac t e r i s t i c  of cha rge  t r a n s f e r  as the  r a t e - c o n t r o l -  
l ing  r eac t ion  step, and no t  of su r f ace  diffusion of 
adions  (2, 3, 7, 19-21). In  the  p r e s e n t  expe r imen t s ,  
T a f e l  r e l a t ionsh ips  w e r e  obse rved  bo th  at  in i t i a l  
( ~  30 sec) and  at f inal  ( co r r e spond ing  to 10 c o u l o m b /  
cm 2) s tages  of deposi t ion.  Hence,  in  t he  cons ide red  
i n t e r v a l  of t ime,  t he  m e c h a n i s m  of depos i t ion  does no t  
change  w i t h  t ime,  and  the  e x p l a n a t i o n  u n d e r  po in t  
(A)  can be  discarded.  

I f  t he  first cha rge  t r a n s f e r  s tep is r a t e - c o n t r o l l i n g  
(5, 6), t h e n  b lock ing  of g r o w t h  sites, un less  it  is e x -  
tens ive ,  is no t  e x p e c t e d  to affect  t he  o v e r - a l l  r a t e  of 
the  r eac t ion ;  i t  s imp ly  l o w e r s  the  r a t e  of the  succeed-  
ing  r eac t ion  step, w h i c h  is s t i l l  " f a s t e r "  t h a n  the  first  
cha rge  t r a n s f e r  step. F u r t h e r m o r e  b lock ing  of g r o w t h  
sites, say of m o n a t o m i c  steps wh ich  act in the  g r o w t h  
process,  shou ld  t e n d  to inc rease  o v e r p o t e n t i a l  for  t he  
g i v e n  c u r r e n t  densi ty .  On  the  (111) plane,  h o w e v e r ,  
t he  add i t ion  of  n - d e c y l a m i n e  causes  the  o v e r p o t e n t i a l  
to dec rease  (Fig.  13). Hence ,  po in t  (D) m a y  also be  
d iscarded.  

Change in the surface area during the depos i t ion . -  
I f  t he  change  in  t he  su r face  a rea  (po in t  B) is to e x -  
p la in  the  change  of po t en t i a l  w i t h  t i m e  of depos i t ion  
at a cons tan t  c u r r e n t  densi ty ,  t h e n  for  t he  (111) 
p l ane  t h e  a rea  has to inc rease  and for  the  (100) to 
dec rease  w i t h  t i m e  of deposi t ion.  The  obse rved  in -  
c rease  of o v e r p o t e n t i a l  w i t h  t i m e  on the  (100) p l ane  
w o u l d  r e q u i r e  an a rea  dec rease  of 30-40%. Dec rease  of 
o v e r p o t e n t i a l  on  the  (111) p l ane  can  be  accoun ted  
for  only  if  t he  su r face  a r e a  increases  by  200-400%. 

T h e  l a rges t  dec rease  in ove rpo t en t i a l s  on the  (111) 
p l ane  occurs  w h e n  l a rge  p y r a m i d s  f o r m  (Fig.  13). 
This  sugges ts  t ha t  t he  obse rved  c h a n g e  in o v e r p o t e n -  
t ia l  w i t h  t i m e  is due  to an  inc rease  in the  su r face  
a r e a  a r i s ing  f r o m  the  f o r m a t i o n  of p y r a m i d a l  faces. 
This  inc rease  can  be  ca l cu la t ed  f r o m  the  he igh t s  of 
p y r a m i d s  and  t he i r  size and densi ty .  In  a l l  cases e x -  
a m i n e d  i t  was  found  t h a t  t a n  ~ ~-- 0.2, w h e r e  ~ is t h e  
ang le  w h i c h  a p y r a m i d a l  face  m a k e s  w i t h  the  sub -  
s t ra te .  7 E v e n  a s suming  tha t  p y r a m i d s  touch  each o the r  
in a close pack ing  and tha t  t an  a = 0.2, t he  t rue  s u r -  
face  a rea  w o u l d  inc rease  by on ly  a f e w  pe r  cent.  This  
is ca l cu la t ed  on the  basis  of smooth  p y r a m i d a l  faces.  
If  p y r a m i d a l  faces  a re  a s sumed  s tepped,  t hen  the  i n -  
c rease  in the  su r face  a rea  is about  20%. 

Inc rea se  in the  su r f ace  area,  t he re fo re ,  canno t  ac -  
count  for  the  obse rved  change  in the  o v e r p o t e n t i a l  
w i t h  t ime  on the  (111) plane.  F o r  the  (100) plane,  
e x p l a n a t i o n  of o v e r p o t e n t i a l  b e h a v i o r  in t e r m s  of the  
inc reased  su r face  a rea  a lone  is inadmissab le ,  s ince the  
o v e r p o t e n t i a l  increases  w i t h  t i m e  of deposi t ion.  

C h a n g e  in  t h e  "ac t ive"  su r face  a rea  m a y  ar ise  f r o m  
adsorp t ion  of " r e s idua l  impur i t i e s . "  B e h a v i o r  on the  
(100) p l a n e  could  be  accoun ted  for  by  the  inc reased  
adsorpt ion ,  bu t  no t  on  t h e  (111) plane.  In  fact ,  t he  
f o l l o w i n g  poin ts  a r g u e  aga ins t  the  e x p l a n a t i o n  in 
t e r m s  of t he  dec rease  in  the  ac t ive  su r face  area.  

(i) A d d i t i o n  of n o d e c y l a m i n e  does  no t  s igni f icant ly  
change  o v e r p o t e n t i a l  on  the  (100) p lane ,  p r o v i d i n g  
tha t  the  t y p e  of the  depos i t  r e m a i n s  the  same.  

(if) On the  (111) plane,  add i t ion  of n - d e c y l a m i n e  
decreases ,  r a t h e r  t h a n  increases ,  the  o v e r p o t e n t i a l  for  
a g i v e n  c u r r e n t  dens i ty  at  any  t i m e  of deposi t ion.  

Hence ,  cause  (B) above  mus t  be  re jec ted .  

7 See also Setter et al. (22), 

Change o] the Ac t iv i ty  wi th  Time 
The (111) p lane . - -When  p y r a m i d s  form,  the  da ta  

at the  in i t i a l  s t age  of depos i t ion  indica tes  a l o w e r  
e x c h a n g e  c u r r e n t  densi ty ,  i ~  than  at t he  final  s tage  
of t he  e x p e r i m e n t .  If, h o w e v e r ,  " s m o o t h "  depos i t s  
(wi th  or  w i t h o u t  occas ionaI  p y r a m i d s )  fo rm,  no ap-  
p rec i ab le  change  in o v e r p o t e n t i a l  w i t h  t i m e  is ob-  
served,  and /o's f r o m  the  in i t i a l  and f inal  s tages  of 
depos i t ion  a r e  n e a r l y  equal .  I t  m a y  be  pos tu l a t ed  tha t  
on the  close packed  (111) p lane ,  the  n e w l y  f o r m e d  
p y r a m i d a l  faces  co r r e spond  to the  p lanes  less c losely  
packed  (h ighe r  indices  p l anes ) .  

S ince  i~ < ih00 ~ i~ h i g h e r  o v e r - a l l  ac t iv i ty  
resul ts .  P y r a m i d a l  faces  c lose to t he  a p e x  a re  pa ra l l e l  
to some h igh  i n d e x  plane.  As these  p y r a m i d a l  faces  
grow,  the  o v e r - a l l  a c t i v i t y  of w h a t  was  o r ig ina l l y  a 
(111) subs t ra te  increases  and  the  o v e r p o t e n t i a l  for  
the  s a m e  " a v e r a g e "  c u r r e n t  dens i ty  decreases .  

A n  a rea  of n e w l y  f o r m e d  faces  of on ly  a f r ac t ion  
of t he  to ta l  a r ea  suffices fo r  the  obse rved  changes.  
Thus,  if  A is t he  a rea  of t he  n e w l y  f o r m e d  faces  pe r  
un i t  a r ea  of t he  in i t ia l  subs t r a t e  t h e n  

i = [ (1 - -  A)  i ~  + A i~ �9 e -aFn/RT [2]  

w h e r e  i~ is the  e x c h a n g e  c u r r e n t  dens i ty  fo r  the  
n e w l y  f o r m e d  h igh  i n d e x  face. I f  

i~ --~ 10 i ~  [3] 

t h e n  [2] can be  w r i t t e n  as 

i ~ [io111 ~- A �9 i%k~] - e -aF'/RT [4] 

Coeff icient  A in these  equa t ions  inc reases  w i t h  t i m e  
of deposi t ion.  A n  inc rease  in A to abou t  0.1 w o u l d  
suffice to e x p l a i n  t he  o b s e r v e d  po ten t i a l  dec rease  on 
the  (111) plane.  Thus,  in s t ead  of a s suming  a change  
in the  sur face  a rea  by 200-400%, the  a p p a r e n t  e x -  
change  cu r r en t  dens i ty  

(i~ t = [i~ ~- At  �9 i~ [5] 

increases  by fac to r  2 or 4. I n  the  last  e q u a t i o n  suffix 
t s tands  for  t ime.  In  g e n e r a l  the  a p p a r e n t  e x c h a n g e  
cu r r en t  dens i ty  is t he  sum o v e r  a l l  the  p lanes  of the  
p roduc t s  of the  e x c h a n g e  c u r r e n t  dens i ty  for  a g iven  
plane,  i%kl, and the  c o r r e s p o n d i n g  su r face  a rea  

( i~ t z ~ iOhk~ (AhkD t [6] 
hk~ 

For  the  s teady  s ta te  to be  es tabl i shed,  no f u r t h e r  
changes  in the  a rea  of n e w l y  f o r m e d  faces  (p lanes)  is 
r equ i red .  This  is to be e x p e c t e d  u n d e r  idea l  condi t ions.  
A f u r t h e r  inc rease  in  the  su r f ace  a rea  is p r e v e n t e d  
w h e n  p y r a m i d s  touch  each  other .  The  s t eady  state,  
h o w e v e r ,  is e s tab l i shed  b e f o r e  p y r a m i d s  cove r  the  
en t i r e  subs t ra te .  This  can be  accoun ted  for  by  the  fact  
tha t  the  side faces  of p y r a m i d s  close to the i r  bases  a re  
s t epped  (Fig.  l b ) .  Once  m a c r o s t e p s  h a v e  f o r m e d  on 
these  p y r a m i d a l  faces,  f u r t h e r  g r o w t h  resu l t s  in t he  
inc rease  of the  su r f ace  a r e a  of t he  n e w l y  f o r m e d  m o r e  
ac t ive  planes.  Inspec t ion  of the  p h o t o g r a p h s  shows tha t  
the  su r face  a rea  of t h e  n e w  faces  can  eas i ly  r each  the  
v a l u e  A = 0.1 e v e n  w h e n  the  s tepped  po r t i on  of t he  
p y r a m i d a l  faces is exc luded .  The  flat po r t i on  of p y r a -  
m i d a l  faces  b e t w e e n  mac ros t eps  co r responds  mos t  
p r o b a b l y  to a low i n d e x  plane,  w h e r e a s  side faces  
on these  mac ros t eps  a re  no t  neces sa r i l y  p e r p e n d i c u l a r  
to the  subs t ra te  and m a y  co r r e spond  to a h i g h e r  i ndex  
plane,  and thus  also con t r i bu t e  to t he  i nc rea sed  ac-  
t iv i ty .  

F r o m  the  f o r e g o i n g  discussion,  i t  is c o n c l u d e d  tha t  
the  change  in the  a p p a r e n t  a c t i v i t y  (po in t  C above)  
can  accoun t  for  t he  o b s e r v e d  change  in o v e r p o t e n t i a l  
w i t h  t i m e  of depos i t ion  on (111) plane.  The  leas t  ac-  
t i ve  (111) p l ane  is g r a d u a l l y  r e p l a c e d  by  m o r e  ac t ive  
p lanes  and o v e r p o t e n t i a l  decreases  w i t h  t i m e  of depo -  
si t ion.  I t  ye t  r e m a i n s  to e x p l a i n  t h e  p o t e n t i a l  t ime  
b e h a v i o r  on the  o the r  two  c rys t a l  planes.  
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Overpotent ial  on the (100) p lane . - -On the (100) 
plane, in contrast  to the (111) plane, overpotent ia ls  
general ly  increase wi th  t ime of deposition. The ex-  
tent  of the increase (Fig. 12) is, however ,  far  less 
than the decrease on the (111) plane (Fig. 13). This 
behavior  can also be explained in terms of changing 
the over -a l l  act ivi ty  of the electrode surface (point C 
above) .  

i500 is larger  than loin and when  new faces are 
formed their  effect would  be less than the correspond-  
ing effect on the (111) plane. Were the newly  formed 
faces close to, for instance, the (111) plane, it would  
be expected that  the effect should be the opposite one 
to that  for deposits on the (111) plane, namely  the 
overpotent ia l  should increase wi th  t ime of deposition 
since more  act ive surface is replaced by less active 
surface. In fact, no large change in overpotent ia l  
would be expected since the replacement  of a small  
area of act ive surface by less act ive surface is far less 
effective as far  as potent ia l  change is concerned, than 
the reverse  process (cf. Eq. [2]).  

It  is possible that  ini t ia l ly  the electrode surface cor- 
responds to some higher  index plane due to loca] 
misor ientat ion arising, for instance, f rom electropol-  
ishing. Soon, growth results in a smoothing out of the 
surfaces which  become paral le l  to the (100) plane. 
Hence, overpotent ia l  ini t ia l ly  increases wi th  t ime and 
then becomes constant (Fig. 12). 

Overpotent ial  on the (110) plane.---The exchange 
current  density is h igher  for the (110) plane than for 
the other  two crystal  planes considered. Time de-  
pendence of overpotent ia l  on the (110) plane is less 
than on the other  planes. 

Even  when  ridges form at 5 m a / c m  2, the potential  
does not change wi th  t ime of deposition to any appre-  
ciable extent.  This indicates that  the side faces of 
ridges, which are paral le l  to a [100] direction, are 
as act ive as the (110) plane. If these faces were  at 
45 ~ toward the substrate ( toward the (110) plane) ,  
they would correspond to {100} planes. Then the 
over -a l l  act ivi ty would  not change significantly, par -  
t icular ly  since the increase in the surface area arising 
f rom the inclination would  be compensated by the 
lower act ivi ty at (100) planes. This explanat ion would 
clar ify the exper imenta l  observat ion that  overpoten-  
tials at current  densities of 2 and 5 m a / c m  u are v i r tu -  
ally independent  of the t ime of deposition. At 15 m a /  
cm 2 and higher  current  densities, overpotent ials  at the 
initial stage of deposition increase wi th  t ime of deposi-  
tion, but  soon ( <  2 coulomb cm 2) assume a steady 
value. At these current  densities, ridges are paral le l  to 
the [110] direction. Side faces of these ridges may cor- 
respond to the (111) plane (14). If so, the more  act ive 
(110) plane is gradual ly  replaced by the less act ive 
(111) plane and overpotent ia l  increases reaching the 
value  close to that  corresponding to the (111) plane. 
In this way  the deviat ion of ~ -  log i curve for the 
(110) plane at h igher  current  densities (at 10 cou- 
l omb/cm 2) can be explained (Fig. 17). 

Ridges at 10 m a / c m  2 are of the same orientat ion 
as those at 15 m a / c m  ~ and yet  no significant increase 
in ~] at 10 cou lomb/cm 2 was observed (Fig. 14 and 17). 
This agrees wi th  the observat ion that  at 10 m a / c m  2 
not all the surface of the electrode was covered by 
ridges. Hence, the observed changes of overpotent ia ls  
wi th  t ime of deposition on the main three  crystal  
planes of Cu are due to the change in the over -a l l  ac- 
t ivi ty of electrode surface. The la t ter  change arises 
from the growth of new crystal  planes with different 
orientat ions and exchange current  densities. 

Effect of n -decy lamine . - -Fas ter  decrease of over -  
potentials wi th  t ime of deposit ion on the (111) plane 
at 2 and 5 m a / c m  2 in the presence of n -decy lamine  
can also be a t t r ibuted to the formations of new faces 
of different activity. 

In the presence of n -decy lamine  one would  expect  
"bunching"  of monatomic steps which originate  at 
the apex of a pyramid  and propagate  down their  side 

faces to occur more  readi ly  since, in this case, their  
propagat ion would  be dis turbed more than in "pure"  
solutions. If so, surface area of the newly  formed 
smooth and more  act ive faces close to the apex of 
pyramids wil l  decrease. Hence, less change in over -  
potent ial  wi th  t ime is expected in the presence of 
n -decy lamine  than in "pure"  solutions. This is con- 
t ra ry  to the exper imenta l  observation. 

In the presence of n -decy lamine  crysta l lographical ly  
different pyramida l  faces form than those in "pure"  
solutions. This was shown to be the case for copper 
deposition on the (100) plane. The incl inat ion of pyra-  
midal  faces in "pure"  solution was found to be larger 
than in " impure"  solution. Even  a slight change in 
the inclination could produce crystal  planes with dif-  
ferent  activities. Side faces of macrosteps, both on the 
flat substrate and on the pyramida l  faces, may also 
correspond to different crystal lographic planes when 
formed in "pure"  solutions or in solutions containing 
n-decylamine.  

The Exchange Current  Densi ty  

Different values of the exchange current  density, i ~ 
on the main crystal  planes (cf. Table II) may, in 
principle, arise f rom the change in: (A) the mech-  
anism of the reaction, (B) the concentrat ion of adions 
on various crystal lographic planes, (C) the bond 
s trength be tween  substrate and adions, (D) the den-  
sity of "growth  sites" or steps on the surface, and (E) 
the work  function. These possibilities are discussed 
below. 

The mechanism of the react ion . - -The mechanism of 
the reaction has been studied in detail  by Mattson 
and Bockris (4), and Bockris and Enyo (5). It  is 

Cu + + + e -  -> Cu + [7] 

Cu + + e - ~ C u  [8] 

with the first charge t ransfer  as the ra te-cont ro l l ing  
step. Bockris and Kita  (6) confirmed this mechanism 
for e]ectrodeposited copper electrodes. 

Tafel  relat ionships established in the present  exper i -  
ments  are in accordance with  the first charge t ransfer  
as the ra te -cont ro l l ing  step over  the range  of current  
densities examined  on all the three crystal  planes. 

Dependence o] i~ on adion concentrat ion.--For the 
first charge t ransfer  ra te-control l ing,  the change in 
the concentrat ion of adions from one crystal  plane to 
another  should not affect the act ivat ion energy for 
the ra te-cont ro l l ing  step (6). Adion concentrat ion 
may, however ,  affect the ra te  even under  these con- 
ditions if the "act ive"  surface area changes wi th  
adion coverage. Thus, it is in principle possible that  
(6) 

i o z K[Cu  + +] (1 --  0) exp ( - - f lFVREv/RT) �9 

exp ( - - •  [9] 

where  VREV is the revers ible  electrode potent ia l  with 
respect to a reference  electrode, ~H*I the act ivation 
energy for forward  reaction, and e the coverage by 
adions. There is l i t t le  (16) or no (18) difference in 
VREV o n  different crystal  planes of copper. Therefore,  
the ratio of exchange current  densities for the (111) 
and the (110) planes is given by (6) 

ioi,l (1 - -  enl)  
-- exp [-- 3(HLII -- Hllo) /RT]  [I0] 

i~ (1 - -  8100) 

where  ~ ( H m  --  Hll0) is the change in the act ivation 
energy due to the change in the potent ial  energy of 
Cu + for different crystal  planes. If this change is 
taken as negligible (6), it fol lows that  

iOnl (I. ~lll) 
- -  ~ [li] 

i~ (1 - -  6110) 

From exper imenta l  results, iOlu/iOllo is about 0.12, 
and, consequently,  8111 should be greater  than 81,0. 



438 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a y  1966 

It  is possible to est imate the ratio of coverages on 
different planes. For the (111) and (110) planes 

C~ ~ [ e x p -  AF/RT] [12] 

where  AF ~ F~I~ - -  Fll0, and F n i  and Fll0 are the 
free energies of adsorption of adions on the (111) 
and (110) planes, respect ively.  On the (111) plane, an 
adion has 3 close neighbors in the substrate;  on the 
(100) 4, and on the (110) 5. Energy  of the adsorp-  
tion wil l  depend on the number  of bonds formed by 
an adion. As a first approximat ion AF ~ AH, where  
AH is the heat  of adsorption and is est imated f rom 
the difference in the number  of bonds formed on both 
planes. It  fol lows that  

L L L [ keal  ] 
AH . . . .  3 + -  �9 5 = [13] 

6 6 T 
where  L ( ~  84.8 kca l /mole )  is the heat  of subl imation 
for copper. Next,  hydra t ion  energy terms should be 
considered. In the solution, p r imary  hydra t ion  n u m -  
ber for Cu 2+ is approximate ly  12. The degree of hy-  
drat ion of an adion wil l  depend on the site on the 
surface. Conway and Bockris (19, 20) calculated the 
heat  of hydra t ion  of copper adions at various sites on 
the surface. Assuming that  p r imary  coordination by 
water  molecules  is 4 and 3 on the (111) and (110) 
planes, respectively,  the corresponding heats of hy-  
dration are found to be --40 and --28 kcal /mole ,  The 
difference in the hydra t ion  energies is 12 kcal /mole ,  
and AH ~ 16 kcal /mole .  This calculation, however  
approximate,  shows that  adion concentrat ion on the 
(110) is expected to be higher  than on the (111) plane. 
Even if the difference in p r imary  coordination of 
adions were  2, and the difference in the heat  of hy-  
dration of adion on two planes were  --19 kca l /mole  
[cf. Conway and Bockris (19, 20)], AH would be 
large and positive. Similar  reasoning hold if the (111) 
plane is compared to the (100). It fol lows that C~ is 
less than c ~ on the other  two planes, and the change 
of i ~ wi th  the crystal lographic plane cannot be ac- 
counted for by the change in adion concentration.  

Dependence o~ io's on energy of adion adsorption 
and on density of "g, owth  sites."--For the first 
charge t ransfer  as the ra te -cont ro l l ing  step, the en-  
ergy of adion adsorption should not affect the act iva-  
tion energy of the step, since the react ion product  in 
the ra te-cont ro l l ing  step, Cu +, is ful ly  hydrated and 
not yet  at tached to the electrode (6). 

The density of "growth  sites" or steps on the sur-  
face changes the rate  wi th  which adions can diffuse 
to and incorporate  into the lattice. However ,  since the 
first charge t ransfer  is ra te-control l ing,  no affect on 
the over -a l l  rate  of the react ion should occur. Hence, 
the dependence of i o on crystal  plane cannot be ex-  
plained in terms of adsorption energy or the density 
of growth steps. 

Dependence of exchange current density on work  
funct ion . - -A possible dependence of the exchange cur-  
ren t  density on work  function can be analyzed in the 
fol lowing way. 

In a cell wi th  a single crystal  test e lectrode ex-  
p o s i n g  the (hkl) plane, the measured potent ial  dif-  

ference, s AV, with  respect  to any reference  electrode 
is given by 

- - A V  = - -  ~blnhk 1 -~- ~bInsl ~ ~blns1 -~- ebInRE F @ V c [14] 

Here, r is the inner  potent ia l  of the phase consid- 
ered, (hkl) stands for the given crystal  plane, REF 
for the reference  electrode, and S1 for the solution. 
Vc is the contact potent ial  difference be tween  the two 
solids of which the electrodes are made, and is equal  
to (23, 24) 

Vc ~ r - -  r [ 1 5 ]  

where  r and Chkl are the work  functions for the 
reference  and the test electrode, respect ively.  With 

s By potent iometry .  

A~bhk I = ~blnhk 1 -  r  [ 1 6 ]  

and 
A~bREF = ~bInREF--  ~bIns1 [17] 

where  hr are the corresponding galvani  potentials, 
and with  [15], Eq. [14] becomes 9 

Aqbhkl ~ A V  "~- A~bREF - -  ~hkl "~- CREF [18] 

The rate  of an act ivat ion control led cathodic reac-  
tion, when  the ra te  of anodic reverse  react ion is 
negligible and the ionic s t rength of the electrolyte  
sufficient to make the diffuse part  of the double layer  
compara t ive ly  small, can be wr i t t en  as 

ihkl = k [ C u  + + ]  exp 

[ A G ~  + ( A V  + A~bREF--ff~hkl + ~2REF)aF  1 
[19] 

L J RT 

Here, k is the rate  constant independent  of the work  
function, and A G ~  is the act ivat ion energy for the 
ra te -de te rmin ing  step and depends on the work  func-  
tion, and thus on the crystal  plane considered. When 
no net  current  flows across the test electrode, and 
since for the same reference  electrode and the same 
exper imenta l  conditions, A~bREF -~- ~REF remains  con- 
stant, [19] t ransforms to 

[ AG~ ] 
i~ = g e x p  e x p  

RT 

[ ] [ aF r 1 exp [20] 
RT RT 

where  i~ is the exchange current  density for the 
(hkl)  plane, and AVRE V is the revers ib le  electrode 
potential  wi th  respect  to the reference  electrode, l~ 

Act ivat ion energy AG~ is not readi ly  calculated. 
However ,  the change in the act ivat ion energy arising 
f rom the change of the crystal  plane, AG~ --  
AG~ ,, c a n  numer ica l ly  be evaluated  f rom the 
change in the heats of the react ion Cu + +aq + e -  -> 
Cu+aq wi th  the crystal  plane considered. Thus, f rom 
the cycle 

A H ~  
C u  + +aq + e - - M  > C u + a q  

Hsolv Cu + + --AHsolv,Cu + 

Icu + 
Cu ++ + e -  + a q <  Cu + + a q  [24] 

where  ~ is the e lectrochemical  potent ial  of an elec- 
tron in the metal,  and other symbols have their  usual 
meaning, it follows that  

AH~ = - -  AHsolv ,Cu+ - -  Icu+ + - - ~ - +  AHsolv ,Cu+ + [25] 

The difference in the heat  of react ion on two crystal  
planes is then given by 

A H O h k l -  A H ~  = ( ~ k l  "~-~h 'k ' l  ' ) F  [ 2 6 ]  
With 

~ - :  ~ + e~bln [27] 
and since g is independent  of the crystal  plane 

o Identical  relationship has been obtained by Bockris and Pot ter  
(25). 

lO The absolute revers ible  electrode potent ial  of an electrode wi th  
a single crystal  plane exposed to the solution can be wr i t t en  [cf. 
Kortf im and Bockris (26)] as 

ACREV = g - -  ~TJhkl [ 2 1 ]  

where  the constant K is independent  of the crystal  plane. The 
change in the  reversible electrode potent ial  arising f rom the change 
in the crystal  plane f rom (hkl) to (h'kT) 

/~Ar = O h ' k ' l '  - -  (])hkl [ 2 2 ]  

For the  same reference  electrode, this change is compensated  by  
the change in the contact  potential  which  arises at the me ta l -me ta l  
junct ion be tween  the meta l  of the work ing  electrode and the meta l  
of the re ference  electrode. This is 

A~bcont~c t  = CI~hkl - -  • k ' k ' l '  [231  
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- -  ~thkl~-  ~ h ' k ' l '  : e ( - - ~ b l n h k  1 ~-  ~bInh,k,1, ) [28] 

F r o m  [14] and  [15] it  fo l lows  

- - ~ b I n h k  1 -~- r  1, -~- 4Phk 1 - - ( I ) h , k ,  1, [29] 

and  [26] t r a n s f o r m s  to 

A H ~  1 - -  A H ~  , = e (~bhk 1 - -  @h 'k ' l '  ) [ 3 0 ]  

A s s u m i n g  n o w  tha t  the  e n t r o p y  t e r m s  a re  n e a r l y  t he  
same  for  t he  reac t ions  on both  c rys ta l  planes,  t h e n  

A G ~  - -  A G ~  , : flF ( r  - -  ~ h ' k ' l ' )  [ 3 1 ]  

w h e r e  f~ is the  s y m m e t r y  factor .  
The  ra t io  of the  e x c h a n g e  c u r r e n t  dens i t ies  on two  

d i f fe ren t  c rys ta l  p lanes  is g iven  f r o m  [20] as 

[ (J3 - -  a )  ( ~ h k l - -  C h ' k ' l ' )  F ] i~ ~ exp  - -  [32] 
i~  , R T T  

I t  is apparen t ,  t he re fo re ,  that ,  i f  a = fl ~ 1/2, t he  e x -  
change  c u r r e n t  densi ty ,  on t h e  above  basis, shou ld  no t  
d e p e n d  on the  d i f fe rence  in  the  w o r k  f u n c t i o n  on t h e  
c o r r e s p o n d i n g  c rys ta l  planes.  I t  is possible  h o w e v e r ,  
tha t  ~ ~ fi w h i c h  w o u l d  r e su l t  in t he  d e p e n d e n c e  of t h e  
e x c h a n g e  c u r r e n t  dens i ty  on the  c rys ta l  p lane.  In  fact ,  
i f  fo r  t h e  r eac t i on  [7] t u n n e l i n g  of  e l ec t rons  w e r e  pos -  
s ible  [cf. Bockr i s  and  M a t t h e w s  (27)] ,  /~ w o u l d  be  less 
t h a n  1/2. In  this  case, and  w i t h  a ~ u t he  ra t io  of t he  
e x c h a n g e  c u r r e n t  dens i t ies  on the  (111) and  (110) 
p lanes  

ion1 : exp  ~ 7 ( r  - -  r  
iOloo L ~ _1 [33 ]  

w h e r e  
~ > 7 > 0 [34] 

can be accounted for only if 

r < (~100 [35] 

Recen t ly ,  B lev i s  and  C r o w e l l  (28) m e a s u r e d  (on a 
r e l a t i v e  scale)  w o r k  func t ions  on the  m a i n  c rys ta l  
p lanes  of  copper  at  va r i ous  t e m p e r a t u r e s .  T h e i r  ana l -  
ysis of t he  w o r k  func t ions  on d i f fe ren t  p lanes  a g r e e d  
w i t h  t he  o lde r  f indings of  U n d e r w o o d  (29) t ha t  t h e  
w o r k  f u n c t i o n  on the  (100) p l ane  is pos i t ive  in r e spec t  
to t he  (111) p l ane  by  about  0.5v. This  v a l u e  w o u l d  
sa t i s fy  t he  o b s e r v e d  ra t io  i~176 ( <  1) i f  7 is ap -  
p r o x i m a t e l y  equa l  to 0.1, or  ~ ~ 0.4. 

EfJect ef CuSO4 Concentration on the Deposition 
M o r p h o l o g y  of the  depos i t  does not  change  w i t h  

Cu + + concen t ra t ion .  The  o v e r p o t e n t i a l s  at 5 m a / c m  2 
f r o m  1M CuSO4 solut ion,  on ave rage ,  a re  by  60-70 m v  
l o w e r  t h a n  those  f r o m  0.25M solu t ion  (Fig.  15) w i t h  

i ~  k [ C u  + + ]  �9 e--aFVREv/RT [36] 
and 

VREV = VREVo + RT/2F In  [Cu+ +] [37] 

~ 0  In [Cu + +] ~ i , T =  RT ( 2 - -  ~) /2ar  [38] 

or  w i t h  ~ ~ V2 

90 m y  

Da ta  f r o m  on ly  two  po in t s  a r e  ava i l ab l e  and ind ica te  
a s lope l a r g e r  t h a n  90 ( ~  150) my.  W e r e  the  second 
step r a t e - c o n t r o l l i n g ,  0n/0 log  [Cu ++]  w o u l d  h a v e  
m u c h  l o w e r  ( ~  10 m v )  s lope (4, 6). This  conf i rms 
that ,  a t  bo th  concen t ra t ions ,  t h e  r a t e - c o n t r o l l i n g  s tep  
is the  first  c h a r g e  t rans fe r .  

The Rate of Growth and the Rate of Deposition 
W e r e  the  depos i t  e v e n l y  d i s t r i bu t ed  al l  o v e r  t h e  

smoo th  subs t ra te ,  the  ca l cu la t ed  r a t e  of g r o w t h  n o r -  
m a l  to t he  subs t ra te ,  v, w o u l d  be  g i v e n  b y  a p p r o x -  
i m a t e l y  

v = 3.75 i [39] 
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w h e r e  the  c u r r e n t  densi ty ,  i, in  m a / c m  2 g ives  v in 
A / s e c .  A t  2 m a / c m  2 this  r a t e  is 7.5 A / sec .  F r o m  Tab le  
I, i t  fo l lows  tha t  the  r a t e  of m a c r o s t e p  p ropaga t ion ,  
e i t he r  on  smoo th  subs t r a t e  o r  on p y r a m i d a l  faces,  is 
abou t  7 t imes  h i g h e r  t h a n  this  ca l cu l a t ed  ra te .  

W h i l e  the  r a t e  of p r o p a g a t i o n  of macros teps ,  bo th  on  
p y r a m i d a l  faces  and  on smoo th  subs t ra te ,  increases  
w i t h  c u r r e n t  densi ty ,  t he  r a t e  at w h i c h  p y r a m i d a l  
bases  advance  l a t e r a l l y  was  f o u n d  i n d e p e n d e n t  of t he  
c u r r e n t  densi ty .  T h e  cons tan t  r a t e  is no t  due  to local  
e x h a u s t i o n  of ca t ions  w h i c h  w o u l d  r e su l t  in local  
l im i t i ng  cu r ren t s  be ing  set up  in the  n e i g h b o r h o o d  of 
the  g r o w i n g  p y r a m i d s  (or s teps) .  Thus,  to a first a p -  
p r o x i m a t i o n  the  ( local )  l i m i t i n g  c u r r e n t  shou ld  be  
p r o p o r t i o n a l  to t he  b u l k  c o n c e n t r a t i o n  of  coppe r  su l -  
fate,  Co, as 

i l im  = K Co 

If  t he  ra tes  of g r o w t h  a re  l im i t ed  by  diffusion in t he  
solut ion,  t h e y  should  change  w i t h  t he  concen t ra t ion .  
W h e n  the  c o n c e n t r a t i o n  was  c h a n g e d  by  fac to r  20, no 
change  in t he  r a t e s  was  observed .  

T h e  a m o u n t  of t he  depos i t ed  m e t a l  r e q u i r e d  for  the  
p y r a m i d  f o r m a t i o n  on the  (111) p l ane  can  be  ca lcu-  
l a t ed  f r o m  the  size of p y r a m i d s  and  the i r  densi ty .  
Thus ,  in  a typ ica l  case, t he  h e i g h t  of  p y r a m i d s  a t  10 
c o u l o m b / c m  2 is d e t e r m i n e d  by  po la r i zed  i n t e r f e r o m -  
e t r y  at  1.25 x 104A. T h e  l e n g t h  of a p y r a m i d  base  was  
1.5 x 105A, and the  dens i ty  of p y r a m i d s  about  3 x 105 
cm -2. The  v o l u m e  of al l  p y r a m i d s  at  t he  t i m e  of d e p -  
os i t ion c o r r e s p o n d i n g  to 10 c o u l o m b / c m  2 is t h e n  about  
2 x 10 -5  c m 3 / c m  2. This  v o l u m e  co r re sponds  to abou t  
6% of t he  to ta l  depos i t ed  me ta l ,  n Thus,  to accoun t  for  
a l l  t h e  m e t a l  deposi ted ,  i t  has  to b e  a s sumed  tha t  i n -  
co rpo ra t i on  of C u - a d i o n s  occurs  also o v e r  t he  flat 
subs t ra te .  This  impl i e s  that ,  w h i l e  a p y r a m i d  grows,  
i t  is a t  t he  s a m e  t i m e  " b u r i e d "  by  e v e n l y  a d v a n c i n g  
subst ra te .  Consequen t ly ,  t he  t rue  r a t e  of g r o w t h  is 
no t  m e a s u r e d  (cf. Fig.  18). F r o m  Fig.  18, i t  fo l lows  
tha t  

X = X o + h c o t ~  [40] 

w h e r e  h ~- vt, and ~ is t he  inc l ina t ion  of the  p y r a -  
m i d a l  face  t o w a r d  the  subs t ra te .  Then,  t he  t rue  r a t e  
of g r o w t h  is g iven  by 

Vpyr = dx /d t  = dxo/dt + v cot a = Vo + v cot  a [41] 

w h e r e  vo is t he  obse rved  r a t e  of p y r a m i d  p ropaga t ion .  
W i t h  n u m e r i c a l  va lues  for  5 m a / c m  2 ( T a b l e  I ) ,  Vwr 
is e q u a l  to 

Vwr : 55 + 18.7 x 5 = 148.5 A / s e c  -1  

This  r a t e  is close to t he  o b s e r v e d  r a t e  (135 • 15 A /  
sec) of m a c r o s t e p  p ropaga t i on  on the  p y r a m i d a l  faces.  
U n d e r  idea l  condi t ions  t h e r e f o r e  t he  r a t e  at  w h i c h  
mac ros t eps  on p y r a m i d a l  faces  p r o p a g a t e  is t he  r a t e  
at  w h i c h  the  base  of the  p y r a m i d  w o u l d  p r o p a g a t e  
w e r e  i t  no t  fo r  t he  s imu l t aneous  " b u r y i n g . "  The  l a t t e r  
r a tes  a re  thus  close to t he  r a t e  w i t h  w h i c h  mos t  of t he  
m a c r o s t e p s  on " s m o o t h "  subs t ra te  p ropaga te .  

A t  a cons tan t  c u r r e n t  densi ty ,  p o t e n t i a l  changes  
w i t h  t i m e  and  hence  the  ( r e l a t i ve )  r a t e  of depos i t ion  
and  of  i n c o r p o r a t i o n  of  ad ions  12 into  t h e  la t t i ce  at  
t he  n e w l y  f o r m e d  faces  of mac ros t eps  shou ld  change  
w i t h  t i m e  or  t h i ckness  of t h e  deposit ,  c o n t r a r y  to t he  
r e p o r t e d  o b s e r v a t i o n  of cons t an t  (w i th  t ime)  r a t e  of 
m a c r o s t e p  p ropaga t ion .  T h e  m a i n  change  in the  po -  
t en t i a l  occurs,  h o w e v e r ,  a t  t h e  in i t i a l  s tage  of depos i -  
t ion, w h i l e  the  r a t e  of m a c r o s t e p  p r o p a g a t i o n  was  
d e t e r m i n e d  fo r  t he  l a t t e r  s tages  of  depos i t ion  w h e n  
po t en t i a l  becomes  constant .  

11 A t  i n i t i a l  s t a g e s  of  d e p o s i t i o n ,  t h e  p e r c e n t a g e  h a s  to  b e  less ,  
a s  t h e  a r e a  o f  t h e  " f l a t "  s u b s t r a t e  is  i n i t i a l l y  l a r g e r  a n d  d e c r e a s e s  
w i t h  t i m e  of  d e p o s i t i o n .  I n  t h i s  p a r t i c u l a r  case ,  t h e  e l e c t r o d e  b e -  
c o m e s  a l m o s t  f u l l y  c o v e r e d  b y  p y r a m i d s  a t  10 c o u l o m b / c m  e. 

1~ T h e  e f fec t  of  t h e  d e l i v e r y  o f  a d i o n s  to  g r o w t h  s i tes  b y  s u r f a c e  
d i f f u s i o n  is n e g l e c t e d .  
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Fig. 18. A model for pyramid growth. 
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Fig. 19. Position of two macrosteps on a pyramidal face vs. time 
of deposition, 2 ma/cm 2. 

The Mechanism of the Growth of Pyramids 

The formation of pyramids on the (111) plane can 
be accounted for by the screw dislocation mechanism 
of growth. The appearance of a straight line on the 
apex of some pyramids instead of "sharp" point favors 
the mechanism involving a pair  of screw dislocations 
of opposite signs. Macrosteps on side faces of pyra-  
mids form by ini t ial  bunching  of small, ideally mon-  
atomic steps which originate at the apex of the pyra-  
mid. In  support  of the bunching mechanism is the 
fact that close to the apex of pyramids no visible steps 
appear [cf. ref. (1), (29), and (30)]. 

Format ion of "hexagonal" blocks on the (111) de- 
posits at higher current  densities corresponds to the 
formation of cubic blocks (or layers) on the (100) 
plane, the mechanism for both of which has already 
been discussed (1, 8, 11). First, regular  pyramids form, 
the apex of which may become in  t ime blocked by 
adsorbed impurities.  New microsteps then will  spread 
no longer from the apex, and the pyramid truncates. 
Truncated  pyramids gradual ly  t ransform into blocks. 

On the (110) plane, pyramidal  growth under  the 
given exper imental  conditions ralely occurs, and ridges 
and /or  "smooth" deposits form. It is l ikely that on an 
ideal (110) plane any site is a growth site. There is 
no need for surface diffusion of adions and of propa- 
gation of microsteps. For pyramidal  growth, propaga-  
t ion of microsteps is essential, and consequently no 
pyramids would be expected to form on the (110) 
planes. For an unders tanding  of ridge formation, par -  
t icularly of different current  densities, fur ther  de- 
tailed analysis of the geometry of ridges is required. 
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Electrodeposited Ni-Fe-As Magnetic Thin Films 
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ABSTRACT 

Thin films (1000-2000A) containing 6-20% lee, 1-15% As, balance Ni were  
electrodeposited f rom mixed  n ickel - fer rous  sulfate solutions containing so- 
dium arsenite. Arseni te  concentrat ion and ferrous sulfate concentrat ion in the 
solution were  re la ted to the film composition and the magnet ic  properties.  
The effects of As in Ni -Fe  films was found to be s imilar  to those of P, i.e., 
Hc and Hk values were  lower and switching t imes were  much more rapid in 
the te rnary  films than in s imilar ly  prepared  binary films. Quar te rnary  alloy 
films of N i - F e - A s - P  are also described. 

This work  is an outgrowth  of ear l ier  studies on the 
N i - F e - P  and Ni -Fe-Mo film alloy systems which have  
already been repor ted  (1,2). Electrodeposited thin 
films in the alloy system Ni -Fe -As  have  been in-  
vest igated and evalua ted  as magnet ic  elements  for 
computer  memory  use, and results are  described. A 
l imited amount  of work  in the quar te rna ry  system Ni-  
F e - A s - P  is also discussed. 

The object ive  of the over -a l l  p rogram has been the 
development  of the electrodeposit ion method for p rep-  
arat ion of films having  control lable and reproducible  
magnet ic  properties.  

Exper imenta l  
The substrates were  3 by 3 in. microcover  sheet, 

0.002-0.010 in. thick, coated with vacuum-evapora t ed  
layers  of chromium and gold. Corning 7059 glass, 1 by 
2 by 0.032 in. was also used. The depositions were  car-  
r ied out in rec tangular  Lucite cells which were  fitted 
with removable  cathode holders, permi t t ing  accurate  
a l ignment  of the cathode to the cell. A uni form mag-  
netic field of 30 oe sur rounded  the cell. Anodes were  
of nickel sheet. No agitat ion was used. The current  
density was normal ly  6 m a / c m  2 del ivered  by a con- 
s tan t -cur ren t  power  supply. The films were  electro-  
deposited at room tempera tu re  f rom nickel and fe r -  
rous sulfate solutions of the Watts type, containing 
boric acid, sodium chloride, saccharin, and sodium 
lauryl  sulfate. 

The compositions of the electrolytes are shown in 
Table I. Arsenic was introduced as sodium arsenite. 
Two series of solutions were  made up. In one, the so- 
dium arsenite  concentrat ion was varied, and in the 
other, the ferrous sulfate concentrat ion was varied.  

Fi lms were  chemical ly  analyzed as follows: A known 
film area is dissolved in 1:2 HNO~ and diluted to vol -  
ume. Arsenic is de te rmined  on one al iquot color imet-  
r ical ly by the molybdenum-b lue  method after  low-  
t empera tu re  evaporat ion of HNO3. Spectrophotometr ic  
measurements  at 820 m~ were  made  on a Beckman 
DU. The method was cal ibrated with  s tandard solu- 
tions in the range f rom 0.006 to 0.3 mg/100 cc. Dis- 
solved film samples 1 by 2 in. in area, containing about 
5% As, commonly gave readings in the 0.04 rag/100 cc 
range. Accuracy in the 5% As range is bel ieved to be 
+-0.5%. 

Nickel  and iron are de termined  on other  aliquots 
color imetr ical ly  as nickel  d imethy lg lyoxime and iron 

Table I. Composition of plating solutions for the 
deposition of Ni-Fe-As alloy thin films 

Component 

C o m p o s i t i o n  of  P l a t i n g  S o l u t i o n s  

C o n c e n t r a t i o n ,  ( g / l )  
S e r i e s  N S e r i e s  P 
s o l u t i o n s  s o l u t i o n s  Preferred 

N i S O ~  . 6H,20 218 218 218 
F e S O 4  �9 7H_~O 3.0-8 .1  6.0 6.0 
N a A s O ~  0.4 0 .05-1 .5  0.4 
HaBOs 25.0 25 .0  25.0 
N a C I  9.7 9.7 9.7 
S a c c h a r i n  0.8 O.B 0.8 
N a  l a u r y l  s u l f a t e  0.2 0.2 0.2 
p H  2.2 2.2 2.2 

orthophenanthrol ine.  These are also spectrophotomet-  
ric measurements  and are bel ieved to be accurate  to 
wi th in  0.5%. A n icke l / i ron  rat io  calculated f rom these 
determinat ions  is accurate to wi thin  3%. 

The magnet ic  propert ies  were  measured  in a 60- 
cycle BH loop t racer  (1) the dr ive  field of which was 
or iented paral le l  to the horizontal  component  of the 
ear th 's  field. The sample could be placed into the sense 
coil e i ther  paral le l  to the easy axis for measurement  
of Hc, or perpendicular  for Hk. Rela t ive  magnetost r ic-  
tion values were  obtained f rom the change in Hk when 
tension was applied along the hard axis by flexing the 
sample  into a fixed arc. Magnetic measurements  are 
bel ieved accurate to +--5% or better.  

Film Composition as a Function of 
Electrolyte Composition 

Figures  1 through 6 show the effects of var ia t ion  
of the electrolyte  composition on the composition 
of the electrodeposited films. F igure  i shows the l inear  
increase in arsenic content  wi th  increase in sodium 
arseni te  concentration. This was done wi th  the ser ies-P 
solutions, where  the Ni and Fe concentrat ions were  
held constant, as was the deposition time. The range 
studied was f rom 0.05 to 1.5 g/1 arsenite. We did not 
go higher  because the magnet ic  propert ies  were  poor 
at 1.0 g/1 and the deposits appeared s t reaked and dis- 
colored at 1.5 g/1. F igure  2 shows the effect of arsenite  
concentrat ion on the N i / F e  ratio in the film. This ra -  
tio increases as arsenite concentrat ion increases, al-  
though this is not too obvious in v iew of the scatter  of 
exper imenta l  points. The films were  plated for 70 sec 
and had a thickness of 1300A. Two other  sets of films 
were  plated at the same t ime f rom these solutions at 
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Fig. 1. Arsenic content of 1300.~ films as a function of sodium 
concentration in the electrolyte. Deposition time was 70 sec at 
6 ma/cm 2. 
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Fig. 2. Nickel and iron content of 1300.8, films as a function of 
sodium arsenite concentration in the electrolyte. The nickel and 
iron content of the electrolyte was held constant. Deposition time 
was 70 sec at 6 ma/cm 2. 
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Fig. 3. Nickel and iron content of 1100 and 1500.~, films as a 
function of sodium arsenite concentration in the electro(yte. Plated 
under the same conditions as in Fig. 4, but for 60 and 80 sec, 
respectively. Series P solutions: A ,  1500~,; O, 1300A repeated 
from Fig. 2; [-I, 1100.~. 

60 and 80 sec, wi th  thicknesses of about 1100 and 
1500 A, respectively.  The analyses of these films are 
shown in Fig. 3, and the upward  t rend in N i / F e  ratio 
is clear. The slope of these lines is about  the same as 
the slope in Fig. 2. Thus the presence of arsenite ion 
in this system depresses the re la t ive  deposition rate  
of iron, just  as hypophosphi te  ion does in the N i - F e - P  
system (1). 

F igure  4 shows the effect of ferrous sulfate concen- 
t rat ion on the iron content  of the film. These films 
were  deposited for 70 sec at 6 m a / c m  2, f rom a solution 
containing a constant 0.4 g/1 sodium arsenite. As ex-  
pected, the iron increases wi th  increasing ferrous ion 
concentration. The arsenic content  of these films is es- 
sential ly constant;  the change in iron concentration, 
therefore,  has no effect on the deposition rate  of a r -  
senic. 

The composit ional  var iat ions that  occur during the 
first few seconds of alloy deposition have been studied 
for n ickel - i ron  by Cockett  and Spencer -Timms (3), 
by Hemstock and Spencer -T imms (4), and by Dahms 
and Croll  (5). The addition of hypophosphi te  ion re -  
duces but  does not e l iminate  the composit ional  gradient  
(1). A similar  gradient  occurs wi th  Ni -Fe-Mo (2). 
F igure  5 shows iron content, arsenic content, and 
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Fig. 4. Iron content in 1300~ films as a function of ferrous ion 
content in the electrolyte. Arsenite concentration was held con- 
stant. Series N solutions: NaAsO2 ~ 0.4 9/I; plating time 70 sec; 
c.d. 6 ma/cm 2. 
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Fig. 5. Effect of plating time on the composition and thickness 
of Ni-Fe-As films. Series P solutions: c.d. 6.0 ma/cm2; - - - 0.2 
g / I  N a A s O 2 ; -  0.4 g / I  NaAsO2. 

thickness vs. plat ing t ime for two levels of sodium ar-  
senite concentrat ion in the N i -Fe -As  system. The de- 
crease in iron as deposition proceeds is apparent.  The 
arsenic content  also decreases wi th  plat ing time. At  
a h igher  arsenic concentrat ion the iron content  is de- 
pressed further .  The plat ing t ime vs. thickness curves 
have  slightly different slopes, wi th  the higher  arsenic 
concentrat ion giving sl ightly thicker  films. This sug- 
gests a small increase in cur ren t  efficiency, wi th  in-  
creasing arsenite  concentration.  

The effect of current  density on the film propert ies  
is shown in Fig. 6. As current  density increases, the 
re la t ive  amount  of arsenic occurr ing in the film de- 
creases. This is what  one would  expect;  since the ar -  
senic is present  in low concentrations, arsenic deposi-  
tion should be diffusion-limited.  The N i / F e  ratio in-  
creases as current  density increases. This agrees wi th  
the current  density effects found by Hemstock and 
Spencer -Timms (4) and by Uehara  (6) for N i -Fe  
films. The same is t rue  in the Ni -Fe-Mo system (2). 
The anisotropy of these films passes through a min-  
imum as de termined  by the N i / F e  ratio. As we shall 
see later, there  is a m in im um  in the Hk VS. N i / F e  ra -  
tio curve. The var ia t ion in Hk with  current  density 
can thus be s imply explained solely on the basis of 
compositional changes. 

Magnet ic  Proper t ies  as a Func t ion  of  
E lec t ro ly te  Composi t ion  

Figure  7 shows the effect of the arsenite concentra-  
t ion on the coercivi ty of films in three  thicknesses. The 
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Fig. 6. Effect of current density on the composition and anisotropy 
field of 1600~, Ni-Fe-As films. Series P solutions: 0.4 g/I  NahsO2. 
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Fig. 7. Coercivity of Ni-Fe-As films deposited from solutions 
with varying amounts of sodium arsenite. Series P solutions: 6 
ma/cm2; [7, 1100~,; O, 1300A, A ,  1S00A. 

addition of arsenic lowers Hc considerably. These films 
all have  N i / F e  ratios of 4 to 5, and the decrease in 
Hc brought  about by the arsenic is quite clear. It  is 
interest ing to note that  there  appears to be a m i n i m u m  
in Hc which occurs at 0.4 to 0.5 g/1 arsenite in the 
1300A films. In Fig. 1, it was shown that  at this ar-  
senite level  the film contained about 5% As. This cor-  
responds roughly  to the solid solubil i ty of As in Ni, 
which is given by Hansen (7) as 5.5%. Perhaps,  at As 
concentrat ions above approximate ly  5%, a second 
phase appears which begins to raise Hc by in ter fer ing 
with  domain wall  motion. This is conjecture  only, and 
no a t tempt  at identification of a second phase was 
made, but  the idea is supported by the behavior  of 
the th inner  and thicker  films. If it is recal led that  
th inner  films f rom a given solution contain more  ar-  
senic (and more iron) than thicker  films, it wi l l  be 
expected that  the 5% As level  wi l l  be reached at a 
sl ightly lower  arseni te  concentration, and that  the 
min imum wil l  shift sl ightly to the left, which indeed 
it does. 

F igure  8 shows the effect of sodium arsenite addi- 
t ion on the anisotropy of the films. Again, Hk values 
are lower than when  As is absent. The N i / F e  ratio of 
the deposit  increases as sodium arsenite is increased; 
also, the N i / F e  ratio increases sl ightly for increase in 
thickness, so that  As concentrat ion is not  the only va r i -  
able. The same considerations hold for Fig. 9, which 
shows the change in magnetost r ic t ion as As is added. 
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Fig. 8. Anisotropy of Ni-Fe-As films deposited from solutions 
containing varying amounts of sodium orsenite. Series P solutions: 
6 ma/cm2; D ,  1100/t,; O, 130(O; A ,  1500~,. 
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Fig. 9. Relative magnetostriction of Ni-Fe-As films as a func- 
tion of sodium arsenite content in electrolyte. Series P solutions: 
6 ma/cm2; D ,  1100,s O, 1300~; ~ ,  1500~,. 

The magnetost r ic t ion units are a rb i t ra ry  and represent  
the change in Hk when  the sample is p laced under  t en-  
sion. These values are posi t ive for n icke l - r ich  com- 
position. 

In addition to lower ing Hc and Hk of Ni -Fe  films, 
the presence of arsenic also results in great ly  im-  
proved switching t imes as shown in Table  II which 
lists switching coefficients for arsenic films. Some fur -  
ther  improvements  were  obtained when the films were  
subjected to a ve ry  mild anneal ing step. In general,  

Table II. Switching coefficient of 1300A films 

S e r i e s  P S o l u t i o n s ,  6 m a / c m  2 
1/4-in. s q u a r e s  c u t  f r o m  3 -  b y  3 - i n .  d e p o s i t s  

A s  p r e p a r e d  A f t e r  a n n e a l i n g *  
S w i t c h i n g  coe f f .  S w i t c h i n g  coe f f .  

(Sw x 10 6 ) (Sw x 10 ~) 
G / L  C r o s s  f i e l d  (oe)  C r o s s  f i e l d  (oe)  

N a A s O 2  t t k  (oe)  0 .19  0 .38  0 .57  H k  (oe)  0 .19  0 .38  0 . 5 7  

0 . 0 5  I s o t r o p i c  - -  - -  - -  I s o t r o p i e  - -  - -  - -  
0 .1 4 .0  P o o r  s w i t c h  3 .8  P o o r  s w i t c h  
0 .2  3 .8  0 . 5 0 0  0 : 1 5 0  0 . 0 1 0  3.2 0 . 0 7 7  0 .001  0 .004  
0 .3  3 .8  0 . 2 5 0  0 . 0 0 3  0 . 0 0 1  B l i s t e r e d  - -  - -  - -  
0 . 4  2 . 4  0 .281  0 . 0 1 3  0 .005  1.9 0 . 0 3 0  0 . 0 0 3  0 . 0 0 4  
0 .5  2 .2  0 . 2 0 5  0 . 0 1 5  0 . 0 0 5  2 .0  0 . 0 2 0  0 . 0 0 0  0 . 0 0 5  
1 .0  1.8 0 . 0 2 0  0 .005  0 . 0 0 5  1.6 0 . 0 1 0  0 .001  0 .010  
1.5 N o  o u t p u t  - -  - -  - -  N o  o u t p u t  - -  - -  - -  

* 2 5 0 0 C ,  2 0  r a i n  i n  a i r .  
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Fig. 11. Anisotropy and magnetostrietion as a function of Ni /Fe 
ratio for films containing 4 -5% As. Thickness 700-2000,&; �9 
series P solutions; A ,  series N solutions. 

however ,  the films were  not annealed, and all data re -  
ported in this work  refer  to unannealed films as de-  
posited. 

The effect of vary ing  the ferrous sulfate concentra-  
t ion is shown in Fig. 10; Hk passes through a min imum 
with  increasing iron concentration. As film thickness 
is increased and the re la t ive  deposition ra te  of iron is 
decreased, it takes more and more Fe in the plat ing 
solution to produce the film composition having the 
min imum Hk value. Higher  posit ive values of A Hk 
indicate n icke l - r ich  compositions. Minimum Hk values 
do not coincide wi th  the zero magnetos t r ic t ive  com- 
positions. 

In Fig. 11, anisotropy and magnetostr ic t ion are 
plot ted as a funct ion of film composition, using the 
l imited amount  of analyt ical  data available. Only films 

that  had arsenic contents of 4-5% were  selected. A 
wide range of thicknesses are represented,  500-2000A, 
but the major i ty  of the points are in the 1300A region. 
The points were  differentiated wi th  respect  to the two 
solutions used in their  prepara t ion  to show the es- 
sential reproducibi l i ty  of this plat ing system. 

A min imum in Hk has been observed in both elec- 
t roplated and evaporated Ni -Fe  films. Wolf (8) re-  
por ted the min imum at 80-88% Ni in electrodeposited 
films. The occurrence of this min imum in evaporated 
films has been a t t r ibuted to a stress mechanism 
whereby  differences in the rmal  expansion between 
film and substrate operate magnetostr ic t ively.  These 
arguments  have been discussed by Robinson (9) who 
studied films evaporated on soda l ime glass at 240~ 
With respect  to films electrodeposited at room tem-  
perature,  thermal  expansion can cer ta inly not be the 
origin of any stress anisotropy, yet  it seems clear that  
some stress mechanism must  be operating. The role of 
stress re l ievers  has been studied by Wolf (10), who 
showed the effects of the presence of various stress- 
re l ieving agents in the plat ing bath on Hk of 82% Ni 
films, but  did not  study this as a funct ion of alloy 
composition. It is interest ing to note that  the addition 
of Mo to Ni -Fe  films sharpens the min imum (2) as 
well  as lowers it. 

In Fig. 12, variat ions in magnetostr ic t ion are plotted 
as a function of plat ing t ime and arsenite concentra-  
tion. In the le f t -hand  side of the figure it is seen that  
as plat ing t ime increases (and the alloy becomes more 
nickel-r ich)  h igher  posit ive values of ~Hk are ob- 
tained, as expected, at the arsenite  concentrations we 
have been considering up to now. At high arsenite 
concentrations, the reverse  appears  to be true. Unfor -  
tunately,  analyses are not avai lable  for these films, so 
it is not clear whe ther  the Ni -Fe  concentrat ion trend 
is reversed in the high As films, or whe ther  the high 
arsenic concentrat ion itself is having a dominat ing ef-  
fect on magnetostr ict ion.  The very  high arsenic films 
were  not invest igated further ,  since they were  less in-  
terest ing for our purposes than the 0.4 g/1 films. 

Effect of Hypophosphite Addition 
On the r igh t -hand  side of Fig. 12 is a s imilar  set of 

curves obtained from these same solutions under  the 
same conditions, except  that  sodium hypophosphi te  
has been added. A we l l -behaved  set of t rend lines is 
obtained, but  again the high arsenic films give anoma-  
lous results. In general, the effects of adding arsenic 
to Ni -Fe  films are quite  s imilar  to the effects of add- 
ing phosphorus. Present  together,  their  effects, qual -  
i ta t ively speaking, are addit ive;  that  is, Ho and Hk are 
lowered and rapid switching t imes are obtained. 

The N i - F e - A s - P  composition was not explored in 
any detail, par t ly  because of analyt ical  difficulties. In 
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same for Ni-Fe-As-P films obtained from the same solutions after 
addition of sodium hypophosphite. 
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Fig. 13. Effect of substrate surface on coercivity and anisotropy. 
Series P solutions: 6 rna/cm 2, 0.2 g/I NaAs02; �9 Cr-Au evap- 
orated on glass; A ,  electrodeposited Cu on Cr-Au evaporated on 
glass, 

the 5% arsenic films, zero magnetost r ic t ion was as- 
sociated with  an anisotropy of about 2.5 oe. 

A solution containing 6 g/1 ferrous sulfate, 0.4 g/1 
arsenite, and 0.2 g/1 hypophosphite  yielded zero, or 
near zero, magnetos t r ic t ive  films wi th  Hk of 1.6-1.8 oe 
and Hc of 1.9-2.5 oe, wi th  a high degree of repro-  
ducibility. The composition of these films was about 
83% Ni, 13% Fe, 2% As, and 2% P. 

Ef]ect of Substrate 
In all this work, the substrates were  evaporated Cr- 

Au layers on glass. Substrates must  be prepared  uni -  
formly  with  a high degree of qual i ty  control, in order 
for a study of this sort to have meaning.  The magnet ic  
propert ies  are, of course, functions of film thickness 
and composition, and the magnet ic  propert ies  can be 
controlled by control l ing the deposition parameters  
which affect composition. But  this is practical  only if 
a reproducible  substrate is available. This is i l lus-  
t ra ted in Fig. 13, in which Hc and Hk values are com- 
pared for two sets of films, deposited f rom the same 
solution under  identical  conditions, except  for the use 
in one case of Corning 7059 glass wi th  evaporated Cr-  
Au layers, and in the other case of the same sub- 
strates having, in addit ion to the Cr-Au,  an electro-  
deposited layer  of copper. Str iking differences in mag-  
netic propert ies  are found, and the copper surface is 

seen to have an even more reproducible  surface than 
the Cr-Au.  The effect of substrate  mater ia l  and sub-  
strate prepara t ion procedures  on magnet ic  propert ies 
has long been recognized by workers  prepar ing  films 
by vacuum evaporat ion or sputtering, but  this point 
has not been emphasized in the electrodeposi t ion l i t -  
erature.  

Conclusion 
It  has been shown here that  the addit ion of sodium 

arsenite to Ni -Fe  sulfate solutions of the Watts type 
leads to the deposition of N i - F e - A s  al loy thin films 
with  magnet ic  propert ies  superior to those obtained 
with  binary Ni -Fe  films; that  is, Hc and Hk a r e  lower, 
and switching times are ve ry  fast. 

The magnet ic  propert ies  can be control led by ma-  
nipulat ing the e lect rolyte  composit ion and plat ing 
parameters  in a manner  analogous to those applied to 
the N i - F e - P  system. We have shown that  even fur ther  
improvements  may  be expected in the quar te rnary  
system Ni -Fe -As -P .  

Manuscr ipt  rece ived  Nov. 24, 1965; revised manu-  
script received Jan.  21, 196,6. This paper was presented 
at the Buffalo Meeting, Oct. 10-14, 1965. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Some Aspects of Sensitized Fluorescence in 
Ca(PO )2:Sn:Mn Glass Phosphors 

Richard F. Reade 
Research and Development Laboratory, Coming Glass Works, Co~ning, New York 

ABSTRACT 

Sensit ized fluorescence in C a ( P O s ) 2 : S n : M n  glass phosphors occurs via  a 
direct  t ransfer  of excitat ion energy f rom tin to manganese  centers. The t rans-  
fer  process is described in terms of its efficiency and the fract ion of t in 
centers which participate.  A statistical model  for energy t ransfer  is developed 
on the basis of a random distr ibution of tin and manganese  ions and is shown 
to be consistent wi th  the exper imenta l  data. The effective t ransfer  range of 
approximate ly  8.8A encompasses about 33 cation sites sur rounding a tin 
center. 

The phenomenon of sensitized fluorescence in im- 
pur i ty  act ivated crystal l ine phosphors has been the 
subject of a considerable body of theoret ical  and ex-  
per imenta l  investigation. Klick and Schulman (1) 
have rev iewed  this work. Sensit ized fluorescence in-  
volves two centers or ions, the sensitizer and the ac- 
tivator.  The act ivator  ion provides an emission band 
in a desired spectral  region but does not absorb radi -  
ation in the exci tat ion range of interest ;  f requen t ly  
the 2537A resonance l ine of a low-pressure  mercury  

discharge lamp. The  sensitizer ion introduces an ab- 
sorption band in the requi red  exci tat ion range, and if 
present  alone, will  fluoresce with  its characteris t ic  
emission spectrum. When both sensitizer and act ivator  
ions are  present  in a coact ivated phosphor, the sensi- 
t izer wi l l  t ransfer  part  of its absorbed energy to the 
act ivator  causing a fluorescence which is character -  
istic of the latter.  The total  fluorescence spectrum of 
the coactivated phosphor is thus a composite of the 
emissions of both ions, whose re la t ive  intensities are 
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dependent  on the respect ive  ion concentrations.  
This paper  describes a series of fluorescence in ten-  

sity measurements  designed to elar ify the roles of tin 
and manganese  in the energy t ransfer  process leading 
to sensitized fluorescence in Ca(PO~)2 :Sn :Mn glass 
phosphors. A statistical model  for energy t ransfer  is 
applied to the data. 

Experimental 
CaO and P205 were  introduced as reagent  grade 

monobasic calcium phosphate. The fluorescent ions 
were  int roduced as reagent  grade oxides or car-  
bonates. Reagent  grade dextrose was used as a re-  
ductant  to main ta in  t in and manganese in their  di-  
va lent  states. The we l l -m ixed  batches were  mel ted  at 
1200~ using a p la t inum-wound  resistance furnace, 
and annealed at 500~ A port ion of each sample was 
powdered to pass through a 100 mesh screen. 

The fluorescence characterist ics of the powdered 
samples were  measured  with  a powder  plaque fluo- 
rometer  developed in this laboratory.  In using this de- 
vice, a planchet  containing the powdered  glass was 
placed under  a circular, low pressure mercury  dis- 
charge lamp. The lamp emission was filtered so that  
the 2537A line was predominant .  The fluorescence 
emission f rom the powdered  glass was passed suc- 
cessively through blue, green, and red filters, detected 
by a photocell  and measured  by a galvanometer .  The 
ga lvanometer  shunt  resistors were  adjusted so that  
the reading obtained with  each f i l ter-photocell  com- 
bination was direct ly proport ional  to the fluorescence 
intensi ty in the corresponding spectral  region. In this 
manner  equal  blue, green, and red readings would  be 
obtained for a phosphor which had a uniform spectral  
distr ibution of intensity. A magnes ium tungstate  phos- 
phor was used as a cal ibrat ion standard. 

Fluorescence measurements . - -The  fol lowing quan-  
tities were  de te rmined  exper imenta l ly  or der ived from 
exper imenta l  data. 

Isn = Fluorescence intensi ty of a singly act ivated 
Sn glass. 

/sn:~n = Tota l  fluorescence intensi ty of a Sn: Mn co- 
act ivated glass. 

I'sn ~ Tin component  of fluorescence intensi ty in a 
Sn :Mn  coactivated glass. 

I ' M n  ~ Manganese component  of fluorescence in- 
tensity in a Sn: Mn coact ivated glass. 

Isn and ISn:Mn were  obtained direct ly  by summing 
the blue, green, and red  readings f rom the powder  
fluorometer.  I'sn and I'Mn were  obtained by summing 
the resolved t in and manganese  readings for the coac- 
t ivated glasses. 

Resolution was accomplished by assuming that  the 
spectral  distr ibution of e i ther  ion, hence its dis tr i -  
bution in the blue, green, and red regions of the spec- 
t rum was unaffected by the presence of the o ther  ion. 
This assumption has been found valid for many crys-  
tal l ine phosphors (1, 2). Its val idi ty  in the present  case 
was demonstra ted by the fact that  the ratio of the 
green to red readings for the resolved manganese  in- 
tensi ty component  was constant among all the co- 
act ivated glasses studied. To confirm the val idi ty  of 
these measurements ,  comparat ive  fluorescence and ex-  
citation spectra were  taken on an Aminco -Bowman  
Spectrofluorometer.  Since the spectra were  not cor-  
rected for ins t rument  parameters ,  only qual i ta t ive  re-  
sults wi l l  be given. 

It  was found that  the divalent  manganese  ion is in-  
efficiently exci ted by radiat ion below 320 m~. The 
feeble  manganese  fluorescence caused by 2537A ex-  
ci tat ion of Ca (POj )~ :Mn  glasses was too weak  to be 
detected by the powder  fluorometer.  The manganese  
excitat ion spectrum of the coactivated, Ca(PO~)2: 
S n : M n  glasses exhibi ted an additional, strong exci ta-  
t ion band below 320 rn~ which was associated with  the 
Sn + + ion. The appearance of this band indicated that  
energy absorbed by the Sn + + centers is t ransfer red  to 
Mn + + ions causing them to fluoresce. In all other  re-  
spects, the shape and position of the fluorescence or 
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Fig. 1. Fluorescence intensity vs .  tin concentration: curve 1, ISn: 
total intensity of Sn activated glasses; curve 2, ISn:Mn: total 
intensity of Sn:Mn coactivated glasses; curve 3, I 'Mn: Mn intensity 
component of Sn:Mn coactivoted glasses; curve 4, I'sn: Sn intensity 
component of Sn:Mn coactivated glasses. 

exci tat ion bands for ei ther ion were  the same in both 
singly and coact ivated glasses. Only the re la t ive  in-  
tensities varied. The  presence of the characteris t ic  tin 
fluorescence in the coact ivated glasses showed that  not 
all the tin centers par t ic ipate  in the energy t ransfer  
process. The t in exci tat ion spect rum in the coactivated 
glasses exhibi ted no bands associated with  man-  
ganese, indicating that  Mn --> Sn energy  t ransfer  does 
not occur. 

Results 
Coactivated glasses wi th  Mn constant.--Plots of fluo- 
rescence intensi ty vs. tin concentrat ion for the tin ac- 
t ivated glasses and for the S n : M n  coact ivated glasses 
with manganese held  constant at 0.5 a /o  (a tom per 
cent) are shown in Fig. 1. The  resolved t in  and manga -  
nese intensi ty components  of the coactivated glasses are 
also shown. The intensi ty m a x i m u m  for the singly acti- 
vated glasses occurs at a t in concentrat ion of 0.5 a/o. 
The decrease in fluorescence intensi ty above this t in 
level  may  be caused by concentrat ion quenching in 
the tin centers. This se l f -quenching effect has been 
at t r ibuted by Johnson and Wil l iams (3) to the pres-  
ence of a nonfluorescent center  formed by two closely 
associated fluorescent ions. As the tin concentrat ion 
increases, the number  of these self-quenching,  closely 
associated centers should increase, thereby lower ing  
the fluorescence intensity. 

The total  intensi ty of the coactivated Sn: Mn glasses 
is consistently lower  than tha t  for  the t in  act ivated 
glasses, but the intensi ty m a x i m u m  also occurs at 
about 0.5 a /o  tin. The correspondence of these max ima  
indicates that  t in se l f -quenching may  be responsible 
for the intensi ty decrease in both Sn :Mn  and Sn ac- 
t ivated glasses. 

The lower over -a l l  intensi ty  of the coactivated 
glasses is not surpris ing since an absorption and emis-  
sion process wi th in  an isolated Sn + + ion is apt to be 
more  efficient than one which involves  the t ransfer  
of excitat ion energy be tween  a tin and a manganese  
center  (4). The energy t ransfer  process should in-  
crease the probabi l i ty  for nonradia t ive  energy losses 
accompanied by a decrease in the ove r -a l l  fluores- 
cence efficiency. 

Variat ions in the tin concentrat ion of the coactivated 
glasses did not al ter  the spectral  distr ibution and color 
(pink) of the composite S n : M n  fluorescence; only the 
intensi ty varied. Isn:Mn, I'Sn, and I'Mn vary  s imilar ly  
wi th  tin concentrat ion denoting a constant I'sn/I'~n 
ratio, and hence a constant fluorescence color. Since 
the spectral  dis tr ibut ion of ei ther  ion is independent  
of the presence of the other, only their  re la t ive  in ten-  
sities de te rmine  the fluorescence color. 
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Table I. Energy transfer in Ca(PO3)2:Sn:Mn glasses 
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Fig. 2. Fluorescence intensity vs .  manganese concentration: curve 
], ISn:Mn: total intensity of Sn:Mn coactivoted glasses; curve 2, 
I'Mn: Mn intensity component of Sn:Mn coactivoted glasses; curve 
3, I'sn: Sn intensity component of Sn:Mn cooctivated glosses. 

Coactivated glasses wi th  Sn constant.--If  t in is held 
constant whi le  the manganese  concentrat ion is varied, 
a different situation presents  itself. F igure  2 shows the 
var ia t ion in ISn:Ma, I'sn, and I'Mn VS. manganese  con- 
centrat ion in glasses wi th  t in at 0.5 a/o.  An increase 
in the manganese concentrat ion causes both a de-  
crease in ISmMn and a change in the spectral  dis tr ibu-  
tion and color of fluorescence (I'sn/I'Mn varies) .  The 
fluorescence color var ied  f rom blue in the manganese-  
free glass, through whi te  at in te rmedia te  manganese  
levels, to orange in the high manganese  glasses. In-  
creasing manganese  causes a sharp reduct ion in I's,, 
and an increase in I 'Mn Up to 0.5 a / o  manganese.  As 
the manganese concentrat ion increases, the probabi l i ty  
for energy t ransfer  and sensitized manganese  fluo- 
rescence increases, the reby  lower ing  the intensi ty of 
the characterist ic t in fluorescence. Al though I'sn con- 
tinues to decrease above 0.5 a /o  manganese,  denoting 
even more  concerted energy transfer,  I'Mn also de-  
creases. This effect suggests the onset of a significant 
manganese se l f -quenching process similar  to that  p re -  
viously described for the tin centers. Support  for this 
v iew was found from the fact that  the fluorescence of 
Ca(PO3)2:Mn glasses exci ted by 365 m~ radiat ion ex-  
hibits an intensi ty m a x i m u m  at about 0.5 a /o  man-  
ganese. 

The energy transfer process.--The results  of the 
fluorescence intensi ty measurements  indicated that  
energy t ransfer  in the coactivated Sn: Mn glasses pro-  
ceeds f rom tin to manganese  centers wi th  some loss of 
efficiency due to nonradia t ive  processes. The extent  to 
which the energy undergoing t ransfer  is uti l ized in 
the sensitization of manganese centers may  be es- 
t imated f rom a comparison of the fluorescence in ten-  
sity of the t in glasses wi th  the resolved intensi ty com- 
ponents of the coact ivated glasses having  the same tin 
concentration. The fol lowing quanti t ies  wi l l  be used to 
describe the energy t ransfer  process. 

Isn - -  I'sn = The decrease in t in fluorescence in-  
tensity caused by the presence of manganese  where  
the t in concentrat ion is the same in both singly and 
coactivated glasses. This decrease is a measure  of the 
energy undergoing t ransfer  be tween  tin and man-  
ganese centers. 

l 'Mn  
--  E, the efficiency of the energy t ransfer  

I sn  - -  I'sn 
process. E gives the ratio of the act ivator  (manganese)  
intensi ty to the corresponding loss of sensitizer (tin) 
intensi ty caused by energy transfer.  

I s n  - -  I ' Sn  
- -  Fs, the fract ion of avai lable  or act ive 

I s n  

tin luminescent  centers undergoing  energy transfer.  

Sn, a /o  Mn, a /o  E , %  F s , %  

0.1 0.5 84 64 
0.3 0.5 87 62 
0.5 0.5 84 64 
0.7 0.5 83 64 
0.9 0.5 86 64 

0.5 0.1 81 19 
0.5 0.3 84 44 
0.5 0.5 84 64 
0.5 0.7 70 74 
0.5 0.9 58 84 
0.5 i.i 52 89 

The equat ion for  Fs is based on the proport ional i ty  
be tween fluorescence intensi ty and the number  of 
fluorescing centers. The  ratio does not account for any 
tin species which do not normal ly  fluoresce. It  is 
based on the assumption that  the total  number  of t in 
centers which fluoresce and exper ience energy t rans-  
fer  in a coact ivated glass is equal  to the number  of 
t in centers which  fluoresce in a singly act ivated glass 
having the same t in concentration.  

Data are given in Table  I. The calculated values of 
E are somewhat  high since the u l t ravio le t  component  
of the tin fluorescence could not be measured  accu- 
ra te ly  and was not included in the calculations. Com- 
parison with  the magnes ium tungstate  s tandard in-  
dicated that  the er ror  in E caused by this omission 
was small. Fs is not  affected. 

When manganese  is held  constant at 0.5 a/o,  the 
percentage of t in luminescent  centers undergoing en-  
ergy t ransfer  and the efficiency of the t ransfer  process 
are constants f rom 0.1 to 0.9 a /o  tin. The calculated 
values are 64 and 85%, respectively.  Conversely,  when  
t in is held  constant at 0.5 a/o, the percentage of t in 
centers undergoing t ransfer  increases as the m a n -  
ganese concentrat ion increases. The energy t ransfer  
efficiency is essential ly constant up to 0.5 a /o  man-  
ganese, but  decreases at h igher  manganese  concentra-  
tions. This apparent  decrease is most  probably  a resul t  
of manganese self-quenching.  Any  decrease in FMn 
caused by se l f -quenching would  give an erroneously 
low va lue  for E. 

These results  suggest that, wi th in  the concentrat ion 
ranges of sensitizer and act ivator  studied, a given tin 
concentrat ion serves only to provide  a cer ta in  number  
of act ive Sn + + centers capable of absorbing and emit -  
t ing energy. The manganese  concentrat ion determines  
what  percentage of these act ive t in cen ters  wi l l  
undergo energy t ransfer  and, consequently,  wha t  per -  
centage wil l  emit  the character is t ic  t in fluorescence. 
A l t h o u g h  Isn:Mn, I ' s n ,  and I 'Mn decrease un i formly  
above 0.5 a /o  tin, Fs and E remain  constant. Only  the 
absolute number  of act ive Sn + + centers decreases; in 
agreement  wi th  the idea of tin se l f -quenching dis- 
cussed earlier.  

The fact that  the energy t ransfer  efficiency is con- 
stant over  the ranges 0.1 to 0.9 a /o  tin and 0.1 to 0.5 
a /o  manganese indicates that  a single energy t ransfer  
mechanism is operative.  The high measured  efficiency 
for this process, about  85%, suggests that  a direct 
Sn --> Mn e n e r g y  t ransfer  is occurring. No evidence 
was found for  the existence of a significant energy 
t ransport  mechanism involv ing  sensi t izer-sensi t izer  
interactions of the type discussed by Botden (5). 

Statistical model  for sensitized fluorescence.--The 
exper imenta l  results  indicate that  the over -a l l  effi- 
ciency of sensitized fluorescence in the coactivated 
glasses is a funct ion of (i) the intrinsic efficiency, E, 
of the Sn -> Mn energy t ransfer  process itself, and 
(ii) the fract ion of t in  centers, Fs, that  par t ic ipate  in 
this process. Direct  energy t ransfer  f rom sensitizer, S, 
to activator,  A, should occur if a given S center  has 
at least  one A ion wi th in  some effective sensitizing 
distance, rs. If  there  is no A wi th in  this distance, S 
wil l  fluoresce wi th  its character is t ic  emission spec- 
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t rum.  A n  ef fec t ive  sens i t iz ing  vo lume ,  Vs ~ 4/3 ~ r~s, 
is assoc ia ted  w i t h  rs. On ly  ac t ive  S cen te r s  w h i c h  
f luoresce  o r  e x p e r i e n c e  e n e r g y  t r a n s f e r  a r e  cons ide red ;  
t h e  two  a l t e r n a t i v e s  be ing  t a k e n  as m u t u a l l y  e x c l u -  
sive. I f  t he  S and A cen te r s  a re  r a n d o m l y  d i s t r i b u t e d  
t h r o u g h o u t  t he  glass, t he r e  is a ca l cu l ab l e  p r o b a b i l i t y  
tha t  an  A w i l l  be  found  in  Vs. Fs is t a k e n  to be  d i -  
r ec t l y  p r o p o r t i o n a l  to this  p robab i l i ty .  A s t a n d a r d  
d e r i v a t i o n  for  t he  p r o b a b i l i t y  of no successes in  n 
m u t u a l l y  exc lus ive  (Be rnou i l l i )  t r i a l s  (6) g ives  t h e  
d i s t r i bu t ion  e q u a t i o n  

Fs ~ ( 1 - - F f )  ~ 1 -  ( 1 - - c /p )VsP  [1] 

Fs is the  f r ac t ion  of S cen te r s  t ha t  e x p e r i e n c e  e n e r g y  
t rans fe r ,  Ff  t he  f r ac t ion  of S cen te r s  t ha t  f luoresce,  c 
t he  m a n g a n e s e  concen t ra t ion ,  ions /cc ,  p t he  dens i ty  
of  ca t ion  si tes in  t he  glass, s i tes /cc ,  and  Vs the  e f fec-  
t i ve  sens i t i z ing  vo lume ,  cc. 

S t r o u d  (7) u t i l i zed  this  t r e a t m e n t  to s tudy  pos i -  
t i v e  ho le  t r a p p i n g  by  c e r i u m  ions in glass. A s imi la r  
e q u a t i o n  was  d e r i v e d  by  S h u l m a n  et  al. (8) and  used  
by  B o t d e n  (5) in s tudies  of e n e r g y  t r a n s f e r  in  c r y s t a l -  
l ine  phosphors .  In  the  p r e s e n t  i nves t i ga t i on  p ~ 1022 
s i tes /cc ,  c < 1022 ions / cc ;  t h e r e f o r e  c/p < 1/10 and  
Eq. [1] m a y  be  s impl i f ied  to g ive  

Fs = 1 - -  exp  (--VsC) [2] 

Vs is a cons tan t  cha rac t e r i s t i c  of a p a r t i c u l a r  t r a n s -  
f e r  m e c h a n i s m  and of the  p a r t i c u l a r  ions invo lved ,  
bu t  is i n d e p e n d e n t  of t he i r  concen t ra t ions .  T h e  en -  
e r g y  t r ans f e r  eff iciency was  found  to be  cons tan t  o v e r  
a w i d e  r a n g e  of sens i t i ze r  and  a c t i v a t o r  c o n c e n t r a -  
t ions, i nd ica t ing  t h e  p r e s e n c e  of a s ing le  e n e r g y  t r a n s -  
f e r  mechan i sm .  Vs m u s t  l i kewise  be cons tan t  o v e r  the  
s a m e  c o n c e n t r a t i o n  r a n g e s  to sa t is fy  t h e  i m p o s e d  con-  
d i t ion  of r a n d o m n e s s  on the  S and A dis t r ibut ions .  The  
p r o b l e m  of d e m o n s t r a t i n g  tha t  t he  e x p e r i m e n t a l l y  
d e t e r m i n e d  va lues  of  Fs a r e  cons i s ten t  w i t h  the  s t a -  
t i s t ica l  m o d e l  becomes  one  of showing  tha t  Vs, ca lcu -  
l a ted  f r o m  Eq. [2], is a cons tan t  fo r  a l l  v a l u e s  of Fs 
and  c. T h e  v a l u e s  of Vs and  rs ob t a ined  f r o m  Eq. [2] 
a r e  g iven  in  Tab le  II  a long  w i t h  the  e x p e r i m e n t a l l y  
d e t e r m i n e d  va lues  of Fs, Ff, and E. 

E q u a t i o n  [2] p red ic t s  i m m e d i a t e l y  tha t  Vs wi l l  be  
cons tan t  for  glasses  h a v i n g  the  s a m e  m a n g a n e s e  con-  
cen t ra t ion ,  r ega rd l e s s  of  t he  t in  concen t r a t ion ,  so long  
as Fs r e m a i n s  constant .  Of  g r e a t e r  s ignif icance is the  
fac t  t ha t  Vs r e m a i n s  cons tan t  for  glasses h a v i n g  the  
s a m e  t in  c o n c e n t r a t i o n  bu t  w i t h  v a r y i n g  m a n g a n e s e  
concen t ra t ions .  Vs thus  fulf i l ls  t he  r e q u i r e m e n t  of i n -  
v a r i a n c e  imposed  by  the  ex i s t ence  of a s ingle  e n e r g y  
t r a n s f e r  m e c h a n i s m  and  the  cond i t ion  of  r a n d o m n e s s  
p laced  on the  d i s t r ibu t ions  of t he  t in  and m a n g a n e s e  
ions. Sens i t i zed  f luorescence  in t he  coac t iva t ed  glass 
phosphor s  can  be  r a t i ona l i zed  sole ly  on the  basis  of a 
r a n d o m  d i s t r i bu t ion  of f luorescent  ions;  no p r e f e r r e d  
o r i e n t a t i o n  or  pa i r i ng  of ions n e e d  be  invoked .  I n  this  
respect ,  the  C a ( P O s ) 2 : S n : M n  glass phosphor s  a re  
s imi la r  to those  c rys t a l l i ne  phosphors ,  p a r t i c u l a r l y  
t h e  phospha tes ,  w h e r e i n  sens i t ized  f luorescence  and 
e n e r g y  t r a n s f e r  h a v e  b e e n  g e n e r a l l y  e x p l a i n e d  on t h e  
basis  of a r a n d o m  d i s t r i bu t ion  of sens i t i ze r  and ac t i -  

Table II. Application of the statistical model 

Concentrations 

a / o  i o n s / c c  • I0-=~ 
Vs,  

Sn  M n  S n  M n  Fs  F f  cc • 10~ vs, A E,  % 

0.1 0.5 0.7 3.6 0.64 0.36 2.8 8.8 84 
0.3 0.5 2.2 3.6 0,62 0.38 2.7 8.6 87 
0.5 0.5 3.6 3.6 0.64 0.36 2.8 8.8 84 
0.7 0.5 5.0 3.6 0 . ~  0.36 2.8 8.8 83 
0.9 0 .5  6.5 3.6 0 .64 0.36 2.S 8.8 86 
0.5 0.1 3.6 0.7 0.19 0.81 3.0 9.0 81 
0.5 0,3 3.6 2,2 0.44 0.56 2,6 8.5 84 
0.5 0.5 3.6 3.6 0 . ~  0.36 2.8 8.8 84 
0.5 0.7 3.6 5.1 0.74 0.26 2.6 8.5 70 
0.5 0,9 3,6 6.5 0.84 0.16 2,8 8.8 58 
0.5 1.1 3.6 8.0 0.89 0.11 2.8 8.8 52 

v a t o r  ions (2, 5, 8, 9).  The  use  of success ive  a p p r o x i -  
ma t i ons  in  Eq.  [1] i nd i ca t ed  t h a t  p for  these  glasses  is 
abou t  1.2 x 10 ~2 s i tes /cc .  T h e  n u m b e r  of ca t ion  si tes  
a r o u n d  a t in  ion  w h i c h  a re  w i t h i n  t h e  e f fec t ive  sens i -  
t iz ing r a n g e  of 8.8A is t h e n  abou t  33, in  a g r e e m e n t  
w i t h  va lues  found  in  t he  l i t e r a t u r e  for  sens i t i zed  f luo- 
r e scence  i n v o l v i n g  t h e  m a n g a n e s e  ion  (5, 8, 9).  

T h e  d e p e n d e n c e  of the  n o r m a l i z e d  t in  f luorescence  
in tens i ty ,  I'sn/Isn, on the  m a n g a n e s e  concen t ra t ion ,  c, 
is g i v e n  by  the  e q u a t i o n  

I'sn/Isn = Ff ~ exp  ( - -Vsc)  [3] 

and  is s h o w n  in  Fig.  3. T h e  t i n  c o n c e n t r a t i o n  is 0.5 
a /o .  The  a g r e e m e n t  of  the  da t a  w i t h  Eq.  [3] just i f ies  
the  ea r l i e r  s t a t e m e n t  t ha t  t he  f luorescence  i n t ens i t y  is 
p r o p o r t i o n a l  to t he  n u m b e r  of f luoresc ing  centers .  I t  
also d e m o n s t r a t e s  tha t  t h e  c o m p a r i s o n  of the  t in  
f luorescence  i n t ens i t y  b e t w e e n  s ing ly  a c t i v a t e d  and  
coac t i va t ed  glasses i n t roduces  no diff icult ies in to  t he  
app l i ca t ion  of t he  s ta t i s t ica l  mode l .  

A l t h o u g h  no e x p e r i m e n t a l  ev idence  was  f o u n d  for  
t he  ex i s t ence  of a s ignif icant  e n e r g y  t r a n s p o r t  m e c h a n -  
i sm i n v o l v i n g  one  or  m o r e  sens i t i ze r - sens i t i ze r  t r a n s -  
fe r s  c u l m i n a t i n g  in  a s e n s i t i z e r - a c t i v a t o r  t r a n s f e r  (5 ) ;  
the  poss ib i l i ty  exis ts  t ha t  such  a m e c h a n i s m  m a y  be -  
come  s ignif icant  a t  l o w e r  m a n g a n e s e  concen t ra t ions .  
In  this  r e spec t  i t  shou ld  be  no t ed  tha t  t he  glass con-  
t a in ing  0.5 a / o  t in  and  0.1 a / o  m a n g a n e s e  has  Vs : 3.0 
x 10 -21 cc and  100E ~ 81%. These  va lues  a r e  r e spec -  
t i v e l y  h i g h e r  and  l o w e r  t h a n  the  co r r e spond ing  v a l u e s  
found  fo r  t h e  o t h e r  glasses.  A l t h o u g h  such  d i sc rep -  
ancies  a re  w i t h i n  e x p e r i m e n t a l  e r ror ,  t h e y  v a r y  f r o m  
the  n o r m s  in  t he  m a n n e r  p r e d i c t e d  by  the  s ta t i s t ica l  
m o d e l  fo r  a sma l l  c o n t r i b u t i o n  due  to a l onge r  range ,  
less efficient e n e r g y  t r a n s p o r t  m e c h a n i s m .  

Effect of quenching in A and S centers on energy 
transSer . - -An e x a m i n a t i o n  of  Fs, Vs, and  E (Tab le  I I )  
fo r  glasses  h a v i n g  0.5 a / o  Sn  and  Mn > 0.5 a / o  shows  
tha t  as t he  m a n g a n e s e  c o n c e n t r a t i o n  inc reases  above  
0.5 a /o ,  Fs increases ,  E decreases ,  bu t  Vs r e m a i n s  con-  
stant .  I t  m a y  be  a s sumed  t h a t  an  inc rease  in  Fs r e -  
qu i re s  tha t  an  i nc r ea s ing  n u m b e r  of m a n g a n e s e  c e n -  
te rs  be  exc i t ed  by  e n e r g y  t r a n s f e r r e d  f r o m  the  t in  
centers .  If  t he  dec rease  in  E w e r e  i nd i ca t i ve  of the  
p r e sence  of  some  new,  less efficient  S --> A t r a n s f e r  
process,  t h e n  i t  is l i ke ly  tha t  Vs w o u l d  also v a r y  w i t h  
m a n g a n e s e  concen t ra t ion ,  s ince  i t  is difficult  to e n v i -  
s ion two  d i f fe ren t  S - A  t r a n s f e r  m e c h a n i s m s  h a v i n g  
d i f fe r ing  efficiencies b u t  w i t h  t h e  same  Vs. The  fac t  
t ha t  Vs r e m a i n s  cons tan t  imp l i e s  tha t  t he  dec rease  in  
E is mos t  l i ke ly  t he  r e su l t  of s e l f - q u e n c h i n g  in the  
m a n g a n e s e  centers .  As  the  m a n g a n e s e  c o n c e n t r a t i o n  
increases ,  th is  q u e n c h i n g  effect  p r e d o m i n a t e s  o v e r  
t he  e n e r g y  t r a n s f e r  process  w i t h  a r e s u l t a n t  ne t  de -  
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MANGANESE CONCENTRATION (IONS/CC) 

Fig. 3. Normalized tin fluorescence intensity, I 'sn/Is.,  vs. man- 
ganese concentration. 
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crease in the manganese fluorescence intensity, and an 
erroneously low value  of E = I'Mn/(Isn - -  I'sn). 

The effect of tin se l f -quenching on the over -a l l  effi- 
ciency of sensitized fluorescence can s imilar ly  be ex-  
amined. In  Fig. 1 it was shown that  both I'sn and I'Mn 
pass through a m a x i m u m  at 0.5 a /o  t in and then 
gradual ly  decrease wi th  increasing t in concentration. 
The data in Table tI  show that  in the same glasses, 
Fs, Vs, and E remain  constant. Tin se l f -quenching does 
not affect the range or efficiency of the S -> A energy 
t ransfer  process, nor does it affect the fractions of tin 
centers that  fluoresce or undergo energy transfer.  It  
does decrease the over -a l l  efficiency of the sensitiza- 
tion process simply by reducing the number  of act ive 
tin centers that  are avai lable for fluorescence or en-  
ergy transfer.  

Independent  measurements  of concentrat ion quench-  
ing among the tin and manganese  centers in the host 
glass would provide  useful  informat ion on the manner  
in which S-S, A-A, and S -A  interactions compete in 
coactivated phosphors, since it is unl ikely  that  any one 
mechanism operates completely  independent ly  of the 
others. 

Summary 
Sensitized fluorescence in Ca(PO3) 2 :Sn :Mn glass 

phosphors occurs via a direct t ransfer  of exci tat ion en-  
ergy f rom an excited tin center  to a near -ne ighbor  
manganese ion. No other mechanism for energy t rans-  
port  appeared to be significant over  the concentrat ion 
ranges studied. The exper imenta l  results were  ra t ion-  
alized on the basis of a random distr ibution of t in 
and manganese ions in the host glass; no prefer red  
orientat ion or ion pai r ing was requi red  to fit the data. 
The effective sensitization range for Sn --> Mn t ransfer  
is approximate ly  8.8A and encompasses a spherical  
distr ibution of about 33 cation sites around an excited 
tin center. The tin concentrat ion determines  the total  
number  of tin centers avai lable for ei ther fluorescence 
or energy transfer.  The manganese  concentrat ion de- 
termines  what  fract ion of avai lable tin centers wi l l  
par t ic ipate  in ei ther process. The fluorescence spec- 
t rum of ei ther  ion does not appear to be affected by 
the presence of the other. Hence the manganese  con- 
centration, by de termining  the re la t ive  fluorescence 
intensities of the two ions, determines  the fluorescence 
color. The tin concentrat ion places an upper  l imit  on 
the total intensi ty  which is then decreased somewhat  
by the efficiency of the t ransfer  process. Concen- 
t ra t ion quenching in the t in or manganese  centers does 

not appear  to affect e i ther  the intrinsic efficiency or 
the sensitization range of the energy t ransfer  process. 
Both quenching processes affect the over -a l l  fluores- 
cence intensi ty by decreasing the number  of avai lable 
fluorescent centers. 
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SYMBOLS 
Isn fluorescence intensi ty of Sn act ivated glasses 
/Sn:Mn fluorescence intensi ty of Sn :Mn coactivated 

glasses 
I'sn tin component  of fluorescence intensi ty in co- 

act ivated glasses 
I'Mn manganese  component  of fluorescence intensi ty 

in coact ivated glasses 
E ~ I 'Mn/( Isn-- I ' sn)  efficiency of Sn --> Mn energy 

t ransfer  process 
Fs ~ ( I s n - - I ' s n ) / l s n  the fract ion of t in luminescent  

centers undergoing energy t ransfer  to man-  
ganese ions 

Ff = ( 1 - - F s )  the fract ion of act ive tin luminescent  
centers which fluoresce 

Vs effective sensitizing volume, cc 
rs effective sensitizing range, A 
p density of cation sites, si tes/cc 
c manganese concentration, ions/cc 

Emission Spectra of Impurity Activated (Zn,Cd)(S, Se,Te) Phosphors 
I. Copper Activated Phosphors 

W. Lehmann 
Research Laboratories, West inghouse Electric Corporation, Pi t tsburgh,  Pennsylvania  

ABSTRACT 

Copper produces two emission bands in all (Zn,Cd)S and all (Zn,Cd)Se 
phosphors. Both bands shift monotonical ly  to lower or h igher  quan tum en- 
ergies, if the Zn /Cd  rat io is varied, so that  their  differences to the also va ry -  
ing energy of the band gap remain  constant. In contrast, the positions of the 
emission bands in Zn(S ,Se) ,  Zn(Se ,Te) ,  and Cd(S,Se)  depend re la t ive ly  l i t t le 
on the S / S e  or S e / T e  ratio, respect ively,  except  for a pronounced, and as yet  
not understood, discontinuity near  100% ZnS. Otherwise,  the behavior  can be 
understood qual i ta t ive ly  by assuming predominant ly  ionic crystal  bonding, 
wi th  the SchSn-Klasens model  of luminescence, and with  Fonger 's  model  of 
t e rm-sp l i t t ing  in all cases where  the act ivator  is surrounded by different 
kinds of anions. 

All  possible binary compounds be tween  Zn and Cd 
on the one, and S, Se, and Te on the other  hand can be 
ar ranged convenient ly  in the scheme shown in Fig. 1. 
Each two next  neighbors  in this scheme are wel l  

known to be completely  miscible into each other  thus 
forming the te rnary  compounds (Zn,Cd)S, Zn(S,Se) ,  
etc. Al l  these compounds are  also luminescent  ma te -  
r ials which can be act ivated by the incorporat ion of 



450 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1966 

S~ Zn(S~ Se) 
Cub. 

" I -  

IS• Cd (S, Se) 
Hex. 

S~ Zn ( Se~ Te) (~ 
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Cd ( Se, Tel C(~ 
Hex. - Cub. 

C.) 

Fig. 1. Binary and ternary (Zn,Cd)(S,Se,Te) compounds 

small  amounts  of certain impuri t ies  notably Cu, Ag, 
and Au. It  is the purpose of this study to provide  a 
fair ly comprehensive  survey  over  the emission spectra 
of the b inary  and te rnary  (Zn,Cd) (S,Se,Te) phos-  
phors act ivated by Cu, Ag, or  Au, and of corresponding 
sel f -act ivated phosphors, as functions of the composi-  
t ion of the host material�9 Impur i ty  act ivated ZnS phos- 
phors (especially ZnS:Cu)  are wel l  known,  of course, 
and a fair  amount  of invest igat ion is reported in the 
l i te ra ture  also on (Zn,Cd)S phosphors�9 However ,  com- 
para t ive ly  little, or nothing, is known yet  on the emis-  
sion spectra of all other  te rnary  compounds indicated 
in Fig. 1. Halsted, Aven,  and Coghill  a t tempted to 
bridge this gap of knowledge  by an interpolat ion be-  
tween the emission spectra observed in the b inary  
compounds (1), but  an actual invest igat ion of the in-  
te rmedia te  te rnary  compounds shows that  the mat te r  
is not always so simple (2). 

The exper imenta l  work  to be presented here was 
l imited to powder  phosphors whose compositions, at 
the moment  at least, are still  much bet ter  under  con- 
trol  than those of single crystals. The invest igat ion 
was extended over  all b inary  and te rnary  compounds 
shown in Fig. 1 wi th  the only exception of compounds 
containing CdTe which, because of their  nar row band 
gaps, can only give emission ra ther  far  in the infrared�9 
Low impur i ty  concentrat ions were  pre fe r red  whe reve r  
possible in order to minimize complications due to in-  
teractions be tween  neighboring impur i ty  atoms. All 
spectra were  measured at 77~ (l iquid N2-tempera-  
ture) since many  emission details do not show up at 
room temperature .  

Experimental 
The r aw mater ia ls  used to prepare  the phosphors 

were  ZnS, ZnSe, CdS, and CdSe powders  of lumines-  
cent or electronics grade pur i ty  f rom various suppliers�9 
ZnTe was made by a direct synthesis f rom metal l ic  Zn 
and Te (each 99.999% pure)  in h igh-pur i ty  argon�9 The 
powdered r aw  mater ia ls  were  dry mixed  in the de-  
sired ratios. Copper was added as an aqueous solution 
of Cu(C2H302)2, the halogens C1, Br, I as the Zn or Cd 
halides, and aluminum, gallium, and indium as ni t rates  
dissolved in water�9 The resul t ing slurries were  stirred 
to insure uni formi ty  and dried again�9 Most samples 
were  fired in amounts  of 2% of 1 g-mole,  in small  cap- 
ped quartz  tubes in argon, H2S, etc., or in evacuated 
and sealed quar tz  tubes in order  to insure we l l -de -  
fined compositions even  in crit ical  cases. 

For  measurements ,  the phosphors were  coated in 
thin layers (in order  to minimize  influences of possible 
optical reabsorpt ion on the emission spectra) on small 
pieces of a luminum metal  by means of a nonlumines-  
cent b inder  and placed in a small  quartz  Dewar  with 
a nonsi lvered "window" at one side. The  Dewar  was 
filled wi th  l iquid N2 (77~ so that  the phosphors 
were  complete ly  immersed  in the coolant�9 The phos- 
phors were  exci ted to the luminescence, through the 
window of the Dewar,  by the filtered radiat ion of a 
small  (100w) mercury  discharge lamp. The emission 
spectra were  point  by point measured wi th  a Beckman 
DU monochromator  and an attached photomul t ip l ier  
(RCA 1-P-28 for the visible and near  ul traviolet ,  Du 
Mont K-1430 for the near  infrared up to about lg) .  

The obtained resolut ion ( ~  0.01 ev, fa i r ly  indepen-  
dent of the spectral  position) was sufficient to resolve 
all  details of the general ly  broad and structureless 
emission bands of the phosphors. Spectra l  t ranspar-  
ency of the monochromator  and spectral  sensi t ivi ty of 
the photomult ipl iers  were  de termined  separately by 
means of a cal ibrated tungsten r ibbon lamp supplied 
by the National  Bureau  of Standards�9 

The measured  emission spectra of luminescence are 
correlated to the quantum energies corresponding to 
the optical absorption edges of the mater ia ls  which, in 
turn, were  de termined  by means of reflection spectra 
measured on thin layers of the pure  (unact ivated)  
binary or te rnary  compounds�9 It is est imated f rom the 
geometry  of the a r rangement  that  the so determined 
absorption "edge" corresponds to a quan tum energy 
where  the intrinsic absorption constant of the mate -  
r ial  goes through the value  of approximate ly  100 cm -1. 
This quantum energy is close [but not  necessari ly 
identical  (3, 4)] to the t rue  band gap of the ideal, de-  
fec t - f ree  lattice and may be identified wi th  the lat ter  
for all  practical  purposes�9 The variat ions of the so de-  
te rmined absorption edges wi th  the compositions of 
the mater ia ls  agree closely wi th  data publ ished by 
other  authors in the l i terature.  

Emission spectra presented in the l i te ra ture  are  
often (not always specified) given as energy dis t r ibu-  
tions, E ~ d(energy)/d~, as functions of the wave -  
length, ?~. In contrast, the wr i t e r  prefers  to present  all 
spectra in terms of quan tum intensi ty distributions, 
q : d (number  of q u a n t a ) /  d ( e v ) ,  as functions of the 
quan tum energy, ev. This is the physical ly most  mean-  
ingful  way since luminescent  processes are quantum 
processes�9 The curves in the diagrams are arb i t rar i ly  
shifted up or down along the logar i thmical ly  cal-  
ibrated ordinates in order to normalize to equal  peak 
heights or to provide  clear pictures and to avoid too 
much crowding of several  curves in one area. This 
means that  the shapes and peak positions of the spectra 
in each diagram can be compared but not their  ab- 
solute intensities�9 

Zinc Sulfide 
ZnS can be prepared equal ly  wel l  in the cubic (zinc 

blende) and in the hexagonal  (wurtzi te)  modification�9 
Copper-ac t iva ted  ZnS may  wel l  be the most often in-  
vest igated of all luminescent  materials.  Its emission 
spectrum may sl ightly depend on the modification, 
cubic or hexagonal,  or on the kind of coact ivator  used 
to dissoIve the copper in the ZnS, but  consists gen-  
eral ly 1 of two separate, diffuse bands centered in the 
blue and in the green, respectively�9 Positions and 
shapes of both emission bands of any par t icular  sam- 
ple are almost or complete ly  independent  of kind and 
intensi ty of excitation, the widths of both bands in-  
crease somewhat  wi th  increasing tempera ture ,  but  the 
peak positions again are l i t t le dependent  on the t em-  
pera ture  at least be tween  room tempera tu re  and 77~ 
or lower�9 These are w e l l - know n  facts�9 However ,  the 
fol lowing observations made  on ZnS:Cu  probably  are 
not so wel l  known: 

(A) The peak positions of both emission bands are 
sl ightly uncer ta in  and may  v a r y  f rom sample to sam- 
ple over  a range of approximate ly  0.03 ev even wi th in  
phosphors made of identical  compositions�9 This uncer-  
ta inty  was observed a l ready by van Gool and Cleiren 
(7). A similar  uncer ta in ty  is observed also in the 
widths of the emission bands which may  vary  be tween  
about 0.23 and 0.28 ev (measured at ha l f -m ax i mum)  
at 77~149 Some data are  collected in Table I. 

(B) It is a common belief  and is f requent ly  repor ted  
in the l i t e ra ture  (8-10) that  the emission bands of 
hexagonal  (wurtzi te)  ZnS :Cu  phosphors peak at 
sl ightly higher  quantum energies (i.e., shorter  wave -  
lengths) than those of corresponding phosphors of 
cubic (zinc blende) structure.  This is indeed t rue  for 

I i . e . ,  a t  c o p p e r  c o n c e n t r a t i o n s  i n  t h e  o r d e r  o f  100  p p m .  H i g h e r  
c o n c e n t r a t i o n s  p r o d u c e  m o r e  c o m p l i c a t e d  e f f e c t s  (5,  6)  w h i c h  a r e  
n o t  c o n s i d e r e d  h e r e .  
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Table I. Emission peak positions of ZnS:Cu (0.01%) 
excited by ultraviolet at 77~ 

A d d e d  
S a m p l e  coact i -  G r e e n  :Blue 

N o .  S t r u c t u r e  va to r ,  % peak ,  e v  peak ,  e v  

826 Cub ic  0.1 C1 2.38 (0.27) 2.79 (0.26) 
800 Cub ic  0.01 C1 2.34 (0.26) 2.78 (0.26) 
801 Cubic  0.1 C1 2.34 (0.25) 2.78 (0.26) 
802 C u b i c  0.01 B r  2.34 (0.26) 2.78 (0.26) 
803 Cub ic  0.1 B r  2.34 (0.25) 2,80 (0.25) 
804 Cub ic  0.1 I 2.35 (0.24) 2.81 (0.24) 

A v e r a g e  2.35 2.79 
805 Cub ic  0.01 At  2.35 (0.26) 2.77 (0.27) 
809 Cub ic  0.1 A1 2.34 (0.26) 2.77 (.026) 
806 Cubic  0.01 G a  2.33 2.74 (0.31) ? 
810 Cubic  0.1 G a  2.36 (0.26) 2.75 (0.25) 
807 Cubic  0.01 I n  2.37 (0.25) 2.75 (0.24) 
811 Cubic  0.1 I n  2.35 2.77 (0.28) ? 

A v e r a g e  2.35 2.76 
684 H e x a g o n a l  0.1 C1 2.43 (0.25) 2,87 (0.25) 
721 H e x a g o n a l  0.1 C1 2.43 (0.26) 2.85 (0.26) 
821 H e x a g o n a l  0.1 C1 2.41 (0.26) 2.86 (0.26) 
722 H e x a g o n a l  0.1 Br  2.43 (0.26) 2.36 (0.26) 
723 H e x a g o n a l  0.1 I 2.42 (0.25) 2.85 (0.26) 

A v e r a g e  2.42 2.86 
759 H e x a g o n a l  0.003 A1 2.42 (0.28) 2.74 (0.28) ? 
724 H e x a g o n a l  0.003 A1 2.43 (0.28) 2.77 
725 H e x a g o n a l  0.01 A1 2.41 (0.25) 2.78 (0.25) 
760 H e x a g o n a l  0.01 A1 2.40 (0.25) 2.77 (0.26) 
726 H e x a g o n a l  0.03 A1 2.41 (0,27) 2.76 (0.26) 
761 H e x a g o n a l  0.03 A1 2.41 (0.26) 2.78 (0.24) 
727 H e x a g o n a l  0.003 G a  - -  2.75 (0.24) 
728 H e x a g o n a l  O.01 Ga - -  2.74 (0.23) 
729 H e x a g o n a l  0.03 Ga -- 2.74 (0.25i 

A v e r a g e  2.41 2.76 

The  n u m b e r s  in  ( ) d e n o t e  t he  w i d t h s  of the  emi s s ion  b a n d s  a t  
50% of  peak .  

both emission bands of phosphors containing halides 
(C1, Br, or I) as coactivators, and in the case of the 
green emission band of phosphors containing group III  
e lements  (A1, Ga, In) as coactivators, but  not for the 
blue emission band of ZnS :Cu  phosphors containing 
group III e lements  where  the peak position does not, 
to an amount  exceeding the general  uncertainty,  de- 
pend on whe ther  the phosphor is cubic or hexagonal .  
Some typical  emission spectra are shown in Fig. 2, for 
more data see Table I. 

(C) The position of the blue (but not, or by far  not 
as much of the green)  emission band of ZnS :Cu  de- 
pends on the kind of the added coactivator,  in contrast  
to Krbger  and Dikhoff (12) but  in agreement  wi th  van  
Goal  and Cleiren (7). Halides give peak positions at 
h igher  quan tum energies than A1, Ga, or In. The  effect 
is less pronounced in cubic but  ra ther  strong in hex -  
agonal ZnS. 

H e x a g o n a l  Z i n c - C a d m i u m  S u l f i d e s  

Ternary  (Zn,Cd)S containing more  than a few per  
cent of CdS crystall izes only in the hexagonal  modifi-  

Z,a) eV 
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Fig. 2. Emission spectra of four different ZnS:Cu phosphors, all 
excited by ultraviolet of 3.40 ev (k = 365 nm) at 77~ A, hexa- 
gonal ZnS:Cu (0.01%), CI (0.1%), 1100~ H2S; B, hexagonal 
ZnS:Cu (0.01%), AI (0.03%), 1100~ H2S; C, cubic ZnS:Cu 
(0.01%), CI (0.1%), 800~ H2S; D, cubic ZnS:Cu (0.01%), AI 
(0.01%), 800~ H2S. 
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Fig. 3. Emission spectra of hexagonal (Zn,Cd)S:Cu,CI phosphors 
excited by band-gap irradiation at 77~ 

cation under  all ordinary  prepara t ion conditions. The 
two main emission bands of hexagonal  (Zn ,Cd)S :Cu  
phosphors (blue and green) shift  monotonical ly  to- 
ward  red if zinc is gradual ly  replaced by cadmium 
(8, 13-17). Some m e a s u r e d  spectra are shown in Fig. 
3. The blue emission band of hexagonal  ZnS:Cu,C1 
(peak ~ 2.86 ev at 77~ corresponds to a band wi th  
the peak at ~ 1.53 ev 0~ ~ 810 nm) in CdS:Cu,C1. 
Most of this band is located in the infrared,  only a 
small  f ract ion of its h igh-energy  tail  extends into the 
visible red. The green band of hexagonal  ZnS: Cu,C1 
(peak ~ 2.42 ev) corresponds to a band near  1.16 ev 
(k ~ 1080 nm) in CdS:Cu,C1. This band is completely 
in the infrared.  The energy difference be tween  both 
bands scatters around 0.43 ___ 0.05 ev and is fair ly in-  
dependent  of the ZnS /CdS  ratio. Also the widths of 
both emission bands are  (very  approximately ,  at 
least) independent  of the ZnS /CdS  rat io if measured 
in ev. 

I I -VI  Compounds can be approximate ly  considered 
to be ionic compounds where  the cation belongs to the 
conduction band and the anion to the valence band. 
Hence, a var ia t ion of the composit ion from ZnS to CdS 
means a var ia t ion of the conduction band while  the 
edge of the valence band can be represented  as a hori-  
zontal  s traight  line extending f rom the ZnS to the CdS 
in Fig. 4. The general ly  accepted Sch6n-Klasens  model 
ascribes the luminescence of ZnS:Cu  phosphors to 
electron transit ions f rom the edge of the conduction 
band into previously  empt ied copper acceptor levels. 
According to this model, the peak energies of the 
emission bands measured  on (Zn,Cd)S:Cu,C1 phos- 
phors (Fig. 3) are plot ted downward  f rom the edge 
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Fig. 4. Recombination term scheme of hexagonal (Zn,Cd)S:Cu,CI 
at 77~ 
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of the conduction band in Fig. 4. The resul t ing posi- 
tions of the two copper terms are r emarkab ly  good on 
two horizontal  s traight  lines extending f rom the ZnS 
to the CdS, the one line corresponding to the green, 
the other  to the blue emission band of hexagonal  ZnS: 
Cu,C1. The distance be tween  the "green"  line and the 
edge of the valence band is approximate ly  1.40 ev in- 
dependent  of the used coactivator.  The distance be-  
tween the "blue" line and the valence band is approx-  
imate ly  0.98 ev for phosphors containing C1, Br, or I, 
and 1.08 ev for phosphors containing A1, Ga, or In as 
coactivators.  

Cubic Zinc Sulfoselenides 
Ternary  Zn(S,Se)  containing more  than a few per  

cent of ZnSe crystall ize predominant ly  in the cubic 
modification under  all ordinary  prepara t ion conditions. 
Emission spectra of Z n ( S , S e ) : C u  phosphors are pub-  
lished by Leverenz  (8), by Klasens (18), and by 
Morehead (19). All  var ied  the S / S e  rat io in a few big 
steps f rom the ZnS to the ZnSe, and all agree that  a 
gradual  replacement  of ZnS by ZnSe causes a gradual  
and steady shift  of the green emission band of ZnS: Cu 
into the red. No corresponding invest igat ion on the 
blue emission band of ZnS: Cu seems ever  to have  been 
made al though a steady shift is assumed by Halsted 
et al. (1) also here. This reported,  or assumed, be-  
havior  is quite  in contrast  to what  is observed in a 
more  detai led investigation. 

Some emission spectra of cubic Zn(S,Se) :Cu,C1 
phosphors are shown in Fig. 5 and 6. The emission 
peak positions of cubic ZnS:Cu,C1 phosphors at 77~ 
are, on the average, about 2.35 and 2.79 ev, respectively.  
Replacement  of less than 1% of the ZnS by ZnSe 
causes a decrease of the intensi ty of both bands and 
the appearance of two new bands at about 2.23 and 
2.60 ev, respectively.  This rep lacement  is essential ly 
completed already at 1% of ZnSe (Fig. 5). Fur the r  
gradual  increase of the ZnSe concentrat ion to 100% 
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Fig. 5. Emission spectra of cubic Zn(S, Se):Cu (0.01%), CI phos- 
phors excited by ultraviolet of 3.40 ev (7, = 36S rim) at 77~ 
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Fig. 6. Emission spectra of cubic Zn(S,Se):Cu (0.01%), CI phos- 
phors excited by ultraviolet of 3.40 ev (7, = 365 nm) at 77~ 

2. 3- ~ 

> 

o 2, K 

i 

2. 25 

A 6 

, , , , I i r , , 

].~) 1.95 2.00 
Red Band, Quanlum Energy (eV) 

Fig. 7. Correlation between peak positions of the two emission 
bands of ZnSe:Cu (0.01%) measured at 77~ A ,  CI, Br, I coacti- 
vator; O, Ga or In coactivator. 

then causes only a compara t ive ly  slow shift of both 
bands toward red until, in ZnSe:Cu,C1, they are  at 
about 1.95 ev (red) and 2.34 ev (green) ,  respect ively  
(Fig. 6). Essentially the same behavior  is observed 
also with  Zn(S ,Se ) :  Cu, Ga phosphors. 

Typical  width (at ha l f -peak  height)  of the emission 
bands at 77~ are 0.26 ev for both bands of ZnS:Cu 
and 0.19 ev for both bands of ZnSe: Cu. Emission bands 
of in termedia te  Z n ( S , S e ) : C u  phosphors are  wider ;  
typical widths are about 0.28 to 0.30 ev. This observa-  
tion strongly supports the assumption that  the emis-  
sion bands of all in te rmedia te  Zn(S,Se)  phosphors, but  
not those of the two end members  ZnS and ZnSe, ac- 
tual ly are close overlaps of two or more sub-bands,  as 
proposed by Fonger  (20). 

The exact  peak positions of the two emission bands 
of ZnSe :Cu  phosphors are even  more  uncer ta in  than 
those of cubic ZnS:Cu.  Coactivat ion with  C1, Br, or I 
genera l ly  give both emission bands at sl ightly higher  
quantum energies than coactivation wi th  Ga or In. 
Correlat ion with details of the prepara t ion conditions, 
e.g., with  the amount  of coactivator  used, could not be 
detected. However ,  there  seems to be a l inear  re la t ion-  
ship be tween the peak positions of the green and of 
the red band in ZnSe: Cu (Fig. 7). This relat ionship is 
not understood at present  nor is a similar  relat ionship 
observed in corresponding ZnS phosphors. 

In the ionic picture,  a var ia t ion  of the composition 
of the host mater ia l  f rom ZnS to ZnSe means a var ia -  
t ion of the valence band while  the conduction band re -  
mains constant. Using the Sch6n-Klasens  model  of 
luminescence, the measured peak positions of the emis-  
sion bands are plotted downward  f rom the edge of 
the conduction band, and the resul t ing points con- 
nected by two curves (Fig. 8). These curves are not 
the perfect  horizontal  straight lines observed in the 
case of (Zn ,Cd)S:Cu phosphors (Fig. 4), but  their  
deviat ion f rom the horizontal  is much less than that  
of the edge of the conduction band except  only in the 
neighborhood of ZnS where  evident ly  the introduction 
of ve ry  l i t t le ZnSe causes a pronounced unsteadiness. 
In contrast, no unsteadiness is observed if small 
amounts of ZnSe are replaced by ZnS. 

Cubic Zinc Selenotellurides 
ZnSe, ZnTe, and all in termedia te  Zn(Se,Te)  com- 

positions crystall ize pract ical ly  only in the cubic (zinc 
blende) lattice. The emission band of ZnSe:Cu,C1 is 
character ized by two separate, diffuse bands in the red  
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Fig. 8. Recombination term scheme of cubic Zn(S,Se):Cu,CI at 77~ 

( ~  1.95 ev) and in the green ( ~  2.35 ev) ,  respectively.  
Ordinar i ly  the la t ter  can be observed only at low 
tempera ture ;  it is the rmal ly  quenched at room t em-  
perature.  Replacement  of a few per cent of Se in ZnSe: 
Cu,C1 by Te causes the green emission band to de- 
crease in intensity, the red band remains  approx-  
imately  unchanged, and a third emission band builds 
up in the near  infrared at 1.70 to 1.75 ev (Fig. 9). The 
positions of alI bands appear  to be independent  of the 
ZnTe concentrat ions up to the l imit  to which they 
could be observed ( ~  50% ZnTe) .  If the observed 
peak positions are plot ted downward  f rom the hor i -  
zontal edge of the conduction band, one obtains the 
recombinat ion t e rm scheme of Fig. 10 where,  again, 
all points scatter fa i r ly  closely around horizontal  
s traight  lines. 

The wr i t e r  was unable  to detect  any emission in Zn 
(Se ,Te) :Cu  containing more than about 50% ZnTe 
which could be ascribed unambiguously  to be due to 
copper. However ,  Halsted and co-workers  repor t  ZnTe: 
Cu, at 25~ to emit  in two bands at 1.97 and 1.47 ev, 
respect ively  (1). Points corresponding to these en-  
ergies are also indicated in Fig. 10. There  is obviously 
a s t ra ight- l ine  connection be tween  the 1.97 ev band of 
ZnTe :Cu  and the red emission band of ZnSe :Cu  ( ~  
1.95 ev) ,  but  no such correlat ion is visible be tween  
the repor ted  1.47 ev of ZnTe: Cu wi th  any emission in 
ZnSe: Cu. 

Zinc-Cadmium Selenides 
ZnSe crystall izes pract ical ly  always in the cubic 

modification, CdSe always in the hexagonal .  The t ran-  
sition point f rom cubic to hexagonal  wi th in  in t e rme-  
diate (Zn,Cd)Se powders  (fired at 900~ in evacuated 
and sealed quar tz  tubes) was de termined  by x - r a y  
analysis and found to be be tween 30 and 40% of CdSe. 
It is obvious, however ,  that  this point may shift ei ther 
to the ZnSe or to the CdSe side depending on the p rep-  
arat ion tempera ture ,  on various impurit ies,  etc. 

The luminescence of CdSe :Cu  phosphors was in- 
vest igated by Garl ick and Dumble ton  (21) who repor t  
two emission bands at 0.95s~ (1.30 ev) and at 1.2~ 
(1.03 ev) ,  both measured  at 90~ and by Avinor  and 
Meijer  (22) who repor t  only one band at 1.20~ (1.03 
ev) measured  at 77~ Emission spectra of in ter-  
media te  (Zn ,Cd)Se :Cu  phosphors do not seem to be 
published. 

Some emission spectra of (Zn,Cd)Se:Cu,  I phos- 
phors are shown in Fig. 11. The two emission bands 
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Fig. 9. Emission spectra of cubic Zn(Se,Te):Cu (0.01%), CI phos- 
phors excited by ultraviolet of 3.40 ev (k = 365 nm) at 77~ 
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Fig. 10. Recombination term scheme of cubic Zn(Se,Te):Cu,CI at 
77~ A ,  data from ref. (1). 
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Fig. 11. Emission spectra of (Zn,Cd)Se:Cu (0.02%), I phosphors 
excited by ultraviolet of 3.40 ev (~ = 365 nm) at 77~ 

due to copper shift monotonical ly  into the infrared as 
more  and more  ZnSe is replaced by CdSe (completely 
s imilar  to the shift observed in corresponding sulfide 
phosphors) .  The green emission band of ZnSe :Cu  
(~2.35 ev) corresponds to the 1.37 ev band in CdSe: Cu 
(this is probably identical  to the 0.95~ band repor ted  
by Garl ick and Dumble ton) .  The emission band of 
CdSe:Cu corresponding to the red band (~1.95 ev) of 
ZnSe :Cu  could not be measured any more  with  the 
used instrumentat ion,  but  it is obviously identical  the 
1.2~ band repor ted  e lsewhere  (21, 22). If the SchSn- 
Klasens model  of luminescence is used here  and the 
quan tum energies corresponding to the peaks of the 
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Fig. 12. Recombination term scheme of cubic and hexagonal 
(Zn,Cd)Se:Cu,I at 77~ A ,  from ref. (21). 
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Fig. 13. Emission spectra of hexagonal Cd(S, Se):Cu (0.01%), I 
phosphors excited by ultraviolet of 3.40 ev (~, = 365 nm) at 77~ 

emission bands are plot ted downward  f rom the curved 
edge of the conduction band, one obtains the diagram 
of Fig. 12 which may be compared with  Fig. 4. Again, 
all measured points scatter closely around two hori-  
zontal s traight  lines about 0.4 ev apart.  

Hexagonal Cadmium Sulfoselenides 
CdS, CdSe, and all in te rmedia te  Cd (S,Se) crystall ize 

pract ical ly  only in the hexagonal  modification. Emis-  
sion spectra of copper act ivated Cd(S,Se)  phosphors, 
except  those of the two end members  CdS and CdSe, 
apparent ly  are not repor ted  before. Some spectra 
measured wi th in  this work  are given in Fig. 13. All  
spectra evident ly  consist of two emission bands al-  
though, due to ins t rumenta l  l imitations,  only the 
h igh-energy  band could be measured  over  the whole  
composit ion range. There  is some, but  ve ry  little, 
shift of the peak position with the CdSe concentration. 
In contrast  to corresponding Zn(S,Se)  phosphors (Fig. 
5), no discontinuity in the peak position could be ob- 
served near  the 100% CdS. If the quan tum energies 
corresponding to the peaks of the emission bands are 
plot ted downward  from the horizontal  edge of the con- 
duction band, one obtains the recombinat ion scheme 
of Fig. 14. The curve  connecting all measured  points 
deviates somewhat  f rom a horizontal  straight line, but 
this deviat ion is much less than the var ia t ion  of the 
band gap, represented by the curved edge of the 
valence band, over  the same range. 
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g ~  

c, s 5o)5o Cd e 
Fig. 14. Recombination term scheme of hexagonal Cd(S,Se):Cu,I 

at 77~ A ,  data from ref. (21). 

Discussion 
The main observations on the emission spectra due 

to copper in the I I -VI  compound phosphors can be 
summarized as follows. 

The emission in the binary compounds ZnS, ZnSe, 
CdS, and CdSe consists of two diffuse but  fa i r ly  well  
separable bands of approximate ly  Gaussian shape 
whose peaks are about 0.4 ev  apart.  The exact  peak 
positions depend not only on the host mater ia l  but  
also on a number  of other parameters  some of which 
are still unknown. Gradual  rep lacement  of zinc by 
cadmium either in the sulfides or in the selenides 
causes a steady shift  of both emission bands toward 
lower  quantum energies so that  the differences be- 
tween the energy of the band gap and the quantum 
energies of the emission peaks always remain  constant. 
By contrast, gradual  rep lacement  of sulfur in ZnS or 
in CdS by selenium, and gradual  rep lacement  of sele- 
n ium at least in ZnSe by tel lur ium, causes l i t t le or no 
shift of the emission except  for a strong discontinuity 
near  100.% ZnS. 

Most of this behavior  can be understood qual i ta-  
t ively  wi th  the assumption of a predominant ly  ionic 
crystal  bonding where  the conduction band belongs to 
the cation and the valence band to the anion, and with  
the famil iar  SchBn-Klasens model  of luminescence 
which ascribes the photon emission to electron t ran-  
sitions from the conduction band into previously  
emptied electron levels  be tween  the act ivator  ion and 
the four surrounding chalcogenide ions. Any  replace-  
ment  of zinc by cadmium then  causes only a var ia t ion  
of the conduction band while  the act ivator  electron 
levels and the valence band remain  unchanged. Hence, 
the energy difference be tween  valence band and acti- 
va tor  levels is independent  of the Zn /Cd  ratio as pre-  
dicted already by Bube (23). This is expressed by the 
horizontal  straight lines in the t e rm scheme of Fig. 4 
and 12. However ,  if sulfur is gradual ly  replaced by 
selenium, or selenium by tel lur ium, the conduction 
band remains unchanged whi le  the va lence  band 
changes and the highly localized electron wave  func- 
tions of the act ivator  centers split into several  levels 
depending on the four  chalcogenide ions surrounding 
the copper ion. This la t ter  effect is discussed by 
Fonger  (20) for the case of Zn(S,Se)  phopshors. It 
seems that  Fonger 's  assumptions hold essential ly also 
for Zn(Se,Te)  and for Cd(S,Se)  phosphors although, 
perhaps, modifications are necessary to explain all ob- 
served details. 

The discontinuity in Zn(S,Se)  observed near  100% 
ZnS seems peculiar  and probably  cannot be under -  
stood with  the above models. Also it does not seem to 
be re la ted to the discontinuity which Klasens (18) 
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was looking for in Z n ( S , S e ) : C u  but  did not find. 
Klasens assumed act ivator  centers in ZnS:Cu phos- 
phors to be identical  to single sulfur  ions dis turbed 
by copper ions as next  neighbors  and, correspondingly,  
expected two emission bands to be present  in Zn (S,Se) 
for every  one in ZnS, namely,  those due to dis turbed 
sulfur  and selenium ions. If this assumption (which 
obviously is in d isagreement  wi th  Fonger ' s  model)  
were  correct  and the reason for the observed discon- 
t inui ty in Z n ( S , S e ) : C u  near  100% ZnS:Cu,  it could 
hardly  be the reason for the completely  different be-  
havior  observed in Z n ( S , S e ) : A g  near  100% Z n S : A g  
(24). Further ,  s imilar  discontinuities obviously should 
appear  in Z n ( S e , T e ) : C u  near  100% ZnSe:Cu,  and in 
C d ( S , S e ) : C u  near  100% CdS:Cu,  which are not ob- 
served in reali ty.  At the moment ,  the wr i t e r  is unable  
to offer any explanat ion of the discontinuity in 
Zn(S,Se)  :Cu near  100% ZnS:Cu.  
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On the Luminescent Properties of Some CaMoO /LnVO  Systems 

L. H. Brixner 
Pigments Department, Experimental Station, E. I. du Pont de Nemours & Co., Inc., Wilmington, Delaware 

ABSTRACT 

The (LnVO4)x(CaMoO4)1-x systems (with Ln ~ Nd +3, Sm +3, Eu +3, Tb +3, 
and Dy +3) have  been prepared  over  wide  ranges of x and some of their  
structural,  analytical,  and optical parameters  have been measured.  The 
x - r a y  phase diagram for the EuVOJCaMoO4 system was determined and 
shows that  only very  l imited solid solubili ty of the scheel i te-  and z i rcon- type 
constituents exists. Fluorescent  emission data are given for the compounds 
containing the rare  earths Sin, Eu, Tb, and Dy, which emit  in the visible. 
The Nd compound emits in the infrared and laser action is reported for a 
Fab ry -Pe ro t  resonator  machined f rom a Czochra lsk i -grown single crystal  of 
the composition Ndo.olVo.olCao.99Moo.9904. 

In the series of scheel i te- type ABO4 compounds 
(where  A z Ca, Sr, and Ba, B ~ Mo, W),  CaMoO4 is 
the rmodynamica l ly  the least stable and the only one 
which loses oxygen if pulled as a crystal  f rom melts  
under  normal  atmospheric  conditions. It  is probably 
for this reason that  the thresholds for Nd +3 in CaMoO4 
as first repor ted  by Johnson (1) were  quite  high (360 
joules at 295~ arid most invest igators  concentrated 
on CaWO4 as a laser host crystal. In a previous paper, 
we (2) demonst ra ted  that  the introduct ion of rare  
earths into CaMoO4 as their  LnNbO4-type niobates 
not only provides the necessary valence compensation, 
thereby simplifying the fluorescent emission spectrum, 
but also stabilizes CaMoO4 so that  no oxygen is lost 
at the mel t ing point. Recently,  Duncan (3) observed 
cont inuous-wave  operat ion with  such crystals, thus 
showing that  Ca-molybdate  can be obtained in as 
high optical perfect ion as Ca-tungstate .  These find- 
ings, plus the fact that  Ca-molybda te  has some in-  
herent  advantages over  Ca- tungsta te  (higher  re f rac -  
t ive index, lower mel t ing  point and higher  the rmal  

conduct ivi ty) ,  generated r enewed  interest  in this com- 
position as a laser host. 

Based on the size of the ionic radii  as given by 
Ahrens  (4), the V +~ ion should provide  an even 
bet ter  s t ructural  match  in subst i tut ing for Mo +6 than 
does Nb +5. The V +5 ion is only some 5% smaller  than 
Mo +6 and since the LnVO4-type vanadates  are quite  
stable (5), it seemed that  the CaMoO4/LnVO4 systems 
were  wor th  studying, par t icular ly  since energy ex-  
change at lea~t for the case of Eu +3 had been demon-  
strated in the LnVO4 (5) system as wel l  as in the 
Ca3(VO4)2 (6) host. Since the LnTaO4-type tantalates  
did not show any advantages over  the corresponding 
niobates as dopants, the vanadates  were  the only re-  
maining group VB compositions to be invest igated in 
solid solution wi th  CaMoO4. 

Experimental 
Since the vanadates  crystal l ize in a s t ructure  dif-  

ferent  f rom scheelite, the range of solid solubility had 
to be established first. The techniques used in ob- 
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Table I. Lattice parameters for some compositions of the 
(CaMoO4)~-x(EuVO4)x system 

U n i t  c e ' l  
~c a t ,  .& c t ,  & S p a c e  g r o u p  v o l u m e ,  A:~ 

O 5.219 11.418 I41/a  311.00 
0.1 5.214 11.422 I 4 t / a  310.52 
0.2 5.207 11.420 I41/a  309.87 
0.9 7.229 6,374 I 4 / a m d  333.09 
1.0 7.253 6.398 I 4 / a m d  336.57 

Table II. Fluorescent emission characteristics for some 
(CaMoO4)l-x(LnVO4)x systems 

x f o r  M a x i m u m  
f l u o r e s c e n t  e m i s s i o n  R e l a t i v e  i n t e n s i t y  
i n t e n s i t y  (of u n d e r -  of  m o s t  i n t e n s e  

Lr~ l i n e d  w a v e l e n g t h )  l i n e  L i n e s  a t  m/~* 

S m  0.02 39 560, 5 9 5 , 6 3 5  

E u  0.20 282 5 8 5 , 6 1 0  

T b  0.02 486 4 8 5 , 5 4 0 , 5 8 0  

D y  0.01 108 570 

Fig. 2. Fluorescent emission spectrum 
MOo.9804 at 300~ 

of Smo.02Cao.98Vo.02 

* T h e  u n d e r l i n e d  w a v e l e n g t h  w a s  t h e  m o s t  i n t e n s e  e m i s s i o n .  

taining latt ice parameters  are essential ly those de- 
scribed earl ier  (2). Some of the data are summarized 
in Table I and Fig. 1 gives a graphic representa t ion  
of the phase d iagram for CaMoO4-EuVO4. 

Between  x ~ 0.2 to x < 0.9, there  was no solid 
solubility; this makes the two-phase  region consid- 
erably wider  than for the corresponding CaMoO4/ 
EuNbO4 system, a ra ther  surprising resul t  in v iew of 
the fact that  the closer match of the Mo +6 and V +5 
ion radii  should permi t  even more  extended solid 
solubility. Since there  is no change in coordination 
number  for the cationic and the anionic meta l  con- 
st i tuent  in going f rom either LnVO4 or LnNbO4 to 
CaMoO4 (8 for A and 6 for B),  the LnNbO4 s t ructure  
is obviously more closely related to the CaMoO4 
structure.  In v iew of the fact that  Kankov  (7) first 
described YNbO4 as a distorted scheelite this supports 
this consideration. 

Fluorescent  emission studies were  carr ied out for 
the CaMoO4-LnVO4 systems where  Ln ~ Sm, Eu, Tb 
and Dy. The exper imenta l  a r rangements  for examin-  
ing fluorescence have  been published (2). The data 
are given in Table II. 

Since no corrections were  made for photomul t ip l ier  
response, the intensi ty data are meant  mere ly  to give 
a qual i ta t ive  basis for comparison. Obviously, both 
Tb +8 and Eu +3 are the most intense emit ters  in this 
system. 

Typical  fluorescent emission spectra of polycrys ta l -  
l ine samples are represented  in Fig. 2-5. The  l ine 
sharpening in going f rom room tempera tu re  to l iquid 

Fig. 3. Fluorescent emission spectrum of Euo.2oCao.soVo.2o 
Moo.so04 at 300~ 

\ \  

5.2 

Cat~o04 .2 4 X ~ .6 8 

Fig. 1. Structure types as a function of 
(CaMoO4)l-x system. 

E 1 
725 

~ 723 

i 639 

t 6 5 7  

EuVO 4 

x for the (EuVO4)x 

Fig. 4. Fluorescent emission spectrum of Tb0.02Ca0.98V0.02 
Mo0.9804 at 300~ 

nitrogen tempera tu re  is par t icular ly  prominent  for 
the Dy case, but the complexi ty  of the spectrum and 
the mul t i tude  of still avai lable  transitions prevents  
s t imulated emission. Laser  exper iments  wi th  the Dy 
and Sm compositions in the n ioba te -molybdate  sys- 
tem had fai led (2) and were  not a t tempted  wi th  these 
new compounds. The europium spectrum as shown 
in Fig. 3 is of course substant ial ly simpler, but sur-  
prisingly, l ine nar rowing  was ra ther  insignificant in 
this case. The Tb sample as represented in Fig. 4 
showed similar behavior,  whereas  the Sm compound 
(Fig. 2) gave nar rowing  almost  as pronounced as the 
Dy composition. 

A characterist ic plot of intensi ty  of fluorescent emis-  
sion as a function of act ivator  concentrat ion is given 
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Fig. 6. Intensity of fluorescent emission as a function of x for 
the (SmVO4)x (CaMoO4h-x system. 

Fig. 5. Fluorescent emission spectrum of Dyo.o2Cao.98Vo.02 
Moo..~04 at 300~ (top) and 77~ (bottom). 
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in Fig. 6 for  the example  of Sm. As can be seen, the 
shape of the curve is essentially the same for the 
two different emission lines plotted: a ra ther  steep 
rise to the opt imum at 2 mole % and then gradual  
decrease of intensi ty unt i l  eventua l ly  complete  con- 
centrat ion quenching occurs. 

Whenever  Nd is introduced into a novel  host or a 
new compensat ion scheme is applied, it is always of 
interest  to observe the absorption characterist ics at 
the 4F3;2 level, which is the last absorption band be-  
fore the 1.06~ region of emission for Nd +3. It  would  
be highly desirable to find a host mater ia l  wi th  an 
absorption peak at 0.84~, the emission wave leng th  of 
a modified GaAs inject ion laser. As can be seen from 
Fig. 7, the shortest peak is still at 0.87~. 

Crystal  Growing Experiments 
Procedure  and equipment  have  been described ear-  

l ier (2). The most significant difference f rom niobate-  
compensated CaMoO4 was that  the oxygen loss in the 
presence of vanadates  was even more  severe  than 
for undoped CaMoO4. Cont rary  to behavior  of niobate-  
compensated crystals, segregation coefficients were  
below 1 and the mel t ing  point was about 10~ lower  
than that  of pure CaMoO4 (1480~ Despite the use 
of an automatic  vol tage control uni t  to minimize cur-  

WAVELENGTH, /z 

Fig. 7. 4F3/2 absorption level for Nd0.01Coo.99V0.o1Moo.9904 

rent  fluctuations, i t  was very  difficult to control  the 
crystal  shape. This was t rue  for crystals grown both 
in the a- or the c-axis  of the scheelite structure.  
Characterist ically,  the a-axis  crystals were  ell iptical 
in cross section, wi th  a considerably h igher  axial  
ratio than for Nb-compensa ted  crystals, and the c- 
axis crystals showed an almost round cross section. 
Contrary  to exper ience wi th  Na-compensa t ion  the 
vapor  pressures posed no problem; no V205 was lost 
and mater ia ls  were  charged to the mel t ing  crucible 
in stoichiometric proportions. A detailed examinat ion 
of the Ln20~:V20~ ratio on top and bot tom of a crys-  
tal based on the analyt ical  informat ion given in Ta-  
ble III  gives the fol lowing values:  

For  Dy: top, Dy203:V205 ~ 1:0.88; bottom, Dy20~: 
V205 = 1:0.93 (3.5 in. over -a l l  length represent ing 
42% of weight  of original  charge) .  

For  Tb: top, Tb2Os:V205 ~ 1:0.87; bottom, Tb208: 
V205 = 1:0.85 (4.8 in. over -a l l  length represent ing  
51% of weight  of original  charge) .  

This indicates that  even  if ~ of the original  charge 
is grown into a single crystal, there  is essentially no 

Table IlL Analysis of some single crystals 

N o m i n a l l y  
c h a r g e d  c o m p o s i t i o n  CaO 

A n a l y t i c a l l y  d e t e r m i n e d  % 

M o O a  V~O5 N d 2 0 ~  Sm~O3 Tb~O~ Dy~Oa  
S u m  

t o t a l % *  

Dyo.oiCao.~Vo.o~MOo.~O~ 2 7 . 3 7  7 1 . 9 9  0 . 2 4  - -  - -  
2 7 . 5 8  7 1 . 8 8  0 .31  - -  - -  

Smo.olCao.  ~Vo.  o~Moo. ~ O 4  2 7 . 7 6  7 1 . 1 4  0 .22  - -  0 . 5 6  
28 .31  71 .02  0 .24  - -  0 .59  

Tbo .o lCao .~Vo .o lMoo .~O4  2 7 . 6 2  7 0 . 8 9  0 . 2 3  - -  - -  
2 7 . 3 0  72 .07  0 . 2 4  - -  

Ndo. 01Cao.~Vo. oiMoo. ~ O  ~ 27 .75  71 .36  0 . 2 6  0 . 7 3  - -  
27 .71  71 .19  0 .28  0 .79  - -  

0.53  
0 .57  

0 .56  
0 .68  

1 0 0 . 1 6  (T)  
1 0 0 . 4 5  (B)  

9 9 . 6 8  (T)  
1 0 0 . 1 6  (B)  

9 9 . 2 7  (T)  
1 0 0 . 1 8  ( B )  
1 0 0 . 1 0  (T)  

9 9 . 9 7  (B)  

* T is  t o p ,  B i s  b o t t o m .  
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Table IV. Laser evaluation 

C o m p o s i t i o n  R o o m  t e m p e r a t u r e  t h r e s h o l d  

Cao. ~ N  do,olM oo ~Nbo. olO~ 173 j o u l e s  
Ca0.~Ndo.olMoo.~Vo.olO4 290 j o u l e s  

Table Y. Some physical parameters of Ndo.olCao.99Vo.olMOo.9904 

M o ! e c u l a r  w e i g h t  200.61 
W e i g h t  % Nd):~ 0.72 
S t r u c t u r e  I4~/a ( s c h e e l i t e  l 
L a t t i c e  p a r a m e t e r s  a t  -- 5 .215A 

ct  : 11 .427A 
T h e r m a l  c o n d u c t i v i t y  38 m w a t t s / c m  d e g  
H a r d n e s s  (mobs)  4 .4  (300~ 
R e f r a c t i v e  i n d e x  1.99 
D i e l e c t r i c  c o n s t a n t  9.9 (a t  1 kc )  
M e l t i n g  p o i n t  1470~ 
T y p i c a l  t h r e s h o l d  290 j o u l e s  

(V8 • 1 in .  r o d  a t  300~  

shift in the concentrat ion ratio. Some typical  analyt i -  
cal data obtained by x - r a y  fluorescence analysis are 
summarized in Table III. 

Laser Experiments 
Single crystal  boules were  cut and ground into 

cyl indrical  rods ~/g in. d iameter  and 1 in. long. The 
cylindrical  surfaces were  left  rough and the ends 
polished to form a Fab ry -Pe ro t  resonator.  Si lver  was 
evaporated onto the end surfaces; one end was 5% 
transmissive and the other  complete ly  opaque. 

Laser characterist ics were  measured  under  pulsed 
i l luminat ion in a Lear -S ieg le r  LS-3 laser head with 
a Keml i te  FT100B helical  xenon flash lamp. All  ex-  

per iments  were  run  at 295~ The lamp was flashed 
by discharging a 5-~f condenser charged to 2000v. 
Light  f rom the laser rods was detected with  a Du-  
mont  K1485 photomul t ip l ier  through a 3-ram silicon 
filter. For  the purpose of comparison, a n iobium-  
compensated rod of equal  size and Nd concentrat ion 
was also lased. The data for those rods are  given in 
Table IV. 

A number  of other  per t inent  parameters  have  been 
de termined  for Nd0.01Ca0.99V0.01Mo0.9904 and are sum-  
marized in Table V. 

Based on these data, in conjunct ion with  the laser 
experiments ,  it would  seem that  V +5 compensat ion in 
CaMoO4:Nd, whi le  qui te  feasible, does not offer any 
fur ther  improvement  over  the CaMoO4:NdNbO4 sys- 
tem. 
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Pseudobinary InSb-lnTe System 
A. J. Strauss, M. D. Banus, and M. C. Finn 

Lincoln Laboratory,1 Massachusetts Institute of Technology, Lexington, Massachusetts 

ABSTRACT 

The InSb- InTe  pseudobinary system has been invest igated by thermal ,  
metal lographic,  x - r ay  diffraction, and electron microprobe analysis. The 
results show that  there  is an unstable  phase diagram in addition to the 
stable diagram. The principal  features  of the stable diagram are the same 
as those reported by Deneke and Rabenau, but the tempera tures  of the the r -  
mal arrests are appreciably different. The system contains one te rnary  com- 
pound, wi th  nominal  composition InsSbTe2, which is a peri tect ic  phase un-  
stable above 556 ~ and below about  420~ According to the stable diagram, 
In3SbTe2 is the first phase to crystal l ize dur ing cooling runs  on mel ts  con- 
taining between 15 mole % InTe (the eutectic composition) and 40 mole % 
InTe (the l iquidus composition at the peritectic t empera tu re ) ,  and InTe 
crystallizes as the p r imary  phase f rom melts containing more  than 40 mole  % 
InTe. When exper imenta l  conditions permi t  sufficient supercooling, however ,  
the te rnary  compound crystall izes as the pri.mary phase f rom melts  con- 
taining be tween  40 and 75 mole % InTe, since m this region there  is an un-  
stable l iquidus which lies below the stable liquidus. The unstable  l iquidus 
t empera tu re  increases monotonical ly  f rom 556 ~ to 586~ as the InTe content  
increases f rom 40 to 75 mole % InTe. For  samples of the t e rnary  compound 
crystal l ized close to 586~ the formula  In4SbTe3 appears to be more  ap- 
propr ia te  than In3SbTe2. 

A number  of alloy systems involving a I I I -V com- 
pound and an A2mB3 VI compound containing the same 
group l I I  e lement  have  been invest igated (1). The 
I I I -V  compounds in these systems have  the zinc blende 
structure,  and except  for In2Se3 the A2111B3 VI com- 
pounds have a defect zincblende (or possibly defect 
antifluorite) structure.  Except  in the InSb-In2Te3 sys- 
tem, the only phases obtained are solid solutions which 
lie in or close to the pseudobinary section of the two 
te rmina l  compounds. In several  systems, for example  

1 O p e r a t e d  w i t h  s u p p o r t  f r o m  t h e  U .  S. A i r  F o r c e ,  

InAs-In2Tes (2), the two compounds are soluble in 
all  proportions. 

In invest igat ing the InSb-In2Te3 system, Goryunova,  
Radautsan, and Kiosse (3) and Woolley, Gillett ,  and 
Evans (4) obtained a phase with  rock-sal t  structure.  
Goryunova  et al. (3) showed that  this phase was a 
te rnary  compound in the InSb- InTe  pseudobinary 
section, ra ther  than in the InSb-In2Te8 section. They 
repor ted  that  the t e rnary  compound contained approx-  
imately  75 mole % InTe, corresponding to the nom-  
inal formula  In4SbTe3. 
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I t  was la ter  found in our laboratory  (5) and con- 
firmed elsewhere  (6) that  InTe, whose stable phase at 
a tmospheric  pressure has the T1Se te t ragonal  s t ruc-  
ture and is not  superconducting, is t ransformed at 
about 30 kbar  into a high pressure phase wi th  rock-  
salt s t ructure  which has a superconducting transi t ion 
at about 3.5~ This resul t  suggested the possibility 
that  the te rnary  I n - S b - T e  compound, which also has 
the rock-sa l t  structure,  might  be a superconductor.  
In order to invest igate  this possibility, a t tempts  were  
made to obtain the t e rnary  compound by solidifying 
melts  containing 75 mole  % InTe. These at tempts  
failed to yield s ingle-phase samples, al though the 
prepara t ion  of such samples by the same method had 
been repor ted  by Goryunova  et al. (3). To find an 
explanat ion for this discrepancy, we  under took a de-  
tailed invest igat ion o2 the InSb- InTe  pseudobinary 
phase diagram by means of thermal ,  metal lographic,  
x - r ay  diffraction, and electron microprobe analysis. 

This paper  reports  the results of our invest igat ion 
and compares them wi th  earl ier  incomplete  data on 
the InSb- InTe  system obtained by Molodyan, Radau t -  
san, and Madan (7) and with  the phase diagram re-  
cently repor ted  by Deneke and Rabenau (8). The 
findings of these authors did not come to our a t ten-  
tion unt i l  our invest igat ion was essentially complete. 
On the basis of their  x - r ay  diffraction and meta l lo-  
graphic data, Deneke  and Rabenau (8) repor t  that  the 
te rnary  compound has the composit ion In3SbTe2. Al -  
though our data do not establish the precise homo-  
genei ty  range of the te rnary  compound, for samples 
annealed at 475~ they show that  the composition 
In3SbTe2 lies wi th in  this range but  In4SbTe3 does not. 
Throughout  this paper  the te rnary  compound is ac- 
cordingly designated as InsSbTe2, but  this should be 
regarded  as a nominal  formula.  [In our ear l ier  re -  
ports (9) of this investigation,  the te rnary  compound 
was designated as In4SbTe3. Evidence wil l  be given 
that  this is probably a more  appropr ia te  formula  than 
In3SbTe2 for  samples of the compound prepared  by 
crystal l izat ion under  cer ta in  conditions.] 

Our invest igat ion establishes a stable phase diagram 
for the InSb- InTe  system which is in general  agree-  
ment  wi th  the diagram proposed by Deneke and 
Rabenau (8). In addition, our results  demonstra te  the 
existence of an unstable diagram, for the composit ion 
region be tween  40 and 75 mole % InTe, which ex-  
plains the observat ions of Goryunova  et al. (3) and 
Molodyan e~ al. (7). 

Experimental 
With one exception, the rmal  analysis data were  ob- 

tained in cooling runs on ini t ia l ly  mol ten  samples. 
Each sample for the cooling runs was prepared  by 
placing appropr ia te  quanti t ies of semiconductor  grade 
In, Sb, and Te (nominal  pur i ty  99.999%) total ing 
150g in a quar tz  tube which was then evacuated and 
sealed. A P t - ( P t - 1 3 %  Rh) thermocouple  for measur -  
ing sample tempera tures  was inserted into a re-  
entrant  tube at the bot tom of the sample tube. The 
thermocouple  had been cal ibrated at the mel t ing  point 
of Sb (630.5~ Since the difference be tween the 
observed and tabulated voltages at this t empera tu re  
corresponded to less than  0.2~ no corrections were  
made in conver t ing the subsequent ly  measured  vol t -  
ages to temperatures .  In  order  to reduce  the rmal  gra-  
dients wi th in  the sample, t h e  sample tube was placed 
in a heavy -wa l l ed  stainless steel cylinder.  A re fe r -  
ence thermocouple  for differential  measurements  was 
inser ted into a hole in the bot tom of this cylinder.  
The sample and cyl inder  were  heated in a ver t ical  
resistance furnace to about 800~ al lowed to equi l -  
ibrate at that  t empera tu re  for at least 12 hr, and then 
cooled at 2~176  over  the range  of interest  by 
turn ing  off the  furnace power.  In order  to measure  the 
sample t empera tu re  wi th  high precision, most  of the 
thermocouple  signal was bucked out wi th  a d-c  micro-  
vol t  potent iometer ,  and the remain ing  v o t t a g e  was 
amplified wi th  a d-c microvol t  amplifier whose output  
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was recorded with a recording potent iometer .  The 
same procedure was fol lowed for the reference  ther -  
mocouple.  

One heat ing run  be tween  about 200 ~ and 700~ was 
made on an ini t ia l ly  solid sample, which was p re -  
pared by pulver iz ing mater ia l  t aken  f rom the first- 
to- f reeze  port ion of an ingot obtained by the hor izon-  
tal Br idgman technique f rom a mel t  containing 65 
mole % InTe. This sample, which weighed about 45g, 
consisted pr imar i ly  of In~SbTe2 but  contained a small  
amount  of InSb as a second phase. A reference  speci- 
men  of pulver ized germanium sealed in an evacuated 
quartz  tube was used. The sample and reference  the r -  
mocouples were  bucked against each other  and the 
difference vol tage was amplified and recorded. 

Metal lographic  studies were  made with a Leitz MM5 
meta l lograph on a number  of the ingots formed during 
thermal  analysis runs on ini t ia l ly  mol ten samples, on 
ingots prepared  by the horizontal  Br idgman technique, 
and on annealed samples prepared  in the manner  de- 
scribed below. One of the metal lographic  samples was 
also examined  wi th  a Cameca electron microprobe 
at Acton Laboratories,  Acton, Massachusetts, and 
others were  examined with an electron microprobe at 
the Depar tment  of Metal lurgy,  Massachusetts Inst i tute 
of Technology. 

Room tempera tu re  x - r ay  diffraction pat terns for 
powdered  samples were  obtained with  a s tandard 114.6 
mm Debye-Sche r re r  camera. Exposures of 7 hr  were  
made with  Cu-K~ radiation. Measurements  were  made 
both on as -grown samples ( f rom ingots solidified 
dur ing thermal  analysis runs, prepared  by the hori-  
zontal Br idgman technique, or quenched f rom the 
melt)  and on annealed samples. To prepare  an an- 
nealed sample, a mel t  of the desired composit ion was 
quenched, the resul t ing ingot was powdered,  and 
about  2g of the powder  was pressed into a pellet. The 
pel let  was sealed into an evacuated quartz  ampoule 
and annealed for 2-4 weeks at 475~176 One port ion 
of the pel let  was analyzed for In, Sb, and Te by a wet  
chemical  method  described e lsewhere  (10). 

X - r a y  diffraction measurements  were  also made on 
2 samples of In3SbTe2 at a number  of tempera tures  up 
to 540~ with  a 90 mm Rigaku-Denki  high t empera -  
ture camera.  The period of exposure  at each t em-  
pera ture  was 12-18 hr. One of the samples had been 
prepared  by anneal ing in the manner  described above. 
The other  was an as -grown sample f rom an ingot pre-  
pared by the horizontal  Br idgman technique. 

Results and Discussion 
Figure  1 shows the pseudobinary I n S b - I n T e  phase 

diagram, which includes not only the stable diagram 
(indicated by solid and dotted lines) but  also an un-  
stable diagram (indicated by dashed and dot-dashed 
lines).  The  data points in Fig. 1 represen t  the thermal  
arrests observed in cooling runs on ini t ia l ly  mol ten 
samples. These arrests are also listed in Table I. For  
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Fig. 1.  P h a s e  d i a g r a m  o f  t h e  p s e u d o b i n a r y  I n S b - l n T e  s y s t e m  
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Table I. Thermal arrests observed in the InSb-lnTe system 40 

M o l e  % L i q u i d u s  P e r i t e c t i c  E u t e c t i c  N e a r  420~  
InTe Sample (~ (~ * (~ ~" (~ 50 

20 

I0 

0 

5 19 514 L X X  X 
10 18 510 L X X  X 
15 17 (508) L 508 X 
20 16 520 L 507 423 
25 11 533 L 507 422 
30 15 538 L 509 423 
35 14 549 L 507 422 
40 13 555 L 507 424 
45 12 561 X 506 421 
50 10 566 X 505 422 
52.5 26 570 X 505 421 
55 7 583 542 509 420 
57.5 25 575 X 504 420 

27 582 551 507 415 
59 33 576 X 503 421 
61 32 577 X 500 416 
62 31 579 X 502 416 
62.5 24  592 552 497 NO d a t a  
63  30 597 553 505 416 
65 6 581 X 500 414 

21 582 X 500 416 
68 29 582 X 498 415 
67.5 23 603 549 505 409 
70 8 612 554 506 411 

35 616 546 507 X 
75 2 620 547 497 No  d a t a  

36 622 540 499 X 
40 586 X X No d a t a  

80  3 635 554 497 No  d a t a  
41 638 552 506 No  d a t a  

85 4 647 555 X X 
90 5 661 554 X X 
95 20 679 552 X X 

100 I T  695 

* L,  l i q u i d u s  t e m p e r a t u r e  b e l o w  
X,  no  a r r e s t  o b s e r v e d .  

? X X ,  a r r e s t  n o t  r e s o l v e d .  

p e r i t e c t i c  t e m p e r a t u r e .  

each run in which InTe was the first phase to crystall ize 
f rom the melt, all the thermal  arrests observed during 
the run are indicated by closed circles in Fig. 1. Ar -  
rests observed during runs in which the p r imary  
phase was In3SbTe2 or InSb are indicated by open 
circles and squares, respectively.  The compounds 
InSb, InTe, and In3SbTe2 are  shown as l ine phases in 
Fig. 1 and wil l  general ly  be re fe r red  to as such in 
the fol lowing discussion, since informat ion on their  
ranges of homogenei ty  is limited. 

Stable phase diagram.--Liquidus, peritectic,  and eu-  
tec t ic . - -The principal  features  of the stable phase 
d iagram are the same as those reported by Deneke and 
Rabenau (8). The te rnary  compound In3SbTe2 is a 
peri tect ic phase, unstable  below about 420~ which 
forms a eutectic wi th  InSb. The eutectic mix tu re  con- 
tains 15 mole % InTe. Along the stable l iquidus lines, 
in agreement  wi th  Deneke and Rabenau (8), melts  
containing 15 mole % InTe or less are in equi l ibr ium 
with  InSb, those containing be tween  15 and 40 mole % 
InTe are in equi l ibr ium with In3SbTe2, and those 
containing more  than 40 mole % InTe are in equi-  
l ibr ium wi th  InTe. 

The l iquidus t empera tu re  for pure  stoichiometric 
InTe was found to be 695~ in good agreement  wi th  
the mel t ing  point of 696~ recent ly  reported by Gro-  
chowski, Mason, Schmitt ,  and Smith  (11) for con- 
gruent ly  mel t ing  InTe, which according to these au- 
thors contains 50.8 a /o  (atomic per cent) Te. 

According to the stable phase diagram, InTe is the 
first phase to crystal l ize f rom InSb- InTe  melts  con- 
taining more  than 40 mole % InTe. P r ima ry  crysta l -  
l ization of InTe did occur in all cooling runs on melts  
containing at least 80 mole % InTe. It  also occurred in 
about half  the runs on melts  containing 55-75 mole % 
InTe, whi le  p r imary  crystal l izat ion of In3SbTe2 ac- 
cording to the unstable  phase diagram occurred in the 
rest of these runs. 

When InTe was the p r imary  phase in cooling runs 
on melts containing up to 80 mole % InTe, thermal  
arrests were  observed at the stable liquidus, peritectic, 
and eutectic temperatures .  2 Typical  thermal  analysis 

A c c o r d i n g  to t h e  s t a b l e  d i a g r a m ,  e u t e c t i c  a r r e s t s  s h o u l d  n o t  
o c c u r  i n  c o o l i n g  r u n s  on  s a m p l e s  c o n t a i n i n g  m o r e  t h a n  67 m o l e  % 
I n T e ,  s ince  t h e s e  s a m p l e s  s h o u l d  b e c o m e  c o m p l e t e l y  so l id  a t  t h e  
p e r i t e c t i c  t e m p e r a t u r e .  As  p o i n t e d  o u t  b y  n e n e k e  a n d  R a b e n a u ,  
h o w e v e r ,  e u t e e t i e  a r r e s t s  c a n  o c c u r  f o r  c o m p o s i t i o n s  a b o v e  67 m o l e  
% I n T e  w h e n  t h e  c o o l i n g  r a t e  is  too f a s t  to p e r m i t  e q u i l i b r i u m  to  
b e  a t t a i n e d .  

a 
I I I 

o _ Oo 
700 600 500 400  5uO 

t (~ 

Fig. 2. Differential thermal analysis data obtained in cooling 
runs on samples containing 57.5 mole % InTe. (a) Sample No. 27, 
which froze according to the stable diagram. (b) Sample No. 25, 
which froze according to the unstable diagram. 

data showing these three arrests are presented in 
Fig. 2(a) ,  where  the difference be tween  sample and 
reference  tempera tures  is plot ted against sample t em-  
pera ture  for a sample (No. 27) containing 57.5 mole % 
InTe. (The small arrest  at 415~ wil l  be discussed be-  
low.) When the three arrests were  observed, meta l lo-  
graphic, x - r a y  diffraction, and electron microprobe 
studies showed that  InTe, In3SbTe2, and InSb were  
all present  in the solidified sample. F igure  3(a)  is a 
photomicrograph of the polished surface of such a 
sample (No. 7), p repared  f rom a mel t  containing 55 
mole % InTe. The sample consists of dark islands of 
InTe, each surrounded by a l ighter  r ing of In~SbTe2, 
which is surrounded in turn  by a darker  mat r ix  of 
eutectic. (The s ingle-phase appearance of the eu- 
tectic wil l  be explained below.) The three phases are 
present  because the cooling ra te  was too fast ei ther 
to permi t  the InTe first crystal l ized to be r emoved  by 
the peri tect ic  react ion wi th  InSb-r ich  l iquid or to 
permi t  the In3SbTe2 to be r emoved  by decomposition 
below 420~ 

Thermal  arrests at the stable l iquidus tempera tures  
were  not observed in cooling runs on samples con- 
taining be tween 40 and 55 mole  % InTe, since these 
samples froze according to the unstable phase diagram. 
Therefore,  the stable l iquidus curve  in this composi-  
tion region, which is represented  by a dotted l ine in 
Fig. 1, was obtained by ext rapola t ing  the port ion of 
the curve  above 55 mole % InTe to the peri tect ic 
point. 

The stable l iquidus f rom pure  InSb to the eutectic 
point at 15 mole % InTe is also represented by a 
dotted line in Fig. 1, since the solid samples obtained 
in cooling runs on InSb- InTe  melts  in this composition 
range do not lie in the pseudobinary InSb- InTe  sec- 
tion. These samples contain two phases: a small 
quant i ty  of essential ly pure  In and a solid solution 
with  zincblende s t ructure  lying in or close to the 
InSb-In2Te8 section. The In phase was identified by 
electron microprobe analysis. The  na ture  of the solid 
solutions was established by x - r a y  diffraction meas-  
urements  on samples prepared  by quenching InSb-  
InTe melts containing 1-40 mole  % InTe. As shown in 
Fig. 4, the lat t ice parameters  of the zincblende phase 
in these quenched samples are  in good agreement  with 
those repor ted  by Woolley, Gillett ,  and Evans (4) for 
annealed InSb-In2Te3 specimens containing the same 
mole fractions of InSb. For  InSb- InTe  samples with 
compositions be tween  15 and 40 mole  % InTe, the 
lat t ice pa ramete r  of the zincblende phase has a fixed 
value corresponding to an In2Tes content  of about 15 
mole %, the same as the m a x i m u m  solubili ty of In2Te8 
in InSb found by Woolley et al. (4). As requi red  by 
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Fig. 3. Photomicrographs of polished specimens from samples 
prepared by solidification of InSb-lnTe melts. (a) Sample No. 7, 
with over-all composition of 55 mole % InTe, containing InTe 
(primary phase), In3SbTe2, and eutectic. 
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Fig. 4. Lattice parameter of the zincblende phase in InSb-lnTe 
samples quenched from the melt or annealed at 475~ as a func- 
tion of over-all sample composition. The data of Woolley, Gillett, 
and Evans for the zincblende phase in InSb-ln2Te3 samples an- 
nealed at 500~ are also included. 

Fig. 3(b). Sample No. 25, with over-all composition of $7.5 mole 
% InTe, containing In:~SbTe2 (primary phase) and eutectic. 

the stable phase diagram, these samples contain 
In~SbTe2 as wel l  as the zincblende and In phases. The 
solid obtained by freezing an InSb- InTe  mel t  of eu-  
tectic composition (15 mole % InTe) consists almost 
ent i re ly  of a solid solution with  approximate ly  15 
mole % In2Te3, and therefore  this solid contains only 
small scattered regions of characterist ic two-phase  
eutectic mixture.  This explains the s ingle-phase 
appearance of the eutectic mater ia l  in Fig. 3. 

The mixtures  of In and InSb-In2Te3 phases in sam- 
ples obtained by solidifying InSb- InTe  melts  are un-  
stable, at least  at 475~ When  the quenched samples 
discussed above were  powdered,  pressed, and annealed 
at this t empera tu re  for 2-3 weeks, the In phase dis- 
appeared. A zincblende phase was still  present  in all 
samples, and In~SbTe2 appeared for compositions be- 
tween 5 and 15 mole % InTe as wel l  as for those ex-  
ceeding 15 mole %. As shown in Fig. 4, the latt ice 
parameters  of the stable zincblende phase ini t ia l ly  
decrease somewhat  wi th  increasing InTe content  but  
become essentially constant for compositions above 
about 5 mole % InTe, a l though there  is considerable 
scatter in the data. We assume that  the stable zinc- 
blende phase is a solid solution ly ing in the InSb- InTe  
section and conclude that  the solubil i ty of InTe in 
InSb is less than 5 mole % at 475~ It  seems reason-  
able to assume that  under  equi l ibr ium conditions melts 

containing up to 15 mole % InTe coexist at the l iq-  
uidus line wi th  InSb- InTe  solid solutions, ra ther  than 
with the InSb-In2Te3 solutions obtained when  such 
melts  are solidified during cooling runs or by quench-  
ing. No a t tempt  has been made to de te rmine  the stable 
l iquidus in this composit ion region by means of heat ing 
runs on annealed samples. However ,  the stable l iq-  
uidus probably does not differ much f rom the dotted 
line shown in Fig. 1, since the t empera tu re  range be-  
tween the mel t ing point of InSb and InSb- InTe  eu-  
tectic t empera tu re  is only 17~ 

On the basis of the thermal  arrests which occurred 
in cooling runs on ini t ial ly mol ten  samples, we have 
adopted 508~ as the eutectic t empera tu re  for the 
InSb- InTe  system. In good agreement  wi th  this value, 
a thermal  arrest  was observed at 507~-509~ in a heat -  
ing run  on a Br idgman-g rown  sample of In3SbTe2. 

A peritectic t empera tu re  of 553~176 for the 
InSb- InTe  system is indicated by the results  of our 
cooling runs on ini t ial ly mol ten samples. We have  
adopted 556~ as the peritectic temperature ,  however ,  
because the peri tect ic  arrest  occurred at 558~ in the 
heat ing run on the Br idgman-g rown  sample of 
fn3SbTe2. In good agreement  wi th  the la t ter  value, 
Molodyan, Radautsan, and Madan (7) observed arrests 
at 558~176 557~176 and 558~176 respec-  
tively, in heat ing runs on samples solidified f rom melts  
containing 50, 75, and 80 mole  % InTe. [Molodyan 
e t  al. (7) did not ident i fy  these as peri tect ic arrests.] 

The eutectic and peri tect ic tempera tures  repor ted  
by Deneke and Rabenau (8) are 512 ~ and 568~ re -  
spectively. Both values are significantly higher  than 
the present  ones. The stable l iquidus tempera tures  
obtained by Deneke and Rabenau [as read off Fig. 1 
of ref. (8)] are also higher  than the present  values. 
For a number  of compositions the difference is about 
15~ and in some cases it exceeds 20~ We have  not 
found a satisfactory explanat ion for these discrep- 
ancies. For  compositions exceeding 55 mole  % InTe, 
the present  stable l iquidus tempera tures  may  be lower 
than the t rue values because considerable supercool-  
ing (15~176 occurred before the ini t ial  crystal l iza-  
tion of InTe. Al though Deneke and Rabenau (8) do 
not repor t  the amount  of supercooling which occurred 
in their  experiments ,  it was probably  less than in the 
present  experiments ,  since as discussed below they 
never  observed freezing according to the unstable 
diagram. In the present  cooling runs on samples con- 
taining 55 mole % InTe or less, the amount  of super-  
cooling ranged f rom 1 ~ to l l ~  and was probably in- 
sufficient to cause significant errors  in the stable l iq-  
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uidus temperatures .  It  is also unl ikely  that  supercool-  
ing caused significant errors  in the present  peri tect ic 
or eutectic temperatures .  At  the peri tect ic point, the 
amount  of supercooling was 15~ in one case, l l ~  in 
another,  and less than 9~ in all the  rest. At the eu- 
tectic point, the amount  of supercooling was always 
less than 5~ and in most  cases a constant t empera -  
ture  plateau was observed. 

Composition and temperature  stabil i ty  of In3SbTe2. 
- - I n  ear l ier  reports  (9) on the InSb- InTe  system, we 
stated that  x - r a y  diffraction data on samples annealed 
at 475~ established upper  and lower  l imits of 80 and 
70 mole % InTe, respectively,  for the homogenei ty  
range of the t e rnary  I n - S b - T e  compound, al though 
these data did not  fix the exact  positions of the solidus 
lines. We therefore  accepted the nominal  formula  
In4SbTe3, which had been adopted for the compound 
by Goryunova  et al. (3) and by Molodyan et al. (7) 
p r imar i ly  on the basis of data for samples frozen f rom 
the melt.  We la ter  learned,  however ,  that  on the 
basis of x - r a y  and meta l lographic  data for samples an- 
nealed at 440~176 Deneke and Rabenau  (8) had 
reported the formula  to be In~SbTe2 ra ther  than 
In4SbTe3. We therefore  r e - examined  our x - r a y  diffrac- 
tion pat terns  for annealed samples containing 60-80 
mole % InTo and examined  these samples meta l lo-  
graphically.  We also made x - r ay  and meta l lographic  
studies on additional samples in this composition 
range annealed at 475~ The results  obtained for 
samples containing be tween  40 and 90 mole % InTe 
are shown in Fig. 5, whe re  the room tempera tu re  la t -  
tice pa ramete r  (ao) of the te rnary  compound is plotted 
against sample composit ion determined by chemical  
analysis, and the phases detected in each sample are 
indicated. In agreement  wi th  Deneke and Rabenau 
(8), the data show that  at 475~ the te rnary  com- 
pound contains less than 70 mole % InTo and there-  
fore cannot have the formula  In4SbTe3. (Metal lo-  
graphic examinat ion  clear ly  reveals  the presence of 
InTo as a second phase in samples containing close 
to 70 mole % InTe, a l though lines due to InTo cannot 
be detected in the x - r a y  diffraction pat terns  for these 
samples.) The data are consistent wi th  the nominal  
formula  In3SbTe2 given by Deneke and Rabenau (8), 
since no second phase was detected meta l lographica l ly  
in the samples containing 64 and 68 mole % InTo. 
According to these results, the homogenei ty  range of 
In~SbTe2 is somewhat  wider  than repor ted  by Deneke 
and Rabenau (8), who state that  it is less than 2 mole 
% wide. The values of ao for In3SbTe2 in two-phase  
mixtures  containing InSb and InTo are 6.125 _ 0.001A 
and 6.133 ___ 0.003A, respectively.  This difference in ao 
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Fig. 5. Lattice parameter of the ternary compound in InSb-lnTe 
samples annealed at 475~ as a function of over-all sample com- 
position. The phases detected in each sample are also indicated. 
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function of temperature. (Both samples contained a small quantity 
of InTo as a second phase.) 

values is evidence that  InsSbTe2 has an appreciable 
homogenei ty  range at 475~ al though no quant i ta t ive  
est imate of the width  of the range can be made f rom 
the ao data. Deneke  and Rabenau  (8) repor t  ao 
6.1263 • 0.0007A for s ingle-phase In3SbTe2. They do 
not give ao values for InsSbTe2 in two-phase  mixtures.  

The t empera tu re  dependence of ao be tween  room 
tempera ture  and 540~ was de termined  by x - r a y  dif-  
fract ion measurements  on two samples of InsSbTe2, 
one annealed at 475~ and the other  prepared  by the 
horizontal  Br idgman technique. The data for these 
samples, which are plot ted in Fig. 6, show that  ao in-  
creases l inear ly  wi th  t empera tu re  over  the whole 
range. The l inear  expansion coefficient calculated f rom 
these data is 2.4 x 10 -5 dog -~, in good agreement  wi th  
the value  of 2 x 10 -5 dog -1 obtained by Molodyan 
et al. (7) f rom latt ice pa ramete r  data be tween  room 
tempera ture  and 500~ 

After  the present  invest igat ion was almost  complete, 
Woolley (12) in formed us of his observat ion that  
In3SbTe2 slowly decomposes into InSb and InTo below 
about 400~ Later  we learned that  Deneke and 
Rabenau (8) had observed the decomposit ion of 
In3SbTe2 at 300 ~ and 400~ We subsequent ly  studied 
the decomposition of In~SbTe2 at 400~ wi th  a high 
tempera ture  x - r a y  camera. No lines due to InSb or 
InTe appeared within  the first 24 hr. (This explains 
why  the decomposit ion of InsSbTe~ was not observed 
in our measurements  of ao as a funct ion of t empera -  
ture, since each x - r a y  exposure  requi red  only 12-18 
hr.) Af te r  2 or 3 days, however ,  the lines due to 
In3SbTe2 had ent i re ly  disappeared, and only lines due 
to InSb and InTo were  present.  

In drawing their  phase diagram for the InSb- InTe  
system, Deneke and Rabenau  (8) adopted 420~ as 
the most l ikely value  for the  min imum tempera tu re  at 
which In3SbTe2 is stable, but  they  indicated the phase 
boundary  by a broken line, since its exact  t empera tu re  
is unknown.  The  same procedure  has been fol lowed in 
Fig. 1. The choice of 420~ suggests that  part ial  de- 
composition of InsSbTe2 could be the cause of the 
small  thermal  arres t  observed close to this t empera -  
ture  in the cooling run  on almost  every  sample con- 
taining be tween  20 and 70 mole % InTe, whe the r  or 
not it froze according to the stable phase diagram. 
(Both sets of the rmal  analysis data in Fig. 2 include 
arrests of this kind.) This explanat ion is consistent 
wi th  the slow rate  of decomposit ion observed at 400~ 
if it is assumed that  the decomposit ion ra te  is s trongly 
t empera tu re  dependent.  In that  case, the ra te  in the 
immedia te  vic ini ty  of the phase boundary could be 
high enough to resul t  in a the rmal  arrest  on cooling, 
but  lower ing  the t empera tu re  only a few degrees 
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would reduce the ra te  so much that  no fu r the r  thermal  
effects could be detected. 

Unstable phase diagram.--In addition to the stable 
phase diagram, Fig. 1 includes the l iquidus and solidus 
of an unstable diagram. This unstable d iagram has 
been constructed in order  to expla in  the results of the 
cooling runs on about  half  the InSb- InTe  samples 
containing be tween 40 and 75 mole % InTe. Typical  
results for one of these runs are shown in Fig. 2 (b), 
which gives the thermal  analysis data obtained for a 
sample (No. 25) containing 57.5 mole % InTe. Only 
two principal  thermal  arrests are observed: one at 
the unstable  l iquidus tempera ture ,  which lies below 
the stable l iquidus line, and the other  at the InSb-  
In~SbTe2 eutectic temperature .  There  is no arrest  
at the peri tect ic temperature .  A small  arrest  is ob- 
served at about 420~ as discussed previously.  The 
pa t te rn  of these data is obviously different f rom the 
pa t te rn  of those in Fig. 2(a) ,  obtained for a sample 
(No. 27) of the same composition which froze accord- 
ing to the stable diagram. On the other  hand, the pat-  
tern in Fig. 2 (b) is closely s imilar  to the one found 
for samples containing be tween  15 and 40 mole % 
InTe. It  was this s imilar i ty  which first suggested the 
existence of the unstable liquidus, which is s imply an 
extension to h igher  InTe compositions of the port ion 
of the stable l iquidus be tween  15 and 40 mole % InTe. 

According to the unstable  phase diagram, the te r -  
nary InSb- InTe  compound begins to crystal l ize as the 
p r imary  phase at the unstable l iquidus temperature ,  
whi le  InTe does not  crystal l ize f rom the mel t  at all. 
This in terpre ta t ion  of the the rmal  analysis data has 
been confirmed by the results of metal lographic  and 
x - r a y  studies on solidified thermal  analysis samples. 
These studies show that  l i t t le if any of an InTe phase 
is present  in samples which did not  exhibi t  a peri tect ic 
arrest  dur ing cooling. F igure  3(b)  is a photomicro-  
graph of the polished surface of such a sample, the 
same one (No. 25) containing 57.5 mole % InTe for 
which the rmal  analysis data are given in Fig. 2(b) .  
As expected, the t e rnary  compound and eutectic phase 
are present,  but  not InTe. In contrast, Fig. 3 (a) shows 
that  large quanti t ies  of InTe are present  in a sample 
containing 55 mole % InTe which froze according to 
the stable diagram. 

In Fig. 1 the unstable l iquidus t empera tu re  is shown 
as increasing monotonical ly  to 586~ as the InTe con- 
tent  increases to 75 mole % InTe, the highest  value  
for which p r imary  crystal l izat ion of the te rnary  com- 
pound was observed. The  shape of the l iquidus be-  
tween 66 and 75 mole  % InTe is uncertain,  since no 
data points were  obtained between these two com- 
positions. Accordingly,  this port ion of the l iquidus is 
represented by a dot-dashed l ine in Fig. 1. It seems 
almost certain, however ,  that  there  is no max im um  
close to 67 mole % InTe. Such a m a x i m u m  would be 
expected if the te rnary  compound crystall izing along 
the unstable l iquidus had a composition approximat ing 
In~SbTe2, the formula  adopted for samples annealed 
below the eutectic tempera ture .  Fur thermore ,  in cool-  
ing runs on samples which froze according to the un-  
stable diagram, prominent  eutectic arrests were  ob- 
served for 65 and ,66 mole  % InTe. On the other  hand, 
only a single arrest  at 586~ occurred for a sample 
(No. 40) containing 75 mole % InTe. In addition, the 
lattice paramete r  of the te rnary  compound in sample 
No. 40 was 6.142 • 0.003A, significantly higher  than 
the value  of 6.133 • 0.003A for the te rnary  compound 
in annealed samples containing InTe as a second phase. 
(1Vietallographic examinat ion  of sample No. 40 re-  
vealed traces of both InSb and InTe in addition to the 
te rnary  compound.) These observations indicate that  
the t e rna ry  compound contains significantly more  than 
67 mole % InTe, and probably  as much as 75 mole % 
InTe, when  it crystall izes f rom melts  at tempera tures  
sufficiently far  above the peri tect ic temperature .  For  
samples crystal l ized close to 586~ therefore,  the for-  
mula  In4SbTe3 appears to be more  appropr ia te  than 
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In3SbTe2. The solidus is shown in Fig. 1 as a dot-  
dashed line jo ining the unstable l iquidus at 75 mole % 
InTe with  the stable solidus at the peri tect ic t empera -  
ture. 

In order for an InSb- InTe  mel t  to freeze according 
to the unstable diagram, it  must  be supercooled below 
the stable l iquidus by an amount  equal  to the differ- 
ence be tween the stable and unstable  l iquidus t em-  
peratures  plus the amount  of supercooling requi red  to 
nucleate  crystal l izat ion of the te rnary  compound. In 
the present  investigation,  for those runs in which 
freezing occurred according to the unstable  diagram, 
the amount  of supercooling averaged 21~ below the 
stable l iquidus and 7~ below the unstable liquidus. 
In about half  the cooling runs for samples containing 
be tween  40 and 75 mole  % InTe, the exper imenta l  
conditions did not pe rmi t  sufficient supercooling, and 
the samples froze according to the stable diagram. Ap-  
parently,  the conditions employed by Deneke and 
Rabenau (8) were  even less favorable  for supercool-  
ing, since the the rmal  analysis data of these authors 
show that  f reezing according to the unstable  dia-  
gram did not occur in any of their  cooling runs. Con- 
sequent ly  they did not  discover the existence of this 
diagram. 

Freezing according to the unstable diagram did oc- 
cur in the exper iments  of Goryunova,  Radautsan, and 
Kiosse (3), who repor ted  on the basis of x - r a y  diffrac- 
tion data that  they obtained the te rnary  compound 
as a single phase by slow cooling of a mel t  containing 
75 mole % InTe. If this mel t  had frozen according to 
the stable diagram, three  phases would  have  been ob- 
vious in the solidified sample. These authors had no 
reason to suspect the existence of an unstable  diagram 
on the basis of their  observations. Therefore  they as- 
sumed that  the t e rnary  compound had crystal l ized as 
a stable phase, which they identified as In4SbTes. 

Freezing according to the unstable  d iagram also oc- 
curred in several  exper iments  per formed by Molodyan, 
Radautsan, and Madan (7), a l though these authors 
still failed to realize the existence of this diagram. 
They too repor ted  that  they obtained s ingle-phase 
samples of the t e rnary  compound by cooling melts  con- 
taining 75 mole  % InTe at a slow rate  (15~176 
In addition, they repor t  the rmal  analysis data which 
show that  f reezing according to the unstable  diagram 
occurred in cooling runs on melts  containing 50 and 75 
mole % InTe. For  the former  composition, arrests oc- 
curred at 567 ~ and 503~ in excel lent  ag reement  wi th  
the present  values of 566 ~ and 505~ respectively,  for 
a sample (No. 1O) with this composition. For  the 
lat ter  composition, a single arrest  was observed at 
586~ jus t  as in the present  run  on sample No. 40. 
Molodyan e t  al. (7) regarded  this observat ion as con- 
firming the identification of the te rnary  compound as 
In4SbTe.~, and they adopted 586~ as the mel t ing  point 
of the compound. 

Molodyan et al. (7) also repor ted  the rmal  analysis 
and x - r ay  data which were  obviously inconsistent 
wi th  a simple phase d iagram containing Ir~SbTe3 as 
a congruent ly  mel t ing  compound. These data, which 
they could not in terpre t  satisfactorily, can be ex-  
plained in detai l  on the basis of the stable diagram 
for the InSb- InTe  system. For  example,  they observed 
three  thermal  arrests, at 637 ~ 530 ~ and 496~ in a 
cooling run  on a sample containing 80 mole % InTe. 
These are the characterist ic liquidus, peritectic, and 
eutectic arrests for  a sample  freezing according to the 
stable diagram. The l iquidus and eutectic t empera -  
tures agree satisfactori ly wi th  the present  values for 
this composition, but  the peritectic t empera tu re  is 
about 20~ lower  than the present  one. They also ob- 
served that  InSb, InTe, and the t e rnary  compound 
were  all present  in a sample prepared  by rapidly  
cooling a mel t  containing 75 mole % InTe. In this 
case, f reezing must  have  occurred according to the 
stable diagram. 
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TaMe II. Electrical properties of samples containing In3SbTe2 

A n a l y s i s  
( M o l e  % T p R H  n = 1/R~:e RHr 

S a m p l e  P h a s c s  I n T e )  ( ~  ( o h m - c m )  ( c m 3  c o u l - Z )  ( c m - 5 )  ( c m 2  v - 1  sec -~ )  

6 7  I n ~ S b T e 2  6 8  3 0 0  4 .5  • 10-5  
77 2 6  • I ~  - ~ 5 ~  io-~ 1.1 ~1o~ 

6 9  I r ~ S b T e 2  70  3 0 0  6 .2  x 10  -~ 
77  3 .3  • 10-5  - - 5 . 0 - ~  1 0 ~  1 .3  ~ - 1 0  ~ ~ 5  

H A 2 - 1  I n ~ S b T e e ,  I n T e  7 3  3 0 0  2 .3  • 10  - t  - - 6 . 6  • 10  -~ 9 .9  • 10  m 3 
77  6 .7  • 10  -5 - - 7 . 1  X i 0  -~ 8 .8  • I 0  m 11 

H - 3  I n ~ S b T e 2 ,  I n S b  - -  3 0 0  5 .1  • 10-5  --7.2 • 1 0  4 8 .7  X 10m 14  
77  3 .0  • 10-5  - -  - -  

Superconductivity and electrical properties of 
In~SbTe2.--As discussed at the beginning of this paper, 
we original ly  wished to prepare  In3SbTe2 in order  to 
de termine  whe ther  it was a superconductor,  a possi- 
bil i ty suggested by its s imilar i ty in s t ructure  to 
InTe ( I I ) ,  the superconducting form of InTe prepared 
under  high pressure. Accordingly,  a number  of an-  
nealed samples prepared dur ing the phase diagram 
investigation, all of which  contained one or two minor  
phases in addition to In3SbTe2, were  checked for 
superconduct ivi ty  by a sel f - inductance technique (13). 
None of these samples became superconducting down 
to 1.3~ the lowest  t empera tu re  which could be at-  
tained with  the apparatus. Subsequently,  however ,  
In~SbTe2 was found to be a superconductor  by Rabe-  
nau, Deneke, and van der Meij (14), who were  able 
to make  measurements  at lower  temperatures .  These 
authors, who had independent ly  noted the s imilar i ty  
be tween In3SbTe2 and InTe ( I I ) ,  observed a supercon-  
ducting transi t ion at 1.06 ~ 

Table II gives the results  of electr ical  resis t ivi ty (p) 
and Hall  coefficient ( R H )  measurements  on four sam- 
ples containing In3SbTe2. The most significant data 
are those for the s ingle-phase samples 67 and 69, 
which were  cut f rom annealed ingots wi th  nominal  
compositions of 67 and 69 mole % InTe, respectively.  
Sample HA2-1 was also cut f rom an annealed ingot 
(nominal  composition 75 mole % InTe) ,  and sample 
H-3 was taken f rom an ingot prepared by the hor i -  
zontal Br idgman technique.  In each case the values  of 
p and R H  a r e  very  low, and p decreases wi th  decreas-  
ing temperature .  Thus all four  samples exhibi t  meta l -  
lic behavior,  a l though it cannot be determined f rom 
the data whe the r  InsSbTe2 is a meta l  or a semiconduc- 
tor with very  high carr ier  concentrations. For  sam- 
ples 67, 69, and H-3, at room tempera tu re  p is about 
5 x 10 5 ohm-cm, more than an order of magni tude  
lower than the value  of 7 x 10 -4 ohm-cm reported for 
In.~SbTe2 by Deneke, Rabenau, and van der Meij (14). 

Table II gives carr ier  concentrat ions calculated from 
the measured RH values according to the one-car r ie r  
expression n = 1/Rne. Although it has not been es- 
tablished that  this expression is val id  for In~SbTe2, it 
is of interest  that  the concentrations listed for the 
s ingle-phase samples 67 and 69 are in good agree-  
ment  wi th  those expected on the basis of the ionic 
model  proposed by Gel ler  and Hul l  (15) for high 
pressure InTe (II) and similar  materials.  According to 
this model, such mater ia ls  exhibi t  metal l ic  behavior  
because they contain both In +1 and In +8 ions, and 
electrons are easily t ransfer red  f rom one type of In 
ion to the other. The f ree  electron concentrat ion is 
equal  to twice the concentrat ion of In +I ions. There -  
fore, the electron concentrat ions predicted for 
InSb0.~2Te0.6s and InSb0.30Te0.70 are 1.18 x 1022 and 
1.21 x 1022 cm -3, respect ively,  in comparison wi th  the 
values of 1.1 x 1022 and 1.3 x 1022 cm -3 given in Table 
II for samples 67 and 69, respectively.  
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Alloys of InSb with inTe, In2Te  and Tellurium 
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ABSTRACT 

Standard x - r a y  powder  photograph techniques have  been used to in-  
vest igate the phases occurring in the InSb r ich regions of the InSb-InTe,  
InSb-IneTes, and InSb-Te  sections of the In -Sb -Te  diagram and also in some 
general  t e rnary  alloys of the system. It  is found that  only the InSb- InTe  sec- 
tion is pseudobinary and that  in the other  two sections th ree-phase  conditions 
occur. An isothermal  section shows that  the InSb phase observed is prac-  
t ically identical  for all three sections investigated, and that  the very  nar row 
InSb single-phase field lies be tween  the InSb- InTe  and InSb-In2Te3 sections. 
This accounts for the similari t ies in the electr ical  and optical data repor ted  
for the InSb-r ich  regions of the three  sections. 

It  is also confirmed that  the sodium chloride type phase which occurs in 
the diagram is at In3SbTe2 and that  this phase disappears by a eutectoid r e -  
action in the tempera ture  range 400~176 

Various sections of the I n - S b - T e  phase d iagram in-  
volving InSb have been invest igated to some extent  
(1-5), main ly  with reference to the semiconducting 
propert ies  of the InSb phase. Thus the InSb- r ich  re -  
gion of the InSb-Te  section is of interest  f rom the 
point of v iew of doping of InSb, whi le  the InSb-  
In2Te3 and InSb- InTe  sections have  received at tent ion 
from the alloy semiconductor viewpoint .  Both the 
InSb-In2Te3 and InSb- InTe  sections have  usual ly been 
treated as pseudobinary in behavior.  

The InSb-In2Te3 section is of interest  in that  both 
InSb and In2Te3 have  a zincblende structure,  that  of 
In2Te3 being of the defect type where  every  third site 
on the indium sublatt ice is vacant.  (Al though the 
lattice vacancies in In2Te3 can be caused to order at 
tempera tures  below approximate ly  600~ this order-  
ing requires  ve ry  long anneal ing or special p repara-  
tion techniques. For  preparat ions by the quench-an-  
neal method used below, the In2Te3 can be assumed to 
be in the disordered state.) Thus a considerable range 
of s ingle-phase solid solution might  be expected. In the 
init ial  work  (4) on the InSb-In2Te3 section, i t  was r e -  
ported that  s ingle-phase solid solution occurred out to 
15 mole % In2Te3 in In3Sb3, whi le  at compositions 
beyond the range of s ingle-phase InSb solid solution a 
phase with  rock-sal t  s t ructure  was observed, but  not  
identified. Later  work  (1-3) however  showed that  this 
phase was in fact a te rnary  compound in the InSb-  
InTe section, wi th  a composition of ei ther  In4SbTes 
(1) or Ir~3SbTe2 (2, 3). The occurrence of this phase 
in the equi l ibr ium alloys of the InSb-InuTe3 section 
shows that  this section cannot have  pseudobinary 
properties.  This conclusion is re inforced by the semi-  
conducting propert ies  of the InSb rich alloys of the 
InSb-In2Te3 section (6, 7) where  the high total  elec- 
t ron concentrat ion (>1019/cc) indicates the presence 
of uncompensated ionized te l lu r ium atoms. This can 
be explained only in terms of the absence of the 
stoichiometric concentrat ion of lattice vacancies which 
is equiva len t  to saying that  the equi l ibr ium phase is 
not represented by a point in the InSb-In2Te3 section, 
and that  the apparent  s ingle-phase alloys repor ted  
previously (4) do in fact contain a small  amount  of 
second phase. 

F rom the point of v iew of the behavior  of InSb and 
its alloys, it is of interest  to have more informat ion 
on this region of the I n - S b - T e  diagram. Also, the 
rock-sal t  phase has been shown to have superconduct-  
ing propert ies  (8) so that  fur ther  informat ion in this 
part  of the diagram also is of interest.  The work  of 
Strauss et aL (9), carried out at the same t ime as 
the present  work, considers in detail  the ver t ica l  
section InSb-InTe.  It  is confirmed that  the rock-sal t  
compound has the composition In~SbTe2 and that  i t  
is stable over  only a l imi ted t empera tu re  range. In 

the present  work, x - r a y  methods have been used to 
obtain data on isothermal  sections of the In -Sb -Te  
diagram, one at a t empera tu re  where  In3SbTe2 is 
stable and one at a t empera ture  below that  at which 
In~SbTe2 undergoes a eutectoid change. 

Experimental  Procedure 
All  specimens were  prepared f rom elements  of 

99.999% purity.  In some cases, the alloys were  made 
f rom the appropr ia te  compounds InSb, InTe, In2Te3, 
while  in others they were  prepared  direct ly  f rom the 
elements.  No difference in results was observed for the 
two methods of preparat ion.  The samples were  sealed 
in evacuated quar tz  tubes, held mol ten and agitated t o  
give thorough mixing,  and then quenched in water.  
Each sample was then annealed at an appropr ia te  
t empera ture  so that  equi l ibr ium could be attained, as 
indicated by x - r a y  powder  photographs. As ment ioned 
below, at tempera tures  below the eutectoid t empera -  
ture  of the rock-sa l t  compound, considerable diffi- 
culty was exper ienced in br inging samples to equi-  
l ib r ium even though the anneal ing was carr ied out 
for two or three  weeks. 

Results 
The major i ty  of the alloys considered lay on one 

of the sections InSb-Te,  InSb-In2Tes, or InSb-InTe,  
a l though a few general  t e rnary  alloys were  also in-  
vestigated. All  alloys invest igated are indicated ei ther  
on Fig. 1 or Fig. 2. The anneal ing tempera tures  used 
were  470 ~ 430 ~ 400 ~ and 350~ 

For  all alloys where  appropriate,  the latt ice pa ram-  
eter ao of the zincblende phase was de te rmined  and 
the variat ions of ao with  composition in the InSb-  
In2Te3 and InSb-Te  sections are shown in Fig. 1. This 
data for the InSb-In2Te3 sections [Fig. l ( a ) ]  had 
been obtained previously (4), and addit ional  points 
confirmed the apparent  pseudobinary form with  a 
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Fig. 1. Variation of lattice parameter ao of InSb phase as a 
function of composition. (o) InSb-ln2Te~ section. (b) InSb-Te sec- 
tion. 
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Fig. 2. Diagram showing 470~ isothermal section 

range of solid solution of 14 mole % In2Te3 in In3Sb3, 
i.e., slightly more  than 7 a /o  (atomic per  cent) Te. 
The value  of ao at la rger  te l lur ium content  was de-  
te rmined for various anneal ing temperatures ,  but  al-  
though the points show some scatter, no systematic 
var ia t ion with  t empera tu re  could be determined.  The 
results for InSb-Te  in Fig. l ( b )  are seen to be very  
similar, giving an apparent  range of s ingle-phase solid 
solution of a l i t t le  below 7 a /o  tel lurium. 

Study of the x - r ay  photographs for samples of 
higher  t e l lu r ium content  on these sections revea led  
the presence of lines corresponding to antimony, and 
a photomicrograph of an alloy containing 4 a /o  te l -  
lur ium showed the presence of a second phase, pre-  
sumably antimony. Invest igat ion of alloys of h igher  
ant imony content  showed that  the isothermal  section 
at 470~ is as given in Fig. 2. The ver t ical  sections 
InSb-In2Te3 and InSb-Te  intersect  this isothermal  
section first in a two-phase  field InSb(~)  + Sb(~)  
and then in a three-phase  field (a + ~ ~- -~) where  
is the rock-sal t  phase. Thus the two parts of the ao 
against composition graphs in Fig. 1 correspond to the 
zincblende parameters  in these two fields. The ap- 
parent  limits of solid solution in atomic per cent te l-  
lurium, quoted above for the two ver t ical  sections, 
de termine  the position of the  three-phase  field bound-  
ary and hence indicate the range of the s ingle-phase 

field. The exact  position of the , field was not de-  
te rmined by x - r ay  methods, but it is clear  f rom the 
electr ical  data on InSb-In2Te3 and InSb- InTe  alloys 
(7) that  this s ingle-phase region must  lie be tween  
these two sections as indicated in Fig. 2. F rom this 
data it is also seen that  the range of s ingle-phase 

in the InSb-In2Te3 and InSb-Te  sections must  be 
very  small. 

In the InSb- InTe  section, the var ia t ion in zinc- 
blende latt ice paramete r  for the annealed samples was 
found to be very  small, so that  an accurate est imate 
of the limits of solid solution could not be made, but  
this would appear to be approximate ly  5 mole  % 
InTe, in agreement  wi th  the data of Strauss et al. (9). 
In the two phase region (~ + ~), the tie lines lie in 
the plane of the section, this being the l imit  of a 
nar row two phase (~ -~ fi) field of the isothermal  
section as shown in Fig. 2. Because of the narrowness  
in this two-phase  field, a very  small  deficiency in 
indium would result  in a quite different value  for the 
range of solid solution in the zincblende a phase. This 
could explain the results of Goryunova  et al. (1), 
giving a l imit  of solid solution of 15 mole % InTe in 
InSb. 

Other  work  (2, 3, 9) has shown that  the rock-sa l t  
phase ~ definitely occurs on the InSb- InTe  section, 
and the data obtained here  agree wi th  this result.  A 
study of the x - r a y  photographs showed that  two-  
phase behavior  was shown by almost  all samples in 
the range 60-80 mole % InTe, and the fi phase appears 
to be a l ine phase wi th  a composit ion close to In3SbTe2 
and not In4SbTe3. 

The range of solid solution in InTe was not inves t i -  
gated in detail, but  this was observed to be small and 

less than 5 mole % as indicated by Strauss et al. (9). 
In Fig. 2, the In3SbTe2-InTe line forms the l imit  of 
a second three-phase  field (~ -~ ~ -~ 8) where  the 5 
phase is ve ry  close to InTe. 

Alloys were  annealed at 400 ~ and 350~ in order to 
de termine  the equi l ibr ium conditions at t empera tures  
below the range of stabili ty of the rock-sal t  phase. 
Difficulties were  exper ienced in obtaining consistent 
data f rom the various alloy samples, in that  in many 
cases the x - r a y  lines corresponding to the rock-sal t  
phase was still observed even af ter  one or two weeks 
annealing. In most cases however  the appearance of 
InSb or InTe lines (as appropriate)  indicated that  
the rock-sal t  phase was s lowly decomposing into InSb 
and InTe phases. Al though the rock-sal t  phase was 
never  completely  lost, the equi l ibr ium condition at 
400 ~ and 350~ could be determined.  Thus the two 
three-phase  fields (~ ~- ~ -}- ~) and (~ ~- ~ -~ 8) 
shown in Fig. 2 combine at lower  tempera tures  to 
give one three-phase  (a ~- ~ -~ 8) field, and the ex-  
tent  of the two-phase  (a -~ ~) and the s ingle-phase 

fields are pract ical ly unaffected. 

Conclusions 
The form of equi l ibr ium diagram obtained here 

explains the similari t ies in the latt ice parameter ,  elec- 
trical and optical data reported for the alloy systems 
InSb-Te,  InSb-In2Te3, and InSb-InTe.  In the case of 
InSb-Te  and InSb-In2Te3 alloys, the zincblende phase 
observed in the apparent  s ingle-phase region is the 
same for both cases, the difference being only in the 
amount  of ant imony second phase present. For  con- 
centrat ions of te l lur ium of a few atomic per  cent, 
this ant imony wil l  have  pract ical ly  no effect on the 
observed values of energy gap, Hall  coefficient, etc. 
With the s ingle-phase ~ field being ve ry  narrow,  as 
shown in Fig. 2, s imilar  alloys on or close to the InSb-  
InTe section will  consist of the same zincblende phase 
with  a small amount  of second phase present  and so 
again will  give data similar  to that  for alloys on the 
other  two sections. 

Since alloys on the InSb-Te  and InSb-In2Te3 sec- 
tions give the same equi l ibr ium phases, In2Tes can 
be used for doping InSb. This use of In2Te3 can have 
the advantage that  when  v e r y  heavy  doping is re-  
quired, less second-phase ant imony is produced. 
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Vapor Growth of AlP Single Crystals 
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ABSTRACT 

Single crystal  AlP  layers up to 0.1 cm thick and 2 cm in d iameter  have 
been grown onto silicon and GaAs substrates by using an open- tube  vapor -  
transport  technique. Iodine was found to be more  sat isfactory than chlorine 
for t ransport ing a luminum at modera te ly  low tempera tures  (source at l l00~ 
substrate at 900~ It  was essential  that  the phosphorus vapor  be introduced 
downst ream from the a luminum source to p reven t  the format ion of A lP  at 
the source and the eventual  re tardat ion of the t ransport  process. The as- 
grown layers are invar iably  n - type  containing greater  than 1 x 10 TM donors /  
cm ~. Characterist ics of n-p, AIP-S i  hetero~unctions were  obtained and are 
discussed. 

The I I I -V compound semiconductor  a luminum phos- 
phide, AlP, has received very  l i t t le at tent ion in the 
past ( I ) ,  whi le  others of this family,  such as GaAs 
and InSb, have been studied extens ive ly  and charac-  
terized reasonably well. This situation is unders tand-  
able when  it is considered that  AlP is a h igh-band-  
gap (2.5-3 ev) semiconductor  wi th  a mel t ing point 
> 2000~ and a dissociation pressure  of tens of at-  
mospheres at its mel t ing point. However ,  since AlP 
is a compound which is isoelectronic wi th  the most 
useful of the group IV e lementa l  semiconductors,  sil- 
icon, studies of its propert ies  would  be of value  in 
extending exist ing knowledge  in sol id-s ta te  science, 
and the mater ia l  could p rove  to be of substantial  prac-  
tical importance.  Other I I I -V  compounds, which are 
isoelectronic to the semiconducting group IV elements,  
are GaAs and InSb, two compounds which are by far  
the most interest ing and potent ia l ly  useful of the 
family  in their  band-gap ranges. 

One of the advantages real ized in vapor  phase 
growth of I I I -V compounds is that  crystal  growth 
occurs at tempera tures  and pressures wel l  be low the 
respect ive mel t ing point and dissociation pressure of 
the compound at the mel t ing  tempera ture .  The lower  
growth tempera ture  makes it possible to employ sub- 
strates of lower mel t ing  compounds or elements,  
which is also a distinct advantage  in the epi taxial  
growth of AlP. In addit ion in teres t ing he te ro junc-  
tions are formed by this technique. An impor tant  fea-  
ture of vapor  phase growth, which is sometimes over -  
looked, is the possibility of growing re la t ive ly  large 
volume single crystals that  can be removed  f rom a 
substrate and t reated as a bulk crystal.  The scope of 
this paper  is directed toward these two points, i.e., 
the growth of bulk crystals of AlP by a vapor  phase 
growth technique and the growth of semiconductor 
heterojunctions.  

Experimental 
The vapor  phase process for obtaining AlP involves 

react ing l iquid a luminum wi th  a halogen, preferably  

tQuUbaer t z react ion 

Resistance fur.oce Quoftz s~eeve 

l~+ H~ f ~ A ~ u m i n u m  $ubst~ote ~ / 2  ~ ' ~ S u b s t r o t e ' ~  

/ u 

~ l ~ l l l  l i t  I J L r  i 1  
4 5 6 Z 8 9 I0 II 12 I~ 14 

Inches  

Fig. 1. Vapor growth apparatus 

iodine, to produce volat i le  a luminum halides. The 
various vapors are t ransported through an open- tube  
flow system by main ta in ing  a constant flow of hydro-  
gen as a carr ier  gas. The a luminum halides are car-  
r ied downst ream and mixed  wi th  phosphorus vapor  in 
a vapor  growth chamber,  containing a silicon or a 
GaAs substrate. In this chamber,  f ree a luminum is re -  
leased through a disproport ionat ion type of reaction 
and is avai lable to react  wi th  the phosphorus to form 
AlP as an epi taxial  layer  on the substrate. An im-  
por tant  feature  of this technique is that  the phos- 
phorus vapor  does not  contact  the l iquid a luminum 
source. If this fea ture  is not  provided,  a coherent  layer  
of AlP forms over  the aluminum, which impedes and 
eventua l ly  stops the react ion of a luminum wi th  the 
halogen. 

The vapor  phase growth apparatus shown in Fig. ] 
consists of a quar tz  tube (40 mm OD, 34 n:m ID) 
about 3 ft long. The a luminum source (5-9's pure)  is 
contained in an a lumina boat  positioned about mid-  
way along the length of the quartz tube. Iodine va-  
pors are admit ted to the react ion chamber  by di- 
rect ing a s t ream of hydrogen  (passed through pal la-  
dium) over  about 50g of t r ip ly  sublimed iodine crys-  
tals contained in a U-shaped  tube attached to the 
large quartz tube. The quant i ty  of iodine which is 
carr ied into the system is de termined  by the t emper -  
a ture  of the iodine and the flow rate  of the hydrogen 
gas. Phosphorus vapors  are added in a s imilar  manner,  
but  these vapors are introduced into the quartz  tube 
downst ream of the a luminum and immedia te ly  up-  
s t ream of the substrate. Approx imate ly  10g of high-  
pur i ty  white  phosphorus makes up the phosphorus 
source. 

The reactions at the a luminum source, which is 
mainta ined at about  1130~ appear  to involve  at least 
the two competing reactions 

A1 + 1/2 12 = All [1] 
and 

A1 + 3/2 I2 = AlI3 [2] 

The disproport ionat ion react ion of interest  in the va-  
por growth chamber  is therefore,  

3AII ~- 2A1 + AlI~ [3] 

and finally the f ree  a luminum reacts wi th  phosphorus 
to form AlP. 

Dur ing a typical  experiment ,  hydrogen  flows through 
the iodine reservoi r  at about 1000 cc /min  and through 
the phosphorus reservoi r  at about  25 cc/min.  When the 
iodine source is mainta ined at  about 45~ iodine 
flows into the system at a ra te  of about 1.3 g /hr .  When 
the phosphorus source is mainta ined at about 230~ 
the phosphorus flows into the system at a ra te  of 
about 0.16 g /hr .  The a luminum source is mainta ined 
at a t empera tu re  of about 1130~ and a luminum is 
introduced into the vapor  s t ream as a luminum iodide 
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c o m p o u n d s  a t  a r a t e  of  a b o u t  0.17 g / h r .  I t  is  n o t e d  t h a t  
if  t h e  i o d i n e  r e a c t s  c o m p l e t e l y  w i t h  t h e  a l u m i n u m  
source ,  t h e  r a t e  a t  w h i c h  a l u m i n u m  is t r a n s p o r t e d  as 
AII  is a b o u t  0.12 g / h r ;  t h e  r e s t  of t h e  a l u m i n u m  (0.05 
g / h r )  b e i n g  t r a n s p o r t e d  as  AIIs. I n  a d d i t i o n ,  i t  is 
n o t e d  f r o m  r e a c t i o n  [3] t h a t  t h e  m a x i m u m  a m o u n t  of 
f r e e  a l u m i n u m  w h i c h  c a n  b e  p r o d u c e d  in  t h e  v a p o r  
g r o w t h  c h a m b e r  b y  a d i s p r o p o r t i o n a t i o n  t y p e  r e a c -  
t i o n  is 2 /3  of t he  a m o u n t  of a l u m i n u m  p r e s e n t  as 
AI I  or  a t  a r a t e  of 0.08 g / h r .  T h e r e f o r e  u n d e r  t h e s e  
cond i t i ons ,  t h e  p h o s p h o r u s  is i n  exces s  of t h e  a m o u n t  
of f r e e  a l u m i n u m  a v a i l a b l e  in  t h e  v a p o r  g r o w t h  
c h a m b e r .  Hence ,  as A l P  is f o r m e d  a n d  g r o w n  o n  t h e  
c h e m i c a l l y  p o l i s h e d  s i l i con  o r  G a A s  s u b s t r a t e ,  w h i c h  
is m a i n t a i n e d  a t  a b o u t  900~ a l l  t h e  f r e e  a l u m i n u m  
c a n  be  c o n s u m e d  to  f o r m  A l P  w i t h  t h e  excess  p h o s -  
p h o r u s  b e i n g  c a r r i e d  a w a y  i n  t h e  v a p o r  s t r e a m .  

Results 

Preparation.--In t h e  m a n n e r  d e s c r i b e d ,  s ing le  c r y s -  
t a l  l a y e r s  of A l P  as t h i c k  as  1000~, h a v e  b e e n  g r o w n  
d u r i n g  a 2 4 - h r  run .  T h e  l a y e r s  w e r e  g r o w n  o n  2 - c m  
d i a m e t e r  s i l i con  s u b s t r a t e s  o r i e n t e d  s u c h  t h a t  a {111} 
c r y s t a l l o g r a p h i c  p l a n e  w a s  exposed .  I t  is n o t e d  t h a t  
s i l i con  is a n  e x c e l l e n t  cho ice  f o r  a seed  m a t e r i a l  s ince  
i t  h a s  t h e  s a m e  c r y s t a l  s t r u c t u r e  a n d  a l m o s t  e x a c t l y  
t h e  s a m e  a t o m  s p a c i n g  as  AlP .  I t  h a s  a lso  b e e n  p o s -  
s ib le  to d e p o s i t  l a y e r s  of A l P  on  G a A s  s u b s t r a t e s  b y  
t h e  p r o c e d u r e  g i v e n  above .  

B y  c o n t r a s t ,  if  t h e  p h o s p h o r u s  v a p o r  is i n t r o d u c e d  
u p s t r e a m  of t h e  a l u m i n u m  source ,  e s s e n t i a l l y  no  A l P  
f o r m s  i n  t h e  v a p o r  g r o w t h  c h a m b e r  u n d e r  s i m i l a r  
cond i t i ons .  I n s t e a d  t h e  a l u m i n u m  s o u r c e  is c o v e r e d  
w i t h  a c o h e r e n t  l a y e r  of  so l id  A l P  w h i c h  e v e n t u a l l y  
p r e c l u d e s  r e a c t i o n  of  t h e  i n c o m i n g  i o d i n e  w i t h  t h e  
a l u m i n u m .  In  a s e p a r a t e  e x p e r i m e n t ,  A l P  c r y s t a l s  
w e r e  u s e d  in  p l ace  of t h e  a l u m i n u m  s o u r c e  a n d  io-  
d i n e  p a s s e d  o v e r  t h e m  a t  1140~ No A l P  w as  t r a n s -  
p o r t e d  d u r i n g  a 5 - h r  r u n .  Hence ,  i t  is e s s e n t i a l  to 
k e e p  p h o s p h o r u s  v a p o r s  a w a y  f r o m  t h e  a l u m i n u m  
s o u r c e  in  o r d e r  to  a c h i e v e  a c o n t i n u o u s  p r e p a r a t i o n  
p roce s s  a t  m o d e r a t e  t e m p e r a t u r e s ,  w h i c h  wi l l  y i e l d  
r e l a t i v e l y  t h i c k  l a y e r s  of A l P  e p i t a x i a l l y  g r o w n  on  a 
s u b s t r a t e .  A n o t h e r  a d v a n t a g e  in  d e l a y i n g  t h e  m i x i n g  
of t h e  a l u m i n u m  h a l i d e s  a n d  t h e  p h o s p h o r u s  v a p o r s  
u n t i l  t h e y  r e a c h  t h e  v a p o r  g r o w t h  c h a m b e r  is t h a t  
d i r e c t  r e a c t i o n s  of p h o s p h o r u s  w i t h  t h e  a l u m i n u m  
h a l i d e s  a r e  s u p p r e s s e d ,  t h u s  e l i m i n a t i n g  a n  u n c o n -  
t r o l l e d  p r o d u c t i o n  of A l P  o v e r  a r e l a t i v e l y  w i d e  t e m -  
p e r a t u r e  r a n g e .  

I n v e s t i g a t i o n s  w e r e  m a d e  u s i n g  ch lo r ine ,  i n t r o d u c e d  
as HC1 or  AIC]~, i n s t e a d  of  i od ine  as t h e  h a l o g e n .  T h e  
a l u m i n u m  s o u r c e  w a s  m a i n t a i n e d  a t  t e m p e r a t u r e s  as 
h i g h  as 1200~ w i t h  no  a p p a r e n t  f o r m a t i o n  of A l P  
i n  t h e  v a p o r  g r o w t h  s y s t em .  T h i s  is n o t  s u r p r i s i n g  if  
one  c o n s i d e r s  t h e  t h e r m o c h e m i c a l  d a t a  a v a i l a b l e  (2) 
f o r  t h e  a l u m i n u m  c h l o r i d e s  a n d  t h e  a l u m i n u m  iod ides  
as s h o w n  in  Fig.  2. F o r  e q u a l  m o l e  f r a c t i o n s  of c h l o -  
r ine ,  r e a c t i o n  [2] is f a v o r e d  o v e r  r e a c t i o n  [1] u n t i l  a 
t e m p e r a t u r e  in  excess  of a b o u t  1280~ is r e a c h e d .  In  
t h e  case  of t h e  a l u m i n u m  iodides ,  r e a c t i o n  [1] is f a -  
v o r e d  a t  t e m p e r a t u r e s  in  excess  of a b o u t  1080~ I n  
o r d e r  to  g r o w  A l P  u s i n g  a c h l o r i n e  t r a n s p o r t ,  a l u -  
m i n u m  s o u r c e  t e m p e r a t u r e s  in  excess  of 1300~ w o u l d  
b e  r e q u i r e d .  A l i n e r  w o u l d  be  n e c e s s a r y  to p r e v e n t  
d e t e r i o r a t i o n  of t h e  q u a r t z  t u b e  b y  a t t a c k  f r o m  r e a c -  
t i o n  p roduc t s .  Th i s  w a s  s e e n  to b e  a p r o b l e m  e v e n  a t  
1200~ fo r  t h e  c h l o r i n e  case  and,  to  a l e s se r  e x t e n t ,  
a t  1130~ fo r  t h e  i o d i n e  case.  A q u a r t z  l i n e r  is suff i-  
c i e n t  to  p r e v e n t  b r e a k a g e ;  h o w e v e r ,  a h i g h - p u r i t y  
a l u m i n a  l i n e r  w o u l d  b e  b e t t e r  f r o m  t h e  s t a n d p o i n t  of  
e l i m i n a t i n g  s i l i con  c o n t a m i n a t i o n  f r o m  t h e  qua r t z .  

F i g u r e  3 s h o w s  t h e  c o n s u m p t i o n  of  a l u m i n u m  a t  t h e  
s o u r c e  as a f u n c t i o n  of i o d i n e  f low r a t e .  T h e  a l u -  
m i n u m  s o u r c e  t e m p e r a t u r e  w a s  1130~ w i t h  a s u r -  
f ace  a r e a  of a p p r o x i m a t e l y  10 cm 2. T h e  e x p e r i m e n t a l  
d a t a  l ie  a b o v e  t h e  l i ne  r e p r e s e n t i n g  c o m p l e t e  r e a c -  
t i o n  of t h e  i o d i n e  v i a  r e a c t i o n  [2].  Hence ,  s o m e  of 
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t h e  a l u m i n u m  m u s t  h a v e  b e e n  t r a n s p o r t e d  as a n  u n -  
s t a b l e  i n t e r m e d i a t e ,  s u c h  as AI I  or  AIIu. A c t u a l l y  t h e  
a m o u n t  of a l u m i n u m  t r a n s p o r t e d  is f o u n d  to b e  
g r e a t e r  t h a n  cou ld  b e  t r a n s p o r t e d  so le ly  as AII2. O n  
t h e  o t h e r  h a n d ,  t h e  a m o u n t  of a l u m i n u m  t r a n s p o r t e d  
is less t h a n  w o u l d  h a v e  b e e n  c o n s u m e d  i n  c o m p l e t e  
r e a c t i o n  of t h e  i o d i n e  v ia  r e a c t i o n  [1],  s u g g e s t i n g  t h a t  
t h e  i od ine  h a d  n o t  c o m p l e t e l y  r e a c t e d  a n d / o r  f o r m a -  
t ion  of AII3 a n d  p o s s i b l y  AII~ o c c u r r e d  a t  t h e  a l u m i -  
n u m  source .  A t  t h e  l a r g e r  i o d i n e  f low ra te s ,  u n r e a c t e d  
i o d i n e  w a s  o b s e r v e d  e x p e r i m e n t a l l y .  H o w e v e r ,  a t  t h e  
s m a l l e s t  i o d i n e  f low r a t e  of 5.7 x 10 -3  g r a m - a t m / h r  
n e a r l y  a l l  t h e  a l u m i n u m  c o n s u m e d  was  t r a n s p o r t e d  as 
AII, a n d  n o  e v i d e n c e  of f r ee  i o d i n e  was  o b s e r v e d  v i s -  
u a l l y  in  t h e  e x h a u s t  p r o d u c t s .  

Properties.--The s ing le  c r y s t a l  l a y e r s  of A l P  a r e  
eas i ly  r e m o v e d  f r o m  t h e  s i l i con  or  G a A s  s u b s t r a t e s  b y  
l a p p i n g  a w a y  t h e  s u b s t r a t e  w i t h  a s i l i con  c a r b i d e  
a b r a s i v e .  I t  is o b s e r v e d  t h a t  t h e  r a t e s  a t  w h i c h  A l P  
a n d  s i l i con  a r e  a b r a d e d  a r e  a p p r o x i m a t e l y  equa l ,  
w h i c h  f a c i l i t a t e s  t h e  r e m o v a l  of  t h e  s i l icon.  A f t e r  r e -  
m o v a l  of t h e  s u b s t r a t e ,  t h e  A l P  l a y e r s  a r e  f o u n d  to  b e  
t r a n s p a r e n t ,  a p p e a r i n g  g r e e n i s h  y e l l o w  in  color.  T h e  
s u r f a c e  of  t h e  A l P  r e a c t s  w i t h  m o i s t  a i r  t o  f o r m  a 
w h i t e  f i lm if  e x p o s e d  fo r  a n y  l e n g t h  of t ime .  T h e  
A l P  s u r f a c e  c a n  b e  p o l i s h e d  m e c h a n i c a l l y  u n d e r  k e r o -  
s e n e  a n d  r i n s e d  i n  a d r y  o r g a n i c  so lven t .  T h e  r e s u l t i n g  
s u r f a c e  a p p e a r s  less s u s c e p t i b l e  to  a t t a c k  b y  m o i s t  air .  

T h e  r e s u l t s  of d - c  e l e c t r i c a l  m e a s u r e m e n t s  s h o w  
t h a t  t h e  A l P  s a m p l e s  p r e p a r e d  to d a t e  a r e  n - t y p e ,  
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heterojunction. 

exhibi t ing re la t ive ly  low resistivit ies and containing 
re la t ive ly  large concentrat ions of free carriers. The 
free carriers are bel ieved to result  f rom the incorpo- 
rat ion of impuri t ies  dur ing preparat ion,  and one sus- 
pects that  the silicon content  may  be large because the 
vapor  growth was carr ied out in a quartz  tube. How-  
ever, the effects of carbon and oxygen as substi tu-  
t ional impuri t ies  should be considered because these 
elements may  be expected to produce more  pro-  
nounced effects in AlP than they apparent ly  produce 
in lower -band-gap  I I I -V compounds. Carr ier  concen- 
trat ions obtained f rom Hall  effect measurements  have 
been in the range 5 x 10 TM to 5 x 1019/cm 3 with  the 
highest electron mobil i ty  being about 60 cm2/vol t -sec  
at 3O0~ The Hall  coefficient is seen to be constant 
wi th  t empera tu re  and the electron mobil i ty  increases 
wi th  increasing t empera tu re  in the range 77~176 

Heterojunct ions  formed at the AlP-S t  interfaces 
have been examined and I -V characterist ics obtained. 
Figure  [4] shows the forward  and reverse  character is-  

tics of an n-p, AlP-S t  heterojunction.  One ohm-cm 
silicon was used; hence both mater ia ls  are heavi ly  
doped. The rectification ratio is about 100 and 1000 at 
0.5 and 0.8% respectively.  The log I -V plot  is l inear  
for forward  bias over  an appreciable range, wi th  cur-  
rent  vary ing  as exp (qV/3.2 kT) .  The n = 3.2 value 
is too large to be indicat ive of only Schottky emission 
(,1 = 1). However ,  if one considers an energy band 
profile for the n-p  AlP-S t  structure,  it is apparent  that  
a bar r ie r  exists. Analysis of forward  characterist ics in 
the form 

J ~ d*T2e-$/n kT (e qV/nkT-1) [4] 

yields a value of the barr ie r  ~ of about 2 ev, where  A* 
= Am*/too is the effective Richardson constant (3). 
When n-n  AlP-S t  heterojunct ions were  made with  
0.01 ohm-cm n- type  St, no barr ie r  was observed ex-  
per imental ly .  

Summary 
It  has been demonstra ted that  large single crystals 

of AlP can be grown by a vapor  phase growth tech-  
nique. Iodine is seen to be superior  to chlorine as a 
t ranspor t ing agent, p r imar i ly  f rom the standpoint  of 
lower  source- tempera ture  requirements .  A luminum 
source tempera tures  as low as l l00~ have  been used 
for long period continuous growth of AlP. To main-  
tain such growth, it is necessary to prevent  the phos- 
phorus vapors f rom contacting the a luminum source. 
To make the A lP  more  a t t ract ive for fu r the r  study of 
propert ies  and applications, greater  at tent ion must 
be directed to the el iminat ion of impurities.  
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Autodoping of Silicon Films Grown Epitaxially on Sapphire 
D. J. Dumin and P. H. Robinson 

RCA Laboratories, Princeton, New Jersey 

Recently silicon has been grown epi taxial ly  on 
s ingle-crysta l  sapphire (A12Os) (1), and s i l icon-on-  
sapphire has been used in the fabricat ion of MOS 
transistors (2). The silicon used in these studies was 
grown by the pyrolysis of silane (Sill4) and has been 
described in detai l  (3). 

ABSTRACT 

Doping by the substrate of silicon films grown epi taxia l ly  on sapphire 
(A1203) has been measured.  Spectroscopic analysis of the silicon films has 
shown that  a luminum is the major  impurity.  In films grown with  NA ~ 1015/cc 
fu r the r  processing below 1200~ introduces no additional doping f rom the 
substrate. The doping of the films by the sapphire becomes significant above 
1250~ with the sapphire acting as a source of a luminum. The total  number  
of a luminum atoms enter ing the silicon films is of the order  of 1-2-10 ~ re -  
sult ing in a concentrat ion of 2"10~S/cc in the silicon film. The  mechanism 
responsible for the l iberat ion of the a luminum f rom the sapphire has not  been 
determined.  A qual i ta t ive  description of the changes in crystal  s t ructure  
on hea t - t r ea tmen t  is given. 

All  films not purposely doped are p-type,  and emis-  
sion spectrographic analysis of the silicon indicates 
the major  impur i ty  to be aluminum. Substra te  doping 
of silicon grown epi taxial ly  on silicon has been 
studied (4) and a t t r ibuted to normal  diffusion of 
impuri t ies  f rom the silicon substrate.  A series of ex-  
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p e r i m e n t s  ha s  b e e n  p e r f o r m e d  to d e t e r m i n e  t he  e x t e n t  
of d o p i n g  a t t r i b u t a b l e  to  t h e  s a p p h i r e  s u b s t r a t e .  
M e a s u r e m e n t s  of t h e  d i f fus ion  c o n s t a n t  a n d  c o n c e n t r a -  
t i on  of t h e  d o p a n t  h a v e  b e e n  m a d e  w h i c h  i n d i c a t e  
t h a t  t h e  s a p p h i r e  ac t s  as a l i m i t e d  s o u r c e  of  a l u m i n u m .  
T h e  a l u m i n u m  is l i b e r a t e d  f r o m  t h e  s a p p h i r e  a n d  d i f -  
fuses  i n to  t h e  s i l i con  d u r i n g  t h e  e p i t a x i a l  g r o w t h  a n d  
d u r i n g  s u b s e q u e n t  h i g h  t e m p e r a t u r e  h e a t  t r e a t m e n t s .  
Th i s  s o u r c e  of a l u m i n u m  wi l l  d e t e r m i n e  t h e  u p p e r  
t e m p e r a t u r e  l i m i t  f o r  d e v i c e  p r o c e s s i n g  i n  s i l i con  
g r o w n  on s a p p h i r e .  

Experimental Techniques 
T h e  s i l i con  fi lms w e r e  g r o w n  on  p o l i s h e d  h e a t -  

t r e a t e d  s a p p h i r e  s u b s t r a t e s  h a v i n g  (0001) a n d  (1102) 
o r i e n t a t i o n s .  O t h e r  o r i e n t a t i o n s  h a v e  b e e n  t r ied ,  a n d  
a l l  r e s u l t s  r e p o r t e d  h e r e  a p p e a r  to b e  i n d e p e n d e n t  of 
o r i e n t a t i o n .  T h e  s i l i con  g r o w n  on s a p p h i r e  ha s  b e e n  
s ing le  c r y s t a l  as d e t e r m i n e d  b y  x - r a y  L a u e  b a c k - r e -  
f lec t ion p a t t e r n s  a n d  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s .  
C h e m i c a l  e t ches  (5) h a v e  r e v e a l e d  t h e  d o m i n a n t  
c r y s t a l l o g r a p h i c  i m p e r f e c t i o n s  to b e  low a n g l e  g r a i n  
b o u n d a r i e s  a n d  s t a c k i n g  fau l t s .  T h e  s i l i con  g r o w n  
f r o m  u n d o p e d  s i l ane  is p - t y p e  w i t h  r e s i s t i v i t y  b e t w e e n  
1 a n d  100 o h m - c m  a n d  H a l l  m o b i l i t y  b e t w e e n  50 a n d  
250 c m 2 / v - s e c .  T h e  h i g h e r  r e s i s t i v i t y  f i lms a r e  p r o -  
d u c e d  b y  g r o w t h  a t  l o w e r  t e m p e r a t u r e s  a n d / o r  b y  
l i m i t i n g  t h e  h i g h  t e m p e r a t u r e  h y d r o g e n  p r e - f i r i n g  of 
t h e  s a p p h i r e  s u b s t r a t e .  T y p i c a l  g r o w t h  t e m p e r a t u r e s  
a r e  b e t w e e n  1100 ~ a n d  1200~ N - t y p e  s i l i con  f i lms 
w e r e  p r e p a r e d  b y  a d d i n g  p h o s p h i n e  to t h e  s i l a n e  d u r -  
i ng  g r o w t h .  

T h e  r e s i s t i v i t y  a n d  m o b i l i t y  of t h e  s i l i con  f i lms as 
a f u n c t i o n  of s i l i con  t h i c k n e s s  was  m e a s u r e d  on  a s ix  
t e r m i n a l  H a l l  s a m p l e  d e l i n e a t e d  b y  m a s k i n g  a n d  
e t ch ing .  T h e  r e s i s t i v i t y  a n d  H a l l  m o b i l i t y  w e r e  
m e a s u r e d  a f t e r  t h e  s i l i con  w a s  p o l i s h e d  to s u c c e s s i v e l y  
t h i n n e r  sec t ions  to a f ina l  t h i c k n e s s  of 1-2~. M e a s u r e -  
m e n t s  o n  t h i c k  (40~) p o l i s h e d  a n d  a s - g r o w n  p ieces  of 
s i l i con  s h o w e d  t h a t  t h e  p o l i s h i n g  i n t r o d u c e d  n o  
c h a n g e s  in  m e a s u r e d  r e s i s t i v i t y  or  m o b i l i t y .  T h e s e  
m e a s u r e m e n t s  w e r e  p e r f o r m e d  on  a s - g r o w n  a n d  on  
h e a t - t r e a t e d  s i l icon.  

T h e  d o p i n g  f r o m  t h e  s u b s t r a t e  w a s  d e m o n s t r a t e d  b y  
d e p o s i t i n g  n - t y p e  s i l i con  l a y e r s  a n d  t h e n  h e a t - t r e a t -  
ing  th i s  m a t e r i a l  in  h y d r o g e n .  A n g l e  l a p p i n g  a n d  
s t a i n i n g  w i t h  a c o p p e r  s t a i n  r e v e a l e d  a p - r e g i o n  e x -  
t e n d i n g  f r o m  t h e  s u b s t r a t e  in to  t h e  s i l icon.  T h i s  
p - r e g i o n  w a s  also r e v e a l e d  u s i n g  a t h e r m a l  p robe .  
T h e  t h i c k n e s s  of th i s  p - r e g i o n  w a s  s t u d i e d  as a f u n c -  
t i on  of t i m e  a n d  t e m p e r a t u r e  of h e a t - t r e a t m e n t .  

B e f o r e  a n d  a f t e r  t h e  f i lms w e r e  h e a t - t r e a t e d  a f o u r -  
p o i n t  p r o b e  w a s  u s e d  to m e a s u r e  t h e  r e s i s t i v i t y  of 
t h e  f i lms u t i l i z i n g  t h e  a n a l y s i s  of V a l d e s  (6) fo r  r e -  
s i s t i v i t y  m e a s u r e m e n t s  of t h i n  l a y e r s  on  a n o n c o n -  
d u c t i n g  p l ane .  T h e  s a m p l e s  w e r e  b r o k e n  in to  t w o  
pieces .  One  p iece  w as  h e a t - t r e a t e d  in  d r y  h y d r o g e n  
a n d  t h e  r e s i s t i v i t y  a f t e r  h e a t - t r e a t i n g  w a s  c o m p a r e d  
w i t h  t h e  r e s i s t i v i t y  b e f o r e  h e a t - t r e a t i n g .  T h e  t w o  
p ieces  of t h e  f i lm w e r e  p o l i s h e d  a n d  S i r t l  e t c h e d  to 
d e l i n e a t e  a n y  c h a n g e s  in  c r y s t a l  s t r u c t u r e  t h a t  m i g h t  
h a v e  r e s u l t e d  f r o m  t h e  h e a t - t r e a t m e n t .  

S ince  m o s t  of t h e s e  e x p e r i m e n t s  i n v o l v e d  a p o s t -  
g r o w t h  h e a t - t r e a t m e n t ,  c a r e  h a d  to b e  t a k e n  to e l i m -  
i n a t e  c o n t a m i n a n t s  f r o m  t h e  gas  s u p p l y  d u r i n g  t h e  
h e a t - t r e a t m e n t  s tep.  

T h e  f i lms w e r e  h e a t - t r e a t e d  on  a s i l i c o n - c a r b i d e  
c o a t e d  g r a p h i t e  s u s c e p t o r  in  a n  r - f  h e a t e d  f u r n a c e  
w i t h  w a t e r - c o o l e d  q u a r t z  wal l s .  D r y  h y d r o g e n  f r o m  
a p a l l a d i u m  d i f fuse r  w a s  u s e d  as t h e  a m b i e n t  gas. 
W h e n  s m a l l  a m o u n t s  of H 2 0  o r  02 w e r e  a d m i t t e d  to 
t h e  gas, e t c h i n g  of t he  s i l i con  t ook  p lace ;  h o w e v e r ,  no  
e t c h i n g  w a s  o b s e r v e d  in  t h e  d r y  H2. A t  t e m p e r a t u r e s  
a b o v e  1425~ m e l t i n g  of t h e  s i l i con  w a s  o b s e r v e d  a n d  
p r o n o u n c e d  e t c h i n g  of t h e  s a p p h i r e  b y  t h e  s i l i con  r e -  
su l t ed .  T h e  t e m p e r a t u r e  w a s  m e a s u r e d  u s i n g  a n  op -  
t i ca l  p y r o m e t e r  c o r r e c t e d  f o r  a b s o r p t i o n  a n d  e m i s s i v -  

i t y  a n d  c h e c k e d  a g a i n s t  t h e  m e l t i n g  p o i n t s  of s i l i con  
a n d  g e r m a n i u m .  T e m p e r a t u r e s  a r e  e s t i m a t e d  to be  
c o r r e c t  to w i t h i n  • 10~ 

H e a t - t r e a t m e n t  of b u l k  s i l i con  i n  d r y  h y d r o g e n  a t  
t e m p e r a t u r e s  u p  to 1400~ r e s u l t e d  in  no  s ign i f i can t  
c h a n g e s  i n  r e s i s t i v i t y .  D u r i n g  a p p r o x i m a t e l y  one  h a l f  
of t h e  h e a t - t r e a t m e n t s  of s i l i c o n - o n - s a p p h i r e  a p iece  
of b u l k  s i l i con  of r e s i s t i v i t y  s i m i l a r  to t h a t  of t h e  f i lm 
w a s  i n c l u d e d  as a con t ro l .  No  s ign i f i can t  c h a n g e s  in  
t h e  r e s i s t i v i t y  of t h e  b u l k  s i l i con  w e r e  o b s e r v e d .  T h e  
c o n t r o l  p ieces  w e r e  e i t h e r  10 o h m - c m  n - t y p e  or  0.1, 
3, 5, or  40 o h m - c m  p - t y p e  s i l icon.  

A f u r t h e r  t e s t  fo r  d o p i n g  f r o m  t h e  gas  s u p p l y  was  
p e r f o r m e d  b y  h e a t i n g  p ieces  of b u l k  s i l i con  in  c o n -  
t a c t  w i th ,  a n d  ou t  of c o n t a c t  w i t h ,  p ieces  of s a p p h i r e .  
H e a t - t r e a t m e n t  of p o l i s h e d  p ieces  of 5 o h m - c m  p - t y p e  
s i l i con  fo r  60 m i n  a t  1400~ s h o w e d  n o  s ign i f i can t  
c h a n g e s  in  r e s i s t i v i t y .  H o w e v e r ,  p ieces  of 5 o h m - c m  
p - t y p e  s i l i con  p l a c e d  on  d i sks  of p o l i s h e d  s a p p h i r e  or  
s a n d w i c h e d  b e t w e e n  d i sks  of p o l i s h e d  s a p p h i r e  
d r o p p e d  in  r e s i s t i v i t y  to  a b o u t  1 o h m - c m  p - t y p e  a f t e r  
s i m i l a r  h e a t - t r e a t m e n t .  

Experimental Results 
T h e  r e s u l t s  of t h e s e  e x p e r i m e n t s  a re  p r e s e n t e d  in 

t he  o r d e r  in  w h i c h  t h e  e x p e r i m e n t s  w e r e  desc r ibed .  
T y p i c a l  p rof i les  of d o p i n g  d e n s i t y  vs. d i s t a n c e  a r e  
s h o w n  in  Fig. 1 fo r  f o u r  s amp le s .  T h e  d o p i n g  d e n s i t y  
ha s  b e e n  d e r i v e d  f r o m  t h e  r e s i s t i v i t y ,  m o b i l i t y ,  a n d  
t h i c k n e s s  d a t a  of e a c h  s ec t i on  b y  u s i n g  N A  - -  1/pe~ 
w h e r e  NA is t h e  a c c e p t o r  c o n c e n t r a t i o n ,  p is t h e  r e -  
s i s t iv i ty ,  e is t h e  e l e c t r o n i c  cha rge ,  a n d  ~ is t h e  m o -  
b i l i ty .  T h r e e  t r e a t m e n t s  a r e  d e s c r i b e d  b y  t h e  d a t a  
p r e s e n t e d  in  Fig. 1. T w o  s a m p l e s  a r e  p ieces  of as -  
g r o w n  s i l icon  a n d  r e p r e s e n t  t h e  d o p i n g  due  to t h e  
s u b s t r a t e  d u r i n g  n o r m a l  g r o w t h .  T h e s e  s a m p l e s  w e r e  
c h o s e n  as r e p r e s e n t a t i v e  of m a n y  s a m p l e s  m e a s u r e d .  
T h e  t h i r d  s a m p l e  w a s  g r o w n  u s i n g  t h e  f o l l o w i n g  
g r o w t h  cycle :  % of s i l i con  w a s  g r o w n  a t  1160~ h e a t -  
t r e a t e d  in  h y d r o g e n  in  t h e  s a m e  r e a c t i o n  t u b e  fo r  30 
ra in  a t  1325~ a n d  t h e n  23~ m o r e  of s i l i con  w a s  g r o w n  
a t  1160~ T h e  f o u r t h  s a m p l e  w a s  a 14# t h i c k  f i lm of 
s i l i con  h e a t - t r e a t e d  a t  1375~ fo r  30 m i n  a f t e r  g r o w t h .  
T h e  i n i t i a l  d o p i n g  of t h i s  f i lm w a s  of t h e  o r d e r  of 1017/ 
cc. T h e  d i f fus ion  c o n s t a n t  of a l u m i n u m  in  b u l k  s i l i -  
con  a t  1375~ is a b o u t  3 .10 -10 cm2 / see  (7) ,  y i e l d i n g  a 
d i f fus ion  l e n g t h  g r e a t e r  t h a n  15~. Thus ,  t h i s  f i lm s h o u l d  
b e  u n i f o r m l y  doped .  T h e  i n c r e a s e  in  d o p i n g  a t  t he  
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Fig. 1. Carrier concentration vs. distance from the silicon-sapphire 
interface. 
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Fig. 2. Diffusion constant vs. temperature for out-diffusion of 
a p-type dopant from the sapphire into n-type silicon. 

s i l i c o n - s a p p h i r e  i n t e r f a c e  is e v i d e n t  i n  t h e  a s - g r o w n  
s a m p l e s  a n d  t h e  u n i f o r m  d o p i n g  of t h e  h e a t - t r e a t e d  
s i l i con  i n d i c a t e s  suff ic ient  d i f fus ion  to c o m p l e t e l y  dope  
t he  s i l icon.  M e a s u r e m e n t s  of t h i s  t y p e  h a v e  b e e n  p e r -  
f o r m e d  on n u m e r o u s  a s - g r o w n  f i lms of v a r y i n g  r e -  
s i s t i v i t y  a n d  a l l  h a v e  s h o w n  i n c r e a s e d  a c c e p t o r  c o n -  
c e n t r a t i o n s  a t  t he  s i l i c o n - s a p p h i r e  i n t e r f a c e .  M a t c h i n g  
of t h e s e  prof i les  to a n  e r fc  d i f fus ion  h a s  r e s u l t e d  in  
v a l u e s  of D w h i c h  a r e  4-10 t i m e s  t h a t  of  a l u m i n u m  in  
si l icon.  T h i s  is n o t  s u r p r i s i n g  i n  l i g h t  of t h e  f ac t  t h a t  
t h i s  s i l i con  c o n t a i n s  l a r g e  n u m b e r s  of l o w  a n g l e  g r a i n  
b o u n d a r i e s ,  a n d  d i f fus ion  is e n h a n c e d  a l o n g  t h e s e  
g r a i n  b o u n d a r i e s  (8) .  

T h e  n - t y p e  s i l i con  f i lms w e r e  h e a t - t r e a t e d  a t  t e m -  
p e r a t u r e s  b e t w e e n  1225 ~ a n d  1420~ fo r  t i m e s  r a n g i n g  
f r o m  30 to 5 min .  T h e  j u n c t i o n s  b e t w e e n  t h e  p - r e g i o n  
n e a r  t h e  s u b s t r a t e  a n d  t h e  n - t y p e  f i lm w e r e  d e l i n e a t e d  
u s i n g  a c o p p e r - s t a i n .  F r o m  t h i s  d a t a  t h e  d i f fus ion  c o n -  
s t a n t  as a f u n c t i o n  of t e m p e r a t u r e  w a s  d e t e r m i n e d  
a n d  is s h o w n  in  Fig.  2. T h e  d a t a  p o i n t s  a t  1150 ~ a n d  
1175~ w e r e  t a k e n  on  t h e  a s - g r o w n  n - t y p e  fi lms.  T h e  
d i f fus ion  c o n s t a n t  of a l u m i n u m  in  b u l k  s i l i con  is 
s h o w n  in  t h i s  f igure  also. T h e  d i f fus ion  c o n s t a n t  d e t e r -  
m i n e d  f r o m  th i s  e x p e r i m e n t  a g r e e s  w e l l  w i t h  t h a t  of 
a l u m i n u m  in  s i l icon.  T h e  q u a l i t y  of t h e  s i l i con  f i lms 
u sed  in  t h e  n - t y p e  e x p e r i m e n t s  w a s  b e t t e r  t h a n  t h e s e  
u s e d  in  t h e  s e c t i o n i n g  e x p e r i m e n t s  w h i c h  a c c o u n t s  for  
t h e  d i f f e r e n c e  in  t h e  o b s e r v e d  d i f fus ion  coeff icients .  

T h e  r e s i s t i v i t i e s  of s e v e r a l  s i l i con  f i lms 10-20~ t h i c k  
b e f o r e  a n d  a f t e r  h e a t - t r e a t m e n t  a r e  s h o w n  in  T a b l e  I .  
C h a n g e s  in  r e s i s t i v i t y  w e r e  m e a s u r e d  w h e n  t h e  h e a t -  
t r e a t m e n t  t e m p e r a t u r e  e x c e e d e d  1250~ H e a t - t r e a t -  
m e n t s  as l o n g  as 240 r a i n  a t  t e m p e r a t u r e s  b e l o w  
1225~ h a d  no  s ign i f i can t  ef fec t  o n  t h e  f i lm r e s i s t i v i t y .  

C h a n g e s  in  t h e  c r y s t a l  s t r u c t u r e  of t h e  s i l i con  f i lms 
h e a t e d  a b o v e  1375~ fo r  t i m e s  g r e a t e r  t h a n  30 r a in  
s h o w e d  a d e c r e a s e  in  t h e  d e n s i t y  of  l ow  a n g l e  g r a i n  
b o u n d a r i e s .  S t a c k i n g  f a u l t s  w e r e  t h e  d o m i n a n t  c r y s t a l  
i m p e r f e c t i o n  in  a f i lm h e a t e d  a b o v e  1375~ I n  Fig. 3a 
a n d  b t h e  c r y s t a l  s t r u c t u r e  of a f i lm b e f o r e  a n d  a f t e r  
h e a t - t r e a t m e n t  h a s  b e e n  d e l i n e a t e d  b y  S i r t l  e t c h i n g  
a p o l i s h e d  su r face .  D i f fus ion  of p h o s p h o r u s  i n t o  m a t e -  
r i a l  t h a t  h a d  b e e n  h e a t - t r e a t e d  a b o v e  1375~ p r o d u c e d  
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Table I. Changes in resistivity due to heat-treatment 

H e a t i n g  t e m p e r -  H e a t i n g  I n i t i a l  r e s t s -  F i n a l  r e s i s -  
a t u r e ,  ~ t i m e ,  m i n  t i v i t y ,  o h m - c m  t i v i t y ,  o h m - c m  

1150 30 >100 i00 
1150 60 I0 10 
1225 30 >100 100 
1250 120 20 2~ 
1300 30 90 3.7 
1340 60 10 0.2 
1340 60 34 1.0 
1350 15 10 0.45 
1350 60 10 0.2 
1375 30 20 0.I 
1375 60 200 0.1 
1400 10 10 0.45 
1400 20 10 0.3 
1400 30 100 0.05 
1400 60 150 0.2 

s h a r p  d i f fus ion  f r o n t s  of d e p t h  s i m i l a r  to d i f fus ion  
in to  b u l k  s i l icon,  w h i l e  d i f fus ion  i n to  a s - g r o w n  s i l i con-  
o n - s a p p h i r e  p r o d u c e d  a n o m a l o u s l y  deep  d i f fus ions  a n d  
i r r e g u l a r  d i f fus ion  f ro n t s .  D i f fus ions  i n t o  a s - g r o w n  a n d  
h e a t - t r e a t e d  f i lms a r e  c o m p a r e d  i n  Fig.  3c a n d  d. As  
no ted ,  h o w e v e r ,  t h e  i m p r o v e m e n t  i n  c r y s t a l  s t r u c t u r e  
w a s  a c c o m p a n i e d  b y  d e c r e a s e s  i n  r e s i s t i v i t y .  

T h e s e  r e s u l t s  w e r e  c o n f i r m e d  b y  m e a s u r i n g  t h e  
c a p a c i t a n c e  of M O S  c a p a c i t o r s  as a f u n c t i o n  of d i s -  
t a n c e  f r o m  t h e  s i l i c o n - s a p p h i r e  i n t e r f a c e .  T h e  r a t i o  
Cmax/Cmin fo r  a c o n s t a n t  o x i d e  t h i c k n e s s  d e c r e a s e s  as 
t h e  d o p i n g  of t h e  s e m i c o n d u c t o r  i n c r e a s e s  (9) .  T h e  
n o r m a l i z e d  M O S  c a p a c i t a n c e  as  a f u n c t i o n  of  v o l t a g e  
is p l o t t e d  in Fig.  4 f o r  d i f f e r e n t  t h i c k n e s s e s  of s i l icon.  
As t h e  s i l i c o n - s a p p h i r e  i n t e r f a c e  is a p p r o a c h e d ,  t h e  
r a t i o  of Cmax/Cmi,, d e c r e a s e s  i n d i c a t i v e  of h i g h e r  ac-  
c e p t o r  c o n c e n t r a t i o n  n e a r  t h e  s u b s t r a t e .  

Discussion a n d  Conc lus ions  

T h e  f o l l o w i n g  c o n c l u s i o n s  c o n c e r n i n g  s u b s t r a t e  d o p -  
i n g  of s i l i con  g r o w n  o n  s a p p h i r e  h a v e  b e e n  r e a c h e d :  
( I )  T h e  s a p p h i r e  ac ts  as  a s o u r c e  of  a l u m i n u m  ac-  
cep tors .  ( I I )  T h e  r e s i s t i v i t y  of p - t y p e  s i l i con  f i lms 
g r o w n  on  s a p p h i r e  s u b s t r a t e s  c an  d e c r e a s e  w h e n  t h e  
f i lms a r e  s u b s e q u e n t l y  h e a t - t r e a t e d  to  su f f i c ien t ly  h i g h  
t e m p e r a t u r e s .  ( I I I )  T h e  a m o u n t  of a l u m i n u m  is 
l i m i t e d  to a b o u t  1-2-101~ a t o m s  a n d  l i m i t s  t h e  d o p i n g  
of h e a t - t r e a t e d  f i lms to a m a x i m u m  of a b o u t  2.101S/cc. 
( IV)  T h e  d o p i n g  of t h e  s i l i con  b y  t h e  s u b s t r a t e  d u r i n g  
p o s t - g r o w t h  h e a t - t r e a t m e n t s  is n o t  s ign i f i can t  b e l o w  
1200~ b u t  b e c o m e s  a p p r e c i a b l e  a b o v e  1250~ 

Th i s  s u b s t r a t e  d o p i n g  l i m i t s  t h e  r a n g e  of t e m p e r a -  
t u r e s  w h i c h  c a n  b e  u s e d  to a n n e a l  de fec t s  in  t h e  s i l i -  
con  f i lm b u t  does  n o t  af fec t  n o r m a l  d e v i c e  p r o c e s s i n g  
w h i c h  t a k e s  p l ace  a t  t e m p e r a t u r e s  b e l o w  1200~ T h e  
s u b s t r a t e  d o p i n g  a lso  af fec ts  p r o c e s s i n g  of n - t y p e  f i lms 
g r o w n  on  s a p p h i r e .  U n w a n t e d  p - n  j u n c t i o n s  can  a p -  

Fig. 3. Crystal structure and diffusion fronts in as-grown and 
heat-treated silicon-on-sapphire. 
a. (top left) Etch pattern of a film before heat-treatment 
b. (bottom left) Etch pattern of the same film after heat-treatment 

at 1360~ for 60 min. 
c. (top right) Diffusion front into a film before heat treatment 
d. (bottom right) Diffusion front into the same film after heat- 

treatment at 1360~ for 60 min. 
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Fig. 4. Capacitance-voltage characteristics of MOS structures 
as a function of distance from the silicon-sapphire interface. 

pear  dur ing high t empera tu re  processing, and, in fact, 
conversion to p - type  silicon can occur if the t empera -  
ture is sufficiently high or the processing sufficiently 
long. 

At tempts  have been made to de termine  the mechan-  
ism which l iberates the a luminum from the sapphire, 
but  no conclusions have yet  been drawn. Assuming 
a t empera tu re  independent  concentrat ion of a luminum 
in A1203 and using the data presented in Table I, the  
analysis of Paladino and Kingery  (10) can be applied 
to de termine  the diffusion constant of a luminum in 
A1203. The high act ivat ion energy of 18 ev resul t ing 
f rom this analysis suggests that  the process of l ibera t -  
ing the a luminum from the A120~ is more  complicated 
than a simple diffusion process. The l imit  in the 
amount  of a luminum that  dopes the silicon films may 
indicate that  only the first few atomic layers are in-  
volved in the doping process. 
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Measurement of Epitaxial Film Thickness 
Using an Infrared Ellipsometer 

A. Ray Hi l ton  and  Char l i e  E. Jones 

Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

The thickness of most epi taxial  layers is measured using spectrophotometer  
scan techniques. The method does not work  wel l  for very  thin epi taxial  layers 
(~5~).  The principles, under ly ing  the el l ipsometric  method used to measure  
thin t ransparent  films in the visible region, apply to the optical in ter ference  
that  occurs be tween  a substrate and an epi taxial  layer  in the infrared.  An 
el l ipsometer  and the el l ipsometric  technique were  used to measure  the th ick-  
ness of 40 P on P+ Ge and 40 N on N + Si epi taxial  layers.  They ranged in 
thickness f rom 1 to 10~. The measured  values compared to those obtained by 
the infrared scan technique agreed wi th in  -{-9.6% for the Ge layers and 
--+6.7% for the silicon. The reproducibi l i ty  of the measurements  was +2.8% 
and -+4.1%, respectively.  In u l t imate  form the method should be more  ac- 
curate and more direct than the infrared scan technique. 

Optical in ter ference  occurs when infrared l ight  is 
reflected obl iquely f rom the surface of a semicon- 
ductor epi taxial  layer  grown on a substrate of the 
same semiconductor  material .  The in ter ference  occurs 
because of a difference in the optical constants of the 
layer  and substrate brought  about by the differ- 
ences in the infrared absorption of charge carriers in 
the heavi ly  doped substrate and l ight ly doped layer. 
The thickness of the epi taxial  layer  is commonly 
measured using an inf rared  reflectance scan technique 
which takes advantage of the var ia t ion in the reflected 
intensi ty as a function of wave leng th  (1,2).  The 
method is accurate, fast, and nondestruct ive.  However ,  
the magni tude  of the f ree  carr ier  absorption genera t -  

ing the optical in ter ference  increases wi th  the square 
of the wave leng th  (3-5). For  ve ry  thin epi taxial  layers 
(<5#) ,  the first order of the optical in ter ference  occurs 
in the near  infrared where  the optical difference be- 
tween layer  and substrate is small. For  this reason, 
the infrared scan method does not work  well  for ve ry  
thin epitaxial  layers. The el l ipsometer  technique has 
been wide ly  used in the visible region of the spect rum 
to measure  films less than one wavelength  thick (6, 7). 
This paper  describes the extension of this technique to 
measure  semiconductor  epi taxial  film thickness. 

Calculation of semiconductor optical constants.-  
Generally,  the inf rared  l ight obl iquely reflected f rom 
the semiconductor  epitaxial  layer  is el l ipt ically polar-  
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ized. In  e l l i p s o m e t r y  (6 ,7 ) ,  an  i n s t r u m e n t  ca l l ed  an 
e l l i p some te r  is used  to ana lyze  op t i ca l ly  the  e l l i p t i ca l ly  
po la r i zed  l ight .  The  l igh t  is c h a r a c t e r i z e d  in  t e r m s  of 
its a z i m u t h  ang le  ~ and its phase  sh i f t  ang le  A. T h e  
va lues  of ~ and  ~ a r e  d e t e r m i n e d  by  the  op t ica l  con-  
s tants  of t he  film, t he  op t ica l  cons tan ts  of t he  surface ,  
the  ang le  of inc idence ,  t he  w a v e l e n g t h  of l i gh t  used  
in the  m e a s u r e m e n t ,  and  the  th ickness  of t he  film. In  
ac tua l  prac t ice ,  cu rves  in ~ and A a re  cons t ruc t ed  
f r o m  poin ts  ca l cu la t ed  for  films of v a r y i n g  th ickness .  
The  m e a s u r e d  v a l u e  of ~ and  A is c o m p a r e d  to t he  
c o m p u t e d  cu rves  and the  c o r r e s p o n d i n g  th ickness  
v a l u e  d e t e r m i n e d .  T h e  ca lcu la t ion  of  i n d i v i d u a l  po in ts  
is v e r y  ted ious  and  is u sua l l y  p r o g r a m m e d  for  e lec -  
t ronic  c o m p u t e r  computa t ion .  

The  opt ica l  cons tan t s  of t he  s emiconduc to r  ep i t ax i a l  
l aye r  and  s e m i c o n d u c t o r  subs t r a t e  b e c o m e  d i f fe ren t  in 
the  i n f r a r e d  because  of f r e e  c a r r i e r  absorpt ion .  F r e e  
ca r r i e r  absorp t ion  is t he  absorp t ion  of i n f r a r e d  e n e r g y  
by  conduc t ion  e lec t rons  (or  holes)  of a semiconduc to r .  
The  m a g n i t u d e  of t he  effect  depends  on the  n u m b e r  
of f r ee  ca r r i e r s  ava i l ab l e  for  abso rp t ion  and  the  w a v e -  
l eng th  of l igh t  used  in m a k i n g  the  m e a s u r e m e n t s .  The  
abso rp t ion  increases  w i t h  t he  s q u a r e  of t h e  w a v e -  
l eng th  of l igh t  (3-5) .  In  ep i t ax i a l  dev ice  specifications,  
the  subs t ra te  m a t e r i a l  is u sua l l y  m o r e  h e a v i l y  doped  
than  the  layer .  As the  w a v e l e n g t h  of  l igh t  increases ,  
the  f r ee  c a r r i e r  abso rp t ion  in the  subs t ra te  m a t e r i a l  
increases  p r o d u c i n g  a change  in its opt ica l  constants .  
The  opt ica l  cons tan ts  of the  subs t r a t e  a r e  t h e n  d i f fe r -  
en t  f r o m  the  l aye r  so tha t  re f lec t ion  of l i gh t  at the  
l a y e r - s u b s t r a t e  i n t e r f a c e  occurs, p roduc ing  opt ica l  
i n t e r f e r ence .  

T h e  subs t ra te  m a t e r i a l  beg ins  to s h o w  opt ica l  b e -  
h a v i o r  typ ica l  of a meta l .  The  r e f r a c t i v e  i n d e x  can  no 
longe r  be r e p r e s e n t e d  as a rea l  n u m b e r .  The  c o m p l e x  
r e f r a c t i v e  i ndex  m u s t  be  used  

N --~ n - - i k  

w h e r e  n is t he  rea l  p a r t  of the  r e f r a c t i v e  i n d e x  and  k 
is t he  i m a g i n a r y  pa r t  and  is r e a l l y  the  ex t inc t i on  co-  
efficient. The  ex t inc t i on  coefficient  is ca l cu la t ed  f r o m  
the  absorp t ion  coeff icient  

4~k 

w h e r e  a is the  abso rp t ion  coefficient  and  ~ is the  w a v e -  
l e n g t h  of t he  l ight .  T h e  con t r i bu t i on  to the  abso rp t ion  
coefficient  by  f ree  c a r r i e r  abso rp t ion  is g i v e n  by  (3) 

~'2e3 N (  M_~_~ n N M ~  ) 
a f r e e  carrier 4n2c3n~o -~ [ 1 ] 

w h e r e  e is the  e l ec t ron ic  charge ,  c the  ve loc i ty  of l ight ,  
n the  r ea l  p a r t  of t he  r e f r a c t i v e  index ,  co the  p e r m i t i v -  
i ty  of f r ee  space, Nn the  n u m b e r  of conduc t ion  e l ec -  
trons,  Mn the  e f fec t ive  mass  of t he  e lect rons ,  ~n the  
e l ec t ron  mobi l i ty ,  Np the  n u m b e r  of holes,  Mp the  
ef fec t ive  mass  of holes,  and/Zp the  m o b i l i t y  of holes.  

The  n o r m a l  case  cons ide red  is t he  case of a s ingle  
c a r r i e r  semiconduc to r .  In  this  case  t he  i n t e r d e p e n d e n t  
opt ica l  cons tan ts  n and  k can  be  ca l cu la t ed  (8) f r o m  

and 

Nce 2 1 
n 2 - -  k 2 - -  e ~ [2] 

Mceo to2 ~_ g2 

Nce 2 g 

2nkr = Mceo 0)2 ~ g2" [3] 

w h e r e  e is the  op t ica l  d ie lec t r ic  cons tan t  (no f r ee  
c a r r i e r  c o n t r i b u t i o n ) ;  to the  a n g u l a r  f r e q u e n c y  at  
w a v e l e n g t h  )~, (to ~ 2~/~) ; Nc the  n u m b e r  of f r ee  ca r -  
r ie rs ;  Mc the  e f fec t ive  mass  of  the  f r e e  ca r r i e r s ;  and 
g the  r ec ip roca l  of the  r e l a x a t i o n  t i m e  T, (~ ~ ~cMc/e) 

A n  idea  of t he  m a g n i t u d e  of t he  f r ee  c a r r i e r  effect  
can be  ob ta ined  f r o m  e x a m i n i n g  Fig.  1. The  v a l u e  of 

for  d i f fe ren t  res i s t iv i t i es  of n - t y p e  s i l icon m e a s u r e d  in 
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Fig. 1. Magnitude of the absorption coefficient due to free 
carrier absorption in n-type silicon as a function of wavelength: 
e, calculated using Lyden method; A, Spitzer and Fan. 

our  l a b o r a t o r y  is p lo t t ed  as a func t ion  of t he  w a v e -  
length .  The  da t a  shows tha t  f r e e  c a r r i e r  abso rp t ion  
in 0.01 o h m - c m  n - t y p e  s i l icon is a v e r y  l a rge  effect  
e v e n  at  w a v e l e n g t h s  as sma l l  as 10~. Va lues  ca lcu-  
l a ted  us ing  Eq. [2] and  [3] for  1.0 and  0.013 o h m - c m  
n - t y p e  s i l icon a re  s h o w n  for  compa r i son  values .  Also  
s h o w n  a re  va lues  r e p o r t e d  in t he  l i t e r a t u r e  by  Sp i t ze r  
and  F a n  (5).  Close  a g r e e m e n t  b e t w e e n  the  ca lcu-  
l a ted  va lues  and e x p e r i m e n t a l  va lues  is obta ined.  The  
dashed  l ine  in Fig.  1 shows the  ca l cu la t ed  abso rp t ion  
coefficient  as a f u n c t i o n  of w a v e l e n g t h  fo r  0.013 
o h m - c m  n - t y p e  silicon. S i l icon  w i t h  th is  r e s i s t iv i ty  
was  used  as subs t r a t e  m a t e r i a l  for  s i l icon ep i t ax i a l  
l aye r s  m e a s u r e d  in this inves t iga t ion .  

An Infrared Ellipsometer 
The  opt ica l  cons tan ts  of t he  s e m i c o n d u c t o r  l aye r  and 

subs t ra te  at i n f r a r e d  w a v e l e n g t h  can  be  ca l cu la t ed  
f r o m  Eq. [2] and  [3] us ing  the  a p p r o p r i a t e  va lues  of 
res i s t iv i ty ,  mobi l i ty ,  and e f fec t ive  mass.  A l l  t he  p a -  
r a m e t e r s  n e e d e d  to ca lcu la te  a set  of  e l l i p some te r  
cu rves  in r and  A for  ep i t ax i a l  l aye r s  on a p a r t i c u l a r  
subs t ra te  a re  known .  A l l  t ha t  is n e e d e d  to  m e a s u r e  
ep i t ax i a l  th ickness  by  the  e l l i p some te r  t e c h n i q u e  is 
an i n s t r u m e n t  t ha t  wi l l  ope r a t e  in the  in f ra red .  

General description.--A schemat i c  d r a w i n g  of an  
i n s t r u m e n t  tha t  mee t s  a l l  the  bas ic  r e q u i r e m e n t s  of 
a v i s ib le  e l l i p some te r  bu t  ope ra te s  in t he  i n f r a r e d  
is s h o w n  in Fig. 2. T h e  i n s t r u m e n t  is bu i l t  on a G a e r t -  
nor  L l18  base.  E n e r g y  f r o m  a g lobar  source  passes  
t h r o u g h  an opt ica l  chopper ,  s t r ikes  an  of f -ax is  f ron t  
su r face  pa rabo l i c  m i r ro r ,  and  f o r m s  a g lobar  i m a g e  

I P.E. I F~ E, 107 I METER 
PREAMPLIFIER 15CPS AMPLIFIER D SPLAY 

,k ? I' , 
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Fig. 2. Schematic drawing of the infrared ellipsometer 
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a t  t h e  s a m p l e  ho l de r .  T h e  l i g h t  s t r i k i n g  t h e  s a m p l e  
is no t  c o l l i m a t e d ,  c o n t r a r y  to t h e  p r a c t i c e  f o l l o w e d  in  
v i s i b l e  e l l i p s o m e t r y ,  b e c a u s e  of t h e  u s e  of t he  p a r a -  
bol ic  m i r r o r .  S u c h  a n  op t i c a l  a r r a n g e m e n t  is r e q u i r e d  
i n  t h e  i n f r a r e d  b e c a u s e  of t h e  n e c e s s i t y  of c o l l e c t i n g  as 
m u c h  e n e r g y  as pos s ib l e  f r o m  t h e  f in i te  g l o b a r  source .  
H o w  the  u se  of u n - c o l l i m a t e d  l i g h t  affects  t h e  i n s t r u -  
m e n t  o p e r a t i o n  a n d  u l t i m a t e l y ,  t h e  a c c u r a c y  of t h e  
m e t h o d  w i l l  b e  d i s c u s s e d  in  a l a t e r  sec t ion .  

T h e  l i g h t  in  t h i s  p a t h  passes  t h r o u g h  t h e  f i rs t  i n -  
f r a r e d  p o l a r i z e r  a n d  t h e  i n f r a r e d  q u a r t e r  w a v e  p la t e .  
A f t e r  s t r i k i n g  t h e  s am p l e ,  t h e  l i g h t  is r e f l e c t ed  d o w n  
t h e  s e c o n d  a r m .  I t  pa s ses  t h r o u g h  t h e  i n f r a r e d  a n a -  
l y z e r  p o l a r i z e r  a n d  i n t o  t h e  m o n o c h r o m a t o r  sect ion.  In  
t h i s  s ec t ion  t h e  l i g h t  is r e f l ec ted  once  f r o m  a p o l i s h e d  
I n S b  s u r f a c e  a n d  f o u r  t i m e s  f r o m  p o l i s h e d  NaC1 
p la tes .  T h e  r e f l ec t ion  is a t  n e a r  n o r m a l  i nc idence .  T h e  
r e s u l t a n t  l i g h t  s t r i k e s  a n  e l l i p so id  a n d  is f ocus ed  on  a 
s t a n d a r d  t h e r m o c o u p l e  de t ec to r .  T h e  s i g n a l  of t h e  d e -  
t e c t e d  e n e r g y  is a m p l i f i e d  b y  a P e r k i n - E l m e r  13 cps  
p r e a m p l i f i e r  a n d  ampl i f i e r .  T h e  a m p l i f i e d  s i g n a l  is 
d i s p l a y e d  on  a h i g h  s e n s i t i v i t y  v o l t m e t e r .  A i r  t i g h t  
c h a m b e r s  w e r e  c o n s t r u c t e d  on  e a c h  a r m  so t h a t  a b -  
s o r p t i o n  b y  a t m o s p h e r i c  m o i s t u r e  cou ld  b e  m i n i m i z e d  
in  t h e  o p t i c a l  p a t h s .  T h e  c h a m b e r s  a r e  f l u shed  w i t h  
d r y  n i t r o g e n .  A n g l e s  of i n c i d e n c e  a n d  p o l a r i z e r  r e a d -  
ings  a r e  r e a d  u s i n g  t h e  v e r n i e r s  s u p p l i e d  w i t h  t h e  i n -  
s t r u m e n t .  Op t i c a l  a l i g n m e n t  w as  a c c o m p l i s h e d  u s i n g  
f r o n t  s u r f a c e  m i r r o r s  i n  p l ace  of t h e  NaC1 p l a t e s  so 
t h a t  v i s i b l e  l i g h t  cou ld  b e  u s e d  to d e t e r m i n e  t h e  op -  
t i ca l  pa th .  A f t e r  a l i g n m e n t  t h e  m i r r o r s  w e r e  r e p l a c e d  
w i t h  t h e  NaC1 p l a t e s  a n d  t h e  d e t e c t o r  p e a k e d  on  t h e  
i n f r a r e d  e n e r g y .  T h e  i n f r a r e d  q u a r t e r  w a v e  p la te ,  t h e  
i n f r a r e d  po l a r i z e r s ,  a n d  t h e  m o n o c h r o m a t o r  s ec t ions  
w a r r a n t  f u r t h e r  d i scuss ion .  

Infrared quarter wave plate.---A q u a r t e r  w a v e  p l a t e  
is m a d e  f r o m  op t i ca l  m a t e r i a l  t h a t  is b i - r e f r a c t i v e .  
T h e  v e l o c i t y  of l i g h t  t r a v e l i n g  t h r o u g h  a b i - r e f r a c t i v e  
m a t e r i a l  is a f u n c t i o n  of t h e  a n g l e  t h e  e l ec t r i c  v e c t o r  
of t h e  l i g h t  m a k e s  w i t h  t h e  op t i ca l  ax is  of t h e  c rys ta l .  
T h e  v e l o c i t y  ( a n d  t h u s  t h e  r e f r a c t i v e  i n d e x )  c h a n g e s  
f r o m  e i t h e r  a m a x i m u m  or  m i n i m u m  in  a d i r e c t i o n  
a l o n g  t h e  op t i c a l  ax i s  to  a m i n i m u m  or m a x i m u m  in  
a d i r e c t i o n  p e r p e n d i c u l a r  to  t h e  op t i c a l  axis .  I f  t h e  
two  r e f r a c t i v e  i n d e x e s  a r e  a c c u r a t e l y  k n o w n  a t  a p a r -  
t i c u l a r  w a v e l e n g t h ,  a b i - r e f r a c t i v e  c r y s t a l l i n e  m a t e r i a l  
c a n  be  c a r e f u l l y  o r i e n t e d  ( u s i n g  a n  x - r a y  d i f f r ac -  
t o m e t e r )  a n d  a p l a t e  cu t  of  suff ic ient  t h i c k n e s s  to  p r o -  
d u c e  a q u a r t e r  w a v e  p l a t e .  T w o  l i g h t  w a v e s  of a p a r -  
t i c u l a r  w a v e l e n g t h  p o l a r i z e d  in  a n d  p e r p e n d i c u l a r  to  
t h e  d i r e c t i o n  of t h e  op t i ca l  ax is  w i l l  e m e r g e ,  a f t e r  
t r a v e l i n g  t h r o u g h  t h e  p la t e ,  s e p a r a t e d  in  p h a s e  b y  
90 ~ 0 J 4 ) .  

S e l e c t i o n  of t h e  p r o p e r  op t i c a l  m a t e r i a l  w a s  a diffi-  
c u l t  p r o b l e m .  Mos t  of t h e  op t i ca l  m a t e r i a l s  t h a t  t r a n s -  
m i t  w e l l  i n  t h e  i n f r a r e d  a r e  n o t  b i - r e f r a c t i v e .  Of  t hose  
t h a t  a r e  b i - r e f r a c t i v e ,  e i t h e r  t h e  r e f r a c t i v e  i n d e x e s  a r e  
n o t  a c c u r a t e l y  k n o w n  or  t h e  m a t e r i a l s  c a n n o t  b e  o b -  
t a i n e d  i n  p r o p e r  sizes. N a t u r a l  q u a r t z  w a s  se lec ted .  I t  
c a n  b e  o b t a i n e d  in  l a r g e  h i g h  q u a l i t y  p ieces  a n d  i t s  
op t i c a l  c o n s t a n t s  a r e  a c c u r a t e l y  k n o w n  (9) .  T h e  m a j o r  
d i s a d v a n t a g e  to u s i n g  q u a r t z  is t h a t  i t  is o p a q u e  i n  
t h e  n o r m a l  i n f r a r e d  r eg ions .  Q u a r t z  does  no t  t r a n s m i t  
w e l l  f r o m  a b o u t  3.5 to  ~45~,  so t h a t  t h e  w a v e l e n g t h  
s e l ec t ed  fo r  t h e  o p e r a t i o n  of t h e  i n s t r u m e n t  h a s  to be  
a t  l e a s t  50~. T h e  t h i c k n e s s  of t h e  q u a r t e r  w a v e  p l a t e  is 
c a l c u l a t e d  f r o m  t h e  d i f f e r e n c e  in  t h e  r e f r a c t i v e  i n -  
d e x e s ;  t h e  c o r r e c t  t h i c k n e s s  fo r  one  o p e r a t i n g  a t  55~ 
is ~ 1 0  mils .  

The monochromator section.--Any i n s t r u m e n t  o p e r -  
a t i n g  in  t h e  f a r  i n f r a r e d  is e n e r g y  l imi t ed .  T h e  p r o b -  
l e m  e n c o u n t e r e d  in  d e s i g n i n g  t h e  m o n o c h r o m a t o r  sec-  
t i o n  was  h o w  to p r o d u c e  a s o u r c e  of l i g h t  of a t  l e a s t  
50~ w a v e l e n g t h  in  a s i m p l e  m a n n e r  w h i l e  c o n s e r v i n g  
as m u c h  of t h e  a v a i l a b l e  e n e r g y  as poss ib le .  A u n i q u e  
r e f l ec t ion  s y s t e m  w a s  s e l e c t e d  w h i c h  t a k e s  a d v a n t a g e  
of t h e  R e s t s t r a h l e n  r e f l ec t i on  b a n d s  of ionic  c r y s t a l s  
fo r  i ts  e n e r g y  i so la t ion .  T h e s e  b a n d s  a r e  t h e  r e f l ec -  
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Fig. 3(a) and (b). Monochromator components 

t i v i t y  m a x i m a  t h a t  occu r  in  ion ic  c r y s t a l s  b e c a u s e  of 
t h e  s t r o n g  a b s o r p t i o n  of i n f r a r e d  e n e r g y  b y  t h e  osc i l -  
l a t i n g  c o n s t i t u e n t  a t o m s  or  ions.  

T h e  r e f l e c t i v i t y  of t h e  t w o  m a t e r i a l s  se l ec ted ,  NaC1 
a n d  InSb ,  a r e  s h o w n  in  Fig.  3a. No t i ce  t h e  r e f l e c t i v i t y  
m a x i m a  a r e  90-95%.  T h e  s e l e c t i o n  of NaC1 as a m a -  
t e r i a l  w a s  b a s e d  o n  i t s  r e f l ec t i on  m a x i m u m  (55~,) a n d  
i ts  low r e f l e c t i v i t y  ou t  to  35#. T h i s  l o w  r e f l e c t i v i t y  
a l l o w s  t h e  e l i m i n a t i o n  of t h e  u n w a n t e d  r a d i a t i o n  on  
b o t h  s ides  of t h e  55# peak .  T h e  NaC1 re f l ec t ion  p e a k  
is too b r o a d  to p r o d u c e  a n a r r o w  b a n d  of r a d i a t i o n .  
F o r  t h i s  r eason ,  I n S b  w a s  c h o s e n  b e c a u s e  of i ts  v e r y  
s h a r p  r e f l ec t ion  b a n d  w h i c h  p e a k s  a t  54.6~ (10) .  T h e  
t r a n s m i s s i o n  of c r y s t a l l i n e  q u a r t z  is i n c l u d e d  in  Fig. 
3a to e m p h a s i z e  t h a t  a w a v e l e n g t h  of a t  l e a s t  50~ is 
n e e d e d  if  a q u a r t z  q u a r t e r  w a v e  p l a t e  is used .  

Re f l ec t i v i t y  is de f ined  as t h e  r a t i o  of t h e  r e f l ec t ed  
e n e r g y  o v e r  t h e  i n c i d e n t  ene rgy .  T h e  m e t h o d  of e n -  
e r g y  i so l a t ion  b y  m u l t i p l e  r e f l ec t i ons  is b a s e d  on  t h e  
f ac t  t h a t  t he  r e s u l t a n t  i n t e n s i t y  a t  a p a r t i c u l a r  w a v e -  
l e n g t h  a f t e r  m u l t i p l e  r e f l ec t ions  is ~ust t h e  r e f l e c t i v i t y  
of t h e  s u r f a c e  r a i s e d  to t h e  n th p o w e r ,  w h e r e  n is t h e  
n u m b e r  of re f lec t ions .  Th i s  f ac t  is d e m o n s t r a t e d  i n  
Fig.  3b. T h e  p e r  c e n t  of i n c i d e n t  r a d i a t i o n  as a f u n c -  
t i on  of w a v e l e n g t h  is s h o w n  a f t e r  r e f l ec t i on  f r o m  one  
I n S b  s u r f a c e  a n d  one  to f o u r  NaC1 sur faces .  M o r e  r e -  
f lec t ions  f r o m  NaC1 d r a s t i c a l l y  d e c r e a s e  t h e  a m o u n t  
of e n e r g y  on  b o t h  s ides  of t h e  54.6~ p e a k  w h i l e  l e a v i n g  
t h e  p e r c e n t a g e  of e n e r g y  a t  t h e  p e a k  q u i t e  l a rge .  Th i s  
is b e c a u s e  t he  l ow  r e f l e c t i v i t y  of NaC1 (0.04) o n  b o t h  
s ides  of t h e  p e a k  r a i s e d  to t h e  f o u r t h  p o w e r  a p -  
p r o a c h e s  zero. T h e  v a l u e  of t h e  p e a k  r e f l e c t i v i t y  (0.95) 
r a i s e d  to t h e  f o u r t h  p o w e r  is s t i l l  q u i t e  l a r g e  (0.81).  
T h e  s m a l l  s h o u l d e r  o c c u r r i n g  a t  ,--45~ p r e s e n t s  n o  
p r o b l e m  b e c a u s e  of t h e  low t r a n s m i s s i o n  of t h e  q u a r t z  
q u a r t e r  w a v e  p la t e .  

Infrared polarizers.--The b e s t  i n f r a r e d  p o l a r i z e r s  
r e p o r t e d  in  t h e  l i t e r a t u r e  a r e  t r a n s m i s s i o n  w i r e  g r id  
p o l a r i z e r s  r e p o r t e d  b y  B i r d  a n d  P a r i s h  (11) .  T h e y  
s h o w  good t r a n s m i s s i o n ,  h a v e  h i g h  p o l a r i z a t i o n ,  a n d  
w o r k  w e l l  in  op t i c a l  s y s t e m s  w h e r e  t he  l i g h t  is no t  
co l l ima ted .  T h e  p o l a r i z e r s  a r e  p r o d u c e d  b y  s h a d o w i n g  
a p l a s t i c  g r a t i n g  r e p l i c a  w i t h  a m e t a l  t h a t  h a s  h i g h  
r e f l e c t i v i t y  in  t h e  i n f r a r e d  (A1 or  A u ) .  T h e  r e s u l t  is 
a p l a s t i c  fi lm c o v e r e d  w i t h  a se t  of c lose ly  s p a c e d  
p a r a l l e l  c o n d u c t i n g  wi res .  Of  course ,  t h e  p l a s t i c  f i lm 
m u s t  be  t r a n s p a r e n t  a t  t h e  w a v e l e n g t h  of i n t e r e s t .  A 
s p a c i n g  of k/3.5 is r e q u i r e d  to p r o d u c e  99% p o l a r i z a -  
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Fig. 4. Preparation of Si-AI grid infrared polarizers 

t i on  (11) .  F o r  55~ w a v e l e n g t h ,  t h i s  c o r r e s p o n d s  to  a t  
l e a s t  1600 l i n e s / i n .  

W i r e  g r id  p o l a r i z e r s  a r e  no t  c o m m e r c i a l l y  a v a i l a b l e .  
A t t e m p t s  in  th i s  l a b o r a t o r y  to p r o d u c e  p o l a r i z e r s  of 
t h i s  t y p e  on  p o l y e t h y l e n e  f i lm u s i n g  B i r d  a n d  P a r i s h ' s  
t e c h n i q u e  fa i led.  A p h o t o m a s k  t e c h n i q u e  w a s  u s e d  
in s t ead .  H i g h  p u r i t y  s i l i con  w a s  c h o s e n  as t h e  op t i ca l  
m a t e r i a l  to u se  b e c a u s e  of i ts  a v a i l a b i l i t y ,  t r a n s p a r -  
ency  in  t h e  f a r  IR,  a n d  b e c a u s e  p h o t o m a s k  t e c h -  
n o l o g y  is well developed for silicon. A step wise de- 
scription of the process followed is shown in Fig. 4. 
Two prints were used, i000 and 5000 lines/in. Photo- 
graphs of the finished aluminum lines are shown for 
both polarizers. The measured polarization for these 
polarizers at 54.6~ was ~55% for the I000 lines/in, and 
95-98% for the 5000 lines/in. Another advantage of 
these polarizers is the plane of polarization can be 
accurately measured. 

Two 5000 lines/in, polarizers were used in the in- 
strument operation and worked quite well. At 54.6~ 
they transmitted about 25-27% of the incident un- 
polarized light. After operating the instrument for 
quite sometime, it was decided to try to improve the 
reading of the nulls by constructing polarizers which 
would transmit more energy. Polyethylene film polar- 
izers were constructed. These are made by stretching 
25-30 films over a holder and allowing the incident 
radiation to strike the polyethylene films obliquely at 
the polarization angle (r ~ tan -I n). The transmitted 
light is then plane polarized. Polarizers constructed 
in this way did transmit more light (~35% incident 
radiation) but are not too effective for uncollimated 
light. The instrument operation did not improve sub- 
stantially but the polyethylene polarizers are still 
used because of the slight increase in transmitted 
energy. 

Instrument operations.--The i n s t r u m e n t  w a s  o p e r -  
a t ed  e x a c t l y  as t h e  v i s i b l e  e l l i p s o m e t e r  e x c e p t  t h a t  t h e  
eye  w a s  n o t  u s e d  to d e t e c t  t h e  nu l l .  I n s t e a d ,  a s e n s i -  
t i ve  v o l t m e t e r  w a s  u s e d  to d i s p l a y  t h e  d e t e c t e d  a n d  
amp l i f i ed  i n f r a r e d  s igna l .  T h e  s y s t e m  is de f in i t e ly  e n -  
e r g y  l i m i t e d  in  i t s  p r e s e n t  fo rm.  N u l l s  a r e  di f f icul t  
to m e a s u r e .  R e a d i n g s  a r e  t a k e n  on  b o t h  s ides  of t h e  
n u l l  to  i m p r o v e  a c c u r a c y .  H o w e v e r ,  e v e n  i n  i ts  p r e s -  
en t  f o r m  t h e  r e a d i n g s  a r e  s u r p r i s i n g l y  r e p r o d u c i b l e .  
T h e  p r e s e n t  i n s t r u m e n t  w a s  d e s i g n e d  a n d  b u i l t  to  
d e m o n s t r a t e  t h e  a p p l i c a b i l i t y  of t h e  e l l i p s o m e t e r  t e c h -  
n i q u e  to e p i t a x i a l  f i lm t h i c k n e s s .  I m p r o v e m e n t  of  t h e  

i n s t r u m e n t  c a n  b e  r e a d i l y  o b t a i n e d  b y  u s i n g  a m o r e  
s e n s i t i v e  d e t e c t o r  or  b y  r e d e s i g n i n g  t h e  op t i ca l  s y s t e m  
to p r o v i d e  m o r e  en e rg y .  

A s a m p l e  t h a t  is n o n u n i f o r m  in  t h i c k n e s s  p r o d u c e s  
a r e s u l t a n t  e l l i p t i c a l  p o l a r i z a t i o n  w h i c h  is t h e  a v e r a g e  
fo r  t h e  e n t i r e  s amp l e .  In  v i s i b l e  e l l i p s o m e t r y ,  for  such  
a s amp l e ,  t o t a l  e x t i n c t i o n  is dif f icul t  to o b t a i n  b e c a u s e  
a f a i n t  b a c k g r o u n d  i n t e n s i t y  is s t i l l  v i s i b l e  a t  t h e  nu l l .  
A s i m i l a r  effect  is p r o d u c e d  b y  t h e  u s e  of u n c o l l i m a t e d  
l i g h t  in  t h e  i n f r a r e d  e l l i p s o m e t e r .  T h e  m a g n i t u d e  of 
t h i s  ef fec t  is d e c r e a s e d  b y  c a r e f u l  o p t i c a l  a l i g n m e n t  of 
t h e  i n s t r u m e n t  s y m m e t r i c  a b o u t  t h e  c e n t e r  r ay .  A d d i -  
t i ona l ly ,  a s m a l l  a r e a  of t h e  s a m p l e  (~a/4 in.  i n  d i a m -  
e t e r )  is u s e d  as t h e  l i m i t i n g  a p e r t u r e  of t h e  i n s t r u -  
m e n t .  C o n s i d e r i n g  t h e  size of t h e  s o u r c e  m i r r o r  a n d  
t h e  i m a g e  d i s t ance ,  t h e  t o t a l  pos s ib l e  b e a m  d i v e r g e n c e  
is •  ~ H o w e v e r ,  a m o v e m e n t  of t h e  m o n o c h r o m a t o r  
a r m  _+2 ~ f r o m  t h e  p r o p e r  i n c i d e n c e  a n g l e  r e d u c e s  t h e  
d e t e c t e d  s i g n a l  to h a l f  v a l u e  i n d i c a t i n g  t h e  r a y s  c o n -  
t r i b u t i n g  m o s t  h e a v i l y  to t h e  d e t e c t e d  s i g n a l  t r a v e l  
v e r y  c lose  to t h e  c e n t e r  rays .  A n  e q u a l  n u m b e r  of 
r a y s  f r o m  t h e  t w o  v e r t i c a l  e x t r e m e s  ( < •  ~ a v e r a g e  
o u t  to  p r o d u c e  a p l a n e  of i n c i d e n c e  d e t e r m i n e d  b y  t h e  
c e n t e r  ray .  T h e  s a m e  a v e r a g i n g  p r o c e s s  occurs  b e -  
t w e e n  r a y s  of t h e  t w o  h o r i z o n t a l  e x t r e m e s  to p r o d u c e  
a n  a v e r a g e  a n g l e  of i n c i d e n c e  d e t e r m i n e d  b y  t h e  cen -  
t e r  ray .  A v e r a g i n g  of b o t h  v e r t i c a l  a n d  h o r i z o n t a l  
n o n p a r a l l e l  r a y s  occurs  w h e n  t h e  b e a m  passes  t h r o u g h  
t h e  q u a r t e r  w a v e  p l a t e  to  p r o d u c e  a n  a v e r a g e  90 ~ 
p h a s e  sh i f t  f o r  t h e  c e n t e r  ray .  

T h e  a v e r a g i n g  of t h e  h o r i z o n t a l  r a y s  to  p r o d u c e  
a n  a v e r a g e  p l a n e  of i n c i d e n c e  does  n o t  p r o d u c e  a d i f -  
f e r e n c e  in  t h e  m e a s u r e d  a n d  c a l c u l a t e d  ~ a n d  A va lues .  
T h e  p l a n e  of i n c i d e n c e  is n o t  i n v o l v e d  in  t h e  c a l c u l a -  
t ion.  H o w e v e r ,  f o r  a p a r t i c u l a r  t h i c k n e s s  of f i lm on  a 
p a r t i c u l a r  s u b s t r a t e ,  t h e  c a l c u l a t e d  ~ a n d  A p o i n t s  
m a y  n o t  b e  l i n e a r  f u n c t i o n s  of t h e  a n g l e  of i nc idence .  
I n  t h i s  case,  a s m a l l  e r r o r  m a y  r e s u l t  b e c a u s e  t h e  
e f fec t ive  v a l u e  of ~ a n d  A fo r  a l l  r a y s  does  n o t  a v e r -  
age  o u t  to t h e  s a m e  v a l u e  as  t h a t  c a l c u l a t e d  for  t h e  
c e n t e r  ray .  E a c h  p a r t i c u l a r  s y s t e m  m u s t  b e  e v a l u a t e d  
fo r  e a c h  t h i c k n e s s  r a n g e .  T h e  m a g n i t u d e  of  t h i s  e f fec t  
is d i s c u s s e d  u n d e r  t h e  r e s u l t s  s ec t ion  fo r  t h e  t wo  sys -  
t e m s  m e a s u r e d .  

Applications 

D e v i c e  spec i f i ca t ions  u s u a l l y  ca l l  fo r  e p i t a x i a l  m a t e -  
r i a l s  g r o w n  i n  t h e  N on  N + or  P on  P +  co n f i g u ra t i on .  
I n  t h i s  a r r a n g e m e n t  t h e  r e s i s t i v i t y  of t h e  l a y e r  is a t  
l e a s t  a n  o r d e r  of m a g n i t u d e  h i g h e r  t h a n  t h e  s u b -  
s t ra te .  T h e  t w o  e x a m p l e s  c h o s e n  fo r  t h i s  e v a l u a t i o n ,  
N o n  N + Si a n d  P on  P + Ge,  r e p r e s e n t  t h e  c o n f i g u r a -  
t i on  of t h e  m a j o r i t y  of e p i t a x i a l  s l ices  p r o d u c e d .  I t  w a s  
p o i n t e d  o u t  e a r l i e r  t h a t  t h e  m e t h o d  w o r k s  b e s t  w h e n  
t h e  l a y e r  is n o n a b s o r b i n g .  T h e  n o n a b s o r b i n g  c r i t e r i o n  
w a s  m e t  b y  t h e  l a y e r  r e s i s t i v i t y  s e l ec t ed  ( ~ 1  o h m -  
cm)  a t  t h e  w a v e l e n g t h  of m e a s u r e m e n t .  

N on N + Si epitaxial layers.--About 40 N on N + 
e p i t a x i a l  l a y e r s  1-10~ in  t h i c k n e s s  w e r e  s p e c i a l l y  p r e -  
p a r e d  fo r  t h i s  e v a l u a t i o n .  T h e  s u b s t r a t e  a n d  l a y e r  r e -  
s i s t iv i t i e s  w e r e  0.013 • 0.001 o h m - c m  a n d  2 • 1 o h m -  
cm, r e s p e c t i v e l y .  T h e  op t i ca l  c o n s t a n t s  w e r e  c a l c u l a t e d  
fo r  t h e  w a v e l e n g t h s  of m e a s u r e m e n t  (54.6~) u s i n g  
Eq.  [2] a n d  [3].  A n  e l l i p s o m e t e r  c u r v e  in  t e r m s  of 
a n d  A fo r  l a y e r s  0-10~ t h i c k  i n  0.1~ i n c r e m e n t s  w a s  
c a l c u l a t e d  u s i n g  t h e  p r o g r a m  d e s c r i b e d  b y  M c C r a c k i n  
a n d  Co l son  (12) .  T h e  r e s u l t s  a r e  s h o w n  in  Fig.  5. T h e  
a n g l e  of i n c i d e n c e  c h o s e n  w a s  50 ~ . I n  t h e  i l l u s t r a t i o n ,  
e v e r y  m i c r o n  i n c r e m e n t  w a s  d e s i g n a t e d  a n d  t h e  0.5# 
i n c r e m e n t s  m a r k e d  w i t h  a n  a r r o w  h e a d .  T h e  f i rs t  
o r d e r  of  t h i c k n e s s  a p p e a r s  on  t h e  r i g h t  h a n d  s ide  of t h e  
cu rve .  T h i s  w o u l d  c o r r e s p o n d  to t h i c k n e s s  f r o m  0 to 
8.1~. F o r  t h i c k n e s s  g r e a t e r  t h a n  8.1~, t h e  n u m b e r s  
on  t h e  l e f t  h a n d  s ide  of t h e  c u r v e  a r e  r ead .  Th i s  cor-. 
r e s p o n d s  to e p i t a x i a l  t h i c k n e s s  f r o m  8.2 to 10.4# on  t h e  
cu rve .  T h i c k n e s s  g r e a t e r  t h a n  10.4 c a n  b e  e x t r a p o l a t e d  
f r o m  t h e  e x i s t i n g  po in t s .  B e c a u s e  t h e  f i lm is n o n -  
a b s o r b i n g  t h e  p o i n t s  f o r  f i lms of d i f f e r e n t  t h i c k n e s s  
f a n  a l m o s t  o n  t o p  of  o n e  a n o t h e r  (as  i n  t h e  case  of 
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Fig. 5. Ellipsometer curve for silicon epitaxial layers, N on N +. 
4, = 50 ~ ~ ~ 54.6/~. 

n o n a b s o r b i n g  o x i d e  f i lms on  s e m i c o n d u c t o r s )  r e t r a c i n g  
t h e  cu rve .  F o r  a s ing le  se t  of r e a d i n g s ,  p r i o r  k n o w l -  
edge  of  t h e  o r d e r  of t h i c k n e s s  of a f i lm is r e q u i r e d .  T h e  
v a l u e  of A goes  off sca le  a t  t h e  t h i c k n e s s  of  ~2 .2~  (o r  
10.3) a n d  b a c k  on  sca le  ~2 .3~  (or  10.4). T h e s e  p o i n t s  
a r e  a lso m a r k e d  to a v o i d  confus ion .  

T h e  m e a s u r e d  v a l u e s  of ~ a n d  • fo r  38 s a m p l e s  a r e  
i n d i c a t e d  i n  Fig.  5 w i t h  s m a l l  c ircles .  T h e  e x p e r i -  
m e n t a l  p o i n t s  fo l low t h e  g e n e r a l  s h a p e  of t h e  cu rve .  
C o n s i d e r i n g  t h e  f ac t  t h a t  t h e  op t i ca l  c o n s t a n t s  of t h e  
s u b s t r a t e  a r e  c a l c u l a t e d  a n d  t h a t  t he  j u n c t i o n  is 
g r a d e d  to some  v a r i a b l e  d e g r e e  t h e  fit is q u i t e  good. 
T h e  c a l c u l a t i o n  of A f r o m  t h e  P o l a r i z e r  r e a d i n g  
( tanA ~ cot  2P)  y i e ld s  t w o  pos s ib l e  va lues .  G e n e r a l l y  
th i s  c r e a t e s  no  p r o b l e m  b e c a u s e  o n l y  one  v a l u e  of 

a l o n g  w i t h  t h e  m e a s u r e d  v a l u e  of r m a k e  a p o i n t  
w h i c h  fa l l s  on  t he  cu rve .  H o w e v e r ,  i n  o u r  case,  t h e  
e x p e r i m e n t a l  e r r o r  in  t h e  m e a s u r e d  ~ a n d  A m a y  be  
g r e a t  e n o u g h  so t h a t  n e i t h e r  p o i n t  fa l l s  on  t h e  cu rve .  
F o r  t h i s  r ea son ,  t h e  p r i o r  k n o w l e d g e  of t he  o r d e r  of 
t h i c k n e s s  is u sed  to se lec t  t h e  p r o p e r  v a l u e  of ~. 

T h e  t h i c k n e s s  v a l u e s  w e r e  s e l e c t e d  b y  e x t r a p o l a t i n g  
t h e  A v a l u e  to t h e  c u r v e  d i s r e g a r d i n g  ~. T h e  t h i c k n e s s  
d e t e r m i n e d  fo r  t h e  s a m p l e s  fo r  t h r e e  s e p a r a t e  r e a d -  
ings  a r e  s h o w n  in  T a b l e  I. T h e  c o l u m n s  h e a d e d  e l l i p -  
s o m e t e r  1, 2, a n d  3 s h o w  t h e  m e a s u r e d  v a l u e s  fo r  e a c h  
sample .  T h e  v a l u e s  d e t e r m i n e d  b y  t h e  i n f r a r e d  s c a n  
t e c h n i q u e  w i t h  a B e c k m a n  I R - 5 A  a r e  g i v e n  in  t h e  
f i rs t  co lumn .  P o r t i o n s  of s o m e  s a m p l e s  w e r e  r e m o v e d  
f r o m  t h e  s l ice  a n d  t h e  e p i t a x i a l  l a y e r  t h i c k n e s s  d e -  
t e r m i n e d  b y  t he  a n g l e  l ap  a n d  s t a i n  t e c h n i q u e  (L .S . ) .  
T h e s e  r e s u l t s  a r e  g i v e n  in  c o l u m n  2. A n  i n t e r f e r e n c e  
p a t t e r n  or  a j u n c t i o n  s t a i n  w a s  n o t  o b t a i n e d  for  
e i g h t  v e r y  t h i n  s a m p l e s .  S e v e r a l  of t h e s e  p r o d u c e d  
a n  i n t e r f e r e n c e  p a t t e r n  w h e n  r e m e a s u r e d  a t  s h o r t e r  
w a v e l e n g t h s  u s i n g  a P e r k i n - E l m e r  337. T h e  c a ] c u l a t e d  
t h i c k n e s s  a r e  g i v e n  in  C o l u m n  3. A v e r a g e  v a l u e s  f o r  
t h e  t h r e e  e l l i p s o m e t e r  t h i c k n e s s  m e a s u r e m e n t s  a r e  
g i v e n  in  t h e  s i x t h  co l um n .  

In  t h e  n e x t  c o l u m n ,  t h e  e r r o r  e x i s t i n g  b e t w e e n  t h e  
a v e r a g e  e l l i p s o m e t e r  a n d  t h e  I R - 5 A  v a l u e s  a r e  g i v e n  
i n  t e r m s  of p e r  c en t  of t h e  I R - 5 A  m e a s u r e d  t h i c k n e s s .  
No  v a l u e s  a r e  g i v e n  fo r  t h e  e i g h t  s a m p l e s  w h i c h  
f a i l e d  to p r o d u c e  a n  i n t e r f e r e n c e  p a t t e r n  w i t h  t h e  
IR-5A.  T h e  p e r  c e n t  e r r o r  fo r  t h e  30 r e m a i n i n g  s a m -  
p les  r a n g e s  f r o m  0 to 14.7% w i t h  a n  a v e r a g e  v a l u e  of 
_+6.7%. T h e  r e p r o d u c i b i l i t y  of t h e  e l l i p s o m e t e r  r e a d -  
i n g  is i n d i c a t e d  in  t h e  l a s t  co l um n .  T h e  i n d i v i d u a l  
r e a d i n g s  fo r  t h e  t h r e e  t h i c k n e s s  d e t e r m i n a t i o n s  a r e  
c o m p a r e d  to t h e  a v e r a g e  v a l u e  a n d  a n  a v e r a g e  e r r o r  
c a l cu l a t ed .  F o r  t h e  s a m e  30 s a m p l e s  t h e  a v e r a g e  

Table I. Comparison of thickness valves for silicon epitaxial layers 
determined using the infrared ellipsorneter and the infrared scan 

technique* 

t by  t b y  t by  t % 
S a m p l e  t by  t b y  t by  e l l i p -  e l l i p -  e l l i p -  A v e r .  E r r o r  1Ke- 

No.  I R - 5 A  <): L . S . P . E .  s a m .  sam.  s a m .  e l l i p -  ( f r o m  p r o d .  

337 (1) (2) (3) s am.  I R S A )  ~__ % 

N - 6 6 0 8 -  
206-1 9.9 8.3 10.3 10.3 10.3 10.3 + 4.0 0 
206-3  9.5 10.3 10.3 10.3 10.3 + 8.4 0 
207-1  7.4 7.4 7.0 6.9 7.0 7.0 - -5 .4  0.5 
207-3  7.9 7.1 7.5 6.9 7.2 - - 8 . 9  3.2 
208-1  7.9 6,8 7.1 7.1 6.8 7.0 - -11 .4  1,9 
208-2  7.2 7.4 7.2 6.9 7.2 0 2.3 
208-3  7.1 7.3 7.4 7.4 7.4 + 4.2 0.4 
208-4  7.3 7.0 7.1 7.5 7.2 -- 1.4 2.8 
209-1  5.3 4.7 5.3 6.2 5.9 5,8 + 9,4 5.7 
209-2  5.1 5.4 5,7 5.2 5.4 + 5.9 3.1 
209-3 4.8 5.5 5.6 5.5 5.5 + 14.5 0.6 
209-4  5.0 5.4 5.4 5.6 5.5 + 10,0 1.8 
210-1  5.5 4.7 5,4 5.8 5.6 5.6 + 1.8 2.4 
210-2  6.0 5.4 5.5 6.0 5.6 -- 6,7 3.0 
210-3  5.6 5.5 5.6 6.1 5.7 + 1.8 4.1 
210-4  5.4 5.4 5.6 5.4 5.5 + 1.8 1.8 
211-1  3.4 2.4 3.7 3.7 4.3 3.9 + 14.7 6.8 
211-2  4.0 4.0 3.9 4.1 4.0 0 1.7 
211-3  3.6 3.6 3.7 3.4 3.6 0 2.8 
211-4  3.7 3.5 3.4 3.9 3.6 - -2 .7  5.5 
213-1  N .D.  1.0 2.2 2.2 2.2 2.2 
213-2  N.D.  0.9 2.2 2.2 2.2 2.2 
213-3  N .D.  0.9 2.3 2.3 2.3 2.3 
213-4  N .D.  0 .9  2.2 2.2 2.3 2.2 
214-1  N .D.  1.0 0.4 0.3 0.6 0.4 
214-2  N . D .  0 0.4 0.4 
214-3  N .D.  0.5 0.5 0.5 
214-4  N.D.  0.2 0.2 
215-1 6.8 6,8 6.2 6.7 7.1 6.7 -- 1.5 4.5 
215-4  8.2 6.5 7.4 7.5 7.1 -- 13.4 6.1 
216-1  9.5 8.8 10.3 10.3 10.3 10.3 + 8.4 0 
216-2  9.7 10.3 19.3 10.3 10.3 + 6.2 0 
216-3 9.6 10.3 10.3 10.3 10.3 + 6.8 0 
216-4  10,2 10.3 10.3 10.3 10.3 + 1.0 0 
217-1  3.9 3.2 3.6 5.4 4.3 4.4 + 12.8 14.4 
217-2  3.9 3.8 5.8 3.6 4.4 + 12.8 21.2 
217-3  3.9 4 .4  5.2 3.6 4.4 + 12.8 12.2 
217-4  3.8 4.2 5.0 3.4 4.2 + 10.5 12.7 

* A v e r a g e  e r r o r  f o r  30 s a m p l e s  •  R e p r o d u c i b i l i t y  e r r o r  
-~4.1%. 

e r r o r  ( in  t e r m s  of p e r  c en t  of  t h e  a v e r a g e  e l l i p s o m e t e r  
v a l u e )  is _ _ _ 4 . 1 % .  

P o n  P +  G e  epitaxiat l a y e r s . - - F o r t y  e p i t a x i a l  s a m -  
p les  of P o n  P +  w e r e  spec i a l l y  p r e p a r e d  fo r  e v a l u a -  
t ion.  T h e  r e s i s t i v i t y  of t he  s u b s t r a t e  a n d  l a y e r  w e r e  
0.0022 _ 0.0001 o h m - c m  a n d  ~ 1  o h m - c m ,  r e s p e c t i v e l y .  
As  in  t h e  o t h e r  e x a m p l e ,  t h e  op t i ca l  c o n s t a n t s  w e r e  
c o m p u t e d  a t  54.6~ a n d  t h e  v a l u e s  u s e d  to c o m p u t e  a n  
e l l i p s o m e t e r  c u r v e  fo r  l a y e r s  v a r y i n g  in  t h i c k n e s s  
f r o m  0 to 10~. T h e  t h i c k n e s s  i n c r e m e n t  a g a i n  w a s  
0.1~. T h e  r e s u l t s  in  t e r m s  of ~ a n d  • a r e  p l o t t e d  in  
Fig.  6. T h e  a n g l e  of i n c i d e n c e  w a s  50 ~ . As  in  t h e  o t h e r  
i l l u s t r a t i o n ,  t h e  w h o l e  m i c r o n s  a r e  n u m b e r e d  a n d  t h e  
h a l f  m i c r o n s  accen ted .  T h e  f i rs t  o r d e r  of t h i c k n e s s  is 
r e a d  on  t h e  i n s i d e  of t h e  c u r v e  (0-6.8~) a n d  t h e  s e c o n d  

250 - I I 1 I I I I I I I I I __~ 

240 --  ~ - -  
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Fig. 6. Ellipsometer curve for germanium epituxial layers, P on P + .  
~ 50 ~ ~ ~ 54.6~. 
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Table II. Comparison of thickness values for germanium epitaxial 
layers determined using the infrared ellipsometer and the infrared 

scan technique 

t b y  t b y  t b y  t % 
t b y  e l l i p -  e l l i p -  e l l i p -  A v e r .  E r r o r  R e -  

S a m p l e  t b y  t b y  P . E .  s a m .  s a m .  s a m .  e l l i D -  ( f r o m  p r o d .  
N o .  I R - 5 A  <): S 337  (1 )  (2)  (3)  s a m .  I R S A )  • % 

2 - 6 6 8 - 1  10 .4  9 .1  11 .0  10 .8  10 .9  10 .9  + 4 .8  0 .6  
2 - 6 6 8 - 2  10 .0  . . . . .  - -  
2 - 6 6 8 - 3  10 .0  10 .8  11 .3  11 .3  11 .1  + 1 1 , 0  2 .7  
2 - 6 6 8 - 4  10 .2  10 .6  10 .9  11 .1  10 .9  + 6 .8  1.5 
2 - 6 6 9 - 1  9.1 8 .3  10 .4  6 .4  5 .9  6 .4  6 .2  - - 3 1 . 9  3 .8  
2 - 6 6 9 - 2  9 .2  9 .8  5 .8  6 .5  6 .9  6 ,4  - -  3 0 , 5  6 .2  
2 - 6 6 9 - 3  9 .2  9 .1  6 .5  6 .3  6 .0  6 .3  --  3 1 . 5  2 .7  
2 - 6 6 9 - 4  9 .1  9 .7  6 .8  6 .6  7.1 6 .8  - -  2 5 . 3  2 .5  
2 - 6 7 0 - 1  8.0 6.8 7.4 7.7 7.3 - - 8 . 7  4.6 
2 - 6 7 0 - 2  8 .2  7 .3  7 .0  7 , 0  7 .1  -- 1 3 , 4  1 ,9  
2 - 6 7 0 - 3  8 .0  6 .8  7 .4  6 .8  6 ,9  7 .0  --  12 .5  3 .3  
2 - 6 7 0 - 4  8 .0  7 .1  6 .9  7 .1  7 .0  --  12 .5  1 .4  
2 - 6 7 1 - 1  7 .0  6 .8  6 .2  6 .1  6 .8  6 .4  --  8 .6  4 .7  
2 - 6 7 1 - 2  7.1 6 .2  6 .3  6 .8  6 .4  - - 9 . 9  3 .6  
2 - 6 7 0 - 3  6 .8  6 .2  6 .6  6 .2  6 .3  - -  7 .3  2 . 7  
2 - 6 7 1 - 4  6 .8  6 .4  6 .5  6 .5  6 .5  - -  4 . 4  0 .5  
2 - 6 7 2 - 1  5 .7  5 .0  6 .0  5 .5  5 .7  5 .7  0 2 .9  
2 - 6 7 2 - 2  5 .8  5 .9  5 .7  5 .3  5 .6  - -  3 .4  4 .2  
2 - 6 7 2 - 3  5 .7  5 .4  5 .8  5 .8  5 .7  0 4 .1  
2 - 6 7 2 - 4  5 .7  5 .4  5 .7  5 .4  5 .5  - -  3 .5  2 . 4  
2 - 6 7 3 - 1  5 .1  4 .1  4 .7  4 .8  5 .1  5 .0  - - 2 . 0  4 .0  
2 - 6 7 3 - 2  5 .1  4 .6  5 .0  5 .1  4 .9  - - 3 . 9  4 .1  
2 - 6 7 3 - 3  5 .1  4 . 9  4 .8  5 .1  4 .9  - -  3 .9  2 . 0  
2 - 6 7 3 - 4  5 .1  4 .9  5 .2  5 .0  5 .0  --  2 . 0  2 . 0  
2 - 6 7 4 - 1  3 .7  3 .9  4 .0  4 ,0  4 .0  + 8 .1  0 ,8  
2 - 6 7 4 - 2  3 .7  3 .9  3 .9  3 .9  3 , 9  + 5 .4  0 
2 - 6 7 5 - 1  3 .4  2 .7  3 .1  - -  - -  3 , 1  --  8 .8  
2-675-2  3 3  2 9  3 3  3 1  3 1  - 6 0  4 3  
2 0 7 5 - 3  3 1  2 9  2 9  3 1  3 0  - 3 2  3 3  
2 - 6 7 5 - 4  3 .1  2 .8  2 .9  3 .2  3 .0  - - 3 . 2  5 .6  
2 - 6 7 6 - 1  ~ 2 . 0  N o  s t a i n  2 .2  1.2 1 .4  1 .2  1 .3  - -  - -  
2 - 6 7 6 - 2  ~--2.0 2 .3  1 .4  1 .8  1.6 1 .6  - -  - -  
2 - 6 7 6 - 3  ~ 2 . 0  2 .3  1 .4  1 .6  1.7 1 .6  - -  - -  
2 - 6 7 6 - 4  ~-~2.0 2 .3  1 .3  1 .6  1 .7  1.5 - -  - -  
2 - 6 7 7 - 1  .-~1.0 N o  s t a i n  - -  0 .6  0 .2  0 .6  0 .5  - -  - -  
2 - 6 7 7 - 2  ~ 1 . 0  - -  0 .6  0 .4  0 .6  0 .5  - -  - -  
2 - 6 7 7 - 3  , ~ 1 . 0  - -  0 .7  - -  - -  0 .7  - -  - -  
2 - 6 7 7 - 4  ~ 1 . 0  - -  0 .7  0 . 6  0 . 6  0 .6  - -  - -  

o r d e r  o n  t h e  o u t s i d e  (6.8-13.6~).  A g a i n  t h e  f i lm is 
n o n a b s o r b i n g  a n d  t h e  c u r v e  cou ld  b e  u s e d  f o r  g r e a t e r  
t h i c k n e s s e s .  

T h e  m e a s u r e d  v a l u e s  of ~ a n d  A fo r  40 s a m p l e s  a r e  
s h o w n  o n  t h e  i l l u s t r a t i o n  as s m a l l  c i rc les .  T h e y  
fo l low t h e  c a l c u l a t e d  c u r v e s  m u c h  m o r e  c lose ly  t h a n  
t h e  s i l i con  po in t s .  As  p o i n t e d  o u t  be fo re ,  p r i o r  k n o w l -  
edge  of t h e  o r d e r  of t h i c k n e s s  is u s e d  in  a s s i g n i n g  t h e  
p r o p e r  v a l u e  of A f r o m  t h e  p o l a r i z e r  r e a d i n g .  T h e  
t h i c k n e s s  d a t a  t r e a t e d  in  t h e  s a m e  m a n n e r  as t h e  p r e -  
v i o u s  s a m p l e s  in  s h o w n  in  T a b l e  II. 

A g a i n  t h e  v a l u e s  d e t e r m i n e d  b y  t h e  I R - 5 A  a r e  u s e d  
fo r  c o m p a r i s o n .  P o o r  v a l u e s  w e r e  o b t a i n e d  fo r  t h e  
e i g h t  s a m p l e s  b e t w e e n  1 a n d  2~ th ick .  T h e  P - E  337 
cou ld  b e  u s e d  fo r  t h e  2~ samples .  L a r g e  d i s a g r e e m e n t  
was  o b t a i n e d  b e t w e e n  t h e  a v e r a g e  e l l i p s o m e t e r  r e a d -  
ings  a n d  f o u r  s a m p l e s  a b o u t  9# th ick .  T h e y  w e r e  
c h e c k e d  u s i n g  t h e  P - E  337 a t  s h o r t e r  w a v e l e n g t h .  T h e  
i n d i c a t e d  v a l u e s  w e r e  g r e a t e r  t h a n  w i t h  t h e  IR-5A,  
w h i l e  t h e  I R - 5 A  v a l u e  w a s  m u c h  l a r g e r  t h a n  t h e  one  
o b t a i n e d  o n  t h e  e l l i p s o m e t e r  a t  m u c h  g r e a t e r  w a v e -  
l e n g t h .  T h e  s o u r c e  of  t h i s  d i s a g r e e m e n t  m o s t  p r o b a b l y  
is a w i d e  g r a d e d  j u n c t i o n .  F o r  t h e  31 s a m p l e s  fo r  
w h i c h  I R - 5 A  v a l u e s  w e r e  a v a i l a b l e ,  t h e  a v e r a g e  e r r o r  
w i t h  t h e  a v e r a g e  e l l i p s o m e t e r  v a l u e  w a s  +__9.1%. T h e  
r e p r o d u c i b i l i t y  a g a i n  w a s  q u i t e  good, f o r  t h e  31 s a m -  
ples ,  _+2.8%. 

Discussion of results.--There a r e  f ive a spec t s  of t h e  
m e a s u r e m e n t s  w h i c h  s h o u l d  b e  b r i e f ly  d i s c u s s e d  in  
o r d e r  to p r o p e r l y  e v a l u a t e  t h e  r e s u l t s :  t h e  s a m p l e ,  
t h e  i n s t r u m e n t ,  t h e  c a l c u l a t e d  cu rves ,  t h e  a n g l e  of 
i nc idence ,  a n d  t h e  w a v e l e n g t h  of m e a s u r e m e n t .  
The Samples.--The e l l i p s o m e t e r  m e a s u r e s  a s l i g h t l y  
d i f f e r e n t  t h i c k n e s s  t h a n  t h e  i n f r a r e d  s can  t e c h n i q u e .  
T h e  o n l y  w a y  t h e  t w o  m e t h o d s  c a n  a g r e e  ( w i t h i n  r e -  
p r o d u c i b i l i t y  of b o t h  m e t h o d s )  is fo r  t h e  s a m p l e  to 
h a v e  a s h a r p  j u n c t i o n .  U n d o u b t e d l y ,  t h e  m a j o r  s o u r c e  
of d i s a g r e e m e n t  is t h e  v a r i a t i o n  in  d e g r e e  of g r a d a -  
t i o n  of t h e  s u b s t r a t e  l a y e r  j u n c t i o n .  T h e  c a l c u l a t e d  
c u r v e s  a r e  b a s e d  on  t h e  op t i c a l  c o n s t a n t s  of t h e  s u b -  
s t r a t e .  I f  t h e  j u n c t i o n  is v e r y  g r a d e d ,  t h e  o r i g i n  of 
r e f l ec t ion  occu r s  a t  s o m e  p o i n t  t o w a r d  t h e  l a y e r  w h i c h  
h a s  a c a r r i e r  c o n c e n t r a t i o n  ( a n d  t h u s  op t i ca l  c o n -  

s t a n t s )  d i f f e r e n t  f r o m  t h e  s u b s t r a t e .  T h e  m e a s u r e d  
v a l u e  of ~ a n d  A w i l l  f a l l  off t h e  p r e d i c t e d  c u r v e  a n d  
g ive  a s l i g h t  e r r o r  in  t h i c k n e s s .  
The Instrument.--The i n s t r u m e n t  in  i t s  p r e s e n t  f o r m  
is e n e r g y  l imi t ed .  R e p r o d u c i b i l i t y  n e v e r t h e l e s s  is b e t -  
t e r  t h a n  --+5%. U n d o u b t e d l y ,  s o m e  of t h e  e r r o r  w a s  
c a u s e d  b y  i n s t r u m e n t a l  t r o u b l e s ,  b u t  i t  w a s  n o t  t h e  
m a j o r  source .  P r e s e n t  p l a n s  ca l l  fo r  a n  i m p r o v e m e n t  
in  i n s t r u m e n t  p e r f o r m a n c e  o b t a i n e d  b y  u s i n g  a m o r e  
s e n s i t i v e  d e t e c t o r  (a  G o l a y  ce l l )  a n d  b y  t h e  f a b r i c a -  
t i on  of i n f r a r e d  p o l a r i z e r s  w i t h  b e t t e r  t r a n s m i s s i o n  
( w i r e  g r id  p o l a r i z e r s  o n  p o l y e t h y l e n e  f i lm) .  
The calculated curves.--When t h e  e p i t a x i a l  s a m p l e s  
w e r e  p r e p a r e d ,  t h e  r e s i s t i v i t i e s  of l a y e r  a n d  s u b s t r a t e  
w e r e  spec i f ied  w i t h i n  a c e r t a i n  t o l e r a n c e  r a n g e .  T h e  
n o r m a l  v a r i a t i o n  w i t h i n  th i s  t o l e r a n c e  r a n g e  wi l l  
p r o d u c e  a v a r i a t i o n  of op t i c a l  c o n s t a n t s  b e t w e e n  
s ample s .  T h e  ef fec t  w o u l d  b e  n e g l i g i b l e  f o r  t h e  e s s e n -  
t i a l l y  n o n a b s o r b i n g  l aye r s .  H o w e v e r ,  t h e  s u b s t r a t e  
v a r i a t i o n  cou ld  c a u s e  ~ a n d  A to f a l l  off t h e  c u r v e  
c a l c u l a t e d  fo r  t h e  n o r m a l  or  m i d d l e  va lue .  I n  o r d e r  
to  c h e c k  t h e  m a g n i t u d e  of t h i s  effect,  ~ a n d  A c u r v e s  
for  s u b s t r a t e s  w i t h i n  t h e  t o l e r a n c e  r a n g e  w e r e  ca l -  
c u l a t e d  a n d  c o m p a r e d .  T h e  c u r v e s  w e r e  o n l y  s l i g h t l y  
d i s p l a c e d  f r o m  one  a n o t h e r .  V a r i a t i o n  i n  s u b s t r a t e  
r e s i s t i v i t y  c a n n o t  a c c o u n t  fo r  a l t  of t h e  o b s e r v e d  d i s -  
p l a c e m e n t  of ~ a n d  A p o i n t s  f r o m  t h e  c a l c u l a t e d  
cu rves .  A t  t h i s  t ime ,  t h e  m a i n  s o u r c e  of d i s p l a c e m e n t  
is b e l i e v e d  to b e  t h e  j u n c t i o n  g r a d a t i o n .  
The angle of incidence.--An i m p r o v e m e n t  in  a c c u r a c y  
or  r e p r o d u c i b i l i t y  m i g h t  b e  e x p e c t e d  fo r  a n o t h e r  a n g l e  
of i n c i d e n c e .  A se t  of ~ a n d  A c u r v e s  fo r  t h e  N on  N + 
s i l i con  e p i t a x i a l  l a y e r s  w a s  c a l c u l a t e d  fo r  70 ~ i n -  
c idence .  T h e  c u r v e  is s h o w n  in  Fig.  7. S i l i con  N on 
N + s a m p l e s  t h a t  h a d  b e e n  m e a s u r e d  a t  50 ~ i n c i d e n c e  
w e r e  r e m e a s u r e d  a t  70 ~ No i m p r o v e m e n t  in  p r e c i s i o n  
or  a c c u r a c y  w a s  o b t a i n e d .  

I n  t h e  s ec t ion  d e s c r i b i n g  i n s t r u m e n t  o p e r a t i o n  i t  
w a s  p o i n t e d  o u t  t h a t  t h e  u se  of u n - c o l l i m a t e d  l i g h t  
c o u l d  l e a d  to a t h i c k n e s s  e r r o r  i f  t h e  c a l c u l a t e d  r 
a n d  A v a l u e s  fo r  a p a r t i c u l a r  s y s t e m  w e r e  n o n l i n e a r  
f u n c t i o n s  of t h e  a n g l e  of i n c i d e n c e .  T h e  m a g n i t u d e  of 
t h i s  effect  is d e t e r m i n e d  b y  t h e  specif ic  f i l m - s u b s t r a t e  
c o m b i n a t i o n  a n d  e a c h  s y s t e m  m u s t  b e  c o n s i d e r e d  sep-  
a r a t e l y .  F o r  t h e  s y s t e m s  e v a l u a t e d ,  c u r v e s  w e r e  ca l -  
c u l a t e d  fo r  f u l l  d i v e r g e n c e  ( • 1 7 6  C o m p a r i s o n s  w e r e  
m a d e  b e t w e e n  t h e  t w o  e x t r e m e  c u r v e s  (46 ~ a n d  54 ~ ) 
a t  t h e  e v e n  m i c r o n  i n c r e m e n t s  of t h e  50 ~ cu rve .  T h e  
d i f f e r ences  i n  t h e  m a g n i t u d e  of t h e  d e v i a t i o n  f r o m  the  
e v e n  m i c r o n  i n c r e m e n t  w e r e  t a k e n  as a m e a s u r e  of 
t h e  n o n l i n e a r i t y .  T h e  m a x i m u m  n o n l i n e a r i t y  v a l u e s  
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for the Si system were  • and for the Ge system 
were  • For these systems, this effect does not 
appear to be a major  source of error.  
The wavelength of measurement--The amount  of 
energy avai lable  at shor ter  wavelengths  f rom a globar  
source is many t imes that  avai lable  at 54.6#. If a 
different k/4 plate optical mater ia l  were  available,  pe r -  
haps an ins t rument  could be constructed which would 
operate at a shorter  wave leng th  and thus not  be so 
energy limited. To check this possibility, e l l ipsometer  
curves were  calculated for measurements  made  on 
the same N on N + silicon epi taxial  layers measured  
before, using the same 50 ~ angle of incidence but 
changing the wave leng th  of measurement  to 10, 20, 
and 30~. The results are shown in Fig. 8. Notice the 

scale has been expanded by a factor of 5 over  the 
and A curves shown previously,  in order  to show the 

var ia t ion with thickness. The free carr ier  effect, in 
this case at least, is so small  at the shorter  wave leng th  
that  a large change in the ell iptical  polarizat ion of 
the l ight  is not obtained with  thickness. These re-  
sults indicate 54.6~ is a good choice as a wave leng th  
of measurement .  

The results presented here  show that  on the first 
try, wi th  no concentrated effort to improve  the method 
or the instrument ,  the infrared el l ipsometer  is at least 
as good and probably bet ter  for thin epi taxial  layers 
than the infrared scan. The method should work  wel l  
on good qual i ty  layers <2~ thick. With improvement  
in the ins t rument  per formance  and a bet ter  fit of the 
calculated curves, an accuracy and reproducibi l i ty  
of 1% may be u l t imate ly  obtained. 

Conclus ions  
1. The thickness of most epitaxia] layers is meas-  

ured using the inf rared  spectrophotometer  scan tech-  
nique. The method is not good for ve ry  thin epi taxial  
layers ( <  5~). 

2. The  el l ipsometer  is an optical ins t rument  used to 
accurately measure  the thickness of ve ry  thin t r a n s -  

parent  films on highly reflective surfaces in the visible 
region of the spectrum. The under ly ing  optical pr in-  
ciples of the el l ipsometric  method  apply to the optical 
in terference that  occurs be tween  an epi taxial  layer  
and its substrate in the inf rared  region of the spec- 
trum. 

3. An el l ipsometer  was designed and buil t  that  op- 
erates in the long wave leng th  infrared region in much 
the same way as the convent ional  visible ell ipsometer.  

4. Using the infrared el l ipsometer  the thickness of 
about 40 P on P+ Ge and 40 N on N + Si epi taxial  
layers was measured.  The layers ranged in thickness 
f rom 1 to 10#. The agreement  wi th  the values obtainea 
f rom the infrared scan measurement  (when it could 
be made) was •  for the Ge layers and • 
for the Si layers. The reproducibi l i ty  of the measure-  
ment  was •  and • respectively.  Al l  pe r -  
centages are given in terms of the thickness. 

5. The el l ipsometer  technique u l t imate ly  wil l  be a 
more  accurate, more direct method for epi taxial  film 
thickness. 
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Polarographic Behavior of Some Metal Acetates in Aqueous 
and Anhydrous Acetic Acid 
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ABSTRACT 

A study of the polarographic  behavior  of the acetates of Co( I I ) ,  N i ( I I ) ,  
Zn ( I I ) ,  P b ( I I ) ,  Cd ( I I ) ,  B i ( I I I ) ,  and Cu( I I )  at the dropping mercury  elec-  
t rode has been made  in the systems: H20-HOAc-MOAc and HOAc-MOAc, 
where  MOAc is the support ing electrolyte  wi th  M z Li, Na, K, and NH4. 
The data are in terpre ted  in terms of the control  exer ted  by solvent on the 
dissociative equi l ibr ia  of the reducible  meta l  species and the associative equi-  
l ibria leading to aggregates involv ing  the iner t  electrolyte.  The ha l f -wave  
potentials  of the revers ib ly  reduced metals  (Cd, Pb, and Cu) conform to the 
qual i ta t ive  predictions of the equat ion der ived  by Schaap (22). 

The earl iest  repor ted  study of acetic acid as a po-  
larographic medium is that  of MacGil lavry  (1), who 
was unable to obtain sigmoidal curves wi th  the drop-  
ping mercury  electrode. Later  Bachman and Ast le  
(2) and also Hala (3) demonstra ted that  satisfactory 
waves could be obtained in this medium provided 
that  caution was exercised to remove  all dissolved 
oxygen and that  a suitable correction was made for 
the sizable iR drop developed across the cell. These  
workers  also showed that  the currents  obtained in 
HOAc in the presence of carr ier  electrolyte,  NH4OAc, 
al though lower than those in aqueous solution, 
were  proport ional  to the concentrat ion of the re -  
ducible species. Since then, proport ional  currents  in 
glacial HOAc have  been obtained wi th  NH4NO~ (4) 
and H2SO4 or HC104 (5) as the iner t  electrolytes.  It 
has been possible to use this solvent  to advantage in 
the polarographic determinat ion  of sulfate ion (6) 
and of some organic mater ia ls  (2, 7), par t icular ly  the 
anthraquinones  (8). 

At  this t ime we would like to repor t  the results of 
a polarographic study of the behavior  of certain meta l  
acetates in anhydrous HOAc as wel l  as in HOAc-H20  
mixtures ;  included are some comparat ive  results ob- 
tained in formic acid. 

Experimental Section 

Material~. - -Anhydrous  acetic and formic acids 
were  prepared  by the methods of Orton and Bradfield 
(9) and Garner,  Saxon, and Pa rke r  (10), respect ively.  

The anhydrous sodium, potassium, and ammonium 
acetates were  all analyt ical  grade commercial  ma te -  
rials and w e r e  used wi thout  fur ther  purification. The 
anhydrous acetates of l i thium, coba l t ( I I ) ,  l ead ( I I ) ,  
n icke l ( I I ) ,  copper ( I I ) ,  cadmium, and zinc were  ob- 
tained by refluxing the common hydrates  for several  
hours in a 50:50 volume mix ture  of acetic acid and 
anhydride,  fol lowed by recrystal l izat ion f rom the 
same solvent;  the salts were  then dried at l l 0 ~  for 
1 to 7 days. Bi (OAc)3  was avai lable in these labora-  
tories and was recrystal l ized in the same fashion. 
Metal analyses are given in Table I. It  is no tewor thy  
that  only one solvate was obtained, viz.,  Ni(OAc)2-  
HOAc, whi le  Koll ing and Lamber t  (I1) repor ted  ob- 

Table I. Analyses of anhydrous metal acetates 

M e t a l  a c e t a t e  % M c a l c ' d .  % M f o u n d  

B i  (OAc)  ~ 54.2 54.8 
C d ( O A c ) 2  48.7 48.8 
Co  (OAc)  2 33.3 33.0 
C u  ( O A c )  ~ 35.0 35.1 
P b  ( O A e )  ~ 63.6 63.6 
L i O A c  10.4 10.0 
N i ( O A c ) ~  . H O A e  24.7 24 .6  

taining inter al. 2Ni (OAc) 2" HOAc, 2Co (OAc) 2" HOAc, 
and Cu(OAc)2"HOAc by a somewhat  s imilar  pro-  
cedure. 

E q u i p m e n t - - T h e  Sargent  Model XXI  (S-29303) 
recording polarograph was employed in conjunction 
with  a Sargent  Model A I R  Compensator  (S-29320) as 
designed by Ar thu r  (12). The electrolysis vessel, also 
an Ar thur  design, was a 100 ml, three  electrode as- 
sembly (Sargent,  S-29322) employing an asbestos fi- 
ber bridge. The reference  and current  electrodes were  
aqueous saturated calomel (SCE).  Transfer  of water  
across the bridge was found to be negligible dur ing the 
course of a run by Kar l -F i scher  titration. The d.m.e. 
had the capil lary constants given in Table II. The as- 
sembly was thermosta ted  at 25.0 ~ • 0.5~ 

M e t h ~ d . ~ A l l  aqueous solutions were  prepared  vol -  
umetr ica l ly  using deionized water ;  appropr ia te  con- 
centrat ion values were  obtained wi th  the aid of In-  
ternat ional  Crit ical  Tables'  density and composition 
data for the aqueous acids (13). Solutions of the 
reducible  metals  were  made up fresh f rom stock so- 
lutions of the iner t  electrolyte;  aging the solutions for 
a few hours appeared to have no significant effect on 
the data obtained. Routinely,  0.005% Tri ton X-100 
(Rohm and Haas) was used as a m a x i m u m  suppres-  
sor in all the aqueous acid runs, since it  was found 
to have  a negligible effect on the measured ha l f -wave  
potentials.  Solutions were  thoroughly  deoxygenated  
by sparging wi th  argon. 

The polarograms were  recorded with  the damping 
switch in the "off" position. The ins t rument  was pre-  
cal ibrated with respect  to both recorded vol tage and 
current.  Values given for the ha l f -wave  potentials, 
l imit ing currents,  and slopes are the averages  of three 
or more  determinations.  Ha l f -wave  potentials and 
slopes were  obtained by a plot of E vs. log ( i / i l - - i )  
l inear ly  fitted by a least squares rout ine programed 
on an IBM 1410 computer.  For  uniformity,  only 
values be tween E1/4 and E3/4 were  util ized; in cer-  
tain cases where  nonsymmetr ica l  polarograms gave 
rise to nonl inear  log plots, the Ell2 and slope param-  

Table II. Capillary constants in various media a, e 

E l e c t r o l y t e / s o l v e n t  b O p e n  c i r c u i t  -- 0 .5v  

Nt t~OAe/I - I~O 1.460 1.476 
N H 4 O A c / H O A c  1.452 1.453 
K O A c / H O A c  1.450 1.451 
N a  O A e / H O A c  ] .443 1.443 
L i O A c / H O A c  1.437 1 .440 
N H ~ ' - I C O f / H C O O H  1.444 1.450 

a) mgf /3  sec-]/2 a t  h : 50 c m ;  b) e l e c t r o l y t e  c o n c .  ~ 0.50 F ;  
c) v a l u e s  of  m w e r e  d e t e r m i n e d  w i t h  t h e  a p p a r a t u s  d e s c r i b e d  b y  
J .  J .  L i n g a i n e ,  Ind. Eng. Chem.,  Anal.  Ed., 15, 588 (1943) a n d  
v a r i e d  o v e r  1 .106-1 .170  m g / s e c .  

479 
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e t e r s  o b t a i n e d  i n  t h i s  m a n n e r  w e r e  s l i g h t l y  h i g h e r  
t h a n  v a l u e s  o b t a i n e d  b y  t h e  u s u a l  g r a p h i c a l  m e t h o d .  

M e r c u r y  h e i g h t s  w e r e  c o r r e c t e d  b y  t h e  m e t h o d  o u t -  
l i n e d  b y  K o l t h o f f  a n d  L i n g a n e  (14) .  V i scos i t i e s  w e r e  
o b t a i n e d  b y  a c a p i l l a r y - f l o w  m e t h o d  a t  25.0 ~ _ 0.5~ 

Results and Discussion 
Liquid junctio~ potentials.--Nelson a n d  I w a m o t o  

(15) r e c e n t l y  s u g g e s t e d  a p o l a r o g r a p h i c  m e t h o d  fo r  
a p p r o x i m a t i n g  t h e  v a l u e  of Ej w h i c h  is b a s e d  o n  t h e  
m e a s u r e m e n t  of t h e  h a l f - w a v e  p o t e n t i a l  of t h e  
r e v e r s i b l e  4 , 7 - d i m e t h y l -  1 , 1 0 - p h e n a n t h r o l i n e  ( F e 2 + /  
F e  3+) c o u p l e  i n  t h e  d e s i r e d  s o l v e n t  vs. a n  a p p r o -  
p r i a t e  r e f e r e n c e  e l ec t rode .  T h e  v a l u e s  o b t a i n e d  b y  
t h e m  fo r  a n u m b e r  of s o l v e n t s  c o n t a i n i n g  0.1F l i t h -  
i u m  p e r c h l o r a t e  r a n g e d  b e t w e e n  30 a n d  110 m v  vs. 
SCE. W e  h a v e  m a d e  s o m e  ye t  u n p u b l i s h e d  c o m p u t e r  
s tud ie s  b a s e d  o n  t h e  e l e c t r o s t a t i c  m o d e l s  p r o p o s e d  b y  
G a r r i c k  (16) a n d  B o r n  (17) ,  w h i c h  s u g g e s t  t h a t  t h e s e  
v a l u e s  m a y  b e  h i g h  b y  a f a c t o r  of  a b o u t  two.  As  i t  
h a p p e n s ,  i t  is  n o t  p o s s i b l e  to u s e  t h e  N e l s o n - I w a m o t o  
m e t h o d  i n  ace t ic  or  f o r m i c  acid,  s ince  t h e  i r o n  c o m -  
p l e x  is n o t  s t a b l e  in  t h e s e  m e d i a .  A t  a n y  ra t e ,  t h e r e  is 
no  r e a s o n  to e x p e c t  t h a t  t h e  j u n c t i o n  p o t e n t i a l s  o b -  
t a i n e d  i n  t h e s e  s o l v e n t s  w o u l d  b e  m u c h  d i f f e r e n t  f r o m  
t h o s e  f o u n d  i n  o t h e r  n o n a q u e o u s  so lu t ions ,  a n d  h e n c e ,  
a r e  p r o b a b l y  less  t h a n  ca. 100 m v J  F i n a l l y ,  i t  c a n  b e  
m e n t i o n e d  t h a t  t h e  r e v e r s i b l e  h a l f - w a v e  p o t e n t i a l  of 
c a d m i u m  is r e l a t i v e l y  i n s e n s i t i v e  a t  h i g h  c o n c e n t r a -  
t ions  to  t h e  k i n d  of a c e t a t e  e l e c t r o l y t e  u sed ;  t h i s  
w o u l d  b e  e x p e c t e d  if  t h e  c o n t r i b u t i o n  to a j u n c t i o n  
p o t e n t i a l  b y  t h e  c a r r i e r  a c e t a t e  w a s  smal l .  T h i s  is 
l i k e l y  s ince  NH4OAc is w e a k l y  d i s s o c i a t e d  i n  H O A c  
(19) .  

Half -wave potentials and slopes in aqueous acetic 
acid.--In Fig.  2 a r e  i l l u s t r a t e d  t h e  Ell2 d a t a  o b t a i n e d  
f r o m  m i l l i m o l a r  s o l u t i o n s  of t h e  m e t a l  a c e t a t e s  in  
0.5M NH4OAc s u p p o r t i n g  e l ec t ro ly t e .  T h e  w a v e  d u e  
to C o ( I I )  r e m a i n e d  d i s t i n g u i s h a b l e  o v e r  t h e  e n t i r e  

1 F a i l u r e  to f ind a n y  s i g n i f i c a n t  s h i f t  i n  t h e  e l e c t r o c a p i l l a r y  m a x i -  
m u m  f r o m  t h e  a q u e o u s  v a l u e  (F ig .  1) s u p p o r t s  t h i s  c o n t e n t i o n ,  a l -  
t h o u g h  a s h i f t  d u e  to  t h e  d e v e l o p m e n t  of a j u n c t i o n  p o t e n t i a l  m i g h t  
n o t  b e  seen  i f  t h e  a c t u a l  p o t e n t i a l  of t h e  m a x i m u m  h a d  u n d e r g o n e  
a n e a r l y  e q u a l  c h a n g e  i n  t h e  oppos i t e  s ense  as  a r e s u l t  i n  t h e  
c h a n g e  i n  s o l v e n t  (18) .  
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c o n c e n t r a t i o n  r a n g e .  A t  i n t e r m e d i a t e  compos i t i ons ,  
h o w e v e r ,  t h i s  w a v e  w a s  so c lose  to t h e  h y d r o g e n  w a v e  
t h a t  t h e  l i m i t i n g  c u r r e n t  w a s  i l l - d e f i n e d ;  t h i s  r e s u l t e d  
in  some  s c a t t e r i n g  of t h e  v a l u e s  for  ~1/2. T h e  w a v e  
w a s  i r r e v e r s i b l e  a t  a l l  t i m e s  w i t h  a s lope  of 85-100 
my.  T h e  r a t h e r  d r a m a t i c  c h a n g e  in  t h e  h a l f - w a v e  
p o t e n t i a l  a t  t h e  l e f t  e n d  of  t h e  sca le  (ca. 80 m v  fo r  
t h e  f i rs t  0.5 m o l e  w a t e r  a d d e d )  sugges t s  t h a t  s e l e c t i v e  
s o l v a t i o n  of some  f o r m  of C o ( I I )  is o c c u r r i n g  to p r o -  
d u c e  a m o r e  s t a b l e  h y d r a t e .  2 V e r y  p r o b a b l y  i t  is t h e  
r e d u c i b l e  spec ies  i t s e l f  w h i c h  is b e i n g  af fec ted ,  s ince  
no  a p p r e c i a b l e  c h a n g e  in  t h e  w a v e  s lope  is no ted .  
T h e  s l i g h t  m a x i m u m  = a t  t h e  a q u e o u s  e n d  of t h e  sca le  
is d u e  to  t h e  i n f l u e n c e  of pi t  on  t h e  c o n c e n t r a t i o n s  of 
t h e  v a r i o u s  f o r m s  of Co ( I I )  i n  t h e  so lu t ion .  Th i s  w a s  
i n d i c a t e d  b y  a p r o n o u n c e d  c h a n g e  in  t h e  s h a p e  of t h i s  
p a r t  of t h e  c u r v e  w h e n  e i t h e r  a s t r o n g  b a s e  or  ac id  
w a s  added .  

T h e  c u r v e  fo r  N i ( I I )  (s lopes ,  80-115 m v )  is q u i t e  
s i m i l a r  to  t h a t  g i v e n  b y  Co ( I I ) ,  d i s p l a y i n g  ana logous ,  

C l e a r l y  t h e  p e c u l i a r  e n d  b e h a v i o r  of  t h e  E1/s v a l u e s  of Co( I I )  
a n d  N i ( I I )  i n  n e a r l y  a n h y d r o u s  s o l u t i o n  c a n n o t  be  d u e  to  a r a p i d  
c h a n g e  i n  e i t h e r  t h e  j u n c t i o n  p o t e n t i a l  or  t h e  " e f f e c t i v e  ion ic  
s t r e n g t h "  of t h e  m e d i u m ,  s ince  i t  is  n o t  o b s e r v e d  w i t h  t h e  o t h e r  
m e t a l s  i n v e s t i g a t e d .  
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b u t  e x a g g e r a t e d ,  f e a t u r e s  a t  b o t h  e n d s  of t h e  c o m -  
pos i t i on  scale .  

Z inc  a p p e a r s  to g ive  a r e v e r s i b l e  w a v e  w i t h  [H20]  
50M, b u t  t h e  s lope  of t h e  w a v e  i n c r e a s e s  as t h e  

c o n c e n t r a t i o n  of t h e  w a t e r  is r e d u c e d ,  r e a c h i n g  a 
v a l u e  of 83 m v  i n  p u r e  HOAc.  B y  c o n t r a s t ,  Cd a n d  
P d  g ive  w a v e s  w i t h  r e v e r s i b l e  s lopes  f o r  a l l  c o m -  
pos i t i ons  of t h e  so lven t .  

B i s m u t h ( I I I )  a c e t a t e  w a s  no t  suf f ic ien t ly  s o l u b l e  in  
w a t e r  to o b t a i n  a w a v e ,  b u t  t h e  s o l u b i l i t y  i m p r o v e d  
on  a d d i n g  HOAc.  T h e  ~vave i n  t h i s  m e d i u m  w a s  
n e a r l y  r e v e r s i b l e  w i t h  a s lope  of  23 my.  T h i s  p a r a m -  
e t e r  i n c r e a s e d  to a v a l u e  of 52 m y  as t h e  w a t e r  w a s  
r e d u c e d  to 1.5M. B e l o w  th i s  c o n c e n t r a t i o n  a m a x -  
i m u m  a p p e a r e d  w h i c h  cou ld  n o t  b e  s u p p r e s s e d  b y  
a d d e d  T r i t o n  X-100.  A n  u n s u p p r e s s a b l e  m a x i m u m  w a s  
also o b s e r v e d  w i t h  C u ( I I )  i n  a n h y d r o u s  acid,  b u t  i t  
d i s a p p e a r e d  on  a d d i n g  0.5M w a t e r .  T h e  d e v e l o p m e n t  
of m a x i m a  o n  t h e  w a v e s  of  m e t a l s  w h i c h  r e d u c e  on  
t h e  p o s i t i v e  s ide  of t h e  e l e c t r o c a p i l l a r y  m a x i m u m  in  
H O A c  h a s  b e e n  s t u d i e d  i n  some  d e t a i l  b y  B a c h m a n  
a n d  A s t l e  (2 ) .  T h e  w a v e s  o b t a i n e d  w i t h  C u ( I I )  w e r e  
r e v e r s i b l e  or  n e a r l y  so o v e r  t h e  r e s t  of t h e  scale.  

T h e s e  r e s u l t s  s t a n d  i n  s t r i k i n g  c o n t r a s t  to  t h o s e  of 
B a c h m a n  a n d  A s t l e  w h o  f o u n d  t h a t  t h e  h a l f - w a v e  
p o t e n t i a l s  of Pb ,  Cd, Zn,  C o ( I I ) ,  a n d  N i ( I I )  in  0.25F 
NH~OAc w e r e  s h i f t e d  to  m o r e  n e g a t i v e  v a l u e s  b y  
0.1-0.2v (vide inyra). M i g a l  a n d  A g a s ' e v a  (4) ,  on  
t h e  o t h e r  h a n d ,  f o u n d  t h a t  t h e  h a l f - w a v e  p o t e n t i a l s  
of Cd, Zn,  a n d  N i ( I I )  w e r e  145, 198, a n d  162 m v  m o r e  
p o s i t i v e  in  H O A c  c o n t a i n i n g  0.01M NH4NOa t h a n  in  
w a t e r  w h e n  m e a s u r e d  a g a i n s t  t h e  SCE.  

To f a c i l i t a t e  t h e  i n t e r p r e t a t i o n  of t h e s e  da ta ,  t h e  
f o r m i c  a c i d - w a t e r  s y s t e m  w a s  e x a m i n e d  s i m i l a r l y ,  
u s i n g  in  t h i s  case  0.5M a m m o n i u m  f o r m a t e  as t h e  
s u p p o r t i n g  e l e c t r o l y t e  (Fig.  2) .  N i ( I I )  a n d  C o ( I I )  
w e r e  o b s c u r e d  b y  t h e  h y d r o g e n  w a v e  o v e r  m o s t  of 
t he  r a n g e .  Zn,  B i ( I I I ) ,  a n d  C u ( I I )  3 g a v e  w a v e s  
w h i c h  d i s p l a y e d  d r a m a t i c  i n c r e a s e s  in  i r r e v e r s i b i l i t y  
as t h e  c o n c e n t r a t i o n  of ac id  w a s  r a i sed ,  w h i l e  P b  a n d  
Cd r e m a i n e d  r e v e r s i b l e  t h r o u g h o u t .  

In  t h e  cases  of  Cd a n d  P b  w h i c h  r e d u c e  w i t h  n o  
d e t e c t a b l e  o v e r v o l t a g e  i n  b o t h  ac id  m e d i a ,  i t  is c l ea r  

3 I n  c o n c e n t r a t e d  s o l u t i o n  of H C O O H ,  C u ( I I )  p r e s e n t s  t w o  i r r e -  
v e r s i b l e  w a v e s  {Fig. 2) w h i c h  m e r g e  in to  one  as t he  w a t e r  l e v e l  
i n c r e a s e s .  T h e  d o t t e d  l i n e  i n d i c a t e s  t h e  " m i d p o i n t "  p o t e n t i a l  f o r  
t h e  w a v e  p a i r .  

t h a t  t h e s e  m e t a l s  a r e  n o t  as e f f ic ien t ly  s t a b i l i z e d  i n  
f o r m i c  ac id  as  t h e y  a r e  i n  ace t ic .  T h e  l o w e r  d i e l e c t r i c  
c o n s t a n t  o p e r a t e s  to  r e d u c e  t h e  n u m b e r  of u n c o m -  
p l e x e d  ions  i n  so lu t ion ,  w h i c h  a c c o u n t s  fo r  t h e  m o r e  
n e g a t i v e  p o t e n t i a l s .  A l so  i m p o r t a n t  is t h e  f a c t  t h a t  
f o r m a t e  is a p o o r e r  c o m p l e x i n g  a g e n t  t h a n  is a c e t a t e  
as  e v i d e n c e d  b y  t h e  l o w e r  pKa of f o r m i c  ac id  i n  
w a t e r  (3.75 vs. 4.76 fo r  H O A c ) ;  t h i s  c a n  b e  s e e n  i n  
t h e  s l i g h t l y  m o r e  n e g a t i v e  h a l f - w a v e  p o t e n t i a l s  o b -  
s e r v e d  i n  a q u e o u s  a c e t a t e  m e d i a  as  c o m p a r e d  to t h e  
a q u e o u s  f o r m a t e  v a l u e s  (Fig .  3 ) .  A n  a d d i t i o n a l  f a c t o r  
c o n t r i b u t i n g  to t h e  d e s t a b i l i z a t i o n  in  ac id  m e d i a  c o u l d  
s t e m  f r o m  t h e  d e c r e a s e d  a c t i v i t y  of t h e  lya te .  I t  is 
pos s ib l e  t h a t  t h e  a c t i v i t y  of t h e  l y a t e  m a y  b e c o m e  so 
l ow  i n  p o o r l y  i o n i z i n g  s o l v e n t s  t h a t ,  d e s p i t e  t h e  co r -  
r e s p o n d i n g l y  l ow  v a l u e  of t h e  d i s s o c i a t i o n  c o n s t a n t s  
f o r  t h e  m e t a l  c o m p l e x e s ,  t h e  d e g r e e  of d i s soc i a t i on  
m a y  a c t u a l l y  b e  h i g h e r .  T h e  o b s e r v e d  p o t e n t i a l  w o u l d  
t h e n  re f lec t  a l a r g e r  c o n t r i b u t i o n  f r o m  t h e  u n c o m -  
p l e x e d  c o m p o n e n t .  B a s e d  o n  t h e  k n o w n  d i s s o c i a t i o n  
c o n s t a n t s  of t h e  m e t a l  a c e t a t e s  a n d  of a m m o n i u m  
a c e t a t e  i n  ace t i c  ac id  (11, 19) a n d  i n  w a t e r  (24) ,  
t h e  a c t i v i t y  coeff ic ient  of  a c e t a t e  ion  in  ace t ic  ac id  
w o u l d  h a v e  to b e  v e r y  m u c h  less  t h a n  u n i t y  to ac -  
c o u n t  f o r  s u c h  l a r g e  a n o d i c  shif ts .  

Limiting currents in aqueous acetic acid.---The s t r i k -  
i n g  i n f l u e n c e  of t h e  s o l v e n t  c o m p o s i t i o n  o n  t h e  l i m -  
i t i n g  c u r r e n t s  o b t a i n e d  w i t h  v a r i o u s  m e t a l  a c e t a t e s  is 
s e e n  i n  Fig.  3, w h e r e  t h e  I l k o v i c  t e r m  ~/nCmf/Stl/6 
is p lo t t ed .  I n  e a c h  case  t h e  c u r v e s  p a s s  t h r o u g h  a 
g e n e r a l l y  b r o a d  m i n i m u m  b e t w e e n  5 -20M w a t e r .  
M a n y  p h y s i c o c h e m i c a l  p r o p e r t i e s  of w a t e r - a c e t i c  ac id  
m i x t u r e s  d i s p l a y  a m a x i m u m  or m i n i m u m  a t  c o m -  
pos i t i ons  n e a r  13.7M w a t e r  ( m o l e  f r a c t i o n  ~ 0.5) due  
to t h e  p r e s u m e d  f o r m a t i o n  of t h e  m o n o h y d r a t e ,  
H O A c : H 2 0  (2.0). I n  a l l  cases  t h e  l o w e r  v a l u e  of  t h e  
c u r r e n t  i n  ace t i c  ac id  is a n t i c i p a t e d  o n  t h e  bas i s  of  
t h e  h i g h e r  v i s c o s i t y  of t h i s  so lven t .  T h e  c u r r e n t  d a t a  
w e r e  c o r r e c t e d  a c c o r d i n g  to  t h e  I l k o v i c - S t o k e s - E i n -  
s t e i n  e q u a t i o n  (Fig .  4 ) ;  in  o r d e r  n o t  to n e g l e c t  t h e  
effect  of t h e  i n e r t  e l e c t ro ly t e ,  t h e  v i scos i t i e s  of 0.5M 
N H 4 O A c  s o l u t i o n s  w e r e  d e t e r m i n e d  (Fig .  5) a n d  e m -  
p l o y e d  in  t h i s  co r r ec t i on .  

T h e  c o r r e c t e d  c u r v e s  of Fig.  4 c l e a r l y  i n d i c a t e d  t h a t  
f a c t o r s  o t h e r  t h a n  v i s cos i t y  a r e  a lso r e s p o n s i b l e  fo r  
t h e  n o n c o n s t a n c y  of  t h e  l i m i t i n g  c u r r e n t s .  F o r  a d i f -  
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Fig. 3. Effect of solvent composition on diffusion currents in 
H20-HOAc mixtures: �9 Co(ll); e, Ni( l l ) ;  [ ] ,  Zn(l l ) ;  A ,  Bi(ll); 
A ,  Cu(ll); I I ,  Pb(ll); 9 ,  Cd(ll) .  
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Fig. 4. Effect of solvent composition on-id~l~/2/nCm2/3t 1/6 in 
H20-HOAc mixtures. Symbols are the same as those in Fig. 3. 
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f u s i o n  c o n t r o l l e d  process ,  v a r i a t i o n s  in  idol 1/2 m u s t  r e -  
f lect  c h a n g e s  in  t h e  n a t u r e  of  t h e  d i f fus ing  species .  I n  
a d d i t i o n  to v i scos i ty  effects,  t h e r e  a r e  t w o  w a y s  i n  
w h i c h  a s o l v e n t  c a n  b e  e x p e c t e d  to d e t e r m i n e  t h e  
d i f fus ion  p r o p e r t i e s  of a s o l u t i o n  c o m p o n e n t .  V a r i o u s  
s o l v e n t  p r o p e r t i e s  s u c h  as  a c i d - b a s e  c h a r a c t e r ,  d i -  
e l ec t r i c  s t r e n g t h ,  etc., w i l l  o p e r a t e  s i m u l t a n e o u s l y  
(a )  to d e t e r m i n e  t h e  k i n d s  of d i f fus ing  spec ies  ( ion ic  
or  non ion i c ,  m o n o -  o r  p o l y v a l e n t ,  s i m p l e  or  c o m p l e x )  
p r e s e n t  in  so lu t ion ,  as w e l l  as t h e  pos i t i ons  of t h e  
e q u i l i b r i a  i n t e r r e l a t i n g  these ,  a n d  ( b )  to  d e t e r m i n e  
t h e  e x t e n t  to w h i c h  ion ic  a n d  p o l a r  c o m p o n e n t s  a r e  
so lva ted ,  a n d  c o n s e q u e n t l y ,  t he  o v e r - a l l  g e o m e t r y  
of t h e  d i f fus ing  p a r t i c l e  a n d  t he  i m m e d i a t e  s o l v e n t  
e n v i r o n m e n t  t h r o u g h  w h i c h  i t  m u s t  pass .  4 S i m i l a r  
p o i n t s  c a n  be  m a d e  c o n c e r n i n g  c u r r e n t s  w h i c h  a r e  
k i n e t i c a l l y  c o n t r o l l e d ;  i n  s u c h  a n  i n s t a n c e  one  is c o n -  
c e r n e d  w i t h  t h e  effect  of t h e  s o l v e n t  on  t h e  t r a n s i -  
t i on  s t a t e  of t h e  s l ow  s t ep  r a t h e r  t h a n  on  t h e  s t a b i l -  
i t ies  of l o n g e r - l i v e d  species ,  a l t h o u g h  p a r a l l e l s  m a y  
exis t .  

T h e  c u r r e n t s  due  to P b ( T I ) ,  C u ( I I ) ,  a n d  C d ( I I )  
a r e  a p p a r e n t l y  d i f fus ion  c o n t r o l l e d  o v e r  t he  e n t i r e  
r a n g e  of  s o l v e n t  com pos i t i on .  As  Fig. 4 r evea l s ,  t h e  
m a x i m u m  in  ia w h i c h  occurs  a t  t h e  a q u e o u s  e n d  of 
t h e  sca le  (cf. Fig.  4) is j u s t  p a r t  of a g e n e r a l l y  
c o m p l i c a t e d  d e p e n d e n c e  on  c o m p o s i t i o n  w h i c h  i n -  
d i ca t e s  a w i d e  v a r i a t i o n  in  t h e  b u l k  s t r u c t u r e  of t h e  
d i f fu s ing  mass .  E a c h  of  t h e s e  m e t a l s  d i s p l a y s  s e e m -  
i n g l y  u n i q u e  b e h a v i o r ,  a l t h o u g h  t h e  r a t i o  of t h e  c o r -  
r e c t e d  c u r r e n t s  in  w a t e r  to t h o s e  in  ace t ic  ac id  a r e  
p e r h a p s  s u r p r i s i n g l y  c o n s t a n t  (Pb ,  1.23; Cu, 1.23; Cd, 
1.27). T h e  Z n ( I I )  a n d  B i ( I I I )  c u r r e n t s  d i s p l a y  i n -  
c r e a s i n g  c h e m i c a l  c o n t r o l  a t  h i g h e r  ac id  c o n c e n t r a -  
t ions ,  w h i c h  is e v i d e n t  in  t h e  l a r g e r  v a l u e  of t h i s  
r a t i o  f o r  Z n  (1 .50) ;  t h e  v a l u e  fo r  Bi  cou ld  no t  b e  
m e a s u r e d .  T h e  c o r r e s p o n d i n g  r a t i o s  for  C o ( I I )  a n d  
N i ( I I )  a r e  1.26 a n d  0.83; n e i t h e r  m e t a l  s h o w s  s i m p l e  
d i f fus ion  con t ro l .  

S e v e r a l  g e n e r a l  f e a t u r e s  c a n  b e  o b s e r v e d  in  t h e  
c u r v e s  of Fig.  4: ( i )  a l l  pa s s  t h r o u g h  a p H  s e n s i t i v e  
m a x  a b o v e  50M; (ii) al l  e x c e p t  Ni  s h o w  a s l i g h t  m a x -  
i m u m  or  p l a t e a u  n e a r  40M; (iii) a l l  e x c e p t  Z n  a n d  
Cd s h o w  a n  e x a g g e r a t e d  m i n i m u m  b e t w e e n  10 a n d  
20M ( t h e  v a l u e  a t  th i s  p o i n t  is less  t h a n  or  e q u a l  to  

Fuoss (21) has attempted to accommodate the electrostrictlon of 
the solvent shell quantitatively by employing an effective internal 
viscosity coefficient different from that ordinarily measured. 
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t h e  v a l u e  in  p u r e  H O A c ) ,  f o l l o w e d  b y  a m a x i m u m  
b e l o w  10M; t h e  h o m o l o g u e s ,  Z n  a n d  Cd, r e a c h  a b r o a d  
p l a t e a u  i n  th i s  r e g i o n ;  (iv) a l l  e x c e p t  C u  a n d  Co h a v e  
a l a r g e  p o s i t i v e  s lope  a t  t h e  n o n a q u e o u s  e x t r e m e .  Z n  
a n d  Cd, w h o s e  c u r v e s  do n o t  possess  t h e  m i n i m u m  
d e s c r i b e d  in  i t e m  (iii), do g ive  t h i s  f e a t u r e  w h e n  
t h e  i n e r t  e l e c t r o l y t e  is 0.01F NH4NOs;  t h e  s a m e  is 
t r u e  fo r  N i ( I I )  (4 ) .  Th i s  m i n i m u m  m a y  b e  a s soc i a t ed  
w i t h  a r a t h e r  loose  s o l v e n t  s h e l l  c o m p o s e d  l a r g e l y  of 
t h e  m o n o -  a n d  d i h y d r a t e s  of  ace t i c  acid,  to  w h i c h  t h e  
c o m p o s i t i o n  of t h e  s o l v e n t  c lose ly  c o r r e s p o n d s .  As  t h e  
c o n c e n t r a t i o n  of H O A c  is i n c r e a s e d  t h e  r a p i d  d e c r e a s e  
in  t h e  d i e l e c t r i c  c o n s t a n t  w o u l d  l e a d  to a r e d u c t i o n  in  
t h e  c o n c e n t r a t i o n  of d i s soc i a t ed  ions  r e q u i r i n g  e x -  
t e n s i v e  so lva t ion ,  a n d  a n  e n h a n c e d  m o b i l i t y  of t h e  
m e t a l  w o u l d  b e  e x p e c t e d ;  t h e  f inal  d r o p  in  t h e  c u r -  
r e n t  in  n e a r l y  p u r e  ac id  m i g h t  b e  d u e  to s o l u t e  a g g r e -  
ga t ion .  O n  t h e  o t h e r  h a n d ,  as  t h e  w a t e r  c o n c e n t r a t i o n  
is i n c r e a s e d  f r o m  a b o u t  20M, t h e  m o r e  b u l k y  H O A c  
m o l e c u l e s  w o u l d  b e  r e p l a c e d  b y  s m a l l e r  m o r e  eff ic ient  
s o l v a t o r s ,  a n d  aga in ,  a n  i n c r e a s e  in  t h e  m o b i l i t y  of t h e  
m e t a l  w o u l d  b e  t h e  l i k e l y  r e su l t .  

Half -wave potentials and slo~)es in anhydrous acetic 
acid.--In o r d e r  to a p p r e c i a t e  t h e  effect  of t h e  c a r r i e r  
e l e c t r o l y t e  o n  t h e  p o l a r o g r a p h i c  b e h a v i o r  of t h e  
v a r i o u s  m e t a l  ace ta t e s ,  t h e  c u r r e n t - p o t e n t i a l  p a r a m -  
e t e r s  w e r e  m e a s u r e d  as a f u n c t i o n  of t h e  s u p p o r t i n g  
a c e t a t e  c o n c e n t r a t i o n .  F i g u r e  6 s h o w s  t h a t  as t h e  
NH4OAc is d e c r e a s e d  f r o m  2 to 0.5M t h e r e  is a co r -  
r e s p o n d i n g  p o s i t i v e  s h i f t  i n  t h e  Ell2 Of e a c h  of t h e  
r e v e r s i b l e  or  n e a r l y  r e v e r s i b l e  coup le s  (Cd,  Pb ,  a n d  
C u ) ;  t he  s a m e  is t r u e  fo r  Z n  a n d  Bi, w h i c h  a p p e a r  to 
b e  i r r e v e r s i b l y  r e d u c e d ,  a l t h o u g h  t h e  d r a w i n g  ou t  of 
t h e s e  w a v e s  m a y  b e  d u e  to t h e  p r e s e n c e  of t w o  i n -  
c o m p l e t e l y  r e s o l v e d  c o m p o n e n t s .  T h i s  s h i f t  h a s  b e e n  
p r e d i c t e d  b y  S c h a a p  (22) as a r e s u l t  of  i o n - p a i r  f o r -  
m a t i o n  in  s o l v e n t s  of low d i e l e c t r i c  c o n s t a n t s .  A m u c h  
less p r o n o u n c e d  n e g a t i v e  s h i f t  w a s  r e c o r d e d  w i t h  Ni  
a n d  Co, b o t h  of w h i c h  r e d u c e  i r r e v e r s i b l y .  D a t a  on  
Bi  a n d  Cu a r e  i n c o m p l e t e  d u e  to t h e  d e v e l o p m e n t  of 
u n s u p p r e s s a b l e  m a x i m a  a t  l o w e r  c a r r i e r  l eve l s .  T h e  
0.5M p o i n t s  s h o w n  in  Fig. 6 fo r  t h i s  p a i r  of m e t a l s  
w e r e  o b t a i n e d  b y  e x t r a p o l a t i o n  of t h e  E1/2 d a t a  f r o m  
t h e  H O A c - H 2 0  m i x t u r e s  c o n t a i n i n g  th i s  a m o u n t  of 
NH4OAc.  

A t  c o n c e n t r a t i o n s  b e l o w  a b o u t  0.5M the  p o l a r o g r a m s  
of a l l  t h e  m e t a l s  b e c a m e  i n c r e a s i n g l y  d r a w n  out ;  i n  
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Fig. 6. Effect of NH4OAc concentration on half-wave potentials 
of metals in acetic acid. 
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Fig. 7. Effect of NH4OAc concentration on c~n in acetic acid 
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these instances the cur ren t  was approximate ly  pro-  
port ional  to the applied voltage. Below 0.1M no dif-  
fusion plateau was reached before E a p p l i e d  ~ ~ 4V. The 
dramatic  change in the slope can be seen in Fig. 7 
where  the apparent  "an" is plotted. The results  ob- 
tained below 0.3M depended sl ightly on the position 
of the microelectrode with  respect  to the reference.  
Further ,  the resistance of the cell at this concentra-  
t ion was of the order  of 200,000 ohms, while  at 0.5M 
it was only about 30,000 ohms. It  is clear that  the 
three electrode system employed fails to provide  
adequate  iR compensation when  the electrolyte  con- 
centrat ion is below 0.3-0.5M. This point  has been 
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Fig. 9. Effect of concentration of supporting acetate on half- 
wave potential of Cd(OAc)2 in acetic acid. e, NH4OAc; C), LiOAc; 
I I ,  NaOAc; [ ] ,  KOAc. 

t rea ted in some detail  by Schaap and McKinney (23), 
who obtained very  similar  results in a solvent  system 
of approximate ly  the same dielectric constant. Al-  
though it is possible that, due to the deve lopment  of 
kinetic control, an actual change in the revers ibi l i ty  
of the electrode process may also be taking place with  
some metals  at lower  acetate  concentrations, this does 
not appear  to be so in the case of Cd whose reduct ion 
is still diffusion control led in 0.18M LiOAc (cf. Fig. 8). 

The effect of the kind of support ing electrolyte  on 
the ha l f -wave  potentials  was examined.  At concentra-  
tion above 1.0M the observed potentials  for  Cd (Fig. 
9) are essentially independent  of the kind of elec- 
trolyte. Since an increase in the acetate act ivi ty should 
lead to more negat ive  potentials,  one would  expect  
the fol lowing order  of increasing negat ive  values:  
LiOAc < N a O A c < K O A c < N H 4 O A c .  Al though some 
crossing of the curves near  1.0M acetate is evident,  
the expected order  is not at tained even for LiOAc 
and NH4OAc at 2.0M. This discrepancy may  be due 
to an in ter fer ing junct ion potent ia l  or to a lack of 
sufficient informat ion concerning the re la t ive  act iv-  
ities of the alkali  acetates at high concentrations. 

Below 1.0M the apparent  El~2 values for  Cd show 
considerable divergence.  This is due to slight dif-  
ferences in wave  slopes which have an exaggerated 
influence on the measured ha l f -wave  potentials.  The 
Ez/2 values in this region are  seen to decrease in the 
order  of increasing ionic radius of the electrolyte  
cation. Since the equivalent  conductivit ies of the al-  
kali  acetates increase wi th  the size of the cation (19b), 
it is probable that  the differences in the slopes of the 
polarograms at low electrolyte  concentrat ions are re -  
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Fig. 8. Effect of mercury pressure on diffusion currents in acetic 
acid, O, 0.18M LiOAc; ~,  0.50M LiOAc; e, 1.78M LiOAc. 
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Fig. 10. Effect of NH4OAc concentration of diffusion currents 
in HOAc. O, Co; e, Ni; I ,  Pb; A, Bi; &, Cu; [~, Zn; ~, Cd, 
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Fig. 11. NH4OAc concentration vs.~l l l l /2 /nCm2/3t  1/6 for vari- 
ous metal acetates in HOAc. Symbols are the same as those in 
Fig. 10. 
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Fig. 12. Viscosities of acetate-acetic acid solutions at 25~  
Symbols are the same as those in Fig. 9. 

f lec t ions  of t h e  u n c o m p e n s a t e d  iR d r o p  e x i s t i n g  a t  low 
v a l u e s  of t h e  a b s o l u t e  conduc t i v i t i e s .  

Limit ing currents in anhydrous acetic acid.--As c a n  
be  s e e n  in  Fig. 10, t h e  c u r r e n t  i n c r e a s e s  w i t h  d e c r e a s -  
ing  c o n c e n t r a t i o n  of e l ec t ro ly t e ,  t h e  b e h a v i o r  of Ni, 
Bi, a n d  Cu d e v i a t i n g  f r o m  t h a t  of t h e  o t h e r  me ta l s .  
T h e  v i scos i t i e s  of  t h e  e l e c t r o l y t e  s o l u t i o n s  w e r e  d e -  
t e r m i n e d  (Fig.  12), a n d  t h e  d a t a  w e r e  c o r r e c t e d  ac-  
c o r d i n g l y  as s h o w n  in  Fig. 11. T h e  n e a r  c o n s t a n c y  of 
~lZe/nCm~/~tl/G at  t h e  h i g h e r  e n d  of  t h e  c o n c e n t r a -  
t ion  r a n g e  fo r  Cu, Pb ,  Cd, a n d  Bi  i n d i c a t e s  t h a t  t h e  
c u r r e n t  c h a n g e  in  t h i s  r e g i o n  d e p e n d s  p r i m a r i l y  on  
t h e  c h a n g e  in  v i scos i ty  of t h e  m e d i u m .  A t  t h e  o p p o -  
s i te  e x t r e m e  of e l e c t r o l y t e  c o n c e n t r a t i o n ,  h o w e v e r ,  
t h e  c u r r e n t  is m o r e  s e n s i t i v e l y  a n d  i n v e r s e l y  r e l a t e d  
to t h e  a m o u n t  of a d d e d  ace ta t e .  S i n c e  m i g r a t i o n  s h o u l d  
n o t  5e  a c o m p l i c a t i o n  a t  s u p p o r t i n g  e l e c t r o l y t e  c o n -  
c e n t r a t i o n s  of 0.01M or  g r e a t e r ,  e v e n  in  t h i s  w e a k  
e l e c t r o l y t e  sy s t em,  t h e  c h a n g e  i n  ~ m u s t  b e  d u e  to a n  
a l t e r a t i o n  i n  t h e  s t r u c t u r e  of t h e  a v e r a g e  d i f fu s ing  
species .  T h i s  is s t r i c t l y  t r u e  in  t h e  cases  of t h e s e  f o u r  
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Fig. 14. Acetate concentration vs. ~l~lZ/2/nCm2/3t 1/6 for 
Cd(OAc)2 in HOAc. Symbols are the same as those in Fig. 9. 

m e t a l s  for  w h i c h  i t  c a n  b e  s h o w n  t h a t  t h e  l i m i t i n g -  
c u r r e n t  is d i f fus ion  c o n t r o l l e d  (Fig.  8) .  T h e  r e d u c t i o n s  
of Zn,  Co, a n d  Ni  e x h i b i t  r e a c t i o n  r a t e - c o n t r o l l e d  c u r -  
r e n t s  (Fig.  8) w h i c h  m a y  or  m a y  n o t  c o m p l y  w i t h  
W a l d e n ' s  r u l e ;  t h e  s a m e  is t r u e  of  B i  a t  l ow e l e c t r o -  
l y t e  levels .  T h e  m o r e  p r o n o u n c e d  c h a n g e  in  t h e  c u r -  
r e n t s  a t  l ow e l e c t r o l y t e  c o n c e n t r a t i o n s  m a y  b e  a 
m a n i f e s t a t i o n  of a g g r e g a t i o n  of t h e  r e d u c i b l e  m e t a l  
a c e t a t e  a n d  one  or  m o r e  s u p p o r t i n g  e l e c t r o l y t e  i o n -  
pa i rs .  T h e  d ipo le  m o m e n t  of t h e  e l e c t r o l y t e  i o n - p a i r  
wi l l  b e  l a r g e r  t h a n  t h a t  of ace t i c  ac id  w i t h  w h i c h  
i t  is s t r u c t u r a l l y  h o m o l o g o u s .  As  t h e  c o n c e n t r a t i o n  of 
s u p p o r t i n g  a c e t a t e  is i n c r e a s e d ,  th i s  c o m p o n e n t  w i l l  
c o m p e t e  i n c r e a s i n g l y  m o r e  f a v o r a b l y  w i t h  ace t i c  ac id  
fo r  a pos i t i on  in  t h e  s a l v a t i o n  s p h e r e  of t h e  r e d u c -  
ib l e  m e t a l  ion, i.e., MeLn (S)  + x M O A c  ~ MeLn 
( M O A c )  (S)  ~ . . . ~ M e L n ( M O A c ) x  ( S ) .  T h e  b u l k  
of t he  l a t t e r  w i l l  t h e n  i n c r e a s e  to a p o i n t  of m a x i -  
m u m  c o o r d i n a t i o n .  F u r t h e r  a d d i t i o n  of  t h e  e l ec -  
t r o l y t e  wi l l  l e a d  o n l y  to s e l f - a g g r e g a t i o n  w h i c h  
w o u l d  no t  d i r e c t l y  effect  t h e  d i f fus ion  of  t h e  r e -  
d u c i b l e  m e t a l ,  e x c e p t  b y  w a y  of c h a n g i n g  t h e  
e f fec t ive  v i s cos i t y  of t h e  m e d i u m .  T h i s  h y p o t h e s i s  
is b o r n e  ou t  b y  t h e  o b s e r v a t i o n  t h a t  t h e  v i s c o s i t y -  
c o r r e c t e d  l i m i t i n g  c u r r e n t s  o b t a i n e d  w i t h  Cd i n  t h e  
p r e s e n c e  of d i f f e r e n t  s u p p o r t i n g  a c e t a t e s  w e r e  m o r e  
s t r o n g l y  d e p e n d e n t  on  t h e  n a t u r e  of t h e  a s s o c i a t e d  
c a t i o n  t h a n  o n  t h e  c o n c e n t r a t i o n  of  t h e  e l e c t r o l y t e  
(Fig.  13 a n d  14). T h i s  is j u s t  w h a t  w o u l d  b e  e x -  
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pected, since the cation would de termine  not only 
the size of the "solvat ing" electrolyte,  but  also the 
magni tude  of its dipole moment.  F igure  14 shows that  
the ini t ial  decrease in the current  is re la t ive ly  small  
in the case of the larger  potassium and ammonium 
ions and most pronounced wi th  the smaller  sodium. 
The lat ter  ion would  be expected to benefit most f rom 
aggregation, since it is a much higher  energy species; 
LiOAc is undoubtedly  so t ight ly solvated by acetic 
acid that  its behavior  is that  of an unusual ly  large spe- 
cies which also has l i t t le to gain through aggregation. 
This ra t ionale  does not provide  an explanat ion for 
the rise is the l imit ing current  at concentrat ion levels  
above 0.5M. It  must  not be forgotten, however ,  that  
the viscosity corrections employed are  not ent i re ly  
adequate  in solvents of low dielectric strength, such 
that the curves shown may not t ru ly  reflect the act ive 
mobili t ies of Cd at the various concentrat ions (22). 
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Raman Spectra of Molten Mixtures of Zinc Halides with 
Alkali Metal Halides 

R. B. Ellis 
Southern Research Institute, Birmingham, Alabama 

ABSTRACT 

Raman spectra of mol ten  compositions in the ZnCI~-MC1 (M = Li, K, 
Rb, or Cs) systems contain strong, polarized bands at 230, 275, 290, and 
305 cm -1 and weak  bands, probably  polarized, at ,~260 and 345 cm -1. 
The strong bands have essential ly the same frequencies  as those ap- 
pear ing in solutions in wate r  and organic solvents. The variat ions in re la t ive  
intensi ty of the bands in the melts  wi th  t empera tu re  and composition are 
consistent wi th  assigning them to the same species identified in aqueous 
solutions, namely,  230 cm - t ,  a (ZnCl~)n polymer;  275 cm -1, ZnCI~2-; 290 
cm -1, ZnC]3-;  305 cm -1, ZnC12 monomer.  The weak 345 cm -1 band is tenta-  
t ive ly  assigned to the ZnC1 + ion. The weak 260 cm -1 band is assumed to 
be associated with  an unstable species containing at least one Zn-C1-Zn bond. 
In ZnBr2-KBr melts the pr incipal  species are (ZnBr2)n polymer,  ZnBr42-, 
and ZnBrs - .  The ZnBr2 and ZnBr + species are much less stable re la t ive  to 
the corresponding chloride species. 

The s t ructure  of mol ten  zinc halides is of consider-  
able interes t  because the physical  propert ies  of these 
salts indicate occurrence of extensive molecular  asso- 
ciation at t empera tures  near  the mel t ing  point. P r i -  
mar i ly  on the basis of a marked  decrease in electr ical  
conduct ivi ty  and increase in viscosity, Mackenzie and 
Murphy (1) proposed a ne twork  s tructure of ZnC12 

at the mel t ing  point  that  gradual ly  degrades wi th  
rising t empera tu re  into Zn 2+ and ZnCI~ 4-  ions. They 
were  influenced in their  assumption of the hexachloro-  
zincate ion by the C-19 (CdC12) layer  s t ructure  as- 
signed to solid ZnC12 by Brunt  and Fe r ra r i  (2). In 
l ight of the four-coordinate  s t ructure  for crystal l ine 
ZnCI2 recent ly  described by Brehler  (3) and their  own 
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Table I. Raman spectra of zinc halide solutions 

A s s u m e d  
s p e c i e s  

O b s e r v e d  w a v e  n u m b e r s  
f o r  t h e  s y m m e t r i c a l  s t r e t c h i n g  v i b r a t i o n ,  cm-1  

'Del -  M o r r i s  I r i s h  Y e l l i n  a n d  
w a u l l e  (8) K e c k i  (9) (10) (11, 12) P l a n e  (13) 

Z n  (H20)  o ~§ 
Z n C l +  
ZnC12 305 
Z n C l a -  
Z n C h  e- 282 
ZnCl,~-n 
( Z n C l s ) .  
Z n B r  § 
Z n B r e  208 
Z n B r s -  184 
Z n B r 4  ~- 172 

304 305 
286 

282 275 

390 
305 
305 

278 
266 
230 

205 
206 
182 
172 172 

exper imenta l  work  on ultrasonic absorption, Gruber  
and Litovitz  (4) suggest that, close to the mel t ing 
point, the l iquid consists of chains of ZnC1 te t rahedra  
sharing corners and that  these chains dissociate into 
Z n  2 +  a n d  Z n C I 4 2 -  i o n s .  

There  is evidence f rom several  other lines of in-  
vest igat ion for the existence of z inc-halogen com- 
plexes, usual ly assumed to be ZnCls -  or ZnC142-. 
Moss (5) calculated the activities of KC1 and ZnC12 
in mol ten mixtures  f rom measurements  of vapor  
pressure and vapor  composition, and Lant ra tov  and 
Alabyshev (6) obtained similar  information f rom 
elect romotive  force measurements  on galvanic cells. 
The results of both investigations were  consistent wi th  
the assumption of ZnCl~- or ZnCI42-, but  the iden-  
t i ty of the species could not be clearly established. 
Van Artsdalen (7), using a cryoscopic technique, 
found that  the impor tant  species in di lute solutions of 
ZnCl2 in mol ten NaNO3 were  Zn 2+, ZnC12, and 
ZnC142-. 

It  is expected that v ibrat ional  spectra should be 
more  helpful  in ident i fying the species present  than 
other  physicochemical  properties.  The species present  
in solutions of zinc chloride and zinc bromide in wate r  
and organic solvents, at various levels of total  zinc 
concentrat ion and of z inc-halogen ratio, have  been 
identified and the observed Raman spectra have been 
correlated with  them (8-13). The results are sum- 
marized in Table  I, indicat ing excel lent  agreement  

Table II. Literature data on Raman and infrared spectra* 
for molten compositions containing zinc halides 

T e m p e r -  
a t u r e  W a v e  n u m b e r s ,  

A u t h o r  C o m p o s i t i o n  r a n g e ,  ~ c m  -1 

B u e s  (14) ZnC12 350-600  233 
2 Z n C l e  �9 KC1 280 233, 292 
ZnC12 . KC1 250-500  65, 292 
ZnCl~  �9 2HC1 450-550  92, 280 
ZnC12 . 4KC1 650 92, 280 

ZnCl~ 400-500  100, 231,  285 
Z n B r e  440 '79, 155 

Z n C h  340-470 95, 110, 230,  266,  
305,  375-400  

280-500  75, 226,  250,  305,  
360 

80, 266,  288,  349 
75, 226, 290,  344 
80, 125, 218,  292 
70, 120, 293 
75, 124, 283 

280 285 
398 275, 335 
438 270, 330 
260 265, 317 
473 290 
638 285 
830 220  
357 283, 313 
385 292,  315 
420 295,  320 
490 320 
593 330 
695 350 

S a l s t r o m  a n d  H a r -  
r i s  (15) 

Ir ish  a n d  Y o u n g  (12) 

M o y e r  (16) 

W i l m s h u r s t  (17) 

ZnC12 

4ZnC12 . KC1 
2ZnCl~  . KC1 
ZnC12 . KCI  
2ZnCle  �9 3 K C I  
ZnCl~ �9 2KC1 

ZnCl.~ 
3ZnC1.J �9 KC1  
2ZnC12 �9 KC1 
ZnCI~ . KC1 
ZnCI.~ �9 2KC1 
Z n C l s  �9 3KC1 
KC1 
3 Z n C l 2  . L i C l  
2 Z n C l e  - LiC1 
Z n C h  �9 L i C i  
ZnCI~  �9 2LiC1 
ZnCI~ �9 3 L i e 1  
LiC1 

* T h e  s p e c t r a  of  W i l m s h u r s t  a r e  IR ,  t h e  r e s t  a r e  R a m a n .  

among the several  investigators.  The assignments of 
the 205 and 186 cm -1 bands for zinc bromide species 
given by Morris, Short,  and Waters  (10) and by Del -  
waul le  (8) appear  preferable  to those by Yell in and 
Plane (13). Especially per t inent  to the present  prob-  
lem is Irish and Young's  invest igat ion (12) of the 
transi t ion f rom highly concentrated aqueous solutions 
to anhydrous melts, in which two bands, 230 and 
266 cm -1, increase in intensi ty as water  is r emoved  
from the system. The published data on the Raman  
and infrared spectra of melts  containing ZnC12 are 
tabulated in Table II. Bues (14) assigned the 233 
cm -1 band to a polymeric  species, (ZnCl2)n, the 280 
cm -1 band to ZnC142-, and the 292 cm -1 band to 
ZnC13-. Bredig and Van Ar tsda len  (18) have  argued 
that  Bues'  data do not just ify the assumption of two 
complex ions and favor  the ZnC142- species. I t  should 
be noted that  the work  of Morris, Short,  and Waters,  
that  of Irish and Young, and that  of Moyer, Evans, 
and Lo had not been done at that  time. In the more 
recent  work  of Irish and Young and of Moyer, Evans, 
and Lo, the species are identified as a polymer,  a 
ZnC12 monomer,  and a ZnC142- ion. On the other  
hand, Wilmshurst  considers his inf rared  spectra to 
arise f rom la t t ice- type  interactions among simple ions 
ra ther  than from true complexes. This conclusion was 
based pr imar i ly  on the variat ions in wave  number  
and intensi ty wi th  change in composition. 

The only data on molten ZnBr2 are the two bands 
found by Sals trom and Harris  (15) at one t emper -  
ature, which do not agree wi th  those for aqueous 
solutions. 

In order  to learn  more  about the species exist ing in 
mol ten systems containing zinc chloride and alkali  
metal  chlorides and to compare them wi th  corres-  
ponding bromide systems, we have  made an extensive 
study of the Raman spectra of these systems. 

Exper imenta l  

Materials.--Reagent grade ZnC12, containing about 5% 
H20, was dried by heat ing under  vacuum to the mel t -  
ing point over  a period of about 4 hr. Dry HC1 gas 
was then bubbled through the mel t  for about 4 hr, 
fol lowed by careful ly  dried argon for 1 hr or longer. 
This operat ion was carr ied out in a reservoi r  sealed 
to the Raman tube with  an in te rvening  s intered glass 
filter of medium porosity. Af te r  the drying operation, 
the mel t  was t ransferred through the filter into the 
Raman tube, which was then sealed off under  vac-  
uum. Zinc bromide was t rea ted  in the same way, 
using HBr  to counteract  hydrolysis.  Mixtures  were  
prepared by combining appropr ia te  amounts  of the 
desired zinc halide and alkali  meta l  halide in the 
oven-dr ied  state and fol lowing the same drying pro-  
cedure. 
Apparatus.--The Raman  spectra were  recorded with  a 
Hilger  E612 spectrograph, using the f/5.7 camera and 
Eastman 103a-J plates. The  Hi lger-FL1 mercu ry -  
lamp source unit  was replaced wi th  one of essentially 
identical  design except  that  the lamps were  centered 
on a 3-in. radius instead of 2 in., in order  to have  am-  
ple space for the sample heater,  which was made ac- 
cording to Corbett 's  (19) design. For  est imating de-  
polarization ratios of the Raman lines, a Wollaston 
prism was inser ted into the l ight path be tween  the 
source uni t  and the spectrograph,  as suggested by 
Bender  and Lyons (20). The positions of the spectral  
lines were  measured  on recording densi tometer  
traces, using the graphical  technique of resolving 
over lapping bands described by Ir ish and Young (12, 
13). I ron and mercury  spectra were  used for cal ibra-  
tion. The 4358A l ine  of mercu ry  was used as the ex-  
citing radiation. 

Results 

Raman spectra have  been obtained on ZnC12 and its 
mixtures  wi th  LiC1, KC1, RbC1, and CsC1 and on 
ZnBr2 and its mixtures  wi th  KBr, in the mol ten  state. 
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C o m p o s i t i o n  
m o l e  % 

ZnCl~ W a v e  n u m b e r s a ,  e m  -1 

ZnC12-KC1 s y s t e m  

100 80w,  d 90w,  d 227s,  p 270w,  p 
90 82w,  d 106w,  d 230s, p 262w,  p 
86 95w,  d 232s,  p 2 6 0 w  
80 80w,  d 106w,  d 230m,  p 2 6 0 v w  
75 80w,  d 106w,  d 230m,  p 
67 95w,  d 235w,  p 
50 80w,  d 95w,  d 2 3 0 v w  
25 2 3 0 v v w  

ZnC12-LiC1 s y s t e m  

50 76w,  d 105w 

50 90w,  d l 1 5 w ,  d 
33 90w 
25 115w 

50 

25 

2 3 0 v w  

Z n C l ~ - R b C l s y s t e m  

237w,  p 

ZnCI2-CsCI s y s t e m  

9 5 w  2 3 0 w  

l 1 6 w  

270s,  p 

280s, p 

276s,  p 

310w,  p 3 5 0 v w  
300w,  p 340w,  p 
304w,  p 350w,  d 
304w,  p 3 4 0 w  
304m,  p 3 5 0 w  

290s,  p 3 0 4 w  
290s,  p 3 1 0 v w  3 5 0 v w  
290 b 3 6 0 v v w  

290s,  p 

284s, p 
303s,  p 345w 

290s,  p 305w,  p 
( < 7 0 0  ~ ( > 7 0 0  ~ 

w ,  w e a k ;  m ,  m e d i u m ;  s, s t r o n g ;  d, d e p o l a r i z e d ;  p, p o l a r i z e d .  
W a v e  n u m b e r s  a r e  a v e r a g e s  of 10 or  m o r e  o b s e r v a t i o n s  w i t h  

b T h e  290 cm-1 b a n d  a p p e a r s  o n l y  on  t h e  a n t i - S t o k e s  s ide .  
a m a x i m u m  r a n g e  of •  cm-1.  

Tables  III  a n d  IV c o n t a i n  t he  a v e r a g e  w a v e  n u m b e r s  
fo r  ch lo r i de  a n d  b r o m i d e  compos i t ions ,  r e spec t i v e l y ,  
a long  w i t h  an  i nd i ca t i on  of t h e  r e l a t i v e  i n t e n s i t y  a n d  
p o l a r i z a t i o n  s t a te  w h e r e  d e t e r m i n e d .  No R a m a n  b a n d s  
w e r e  f o u n d  in  mo l t en ,  p u r e  RbC1. T h e r e  w e r e  no s y s -  
t e m a t i c  v a r i a t i o n s  in  w a v e  n u m b e r  w i t h  t e m p e r a t u r e ,  
a l t h o u g h  t h e r e  w e r e  s o m e  v a r i a t i o n s  in  i n t e n s i t y  fo r  
s o m e  of t he  bands .  The  r e p o r t e d  w a v e  n u m b e r s  a re  t he  
a v e r a g e s  of va lue s  o b t a i n e d  f r o m  t en  or m o r e  r e c o r d e d  
s p e c t r a  fo r  each  compos i t ion ,  a n d  each  va lue  has  a 
r a n g e  of ___5 cm -1 or less. S ince  t h e y  a re  c lose  to t he  
p a r e n t  l ine,  t he  b a n d s  b e t w e e n  50 a n d  106 cm -1 a p p e a r  
as w e a k  s h o u l d e r s  on a s t eep  b a c k g r o u n d  curve .  In  
some s p e c t r a  t he  b a c k g r o u n d  w a s  so d a r k  t h a t  t h e s e  
b a n d s  w e r e  no t  de t ec t ed .  In  o thers ,  t h e  p r e s e n c e  of a 
b a n d  w a s  r ecogn izab le ,  b u t  t he  c e n t e r  could  no t  be  
l oca t ed  accura te ly .  F o r  th is  r eason ,  t h e  n u m b e r  of 
b a n d s  in  t h e  r a n g e  f r o m  90 to 105 cm -1 in  t he  ZnC12- 
KC1 s y s t e m  c a n n o t  be  de f in i t e ly  s ta ted .  H o w e v e r ,  t he  
115 cm -1 b a n d  in t he  ZnC12-RbC1 a n d  ZnC12-CsC1 s y s -  
t e m s  is de f in i t e ly  d i f f e r en t  f r o m  t h e  90-105 cm -1 band .  
In  t h e  Z n B r 2 - K B r  s y s t e m  t h e r e  is c l e a r l y  a s ing le  b a n d  
at  79-82 cm - I ,  b u t  t he  b a n d s  in  t h e  50-70 cm -1 r a n g e  
c a n n o t  be  c l ea r ly  r e so lved .  

In  p u r e  ZnC12, t h e  ra t io  of t he  i n t ens i t i e s  of t he  230 
cm -1 b a n d  to t h a t  of t h e  305 cm - I  b a n d  is a b o u t  10:1 

a t  295 ~ a n d  abou t  5:2 at  600 ~ At  t he  80ZnClu-20KC1 
compos i t ion ,  t h e  ra t io  of i n t ens i t i e s  fo r  t h e s e  two  
b a n d s  is a b o u t  4:1 at  300 ~ bu t  1:2 a t  625 ~ . A t  b o t h  
of t h e s e  compos i t ions ,  t he  i n t e n s i t y  of t h e  260 cm -1 
b a n d  d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  w h i l e  
t h a t  of t he  345 cm -1 b a n d  inc reases .  The  i n t e n s i t y  of 
t h e  230 cm -1 b a n d  d e c r e a s e s  w i t h  i n c r e a s i n g  p e r -  
c e n t a g e  of a d d e d  a lka l i  ch l o r i d e  un t i l  i t  is v e r y  w e a k  
at  50 m o l e  % ZnC12 and  on ly  t r aces  a p p e a r  a t  l o w e r  
ZnC12 con ten t s .  In  t he  25ZnC12-75KC1 m i x t u r e ,  t he  290 
cm -1 b a n d  a p p e a r s  on the  a n t i - S t o k e s  s ide  b u t  no t  on 
t h e  S tokes  side.  In  t he  50ZnC12-50LiC1 m i x t u r e  t h e  
280 cm -1 b a n d  a p p e a r s  in  some  s p ec t r a  a n d  the  290 
cm -1 in  o thers ,  b u t  t h e y  h a v e  no t  b e e n  o b s e r v e d  to -  
ge the r .  

In  t he  Z n B r 2 - K B r  sys t em,  t he  150 cm -1 b a n d  p r e -  
d o m i n a t e s  in  p u r e  ZnBr2, w i t h  i ts  i n t e n s i t y  d e c r e a s i n g  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  a n d  w i t h  i n c r e a s i n g  K B r  
c o n c e n t r a t i o n .  T h e  170 cm -1 b a n d  is w e a k  in  p u r e  
ZnBr2 at  t h e  l o w e r  t e m p e r a t u r e s .  I ts  i n t e n s i t y  i n -  
c r eases  w i t h  ad d i t i o n  of KBr .  A t  50 m o l e  % ZnBr2 i t  
p r e d o m i n a t e s  at  270~ b u t  b e c o m e s  p r o g r e s s i v e l y  
w e a k e r  as t he  t e m p e r a t u r e  inc reases .  H o w e v e r ,  a t  25 
m o l e  % ZnBr2 i t  is s t r o n g  at  600% The  180 cm -1 b a n d  
is w e a k  or a b s e n t  a t  t h e  l o w e r  t e m p e r a t u r e s  at  each  
compos i t ion ,  i n c r e a s e s  w i t h  r i s ing  t e m p e r a t u r e ,  a n d  

Table IV. Raman spectra of the molten zinc bromide-potassium bromide system 

Composition 
m o l e  % T e m p e r -  

Z n B r 2  a t u r e ,  ~ W a v e  n u m b e r s , S , e m  -1 

100 425 60w,  d S0w, d 150s, p 170w,  p 
540 60w 70w 8 0 w  150s, p 170m, p 180m,  p 225w,  d 

93 430 60w,  d B0w 150s, p 170w, p 180w, p 

80 400 60w,  d 70w,  d 150s, p 180m, p 225w,  d 260w,  d 
470 60w 170 b 2 0 0 w  
550 155m,  p 180m,  p 2 2 5 w ,  d 260w,  d 

50 270 60w 7 0 w  80w,  d 1 5 5 w  170s, p 1 8 0 v w  2 2 5 w  
400 8 0 w  170w 180m, p 
480 8 0 w  170w 180s, p 2 2 5 v w  
585 80w,  d 180s, p 225w,  d 2 6 5 v w  

34 460 60w 8 0 w  155w,  p 170s, p 210w,  d 
25 600 6 0 w  8 0 w  170s, p 180w 2 2 6 v w  

w,  w e a k ;  m ,  m e d i u m ;  s, s t r o n g ;  d,  d e p o l a r i z e d ;  p,  p o l a r i z e d .  
W a v e  n u m b e r s  a r e  a v e r a g e s  of  10 o r  m o r e  o b s e r v a t i o n s  w i t h  a m a x i m u m  r a n g e  of  •  e m  -1. 

b S t r o n g  b a n d  t h a t  c a n n o t  be  r e s o l v e d ,  b r o a d  e n o u g h  to  i n c l u d e  150  a n d  180 c m  -1. 
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b e c o m e s  p r e d o m i n a n t  a t  50 m o l e  % Z n B r 2  a b o v e  400~ 
I t  is w e a k  a t  600 ~ a t  t h e  25 m o l e  % Z n B r 2  com pos i t i on .  
T h e  225 c m  -1  a n d  265 c m  -1  b a n d s  a r e  w e a k  a t  a l l  c o m -  
pos i t ions ,  h a v i n g  t h e i r  g r e a t e s t  s t r e n g t h  in  t h e  r a n g e  
of 50-80 m o l e  % ZnBr2.  

Discussion 
Zinc chloride systems.--Possible c h e m i c a l  spec ies  

a n d  t h e  c o r r e s p o n d i n g  n u m b e r s  of f u n d a m e n t a l  v i b r a -  
t ions  a r e  s u m m a r i z e d  as  fo l lows :  

F u n d a m e n t a l  V i b r a t i o n s  

T o t a l  I R  R a m a n  R a m a n  
C h e m i c a l  spec ie s  P o i n t  g r o u p  No. a c t i v e  act ive  p o l a r i z e d  

Zn++ 
ZnCl§ C~,- T T T T 
ZnCl~ l i n e a r  D~h 3 2 1 1 
ZnCI~ b e n t  C2,, 3 3 3 2 
ZnCI~- p l a n a r  D:m 4 3 3 1 
ZnCl3  p y r a m i d a l  C3v 4 4 4 2 
ZnC14 ~ t e t r a h e d r a l  Td 4 2 4 1 
ZnCl6 4- o c t a h e d r a l  Oh 6 2 3 1 

\ / 

/ \  
Fig. 1. Structure of crystalline ZnCI2: A Zn 1/3 of d above plane 

of paper; ~' Zn 1/3d below plane of paper; �9 chlorine. 

I n  a d d i t i o n  to t h e s e  m o n o n u c l e a r  species ,  t h e r e  m a y  
c o n c e i v a b l y  b e  a v a r i e t y  of  p o l y n u c l e a r  species .  For  
i n s t a n c e ,  p h a s e  d i a g r a m s  f o r  t h e  ZnC12-KC1 (21) ,  
ZnC12-T1C1 (22) ,  a n d  ZnC12-NH4C1 (23) s y s t e m s  s h o w  
c o m p o u n d s  of t he  t y p e  2ZnC12-MC1, b u t  a b i n u c l e a r  
Zn2C15- c o m p l e x  h a s  n o t  b e e n  p r o p o s e d  as a c o n -  
s t i t u e n t  of a q u e o u s  s o l u t i o n s  or  of me l t s .  H o w e v e r ,  a 
p o l y m e r  m a d e  u p  of ZnC14 t e t r a h e d r a  l i n k e d  b y  s h a r -  
ing  c o r n e r s  h a s  b e e n  p r o p o s e d  (4, 12). 

T h e  o b s e r v e d  R a m a n  b a n d s  m a y  b e  s e p a r a t e d  i n to  
two  g roups ,  w e a k ,  d e p o l a r i z e d  b a n d s  b e t w e e n  80 a n d  
115 cm -1 a n d  p o l a r i z e d  b a n d s  a b o v e  200 c m  -1. T h e  
f i rs t  g r o u p  h a s  w a v e  n u m b e r s  of a m a g n i t u d e  e x p e c t e d  
fo r  b e n d i n g  v i b r a t i o n s .  S i n c e  i t  w as  i m p o s s i b l e  to d e -  
t e r m i n e  t h e  e x a c t  n u m b e r  of b a n d s ,  t h e y  c a n n o t  b e  
u s e d  as a bas i s  fo r  i n f e r e n c e s  c o n c e r n i n g  t h e  spec ies  
t h e y  r e p r e s e n t .  H o w e v e r ,  t h e y  a r e  c o n s i s t e n t  w i t h  t h e  
i n f e r e n c e s  b a s e d  on  c o n s i d e r a t i o n  of t he  o t h e r  b a n d s .  
T h e  s e c o n d  g r o u p  c o n t a i n s  p o l a r i z e d  b a n d s  a t  a p p r o x i -  
m a t e l y  230, 260, 275, 290, a n d  305 e m  -1  a n d  o n e  a t  
345 cm -1 fo r  w h i c h  t h e  s t a t e  of p o l a r i z a t i o n  is in  
doubt .  S i n c e  p o l a r i z e d  b a n d s  a r i s e  f r o m  t o t a l l y  s y m -  
m e t r i c  v i b r a t i o n s  a n d  s ince  s t r e t c h i n g  v i b r a t i o n s  h a v e  
h i g h e r  f r e q u e n c i e s  t h a n  b e n d i n g  v i b r a t i o n s ,  t h e s e  
b a n d s  m u s t  r e p r e s e n t  s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n s .  
I n  t h e  a b o v e  l i s t  of f u n d a m e n t a l  v i b r a t i o n s  fo r  t h e  
s e v e r a l  pos s ib l e  c h e m i c a l  species ,  t h e r e  is o n l y  one  
t o t a l l y  s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n  fo r  e a c h  species .  
T h e r e f o r e ,  e a c h  of t h e  p o l a r i z e d  R a m a n  b a n d s  m u s t  
r e p r e s e n t  a d i f f e r e n t  c h e m i c a l  en t i ty .  T h e  a l m o s t  e x a c t  
a g r e e m e n t  b e t w e e n  t h e  w a v e  n u m b e r s  of t h e  b a n d s  
a p p e a r i n g  in  a q u e o u s  s o l u t i o n s  a n d  t h o s e  in  t h e  m e l t s  
i m p l i e s  t h a t  t h e  s a m e  Zn-C1  spec ies  ex i s t  i n  b o t h  
sys t ems .  

B r e h l e r  (3) ha s  d e s c r i b e d  t he  s t r u c t u r e  of c r y s t a l -  
l i ne  ZnCI2 i n  t e r m s  of ZnC14 t e t r a h e d r a  l i n k e d  b y  
s h a r i n g  co rne r s .  G r u b e r  a n d  L i t o v i t z  (4) a n d  I r i s h  
a n d  Y o u n g  (12) h a v e  s u g g e s t e d  t h a t  m u c h  of t h i s  
s t r u c t u r e  pe r s i s t s  in  t h e  m e l t  as " p o l y n u c l e a r  ag -  
g r e g a t e s "  or  " p o l y m e r s . "  F i g u r e  1 i l l u s t r a t e s  a p o r t i o n  
of th i s  s t r u c t u r e .  T h e  c i rc les  r e p r e s e n t  c h l o r i n e  a t o m s  
ly ing  in  t h e  p l a n e  of t h e  p a p e r .  T r i a n g l e s  r e p r e s e n t  
z inc  a toms ,  t h o s e  w i t h  ap ices  p o i n t i n g  u p  l ie  a b o v e  
t h e  p l a n e  of t h e  p a p e r  a t  a d i s t a n c e  of  + 1 / 3  of d a n d  
h a v e  C1 a t o m s  a b o v e  t h e m  a t  d i s t a n c e  d a b o v e  t h e  
p l a n e  of  t h e  pape r .  T r i a n g l e s  w i t h  ap ices  p o i n t i n g  
d o w n  l ie  b e l o w  t h e  p l a n e  of t h e  p a p e r ,  a t  - - 1 / 3  of d, 
a n d  h a v e  C1 a t o m s  b e l o w  t h e m  in  t h e  n e x t  l o w e r  C1 
p lane .  C i rc l e s  m a r k e d  w i t h  a n  X l ie  in  t h e  p l a n e  of 
t h e  p a p e r  a n d  h a v e  Z n  a t o m s  a b o v e  a n d  b e l o w  t h e m  
a t  --+2/3 of d. L i n e s  of C1 a t o m s  s u c h  as t h o s e  m a r k e d  
A - A  l ie  i n  C1 p l a n e s  t i l t e d  60 ~ to t h e  p l a n e  of t h e  p a -  
per .  Thus ,  e a c h  Z n  a t o m  is t e t r a h e d r a t l y  c o o r d i n a t e d  
to f o u r  C1 a t o m s  a n d  e a c h  C1 a t o m  h a s  t w o  Z n  n e i g h -  
bors .  T h e  a r r a y  m a y  b e  f o r m e d  b y  f i t t i ng  t o g e t h e r  

ZnC12 molecu le s ,  w i t h  t h e  f o u r  b o n d s  to t h e  Z n  a t o m s  
b e c o m i n g  e q u i v a l e n t  b y  sp 3 h y b r i d i z a t i o n .  

T h e s e  p o l y n u c l e a r  a g g r e g a t e s  wi l l  h a v e  a t o t a l l y  
s y m m e t r i c  " b r e a t h i n g "  v i b r a t i o n  t h a t  w i l l  g ive  r i s e  
to a s t rong ,  p o l a r i z e d  R a m a n  b a n d .  Th i s  b a n d  h a s  
b e e n  o b s e r v e d  a t  230 cm -1  in  t h e  ZnC12 c rys ta l ,  in  
me l t s ,  a n d  in  v e r y  c o n c e n t r a t e d  a q u e o u s  so lu t ions ,  as 
g i v e n  in  T a b l e  II. T h e r e  w i l l  a lso b e  p e r i p h e r a l  g r o u p s  
t h a t  w i l l  v i b r a t e  i n d e p e n d e n t l y  of t h e  f u l l y  coo rd i -  
n a t e d  b o d y  of t h e  a g g r e g a t e .  T h e s e  g r o u p s  w i l l  i n c l u d e  
ZnC142-,  ZnC13- ,  a n d  ZnC12 g r o u p s  a t t a c h e d  t h r o u g h  a 
c h l o r i n e .  A ZnC142- g r o u p  w i l l  p r o b a b l y  b e  on ly  
s l i g h t l y  d i s t o r t e d  f r o m  t h e  n o r m a l  t e t r a h e d r a l  s y m -  
m e t r y  b y  i ts  a t t a c h m e n t ,  so t h a t  t h e  f r e q u e n c y  of i ts  
s y m m e t r i c a l  b r e a t h i n g  v i b r a t i o n  w i l l  n o t  b e  m u c h  
d i f f e r e n t  f r o m  t h a t  of a c o m p l e t e l y  s e p a r a t e d  ZnC142- 
ion. C o n s i d e r e d  as f r a g m e n t s  of a t e t r a h e d r a l  s t r u c -  
t u r e ,  a ZnC13-  g r o u p  w o u l d  b e  p y r a m i d a l  a n d  a ZnC12 
w o u l d  b e  ben t .  H o w e v e r ,  C1-C1 r e p u l s i o n  w o u l d  t e n d  
to m a k e  t h e s e  s t r u c t u r e s  p l a n a r  a n d  l i nea r ,  r e s p e c -  
t ive ly .  In  e i t h e r  case,  a t t a c h m e n t  to t h e  a g g r e g a t e  w i l l  
no t  c h a n g e  t h e  g r o u p  f r e q u e n c y  g rea t l y .  

J u s t  a b o v e  t h e  m e l t i n g  po in t ,  t h e  a g g r e g a t e s  w i l l  be  
l a rge ,  a n d  t h e  n u m b e r  of s m a l l  g roups ,  b o t h  p e r i p h e r a l  
a n d  f ree ,  w i l l  b e  r e l a t i v e l y  smal l .  I n c r e a s i n g  t e m p e r a -  
t u r e  wi l l  b r e a k  t h e  a g g r e g a t e s  i n to  s m a l l e r  un i t s ,  e a c h  
of w h i c h  wi l l  s t i l l  h a v e  t h e  c h a r a c t e r i s t i c  b r e a t h i n g  
v i b r a t i o n  so t h a t  t h e  a s s o c i a t e d  R a m a n  b a n d  w i l l  n o t  
c h a n g e  m u c h  in  i n t e n s i t y  u n t i l  t h e  d i s s o c i a t i o n  is e s -  
s e n t i a l l y  comple t e .  H o w e v e r ,  t h e  i n t e n s i t i e s  of t h e  
b a n d s  r e p r e s e n t i n g  t h e  s m a l l e r  u n i t s  s h o u l d  i nc r ea se .  
T h e  p r e s e n c e  of exces s  c h l o r i d e  ion  f r o m  a n  a d d e d  
a l k a l i  m e t a l  h a l i d e  w o u l d  p r o m o t e  s p l i t t i n g  off of 
p e r i p h e r a l  g r o u p s  and ,  h e n c e ,  r e d u c t i o n  of t h e  a g g r e -  
gates .  

T h e  R a m a n  s p e c t r u m  of p u r e  m o l t e n  ZnC12 is d o m i -  
n a t e d  b y  t h e  s t r o n g  230 c m  -1  b a n d  c h a r a c t e r i s t i c  of 
t h e  p o l y n u c l e a r  a g g r e g a t e .  A b a n d  a t  305 c m  -1  is w e a k  
a t  l ow  t e m p e r a t u r e s  a n d  b e c o m e s  s t r o n g e r  w i t h  i n -  
c r e a s i n g  t e m p e r a t u r e  so t h a t  i t  m u s t  b e  a s soc i a t ed  
w i t h  a f r a g m e n t .  S i n c e  in  a q u e o u s  s o l u t i o n s  a 305 c m - 1  
b a n d  h a s  b e e n  a s s i g n e d  to t h e  ZnCle  m o l e c u l e  a n d  
s ince  t h i s  u n i t  is one  of t h e  m o s t  l i k e l y  p e r i p h e r a l  
g r o u p s  or  f r a g m e n t s  in  t h e  me l t ,  i t  is r e a s o n a b l e  to a s -  
s ign  t h e  305 cm -1  b a n d  to t h e  ZnC12 m o l e c u l e  in  t h e  
m e l t  also. T h e r e  is a s t i l l  w e a k e r  b a n d  in  t h e  250-270 
cm -1  r a n g e ;  Moyer ,  E v a n s ,  a n d  Lo f o u n d  i t  a t  250 
cm -1, I r i s h  a n d  Y o u n g  a t  266 cm -1,  a n d  t h i s  w o r k  a t  
260-270 c m  -1. T h e  i n t e n s i t y  of th i s  b a n d  d e c r e a s e s  
w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  a n d  so i t  c a n n o t  b e  a s -  
soc i a t ed  w i t h  a f r a g m e n t  t h a t  i n c r e a s e s  in  c o n c e n t r a -  
t i on  w i t h  t e m p e r a t u r e ,  s u c h  as  ZnC142- or  Z n C I ~ - .  
I r i s h  a n d  Y o u n g  a s s i g n  i t  to  a f r a g m e n t  t h a t  is t h e r -  
m a l l y  u n s t a b l e .  I f  i t  w e r e  a s s o c i a t e d  w i t h  t h e  a g g r e -  
gate ,  i t  w o u l d  p r o b a b l y  r e p r e s e n t  a n  u n s y m m e t r i c  
s t r e t c h i n g  v i b r a t i o n ,  b u t  o u r  o b s e r v a t i o n s  i n d i c a t e  t h a t  
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i t  is po lar ized ,  w h i c h  m e a n s  tha t  i t  ar ises  f r o m  a s y m -  
m e t r i c  v ib ra t ion .  T h e  f r a g m e n t  m a y  be  a r ing  of six 
ZnC14 t e t r a h e d r a  or  a g roup  con t a in ing  on ly  one  
Zn-C1-Zn  l inkage .  T h e  o b s e r v a t i o n  tha t  i t  is also u n -  
s table  t o w a r d  excess  C1-  ion is f u r t h e r  ev idence  
agains t  t he  ZnC142- or  ZnC13- groups ,  b u t  in f a v o r  of 
a species con t a in ing  at  leas t  one  Zn-C1-Zn  l ink.  We 
o b s e r v e d  a v e r y  w e a k  b a n d  at  350 cm -1  in p u r e  
ZnC12. Because  of its w e a k n e s s  w e  w e r e  u n a b l e  to es-  
t ab l i sh  its s ta te  of po la r iza t ion .  H o w e v e r  Moyer ,  
Evans ,  and  Lo c la im t h a t  i t  is po lar ized .  I f  the  band  is 
polar ized,  i t  m u s t  be long  to a ZnC1 v i b r a t i o n  of h i g h e r  
e n e r g y  t h a n  tha t  in  ZnC12. The  on ly  l i ke ly  species  of 
th is  desc r ip t ion  is the  ZnC1 + ion. Th is  a s s i g n m e n t  is 
cons is ten t  w i t h  the  b e h a v i o r  on add i t i on  of  excess  C1-  
ion  o b s e r v e d  by  Moyer ,  Evans ,  and  Lo and by  us; 
name ly ,  t ha t  i t  i nc rea sed  in  in t ens i ty  s o m e w h a t  in the  
compos i t ion  r a n g e  a r o u n d  25 mole  % added  chlor ide ,  
t hen  dec reased  un t i l  i t  d i s a p p e a r e d  at  compos i t ions  
con t a in ing  m o r e  t h a n  50 m o l e  % a lka l i  m e t a l  chlor ide .  

A t  compos i t ions  con ta in ing  33 m o l e  % a lka l i  m e t a l  
ch lo r ide  or  more ,  a b a n d  appea r s  at  290 cm -1  and, 
a t  s t i l l  h i g h e r  concen t r a t i ons  of added  chlor ide ,  a n -  
o the r  at abou t  275 cm -1. These  bands  a re  def in i te ly  
d i f fe ren t  f r o m  the  305 cm -1  band  ass igned  to ZnC12 
molecu les .  S ince  t h e y  a r e  assoc ia ted  w i t h  success ive ly  
h i g h e r  ra t ios  of C1 to Zn, i t  is a s sumed  tha t  t h e y  r e p r e -  
sent  species con ta in ing  m o r e  t h a n  two  ch lor ines  pe r  
zinc, name ly ,  ZnC13- and  ZnC142-. In  Tab le  I, the  
w a v e  n u m b e r s  286 cm -1  and 275-280 cm -1  a re  as-  
s igned  to ZnCI~-  and  ZnC142-, r e spec t ive ly ,  in a q u e -  
ous solut ions.  The  a p p e a r a n c e  of t he  s a m e  bands  in  the  
aqueous  and  m o l t e n  sys tems  impl i e s  t ha t  the  s a m e  
species a re  present .  H o w e v e r ,  in aqueous  solut ion,  the  
posi t ions  in t he  coo rd ina t ion  sphere  of t he  zinc a t o m  
no t  occup ied  by  ch lo r ine  a toms can  be  fi l led w i t h  
w a t e r  molecu les .  I n  the  m e l t  the  on ly  l igand  a v a i l a b l e  
is t he  ch lo r ide  ion, so t h a t  t he  ZnC13- species, w i t h  i ts  
i n c o m p l e t e  coo rd ina t ion  sphere ,  appea r s  un l ike ly .  
Moyer ,  Evans ,  and Lo found  on ly  one  R a m a n  band  at  
290 cm -1. Bues  r e c o r d e d  t w o  bands,  292 cm -1  and  280 
cm -1, bu t  no t  at t he  same  composi t ion ,  and B r e d i g  
and Van  A r t s d a l e n  a rgue  tha t  t h e y  w e r e  p r o b a b l y  t h e  
s a m e  band.  This  w o r k  conf i rms Bues '  obse rva t i ons  of 
290 cm -1 at  t he  ZnC12-KC1 compos i t ion  and  280 cm -1 
at ZnC12.3KC1. The  shapes  of the  bands  and the  p r e -  
cision of loca t ing  the i r  cen te r s  ind ica te  the  p r e sence  
of two  d i f fe ren t  bands  e v e n  though  the  two  h a v e  not  
been  o b s e r v e d  t oge the r  in t he  s a m e  spec t rum.  T h e r e -  
fore,  w e  conc lude  tha t  bo th  ZnC13- and  ZnC142- do 
ex is t  in melts .  

Cation e f fec t . - -Two effects of the  size of t he  a lka l i  
me ta l  ca t ion  m i g h t  be  expec ted .  The  p r e sence  of the  
ca t ion  m i g h t  d i s tor t  t he  s y m m e t r y  of the  v i b r a t i n g  
species and change  the  f r e q u e n c y  somewha t .  J a n z  and 
J a m e s  (24) r e p o r t e d  this  effect  on t h e  n i t r a t e  ion  in 
melts .  We  did no t  find any  sys t ema t i c  change  in f r e -  
q u e n c y  w i t h  chang ing  ca t ion  for  any  of t he  bands.  
S ince  w e  a re  c o n c e r n e d  h e r e  w i t h  equ i l i b r i a  a m o n g  
s eve ra l  chemica l  species of d i f fe ren t  deg rees  of c o m -  
p lex i ty ,  a change  in ca t ion  m i g h t  affect  the  equ i l i b r i a  
to shi f t  the  r e l a t i v e  concen t r a t i ons  of t he  species  i n -  
vo lved .  The  h igh  po la r i z ing  p o w e r  of the  sma l l e r  ca t -  
ions m i g h t  h a v e  a d i s r u p t i v e  effect  on the  m o r e  h i g h l y  
c o m p l e x e d  species. This  effect is o b s e r v e d  to a m i n o r  
e x t e n t  on t h e  u n - i o n i z e d  species, name ly ,  t he  (ZnC12)n 
p o l y m e r  and  ZnC]2 m o n o m e r .  A t  t he  e q u i m o l a r  c o m -  
posi t ion,  t he  r e l a t i v e  in tens i t i e s  of t he  230 and 305 
c m - 1  bands  a re  s o m e w h a t  g r e a t e r  fo r  Cs and Rb than  
for  K and Li. No cons i s ten t  t r e n d  is obse rved  for  the  
280, 290, and  350 cm -1  bands.  

Zinc bromide s y s t e m . - - T h e  R a m a n  spec t ra  of c o m -  
posi t ions  in the  Z n B r 2 - K B r  sys tem show m a n y  of t he  
same  charac te r i s t i c s  of those  in  t h e  ch lo r ide  sys tem.  
T h e r e  is a g roup  of weak ,  depo la r i zed  bands  be low  
100 cm -1  tha t  a re  p r e s u m a b l y  r e l a t e d  to b e n d i n g  v i -  
bra t ions .  T h e r e  a r e  s eve ra l  s t rong,  po la r i zed  bands  in 
t he  100-200 cm -1  r e g i o n  tha t  a re  typ ica l  of s y m m e t r i c  

s t r e t ch ing  v ib ra t i ons  and  thus  r e p r e s e n t  s eve ra l  
c h e m i c a l  species.  The  s p e c t r u m  of p u r e  ZnBr2 is d o m i -  
n a t e d  by  a s t rong  b a n d  at 150 cm -1. This  b a n d  was  r e -  
p o r t e d  by  S a l s t r o m  and  H a r r i s  (15) for  a mel t ,  bu t  
does no t  appea r  in  aqueous  solu t ions  (of 1M concen-  
t r a t ion )  (10). This  b a n d  is uns t ab l e  w i t h  r e spec t  to 
i nc rea s ing  t e m p e r a t u r e  and  i nc r ea s ing  B r -  ion  con-  
cen t ra t ion .  By  ana logy  w i t h  ZnC12, this band  m a y  be  
ass igned  to a p o l y m e r i c  complex ,  (ZnBr2)n.  A t  h i g h e r  
t e m p e r a t u r e s  and  w i t h  added  B r -  ion, n e w  bands  ap -  
p e a r  at 170 and  180 cm -1, w h i c h  a re  i den t i ca l  w i t h  
the  bands  ass igned  to ZnBr42-  and  Z n B r s - ,  r e spec -  
t ive ly ,  in  aqueous  solut ions.  Cons i s t en t  w i t h  this  as-  
s ignment ,  t he  species assoc ia ted  w i t h  t he  170 cm -1  
b a n d  increases  in  s t ab i l i ty  w i t h  i nc r ea s ing  B r - : Z n  
rat io,  bu t  t ends  to be  less s tab le  at  h i g h e r  t e m p e r a t u r e s  
t h a n  the  species r e p r e s e n t e d  by  the  180 cm -1  band.  
Ye l l in  and  P l a n e  (13) ass igned the  180 cm -1  band  in 
a q u e o u s  so lu t ion  to ZnBr2 ins tead  of Z n B r s - .  In  v i e w  
of the  pe r s i s t ence  of this  band  to h igh  concen t r a t i ons  
of excess  B r -  ion, t h e  Z n B r 3 -  a s s i g n m e n t  seems  p r e f -  
erable .  A w e a k  200 cm -1  b a n d  at  80 ZnBr2-20KBr  
p r o b a b l y  co r re sponds  to the  ZnBr2 m o n o m e r .  

The  weak ,  depo l a r i zed  bands  at 225 and  260 cm -1 
a r e  a s sumed  to a r i se  f r o m  a s y m m e t r i c  s t r e t ch ing  v i -  
b ra t ions  of t he  ZnBr42-  and  Z n B r s -  complexes .  
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Adsorption and Electrooxidation of Butane on 
Platinum Black in H2SO4 

Joseph A. Shropshire and Hugh H. Horowitz 
Process Research Division, Esso Research and Engineering Company,  Linden, N e w  Jersey  

ABSTRACT 

Rates of butane adsorption on pla t inum black in sulfuric acid have  been 
measured at 95~ using vo l t ammet ry  in a f low-through electrode system. 
Init ial  adsorption rates showed a strong dependence on potent ial  in the range 
100-300 mv  vs. the revers ib le  hydrogen electrode. This effect was shown to 
arise f rom blockage of butane adsorption sites by adsorbed hydrogen atoms. 
The data strongly indicate that  butane adsorbs only on Type II (most anodic) 
H- sites. 

Al though a significant research effort has been de- 
voted in recent  years to the determinat ion  of the mech-  
arAsm of electrooxidat ion of saturate  hydrocarbon 
fuels, par t icular ly  those potent ia l ly  useful  in fuel  cell 
systems, no clear picture  of the rate  l imit ing steps in-  
volved in such an oxidation is as yet  avai lable (1-7). 
While it is general ly  conceded that  the adsorption or 
adsorpt ion-cracking of saturate  fuels on noble meta l  
catalysts of the type general ly  used can consti tute a 
significantly slow step in the over -a l l  reaction, and has 
been suggested as the factor de termining l imiting cur-  
ren t  in some cases (5-7),  no meaningfu l  measurements  
of adsorption rates on practical  catalysts, f ree of sol- 
ubi l i ty and diffusion effects, have been made. 

Progress has been restr ic ted by the fact  that useful  
fuel  cell electrocatalysts  are prepared as chemical ly 
precipi ta ted high surface powders  or highly dispersed 
on conductive substrates. Catalyst  mater ia ls  of this 
type may  be fabricated into porous electrodes which 
avoid diffusion limits because they are covered by ve ry  
thin e lect rolyte  films. However ,  such electrodes are not 
wel l  suited to the fast e lectrochemical  t ransient  tech-  
niques such as high speed vo l t ammet ry  and high 
current  chronopotent iometry  (8, 9). Smooth microelec-  
trodes, which are suitable for fast techniques,  are 
operated under  electrolyte,  where  they would  be sub- 
ject  to diffusion l imitations with sparingly soluble hy-  
drocarbon fuels. 

Another  possible drawback of smooth electrodes is 
that  they may be chemical ly  different f rom high sur-  
face area electrodes, perhaps having different crystal  
planes exposed and different types of latt ice defects. 
Smooth pla t inum electrodes consistently appear  to ox-  
idize hydrocarbons at more anodic potentials than 
p la t inum black. By the same token, adsorption studies 
f rom the gas phase on dry catalyst  leave  open the 
question of the effect of large quanti t ies of water  and 
other  components adsorbable in the aqueous solutions 
to be used in actual practice and effect of electrode po-  
tent ial  on the processes. 

This paper  describes the results of a study of the ad- 
sorption of butane on a commercia l ly  avai lable  high 
surface pla t inum black (Engelhard)  in H~SO4. In addi-  
t ion to e lectrochemical  measurements  of the equi l ib-  
r ium butane adsorption on this catalyst, vo l tammetr ic  
measurements  on the catalyst  in a rapidly moving  
s t ream of bu tane-sa tura ted  electrolyte  have been used 
to de te rmine  max imum adsorption rates at low polar -  

ization. The flowing electrolyte  technique, used pre-  
viously in studies on highly soluble fuels and oxidants 
(10), appears to overcome the objections discussed 
previously and thus sheds considerable l ight  on the 
over -a l l  question of hydrocarbon adsorption-react ion.  

Experimental Technique and Equipment 
Two types of electrode were  used in this study. In 

exper iments  involv ing  measurement  of the equi l ibr ium 
adsorption of butane and its desorption with  potential,  
the (Engelhard)  p la t inum black in 10:1 mix tu re  with 
Teflon 41BX (du Pont)  was pressed on simple p la t -  
inum flag electrodes. 

The apparatus used to obtain measurements  on bu-  
tane adsorption rates in the flowing electrolyte  sys- 
tem is shown in Fig. 1. The pla t inum black powder,  
general ly  10 m g / c m  ~ (on a total  of 3.8 cm 2) was held 
at the upper face of an 18 rail porous tan ta lum sheet 
(courtesy of Kennameta l )  by the downward  flow of 
electrolyte.  Max imum flow rates obtainable wi th  a 6-in. 
e lect rolyte  head at 95~ were  of the order  of 70-80 
cc /min  (~20 cm /m in )  wi th  lower  values regula ted  by 
a stopcock on the exit  l ine at the bottom. The two- l i t e r  
flask containing 3.7M H2804 at 95~ was st irred briskly 
by a s t ream of Ins t rument  Grade butane. Make-up 
electrolyte  was added as necessary f rom addit ion bot-  
tle "N" at as near  to the equi l ibr ium conditions in the 
flask as was possible. Electr ical  connections were  made 
to the tanta lum plate via a gold current  collector, a 
p la t inum auxil l iary electrode in the  flask, and a sat- 
ura ted calomel electrode with  Luggin capi l lary tip 
about Y4 in. above the surface of the porous tan ta lum 
plate. The Luggin capi l lary itself was filled with  3.7M 
H2SO4 and changed f requent ly  to prevent  chloride 
contaminat ion of the electrolyte.  As a resul t  of the 
min imum t ime actual ly requi red  in measurement  and 
the high butane sparge rates, no effect of the slight 
amount  of hydrogen or oxygen evolved at the counter  
electrode was ever  noticed. 

Pr ior  to the individual  runs, the piece of porous tan-  
ta lum plate to be used was abraded l ight ly on its up-  
per surface wi th  a steel wire  brush and cleaned with 
a once- through application of aqueous HF to remove  
any oxide film and subsequent ly  r insed with deionized 
water  at room temperature .  

Potent iostat ted t r iangular  or sawtooth vol tage sig- 
nals could be applied to the electrode f rom a modified 
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Fig. 1. Equipment for flowing electrolyte measurements: A, Tef- 
lon stopcock; B, gold current collector; C, porous tantalum plate; 
D, powdered platinum black; E, clamp; F, insulation over tape 
heaters; G, 2-liter flask; H, Luggin capillary; I, counter electrode; 
J, butane sparger; K, thermometer with Therm-o-watch relay; L, 
saturated calomel electrode; M, condenser; N, make-up addition 
bottle. 

Anotrol  Model 4100 Research Control ler  fed by the 
output  of a Se rvomex  LF 51 function generator.  Re-  
sultant  I -V (or t) functions were  recorded on a Mose- 
ley Model 135 X - Y  plot ter  and coulombic quanti t ies  
obtained by integrat ion of the desired peaks using a 
planimeter .  For  the scan speeds used with  these active 
p la t inum catalysts all the adsorbed fuel  was oxidized 
f rom the electrode, and the current  equal led the blank 
values by the t ime the posit ive voltage l imit  of the 
scan was reached. No remaining  fuel  was detected in 
repeat  scans on the electrode under  quiescent  condi- 
tions. (Due to the i r revers ibi l i ty  of hydrocarbon fuel  
oxidation, high speed vo l t ammet ry  and high current  
chronopotent iometry  general ly  do not fulfill this con- 
dition unti l  considerably more posit ive voltage levels 
are reached.) Fract ional  coverages re fe r red  to in this 
paper  are der ived f rom measured  coulombic values re-  
fer red  to saturat ion or m a x i m u m  levels. Thus, for want  
of precise measurements  of t rue surface area, all cov-  
erages re fer  to the e lectrochemical ly  active surface. 

All  solutions were  prepared  using reagent  grade 
concentra ted H2SO4 and deionized wate r  of conduct iv-  
ity less than 10 -6 mho/cm.  Previous  exper iments  have 
shown that  fur ther  purification of the acid solution by 
preelectrolysis  does not affect the adsorption results. 
In the measurement  times involved trace impuri t ies  
would not be expected to affect these high area cata-  
lysts significantly. Potentials  are repor ted  vs. the sat- 
urated calomel e lectrode (S.C.E.) the measured vol t -  
age of which, as a result  of l iquid junct ion and thermal  
potentials,  is 0.138v vs. a hydrogen electrode in these 
acid solutions at 95~ 
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Fig. 2. Relative rate of butane accumulation as a function of 
flow rate. Continuous voltage scan 0-1.1v vs.  S.C.E., 22 mv/sec, 
3.7M H2SO4, butane saturated, 95~ e, 10 mg Pt/cm2; III, 
25 mg Pt/cm 2. 

Exper imenta l  Results and  Discussion 
Applicabi l i ty  of the ]tow sys tem concept . - - In  order 

to de termine  the feasibil i ty of determining adsorption 
rates in a flowing fue l - sa tura ted  e lect rolyte  system, a 
series of screening exper iments  were  carr ied out to de- 
fine the response of the system to electrolyte  flow rate  
and catalyst  loading changes. For  this purpose the 
quant i ty  of coulombs in the butane oxidat ion peak 
dur ing a continuous t r iangular  vol tage scan f rom 0.0 to 
1.1v vs. S.C.E. at 22 mv / sec  was taken as a re la t ive  
measure  of the fuel  accumulat ion ra te  (6, 11). Meas- 
u rement  of a meaningfu l  adsorption ra te  requires  that  
the fuel  accumulat ion rate  must  become independent  
of the flow rate, i.e., bulk mass transfer,  in the region 
of measurement .  Confidence is added to the measure-- 
ment  if the re la t ive  rate  in the flow independent  re-  
gion is insensi t ive to catalyst  amount. 

Results of these ini t ial  tests, shown in Fig. 2, for  
flow rates to 65 cc /min  and two catalyst  loadings, show 
that  a m a x i m u m  in fuel  accumulat ion rate, presumed 
to be an adsorption ra te  limit, is reached at levels 
above ~40 cc/min.  Excel lent  agreement  in the nor-  
mal ized re la t ive  rates for two widely  differing catalyst  
loadings indicates that  the method provides a sound 
basis for fu r the r  studies. Due to the desire to obtain 
m a x i m u m  flow rates in all subsequent  exper iments  of 
this type, catalyst  loading was thereaf te r  maintained 
at the 10 m g / c m  2 level. 

A fu r ther  confirmation of the l imitat ion of fuel  ac- 
cumulat ion by adsorption ra ther  than mass t ransport  
was obtained f rom the tempera ture  dependence of fuel  
accumulation. Thus, in the in terval  f rom 80 ~ to 100~ 
the increase in coulombs accumulated dur ing the fixed 
scan period indicated an apparent  act ivation energy of 
11 kcal /mole .  This value, much too high for transport  
l imitation, is in good agreement  wi th  that  obtained as 
the t empera tu re  dependence of the l imi t ing current  
for butane electrodes in 3.7M H2SO4 at 100~ (6, 11). 

Characterization of the p la t inum substrate . - - In  order  
to establish a firm basis for the comparison of fu r the r  
data and subsequent  in terpre ta t ion  of effects, vol tage 
scan measurements  were  carr ied out to characterize 
e lectrochemical ly  the Engelhard  p la t inum black. These 
measurements  were  made using the pressed electrodes 
described previously  immersed  in argon-sparged 3.7M 
H2SO4 at 80~ Adsorpt ion-discharge  of protons to 
form H- in the region negat ive  to q-.0.2v vs. S.C.E. was 
defined as a function of potential ,  and total coulombs 
of chemisorbed hydrogen atoms were  re la ted to the 
coulombs for oxide format ion and reduct ion dur ing a 
fixed scanning procedure.  In this way it was possible 
to re la te  subsequent  measurements  to one another, 
through known relationships. 

A summary  of this data  is contained in Table I and 
a plot of the hydrogen atom coverage with  potential  is 
shown in Fig. 3. The inflection in the coverage curve  
reflects the existence of two peaks in the anodic vol t -  
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Table I. Hydrogen deposition on platinum as a function of potential 

4 8  m g  s a m p l e  o f  E n g e l h a r d  P t  b l a c k ;  t o t a l  o x i d e  r e d u c t i o n  f r o m  
1.3  v v s .  S . C . E . ,  Qo ( 1 . 3 ) ,  = 1 0 0  m c / m g .  1 

1 

O 
E q u i l i b r a t i o n  

p o t e n t i a l ,  T o t a l  H . ,  T o t a l  H . ,  F r a c t i o n  o f  O 
v v s .  S . C . E .  m c  m c / m g  m a x i m u m  H .  -7  

+ 0.05 314 6.54 0.14 
+ 0.02 577 12.0 0.25 P" 

0.0 738 15.4 0.32 Z 
0 .02  8 2 5  17 .2  0 . 3 6  ~ 0 - '  

--  0 . 0 4  9 4 3  19 .7  0 .4 1  r 
-- 0 . 0 6  1 0 9 5  2 2 . 8  0 . 4 8  : 3  
-- 0 . 0 8  1 3 9 5  2 9 .1  0 . 6 1  O 
--  0 . 1 0  1 7 8 7  3 7 .2  0 . 7 8  
- -  0 . 12  2 0 4 5  4 2 . 6  0 . 8 9  
- -  0 . 1 4 4  2 2 9 5  4 7 . 8  1 .0 0  0 

o 
3 2  

age  s c a n  t h r o u g h  t h e  h y d r o g e n  r e g i o n  on  p l a t i n u m .  0 
T h e  p r e s e n c e  of t w o  d i s t i n c t  peaks ,  g e n e r a l l y  t a k e n  to 
i n d i c a t e  t h e  e x i s t e n c e  of t w o  " t y p e s "  of H- ,  a d s o r b e d  
u n d e r  d i f f e r i n g  e n e r g y  c o n s i d e r a t i o n s ,  is w e l l  k n o w n  
a n d  ha s  b e e n  t h e  topic  of m a n y  r e c e n t  i n v e s t i g a t i o n s  
(12-14) .  A t t e n t i o n  is d r a w n  to t h i s  p o i n t  f o r  l a t e r  r e f -  
e r e n c e  in  t h e  d i s cus s ion  of r e su l t s .  

As  a g e n e r a l  r e f e r e n c e  p o i n t  in  th is ,  as  w e l l  as o t h e r  
p r e v i o u s  s t ud i e s  (6) ,  v o l t a g e  scans  on  t h e  p l a t i n u m  
b l a c k  e l e c t r o d e s  w e r e  e x t e n d e d  to + l . 3 0 v  vs.  S.C.E. 
U n d e r  t h o s e  cond i t ions ,  a t  0.026 v / s e c ,  T a b l e  I i n d i c a t e s  
t h a t  t h e  q u a n t i t y  of c o u l o m b s  fo r  ox ide  f o r m a t i o n  (o r  
r e d u c t i o n )  to  t h a t  p o t e n t i a l  is, w i t h i n  a f ew  p e r  cent ,  
t w i c e  t h a t  fo r  t h e  t o t a l  H- a c c u m u l a t i o n .  Thus ,  on  t h e  
u s u a l  a s s u m p t i o n  of one  H- p e r  P t  a tom,  t h e  s u r f a c e  
a t  + l . 3 0 v  vs.  S.C.E. is b e l i e v e d  to cons i s t  e s s e n t i a l l y  
of a c o m p l e t e d  l a y e r  of P t O  (15) .  

T h e  v a l u e  of m i l l i c o u l o m b s  p a s s e d  d u r i n g  h y d r o g e n  
a t o m  c h e m i s o r p t i o n  p r i o r  to  H2 e v o l u t i o n  w a s  u s e d  to 
c a l c u l a t e  a r o u g h  v a l u e  fo r  t h e  e l e c t r o c h e m i c a l  s u r f a c e  

F OXIDE 
REDUCTION 

v,'t" /•1.1 
v 

2 0  
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May 1966 

Fig. 4. Diagram of sawtooth scan sequence and typical response 

p r e c e d i n g  pulse .  N o r m a l l y  s ix  to e i g h t  scans  w e r e  
e n o u g h  to c l e a r l y  def ine  t h e  r e q u i r e d  c o u l o m b s  of fue l  
vs.  t i m e  slope. A c c u m u l a t i o n  of f u e l  in  th i s  t i m e  p e r i o d  
r e p r e s e n t s  t h e  i n i t i a l  a d s o r p t i o n  r a t e  on  t h e  f r e s h l y  r e -  
d u c e d  s u r f a c e  a n d  w a s  f o u n d  to  b e  q u i t e  l i n e a r  u p  to 
a b o u t  50-60 sec. I n  t h e  t i m e  p e r i o d s  e m p l o y e d  m a x i -  
m u m  b u t a n e  c o v e r a g e s  a re  less  t h a n  one  t h i r d  t h e  s a t -  
u r a t i o n  va lues .  A t y p i c a l  s c a n  s e q u e n c e  is s h o w n  in  
Fig.  4. 

S i n c e  t h e  o x i d a t i o n  of a d s o r b e d  fue l  w a s  c a r r i e d  
ou t  d u r i n g  a 20 sec s c a n  pe r iod ,  a c e r t a i n  de f in i t e  
q u a n t i t y  of a d d i t i o n a l  f ue l  w a s  a d s o r b e d  a n d  o x i d i z e d  

a r e a  of t h e  ca ta lys t .  U s i n g  a v a l u e  of 210 # c o u l / c m  2 as 
t h e  v a l u e  fo r  H" d e p o s i t i o n  on  one  t r u e  s q u a r e  c e n t i -  
m e t e r  (8, 14), a t o t a l  s u r f a c e  a r e a  of a b o u t  23 m 2 / g  is 
c a l cu l a t ed .  Th i s  v a l u e  is in  f a i r l y  good a g r e e m e n t  w i t h  
t h e  28 m 2 / g  f o u n d  b y  t he  ( n i t r o g e n )  B.E.T. m e t h o d .  

T e c h n i q u e  f o r  m e a s u r e m e n t  of a d s o r p t i o n  r a t e s . -  
A c t u a l  v o l t a m m e t r i c  m e a s u r e m e n t  of a d s o r p t i o n  r a t e s  
w a s  m a d e  u s i n g  a 1.1v s ing le  p u l s e  s a w t o o t h  p o t e n -  
t i o s t a t t e d  s i g n a l  in  c o n j u n c t i o n  w i t h  t h e  f lowing  e l ec -  
t r o l y t e  s y s t e m  d e s c r i b e d  p r e v i o u s l y .  A p p l i c a t i o n  of a 
s a w t o o t h  s i g n a l  e n a b l e d  t h e  u s e  of t h e  l i n e a r l y  i n c r e a s -  
i ng  p o r t i o n  of t h e  p o t e n t i a l  s i g n a l  (55 m v / s e c )  f o r  i n -  
t e g r a t i o n  a n d  c a l c u l a t i o n  of c o u l o m b i c  q u a n t i t i e s  of 
f u e l  p r e s e n t ,  w h i l e  t h e  s tep  f u n c t i o n  co l l apse  to t h e  
p r e s e t  p o t e n t i a l  l e v e l  m i n i m i z e d  t h e  t i m e  n e c e s s a r y  fo r  
ox ide  r e d u c t i o n  on  t h e  e l e c t r o d e  a n d  r e t u r n  to a ze ro  
c u r r e n t  cond i t i on .  Th i s  r e t u r n  to ze ro  c u r r e n t  w a s  ac-  
c o m p l i s h e d  in  a b o u t  3-5 sec f o r  a t o t a l  of 38 m g  of p l a t -  
i n u m  b l a c k  in  t h e  p r e s e n c e  of  b u t a n e  fue l .  U s i n g  a 
m a n u a l  p u l s e  i n i t i a t i n g  swi tch ,  a se r i e s  of t r a c e s  w a s  
o b t a i n e d  fo r  v a r i o u s  a d s o r p t i o n  t i m e s  a t  a g i v e n  p r e s e t  
p o t e n t i a l  i n  t he  t i m e  i n t e r v a l  g e n e r a l l y  n o t  e x c e e d i n g  
40 sec f r o m  t h e  t i m e  of r e t u r n  to ze ro  c u r r e n t  a f t e r  t h e  
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d u r i n g  t h e  s can  per iod .  Th i s  f ixed  c o n t r i b u t i o n ,  p lus  
a n y  c o n t r i b u t i o n  d u r i n g  t h e  f e w  s e c o n d  r e d u c t i o n  
p e r i o d  was  e v i d e n c e d  as a n  i n t e r c e p t  on  t h e  Q vs.  t 
plot .  A t yp i ca l  se t  of c u r v e s  o b t a i n e d  a t  t h r e e  d i f f e r -  
e n t  p o t e n t i a l s  is s h o w n  in  Fig.  5. C o n s t a n c y  of t h e  
i n t e r c e p t  aff i rms t h e  f ac t  t h a t  t h e  t o t a l  of  t h e s e  c o n -  
t r i b u t i o n s  r e m a i n e d  e s s e n t i a l l y  c o n s t a n t  in  t h e  p o -  
t e n t i a l  r a n g e  s tud ied .  

D u r i n g  t h e  t i m e  p e r i o d  w h i l e  fue l  a c c u m u l a t e s  a t  
t h e  p l a t i n u m  e l ec t rode ,  e v e n  in  v e r y  l ow  p o l a r i z a t i o n  
reg ions ,  t h e s e  a c t i v e  p l a t i n u m  c a t a l y s t s  do n o t  r e m a i n  
ine r t .  Thus ,  d u r i n g  t h e  w a i t  p e r i o d  a t  a g i v e n  p o -  
t e n t i a l ,  a s t e a d y  s t a t e  c u r r e n t  of f u e l  o x i d a t i o n  f lows 
in  t h e  c i rcu i t .  I t  w a s  n e c e s s a r y ,  t h e r e f o r e ,  to  m e a s u r e  
th i s  c u r r e n t  d u r i n g  t h e  w a i t  p e r i o d  fo r  e a c h  p r e s e t  
p o t e n t i a l  a n d  c o r r e c t  t h e  o b s e r v e d  s lope  of t h e  cou -  
l o m b s  vs.  t i m e  c u r v e  fo r  t h e  a p p r o p r i a t e  fue l  loss. 
Th i s  c o r r e c t i o n  b e c o m e s  g r e a t e r  as  t h e  p o t e n t i a l  
m o v e s  p o s i t i v e l y  a n d  soon  b e c o m e s  l a r g e  e n o u g h  to 
r e n d e r  t h e  o b s e r v e d  c o u l o m b s - t i m e  s lope  u n r e l i a b l e .  
F o r  t h i s  r e a s o n  a d s o r p t i o n  r a t e  m e a s u r e m e n t s  w e r e  
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Fig. 3. Relative hydrogen atom coverage vs. potential 
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Fig. 5. Typical plot of millicoulombs butane adsorbed vs. wait 
time (from switching); 3.7M H2SO4, 95~ 55 mv/sec sawtooth 
scan; III, +0.15v S.C.E.; A ,  0.05v S.C.E.; o, 0.0v S.C.E. 
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Fig. 6. Butane adsorption rates vs. potential, compared to 
steady-state performance in H2S04 from ref. (11); 3.7M H2S04, 
95~ I ,  steady-state performance; e, adsorption rates. Rate 
adjusted to 50 mg Pt. 

restr ic ted to the potent ial  range --0.05 to 40.15 vs. 
S.C.E. Measurements  posit ive to this potent ia l  are 
not considered meaningful  since the steady state cur-  
ren t  becomes excessively large. Argon blanks were  
obtained for each "preset"  potent ia l  just  prior  to 
commencing the butane adsorption studies. 

Rates  of B u t a n e  ~dso~ption vs. po.tential and in i t ia l  
hydrogen  c o v e r a g e . - - A d s o r p t i o n  rates de termined  
f rom the coulombs vs. t ime slopes as a function of 
electrode potent ial  are shown in Fig. 6 for three  
series of measurements  involving separate systems. 
Corrections applied to compensate  for steady state 
currents  are noted in Table  II. For  reference,  Fig. 6 
includes a typical  curve  of butane steady state per -  
formance (galvanostat ic)  on a p la t inum-Teflon elec- 
t rode at 95~ in 3.7M H2SO4 (11). It  is apparent  that  
adsorption rates here  are adequate ly  high to easily 
support  the requi red  steady state currents.  Al though 
the adsorption for ~-0.15v vs. S.C.E. is subject  to the 
highest  probable  error, the evidence of a decrease in 
adsorption ra te  is bel ieved to be adequate ly  reliable.  
Thus, adsorption rate  is essentially nil  at --0.05v and 
appears to reach a m a x i m u m  at about ~0.10v vs. 
S.C.E. wi th  subsequent  decline wi th  more  posit ive 
potentials,  possibly as wa te r  or sulfate ions become 
strongly or iented at the surface and occupy fuel  sites. 

One fu r ther  piece of indirect  evidence for this de-  
cline in ra te  was obtained f rom measurement  of the 
m a x i m u m  butane adsorption on the p la t inum surface 
under  flow conditions. Thus, the max imum observed 
(saturation) quant i ty  of butane measured  with  a 26 
mv/sec ,  1.3v scan in the flowing fue l -e lec t ro ly te  sys- 
tem, QBS/Qo(1.3) = 1.61, was about equal  to that  
observed in a s tagnant  system where  fuel  accumula-  
tion by diffusion is ve ry  slow (6). Since, under  flow 
conditions a significant contr ibution to the observed 
coulombs is expected as oxidized fuel  is replaced dur -  
ing the t ime of the scan (est imated 10-15% additional 
total coulombs) this observat ion suggests that  fuel  
adsorption rates are low in the middle  potent ia l  r e -  
gion prior  to the onset of oxide formation.  Details of 
the est imation of expected fuel  adsorption dur ing the 
scan durat ion are given in the Appendix.  

An explanat ion of the previous adsorption behavior  
is obtained f rom a knowledge  of the ini t ial  condi-  
tion of the surface wi th  respect to hydrogen atoms. 

Table II. Corrections for butane steady state oxidation 
during adsorption measurement 

M e a s u r e m e n t  M e a s u r e m e n t  
p o t e n t i a l ,  C u r r e n t ,  p o t e n t i a l ,  C u r r e n t ,  

v v s .  S.C.E.  m a / m g  v vs .  S.C.E.  m a / m g  

--0.050 0 + 0.050 0.33 
-- 0,025 0 + 0.100 0.58 

0.00 0.13 + 0,150 0.82 
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Fig. 7. Butane adsorption rates plotted against relative "free" 
surface, 1-0H; A ,  series III; [~, series II; �9 series I. 

Thus, f rom the argon blanks obtained pr ior  to each 
series of butane measurements ,  it was possible to ob- 
tain the ini t ial  f ract ional  coverage of the surface with  
hydrogen atoms for each potent ial  in the absence of 
butane. This pa ramete r  was used to der ive  the func-  
tion (1-0n), shown in Fig. 7 plot ted against  ra te  
of butane adsorption for the three  series of exper i -  
ments. Severa l  features  are evident :  (i) ini t ial  rate 
of butane  adsorpt ion is l inear  wi th  1-0H, reaching 
the observed m a x i m u m  rate  at 0H = 0 (value  for 
+0.15v vs. S.C.E. is not on the plot since 0H goes to 
zero just  prior  to that  potential)  ; (it)  the intercept  of 
zero ra te  at 1-0H --~ 0.5, coupled wi th  fur ther  evidence 
to be presented next,  s t rongly suggests that  the ad- 
sorption of this fuel  occurs only on the Type II (more  
anodic) H. sites. Thus, as shown in Fig. 3 the poten-  
tial of --0.05 vs. S.C.E. corresponds closely to the in-  
flection in the curve  defining H. coverage and also 
defines the point  in Fig. 6 at essentially zero rate  
of adsorption. The l inear i ty  wi th  1-0H fur ther  implies 
that  the init ial  adsorption ra te  per  exposed site proba-  
bly does not  va ry  appreciably  in the potent ia l  region 
where in  Type II H. is present. As ment ioned pre-  
viously, the observed rate  of adsorption beyond about 
+0.15v vs. S.C.E., however ,  does appear  to actual ly 
decline. 

A d d i t i o n a l  ev idence  in  suppor t  of  T y p e  I I  site ad-  
s o r p t i o n . - - W i t h  indications that  butane adsorption 
occurred only on that  type of site occupied by Type 
II H-, fur ther  evidence was sought in measurement  
of the equi l ib r ium adsorption of the fuel  on plat inum. 
In a previous paper  (6) the ratio of coulombs of bu-  
tane fuel  at saturation, QB s, to the coulombs requi red  
for reduct ion of PrO on the electrode, Qo, f rom 1.3v 
vs. S.C.E. at 80~ was established for eight p la t inum 
catalysts, including Engelhard  p la t inum black, to be 
1.58 • 0.13. On the basis of the ox ide-hydrogen  atom 
coulombic ratios in Table I, this ratio calculated on 
total H. would  be, QBS/QIt s = 3.3. If, however ,  ad- 
sorption of butane  fuel  occurs only on Type II H. 
sites, then saturat ion of these sites, about 50% of the 
total  H.,  would  lead to a value  of Q B S / Q H ( I I )  s ~ 6.6. 
This value  corresponds closely to the expected 6.5 
electrons per site for the complete  oxidation of bu-  
tane to COs (3, 6) if a four -po in t  Pt-C4H10 at tach-  
ment  occurs, and thus adds some strength to the postu- 
lated a t tachment  on one type of site. 

An  addit ional  series of studies was carr ied out to 
define the relat ionship be tween fuel  and H- coverage 
in potent ial  regions near  H2 evolution. The technique 
used here  was identical  to that  used previously to 
obtain equi l ibr ium coverage of butane on pla t inum 
(6). 

Electrodes were  of the pressed p la t inum-Tef lon on 
p la t inum flag type  described previously  and data was 
obtained in simple butane sparged cells at 80~ in 
3.7M H2SO4 for  comparison with  the ear l ier  exper i -  
ments. Coulombic quanti t ies were  de termined  f rom 
t r iangular  vol tage scans. 
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Fig. 8. Typical scan toward H2 evolution as adsorbed butane 
desorbs. Dotted line is curve with desorbing butane. Solid line 
is blank. Integration of hatched area indicates 4 electrons per 
initial butane molecule. 

Saturat ion of the catalyst  surface with  butane with  
the electrode potent iostat ted at 0.0v vs .  S.C.E. gave 
the expected QBS/Qo(1.3v) = 1.6. Moreover,  no trace 
of Type II hydrogen remained  in the anodic scan 
f rom 0.0 vs .  S.C.E. In order  to ensure that  only Type 
II sites were  involved,  however ,  a similar  butane 
saturated electrode was subjected to a cathodic scan 
to H2 evolut ion potentials.  Surpr is ingly  at potentials  
of --0.02v vs .  S.C.E., an obvious evolut ion of gas oc- 
curred  f rom the electrode together  wi th  a significant 
increase of scan current  in the region of the Type  I 
hydrogen  peak as shown in Fig. 8. In tegra t ion of the 
excess coulombs over  and above the normal  Type I H- 
coulombs indicated, for two such cases, values equiv-  
alent  to 3.87 and 3.94 electrons respect ively  per  mole-  
cule of butane known to exist on the saturated cata-  
lyst. Thus, i t  is bel ieved that  the butane  is desorbed 
rapidly  as Type I hydrogen begins to form on the 
surface and that, subsequent  to fuel  desorption f rom 
the ini t ia l ly  sa turated Type II  sites, the four  missing 
hydrogen atoms are rapidly  replaced on the surface 
wi th  the passage of four  electrons per original  bu-  
tane molecule.  

Verification that  the preponderance  of desorbed gas 
was actual ly  butane was obtained by vapor  phase 
chromatography.  A few tenths of a cubic cent imeter  
of desorbed gas t rapped in a small  sampling appa-  
ratus indicated essential ly 100% butane  wi th  traces of 
propane, ethane, and methane.  Some small  amount  of 
cracking of the hydrocarbon fuel  apparent ly  takes 
place as has been repor ted  previously  (5, 7). 

Desorption of fuel  dur ing a cathodic sweep can 
pose problems for the invest igator  interes ted in fuel  
surface coverages. Al though admit tedly  the cathodic 
scan here  is carr ied out at a re la t ive ly  slow speed, 
31 mv/sec ,  i t  is obvious that  the use of the decrease 
in total  H- as a measure  of adsorbate coverage, a 
technique enjoying wide popular i ty  recently,  must  
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Fig. 9. Potential of initial (desorbing) gas evolution as a 
function of relative coverage derived from QB/QB (maximum). 

be exercised wi th  caution and with strict a t tent ion 
to scan speed, etc., if  mis leading effects are to be 
avoided. If fuel  desorption occurs rapidly,  surface 
coverages inferred f rom adsorbed hydrogen  measure -  
ments  could indicate much lower  fuel  coverages than 
actual ly  exist. 

A series of exper iments  was carr ied out to define 
roughly  the desorption potent ia l  as a funct ion of bu-  
tane coverage, 0, der ived f rom Q B / Q B  (saturat ion) .  
For  this purpose a visual  est imation of the potent ial  
of init ial  observable gas bubble format ion was used. A 
plot  of the observed desorption potentials  as a func-  
tion of approximate  coverage is shown in Fig. 9. The 
potent ial  of obvious desorpt ion varies about l inearly 
wi th  coverage over  a range f rom --0.065 vs .  S.C.E. 
for the lowest coverage studied, to --0.02 for satura-  
tion. Thus, even m in im um  quanti t ies of butane  are 
desorbed at - -0 .065,  i .e. ,  in the potent ial  range where  
significant quanti t ies  of Type  I H. exist. Data  on the 
H- coverage is not sufficiently precise to tel l  if the  
anodic end of the range, --0.02v vs. S.C.E., is the po-  
tent ial  at which first minu te  quanti t ies  of Type I H. 
are formed. No obvious explanat ion is at hand to ex-  
plain this complete  incompat ibi l i ty  of adsorbed bu-  
tane wi th  format ion of Type  I H..  An answer  to this 
question, however ,  would undoubtedly  requi re  a de- 
tailed knowledge of the p la t inum surface species and 
the precise na ture  of the difference in Type  I and 
Type II I t .  sites. 

Discussion and Conclusions 
Based on the preceding data, a fa i r ly  complete 

summary  of butane adsorption behavior  on electro-  
act ive Pt  can be made. The fuel  molecule  appears to 
adsorb only on that  type of site normal ly  occupied 
by Type II (more anodic) H-. The init ial  observed 
rate  of adsorption is a l inear  funct ion of the number  
of such sites empty  of H.,  a l though eventual ly ,  as 
saturat ion fuel  coverage is approached all Type II 
H. is replaced by fuel. Combinat ion of the known cou- 
lombs involved  in Type II  H- deposition with  the 
coulombs obtained f rom oxidat ion of an equi l ibr ium 
(saturated) quant i ty  of butane on the p la t inum leads 
to a value  of 6.6 e lec t rons /H,  site. In v iew of the 
26 electron complete oxidat ion of the four  carbon 
molecule  to CO2, this value  is consistent wi th  a four-  
site a t tachment  of butane to plat inum, i .e. ,  the mole-  
cule lying down on the surface. It  must  be cautioned, 
however ,  that  this is not a necessary conclusion since 
an end-on  adsorption of the fuel  molecule  could also 
resul t  in loss of 4H- if the local energy or space 
considerations on the surface are significantly affected 
by the fuel  molecule  adsorption. 

Depending sl ightly on the surface coverage,  ad- 
sorbed fuel  begins to desorb in the potent ia l  range 
--0.02 to --0.06v vs .  S.C.E. in this system as the re -  
gion of Type I tI- format ion is reached. Traces of 
lower  carbon number  saturates indicate some slight 
cracking of the adsorbed fuel. 

Posi t ive to the region of significant Type II H. ex-  
istence, i .e. ,  posit ive to ~ + 0 . 1 0 v  vs .  S.C.E. in this sys- 
tem, ini t ial  rates of fuel  adsorption are difficult to 
measure  on the act ive electrocatalyst  since steady 
state current  flow becomes a significant f ract ion of 
the adsorption rate. Indications are present, however ,  
that  the observed adsorption r a t e  begins to decrease 
in the region posit ive to +0.10v vs .  S.C.E. This might  
ve ry  wel l  be due to loss of fuel  adsorption sites again 
as wa te r  begins to strongly orient  at the surface. At  
any ra te  it seems quite  reasonable that  the over-a l l  
si tuation is as or iginal ly  depicted in Fig. 6, wi th  the 
intersection of the decreasing adsorption rate  curve  
(dotted line) wi th  the 2 R T / F  electron t ransfer  l im-  
i ted Tafel  l ine dictating the l imit ing cur ren t  capa- 
bi l i ty of the system. 

The knowledge  that  fuel  adsorption can occupy only 
Type II  tI .  sites in the region f rom about --0.05 to 
+0.15v vs. S.C.E. in this system leads to an obvious 
question as to the occupancy of Type I sites in this 



Vol. 113, No. 5 E L E C T R O O X I D A T I O N  O F  B U T A N E  4 9 5  

potent ial  range. Since it is probable that  Type I sites 
contain adsorbed wate r  or hydron ium ions in this 
region, is i t  too bold to suggest that  fuel  e lec t roox-  
idation is accomplished by interact ion of the fuel  
molecules adsorbed on Type II sites wi th  wate r  mole-  
cules on another,  possibly Type I, site? In the ab- 
sence of a physical  picture of the exact  na ture  of 
these so-called "sites" it is difficult to say. For  in-  
stance, are the "sites" not  real ly  physical  but  a dif-  
ferent ia t ion in the binding energy for two successive 
hydrogen  atoms? Is one set of hydrogen atoms dis- 
solved in the latt ice and the second adsorbed at the 
externa l  sites? In v iew of the previous data, the re-  
cent suggestion by Will  (14) that  Type  I and II 
mere ly  represent  the H +  discharge-adsorpt ion on two 
different crystal  faces of p la t inum (the 110 and 100) 
does not seem too appealing. Thus H. adsorption on 
one crystal  face would  not be expected to produce 
such a significant electronic effect as to cause de-  
sorption of butane f rom an ent i re ly  different face 
on which it is p re feren t ia l ly  adsorbed. 

The extended implications of the possibility of 
two-si te  interact ion in the over -a l l  mechanism of hy-  
drocarbon oxidation are too broad, however ,  to be 
discussed as a part  of this study. Fu r the r  discussion 
wil l  be reserved  unti l  addit ional  evidence is avai l -  
able to support  these pre l iminary  findings. The r a m -  
ifications of a two-s i te  surface wil l  then be discussed 
not only wi th  respect  to the reaction of saturate  hy -  
drocarbons, but  also for low molecular  weight  ox-  
ygenated species (CH3OH, HCHO, etc.) and for olefins. 
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A P P E N D I X  

Estimation of Expected Butane Adsorption 
During Scan on Initially Saturated Surface 

As discussed previously,  the saturat ion adsorption 
of butane  measured  under  flowing conditions did not 
differ significantly f rom that  measured  under  stag- 
nant  conditions, dur ing which accumulat ion of fuel  
by diffusion is negligible.  

If adsorption of butane on f ree  area occurred in the 
potent ial  region posi t ive to -t-0.15v vs. S.C.E. at the 
m a x i m u m  rates observed previously,  a significant 
number  of coulombs would  be expected to accumulate  
dur ing the course of the burn-off  scan on the p re -  
viously saturated electrode. 

This accumulat ion in coulombs, AQ, would  be 

AQ -- fJ2(v2) R o ( l  ~ 0b) ( I  ~ Oox)dt 
- -  t l  ( V 1 )  

where  0b represents  the coverage with  adsorbed bu-  
tane at any t ime (vol tage)  in the scan, and a t e rm in 
~ox, the surface oxide coverage, has been inser ted to 
accommodate  the fact  that  surface oxide format ion 
wil l  undoubtedly  in te r fe re  wi th  butane  adsorption at 
some vol tage  level.  Two functions for Cox were  con- 
sidered: (I) A te rm where  0ox ~ 1 at one half  the 
total  coulombs for total  2 electron oxide formation.  
This would  be the case if P tO format ion occurred on 
a single type of site first. (II) A te rm wi th  0ox = 1 
at the ful l  oxide level,  i.e., when Qox equal led twice 
Q~s, the total saturat ion H- coverage. The 0 terms 
were  evaluated over  the t ime in te rva l  of the scan 
by stepwise in tegrat ion of the respect ive fuel  and oxide 
format ion peaks on the plat inum. 

Evaluat ion  of the in tegra l  for  AQ indicates that  dur -  
ing the course of the scan in the flowing electrolyte  
system an addit ional  contr ibution of a min imum of 
10-15% would be expected in the observed QB s va lue  
depending on which Oox funct ion is assumed. If no 
(1 - -  Oox) diminishing funct ion is applied, this in-  
crease would be expected to be about 22%. Thus, it 
is in fe r red  that  the ra te  of butane adsorption de-  
creases rapidly  in the region beyond +0.15v vs. S.C.E. 
and accordingly the ra te  in this region in Fig. 5 (dotted 
line) is shown decreasing to intersect  the Tafel  line. 
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ABSTRACT 

A previous analysis of the Faradaic  impedance  of polarized porous gas 
diffusion electrodes has been extended to include kinet ic  rate  expressions 
which are o t h e r  than first order.  An approximate  analysis reveals  impedance 
characterist ics which  are  qual i ta t ive ly  s imilar  to those for first order  kinetics 
for react ion orders greater  than  uni ty  and less than 1~. However  for orders 
be tween  one and �89 the Argand  diagram exhibits  two semicircular  regions 
instead of one, as wel l  as the induct ive  characteris t ic  at sufficiently high f re-  
quency. These curves  are  compared wi th  the data of Brodd on Leclanch6 
cells which exhibi t  s imilar  characteristics.  

The a-c impedance characterist ics of e lec t rochem- 
ical systems are impor tan t  as a possible indication of 
react ion and t ransport  mechanisms [e.g., (1) - -  (11)], 
as wel l  as an indication of the response to vary ing  
load conditions of such power  sources as fuel  cells 
and batteries. Both capaci t ive and induct ive  charac-  
teristics have  been exper imenta l ly  observed, as dis- 
cussed by Gutman (12) and have also been predicted 
for a polarized porous dua l - l ayer  gas diffusion elec-  
trode for the case in which the electrode kinetics are 
first order, as shown in a previous paper  (13). The 
object  of the present  paper  is to extend the previous 
results to include electrode reactions which are not 
first order, and hence a t tempt  to shed some l ight  upon 
certain exper imenta l ly  observed impedance charac-  
teristics (7). 

In (13), the Faradaic  impedance characterist ics of 
a polarized gas diffusion electrode were  de termined  
by assuming a small ampl i tude  a-c  signal super im-  
posed on a la rger  polarizing d-c current .  The fo rmu-  
lation of the problem was in terms of a general  elec- 
trode reaction, represented by 

gG + IL -5 h e -  -> pP  [1] 

the kinetics of which  was assumed to fol low the gen-  
eral ized rate  expression 

I ---- Io exp E [2] 
R T  

A/though [2] is wr i t ten  in terms of a general  reac-  
tion order, the results given in (13) were  for a first 
order  react ion only. The present  analysis wil l  be for  
reaction orders other  than unity, including both in-  
tegral  and fract ional  orders. In this regard,  it should 
be pointed out that  [2] is assumed to be simply a 
rate  expression represent ing the net  ra te  of the over -  
all react ion [1], but  not necessari ly indicat ive of the 
react ion mechanism. Many complicated reactions in-  
vo lv ing  several  steps such as the heterogeneous cata-  
lytic react ion in a porous med ium wi th  which we 
are concerned can be adequate ly  represented by a 
nonl inear  ra te  equat ion such as [2], par t icular ly  when 
adsorption or desorption steps are significant, and 
where  the react ion orders may be nonintegra l  [see 
e.g. (14)]. 

T h e  Model 
The dua l - l ayer  model  mechanism was described in 

detail  in (13) and wil l  be rev iewed  briefly. A sche- 
matic of the model, Fig. 1, shows three  regions for 
consideration. Region I is a porous layer  containing a 
gas phase only wi th in  the pores ( reactant  plus iner t )  ; 
region II is a porous layer  containing the l iquid elec-  
t rolyte  phase (also assumed to consist of a reactant  

1 P r e s e n t  address: Chemica l  Engineering D e p a r t m e n t ,  T e x a s  A & M 
University. College Station, Texas. 

plus ine r t ) ;  and region III  is a (narrow) region of 
the l iquid filled layer, adjacent  to the in terface  of the 
two porous layers,  where in  react ion [1] is assumed 
to take place. The gaseous reactant  diffuses through 
the pores in region I in the presence of the iner t  
component,  as does the l iquid reactant  in region II. 
At  the gas- l iquid interface  the gaseous reactant  dis- 
solves in the l iquid phase, the resul t ing concentra-  
t ion of dissolved gas being de termined  by Henry ' s  law. 
As the dissolved gas diffuses through the l iquid filled 
pores in region III, it is s imultaneously consumed by 
react ion at catalytic sites on the pore walls. Region 
III  is assumed to be small  compared wi th  region II, 
so that  semi-infini te boundary conditions apply to the 
dissolved gas reactant.  Fur ther ,  since the concentra-  
t ion of dissolved gas is small  compared with  the 
l iquid reactant  concentration,  the lat ter  can be taken 
as essentially constant over  region III  ( the react ion 
zone). 

The addit ional  assumptions of (13) wi th  regard  to 
the use of a pseudodiffusion coefficient for the porous 
medium, the influence of migration,  and uni form 
mat r ix  potent ial  apply as before. Also, as concluded 
in (13), there  is no loss in general i ty  for this model  
by setting the l iquid reac tant  order  (l') equal  to zero 
since the effect of l iquid reactant  concentrat ion on 
impedance is s imply to add an addit ional  t e rm which 
is similar  in form to the contr ibut ion f rom diffusion 
of the gaseous reactant  in region I. 

D-C Ana ly s i s  
The flux of the gaseous reactant,  and hence the 

total e lectrode current,  is governed by the diffusion 
equat ion (Fick's second law) in region I, and by this 
equation including a react ion term, z, in region III  

GAS 
+ 

INERT 

R E G | O N  
I 

I n te r lace  

Z ~  

,~ d G =! = 

GIIIO N ELECTROLYTE 

Z 

d L �9 

Fig. I. Schematic diagram of dual-layer model 
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02C 0 2 C  ( a g )  
c]C __ DGL - -  --  r ~ [3] 
Ot ~ 2 UGL ~ -- I - ~  

Here, Ia represents  the local specific current  resul t -  
ing f rom the electrochemical  reaction in region III, 
in a m p / c m  3. 

For  a steady state, the combination of Eq. [3] and 
[2] (without  the l iquid reactant  term) for region I t I  
results in 

d2C 
= KCg' [4] 

�9 d z ~ .  

where  
K -- Io ag / ~n'F "X 

nFDGLCo"" exp [ ~ E ]  [5] 

The solution to [4] subject  to the fol lowing bound-  
ary conditions 

(a) C~--Ci at z = 0  
(b) C--> 0 as z--> ~ [6] 

is (14, 15) 

C = Ci [ (g,_ l) ,/KC~(g,-1~ ]2/~l-g') 
- - - - -  z + 1 [ 7 ]  

v 2(g '  -t- 1) 

The  total  d-c electrode current  is given by 

g ~ z=0 g 
[8] 

f rom which K can be evaluated  in terms of the total 
current  density, I~, and the concentrat ion of dissolved 
gaseous reactant  at the interface Ci. The la t ter  is 
de te rmined  by the diffusional flux of the gaseous re-  
actant through region I, together  wi th  the assump- 
tion of equi l ibr ium at the interface as represented  by 
Henry ' s  law. The result,  including the effect of the 
iner t  component,  has been previously der ived (13, 15) 
and is 

cPo 
Ci = - - ~ - [ 1 -  ( 1 -  Go/Po) exp ( I JA2) ]  [9] 

where  
Ae = (nF Po D G c ) / ( g  RT d~) [10] 

An inspection of the concentrat ion profile [7] re-  
veals the fol lowing characterist ics (14). For  g' > 1, 
the concentrat ion remains  finite for all z, a symp-  
totically approaching zero. However ,  for g' > 1, the 
concentrat ion falls to zero at a finite value of z equal  
to [2(g'  + 1 ) /  (KClg ' - l ) ] l /2 / (1  - -  g'). 

Equations [5], [7], [8], and [9] define the relat ion 
be tween  the s teady-s ta te  concentrat ion gradient  w i th -  
in the react ion zone (region III) ,  the total  current  
density, and the total  eIectrode polarization. 

Impedance Analys is  
As in (13), the electrode impedance is defined by 

the ratio of a small  ampl i tude  a l ternat ing component 
of polarization (~1) to the corresponding al ternat ing 
component  of current  ( i) ,  which are superimposed 
upon the steady d-c values. 

The assumption of small  ampli tudes allows l inear-  
ization of the equations, as follows. Rewri t ing  [2] for 
region III  in terms of total (a-c plus d-c) quantit ies,  
gives 

L +  ~ ' )  r 
I + i = I ~  Co ] 

an'F 
exp L ~  (E -]- ~I) ] [II] 

The small amplitude assumption for the a-c quantities 
means that 

' L '  R T  n < < 1  

so that  terms of second order  in these quanti t ies can 
be neglected. Thus [11] can be l inear ized as follows 
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an'F ~1] [12] 

Combining Eq. [2], [3], and [12] (again omit t ing the 
l' t e rm)  results  in the fol lowing equat ion for "r 

07 ~_ DGL -- KCg" g -~  + ~ [13] 
Ot Oz 2 

where  C is a funct ion of z, as given by [7]. 

In order  to de te rmine  the a-c impedance of the 
electrode to a sinusoidally vary ing  current,  we must  
solve [13] for the ratio of the LaPlace  t ransforms of 
the a-c  components of polarizat ion and total  current,  
and replace the t ransform var iable  s by j~. The total  
a-c current  density is given by 

n F D c L ( d T )  
it --  [14] 

g ~ z=o 

Combining [13] and [7] and t ransforming the result  
gives 

d2 7(s)  KT(s )  ~ d -  (ez + l )  2 

= h ~ ( e z +  1) 2~'/(1-~') [15] 

d z  2 

where  

e = ( g ' - -  1) v 2(g----7~1) 

f ~ g'  C i ( g ' - l )  

h = (an'F Ci g" K ) / ( R T )  

[18] 

[17] 

[18] 

The boundary conditions which accompany [15] are 

(a) ~(s)  = 7i(s) a t z  ~-- 0 
(b) ~(s) ~ 0 a t z =  - - e f o r g ' <  1 
(b') ~(s)  --> 0 as z--> or f o r g '  > 1 [19] 

Here  ~i(s) is de te rmined  f rom the diffusion flux 
(Fick's law) for region I, the  total  a-c  current,  and 
Henry ' s  law in a manner  analogous to the der ivat ion 
of [9]. The resul t  is 

7~(S) = i~(S) A4 [ 
dG~/s/DGG I.. 

where  

1 - -  exp (dc~ / s /Dcc)  ] 

d 1 + exp (dcx/s/DGG) 

=Yt A4 r (s) [20] 

A4 = (ge R T d G ) / ( n F H D c c )  [21] 

A general  solution to [15] is possible in terms of a 
finite series or hypergeometr ic  functions, but  the re-  
sult ing expressions are such that  boundary  conditions 
[19] cannot be readi ly  applied. However ,  all that  we 
requi re  f rom the solution to [15] is an expression for 
the first der iva t ive  of ~ which is val id  near  z = 0, 
f rom which it can be evaluated by means  of [14]; 
hence an approximate  solution val id  near  z = 0 should 
be adequate  for this purpose. This is not to imply that  
the resul t  is val id  only for a ve ry  na r row reaction 
zone, as such is not the case, al though in pract ice this 
zone should be small  compared with  region II  under  
polarized conditions, as shown previously  (13). Thus 
for sufficiently small  z, the fol lowing approximat ions  
may  be made 

(ez + l ) - 2 ~  l - - 2 e z  

2g' ez 
(ez + 1) 2~'/r176 ~ 1 -~ [22] 

(1 - -  g') 

If we  make the addit ional  substi tut ion of ~ ( s ) z  for 
~(s)z ,  which is also val id  for sufficiently small  z. Eq. 
[15] becomes 
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d2"~ (s) [ 2 g ' e z ]  
dz 2 ~ ( s ) K  ~1 = hf l (s )  1 + (1 - -  g'-----~ 

+ 2 e K f ~ i ( s )  z [23] 
where  

fll = f ~ s~ ( g  DGL) [24] 

The similari ty between [23] and Eq. [18] of ref. 
(13) for first order kinetics is apparent.  The appro- 
priate solution for g' > 1 is 

~(s) = [~(s )  - -  h ~(s ) /5 ]  exp (--zk/~) 
- -  [h~(s )  + z e a l ] / 5  [25] 

where 
~1 -~ 2 g ' h ~ ( s ) / ( 1  - - g ' )  - -  2~K ~,(s) [26] 

and 
= K ~  [27] 

For g" < 1, the solution is 

sinh (z~/~) 
~(s) - -  

sinh (~/5/e) 

~--h~(s) ~. 
[~ (s )  + h ~ ( s ) / 5 ]  exp (~/~/e) + 

5 j 

+ [~-~(s) + h n ( s ) / 5 ]  exp (--z~/~) --  [h~(s) + ea l z] /5  
[28] 

Using [25] or [28] to calculate i t ( s )  (Eq. [14], 
subst i tut ing for ~ ( s )  from [20], and solving the re-  
sult for ~ ( s ) / i t ( s )  gives, for g' > 1 

~(s )  ( ~ K g ) / ( n F D a r )  + A 4 K r ( 2 e ] - -  ~ X / 5 )  
[29] 

i t ( s )  h [ ~  + eg ' / ( 1  --  g')]  

and f o r g ' <  1 

~(s) _ ~ s i n h ( k / ~ / e  ) [ g8 ] 
it (s---~ --  ~ nFDcL A4r (83/2 --  2 e l K )  

- -KA4~/~ r [2 / - -  ~1 exp ( ~ - / e )  ] ~ {h sinh (~/~/e) [8 

+ e g ' / ( 1 - - g ' ) ]  - - h k / 5 [ e x p ( k / ~ / e  ) - - 1 / ( 1 - - g ' ) ] }  [30] 

The complex impedance, Z(jr is given by [29] or 
[30] when  the t ransform variable  s is replaced by jco. 
The resul t  can be separated into frequency depend-  
ent  real (resistive) and imaginary  (reactive) compo- 
nents  

Z(jto) ~ R(r --  jXc((o) [31] 

or into magni tude  and phase angle components. The 
lat ter  can be represented as the impedance attenuation,  
(DB)z, and capacitive phase angle, 0, defined as 

( D B ) z  -~ 20 log (IZ]/[Zol)  [32] 

e = tan -1 ( X c / R )  [33] 

The complex impedance components, at tenuation,  
and phase angle were determined for various values 
of react ion order g' from 0.25 to 3.0, as a funct ion of 
the dimensionless f requency parameter  ~, 

= da "V/co/2Daa [34] 

which enters through Eq. [20]. A family of curves 
was obtained for each case, each curve corresponding 
to a given value of r the ratio of d-c current  density 
to l imit ing current  densi ty 

r  ~ ' t / / l i m ;  I l i m  ~ A 2 / ( 1  --  Xo) [35] 

Resu l t s  

Impedance characteristics were calculated with the 
aid of a computer, using representat ive values of 
parameters  which are listed in Table I. These results 
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Table I. Parameter values used in calculations 

G a s  p h a s e :  Xo = 0 . 2 1  m o l e  f r a c t i o n ,  Po  = 1 a r m  
H e n r y ' s  l a w  c o n s t a n t :  H = 3 . 9 5  x 104 a t m / m o l e  f r a c t i o n  
P o r o u s  m e d i u m :  r = 0.5,  ~- = 15 ,  d a  = dL = 0 .1  c m  
D i f f u s i v i t i e s :  D a G  = 0 .2  c m ~ / s e c ,  DLL = 2 • 10 4 c m ~ / s e c  

D a L  = 1 • 10  -~ c m ~ / s e e  
K i n e t i c  p a r a m e t e r s :  Io = 10 -~ a m p / c m  2, n = n '  = 4, ~ = 1/2 

(aIo)  = 5 • 1 0 4  a m p / e r a  s, T = 2 5 ~  

fall into three separate groups each showing similar 
characteristics, depending on the magni tude  of g'. 
These correspond to the following values of g': less 
than 0.5, 0.5 to 1.0, and greater  than  1.0; and are typi-  
fied by the curves for g' = 1/3, 2/3, and 2.0. Figures 
2-7 show the impedance a t tenuat ion and phase angle 
curves for these three reaction orders, and Fig. 8-10 
show the corresponding Argand  diagrams, or reac- 
tance vs.  resistance components. The curves for g' of 
1/3 and 2 appear similar. However, the Argand  dia-  
gram for g' = 2 shows that  the diameter  of the semi- 
circular region goes through a m i n i m u m  at a r of 
about  0.5, then increases with decreasing r whereas 
for g' = 1/3 this diameter  decreases cont inuously as 

decreases. For  values of g' between 0.5 and 1.0, two 
semicircular regions appear on the Argand  diagram 
which appear at least qual i ta t ively to be a combina-  
t ion of the other two cases. That  is, the circular region 
on the left grows as ~ decreases, whereas the one on 
the r ight  shrinks and eventua l ly  disappears at small  
values of r 

Figure  9 may be compared with data given by 
Brodd (7) for the impedance of Leclanch6 cells at 
various stages of discharge. Although Leclanch6 cells  
do not contain porous gas diffusion electrodes and 
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Fig. 2. Impedance attenuation, second order reaction, as a func- 
tion of frequency and current density. 
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tion of frequency and current density. 
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Fig. 6. Capacitive phase angle, reaction order = 2 /3 ,  as a 
function of frequency and current density. 

would not no rmal ly  be thought  to correspond to the 
model  of Fig. 1, the porous manganese  d ioxide-carbon 
black mix tu re  would  comprise a region of s imulta-  
neous diffusion and react ion analogous to region III  
of the model. Indeed, it is possible that  a similar  re -  
gion might  exist  ad jacent  to the zinc electrode after  
discharge, resul t ing f rom the increased surface rough-  
ness and /o r  accumulat ion of react ion products. F u r -  
thermore,  a l though Brodd's  data were  apparent ly  
taken under  open-ci rcui t  conditions, the various states 
of discharge of the cells might  be considered to cor-  
respond to various degrees of polarization. His Argand 

. . . . . . .  .... / /  ...... 
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Fig. 8. Impedance attenuation, reaction order = 1/3,  as a 
function of frequency and current density. 
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Fig. 9. Capacitive phase angle, reaction order = 1/3, as a 
function of frequency and current density. 

diagrams are a combinat ion of at least two semicir-  
cular  regions (he concludes the exis tence of three 
f rom tr ia l  and error  curve  fitt ing),  the re la t ive  sizes 
of which depend on the state of discharge of the cell. 
His data do not show any region of induct ive reac-  
tance, al though the  highest  f requency  employed was 
50 kc and the induct ive  region would  genera l ly  be ex-  
pected to appear  at f requencies  higher  than  this. How-  
ever, in another  re ference  (16), he has indicated the 
observat ion of induct ive  reactances under  certain 
circumstances.  Brodd at t r ibutes  the existence of the 
several  separate  semicircular  regions to separate  e lec-  
t rode ra te  processes, whi le  the  present  results  show 



500 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  May 1966 

.12 

,., .08 

~uE.04 

X ..04 

-.0~ 

-.1 .~ 

ng 

: L _  

0.12 0.24 0~6 
R(ohm cm 2 ) 

Fig. 10. Argand diagram, reaction order ~ I / 3  

them to result  from a single fractional order rate ex- 
pression. However, these results are not  incompatible 
inasmuch as a fractional order rate expression is most 
l ikely to resul t  from a complex heterogeneous cata- 
lytic react ion involving several steps, such as that  oc- 
curr ing in  a porous electrode [e.g., (17), (18)]. 

As in the previous analysis for first order kinetics 
(13), the effects of the non-Farada ic  ohmic resistance 
and double layer capacitance have not been included 
in the calculation of electrode impedance. These effects 
have been considered by a number  of authors, notably 
Ksenzhek and Stender  (19), Winsel  (20), deLevie 
(21), and Feuil lade (22). The inclusion of dis tr ibuted 
resistive and capacitive circuit elements represent ing 
these non-Farada ic  effects in a porous electrode is 
f requent ly  treated in a m a n n e r  analogous to an R-C 
transmission line. These contr ibutions can, at least in 
principle, be separated from impedance data, but  
while the exper imental  e l iminat ion of ohmic resistance 
is common practice, the isolation of the combinat ion 
of distr ibuted resistance and capacitance is not a s im- 
ple matter.  However, these effects woul4  have to be 
included in  a quant i ta t ive  comparison of data and 
theory. 

Manuscript  received June  16, 1965; revised manu-  
script received Jan. 10, 1966. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1966 
JOURNAL. 
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SYMBOLS 
as specific catalytical ly active area, cm2/cm 3 
A2 term defined by Eq. [10] 
A4 term defined by Eq. [21] 
c total concentrat ion of l iquid phase, mote/cm 3 
C concentrat ion of dissolved gaseous reactant,  

mole /cm 3 
dG width of gas-filled pore layer, cm 
dL width of l iquid filled pore layer, cm 
~)AB binary  molecular  diffusion coefficient of phase A 

reactant  in  phase B, cm2/sec 
DAB pseudodiffusion coefficient for porous medium, 

cm2/sec 
e term defined by Eq. [16] 
E d-c polarization (deviation from open-circui t  po-  

tent ial) ,  v 
f term defined by Eq. [17J 
g stoichiometric coefficient for gas phase reactant  
g' reaction order with respect to gas phase reactant  
G gas phase reactant,  concentration, mole /cm ~ 
h term defined by Eq. [18] 
H Henry 's  law constant, a tm/mole  fraction 
i a l ternat ing component  of current  density, amp/  

cm 2 
I d-c current  density, amp/cm 2 
Io exchange current  density, amp/cm 2 
j = ~ / - 1  
K term defined by Eq. [5] 
l stoichiometric coefficient of l iquid phase reac- 

tant  
l' reaction order with respect to l iquid phase re-  

actant  
L liquid phase reactant, concentration, mole /cm 3 
n number  of electrons involved in over-al l  elec- 

trode reaction 
n'  equivalent  electron change in rate equation 
Po gas pressure, a tm 
R resistance, ohm-cm ~ 
s t ransform variable, sec -1 
Xc capacitive reactance, ohm-cm 2 
xo mole fraction of reactant  in gas phase 
Z impedance, ohm-cm 2 
z distance from gas-l iquid interface, cm 

Greek 
t ransfer  coefficient 

~1 term defined by Eq. [26] 
f~l term defined by Eq. [24] 
8 term defined by Eq. [27] 
"y a l te rnat ing  component of dissolved gas phase re- 

actant concentration, mole /cm 3 
.~ a l ternat ing component  of gas phase reactant  con- 

centration, mole /cm s 
n al ternat ing component of polarization, v 

capacitive (lagging) phase angle, degrees 
~ a l ternat ing component  of l iquid phase reactant  

concentration, mole /cm 3 
dimensionless term defined by Eq. [25] 

T tortuosity 
ratio of d-c current  density to gas diffusion 
limited current  density 

(~ angular  frequency, sec -1 
F term defined by Eq. [20] 

Subscripts 
i gas-l iquid interface 
o bulk  phase, external  to electrode 
t total  value 
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Resistance for Flow of Current to a Disk 

John N e w m a n  

I n o r g a n i c  M a t e r i a l s  R e s e a r c h  Div i s ion ,  L a w r e n c e  R a d i a t i o n  L a b o r a t o c y ,  and  

D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  Cal i forn ia ,  B e r k e l e y ,  Ca l i f o rn ia  

I n  o r d e r  to  o b t a i n  t h e  c o n c e n t r a t i o n  a n d  a c t i v a t i o n  
o v e r p o t e n t i a l  fo r  a r o t a t i n g  d i sk  e l e c t r o d e  i t  is n e c e s -  
s a r y  to  s u b t r a c t  f r o m  t h e  m e a s u r e d  o v e r p o t e n t i a l  t h e  
o h m i c  p o t e n t i a l  d r o p  b e t w e e n  t h e  r e f e r e n c e  e l e c t r o d e  
p r o b e  a n d  t h e  disk.  T h e  o h m i c  d r o p  fo r  a s m a l l  d i sk  
is c o n c e n t r a t e d  i n  t h e  s o l u t i o n  n e a r  t h e  d i sk  (Fig .  
1).  R a t h e r  t h a n  t r y  to  p u t  t h e  p r o b e  f r o m  a r e f e r e n c e  
e l e c t r o d e  v e r y  n e a r  t h e  s u r f a c e  a n d  t h u s  d i s t o r t  t h e  
p o t e n t i a l  a n d  v e l o c i t y  d i s t r i b u t i o n s ,  o n e  c a n  e s t i m a t e  
t h e  o h m i c  d r o p  f r o m  t h e  r e s i s t a n c e  b e t w e e n  a d i sk  
i m b e d d e d  i n  t h e  s u r f a c e  of a n  i n s u l a t o r  a n d  a c o u n t e r  
e l e c t r o d e  a t  in f in i ty .  T h i s  p r o c e d u r e  does  n o t  a c c o u n t  
f o r  d e v i a t i o n s  f r o m  t h e  p r i m a r y  c u r r e n t  d i s t r i b u t i o n .  

F o r  t h e  p u r p o s e  of c a l c u l a t i n g  t h e  p o t e n t i a l  d i s -  
t r i b u t i o n  f r o m  L a p l a c e ' s  e q u a t i o n ,  w e  u s e  r o t a t i o n a l  
e l l ip t i c  c o o r d i n a t e s  I ~ a n d  ,] r e l a t e d  to c y l i n d r i c a l  co-  
5 r d i n a t e s  b y  

z = a ~  
r = a ~ / ( 1  + ~  2) (1--~] 2) [1] 

w h e r e  a is t h e  r a d i u s  of t h e  disk ,  z is t h e  n o r m a l  d i s -  
t a n c e  f r o m  t h e  disk ,  a n d  r is t h e  d i s t a n c e  f r o m  t h e  
ax is  of s y m m e t r y  ( see  Fig.  1, w h e r e  l i ne s  of c o n s t a n t  r 
a r e  a lso l ines  of c o n s t a n t  ~) .  I n  t h i s  c 0 5 r d i n a t e  sys -  
t e m  L a p l a c e ' s  e q u a t i o n  is 

0[ 0o] 0[ 0o] 
a n d  t h e  b o u n d a r y  c o n d i t i o n s  a r e  

1 T h e s e  a r e  r e l a t e d  t o  " o b l a t e  s p h e r o i d a l  c o S r d i n a t e s "  b y  } = s i n h ~  
a n d  ~1 = c o s  0. 

L 

~ ' 
= [*o., 

I 

Fig. 1. Current and potential lines for a disk electrode 

= ~o a t  ~ = 0 ( o n  t h e  d i sk  e l e c t r o d e )  
Or : 0 a t  , ] = 0  (on  t h e  i n s u l a t i n g  a n n u l u s )  
r = 0 a t  ~ = ~ ( f a r  f r o m  t h e  d i sk )  [3] 
r w e l l  b e h a v e d  a t  , l = l  ( on  t h e  ax i s  of t h e  d i sk )  

To o b t a i n  a s o l u t i o n  b y  t h e  m e t h o d  of s e p a r a t i o n  of 
v a r i a b l e s  w e  set  

= P ( ~ ) Q ( ~ )  [4] 

T h e  d i f f e r e n t i a l  e q u a t i o n s  fo r  P a n d  Q a r e  

-~n (1-n~)--~n +he=0 ,  

d} ( 1 + ~ 2 )  - -  nQ = 0 [51 

w h e r e  n is t h e  s e p a r a t i o n  c o n s t a n t .  T h e  s o l u t i o n s  of 
t h e s e  e q u a t i o n s  a r e  L e g e n d r e  f u n c t i o n s .  I n  o r d e r  to  
h a v e  w e l l  b e h a v e d  so lu t ions ,  n is r e s t r i c t e d  to v a l u e s  
n : l ( l -} - l )  w h e r e  1 : 0, 1, 2, . . . .  I n  o r d e r  to  s a t i s fy  
t h e  c o n d i t i o n  o n  t h e  i n s u l a t i n g  su r face ,  1 m u s t  b e  
even .  I t  t u r n s  ou t  t h a t  t h e  c o n d i t i o n  r = ~o on  t h e  
d i sk  c a n  b e  sa t i s f ied  s i m p l y  w i t h  t h e  s o l u t i o n  fo r  
n = 0. I n t e g r a t i o n  t h u s  y i e ld s  

r  = 1 - -  (2 /~ )  t a n  -1 ~ [6] 

E q u i p o t e n t i a l  l i ne s  a r e  s h o w n  on  Fig.  1. 
T h e  c u r r e n t  d e n s i t y  a t  t h e  d i sk  s u r f a c e  c a n  t h e n  b e  

e v a l u a t e d  as f o l l ows  

,3r --K 0r 
i = - - K - -  

0z z=0 an 0~ .~=0 
2 Kr 2Kr 

. . . . .  [7] 

H e n c e  t h e  t o t a l  c u r r e n t  to  t h e  d i s k  is 

f o I = 2~ i r d r  = 4~ar [8] 
o 

a n d  t h e  r e s i s t a n c e  is 

R = r  = 1/4Ka [9] 

T h i s  r e s u l t  a g r e e s  s a t i s f a c t o r i l y  w i t h  t h a t  of G r S b e r  
(1) fo r  t h e  a n a l o g o u s  h e a t  e o n d u c t i o n  p r o b l e m .  T h e  
r e s i s t a n c e  of  a h e m i s p h e r e  of r a d i u s  a m o u n t e d  on  an  
i n s u l a t i n g  p l a n e  is ea s i l y  c a l c u l a t e d  to b e  1/2~Ka. 
H e n c e  t h e  r e s i s t a n c e  of t h e  d i sk  is g r e a t e r  t h a n  
t h a t  of  a h e m i s p h e r e  b y  a f a c t o r  of ~ /2  = 1.5708. 

Table I. Apparent resistance for various probe positions 
a = 0 . 2 5  e r a ,  ic ~ 0 . 0 0 8 7 2  ( o h m - e m )  -1  

r ,  c m  z ,  c m  R ,  o h m  P r o b e  p o s i t i o n  

0 0 . 0 5  1 4 . 4 8  B e l o w  t h e  d i s k  
0 0 .1  2 7 . 7 8  B e l o w  t h e  d i s k  
0 2 .5  1 0 7 . 4 3  B e l o w  t h e  d i s k  
2 .5  0 1 0 7 . 3 9  B e s i d e  t h e  d i s k  
2 . 7  0 1 0 7 . 9 3  B e s i d e  t h e  d i s k  
co o~ 1 1 4 . 7  A t  i n f i n i t y  
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For a 0.1M copper sulfate solution and a 0.5 cm 
(diameter)  disk the above formula  gives R = 114.7 
ohms since K ---- 0.00872 ( o h m - c m ) - I  for this solution 
at 25~ (2). 

Far  f rom the disk the potent ial  approaches 

r -> 2r as p --> oo [10] 

where  p is the distance f rom the center  of the disk in 
spherical  coSrdinates. This formula  can be used to 
est imate the error  for the situation where  the ref -  
erence electrode is not at infinity and the potent ia l  
field is distorted by the walls  of the cell. 

The ohmic resistance of the solution is tabulated in 
Table I for several  possible locations of the probe f rom 
the reference electrode. These show that  even wi th  
the probe only half  a mi l l imeter  f rom the surface, the 
resistance is by no means negligible. Far  from the disk 
the resistance is not ve ry  sensit ive to small  uncer ta in-  
ties in the location of the probe. These considerations 
suggest that  it is bet ter  to put  the probe some dis- 
tance f rom the disk. 

Equat ion [7] shows that  the current  density be- 
comes infinite at the edge of the disk, a general  char-  
acteristic of the p r imary  current  distr ibution where  
electrode polarizat ion is ignored. This is in marked  

contrast  to the uniform current  density predicted 
by Levich  (3) on the basis of mass t ransfer  l imi ta-  
tions. At  currents  below the l imit ing current  both 
factors, ohmic drop in the solution and mass t ransfer  
l imitat ions near  the disk, influence the current  dis- 
tribution, which wil l  then finally ne i ther  be uni form 
on the disk nor infinite at the edge of the disk. We 
have formula ted  this more  general  problem and expect  
to repor t  results for the ro ta t ing disk in the near  
future.  
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Preliminary Evaluation of Ceria-Lanthana as a Solid Electrolyte 

for Fuel Cells 

David Singman 
Power Supply Branch, Harry Diamond Laborato~'ies, Washington, D. C. 

Solid electrolytes which are oxygen- ion  conducting 
offer a t t rac t ive  possibilities for the construct ion of fuel  
cells capable of e lectrochemical  oxidat ion of hydrogen 
and various hydrocarbons.  Aqueous e lect rolyte  fuel  
cells are l imited to low current  densities by act ivat ion 
polarization. The life of fused salt e lectrolyte  cells is 
l imited by corrosion. A solid e lect rolyte  fuel  cell  
uti l izing a mix tu re  of 85 mole % ZrO2 and 15 mole  % 
CaO was repor ted  by Weissbart  and Ruka (1). Al -  
though this cell is re la t ive ly  unaffected by act ivat ion 
polarization, its output  is resistance l imi ted to opera-  
tion near  1000~ because the specific conductance of 
the solid solution is 0.02 ohm -1 cm -1 at 1000~ and 
0.002 ohm -1 cm -1 at 800~ (2). 

A solid solution of 85 mole  % ceria-15 mole  % 
lanthana having  higher  conduct ivi ty  has been repor ted  
by Croatto and Mayer  (3). As is shown in Fig. 1, 
curves I and II, the conduct ivi ty  of cer ia - lan thana  at 
800~ is approximate ly  equal  to calcia-zirconia 's  con- 
duct ivi ty  at 1000~ Oxygen  ion conductance should 
occur in cer ia - lan thana  solid solution according to the 
concepts of Wagner  (4) and Kingery  (5) because 
fluorite lat t ice having anion vacancies exists (6). If the 
conduction is 95% or more  ionic, this e lectrolyte  may 
be suitable for fuel  cell use because as much as 5% 
electronic conduction may  be tolera ted (7). Conse- 
quently,  p re l iminary  invest igat ions were  made of this 
e lectrolyte  to de termine  its sui tabil i ty in fuel  cells. 

Exper imenta l  
Initially, 99.9% pure (min imum)  cer ium oxide and 

a purified grade of l an thanum ni t ra te  hexahydrate ,  
98% pure, were  used as s tar t ing materials .  A higher  
grade of pur i ty  of nitrate,  99.997% pure, was la ter  
used. 

The mixed  oxide was prepared  by conversion of 
ceric oxide to an aqueous solution of the nitrate,  addi-  
t ion of l an thanum ni t ra te  solution, evaporat ion to d ry-  
ness, and ignit ion of the residue. X - r a y  intensi ty meas-  
urements  indicated that  the solid solution had fluorite 

s t ructure  (8). Wafers  were  molded f rom the fine pow- 
der. Af te r  being hydraul ica l ly  pressed at 10,O00 lb/ in.  
and ignited for several  hours at 1000~ the disks had 
the fol lowing dimensions: 2 cm diameter  and 0.1 cm 
thickness. Porous plat inum electrodes, 1.4 cm in d iam- 
eter, were  formed on the faces which had been ground 
smooth and parallel.  
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Fig. I. Comparison of electrical conductivity of calcia-zirconia 
and ceria-lanthana. 

Curves Electrolyte Workers 
I Calcia-zirconia Kingery et al. (12) 
II Ceria-lanthana Croatto and Mayer (3) 
III Ceria-lanthana This laboratory 
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Fig. 2. Experimental cell: A, electrolyte disk; B, thermocouple 
protection tube; C and E, insulated probe leads; D and F, gas 
inlet tubes; G, mullite tubes forming half cell compartments. 

The exper imenta l  cell  is shown in Fig. 2. The 
mul l i te  tubes forming the anode and cathode com- 
par tments  were  held against  the electrolyte  wafe r  by 
spring tension applied by an end pla te-bol t  assembly 
externa l  to the furnace. P la t inum wire  probes en-  
cased in thin ceramic tubing were  pressed against  the 
p la t inum coated areas of the disk so as to main ta in  
electr ical  contact. Thin ceramic tubing was used to 
feed oxygen into the cathode chamber  and 10% hydro-  
gen-90% ni t rogen mix tu re  into the anode chamber.  
Tempera tures  were  measured  by a potent iometer  and a 
ch romel -a lumel  thermocouple  placed approximate ly  
1 cm f rom the electrolyte  disk. Voltage was de te r -  
mined by use of a potent iometer  and current  by a 
mil l iameter .  Electr ical  resistance was measured  by a 
Wheatstone Bridge at 1000 cycles. 

Results and Discussion 
The exper imenta l  method  for evaluat ing small  disks 

of mixed  oxide as e lec t ro lyte  was tested by the use 
of commercia l ly  avai lable  wafers  of calcia-zirconia. 
An open-ci rcui t  vol tage of 1.05v was obtained at 
1010~ for oxygen at the cathode and n i t rogen-hydro-  
gen mix tu re  at the anode. The discharge curves ob- 
ta ined at 900 ~ and 1000~ curves II and III, Fig. 3, 
are s imilar  to those obtained by Binder  et al .  (9). 

F igure  1, curves III  and II, compares the exper i -  
menta l  results  obtained for conduct ivi ty  as a func-  
tion of t empera tu re  of 85 mole % of ceria and 15 mole 
% of lanthana with  those obtained by Croatto and 
Mayer  (3). The two sets of points in curve  III  r epre -  
sent separate runs on two samples prepared  s imilar ly 
f rom the same batch of mixed  oxide obtained f rom the 
purer  grade of l an thanum ni t ra te  hexahydrate .  The 
dependence of conduct ivi ty  on t empera tu re  may  be 
expressed by the equation, K = A e  - Q / R T  where  K is 
the electr ical  conduct ivi ty  in ohm -1 cm -1, A is a 
constant, Q is the act ivat ion energy in calories, and 
e, R, and T have  their  usual  significance. A va lue  of 21 
kcal was calculated for Q. Croatto and Mayer  (3) 
repor t  a value  of 14.7 kcal. 

The difference in slopes of the conduct iv i ty- rec ip-  
rocal t empera tu re  curves, II and III, Fig. 1, was prob-  
ably caused by differences in pur i ty  and porosi ty of 
the electrolytes and by contact resistance effects. 
Croatto and Mayer  used ni trates of "special  pur i ty"  
as s tar t ing materials.  Their  e lectrolyte  may  have  been 
more porous as thei r  pellets were  pressed at a lower  
pressure, 85 lb/ in.  2, and were  fired at a lower  t empera -  
ture, 1400~ 

Open-ci rcui t  vol tage obtained wi th  ceria lanthana 
mixed oxide, prepared  f rom 98% pure  l an thanum ni-  
t ra te  hexahydrate ,  was 0.67v at 800~ and increased 
only to 0.68v at 850~ The same open-ci rcui t  vol tage 
was observed at 800~ wi th  electrolyte  prepared  f rom 
99.99% pure  l an thanum ni t ra te  hexahydra te  thus in-  
dicating that  the low open-circui t  vol tage was not 
caused by impuri t ies  contr ibuted by the 98% pure  
lan thanum nitrate.  
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Fig. 3. Comparison of cell voltage-current curves obtained with 
different electrolytes: curve I for (CeO2)o.s5 (La203)o.15 at 800~ 
curve II for (Zr02)o.85 (Ca0)0.15 at 900~ curve III for 
(Zr02)o.85 (CaO)o.15 at 1000~ 

Open-ci rcui t  voltages were  measured  before and 
immedia te ly  af ter  several  discharges at constant load. 
The open-ci rcui t  vol tage af ter  discharge was 6 to 51 
m v  lower  than before discharge depending on the 
number  of coulombs passing through the disk. Open-  
circuit  vol tage obtained wi th  calcia-zirconia e lec t ro-  
lyte re tu rned  immedia te ly  to its ini t ial  va lue  when  
the circuit  was opened. The drop in open-ci rcui t  vo l t -  
age observed with  cer ia - lan thana  electrolyte  was 
probably caused by composit ion changes. 

Variat ion in conduct ivi ty  wi th  oxygen pressure was 
observed wi th  e lect rolyte  prepared  f rom both grades 
of l an thanum ni t ra te  hexahydrate .  At  800~ specific 
conduct ivi ty  values of 6.4 x 10 -2 and 1.1 x 10 -1 
ohm -~ cm -1 were  observed in air and in n i t rogen-  
hydrogen  mixture ,  respectively,  for the less pure  elec-  
trolyte.  With electrolyte  prepared  f rom the 99.99% 
pure  l an thanum ni t ra te  hexahydrate ,  lower  values 
were  obtained. These values were  2.2 x 10 -2 and 
5.8 x 10 -2 ohm -1 cm -1 at 800~ in air and in n i t rogen-  
hydrogen mixture ,  respectively.  In oxygen, 1.4 x 10 -2 
ohm -1 cm -1 was obtained. 

This var iance  in conduct ivi ty  wi th  oxygen  pressure 
indicates the presence of electronic conductance (10) 
which probably contr ibuted to the low open-circui t  
voltage. Al though it was real ized that  h igh-pur i ty  
s tar t ing mater ia ls  were  essential  to avoid electronic 
conduction, the finest grade of ceric oxide which was 
commercia l ly  avai lable to this laboratory  was 99.9% 
pure;  0.1% of other  rare  earths were  detected spec- 
t rographical ly  (11). Since the fur ther  purification of 
this oxide is especially difficult (11), addit ional  purifi-  
cation was not a t tempted in this p re l iminary  in-  
vestigation. 

A representa t ive  vo l t age-cur ren t  curve  obtained 
with  electrolyte  prepared f rom the pure r  grade of lan-  
thanum ni t ra te  hexahydra te  is shown by curve  I, 
Fig. 3. The l inear  port ion of the curve  f rom 0 to 50 
m a / c m  2 shows that  resistance polarizat ion is p re -  
dominant  wi th in  this current  range. The abrupt  change 
in slope at 50 m a / c m  2 indicates concentrat ion polar iza-  
tion resul t ing possibly f rom cation transport .  

Conclusion 
Change in open-circui t  vol tage af ter  current  is 

d rawn indicates a change in e lectrolyte  composition. 
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Hence, cer ia - lan thana  solid solution is probably not 
suitable for use as solid electrolyte  in fuel  cells. 
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Optical Absorption in Chromium Doped, High Resistivity GaAs 
in the 0.6 to 1.5 ev Range 

Charlie E. Jones, Jr., and A. Ray Hilton 
Central Analytical Chemistry Facility, Texas Instruments Incorporated, Dallas, Texas 

Optical absorptions, in high resis t ivi ty gal l ium ar-  
senide, on the long wave leng th  side of the main ab- 
sorption edge have been previously repor ted  (1, 2, 3). 
Sturge (1) repor ted  thresholds of 0.70, 0.49, and 0.27 
ev, from the main absorption edge, for some unknown 
impurities.  Bube (2) recorded three unidentified im-  
pur i ty  absorptions at about 0.5, 0.6, and 0.7 ev below 
the conduction band. Holeman and Hilsum (3), s tudy- 
ing photoconduct ivi ty  in high resis t ivi ty GaAs, ob- 
served a deep lying level  wi th  a threshold energy of 
0.63 ev. The electrical  propert ies  of doped, high re -  
sistivity, GaAs are still not thoroughly understood. In-  
vestigators are not in agreement  as to whether  a 
deep donor or a deep acceptor is responsible for the 
high resistivity.  These difficulties are  discussed by 
Cronin and Haisty (4) and by Sturge  (1). We have 
noted an energy  level  common to all chromium doped 
samples. The accurate location of this level  and its 
behavior  at reduced tempera tu re  adds to the present  
knowledge  of high resis t ivi ty GaAs. 

Experimental 
The measurements  were  made using a P e r k i n - E l m e r  

Model 350 spectrophotometer .  The 350 is a double 
beam recording ins t rument  cover ing the range 0.46-7.1 
ev. The energy passes through the monochromator  
prior to enter ing the sample chamber.  The ins t ru-  
ment  scans f rom low energy to high wi th  a resolution 
at 1.5 ev of bet ter  than 0.002 ev. The output  is a l inear  
plot  of t ransmit tance or absorbance against  wave -  
length. 

The measurements  were  per fo rmed  wi th  the sample 
located in a Dewar  capable of mainta in ing  the speci- 
men  at the t empera tu re  of the inner  chamber.  The 
sample holder  is a large mass of copper at tached di-  
rec t ly  to the bot tom of the Dewar.  Samples are a t -  
tached to this holder  wi th  Dow Corning silicone vac-  
uum grease. Measurements  using a gold-cobal t  vs. 
copper thermocouple,  as described by Powel l  er al. 
(5), show that  samples proper ly  mounted  on this sam- 
ple holder  reach a t empera tu re  of about 80~ when  
the inner chamber  contains l iquid nitrogen. Samples  
reach an equi l ibr ium tempera tu re  about 1 hr  af ter  the 
l - l i t e r  Dewar  is filled and hold constant for about 3 
hr. All  measurements ,  carr ied out at reduced t empera -  
ture, were  per formed at this stable tempera ture .  
Quartz windows were  used and the base of the s y s -  

tem was designed to fit direct ly  into the raceways of 
the sampling compartment .  

Material 
The slices studied were  sawed from a high resis t iv-  

ity (10 s ohm-cm)  crystal  of GaAs. The crystal  was 
pul led f rom an alumina boat on the (111) direction 
f rom a mel t  compounded in the crystal  puller.  The 
technique used was previously  described (4). The 
crystal  was doped wi th  rad io t racer  Cr 51. The  chro- 
mium was added to the gal l ium metal. Chromium con- 
tent  of each slice was accurately  known f rom a knowl-  
edge of the act ivi ty  of the slice. 

The slices were  mechanica l ly  polished, to a mi r ro r  
finish, wi th  0.05~ alumina and then briefly etched in 
a H2SO4-H202-H20 etchant. We have  previously 
shown (6) that  a GaAs surface t reated in this manner  
has the optical propert ies  of the bulk. 

Results and Conclusions 
Five  samples were  measured  in this investigation. 

The chromium content  of each sample was as follows: 

S a m p l e  C r  a t o m s / c c  

A. 5 .9  • I 0  TM 

B 1 .9  • 10  le  
C 2 .1  • 10  z6 
D 2 . 5  • 10  ~6 
E 3 .2  • 1016 

Each sample was scanned through the 0.6 to 1.5 ev 
range at 295 ~ and 80~ A common absorption which 
increased as the chromium content  increased, was 
noted. Figure  1 shows a spectrophotometer  t race of 
one of the samples at each tempera ture .  An  absorption 
is evident  at a wave leng th  slightly larger  than the 
band edge. As the t empera tu re  decreases to 80~ the 
absorption is s t ronger  and the absorption edge moves 
to shorter  wavelength.  The absorpt ion coefficients for 
each sample were  calculated f rom the simplified ex-  
pression 

T ~  ( 1 - - R ) 2 e  - ~  

where  T ~ transmission, R ~ reflect ivi ty (0.296 for 
GaAs) ,  x ~ sample thickness (cm),  and ~ ~ absorp- 
tion coefficient. Since there  is a theoret ical  relat ionship 
be tween  the absorption coefficient and energy squared 
(1) and in order to define the threshold energy more  
carefully,  the square root of the absorption coefficient 
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Fig. 2. Absorpt ion coef f ic ient  vs. energy a t  295~ 
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was plot ted against  energy. This plot, for the 295~ 
measurements ,  is shown in Fig. 2. The threshold was 
de termined  by extrapola t ing the l inear  par t  of the 
absorption curves to zero absorption. The ext rapola ted  
energy values for all samples are the same wi th in  the 
exper imenta l  errors  of the measurements .  The thres-  
hold is at 0.63 • 0.02 ev. Fol lowing Sturge 's  connota-  
tions and band gap value  (1.43 ev) this level  is 0.80 
ev f rom the main  absorption edge. Similar  data for 
two samples f rom the 80~ measurements  are shown 
in Fig. 3. The level  at 80~ is 0.79 ev f rom the ab- 
sorption edge. Apparent ly ,  the energy level  is at tached 
to ei ther the valence or conduction bands and does 
not change its position re la t ive  to the appropriate  band 
as the t empera tu re  is lowered.  Other  levels also begin 
to appear  at the lower  tempera ture .  This is consistent 
wi th  Sturge 's  (1) work. F igure  4 is a plot  of the 
absorption coefficient (295~ at 1.1 ev, the approxi -  
mate  maximum,  vs. the chromium concentration. 
There  is a l inear  relat ionship be tween  absorption and 
chromium content  for  all  except  sample A, the l ightest  
doped sample. The nonl inear i ty  of the curve  in the 
lowest  doping region could be due to difficulties in the 
measurement  technique or par t ia l  compensat ion in 
the sample wi th  a small  chromium content. An  opti-  
cal absorption was found to occur at the same w a v e -  
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length, in more  than 15 different samples, grown in 
our laboratory,  of chromium doped high resist ivi ty 
GaAs. This absorption measurement  alone is insuffi- 
cient evidence to de te rmine  whe the r  the level  is a 
deep acceptor state. The energy level  observed does 
agree wi th  the value  found by Cronin and Haisty (4) 
by plot t ing the R T  3/2 vs. 1 /T  and the photolumines-  
cence peak of Turner  et al. (7) if the t ransi t ion ob- 
served is f rom the valence band to the chromium 
state. 
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Vapor-Deposited Microcrystalline Silicon 
E. Sirtl and H. Seiter 

Forschungslaboratorium, Siemens & Halske AG, Miinchen, Deutschland 

For some years thin films of semiconductors have 
been of growing interes t  for  device technology. On the 
one hand there  are papers  on polycrysta l l ine  films of 
I I -VI  compounds (1), I I I -V compounds (2), and silicon 
(3); on the other  hand some authors obtained an 
or iented growth of thin silicon layers on an insulat-  
ing substrate (4-6). Since only a few single crystal  
substances are suitable for this purpose, we therefore  
have  examined,  along wi th  our own work  on oriented 
silicon layers (7), the growth and the propert ies  of 
polycrysta l l ine  silicon films. 

In the mater ia l  normal ly  resul t ing f rom uncon-  
t rol led growth the crystal  shapes and sizes widely  
differ and depend on the nature  of the substrate. A 
silicon film of un i form and small  grain size requi res  
a sufficient number  of nuclei  for its growth;  this is 
at tainable by simultaneous deposition of a second 
phase which favors nucleation. In this paper  we dis- 
cuss the growth and propert ies of shiny microcrys ta l -  
l ine layers  of silicon formed dur ing the the rmal  de-  
composit ion of organosilicon compounds. It  was found 
that  in this case s imultaneously deposited silicon car-  
bide caused the continuous format ion of nuclei  of ar-  
bi t rar i ly  or iented silicon crystall i tes of uniform grain 
size. 

Preparation and StT~ucture o] Silicon Layers 
If organosil icon compounds, such as CH.~SiCI~, 

CH3SiHC12, or (CH3)2SIC12, are decomposed below 
1300~ the react ion results  p r imar i ly  in deposits of 
silicon, in contrast  to investigations at h igher  t em-  
peratures  (8). The same phenomenon can be observed 
when mixtures  of chlorosilanes and simple hydrocar -  
bon derivatives,  such as CH2C12, near  the stoichi- 
ometric  ratio requi red  for the format ion of SiC are 

thermal ly  decomposed in the presence of hydrogen 
or an iner t  gas. Most of our exper iments  were  car-  
r ied out under  the fol lowing conditions: t empera ture  
(uncorrected) ,  1100 o C; molar  ratio CH3SiHClu: SiHCI~: 
H2, 1:2:60; gas flow rate  in the react ion zone, 3 cm/  
sec; deposition rate, 10~ /min .  

The layers in this study were  produced in a quartz 
reactor, the schematic layout  of which is shown by 
Fig. 1. The samples were  placed on a gas- t ight  graph-  
ite heater  which is brought  to the desired t empera -  
ture  by passing a cur ren t  direct ly  through it. The  py-  
rometr ica l ly  measured  tempera tures  are g iven wi th-  
out corrections. All  gas reactions took place in a 
flowing system (approximate ly  1-2 l / r a in ) .  

If a mater ia l  of this type is deposited on smooth sur-  
faces, shiny layers wil l  be obtained at certain t em-  
peratures  and concentrations. If the layers are made 
thicker, even rough substrate surfaces wi l l  yield the 
same result. The grain size of this microcrysta l l ine  
deposit  is often below the resolut ion l imi t  of l ight  
microscopes. F igure  2 shows the f rac ture  of such a 
layer,  the plane of the f rac ture  being perpendicular  
to the surface of a silicon monocrysta l  disk which 
was used as the substrate in this case. This picture 
a l ready shows the uniform structure  and the low 
degree of roughness on the surface of the re la t ive ly  
thick growth  layer.  F igure  3 enables comparison of 
the photos taken of a typical  surface s t ructure  through 
a l ight microscope and through an in ter ference  mi -  

$ATURA 

VENT 

Fig. 1. Schematic diagram of deposition apparatus 

Fig. 3. Surface of microcrystalline silicon layer: left side; nor- 
mal photomicrograph, phase-contrast; right side, with interference 
fringes. 

Fig. 2. Cross section of microcrystalline silicon layer (fractured) 
Fig. 4. Edge of microcrystalline silicon layer deposited at 1050~ 

(uncorr.). Transmission electron micrograph. 
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Fig. 5. Edge of microcrystalline silicon layer deposited at 1200~ 
(uncorr.). Transmission electron micrograph. 

croscope. A deflection of the in ter ference  lines by an 
amount  corresponding to the distance be tween  two 
lines would  indicate a difference in thickness of 0.27~. 

Electron micrographs of thin etched layers showed 
the high degree of dependence of the grain size on 
the deposition temperature .  Thus the dimensions of 
the crystal l i tes  discernible in Fig. 4 are ve ry  near  the 
l imit  of the resolut ion power  of the electron micro-  
scope (1050~ whi le  Fig. 5 a l ready shows larger  
uniform areas (1200~ 

X - r a y  and electron diffraction pat terns confirmed 
that  silicon carbide in measurable  quanti t ies  is pres-  
ent in such layers. The presence of carbon was also 
proved by chemical  and spectrometr ic  methods.  A 
quant i ta t ive  determinat ion  of the total  carbon con- 
tent  was made possible by burning the silicon sam-  
ples in an oxygen current  and coulometric  de te rmin-  
ation of the CO2 produced in this way. I However ,  
there  could be made only semiquant i ta t ive  compar i -  
sons be tween  the chemical  total carbon values and 
the x - r a y  or electron diffraction data. Surpris ingly,  
analyt ical  values of samples deposited at t empera -  
tures be tween  1000 ~ and 1150~ did not display any 
significant differences. In all cases the carbon content  
amounted to about 2 g-a /o .  This resul t  might  be ex-  
plained by the fact that  both the tendency to form 
SiC precipi tates  and the silicon yield increased con- 
s iderably in this t empera tu re  range. The bet ter  crys-  
ta l l ini ty of SiC at h igher  tempera tures  would  then 
resul t  in a coarsening of the grain s t ructure  of the 
silicon because of the reduced ra te  of nucleus for-  
mation. 

Chemical Behavior 
Since the grain size of microcrysta l l ine  silicon de-  

pends pract ical ly only on the conditions preva i l ing  
during the gas reaction, it is possible to get shiny 
layers on a wide var ie ty  of substrates. Such produc-  
tion is dependent  on good adherence of the films to 
the substrates, an iner t  behavior  of the substrate 
under  deposition conditions, and a min imum differ- 
ence be tween  the the rmal  expansion coefficients of 
the two substances. 

The fol lowing substances have been found suitable 
for use as substrate mater ia l :  si l icon( wi th  and wi th -  
out oxide layer) ,  porcelain,  sintered corundum, mo-  
lybdenum, and graphi te  ( roughened) .  Only thin lay-  
ers (10-30~) can be deposited if there  is a noticeable 
difference in the expansion behavior  of the substances, 
since otherwise  the layers would  tend to crack and 
chip. A cer ta in  ex ten t  of p - type  doping (by diffusion 
of a luminum from the interface)  wil l  be found in 
most cases where  porcelain or s intered corundum is 
used for the substrate. 

The carbon content  of microcrysta l l ine  silicon ap- 
paren t ly  does not affect the la t ter ' s  behavior  during 
oxidation. The oxidation rates agree wi th  those meas-  
ured in the case of monocrysta l l ine  samples. The 
same applies to the porosity of the oxide layers. No 

1 A n a l y z e d  b y  K .  H.  N e e b ,  S i e m e n s - S c h u c k e r t - W e r k e ,  E r l a n g e n .  

a s  g r o w n  4.5 �9 10 TM 60 23 

4 hr1200 ~ O2 } 2.1 �9 10 TM 8.6 34 

8 hr1200 ~ 0 2  } 7.4 �9 10 TM 5.8 15 

grain growth could be observed during any of the 
oxidation or anneal ing processes. 

Depending on the carbon (carbide) content, etch- 
ing of the surfaces is rendered  more or less diffi- 
cult. At  higher  carbon concentration, an oxidizing 
fused salt  bath (e.g., K O H - K N O s - K F  mix tu re  at 
400~ proved helpful.  

Electrical Properties 

Doping of the growing silicon by adding volat i le  
arsenic or boron compounds to the react ion gas does 
not yet  resul t  in reproducible  electr ical  properties.  
Thus the carr ier  concentrat ion of otherwise unproc-  
essed samples is much lower  than that  measured  in 
monocrystal l ine  growth layers wi th  a comparable  
history. Definite p - type  doping by the vapor  phase 
seems to be a l together  impossible. 

However ,  if such layers are subsequent ly annealed 
in ni t rogen or oxygen, the carr ier  concentrat ion cal-  
culated f rom Hall  measurements  wi l l  correspond ap- 
p roximate ly  to that  original ly expected. This means 
that  the doping agents which are concentrated pr i -  
mar i ly  in the grain boundaries  wi l l  be homogeneously  
distr ibuted by a diffusion process. The carr ier  mo-  
bi l i ty measured  in subsequent ly  annealed layers was 
be tween  10 and 50 cm 2 vol t  -1 sec -1. Typical  results 
are shown in Table I. The layers  had a thickness of 
150~, and were  gas doped by a molar  ratio of PC13 : 
Si -compounds = 10 -5. 

In the growth direction, the electr ical  propert ies 
var ied  great ly  since different zones had formed, prob-  
ably as a resul t  of heater  t empera tu re  fluctuations. 
It was possible to make  these zones visible by etch- 
ing the surface of oblique cuts. The diffusion rate  of 
boron (B20~-SiO2 source, "box method")  is great ly  
reduced in samples wi th  a higher  SiC content. The 
diffusion f ront  is wavy,  and the corresponding p-n  
junctions display almost  no bar r ie r  effect, most ly  be-  
cause of the ve ry  high series resistances, the mag-  
ni tude of which depends on geometr ic  factors and on 
the carbon content. 

Discussion 
It  is not  ye t  known if i t  is possible to increase the 

mobil i ty  in the system silicon-silicon carbide. I r re -  
spective of the electr ical  properties,  the silicon "mod-  
ification" here  described should be suitable whereve r  
components  technology calls for polycrysta l l ine  ma-  
ter ial  wi th  m a x i m u m  uni formi ty  in grain size. A typ-  
ical field for its appliance could be the method of 
"dielectr ic  isolation" (9, 10). This method  of grow-  
ing microcrysta l l ine  silicon layers may  be t rans-  
fer red  to other  systems; this means that  one may  in-  
sert any other  addit ional  phase of low solubility 
instead of SiC into silicon or other  semiconductors.  
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A Point Contact Method of Evaluating Epitaxial Layer Resistivity 
C. C. Allen, L. H. Clevenger, and D. C. Gupta 1 

Semiconductor Research and Development  Laboratory, Texas Instruments  Incorporated, Dallas, Te3cas 

Various methods (1-5) have been devised for 
measur ing  the resis t ivi ty of epi taxial  layers of sil- 
icon or ge rmanium on substrates of the same con- 
duct ivi ty  type and lower resistivity. The point con- 
tact  b reakdown vol tage method gives a nondestruc-  
t ive and a quick measurement .  The purpose of this 
repor t  is to present  a semiautomatic  pulsed current  
technique which (a) reduces the error  in de termining 
when  breakdown has occurred, and thus allow bet-  
ter  reproducibil i ty,  and (b) reduces power  dissipa- 
tion in the sample during measurement .  

Pulse Technique and Apparatus 

The apparatus uses a cur ren t  regula ted  square 
wave  pulse which increases unti l  b reakdown is 
reached. F igure  1 shows a block diagram of the set. A 
square wave  of 500 ~sec pulse durat ion and repet i t ion 
ra te  of 80 pulses/sec is generated by the blocking 
oscillator. Riset ime of the pulse varies be tween  20 
and 200 ~sec, depending on the load. The pulse is fed 
to a ramp generator  which, on command, produces a 
series of progress ively  increasing voltage pulses. 
These vol tage pulses are used to control the current  
output  f rom a constant current  generator.  The cur-  
ren t  generator  has a m a x i m u m  capabil i ty of about 
600v, wi th  a current  of 0 to 125 ma. 

The vol tage probe is connected through a vol tage 
divider  to a high input  impedance amplifier. A diode 
detector  is used to charge a capacitor to the peak 
voltage. The b reakdown point  is detected by means 
of a slope detector. This detector  turns the ramp 
generator  off when  the ra te  of change of vol tage be-  
comes zero or negative. Reset and t iming are handled 
by means of a monostable  flip flop with  a 10-sec t ime 
constant. The breakdown vol tage is read on a peak 
reading vo l tmete r  which has a r ise t ime of 150 ~sec. 

Osmium-t ipped  probe having a tip radius of 2.5 mils 
is used. The weight  on the probe is adjusted to 20g 
in normal  use. 

1Present address: General Electric Company, SPD Electronics 
Park, Syracuse, New York. 
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Fig. I. Block diagram of the semiautomatic measuring circuit 

Experimental  Techniques 
Since the point  contact method  of measur ing epi-  

taxial  layer  resis t ivi ty is empirical,  a cal ibrat ion 
curve for point contact b reakdown vol tage vs. re -  
sistivity was developed as follows. Slices of 30 mils 
thickness or more  were  cut f rom mel t  grown bulk 
material .  The resis t ivi ty of these slices was meas-  
ured on a four -poin t  probe resis t ivi ty  mete r  (6) and 
the avalanche b reakdown vol tage was measured  on 
point contact resis t ivi ty set several  times. Impur i ty  
concentrations were  de te rmined  f rom the measured  
resis t ivi ty and I rvin 's  curve  (7). The avalanche 
breakdown vol tage is plotted as a funct ion of im-  
pur i ty  concentrat ion in Fig. 2. 

Whenever  the layer  thickness is greater  than or 
equal  to the deplet ion layer  thickness, the break-  
down vol tage can be represented  as a function of 
concentrat ion only. However ,  for smaller  layer  thick-  
ness, the breakdown is l imited by the width  of the 
epi taxial  layer as wel l  as its impur i ty  concentration. 
Total  b reakdown vol tage for this epi taxial  layer  can 
be calculated by assuming the relat ionship of ioniza- 
tion rate  per uni t  path length as a function of electric 
field (8) and is given by (see Appendix)  

VT : ( 2 q K  N p + l ~  1/2 . t - -  q Nt  ~ 
\ 3eeo / 6eeo 

(0 ~ t  ~ train) [1] 

VT = VB ~ ( t  ~ tmin) [2] 

where  t is the epi taxial  layer  thickness, N is the im-  
pur i ty  concentrat ion in the layer,  tmin is the min imum 
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Fig. 2. Point contact breakdown voltage for n-type silicon, e ,  
melt grown bulk material; other symbols, epitaxial wafers etched 
successively several times; ( ) ,  thickness of the epitaxial layer in 
microns; (N), epitaxial layer thickness not available. 
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thickness requi red  to obtain avalanche breakdown 
VBoo and K and p are constants given in Table  II. 

The breakdown vol tage is calculated using Eq. [1] 
in the region where  it is l imited by the wid th  of the 
layer  as wel l  as its impur i ty  concentrat ion and is 
plot ted in Fig. 2 for epi taxial  layer  thicknesses of 
1, 2, 5, 10, and 50#. 

To ver i fy  the theoret ical  curves for epi taxial  layer  
width  l imited samples exper imental ly ,  n - type  silicon 
epi taxial  slices sufficiently thick to provide avalanche 
b reakdown were  taken and were  etched several  times. 
The b reakdown vol tage was measured  on the point 
contact b reakdown set and the epi taxial  layer  th ick-  
ness was measured on a Beckman IR-5A Spectro-  
photometer  each time. Results are plot ted in Fig. 2. 
A fair  correlat ion exists be tween  the exper imenta l  
results and the theoret ical  calibration. 

Effects o5 Duty Cycle, Probe Pressure, and 
SurSace Quality 

Figure  3 shows the b reakdown vol tage obtained for 
samples of n - type  silicon when  60 cps ha l f -wave  rec-  
tified current  and a 500 ~sec cur ren t  pulse are used. 
Due to a reduct ion of power  dissipation heating, pulse 
technique yields a higher  b reakdown voltage for the 
same resis t ivi ty sample. However ,  for a given per 
cent error  in a vol tage measurement  the range of 
corresponding resistivit ies is equal  for both methods. 

The point contact b reakdown vol tage is dependent  
on the probe pressure. An  increase in weight  on the 
probe decreases the avalanche breakdown vol tage as 
shown in Fig. 4. The effect of pressure  has been noted 
to be general ly  less on low resis t ivi ty mater ia l  than 
on high resist ivi ty material .  Data published by Gard-  
ner and Schumann (5) on pressure effects on n - type  
bulk silicon have been compared (Fig. 4) by calcu- 
lating VBo by VBo = VB/0.955 where  VB = 45v taken  
f rom Fig. 2 for 0.33 ohm-cm. It was observed that  the 
effect of probe pressure is different on avalanche and 
punch through voltages above 25g on the probe, how-  
ever, below this value, both voltages were  affected 
in the same manner  by the probe pressure. Weights  
below 10g were  not sufficient to provide desired re -  
peatabi l i ty  in the measurements .  Therefore,  a weight  
of 20g was used on the probe in normal  use. F igure  5 
shows the change in avalanche breakdown vol tage 

Table I. Resistivity comparison of p /p+  epitaxial silicon 
( E p i t a x i a l  f i l m  t h i c k n e s s  = I6 ,0/z)  

R e s i s t i v i t y  % E r r o r  w i t h  r e s p e c t  
o h m - c m  t o  d i o d e  V - C  

D i o d e  P o i n t  P i l o t  P o i n t  P i l o t  
V - C  c o n t a c t  p r o b e  s l i c e  c o n t a c t  p r o b e  s l i c e  

0 .29  0 .19  0 ,45  
0 .30  0 . 2 4  0 .36  
0 .30  0 . 2 8  0 .42  
0 .34  0 . 4 0  0 . 5 0  
0 .44  0 . 4 8  0 .69  
0 .50  0 . 4 3  0 . 8 8  
0 .58  0 . 5 6  0 .10  
0 .05  0 .80  1 .75 
1 .53  1 .50  2 .10  

10 .8  13 .0  14 .0  

-- 34 .5  + 55 .1  
- - 2 . 0  + 2 , 0  
-- 6 .7  + ~0 ,0  

+ 17 .6  + 47 .1  
+ 9 .0  + 56 .8  

- -  14.0  + 76 .0  
- -  3.5  + 89 .7  

+ 2 3 . 0  + 169 .2  
-- 2 .0  + 37 .3  

+ 2 0 . 3  + 30 .5  

Table II. Constants K and P 
T y p i c a l  v a l u e s  

2OO 

boo 

o ~ ~~ 

~ 20 

Pulse 

Lo ~,I . . . . .  ! , , !  ~ 
05 0 I0 2O 5O 80 I0 20 

Resistivity, D - - c m  

Fig. 3. Effect of duty cycle on avalanche breakdown voltage of 
n-type silicon. 
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Fig. 4. Breakdown voltage vs.  gram weight on probe for n-type 
silicon. - -  - -  - -  half dark circle , results of Gardner and 
Schumann (5). 
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Fig. 5. Probe pressure dependence on point contact breakdown 
voltage for p-type silicon. Weight on probe in grams: X, 5; ,% 20; 
e,  80. 

M a t e r i a l  K p R e g i o n *  

S i l i c o n  2 . 2 0  X 10  s - - 0 . 4 0 6  5 x 1014 L N ~ 2 X 1O is 
( n - t y p e )  4 .56  X 109 - - 0 . 4 9 2  2 x 101~-~ N ~ 2 x 10 TM 

3 .73  X 10  z0 - - 0 . 5 4 8  2 X 10 TM L N < 1 x 1017 

S i l i c o n  1 .22 x 1 0  lo - - 0 . 5 0 9  1 X 10 ~ N <  1 x 1016 
( p - t y p e )  4 . 3 0  X 10 TM - - 0 , 6 6 8  1 x 1016-~  N < 2 x 10 ~7 

G e r m a n i u m  8 .93  x 104 - - 0 . 2 0  1 x 10z4 ~ N < 6 X 1O 1~ 
( p - t y p e )  1 .89  X 1O e - - 0 . 3 0 6  6 • 1014 ~ N < 5 x 10  TM 

G e r m a n i u m  1 .75  x 10s - - 0 , 4 8 6  1 x 1014 L N ~ 6 • 10  ~4 
{ n - t y p e )  1 .54  • l 0 9  -- 0 .50  6 x 1015 --~ N < 2 • 10  TM 

* S i n c e  t h e  c a l i b r a t i o n  c u r v e s  w e r e  n o t  l i n e a r  o n  t h e  l o g - t o g  s c a l e ,  
the  c u r v e s  w e r e  d i v i d e d  i n  d i f f e r e n t  r e g i o n s  t o  o b t a i n  b e s t  f i t .  M o t e  
t h a t  t h e s e  c o n s t a n t s  s h o u l d  b e  d e t e r m i n e d  e a c h  t i m e  t h e  c a l i b r a t i o n  
c u r v e  i s  c h a n g e d .  

with respect  to resis t ivi ty of p - type  silicon for differ- 
ent  weights  on the probe. 

To de termine  the effects of surface qual i ty  on 
breakdown voltage, three  silicon slices of different 
resistivit ies having a mechanical  polish on one side 
and a lapped surface on the other  side were  meas-  
ured. The slices were  then chemical ly polished, and 
the b reakdown vol tage was measured  on the lapped 
side several  t imes as the etching progressed. Figure  
6 shows the results. It  is seen that  the breakdown 
vol tage increases as the chemical  etching progresses, 
finally approaching a l imit ing value  as the mater ia l  
damaged by the lapping operat ion is removed.  
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Fig. 6. Effect of surfoce quality on avalanche breakdown voltage 
of n-type silicon. [ ]  Represents mechanically polished mirrorlike 
surface. 

Accuracy 
To compare the accuracy of the pilot slice method 

(3) and the point  contact method, the resistivities of 
ten  p/p+ epitaxial  slices were determined by  the 
pilot slice method and by  the point  contact method. 
Diodes were then constructed from these slices, and 
the resist ivity of the epitaxial  layer  was found by 
the diode voltage capacitance technique. Results are 
shown in  Table I. Using the resistivity as determined 
by the diode voltage capacitance technique as the 
actual  resist ivi ty of the epitaxial  layer, only 10% of 
the resistivities as found by the pilot slice method 
agreed to wi th in  20% of the value as found by the 
diode V-C technique, whereas 70% of the values 
found by  the point  contact method agreed to wi th in  
20% of the resist ivity as found by the diode V-C 
technique. 

Conclusion 
In  conclusion, the point  contact b reakdown voltage 

method for measur ing resist ivi ty has been shown to 
be more accurate than  the pilot slice method by 
comparing the two with the diode voltage capacitance 
technique. An  automatic test set us ing the pulsed 
current  supply gives a fast read out and el iminates 
the operator judgment .  A method for obtaining the 
cal ibrat ion for epitaxial  layers of thickness greater  
than or less than the depletion layer  thickness has 
been discussed. This calibration, however, is depend-  
ent  on the probe pressure. A weight of 20g on the 
probe was found to be most suitable. To obtain a 
consistent breakdown voltage, a damage-free  chem- 
ically polished surface should be used. 
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APPENDIX 
The differential equat ion describing the growth of 

current  density for spherical  geometry can be wr i t ten  
a s  

dj. 
= J ~  ( E )  [3]  

dr 

where, J = Jn "-}- Jp and a(E)  is the ionization rate of 
electrons and holes. In tegrat ing Eq. [3] and assuming, 
mult ipl icat ion factor, M to be much greater than  one 
(9) and ~(E) = CE n where  C and n are constants (8), 
one can write for avalanche breakdown, i.e., where 
the depletion layer  is confined to a single resist ivity 
region. 

EB = ( q n'q-1 ) '/n+l 
3 - 0  �9 N t41 

Using Poisson's equation, the breakdown field, EB= can 
be calculated in  terms of the breakdown voltage Vs~ 
as 

EB= = " ( 2q NVB| [5] 3eeo )1/2 

From the curve of avalanche breakdown, Fig. 2, one 
can write 

VB| = KN, [6] 

The values of constants K and p are given in  Table 
II. Equations [4], [5], and [6] give the values of n and 
C in terms of K and p. 

As the voltage across the th in  epitaxial  layer is in -  
creased above the punch- th rough  voltage, V,, the 
space charge region extends to a region of the differ- 
ent resistivity material ,  i.e., substrate. If Eadd is the 
addit ional  field after punch- th rough  necessary to cause 
breakdown, the condit ion for breakdown is wr i t ten  
a s  

yEE.+Eadd (E)dE = qN 
add 3~,o [7] 

In tegrat ing Eq. [7] and assuming 

E ,  ~- Eadd ~ Eadd [8] 

the expression for total b reakdown voltage Vw = V, 
-~- Vadd is given by Eq. [1] for 0 --~ t --~ train where  
tmin is the m i n i m u m  thickness required to obtain 
avalanche breakdown VB| and is given by 

( 6Keeo N,_I ) '/" 
train = - -  [9] 

q 
for t --~ train 

Vr = VB| [10] 



The Preparation of Ultrahigh-Purity Nickel Single Crystals 
V. J. Albano and R. R. Soden 

Bell Telephone Laborato~es, Incorporated, Murray Hill, New Jersey 

Ult rah igh-pur i ty  nickel single crystals are required  
for exper imenta l  studies of their  intr insic electrical 
properties. The presence of certain impurities,  even 
in the ext remely  low ppm range, may completely ob- 
scure such phenomena  as magnetoresistance and cy- 
clotron resonance which are used to explore electronic 
structure. The suitabil i ty of a metal  for these studies 
is convenient ly  judged by its resistance ratio (R27aOK/ 
R4.2oK). The room tempera ture  resistance (R273oK) is 
main ly  a measure of the thermal  contr ibut ion to the 
resistance, and the l iquid hel ium tempera ture  re-  
sistance (R4.2OK) is dominated by the contr ibut ion of 
chemical impuri t ies  in solid solution. This ratio is a 
relat ive measure of the impur i ty  content. In  general  
purer  materials  will  have higher resistance ratios. 
Values for nickel up to 1000 have been reported here-  
tofore (1). Reed and Fawcett  of these laboratories 
(2) in  their  studies of the Fermi  surface of nickel  
by means of magnetoresistance measurements  used 
single crystal  nickel obtained in the early stages of 
the present  work which had a ratio of 2200. Nickel 
having a resistance ratio of 3500 has been produced 
by the present  technique. 

Electrochemical deposition from rigorously purified 
nickel chloride was used as the p r imary  means of w in -  
n ing the metal.  This method produces the nickel  di-  
rectly in massive form and avoids h igh- tempera ture  
reduct ion operations which could be serious sources of 
contamination.  Fur the r  ref inement  of the plated nickel 
and consolidation into single crystal  form was ac- 
complished by zone mel t ing individual  bars of the 
mater ia l  after a surface oxidation treatment .  

Purification of NiC12 solution.--The nickel chloride 
used as the star t ing mater ia l  was Baker and Adam-  
son's special reagent  grade which is low in  cobalt. 
A spectrographic analysis of one lot of this mater ia l  
is given in  Table I. Its purification was accomplished 
pr incipal ly  by the ion exchange technique. Extensive 
studies by Kraus  and Nelson (3) showed that  s t rong- 
base anion exchange resins of the type Dowex I are 
capable of removing the anionic chlorocomplexes of 
about 30 elements from solutions of HC1 of appro-  
priate concentrations, but  wil l  not remove nickel  since 
it  does not  form a chlorocomplex. Our studies showed 
that  the use of HC1 is unnecessary when  pur i fy ing  
NiC12 since the salt itself provides the high concen- 
t ra t ion of chloride ions needed to form anionic chlo- 
rocomplexes. A h igh-pur i ty  analyt ical  grade Dowex 
I anion exchange resin designated AGI-XIO,  50-100 
mesh, chloride form was used in these studies. It  
is obtainable from Bio-Rad Laboratories of Rich- 
mond, California. 

Table I. Emission spectrographic analyses 

NICI~ �9 6I-I~O, N i - X V I ,  
L o t  151 A s  p la ted ,  

E l e m e n t  p p m  p p m  

N a  12 v s .  N i  < 0 . 1  
K < 1 . 0  N . D .  < 0 . 5  
L i  < 0 . 5  N .D.  <<0.I 
F e  16 1.3 
Cu  2.7 0.5 
M n  2.5 N.D.  
Co < 1 . 0  N .D.  N .D.  
P b  < 1 . 0  N .D.  N .D.  
A1 2.4 I~.D. 
Ca  8.2 N . D .  
ME 4.6 0.9 
S i  <0 .5  0.9 

N . D . - - N o t  d e t e c t e d .  

The efficacy of the anion exchange method for re-  
moving i ron and cobalt, two elements which may 
have a par t icular ly  adverse effect on the resistance 
ratio of nickel, was tested by radioisotope tracer 
techniques. A 10N NiC12 solution was t reated with 
H202 to convert  i ron to the ferric state and was then 
passed once through a 12 in. column of clean anion 
exchange resin. By this t rea tment  the i ron is de- 
creased by a factor of bet ter  than  1/500 and the co- 
bal t  by a factor of 1/1000. After  two passes through 
the resin, both the i ron and the cobalt are unmeasu r -  
able. 

Other possible impuri t ies  in nickel chloride that  are 
of considerable concern in  this work and which are 
removable  by ion exchange t rea tment  of the 10N 
chloride solution are copper, zinc, and all the  plat-  
i num metals except rhodium. Lead, silver, and rho-  
dium, which also may be contaminants ,  are not re-  
moved from the 10N solution by ion exchange, bu t  
can be removed from a solution in which the chloride 
concentrat ion is 2.5N. The ion exchange technique 
wil l  not  e l iminate  a luminum or silicon which may be 
present  in  the nickel  chloride solution. These may 
be removed by precipitat ion as AI(OH)3 and silica 
by using a specially prepared s lurry  of Ni(OH)2 in 
dilute NiC12 as the precipitant.  

The anion exchange t r e a t m e n t  does introduce into 
the nickel  chloride solution traces of organic mater ia l  
which apparent ly  manifests itself as carbon impur i ty  
in  the finished nickel. The AG1-X10 resin used in this 
work was chosen because it contr ibuted less organic 
contaminat ion than  other resins which were explored. 
It  was possible to effect an appreciable lowering of 
the organic content  of the t reated nickel  chloride so- 
lut ion by prolonged degradative oxidation wi th  H202 
at 80~ 

The sequence of operations and the quant i ta t ive  de- 
tails for the preparat ion of about four liters of pla t -  
ing solution are shown in the flow sheet in  Fig. 1. This 
chart  also outlines the plat ing and zone refining steps. 

Plating operations.--The plat ing procedure used 
for winn ing  the nickel  is essentially that  reported by 
Wesley (4) in  1956. The plat ing bath contains nom-  
inal ly  300 g/1 of the purified NiC12.6H20 and 17 g/1 
of a special h igh-pur i ty  B203 for pH buffering pu r -  

l IMPURE NLC'I,z" 6H20 SOLUTION (1330g/1100m,) I 
ADD 2 ml. 30% H202 WARM TO 40 ~ C 

I PASS THRU CLEAN ANION EXCHANGE RESIN l 
[12" COLUMN OF AG~-X  10 (50-100 MESH) CHLORIDE FORM] 

[PURE NL (OH) z SLURRY) 
I DILUTE ELUATE TO 4]" I ADD VISIBLE EXCESS" 

I DIGEST IHR AT 9O=C; FILTER; COOL 3"0 ROOM TEMPERATURE I 
+ 

I PASS THRU CLEAN ANION EXCHANGE RESIN 

I ADD 10 ml  30% H20  z 
LET STAND OVERNIGHT AT ABOUT 80"C 

COOL SOLUTION; ADD 66(] HIGH PURITY B203 
ADJUST pH TO 1.5 WITH HC'L 

I F,LJ"E. I + 
I ELECTROL~(SIS CELL(RH "rEHP) 

PLATE ON NL FOIL AT 3A/din 2 FOR IOOHR 

CUT 1/4" STRIP FROM ELECTRODEPOSIT 
CLEAN SURFACES BY ANODIC ETCH IN HzSO 4 

OXIDIZE STRIP IN AIR AT 900~ FOR 2 HR 
f 

I FLOAT ZONE MELT IN VACUUM 

Fig. 1. Flow sheet for production of ultrahigh-purity nickel 
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poses. The bath is adjusted to a pI-I of about  1.5 by 
a small  addit ion of HC1 and is filtered through an 
0.8~ "Micropore"  filter to r emove  any par t icula te  m a t -  
ter  which may  be present.  Pla t ing was carr ied out 
ini t ial ly f rom 3 l i ters of solution contained in a 4- l i ter  
Py rex  beaker.  The vo lume of plat ing solution in-  
creases progress ively  dur ing a plat ing run  as ap- 
propr ia te  additions of concentrated pure  NiC12 and 
HCl are made  periodical ly  to compensate  for nickel  
depletion and to mainta in  the p i t  at  about 1.5. The 
cathode on which the nickel  was plated is an etched 
foil 1 mil  x 2.5 cm x 13 cm prepared f rom highest  
pur i ty  nickel  available.  Twin  anodes of 10% i r id ium-  
p la t inum were  used to plate both sides of the foil. The 
purest  nickel  thus obtained was plated at room tem-  
perature,  wi thout  agitation, at a cathode current  den-  
sity of about 3 a m p / d m  2. Pla t ing must  be carr ied out 
in a fume hood since chlorine is evolved during the 
operation. 

The nickel  thus deposited was satiny in appear -  
ance. I t  was nominal ly  flat over  the area correspond-  
ing to the original  foil, but  extending beyond this it 
was roughly  cyl indrical  at the sides and bot tom and 
nodular  at the corners. The spectrographic analysis 
of a section of a flat port ion is given in Table I. 

Zone melting.--The electrodeposited nickel  is poly-  
crystal l ine and, a l though very  pure  in terms of me-  
tall ic impurit ies,  i t  does contain occluded nickel  
chloride and traces of organic mat te r  which are prob-  
ably adsorbed on the crystal  faces of the nickel. Zone 
mel t ing  wil l  r emove  the nickel chloride by volat i l iza-  
tion and wil l  conver t  the meta l  to single crystal  form. 
At  the same t ime the organic mat te r  wi l l  be degraded 
to carbon which dissolves in the nickel  and is not 
removed  by zoning. Simple  f loat -zone-mel t ing of the 
plated nickel  results  in a product  containing about  
20 ppm of carbon and having a resistance ratio of 
the order of 2000. 

The lower ing of the carbon content  is accomplished 
by first oxidizing a strip of the nickel  in air at 900~ 
for 2 hr. This results in a thin green coating of NiO 
on its surface. The sample is then  suspended in the 
vacuum floatzone mel t ing apparatus (6) and given 4 
to 6 passes at 0.001 ips. Apparen t ly  the carbon in the 
nickel  reacts  in the mol ten  zone wi th  the oxygen  
from the NiO to form CO and/or  CO2 which are then 
r emoved  by volat i l izat ion along wi th  excess oxygen. 
Typical  vacuums run  be tween  2 x 10 -5 to 5 x 10 -7 mm 
of mercury  dur ing zone melting.  The remova l  of to-  
tal  oxygen to less than 2 ppm can be observed by 
noting when  the surface of the rod becomes smooth. 
At  this point zone mel t ing should be stopped since 
carbon recontaminat ion  can occur f rom back-s t ream-  
ing of vapors f rom the oil used in the diffusion pumps 
of the zone mel t ing apparatus even though extens ive  
l iquid ni t rogen traps are present.  Nickel  having a 
resistance ratio of 3500 has been obtained by this 
t reatment .  

D~scussion 
The absolute chemical  pur i ty  of nickel  made  by 

this process is ve ry  difficult to assess since the usual 
analyt ical  techniques are not precise enough for de- 
t e rmin ing  impuri t ies  in the ve ry  low or f ract ional  
ppm range. Emission spectrographic analysis using 
specially refined techniques was used as the  pr in-  
cipal means of evaluat ion because of its broad capa- 
bilities. Exper ience  has shown that  no significant 
change in the meta l  impur i ty  content  of the plated 
nickel  occurs after it has been zone melted. Conse- 
quent ly  the spectrographic analysis given in Table I 
is applicable to the oxidized and zone mel ted  nickel  
having a resistance ratio of 3500. Mass spectrographic 
analysis of a sample of Ni -XVI  which had been float- 

Table II. Analysis for H, N, O, and C 

N i - X V I ,  N i - X V I ,  
E l e m e n t  B e f o r e  zone  m e l t i n g  A f t e r  z o n e  m e l t i n g  

I-I 0.5 0.2 
N 2.0  2.0 
O 4.6 2.0 
C 29 ~ 5 "  

* E s t i m a t e d .  

zone mel ted  wi thout  pr ior  oxidat ion agreed in essence 
wi th  the emission spectrographic findings and indi-  
cated that  other  metal l ic  impurit ies,  if present  at  all, 
were  there  in fract ional  ppm. Very slight traces of 
cobalt cannot be de te rmined  by ei ther of these me th -  
ods, but  in v iew of the fact  that  it was so thoroughly 
removed  from the NiC12 by the ion exchange t rea t -  
ment,  its presence in the nickel  is h ighly improbable.  

Reliable values for its carbon content  are not avai l -  
able since the precision of the analyt ical  method  is 
low at carbon levels  as low as they are in this nickel. 
The purification technique used for removing  carbon 
is basically the same as the combustion method used 
for its analyt ical  determinat ion,  and since this method 
is only sensit ive to about  5 ppm, the probable  carbon 
content  of the nickel  is less than 5 ppm. The H,N,O 
contents of this Ni -XVI  before  and af ter  zone me l t -  
ing were  de termined  by the vacuum fusion method 
and are  repor ted  in Table II. 

Efforts are being directed at lower ing the impur i ty  
levels  still fu r ther  by prepurif ication of the mater ia ls  
and reagents  used in the procedures  and, in general, 
by more  di l igent  at tent ion to cleanliness to avoid 
contaminat ion dur ing processing. Lower ing  the im-  
pur i ty  levels  should resul t  in nickel  having resistance 
ratios higher  than the 3500 which has been achieved 
to date. It is not possible to predict  wha t  the u l t imate  
ratio should be since the exact  contr ibution of each 
impur i ty  to the resis t ivi ty of Ni at l iquid hel ium tem-  
pera ture  is not known and may  be vast ly different 
for each e lement  (5). Work in progress indicates that  
iron and carbon have  very  serious effects on the re -  
sist ivity of nickel  at 4.2~ (6). Other  impuri t ies  
which are  not  being detected by the present  analyt ical  
methods possibly may have even more  adverse effects 
on the resistance ratio than the iron or carbon. If 
all the impuri t ies  were  removed,  the resistance ratio 
would  probably approach some high but l imit ing value  
since s t ructural  defects in the crystal  lat t ice would  
then be the control l ing factor. I t  is evident  that  an 
urgent  need exists for more  sensitive methods of 
analysis in order  to recognize and evaluate  the effects 
of these ul t ra  t race impuri t ies  so tha t  appropr ia te  pro-  
cedures can be developed to improve  the nickel  fu r -  
ther  by removing  the remaining  significant contam- 
inants. 

Manuscript  received Oct. 25, 1965; revised manu-  
script received Feb. 10, 1966. 

Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Electrolytic Reduction of Amides 
II. p-Aminobenzanilide and Anisamide 

Sherlock Swann, Jr., J. C. Bresee, 1 and R. A. Strehlow I 

Department of Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois 

This communicat ion is the final par t  of a study of 
the influence of the cathode mater ia l  on the e lectro-  
lytic reduct ion of amides in sulfuric acid solution. In 
the first part  (1) the compounds studied were  N-sub-  
st i tuted aliphatic amides, N-d ime thy lva l e ramide  and 
acetanilide. An a t tempt  was made later  (2) to reduce 
N, N-d ime thy lva le ramide  at a carbon cathode. The 
present  s tudy is on aromatic  amides. The amino sub- 
st i tuted benzanil ide was chosen in preference  to the 
unsubst i tuted compound on account of its greater  sol- 
ubi l i ty in the electrolyte  and anisamide because it is 
less easily hydrolyzed than  benzamide itself. 

There  appears to have  been no previous study of 
the electrolyt ic  reduct ion of p -amino  or any benzani-  
lide in an aqueous or aqueous alcoholic catholyte. 

The reduct ion of anisamide to p -me thoxybenzy la -  
mine has been carr ied out by Kindler  (3) at a lead 
cathode, but  the reduct ion at a carbon cathode was 
unsuccessful (2). 

Apparatus and Procedure 
The apparatus and general  procedure  was the  same 

as that  in the first par t  of the invest igat ion (1, 5). 
Reduction of p-Aminobenzanilide.---The procedure 

for recovery  of the products of the reduct ion of p-  
aminobenzani l ide  used in most  of the runs was as 
follows: The catholyte was diluted with  wate r  and 
neutral ized wi th  sodium carbonate. Any  p -amino-  
benzylani l ine should float to the surface yel low oil 
(4). It was found that  large amounts  of the start ing 
mater ia l  appeared as a whi te  crystal l ine solid as soon 
as the catholyte  was diluted. Af te r  some runs, there-  
fore, the crystals were  fil tered off before neut ra l iza-  
tion. In no case was any oil found; there  was, at best, 
a small  amount  of semi-sol id after  some runs wi th  a 
lead cathode. 

p-Methoxybenzylamine.-- The procedure  for the re -  
covery of the products of the reduct ion of anisamide 
has a l ready been described (2). In  the last part  of 
the work  sodium hydroxide  was used for the neu t ra l -  
ization. Any  amine formed was ext rac ted  wi th  ether. 
The extract  was dried with  solid sodium hydroxide,  
the ether  r emoved  by distillation, and the remain ing  
amine heated in a small  dist i l lat ion flask unt i l  the 
t empera tu re  of the the rmomete r  reached 200~ The 
residue was then weighed. 

Discussion of Results 
Electrolytic reduction of p-aminobenzanilide.-- 

Anode, lead cylinder;  anolyte, 10% sulfuric acid; cath-  

Z P r e s e n t  a d d r e s s :  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  O a k  R i d g e ,  
Tennessee. 

Table I 

G r a m s  of % Y i e l d  of  
C a t h o d e  p - m e t h o x y -  p - m e t h o x y -  T r e a t m e n t  o f  
m a t e r i a l  b e n z y l a m i n e  b e n z y l a m i n e  c a t h o d e  

Z i n c  R T  7.6 47 E t c h e d  i n  1 :4  H C l  5 
S a m e  7.4 40 r a i n  a t  10~176  
C a d m i u m  R T  7.6 40 E t c h e d  i n  1 :6  HNO~ 
S a m e  5.6 30 3 r a i n  a t  10~176  
L e a d  R T  11.1 59 E t c h e d  in  conc .  HNO~ 
S a m e  11.3 61 a t  60~ 

R T ,  C a s t  i n  a m o l d  a t  r o o m  t e m p e r a t u r e .  

olyte, 10g of p-aminobenzani l ide  in 90-110 cc of a solu- 
tion of 50 cc of water ,  110 cc of e thyl  alcohol, and 60g 
of sulfuric acid; cathode area, 100 cmf; amp 5; current  
density 0.05 amp/cmf ;  t empera tu re  about 30~ dura-  
tion of run, 1 hr  ( theoret ical  for reduct ion to p -amino-  
benzylani l ine) .  

The fol lowing cathodes were  used: copper, zinc, 
cadmium, mercury,  a luminum, lead, tin, bismuth, iron, 
cobalt, and nickel. Only traces of product  were  found 
even with  a lead cathode after  double the theoret ical  
amount  of current  had been al lowed to pass. Between  
5 and 81/~g of s tar t ing mater ia l  remained  af ter  each 
run. 

Electrolytic reduction of anisamide.--Anode, lead 
cylinder;  anolyte, 10% sulfuric acid; catholyte, 20g of 
anisamide in 90-100 cc of a solution of 50 cc of water ,  
110 cc of e thyl  alcohol, and 60g of sulfuric acid; amp, 
5; area of cathode, 100 cm2; current  density, 0.05 a m p /  
cm2; temp, about 30~176 durat ion of run, 2 hr  and 
50 min  ( theoret ical  for reduct ion to p -me thoxybenzy l -  
amine) .  

Other  cathodes tr ied were:  i ron sheets; copper rods, 
nickel  sheets, e lectroplated cobalt, e lectroplated bis- 
muth,  a luminum, tin, and mercury.  Before  use they 
were  prepared  in the usual manner  (5). The only ac- 
t ive cathodes were  zinc, cadmium, and lead. Other  
methods of t r eament  before reduct ion led in all cases 
to lower yields than those obtained when  the cathode 
was etched. 

The product  was conver ted  to the hydrochloride,  
which was recrystal l ized f rom n-bu ty l  alcohol af ter  
the solution had been decolorized by act ivated char-  
coal. The mp of the hydrochlor ide  was 235~176 
(unc.).  The mp of the pure  hydrochlor ide  is 240~ 

Opt imum temperature ,  and current  density were  not 
studied with  the lead cathodes shown in Table I but 
other  studies showed 0.05 a m p / c m  2 to be the  l imit ing 
current  density. Poor results were  obtained at room 
temperature .  

Conclusions 
Attempts  to carry  out the electrolytic reduct ion of 

p-aminobenzani l ide  were  unsuccessful. 
Anisamide was found to be reduced to p - m e t h o x y -  

benzylamine only at cathodes of zinc, cadmium, and 
lead. The best results  were  obtained at lead: Etched 
cathodes were  far  more  act ive than those which had 
been anodized, as had been found in certain previous 
studies. 

Manuscript  received Dec. 20, 1965. This paper  was 
presented at the Pi t t sburgh Meeting, Oct. 9-13, 1955. 

Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  
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Anodic Tafel Slopes for N-Type Germanium 
C. Gordon Peattie 

Texas Instruments Incorporated, Dallas, Texas 

As a p re l iminary  par t  of another  study, reproduci -  
bi l i ty of the Tafel  slope of the n - type  germanium 
anode and its sensit ivi ty to e lectrolyte  type and tem-  
pera ture  have  been measured.  

Experimental Procedure 
The cylindrical,  s ingle-crysta l  ge rmanium anode 

used throughout  these measurements  was n- type,  wi th  
a resis t ivi ty of 12-18 ohm-cm. The crystal  had been 
grown by pul l ing along the (111) axis. Ohmic contact 
to the ge rmanium was made by doping one surface 
wi th  a 99% A u - l %  Sb alloy in a dry  hel ium atmos-  
phere  at 570"C for 2 hr  and then by soldering a lead 
to that  surface. The lead and the area where  it  jo ined 
the ge rmanium were  then covered wi th  Apiezon W 
w a x .  

A schematic d iagram of the exper imenta l  system is 
shown in Fig. 1. Curren t  measurements  were  made 
with  a Model 425A Hewle t t -Packa rd  DC microvol t  
ammete r  and vol tage measurements  wi th  a Model  
801B John  Fluke  potent iometr ic - type  vol tmeter .  Cur -  
ren t  adjus tments  were  made wi th  a series combinat ion 
of four  Model AR Beckman Helipots (100K, 200K, 
300K, and 400K ohms),  two Model  IN-11 Hea thk i t  
decade resistance boxes, and four  coarse rheostats 
that  had a total  resistance of 7 megohms. Tempera -  
ture  for  any one run  was held constant  to •176 or 
bet ter  by a wa te r  bath  and an E. H. Sargent  "Ther -  
monitor ."  Four  45v dry cell  bat teries in para l le l  were  
used as the current  source. 

Two different e lectrolytes  were  used: (i) 0.2M KCI, 
buffered at pH 5.0 wi th  potassium hydroxide  and 
potassium acid phthala te  and (ii) 0.1N H2SO4 contain-  
ing 0.1M K2SO4. The nominal  e lectrolyte  vo lume used 
was one liter. F inely  ground semiconductor  grade ger -  
man ium was added to the electrolyte.  Measurements  in 
0:2M KC1 were  made in the range  20.2~176 and 
50~176 in 0.1M K2SO4-0.1N H2SO4, at 0~ and in 
the 50~176 range. 

The fol lowing etch technique was used: CP-4A for 
20 sec, deionized water  rinse, 48% HF for 30 sec, de-  
ionized wa te r  rinse. The sample was then moved  
quickly into the electrolyte  and an anodic vol tage 
applied to it. 

The germanium electrode was held in the e lectro-  
lyte  wi th  the (111) face (5.1 cm 2) complete ly  im-  
mersed. The sides of the cylindrical  electrode were  
also wet  wi th  electrolyte  to a height  va ry ing  be tween  
1/16 and 1/8 in. Considering the area wet  on the sides 
by the electrolyte  to lie be tween  1.3 and 2.6 m m  and 
disregarding any surface roughness factor, the total  
geometr ica l  anodization area lay somewhere  be tween  

(-) CONSTANT CURRENT ] (+) f~"~ 
POWER SUPPLY 

N-TYPE 
/GERMANIUM 

ELECTRODE 

Fig. 1, $chematlc diagram ef experimental system 

6.4 and 7.7 cm 2. The end of the agar  br idge that  led to 
the reference  electrode, a sa turated calomel electrode 
held at room temperature ,  was positioned about  1/8 
in. f rom the center  of the immersed  germanium face. 
The cathode was a p la t inum cyl inder  having  an effec- 
t ive area of 56 cm 2. The electrolyte  was deaerated by 
cyl inder  CO2 that  had been first passed sequent ia l ly  
through an Engelhard  Deoxo Model  D purifier, Linde 
molecular  sieves, and "Drier i te ,"  and then bubbled 
through water  before passing into the electrolyte.  The 
electrolyte  was  deaerated for at least an hour  before  
start ing a run. Deaerat ion was continued throughout  
the experiment .  

Anodic Tafel  data were  obtained under  two condi- 
tions: 

1. The cur ren t -vo l tage  curve  was begun wi th in  a 
minute  of etching of the sample; 

2. The cur ren t -vol tage  curve  was preceded by ano- 
dization at 100 ~a for a measured  period of time, equal  
to or greater  than 30 min. 

Af ter  each current  change, at least one minute  was 
al lowed to elapse before the vol tage was measured.  
Over  the anodic cur ren t  range  studied, 2.3-3000 ~a, no 
correction of vol tage was made for IR drop. 

Experimental Results 
The average value  of the Tafel  slopes in 24 sets of 

cur ren t -vo l tage  curves, made  by start ing the measure-  
ments  wi thin  a minute  of etching the sample and 
wi thout  any pre-anodizat ion,  was 0.087 • (std. 
devn.) .  Twenty  of these curves were  measured  in 0.2M 
KC1, buffered to pH 5.0. Of these 20 runs, 16 were  at 
20.2~176 and four  at 50~176 The four  remain-  
ing curves were  measured  in 0.1M K2SO4-0.1N H2SO4 
electrolyte.  Three  of these were  run  at 0~ the fourth,  
at 51.6~ This last curve  is shown by curve  A in Fig. 
2. Curves  obtained in the pH 5-buffered 0.2M KC1 
electrolyte  were  paral le l  to curve  A but  displaced 
f rom it along the vol tage axis because of the differ- 
ence in pH of the two electrolytes. 

The average value  of the Tafel  slopes in 12 sets of 
cur ren t -vo l tage  curves, each preceded by a p re -ano-  
dization of at least 100 #a for  0.5 hr, was 0.106 ___0.010 
(std. devn.) .  F ive  of these runs were  made  in the 
t empera tu re  range, 19.3~176 seven in the 50~176 
range. A Tafel  curve  obtained under  these conditions 
at 51.8~ is shown by curve B in Fig. 2. 

Analysis of var iance  (F- tes t )  showed that  wi th  99% 
confidence these two average  Tafel  slopes, 0.087 • 
and 0.106 • were  significantly different. 

Discussion 
Relation of Tafel slope to pre-anodization.--The 

slope of 0.087, obtained wi thout  pre-anodizat ion,  
agrees wi th  the value,  0.08, repor ted  by Lovrecek  
and Moslavac (1) for n - type  germanium, etched with 
CP-4 and anodized in 0.5N NaOH to 1.6 m a / c m  2. 
Gerischer  (2) repor ted  slopes in the range  0.073-0.082 
for p - type  germanium, dissolved anodically in 0.01N 
NaOH/0.9N NaC10~ and 0.1N NaOH/0.9N NaC104 over  
the current  density range, 10-1000 ~a /cm ~, p resumably  
wi thout  pre-anodizat ion fo l lowing a CP-4 etch. 

Without  pre-anodizat ion,  there  was some voltage 
instabil i ty in the current  range, 1-10 #a. Bra t ta in  and 
Boddy (3) have  commented  on this vol tage instabili ty,  
p resumably  e tch-der ived.  To counteract  it, they  ap-  
plied pre-anodiza t ion  currents  of 100-200 ~a /cm ~ for  
around 5 rain, together  wi th  i l luminat ion  of the  n - type  
germanium electrodes, before taking cur ren t -vo l t age  
data. The slope of the Tafel  curve  for 25.5 ohm-cm,  

514 
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Fig. 2. Tafel curves for 6-18 ohrn-crn, n-type germanlum elec- 
trode, run with and without pre-onodizotion following etch. Elec- 
trolyte, 0.1M K2SO4-0.1N H2SO4; curve A (51.6~ no pre- 
anodization; curve B (51.8~ with pre-anodization. 

p- type  germanium,  shown in  Fig. 5 of their  paper, is 
0.11. Turne r  (4) cites 0.12 as the approximate  Tafel 
slope obtained with either n - type  or p - type  germa-  
n ium anodes in  either 0.1N H2SO4 or 0.1N NaOH, but  
he does not state whether  or not  pre-anodizat ion was 
used. Anodic dissolution data in  the 1-100 ~a/cm 2 
range, reported by Boddy (5) for 38.65 ohm-cm, 
p - type  germanium,  polished in  CP-4 and then  pre-  
anodized at the ( I l l )  face in  pH 7-buffered 0.1M 
K2SO4 electrolyte, show Tafel slopes of 0.10-0.11. 
Boddy stated that  the dissolution curves for n - type  
electrodes were very similar. 

I t  is felt  that  the two significantly different Tafel  
slopes measured in  this work reflect two different 
compositions of the ge rmanium anode surface. The 
surface of germanium,  freshly etched wi th  CP-4 or 
CP-4A, is probably  covered with adsorbed HF mole-  
cules (6). Pre-anodiza t ion  presumably  br ings about 
replacement  of these with hydroxyl  groups. The hy-  
droxyl-sa tura ted  ge rman ium surface is the one as- 
sumed in  mechanisms proposed to explain the anodic 
dissolution (4, 7). 

The relat ively significant role of the ini t ia l  surface 
composition in  de termining  the anodic Tafel  slope is 
interesting.  Over the current  range, 2.3-1000 #a, and 
under  the measurement  conditions used, no change of 
slope was observed dur ing  the course of a single r un  to 
denote a shift ing of the surface composition f rom that  
characteristic of the freshly etched surface to that  
typical  of the pre-anodized surface. This apparent  re-  
tent ion of ini t ia l  surface condit ion may  be similar  to 
the effect of specific anion adsorption on the kinetics 
of chemical (not anodic) dissolution of ge rmanium 
observed by Harvey  and Gates (6). However, ei ther  
prolonged anodization at relat ively low currents  (100 
~a for 30 min)  or short anodization at re la t ively high 
currents  (1000-3000 ga) will  suffice to change the 
Tafel slope from the 0.087 • range  to the 0.106 
• region. For example, the effect of the higher 
currents  was shown by the fact that, on repeat ing a 
series of Tafel measurements  wi thout  removing  the 
sample from the electrolyte, the slope of the second 
curve would be that  characteristic of the pre-anodized 
electrode. 

Lack of effect oS eZectrolyte type on anodic Tale! 
slope.--The Tafel slopes obtained without  p re -anod i -  

zation were measured in  two different electrolytes, 
0.2M KCl, buffered to pH 5.0, and 0.1M K2SO4-0.1N 
H2SO4. No measurab le  effect of electrolyte on slope 
was observed, nor  did the widely  differing pH values 
of the two electrolytes change the Tafel slope. This 
lack of effect of pH on slope agrees wi th  the constant  
slopes reported by Beck and Gerischer (7) for elec- 
trolytes with different hydroxyl  ion concentrations. 

Lack o~ effect oy temperature on anodic Tafel slope. 
- - A l l  Tafel slopes measured in  this work  were free 
from any  observable tempera ture  effect at the three 
nomina l  tempera tures  0 ~ 20 ~ and 55~ Young (8) 
has discussed the expected tempera ture  dependence 
of the anodic Tafel slope. The value, dE/d log i, where  
E is the measured anode potent ial  and i is the anodic 
cur ren t  should increase direct ly with absolute t em-  
perature.  With such a tempera ture  dependence, there 
should be a 20% increase in  the slope of the anodic 
Tafel curve for germanium on going from 0~ 
(273~ to 55~ (328~ Such a change in  slope 
would have been seen in  measurements  made at 0 ~ 
and 55~ wi thout  pre-anodizat ion because the s tand-  
ard deviation for such measurements  was ___4.6%. In  
the case of measurements  made with pre-anodizat ion,  
the s tandard deviat ion of ___9.4% would still not  have 
obscured the change in  slope on going from 0 ~ to 55~ 

Tempera ture  independence of anodic Tafel slopes 
has been reported by other investigators for several  
metals. Vermilyea (9) has reported that  the anodic 
Tafel slope of t an ta lum showed no tempera ture  de- 
pendence at 0.5 ~ 19 ~ 40.5 ~ 60.5 ~ and 79~ His ob-  
servations were confirmed by Young (10) at 20 ~ and 
60~ and by Bray, Jacobs, and Young (11), working  
from 0 ~ to 100~ Young (12) observed a similar  in -  
dependence of anodic Tafel slope from 0 ~ to 100~ 
for niobium. He (13) also reported that  measurements  
by Adams, van  Rysselberghe, and Willis on zirconium 
from 6 ~ to 55~ gave indications of the same tempera-  
ture  independence of anodic Tafel slope. Dewald (14) 
proposed that  this t empera tu re - independen t  Tafel 
slope results f rom cancellation, under  appropriate  con-  
ditions, of the tempera ture  effect which theory pre-  
dicts by space charge in the oxide film. 

However, Adams and Koo (15), working  at in ter -  
vals of 10~ over the tempera ture  range --10 ~ to 70~ 
found that  the measured tempera ture  dependence of 
the Tafel slope for very th in  anodic oxide films on 
n iobium agreed with that  predicted by the s ingle-bar-  
r ier  theory of Mott and Cabrera, which assumed that  
no space charge is established in very  th in  films 
(<100A).  Adams and Koo pointed out that  Vermilyea 
(9) and Young (10), who had observed no tempera-  
ture  dependence, had worked with oxide films ranging  
in thickness from several hundreds  to several  thou-  
sands of angstroms and that, under  these conditions, 
it  was probable that  a space charge was established 
in  the steady state. 

In  the work reported here, the tempera ture  inde-  
pendence of the anodic Tafel slope over the tempera-  
ture  range  0 ~ to 55~ indicates an  oxide film thick 
enough for the existence of one or more factors, pre-  
sumably  space-charge-derived,  that  act to cancel the 
direct var ia t ion of the anodic Tafel slope with tem-  
perature.  On the other hand, the solubil i ty of the GeO~ 
would tend to l imit  this film thickness. For  example, 
Zwerdl ing and Sheff (16), who formed anodic oxide 
films 730-1240A in thickness on germanium in  0.25N 
sodium acetate dissolved in  glacial acetic acid, had 
in i t ia l ly  failed to grow satisfactory oxide films on ger-  
m a n i u m  in aqueous electrolytes because of the appre-  
ciable water  solubil i ty of the formed GeO2. 

The total  charge passing through the germanium 
anode in  a typical  Tafel measurement  l ike tha t  shown 
in  Fig. 2 would nomina l ly  be 784,500 #coulomb. As-  
suming a 100% current  efficiency, this would corre- 
spond to 850 ~g GeO2. Using a densi ty of 4.703g GeO~/ 
cm ~ GeO2 and a n  anodization area of 6.4-7.7 cm 9-, the 
corresponding oxide thickness would be 2400-2800A. 
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However ,  the solubili ty of GeO2 in wate r  at 20~ is 
0.405g per  100g H20. Its solubil i ty in e i ther  of the two 
electrolytes used in this work  is not known. Judg ing  
f rom the exper ience of Zwerdl ing  and Sheff (16) 
ment ioned above, this solubili ty should be re la t ive ly  
high. However ,  it is apparent ly  not high enough to 
resul t  in the existence of a space charge- f ree  oxide 
film. 

Manuscript  received Nov. 12, 1965. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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The Effects of Gravity on the Electromotive 

Force of Thermogalvanic Cells 
Minas Ensanian 

Physical Chemistry Group, Bell Aerosystems Company, Buf]alo, New York 

What  may be te rmed a "zero gravi ty  effect" has 
been discovered on the potent ial  of a par t ia l ly  frozen 
thermogalvanic  cell under  conditions approaching 
near ly  f ree  fall. In a series of drops in air f rom a 17-ft 
tower, iron, copper, and a luminum thermocel ls  all  ex-  
hibited an oscillation in potent ia l  of 0.4 sec max im um  
duration, fol lowed by a sharp decrease in potential  
and a subsequent  recovery  prior  to impact. The results 
indicate a possible cross-phenomenon or coupling be- 
tween a gravi ta t ional  field and chemical  react ion of 
interest  in the theory of coupled t ransport  processes. 

Des Coudres (1) and Tolman (2), respectively,  have  
studied the effects of gravi ty  and centr i fugal  force on 
the emf of galvanic cells. Des Coudres, e.g., simply 
connected two revers ible  calomel electrodes by means 
of a rubber  tube filled with  2.71M KC1 and by var ia -  
tions in their  respect ive heights obtained a value of 
0.510 x 10 - s  v / c m  for the (potent ia l /height)  ratio. 

Tolman, whose apparatus  at ta ined speeds of 80 
rps, found that  the cell emf var ied  direct ly  with the 
square of the number  of revolut ions per  second. Mac- 
Innes (3) has g iven a theoret ical  discussion of these 
effects. 

To the author 's  best knowledge the l i te ra ture  wi th  
respect  to the effects of reduced gravi ty  on the opera-  
tion of a thermogalvanic  cell is nonexistent ,  and the 
general  question of a "gravi ta t ional  effect" on the ra te  
of a chemical  reaction, a l though academic, would  in 
its most profound philosophical aspects entai l  Ein-  
stein's famous "clock paradox"  (4-6) especially if a 
ter res t r ia l  observer  were  fol lowing the kinetics of an 
electrochemical  process in an orbit ing satellite. 

Generales  (7) has defined ze ro-grav i ty  as that  pa r -  
t icular  point, never  fixed, at which two or more  gravi -  
ta t ional  fields become neutral ized so that  we have a 
physical  situation, mathemat ica l ly  supported, where  
there  is no gravi ta t ional  a t t ract ion of an object, how-  
ever  big or small, that  would  cause it to accelerate 
beyond the momen tum original ly  impar ted  to it wi th in  
the confines of the universe.  

The principal  effect of ze ro-grav i ty  is the absence 
of body forces, i.e., a body in ze ro-grav i ty  retains its 

mass but  does not exer t  any weight  on its envi ron-  
ment. The behavior  of liquids in free fall  has given 
considerable insight into the behavior  of liquids in 
space and is now established on a theoret ical  and ex-  
per imenta l  basis (8-10). The problem of heat  t rans-  
fer  in boiling l iquids in a ze ro -g rav i ty  env i ronment  
has been considered by Zuber  and Kuta te ladze-Bor i -  
shanskii (11). 

In  practice, a thermogalvanic  cell  or thermocel l  is the 
simplest  bat tery  that  can be made, consisting mere ly  
of a glass tube filled with  a solution of a meta l  salt at 
whose opposite ends are electrodes of the same meta l  
but at different temperatures .  In the present  work, 
and as previously reported by the author  (12), iron, 
copper, and a luminum thermogalvanic  cells in which 
the electrolyte  surrounding one of the electrodes was 
frozen by means of dry ice whi le  the other  remained  
at ambient  tempera ture ,  were  dropped in air (wi thout  
the use of guide wire)  f rom a 17-ft tower. The  cells 
were  made f rom 10 mm ID P y r e x  tubing, 33 cm long 
and mounted in a ver t ical  posit ion in the drop capsule. 
The total weight  of the test capsule was 5 lb and con- 
sisted of a 15 in. by 4 in. ID plastic pipe with  a steel 
weight  attached. For  practical  reasons no at tempts  
were  made to measure  the respect ive electrode t em-  
peratures.  

To reduce induction effects resul t ing f rom the 26-ft 
lead wires crossing the earth 's  magnet ic  field, the 
wires were  given about 5 twists per  inch to reduce 
surface area. Variations in the output  potentials,  which 
could va ry  be tween  0-500 my, wi th  the cells operat ing 
under  equi l ibr ium ( tempera tu re  of the cold electrode 
constant)  or nonequi l ib r ium conditions during the free 
fall  period (1 sec), were  observed in different exper i -  
ments by means of recorders,  VTVM, microammeters ,  
and potentiometers .  With  minor  modifications a mi l l i -  
vol t  recorder  wi th  a balancing speed of 1 sec was 
found satisfactory. 

F igure  1 represents  a typical  ( t ime/poten t ia l )  curve 
f rom data obtained f rom over  80 drops wi th  the 
thermocel ls  mentioned.  There  is an initial oscillation 
in potential  lasting up to a m a x i m u m  of 0.4 sec, then 
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Fig. 1. A typical (time/potential) curve for a partially frozen 
aluminum thermogalvanic cell (0.1M sulfate solution) representa- 
tive of the type of curves observed in this study. The electrodes 
(coiled wire 4 cm in length) were mounted in a vertical glass tube 
and 21 cm apart, and the upper electrode was frozen. Although 
these same cells frozen and dropped in a horizontal position ex- 
hibited the same general type of curve, the initial perturbations 
at the beginning of the postdrop period were more erratic and 
voltage stabilization took longer. The recorder chart speed was 
24 in./min. 

a sharp decrease fol lowed by a buildup just  prior  to 
impact, whereupon  vol tage is soon stabilized and 
general ly  at a lower value,  provided  the system was 
not damaged. 

Each exper iment  may  be considered as having three  
phases, viz., a predrop, drop, and postdrop period. The 
iron copper, and a luminum thermogalvanic  cells were  
studied when  their  predrop potentials var ied  be tween  
their  max imum and min imum value, the only cr i-  
ter ion being, however ,  that  the cell be hermet ica l ly  
sealed as a resul t  of the frozen upper  electrode, thus 
el iminat ing any possibility of spillage or bubbles. 

On the average  a predrop potent ial  below 10 mv  
(during the freezing cycle) would  diminish by 20-50% 
during the dropphase; however  if it were  above 10 mv, 
the decrease would range  f rom 10-20%. 

Below a 5 m v  predrop potent ia l  there  was no ob- 
servable recovery  prior to impact. In the init ial  phases 
of this work  two cell  geometr ies  were  considered, 
viz., a U- tube  and a straight  tube (mounted in a v e r -  
tical posi t ion);  because of its general  stabili ty with 
regard  to handling, the straight  tube was preferred.  
The la t ter  were  often mounted,  frozen, and tested in 
the horizontal  position. 

Al though the electrolyte  concentrat ion was gener -  
al ly 0.1M, some tests were  made  wi th  1 and 0.01M 
sulfate solutions; however ,  the data were  insufficient 
and comparison difficult, a l though there  is a semblance 
of a more  pronounced effect at the higher  concentra-  
tion where  the predrop potentials permi t  a reasonable 
comparison. 

It is a characteris t ic  of newly  constructed the rmo-  
galvanic cells to exhibi t  a high output  potent ial  (short 
l ived) when  no tempera tu re  differential  exists be-  
tween  the electrodes. These may arise f rom differences 
in the elastic strain energy be tween  the supposed 
identical  electrodes or f rom local effects associated 
with  microscopic bubbles. For  nonfrozen systems when 
negligible current  is drawn, the total  vol tage produced 
by a thermocel l  is approximate ly  the product  of the 
thermogalvanic  coefficient (dE/dT) and (T2- -T1) .  

There  are two possible explanat ions for the ob- 
served potent ial  recovery  just  prior  to impact,  viz., 
that  the near ly  f ree  fall  condition does not exist near  
the end of the drop due to air resistance, or the in-  
abi l i ty to resolve the exact  impact  time, since in the 
a t tempt  to e l iminate  all e lectromagnet ic  effects which  
could in any way  in ter fere  wi th  the measurements ,  
the test capsule was released manua l ly  by means of a 
mechanical  device. However ,  af ter  numerous  cal ibra-  

tion drops in which this factor was studied, it appears 
that  the effect is genuine. 

P re l iminary  tests were  made with  hermet ica l ly  
sealed standard Weston cells and, a l though per turba-  
tions were  noted dur ing the drop phase, ins t rumenta-  
tion difficulties do not permi t  any conclusions to be 
made at this time. 

It  is of interest  to note (13) that  a s i lve r -cadmium 
cell aboard the Explorer  XIV satell i te for a period of 
10 months, dur ing which the g- leve l  decreased f rom 
5 x 10 .-2 to about 10-Tg, showed no adverse effects in 
the low g envi ronment ;  however ,  this may  have  been 
due to the par t icular  construction which l imited dis- 
continuities in the l iquid phase. However ,  there  may  
have  been an influence on the separat ion of the 
evolved gases at  the electrodes. 

In the present  work, in order to substantiate and 
isolate this observed gravi ty  effect, numerous  tests 
were  made to ascertain role  and magni tude  of the fol-  
lowing factors, viz., induct ion effects due to the earth 's  
magnet ic  field, effects due to the twist ing of lead 
wires as wel l  as fr ict ional  effects due to slip be tween 
meta l  wire  and plastic insulation, effects due to stray 
e lectromagnet ic  radiation,  effects of handling,  shaking, 
v ibra t ion  and rotat ion of the weighted  test capsule, 
the role  of ent rapped microscopic gas bubbles and 
metal l ic  thermocouple  effects. 

In addit ion to these considerations, iron, copper, and 
a luminum wire  and plate  were  used to short-circui t  
the cell leads; wi th  and wi thout  control led current  
running  through them, the drop phases were  studied, 
and it became evident  that  it was possible under  the 
exper imenta l  conditions of the reported work  to re-  
solve the effect. 

It is of interest  to consider the nature  of the ob- 
served effect in terms of the phenomenological  theory 
of i r revers ib le  the rmodynamic  processes (14) pa r -  
t icular ly  wi th  respect  to cross-phenomena between the 
scalar gravi ta t ional  potent ia l  and scalar chemical  re-  
action. 

For  example,  wi th  respect to cross phenomena,  ordi-  
nary stress corrosion not only reflects the principle 
of Le Chatel ier  (15), but  also the coupling be tween 
two scalar t ransport  processes, viz., re laxat ion  and 
chemical  reaction. In a more  complicated situation in-  
volv ing  coupling be tween physical  and chemical  scalar 
t ransport  processes repor ted  by Croatto (16) where  
stress corrosion proceeds in the presence of a magnet ic  
field, i t  was shown that  the react ion rate  depends 
joint ly  on the stress and the intensi ty of the magnet ic  
field. 

Coupling phenomenon are governed by Curie 's  theo-  
rem, which forbids the coupling of t ranspor t  processes 
of different tensor rank, i.e., a vector ia l  flow cannot 
be combined wi th  a scalar force nor a scalar flow with 
a vector ia l  force. Al though the flow of a scalar quan-  
t i ty constitutes a vector  flux, never theless  the theorem 
is still  val id under  special circumstances wi th  respect 
to coupling be tween  scalar chemical  react ion and 
vector  heat  flow, provided the chemical  react ion is 
spatial ly variable,  i.e., proceeding at different rates 
in different regions of space. 

In a thermogalvanic  cell the imposed the rmal  gradi-  
ent  gives rise to a concentrat ion gradient  (Soret  
effect);  in a s imilar  manner  an electr ical  potent ial  
gradient  may  produce a concentrat ion gradient  and 
may  be expressed in terms of the so-called diffusion 
potent ial  (17). 

In e lectrochemical  phenomena,  since mass and e lec-  
tric charge are carr ied together  as a resul t  of ion 
movement ,  the two forces may  be coupled and thus 
may  be represented by a single function, viz., the elec-  
t rochemical  potent ial  difference. In this same vein  
deBethune (18) has considered the total ent ropy t rans-  
fe r red  during the operat ion of a galvanic cell  in terms 
of two quantities, viz., the entropy of e lectrochemical  
t ransport  and entropy associated wi th  electrolytic mi -  
gration. 
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The we l l -known  Nernst  and Et t inghausen effects 
reflect crossflow between a magnet ic  field and a 
spatially variable  thermal  field. 

Finally,  with respect to the na tu re  of the potent ial  
decrease, several explanations may be possible since 
the physical system (cell) is experiencing a reduct ion 
in  the force of gravity, viz., a certain amount  of u n -  
mixing  either at the electrode/electrolyte interface or 
in  the bu lk  of the solution in the absence of con- 
vective forces. One can never  rule out the possibility 
of gas films al though controlled experiments  with 
small  bubbles  present  in the solution displayed ( t ime/  
potential)  curves of a different character than that  
shown in  Fig. 1. 

If the weak assumption is made that  the near ly  free 
fall state does not give rise to changes in  the thermal  
and concentrat ion gradients, then the remote possi- 
bi l i ty  exists that  the reduct ion of the gravi tat ional  
field has somehow reduced the collision frequency of 
the reactants  perhaps via viscosity changes as a result  
of changes in  l iquid order in the immediate  vicini ty 
of the react ing species since there is no evidence for a 
remaining  possibility, i.e., a gravi ta t ional  field effect 
on electron t ransport  in  the solid state. 

In  conclusion, aside from the necessity for addi-  
t ional exper imenta l  facts, a theoretical t rea tment  of 
possible crossflow between a gravi tat ional  field and 
thermogalvanic phenomena might be resolved wi th in  
the present  f ramework of the theory of nonequi l ib-  
r ium thermodynamic  processes. 
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Co mun ca, on @ 
Explosion of a Chemical Polishing Solution 

S. F. Bubar and D. A. Vermilyea 
General Elect r ic  Co~npany, Research and Develop~nent Center, Schenectady, New York 

Caution should be exercised in the use of the chemi-  
cal polishing solution described by Banter  in his 
art icle "Determinat ion  of the Refrac t ive  Index and 
Thickness of Oxide Fi lms on Anodized Zirconium 
From Transmission In ter ference  Measurements"  (1). 

The solution in quest ion consists of (by volume)  5 
parts lactic acid, 5 parts nitric acid, 2 parts water,  and 
1 par t  hydrofluoric acid. This solution is unstable and 
should not be stored after  mixing.  

Lactic acid and nitric acid react  autocatalytically,  
so that  while  there  is no apparent  react ion for the 
first few hours, there  is a ve ry  rapid rise in t e m p e r a -  
ture  (to ~90~ and ex t remely  vigorous gas evolut ion 
approximate ly  12 hr  af ter  mixing.  

In our experience,  this gas evolut ion was sufficient 
to rup ture  the plastic container  we had used because 
of the HF content  of the solution. For tuna te ly  in our 
case, the solution was stored in a fume hood and no 
one was standing nearby when  the explosion occurred. 
It  may  be wor th  not ing that  if a sealed glass bottle had 
been used, a much higher  pressure would  have  been 
present  at rupture,  possibly sufficient to blow a few 
more bottles of various concentrated acids off the 
shelf. The enclosed photo shows the container  used. 
A similar  incident  was recent ly  reported by Green  
(1). Other dangerous etching and polishing solutions 
have been ment ioned (3). 

Manuscript  received Feb. 9, 1966. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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A Stable High-Valency Nickel Oxide 
P. Bro and D. Cogley 

Laboratory for Physical Science, P. R. Mallory & Co., Inc., Burlington, Massachusetts 

ABSTRACT 

A h igh-va lency  amorphous nickel  oxide prepared  by the hypochlor i te  
oxidation of nickel  ni t ra te  exhibi ted a mix tu re  of oxidat ion states character -  
ized by a mean nickel valency of approximate ly  3.5. The h igh-va lency  
amorphous oxide was stable in s t rongly alkal ine solutions, but it decomposed 
rapidly below pH 9. The oxide discharged efficiently when  used as a cath-  
ode in an alkal ine p r imary  cell. 

The existence of h igh-va lency  amorphous nickel  
oxides is wel l  established (1), but  there  has been 
some discussion regarding the nature  of the excess 
nickel valency in such oxides. The high valency has 
been a t t r ibuted to the presence of a t e t rava len t  nickel 
ion (2) and to superficial oxygen (3). The recent  mag-  
netic studies of Labat  (4) provide  convincing evidence 
for the existence of a te t rava len t  nickel. 

Data in the l i te ra ture  (5, 6) indicate that  h igh-  
valency nickel  oxides decompose readily, but recent  
work  of Tuomi (7) shows that  it is not necessari ly so. 
The data given by Tuomi imply a reasonable stabili ty 
of te t rava len t  nickel  prepared electrochemical ly  un-  
der suitable conditions. 

We were  interested in explor ing the use of a h igh-  
valency amorphous nickel oxide as a cathode mate-  
rial for p r imary  cells, but  before such use could be 
considered, it would be necessary to establish whe ther  
the high valence state could be stabilized and whe ther  
it could be exploi ted faradaically.  Both of these ques-  
tions can be answered affirmatively, and we repor t  
here the work which led to these conclusions. 

Experimental Techniques 
A laboratory evaluation was conducted of the vari- 

ous methods for preparing high-valency nickel oxide. 
First among them was the anodic oxidation of mix- 
tures of divalent nickel hydroxide and carbon with a 
CMC binder in concentrated base at room temperature 
on a nickel screen. The electrochemical method was 
unsatisfactory because of the poor adhesion of the 
oxide to the conductor and because of analytical com- 
plications due to the oxides of carbon and the pres- 
ence of nickel. These considerations notwithstanding, 
Tuomi (7) obtained satisfactory results with the elec- 
trochemical method. Among the chemical methods, the 
hypochlorite oxidation was found to be most con- 
venient and we used it. It is interesting to note that, 
although this method has been known for many years 
(8), it apparently was not recognized that it could 
yield a stable high-valency oxide. 

Preparative procedures.--All the reagents,  except  
the technical  grade hypochlori te,  were  analyt ical  
grade chemicals, and the specific prepara t ive  con- 
ditions were  var ied  as shown in Table I. The sequence 
of the operat ions was the same in all cases. The solu- 
tion of nickel  n i t ra te  was added dropwise to the so- 
lut ion of the alkal ine hypochlor i te  dur ing approxi -  
mate ly  Yz hr. When the nickel  oxide precipi tate  had 
sett led the supernatant  l iquid was r emoved  by siphon- 
ing, and the precipi tate  was washed twice wi th  fresh 
base. The oxide was stored under  base in a polye thyl -  
ene container at 25.0~ 

No interferences  would  be expected by the ni t ra te  
shutt le discussed by Casey et aL (9), since no re -  
ducing agents were  present.  The anion effects would  
have  to be considered in assembled cells. 

The possibility was considered that  the oxidat ive  
capacity of the nickel oxide might  be caused, at 
least in part,  by hypochlor i te  inclusions in the p re -  
cipitate. Analyses of the dissolved precipi tate  for 

chloride ions showed any such inclusions to be negl i -  
gible. 

In order  to evaluate  the var iabi l i ty  of the entire 
sequence of the prepara t ive  operations and the anal-  
yses, a set of three oxides were  prepared  separately 
under  identical  conditions similar  to those used in 
run 4 wi th  the results shown below: 

P r e p a r a t i o n  O x i d a t i o n  s ta te  
3.49 
3.50 

c 3.48 

It may be seen that  the oxides could be prepared  re-  
producibly with a var iabi l i ty  of • in the average 
nickel  valency. 

The results shown in Table I indicated that  the oxi-  
dation state of the nickel  did not change marked ly  
with  the prepara t ive  conditions. The values were  all 
wi th in  the range of 3.33-3.61. At tempts  to prepare  
higher  valency oxides with an oxidation state ap-  
proaching four  were  successful in a res t r ic ted sense. 
In the presence of an excess oxidant,  under  conditions 
similar  to those of run  4, oxidation states be tween  
3.95 and 4.00 were  obtained. However ,  these high 
valency oxides decomposed rapidly  to the lower  va l -  
ency compounds (ca. 3.5 oxidat ion state) as the hy-  
pochlori te  concentrat ion decreased. The hypochlor i te  
concentrat ion decreased due to the decomposit ion of 
hypochlor i te  in the presence of h igh-va lency  nickel  
oxide. The decomposit ion of the oxide and the hypo-  

Table I. Preparative conditions 

T e m p e r -  Ni(NO~)2 
R u n  a ture ,  ~ O x i d a n t  so lu t ion  V a l e n c y  

1 - -  5 800 rnl 200 m l  3.54 
0.67M NaOC1 0.67M 
1.0M KOH 

2 --5 600 m l  200 m l  3.5 
0.40M NaOC1 0.52M 
1OM K O H  

3 0 800 m l  200 m l  3.52 
0.34iYl NaOC1 0.17M 
6.45M K O H  

4 25 800 m i  200 m l  3.49 
0.34M NaOC1 0.17M 
6.45M K O H  

5 40 800 m l  200 m l  3.45 
0.34M NaOC1 0.17M 
6.45M K O H  

6 25 800 m l  200 m l  3.46 
0.34M NaOC1 0.17M 
4.0M L i O H  

7 25 800 m l  200 m!  3.60 
0.25M NaOC1 0.171Ys 
sat 'd  KOI-I 

8* 40 800 m l  200 m l  3.61 
0.34M NaOC1 0.17M 
6.45M K O H  

10"* 25 200 m l  15 m l  3.33 
2.2M Br~ 2.26M 
sat 'd  K O t t  

11 25 200 m l  15 m l  3.43 
6M KOC1 2.26M 
6M g o I - I  
1M K C l  

12 25 10400 m l  2600 m l  3.46 
0.34M NaOCI 0.17IVL 
6.5M K O I I  

* P r o d u c t  r e o x i d i z e d  r e p e a t e d l y  w i t h  1M K~SeOs a t  25~ 
** P r o d u c t  r e o x i d i z e d  w i t h  0.9M Br2 i n  500 m l  5M K O H  a t  25~ 
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ch lor i t e  was  a c c o m p a n i e d  by  a no t i ceab le  gas e v o l u -  
tion. The  decompos i t i on  react ior i  b e t w e e n  the  v a l e n c e  
s tates  of a p p r o x i m a t e l y  4.0 and 3.5 was  not  i nves t i -  
ga ted  b e y o n d  these  s u m m a r y  observa t ions .  

Chemical analyses.--The ox ida t ion  s ta te  of the  
n icke l  was  ob ta ined  by iodome t r i c  t i t r a t ions  and con-  
c u r r e n t  p o l a r o g r a p h i c  ana lyses  for  n icke l  (Me t rohm,  
P o l a r e c o r d  Mode l  E261).  S ince  the  p r o c e d u r e s  de -  
v i a t ed  f r o m  c o n v e n t i o n a l  prac t ice ,  t h e y  wi l l  be g iven  
in some detai l .  Two  to t e n  mi l l i l i t e r s  of s l u r r i ed  n icke l  
ox ide  in base  w e r e  added  to 35 ml  20% KI  w i t h  s t i r -  
r ing.  The  pH  of t he  so lu t ion  was  ad ju s t ed  by the  s low 
add i t ion  of 2M H2SO4 to b r ing  the  so lu t ion  to pH  3 and 
to hold  i t  t he r e  for  ca. 3 min.  Then,  m o r e  H2SO~ was  
added  to g ive  a so lu t ion  of pH  1.5, and w i t h i n  1 m i n  
25 or  50 ml  of the  so lu t ion  was  t r a n s f e r r e d  to a 
b e a k e r  con ta in ing  15 m l  H20, 5 m l  2M H2SO4, and 
t h y o d e n e  indica tor .  The  f r ee  iod ine  was  t i t r a t ed  w i t h  
0.1N Na2S20~ to a color less  end point .  

The  p r e c e d i n g  steps w e r e  se lec ted  f r o m  seve ra l  a l -  
t e r n a t e  schemes  w h i c h  w e r e  eva lua ted .  The  n icke l  
ox ide  had  to be added  to an  a lka l ine  KI  solut ion,  con -  
t r a r y  to s t anda rd  i odome t r i c  prac t ice ,  to avo id  losses 
due  to t he  escape  of o x y g e n  wh ich  occurs  in acid  so- 
lut ions.  Ca l ib ra t ion  tes ts  s h o w e d  tha t  t he  resu l t s  w e r e  
unaf fec ted  by  the  in i t i a l  a l ka l i n i t y  p r o v i d e d  the  t i -  
t r a t ions  w e r e  conduc t ed  in acid  solut ions  u n d e r  con-  
di t ions wh ich  p r e v e n t e d  air  ox ida t ion  of iodide.  A t  p H  
va lues  above  2, t he  n icke l  ox ide  was  i n c o m p l e t e l y  r e -  
duced,  and  at  pH va lues  less t h a n  1, a i r  ox ida t ion  
b e c a m e  not iceable .  The re fo r e ,  t he  t i t r a t ions  w e r e  done  
at  p H  1.5. The  i odome t r i c  ca l ib ra t ion  runs  ag reed  
w i t h  one ano the r  w i t h i n  0.3%. 

The  n icke l  con ten t  of the  ox ide  was  d e t e r m i n e d  by  
ana lyz ing  1-5 ml  of the  pH  1.5 so lu t ion  p o l a r o g r a p h -  
ica l ly  in 20 ml  1M NH4C1, 1M NH4OH at  40~ A 
0.008% solu t ion  of CMC was  found  to be  a sa t i s fac-  
t o ry  suppressor .  The  use of the  e l e v a t e d  t e m p e r a t u r e  
was  d ic t a t ed  by  the  suppressor  r e q u i r e m e n t s .  The  
po l a rog raph i c  m e t h o d  was  ca l ib ra t ed  aga ins t  a s t and -  
a rd  n icke l  so lu t ion  p r e p a r e d  f r o m  the  p u r e  meta l ,  
and the  ca l ib ra t ion  runs  w e r e  r e p r o d u c i b l e  w i t h i n  
0.5%. Al l  of the  ana ly t i ca l  r esu l t s  r e p o r t e d  in this  
p a p e r  r e p r e s e n t  a v e r a g e  va lues  ob ta ined  f r o m  four  
d e t e r m i n a t i o n s  for  each  set  of condi t ions,  e x c e p t  for  
the  va lues  g i v e n  in Fig. 1 w h e r e  s ingle  d e t e r m i n a -  
t ions w e r e  made.  

Stability of the Oxide 
The  p r e p a r a t i v e  w o r k  had  es tab l i shed  tha t  a h i g h -  

v a l e n c y  n icke l  ox ide  could  be p r e p a r e d  r ep roduc ib ly .  
Accord ing ly ,  a ser ies  of e x p e r i m e n t s  was  in i t i a t ed  to 
i nves t i ga t e  the  r e l a t i v e  s tab i l i ty  of t he  ox ide  u n d e r  
va r ious  condit ions.  

S a m p l e  No. 1, Tab le  I, w h i c h  had  been  p r e p a r e d  
and s to red  at - -5~  in  1M K O H  was  ana lyzed  p e r i -  
odical ly .  No change  was  obse rved  in the  o x i d a t i o n  
s ta te  of  t he  n icke l ;  i t  r e m a i n e d  at a v a l u e  of  3.54 d u r -  

3 . 5  , , , , , , , 

ing  the  per iod  of observa t ion ,  105 days.  Thus,  t he  h i g h -  
v a l e n c y  ox ide  was  s tab le  at  - - 5 ~  in 1M KOH.  S a m -  
ple  No. 7, p r e p a r e d  at  25~ s h o w e d  no decompos i t i on  
d u r i n g  the  two  days  i t  was  e x a m i n e d  at 25~ and  
sample  No. 8, p r e p a r e d  at  40~ s h o w e d  no  d e c o m p o -  
s i t ion d u r i n g  the  th ree  days  it  was  tes ted  a t  40~ 
These  and s imi la r  tests on the  o the r  spec imens  ind i -  
ca ted  tha t  t he  h i g h - v a l e n c y  ox ides  w e r e  s tab le  at  r o o m  
t e m p e r a t u r e  in 1M or  m o r e  concen t r a t ed ,  s t rong  base. 

A l a rge  ba tch  of h igh  v a l e n c y  oxide,  r u n  12, Tab le  I, 
was  p r e p a r e d  to p rov ide  a s ingle  source  of spec imens  
for  a s tudy  of the  effect  of so lu t ion  p H  on the  s ta -  
b i l i ty  of the  oxide.  The  ox ide  was  p r e p a r e d  at 25~ 
and  s tored  at the  same  t e m p e r a t u r e  u n d e r  10-3M 
KOH.  S m a l l  po r t ions  of n icke l  ox ide  suspens ions  w e r e  
i n t roduced  w i t h  s t i r r i ng  in to  l a rge  v o l u m e s  of buffers  
w i t h  p H  va lues  d o w n  to p H  6.0 at 25~ and  samples  
w e r e  w i t h d r a w n  a f t e r  a pe r iod  of t h r ee  days  for  
analyses .  Resu l t s  a re  shown  in Fig. 1. I t  m a y  b e  seen  
tha t  the  ox ide  had  d e c o m p o s e d  a p p r e c i a b l y  in the  
solut ions  w i t h  a pH  less t h a n  pH  9 and  tha t  i t  was  
r e l a t i v e l y  s table  in  the  h i g h  p H  solut ions.  S o m e  de -  
compos i t ion  had  occur red  in the  h igh  pH  solut ions,  
since the  n icke l  v a l e n c y  had  dec reased  f r o m  3.46 for  
the  f r e sh ly  p r e p a r e d  ox ide  to a v a l u e  of 3.34 for  t he  
t h r ee  day  old sample  in d i lu te  base. 

Decomposition of the Oxide 
The  ex i s t ence  of a pH  r a n g e  in w h i c h  the  h i g h -  

v a l e n c y  ox ide  decomposed  at  an  app rec i ab l e  r a t e  a l -  
l o w e d  m e a s u r e m e n t s  to be  m a d e  of the  inf luence  of 
t e m p e r a t u r e  and p H  on the  r a t e  of t he  decompos i t i on  
react ion .  The  ra te  m e a s u r e m e n t s  w e r e  made ,  us ing  
the  p rocedure s  a l r e ady  descr ibed,  and the  t ime  in -  
t e rva l s  b e t w e e n  the  pH a d j u s t m e n t  of the  suspens ions  
and the  add i t ion  of the  suspens ions  to t he  iod ide  so lu-  
t ions w e r e  t a k e n  to be the  r eac t ion  in te rva ls .  The  
n icke l  ox ide  suspens ions  w e r e  t a k e n  f r o m  the  s a m e  
m a s t e r  ba tch  to insu re  an  iden t i ca l  s t a r t ing  m a t e r i a l  
for  compar i son  purposes .  

The  decompos i t i on  ra tes  of the  h i g h - v a l e n c y  ox ide  
i n  a pH  6.0, 2M p h o s p h a t e  buf fe r  a re  shown  in Fig.  2 
for  th ree  d i f fe ren t  t e m p e r a t u r e s  b e t w e e n  --1 ~ and 
55~ The  resu l t s  a re  aga in  exp re s sed  in t e rms  of 
the  m e a n  ox ida t ion  s ta te  of t he  nickel .  I t  m a y  be  
seen tha t  t he  decompos i t i on  cu rves  e x h i b i t e d  an  in -  
duc t ion  pe r iod  at - -1  ~ and  15~ bu t  no t  at  55~ 
F u r t h e r m o r e ,  t he  r eac t ion  ra tes  i nc reased  m a r k e d l y  
w i t h  the  t e m p e r a t u r e .  

The  inf luence  of the  pH  of the  soJutions on the  r a t e  
of the  decompos i t i on  r eac t ion  was  i nves t i ga t ed  at  
25~ in MacI1vaine  buffers  b e t w e e n  pH 4.0 and p H  
6.0. Resul t s  a re  s h o w n  in Fig.  3. The  r a t e  of the  r e -  
ac t ion  inc reased  m a r k e d l y  as the  ac id i ty  of the  so lu -  
t ions increased,  and  the  reac t ions  p r o c e e d e d  p r a c -  
t i ca l ly  to t he  d iva l en t  n i cke l  s tate.  The  p H  effect  was  
s tud ied  on a f r e sh  ba tch  of  h i g h - v a l e n c y  oxide,  and  
the  da ta  ind ica ted  tha t  t he  f r e sh  ox ide  was  m o r e  r e -  
ac t ive  than  the  aged  oxide.  In  the  p H  6 p h o s p h a t e  
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Fig. 1. The pH effect on the stability of high-valency nickel oxide 
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Fig. 2 Decomposition rate of nickel oxide at pH 6.0 in a 2M 
phosphate buffer, aged oxide. 
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Fig. 3. Influence of pH and buffer type on the decomposition 
rate of �9 oxide, fresh oxide. 

buffer, the valency of the fresh oxide changed by 0.78 
units at 25~ during the first 3.9 hr  of reaction time, 
whereas  the valency of the aged oxide changed by 
only 0.53 units at 55~ during the same period, the 
higher  t empera tu re  of the lat ter  notwithstanding.  A 
comparison of the pH 6 phosphate and pH 6 MacI1- 
vaine data in Fig. 3 shows the decomposition react ion 
to be much faster in the MacIlvaine buffer, which in- 
dicates a specific buffer effect. 

Cathodic  Ut i l i za t ion  of the Oxide 
Some of the electrochemical  characterist ics of the 

h igh-va lency  oxide were  evaluated by discharging the 
oxide in convent ional  p r imary  cell configurations vs .  
zinc anodes in 40% KOH containing 6% ZnO. The 
desiccated oxide was blended wi th  5 w / o  graphi te  and 
pressed into circular  pellets approximate ly  0.25 cm 
thick wi th  a diameter  of 1.3 cm under  a pressure of 
30,000 psi. The discharge curve of such a cell is shown 
in Fig. 4. It had an open-circui t  vol tage of 1.75v, and 
it exhibi ted a fa i r ly  flat discharge curve. The cell 
vol tage remained at an average value of 1.5v for drain 
rates in the range of 5-7 m a / c m  2. Polar izat ion char-  
acteristics of the cell are shown in Fig. 5 for various 
discharge levels. It polarized severe ly  at deep dis- 
charge levels  for current  densities in excess of 10 
m a / c m  2. However ,  the cell was not optimized to give 
a good discharge behavior.  
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Fig. 4. Discharge curve of high-valency nickel oxide/zinc cell, 
two load conditions. 
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Fig. S. Polarization characteristics of the cell at various depths 
of discharge. 

An analysis of the discharged cathode showed that  
the nickel  had been reduced to an oxidation state of 
2.41. The fai lure of the cathode to discharge to a 
valence state of 2.0 may be a t t r ibuted to an excessive 
polarization under  the conditions of the experiment .  
The charge wi thdrawn from the cell was equivalent  
to a valence change of 0.91, which corresponded to an 
init ial  oxidat ion state of 3.32. The nickel  in the wet  
start ing mater ia l  had a valency of 3.49, but  exper i -  
ments  had shown that  drying of the h igh-va lency  ox-  
ide tended to decrease its oxidation state. The dried, 
charged cathodes had not been analyzed. 

Discussion of the Results 
The h igh-va lency  nickel  oxide has been described 

in terms of the mean oxidat ion state of the nickel. In 
an a t tempt  to define the chemical  species more pre-  
cisely, we examined the x - r ay  diffraction pat terns  of 
the oxides in various valence states be tween  2.2 and 
3.5 (Norelco X-Ray  Diffraction Unit) .  In no case did 
we observe any lines except  those due to the cello- 
phane tape used to mount  the sample, which prevented  
a comparison on a s t ructural  basis of our mater ia l  
wi th  that  of other investigators.  Electron microscopic 
observations (Hitachi HU-11) of the oxide after it 
had been washed in water  and ethanol failed to dis- 
close any discrete crystals at a magnification of 30,- 
000X. The alcohol r inse was used to prevent  the in-  
t roduction of any water  into the electron microscope, 
and it was accompanied by the decomposition of the 
oxide to the divalent  state. Distinct e lectron diffrac- 
tion patterns were  obtained of the decomposed oxide, 
which showed it to be a crystal l ine material .  There  is 
a possibility that  the mater ia l  may be composed of 
very  thin crystal l ine flakes, less than 30A thick and 
as large as 1000A in diameter,  which would be t rans-  
parent  to the electron beam except  when  v iewed on 
edge. It would appear, therefore,  that  no definitive 
statements can be made on the basis of our data re-  
garding the exact  chemical  nature  and physical  struc- 
ture  of the react ion products resul t ing from either 
the oxidation or the reduct ion reactions. 

The highest  mean oxidation state obtained in re-  
producible exper iments  was 3.6 (except  as noted be-  
low) ,  and there  is a quest ion whe ther  or not this state 
represented an equi l ibr ium composition of the oxide. 
It is conceivable that  the solid phase contained t r i -  
and te t rava len t  nickel in equi l ibr ium proportions. 
However ,  large surface area states do not normal ly  
represent  equi l ibr ium states. They may be expected 
to undergo morphological  changes to reduce their  sur-  
face free energy. Thus, we are led to consider the 
oxidation product  as a metastable  entity, and there  are  
no apparent  reasons why  a mean  nickel  valency of 
3.6 should represent  the highest  at tainable oxidation 
state for the oxide. We did obtain specimens wi th  
mean oxidation states be tween  3.95 and 4.00, but they 
could not be mainta ined in these high valence states 
unless an excess of the oxidant  was present.  There are 
reasons for believing, therefore,  that  higher  valency 
oxides may be synthesized and stabilized. 

No stable t r i -  or t e t rava len t  nickel  ions have been 
repor ted  in aqueous media;  the only stable aqueous 
nickel  ion being divalent  (10). It would  seem, there-  
fore, that  the oxidation react ion must  be a hetero-  
geneous reaction, and two requ i rements  must  be me t  
for the successful synthesis of very  h igh-va lency  ox- 
ides: (i) an adequate  concentrat ion of the oxidant  
must  be mainta ined at the react ion site, and ( i i )  the 
oxidized surface must be protected f rom reaction 
with  water  bY the fur ther  precipi tat ion and con- 
comitant  oxidat ion of nickel  hydroxide  on top of 
previously oxidized nickel. Thus, there  would  seem 
to be a need for detailed investigations of the pre-  
cipitation kinetics and the morphology of nickel ox-  
ides to provide a basis for the selection of the best  
conditions for the synthesis of high valency nickel  
oxides. The observations of Okada e t  al. (11) on the 
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formation of amorphous divalent  nickel hydroxide  
provide a useful basis for fur ther  studies. 

The observed stabili ty of the h igh-va lency  oxide in 
strongly alkal ine solutions agreed with the results ob- 
tained by Tuomi (7) who found that  the h igh-va lency  
alpha nickel oxide could be formed readi ly  in con- 
centrated KOH or NaOH but not in dilute alkali  so- 
lutions and with  the results of Conway and Bourgaul t  
(12) on a series of oxides having a lower  valency than 
the oxides studied by us. 

An analysis of the kinetic form of our rate  data 
was precluded by the inadequacy of the avai lable 
information. In addit ion to the absence of an identi-  
fication of the react ion species, the surface area of the 
oxides and the concentrat ion of the nickelous ions in 
solution in the electrolyte  occluded in the amorphous 
precipi tate were  unknown.  The two lat ter  quantit ies 
are exper imenta l ly  inaccessible. Surface areas meas-  
ured by gas adsorption techniques would be inval id 
because area changes take place during the dehydra-  
tion of the specimens. The use of solution adsorption 
isotherms (13) may prove useful for these materials  
in the future.  Insofar as the analysis of the residual  
valence state of the oxide is concerned, there is no 
chemical  method avai lable for dist inguishing between 
the nickel in solution in the occluded electrolyte  and 
the nickel in the solid oxide which is sufficiently rapid 
to be used for kinetic measurements .  To the extent  
that  it is possible to de termine  the true composition 
of the solid phase and the adjacent  solution, it should 
be possible to obtain mechanis t ical ly  meaningful  data 
on the decomposition reaction. A detai led analysis of 
the reaction mechanism using the methodology of 
Conway and Bourgaul t  (14) would be valuable.  

The coincidence of the pH range of oxide instabi l-  
i ty with the pH range of solubili ty of divalent  nickel 
in equi l ibr ium with  solid Ni(OH)2 (10) suggested 
that  the decomposition react ion proceeded via a dis- 
solution step. Support ing evidence for such a conjec-  
ture comes f rom the observation that  the MacIlvaine 
buffer enhanced the decomposition rate  significantly. 
This buffer contains ci trate ions, which are known to 
complex with  divalent  nickel (15). Therefore~ the so- 
lubi l i ty  of Ni (OH)2 would  be greater  in citrate buf-  
fers than in pure  phosphate buffers, and an enhanced 
decomposition ra te  would be expected in the ci trate 
buffer, if the mechanism involved the react ion be tween 
a h igh-va lency  surface ion and a solution species to 
give a low-va lency  surface oxide. The t ransport  of 
reagents  and /o r  products through the divalent  sur-  
face oxide would control the rate of the reaction, 
and the removal  of the divalent  oxide by means of 
complexat ion would lead to an increase in the de-  
composition rate. 

The explanat ion for the differences observed in the 
react ion rates of fresh (fast) and aged (slow) oxides 
under  comparable  conditions must  remain  conjectural  
in the absence of a defined morphology of the oxide. 
An assumption which appears reasonable is that  the 
aged oxide had rear ranged  to provide a smaller  ex-  
posed surface area, or that  the oxide had rear ranged  
on aging to a configuration with an increased act iva-  
tion energy for one of the solid-state react ion steps 
involved in the decomposition process. It is also pos- 
sible that  the aged oxide had acquired a thicker  sur-  
face layer of d ivalent  oxide. However ,  if this were  
the case, an accompanying substantial  decrease should 
have  been observed in the mean nickel  valency, which 
was not the case. 

The rate  curves obtained on the aged oxide in the 
pH 6 phosphate buffer at the low tempera tures  ex-  
hibi ted an init ial  induction period, an in termedia te  fast 
react ion period, and a final slow react ion period. This 
behavior  is consistent wi th  the conjecture  that  the ox-  
ides had acquired an inhibit ing surface film. While  
still present, the film would p reven t  the decomposit ion 
reaction f rom proceeding very  rapidly.  Its dissolution 
would  lead to an accelerat ion in the ra te  of the re -  

action because of the increase in the react ive surface 
area. As the react ion products would accumulate  in 
the interior  of the porous structures,  the rates would 
decrease and become mass t ransfer  controlled. The 
differences in the react ion rates during the in te rme-  
diate reaction period at the various tempera tures  
would, therefore,  be due to the influence of the t em-  
pera ture  on the rate  of dissolution of low-va lency  sur-  
face oxide. The mass t ransfer  control led rates would  
be expected to be re la t ive ly  insensi t ive to temperature ,  
as observed. The fresh oxides did not exhibi t  any in- 
duction periods probably because of their  la rger  sur-  
face areas, or because of the absence of an effective 
low-va lency  surface layer. 

The cathodic behavior  of the h igh-va lency  oxide 
showed that the high oxidation state of the chemical ly 
prepared mater ia l  was avai lable for electrochemical  
reduction. This agrees wi th  observations on nickel-  
cadmium cells where  some excess capacity can be 
obtained by discharging the cells immedia te ly  after  
charging. In the case of secondary cells, however ,  the 
excess capacity disappears in a few hours. 

The open-circui t  potential  of the h igh-va lency  ox-  
ide-zinc pr imary  cell corresponded to that  expected 
for the system in concentrated KOH on the basis of 
the values given by Lat imer  (16). Since the h igh-va l -  
ency oxide did discharge and since no significant po- 
tential  arrests were  observed above the t r iva lent  
nickel potential, it would appear  that  the high va l -  
ence state did have  a potential  close to that  of t r i -  
valent  nickel. However ,  the assignment of an ex-  
act and a thermodynamica l ly  meaningful  potent ial  
to the h igh-va lency  mater ia l  must  awai t  the re-  
quired definitive studies. 

If the closeness of the discharge potentials of the 
t r ivalent  and the higher  valency oxides holds for their  
revers ible  half -cel l  potentials as well,  the equi l ibr ium 
constants of the reactions leading to the format ion 
of t r iva lent  and te t rava len t  nickel  would be corres-  
pondingly close. Therefore,  since the format ion of 
t r ivalent  oxide is thermodynamica l ly  favored,  so 
would be the format ion of t e t rava len t  nickel. The 
observed, apparent  l imitat ions in the va lue  of the 
mean valence state of nickel suggest that  the react ion 
of te t ravalent  nickel with water  is kinet ical ly  favored 
over  that of t r ivalent  nickel. This is in agreement  wi th  
our conjecture that  the synthesis of the h igh-valency 
oxide is l imited by kinetic ra ther  than thermodynamic  
factors. Therefore,  it is to be expected that  nickel  
oxides with valencies above 3.6 may be prepared 
provided the proper  oxidation conditions can be es- 
tablished based on detailed informat ion on the kinetics 
of the precipi tat ion and decomposit ion reactions of 
the nickel oxides. 

Conclusions 
Investigations of the h igh-va lency  amorphous nickel  

oxides showed that  they could be prepared  repro-  
ducibly at room tempera ture  wi th  a mean oxidation 
state of 3.6 for the nickel. The oxides were  stable at 
room tempera ture  and at lower  tempera tures  in 
strongly alkal ine solutions but  decomposed at pH val-  
ues below pH 14. Between  pH 9 and pH 14 the de-  
composition react ion was very  slow; below pH 9 it 
became very  fast. 

The results indicated that  the degree of oxidat ion 
of the nickel  was kinet ical ly  as wel l  as the rmodynam-  
ically controlled, and it is bel ieved that  it may  be 
possible to prepare  nickel oxides wi th  mean valencies 
in excess of 3.6. 

P r imary  cell cathodes prepared f rom the high-  
valency mater ia l  exhibi ted a good util ization of the 
high oxidation state of nickel. 
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Equilibrium Pressures of Oxygen 
over Oxides of Lead at Various Temperatures 

Earl M. Otto 
National Bureau of Standards, Washington,  D. C. 

ABSTRACT 

PbO2 apparent ly  requires  four  stages of decomposition to reach PbO. 
Based on thermograv imet r ic  studies the in termedia te  products appear to be 
5PbO2.4PbO, 4PbO2.5PbO, and Pb304. Al though the first three stages seem 
irreversible,  they too come to a steady state in decomposition, but no recom- 
bination takes place. ~ H  ~ and ~S '~ values have been calculated for the four 
stages. 

Thermal  decomposit ion of lead dioxide has been 
studied by a number  of invest igators wi th  the em-  
phasis being placed on the composit ion and the crys-  
tal s t ructure  of the dioxide and the lower oxides that  
were  formed. Earl iest  work  indicated that  an in ter -  
mediate  product  of Pb203 is formed (1) (1878). Later,  
Moles and Vitoria (2) (1929), Renker  (3) (1936), 
and Baroni (4) (1938) agreed that  no other sub- 
stance than Pb203 is formed before Pb304 appears. 
When the mathemat ica l  error  of Baroni  was corrected 
showing the formula  of the oxide to be PbOl.6, more 
invest igat ion and speculation began. Clark and Rowan 
(5) (1941) refer  to the. oxide as Pb5Os. Hol te rmann 
and Laffitte (6) (1937) ascribed the formula  Pb7Oll. 
However ,  LeBlanc and Eberius (7) (1932) had stated 
that the s t ructure  of PbO2 persists to PbOL6~ and had 
ascribed the formula  Pb.~O5 to an in termedia te  prod-  
uct. They also reasoned that  Pb203 is formed. A few 
years later  Bystrom (8) (1945) and Katz (9) (1950) 
showed that  two in termedia te  oxides were  indicated 
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Fig. 1. Thermal balance study of the dissociation of Pb02 to 
Pb0 and reoxidation to Pb30~. Influence of temperature on the 
value of x in Pb0x, calculated from weight loss. 

and these were  termed a PbOx and ~ PbOy, the former  
having a monoclinic crystal  s t ructure of nonstoichi-  
ometric  composition where  x is somewhat  more than 
1.5 and the lat ter  having an or thorhombic crystal  
s t ructure  of nonstoichiometric  composition where  y 
is less than 1.5 and approximat ing  1.4. Recent ly  But ler  
and Copp (10) (1956), and Anderson and Sterns (11) 
(1959) have confirmed the existence of two interme- 
diate oxides, the latter authors proposing the formu- 
las Pb12019 and Pb12017. 

Very little study has been made of the equilibrium 
pressures of oxygen over the various oxides of lead. 
LeChatelier (12) (1897) Reinders and Hamburger 
(13) (1914) separately determined oxygen pressures 
over PbO-Pb304; the two sets of data did not show 
much agreement.  

In view of the lack of pO2-oxide tempera ture  equi-  
l ibr ium data for the oxides of lead it was thought  de- 
sirable to conduct the present  investigation. 

Exper imenta l  
Pre l iminary  to the study of oxygen pressures over  

the PbO2 and the lower oxides a thermal  balance was 
constructed and used to get indications as to the ap- 
proximate  tempera tures  at which decompositions in 
air could be expected. F igure  1 shows that  weight  loss 
began before  a t empera tu re  of 330 ~ was reached and 
that  at about 360 ~ the weight  became constant and 
the formula  of the oxide was calculated to be approx-  
imate ly  PbO1.56. At  420 ~ another  level  was reached, 
and calculations indica ted  the oxide to be approx-  
imate ly  PBO1.44. At 450 ~ fu r the r  decomposit ion began 
and continued to 460 ~ , at which stage the oxide was 
PbO1.ss. (This mater ia l  is the w e l l - know n  "red lead," 
PbsO4.) The final decomposit ion was reached at 570 ~ 
and the product  was PbOL00. On cooling the PbO 
slowly in air, oxygen was consumed start ing at about 
450 ~ and forming PbO1.33. No fur ther  reoxidat ion was 
observed. The t ime of decomposition, f rom PbO2 to 
PbO was seven days. This whole exper iment  was 
repeated twice, and the results were  essentially the 
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same .  A n d e r s o n  a n d  S t e r n s  s u g g e s t e d  t h a t  t h e  f o r m a -  
t i on  of l o w e r  ox ides  is a r e s u l t  of n u c l e a t i o n  a n d  
g r o w t h .  T h e  a b o v e  m e n t i o n e d  v a l u e s  of x i n  P b O x  
a p p e a r  to  i n d i c a t e  t h a t  n i n e  m o l e c u l e s  of PbO2  a r e  
i n v o l v e d  i n  t h e  f o r m a t i o n  of e a c h  un i t .  T h u s  t h e  p r o d -  
uc t s  f o r m e d  a r e  p o s t u l a t e d  to b e  5PbOE.4PbO,  4PbOE. 
5PbO,  a n d  3 P b O 2 . 6 P b O .  ( T h e  l a s t  s u b s t a n c e  m a y  
b r e a k  d o w n  f o r m i n g  P b O 2 " 2 P b O ,  w h i c h  is t h e  s a m e  
as  Pb304. )  F u r t h e r  e v i d e n c e  of a n i n e  m o l e c u l e  u n i t  
is s u p p l i e d  b y  A n d e r s o n  a n d  S t e r n s  fo r  t h e y  say  t h a t  
ac id  l e a c h i n g  of o ne  i n t e r m e d i a t e  o x i d e  g a v e  PbO1 s56- 
0.16H20. T h e  p r o d u c t  in  t h i s  case  cou ld  b e  r e p r e -  
s e n t e d  b y  8 P b O 2 . P b O .  

T h e  a p p a r a t u s  u s e d  fo r  t h e  p r e s s u r e  s t ud i e s  w a s  
s i m i l a r  to  t h a t  p r e v i o u s l y  e m p l o y e d  b y  t h e  a u t h o r  
(14, 15) in  s t ud i e s  of t h e  M n 2 0 3 - M n 3 0 4  a n d  M n O 2 -  
Mn2Os equ i l i b r i a .  B o t h  F i s h e r ,  a n d  B a k e r  a n d  A d a m -  
son  a n a l y t i c a l  g r a d e s  of PbO2 w e r e  u s e d  in  t h e  i n -  
v e s t i g a t i o n s .  F i v e  f u r n a c e s ,  f o u r  se ts  of m a n o m e t e r s ,  
a n d  one  300-ps i  g a u g e  w e r e  i n v o l v e d .  E a c h  f u r n a c e  
h a d  i ts  o w n  c o n s t a n t  t e m p e r a t u r e  cab ine t .  E s s e n t i a l l y  
t h e  p r o c e d u r e  c o n s i s t e d  i n  h e a t i n g  i n  v a c u a  a s a m p l e  
of PbO2 i n  a b u l b  c o n t a i n e d  i n  a c r u c i b l e  f u r n a c e  u n -  
t i l  t h e  e v o l v e d  oxygen ,  h a v i n g  p a s s e d  t h r o u g h  t h e  
s i l ica  gel  des i ccan t ,  b e g a n  to c h a n g e  t h e  m e r c u r y  l e v -  
els  in  t h e  m a n o m e t e r s .  T h e  t e m p e r a t u r e  w a s  s t a b i l i z e d  
a n d  t h e  pO2 w a s  a l l o w e d  to b e c o m e  s t eady .  T i m e  fo r  
r e a c h i n g  a s t e a d y  p r e s s u r e  s o m e t i m e s  w a s  h u n d r e d s  
of h o u r s  a n d  s o m e t i m e s  less  t h a n  5 hr ,  d e p e n d i n g  on  
t h e  s t age  of d i s soc ia t ion .  I n  one  i n s t a n c e  in  t h e  l a s t  
s t age  t h e  b u i l d - u p  in  pOE f r o m  n e a r  v a c u u m  to one  
t h i r d  e q u i l i b r i u m  p r e s s u r e  r e q u i r e d  less  t h a n  2 m i n .  
A f t e r  a s t e a d y  s t a t e  w a s  e s t a b l i s h e d  t h e  t e m p e r a t u r e  
or  p r e s s u r e  or  b o t h  w e r e  a l t e r e d  a n d  a n e w  s t e a d y  
s t a t e  sough t .  A f t e r  t h e  f i rs t  s t age  of  d i s s o c i a t i o n  w a s  
s a t i s f a c t o r i l y  s t u d i e d  t h e  i n v e s t i g a t i o n  w a s  e x t e n d e d  
to t h e  s e c o n d  a n d  t h i r d  s tages .  O n l y  one  s a m p l e  of 
PbO2 w a s  c a r r i e d  to t h e  f o u r t h  s t age  b e c a u s e  t h e  
e q u i l i b r i a  of t h e  l a s t  s t a g e  w e r e  so q u i c k l y  a t t a i n e d  

Table 1. Dissociation of PbO2 temperature-pressure 
steady-state data 

and because commercia l ly  produced (analyt ical  r e -  
agent  grade) Pb~O4 could be used. 

Except  for the last stage of decomposit ion no re -  
combinat ion was ever  observed when a somewhat  
higher  than s teady-sta te  pressure of oxygen was 
provided to the par t ia l ly  dissociated oxides. The 
P b 3 0 4 - P b O - O 2  react ion was readi ly  revers ible  and 
equi l ibr ium at ta inable  in ei ther  direction. 

The data obtained are shown in Table I and Fig. 2 
to 5. The only avai lable  data f rom the l i te ra ture  are 
included in Fig. 4. The present  ,data on Pb304-PbO 
are in good agreement  wi th  those of Reinders  and 
Hamburger .  

T r e a t m e n t  o f  D a t a  

The straight lines shown in Fig. 2, 3, and 4, drawn 
for the new exper imenta l  data, form the basis for 
determining values for the thermodynamic  functions 
AH o and AS ~ on the assumption that  steady pressures 
were  t rue equi l ibr ium pressures. The equations for 
the straight lines, fitted to the exper imenta l  point by 
sight, were  put in the form of 

•  - -  •  o = A G o / T  = --4.5756 log pO2 

The resolved values for the four  stages of dissociation 
are, precisely applicable only for the mean tempera -  
tures, as follows: ~ 

P r o p o s e d  e q u a t i o n  

9 / 2 P b O 2  - )  1 / 2 ( 5 P b O 2  - 4PbO) + 02 
2(5PBO2 �9 4 P b O )  ~ 2(4-PbO2 , 5 P b O )  

+ O2 
2(4PbO~ �9 5 P b O )  ~ 6Pb~O~ § O~ 
2PbaO4 ~ 6 P b O  (ye l l ow)  + O2 

T e m p e r -  AH ~ AS ~ 
a t u r e  k e a l  ca l  deg  -1 

r a n g e ,  ~ m o l  -~ O2 mo]-~ Oe 

2 7 0 •  66.4 121.0 
3 4 5 - ~ 2 5  44.2 70.9 

3 6 7 •  39.9  61.4 
5 6 0 " + ' 8 0  37.5 43.2 

Except ing for the Pb304-PbO stage these values 
cannot be conver ted f rom the exper imenta l  t emper -  
atures to 298~ since heat  capacities, heat  contents, 
and entropy changes are unknown for the in termedia te  
oxides and are est imated or par t ia l ly  known for PbO2 
and Pb304. Considering the first three  stages as one, 
the equation becomes 3PbO2 -~ Pb304 + 02. Using the 

1 One thermoehemical calorie = 4.1840 joules. 

S t e a d y  s t a t e  T e m p e r -  P r e s s u r e ,  
h r  h r  a t u r e , ~  a r m  
to: a t :  

F i r s t  s t a g e  
168 144 254.2 0 .0787 
120 120 258.6 0 . i 4 6 7  

1960 270 267.2 0 .4600 
360 144 269.7 0.5256 

1632 120 277.4 1.1910 
2300  300 285.2 2.258 

168 24 286.2 3.401 
288 144 287.2 3.016 

96 72 297.9 4.238 
48 2 4  2 9 8 . 8  10.88 

S e c o n d  s t a g e  
360 240 318.5 0.1521 
120 48 335.8 0 .4369 
120 64 357.1 1.4067 
360 120 363.4 2.186 

T h i r d  s t a g e  
72 24 348.1 0 .2174 

264 24 354.0 0 .3299 
240 66 364.0 0 .5339 
360 430 382.3 I~593 

* F o u r t h  s tage  
16 0 484.1 0 .0416 
60 0 487.2 0 .0474 
24 0 524.5 0.1395 
19 24 538.8 0.2250 
60 0 547.2 0.3938 
24  24 547.5 0 .2984 

5 4 561.2 0,4127 
16 96 563.6 0 .4277  
10 15 564.5 0 .4669 
16 0 5 6 9 ~  0.5195 
22 48 601.9 1.2466 
24 0 6 0 3 . 6  1.2785 
40 0 606.2 1.3321 
7 16 609.6 1.4522 

12 10 627.5 2.3511 
8 0 632.0 2 .5355 

24 0 632.9 2 .6376 
48 72 634.8 2 .6505 
20 0 638.4 2 .8176 

* M i n i m u m  t i m e  to  s t e a d y  s t a t e  w a s  n o t  o b s e r v e d .  T h e s e  w e r e  t h e  
p e r i o d s  t h a t  w e r e  c o n v e n i e n t  to t h e  i n v e s t i g a t o r .  

TEMPERATURE, "K 
570 560 550 540  550 

1.2 o:! .' ' I 
PbO 2 

0.4 

0 

- -0 .4  - -  5PbO z- 4pbO 

- o . e  

- I . 2  
17.5 15.0 18,5 19.0 

uo't/T,,K 

Fig. 2. Dissociation of Pb02. First stage. Pressure-temperature 
relationship at  steady state. 

TEMPERATURE I OK 
55o 54o ~2o ~oo 

~ 0.5 - -  

~ PbsO 4 ~ -O.R '~s~ I 

--I .2 
15.0 15.5 16.0 16.5 17.0 

104/T~ 

Fig. 3. Dissociation of Pb02. Second and third stages. Pressure- 
temperature relationship at steady state. 



Vol. 113, No. 6 E Q U I L I B R I U M  P R E S S U R E S  O F  O X Y G E N  

TEMPERATURE OK 
9 5 0  900 850 800 750 

o.e I I I I 

�9 0.4 ~ -- 

~ 4 

~ -o.4 

- o . e  PbO ~ _ cc 
a. Yellow ~ ~  

-I ,6  

-~.o I I I I I1 / 
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I04]T ~ 
Fig. 4. Dissociation of Pb02. Fourth stage. (Identical with first 

stage of dissociation of Pb304.) Half of the equilibrium points ob- 
tained in forward direction and half in the reverse. �9 Present work; 
N LeChatelier; -4- Reinders and Hamburger. 

TEMPERATUREeK 
I000 900 800 700 600 550 

1.2 

o \ \ . \ 
O~ ~ 0.40 -- Pb304 x*~SPbO2'4PbO 

,., hal, 

~--0.8 

--I.f: 

--i .6 

_ , .  ] I ] I 
I0 II [2 13 14 15 16 17 18 19 

, o + / T ~  

Fig. 5. Dissociation of Pb02. All four stages. Pressure-temperature 
relationship at equilibrium. Dots murk the limits of experimental 
investigation. 

Cp values given by Kel ley  (16) the IX(HT-H298) and 
~(ST-Se9s) were  obtained, where  T = 585~ (a rough 
average of the tempera tures  of the first three reac-  
tions). These are --1.7 kca l /mol  O2 and --2.7 cal/deg,  
respectively.  When these are added to the ~H ~ and ~S ~ 
values for the sum of the three reactions, one obtains 
AH~ ~ 56.6 kcal and ixS~ ~ 100 cal/deg.  F rom 
these ixG ~ is calculated to be +26.8 kcal. Taking ~xG~ 
of PbO2 to be --52.0 kcal  the ixG~ of Pb~O4 becomes 
--129.2 kcaI. 

The Pb304-PbO-O2 system was readi ly  brought  to 
equi l ibr ium and the Cp equat ion for PbO is well  es- 
tablished. It  does have to be assumed that  the Cp 
value for Pb304 at 298~ is usable up to 1000~ For  
the react ion 2Pb304 --> 6PbO + O2 at the mean t em-  
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pera ture  of 833~ ixH~ = 37.5 kca l /mol  02 and 
ixSOs3~ = 43.2 cal /deg.  

From the Cp equations the calculated value  of 
lx(Hs33-H29s) becomes +7.1 and ix(Ss88-S29s) becomes 
+21.1, thus making ~H%gs ~ 44.6 kca l /mol  and ixS~ 

64.3 cal/deg.  F rom these two figures ixGo29s is found 
to be 25.4 kcal. On the selection of ixGof of PbO as 
--45.2 kcal  ixG~ of Pb304 then  becomes--148.3 kcal. 

The resul t ing values for Pb304 may  now be com- 
pared with those f rom the l i terature.  

F rom cell data for Pb304 + 2HgO ---- 
3PbO2 + 2Hg AG~ 

kcal 
Chart ier  (17) --148.4 
Andrews  and Brown (18) --146.0 

F rom cell data for 3PbO + HgO ~- 
Pb304 + Hg 

Andrews  and Brown (18) --142.5 
From present work  3PBO2 ---- Pb~O4 + O2 --129.2 
From present  work  2Pb~O4 ~ 6PbO + O5 --148.3 

Note: In the above considerations selected values 
were  

~GofPbO2 = --52.0 kcal and AG~ ---- --45.2 kcal 

The results are surpris ingly good, considering the 
lack of precise thermodynamic  data for some of the 
oxides of lead and considering the fact that  s teady-  
state pressures were  obtained in only one direct ion for 
the first three stages of dissociation. 

Manuscript  received Nov. 9, 1965; revised manu-  
script received Feb. 11, 1966. This paper was presented 
at the Buffalo Meeting, Oct. 10-14, 1965. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Oxidation of Copper Single Crystals 
in Aqueous Solutions of Inorganic Salts 

III. Kinetics of Oxidation in Cu(OAc)2 Solution 

W. W. Porterfield and G. T. Miller, Jr. 1 
Department o• Chemistry, Hampden-Sydney College, Hampden-Sydney, Virginia 

ABSTRACT 

The kinetics of formation of Cu20 on the three principal  ( low-index)  
faces of Cu metal  monocrystals  are reported and correlated with  the surface 
microtopography.  A novel  technique is described for the determinat ion of 
surface areas of small metal  samples. Over extended periods of t ime the 
re la t ive  rates of oxide format ion are found to be: (100) > (111) > (110) ; the 
forms of the rate  curves, however,  differ markedly.  The specific forms of the 
rate  curves on the three faces are accounted for by a proposed mechanism 
in which the ra te-contro l l ing  step is the drift  veloci ty of posit ive holes 
through the CufO film. This mechanism also correct ly indicates the micro-  
topography on the basis of the previously observed epi taxial  relationships. 

This is the third in a series of papers describing the 
oxidation of copper meta l  in solutions of copper( I I )  
salts. The first two papers (1, 2) dealt  wi th  the topog- 
raphy of the copper (I) oxide film formed in such oxi-  
dations and are indispensable to an unders tanding of 
the data reported here. The present work  attempts to 
describe the kinetics of the oxide growth and to begin, 
at least, the inference of a mechanism for the oxida-  
tion process. 

Benard (3) has an excel lent  summary,  with critical 
comments, of exper imenta l  techniques for the deter -  
minat ion of oxide film thickness on metal  surfaces. Of 
the methods he describes, the coulometric was chosen 
because of its exper imenta l  simplicity. This method is 
wel l  established (4-8) but requires  some comment  in 
two respects. First,  even though the electropolishing 
technique enables the worker  to assume that  the meta l  
surface area is equal to the gross area of the specimen, 
the measurement  of area continues to be a problem 
with  this method;  in this case, the problem was ac- 
centuated by the small  areas avai lable when  using 
monocrystal l ine specimens. A procedure was devised, 
which is described below, that  enabled the measure-  
ment  of surface areas wi thin  an error  of 1%; in this 
work  the error  was on the order of 0.1 mmf. It is fel t  
that  this may be of use to other workers  using coulo- 
metr ic  techniques on small  specimens. Second, as 
Evans (9) has made clear, the phenomenon of meta l  
corrosion is, to a substantial  extent,  inherent ly  i r re -  
producible. It is therefore  necessary to indicate clearly 
the extent  to which i r reproducibi l i ty  affects conclu- 
sions to be drawn from irreproducible  data. Unfor tun-  
ately, many previous workers  have not made such an 
indication. It should be noted, then, that  the error  bars 
shown in Fig. 2, 3, and 4 represent  2~, the standard 
deviat ion for measurements  displaying Gaussian scat- 
ter about an unknown true value. 

The previous studies, in parts  I and II of this series, 
of the topography of oxide films as a function of the 
anion and as a function of t ime show clearly that  in 
this system, as in others, there  is a marked  difference 
in the behavior  of the three principal  crystal  faces. It 
seemed likely, then, that  the coulometric study of 
oxide formation, per formed on individual  crystal  faces 
and in terpre ted  in conjunction with  the known var ia -  
tions of topography with  time, would yield impor tant  
evidence bear ing on the mechanism of the oxide 
growth. This appears to be true, a l though much fu r -  
ther  exper imenta t ion  wil l  be requi red  to conclusively 
demonstrate  a detailed mechanism. 

Experimental 
99.999% copper monocrystals  were  used throughout  

this series of exper iments  (Virginia Inst i tute for Scien-  

1 P re sen t  addres s :  D e p a r t m e n t  of C h e m i s t r y ,  St.  A n d r e w s  P r e s b y -  
t e r i a n  College,  L a u r i n b u r g ,  N o r t h  Caro l ina .  

tific Research, Richmond, Virginia) .  Flats were  cut on 
these crystals to expose the (100), (110), and (111) 
faces individually. The orientation of these faces was 
maintained within 2 ~ [i ~ for the (100) face] by Laue 
back-reflection x-ray photography after every fourth 
mechanical polishing [every second mechanical polish- 
ing for the (100) face]. The crystals were mechanically 
polished through 4/0 Buehler paper, then electropol- 
ished in an unstirred phosphoric acid bath and washed, 
finally, in water of approximately 1.2 x I06 ohms re- 
sistivity. The flats were dried in a stream of Seaford 
grade ni t rogen (Southern  Oxygen  Company, Washing-  
ton, D.C.; max imum impur i ty  limits 30 ppm total) be- 
fore immersion in the corroding solution. The only 
solutions used in this study were  0.0500N Cu (C2H302)2, 
made up f rom Fisher copper( I I )  acetate dihydrate,  
used as received f rom lot number  731759. Oxidat ion 
pat terns from this lot were  found to remain  unchanged 
upon repeated recrystall ization,  whereas  other  lot 
numbers  gave pat terns which only approached that  
f rom this lot af ter  two or three recrystall izations.  
Solutions were  adjusted to a pH of 4.300 • 0.005 before 
each oxidation. All  solutions were  thermostat ted at 
30.0~ before and during the corrosion process, since 
a study of the effect of t empera ture  on the corrosion 
process, to be under taken  shortly, is expected to revea l  
marked  tempera ture  dependence. After  oxidation for 
st ipulated times, each crystal was dried and the spher-  
ical sides of the crystal, together  with the edges of the 
flat face, were  masked by paint ing with  the electr i -  
cally insulat ing lacquer  Miccrostop (Michigan Chrome 
and Chemical  Company, Detroit,  Michigan).  Coulo- 
metr ic  measurement  of the oxide on the area remain-  
ing was made in the apparatus shown in Fig. 1, after 
appropriate  deaeration. The electrical  potent ial  of the 
crystal  against an Ag/AgC1 electrode was recorded on 
a Bausch and Lomb VOM-5 recorder.  The exposed 
area of the flat was calculated by str ipping the mask-  
ing lacquer  from the crystal, photographing the flat by 
using a Polaroid film pack at 6X on a Reichert  meta l -  
lurgical  microscope, and measur ing the photographed 
area with a planimeter .  Equiva len t  copper( I )  oxide 
film thickness could then be calculated on the assump- 
tions that: (i) film density was equal  to that  of the 
bulk oxide; (if) current  efficiency was 1.000; and (iii) 
the oxide formed a film of uni form thickness. A dis- 
cussion of the influence of depar tures  f rom these as- 
sumptions upon reproducibi l i ty  follows below; here  it 
might  be noted that  the error  bars in Fig. 2, 3, and 4 
are roughly  be tween 5 and 10% of the indicated mean. 

With respect to the first assumption, lattice pa ram-  
eter measurements  for films on the major  faces of cop- 
per [ (10) and references therein]  indicate a l inear  ex-  
pansion of 1-2% normal  to the surface, but an 
offsetting compression in the surface plane. The unit  
cell volume is that  of the bulk oxide, and the density 
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Fig. 1. Apparatus for coulometric oxide determination. Crystal 
holder is shown with a masked crystal in place. 

will  thus be unaffected. The val idi ty  of the second as- 
sumption is more difficult to establish. Studies com- 
paring oxygen uptake (in gaseous oxidation) with 
coulometric  values suggest an efficiency of at least  0.90 
(11), and studies of current  efficiency as a funct ion of 
current  density (mic ro -amperes / cm 2) for the Fe-  
Fe304-Fe203 system (7) suggest the same approximate  
figure under  our exper imenta l  conditions. Of course, 
this is not a comparable  system, but the order  of mag-  
ni tude of current  density is perhaps suggestive. In  any 
event, only the absolute de terminat ion  of deposited 
oxide mass would suffer f rom this type of error;  the 
rate  curves would retain their  general  form and re la -  
t ive magnitudes.  However ,  substantial  scatter could 
arise f rom this source. Finally,  the assumption of a 
uni form oxide film requires  severe qualification. The 
ra ther  rugged microtopography revealed  in the elec- 
tron micrographs (1, 2) indicates that  in terpre ta t ion  of 
the coulometr ic  data as thicknesses of oxide films is 
illusory. Clearly, the only appropriate  in terpre ta t ion is 
that  of a gross average,  that  is, deposited oxide mass 
per unit  area. This figure is used in each case. 
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L06 TIME (SEC) 

Fig. 3. Kinetic data for oxide growth on the (110) face of the 
Cu metal crystal. Reciprocal slope of initial rise is 1.57. 

,./ 

Results and  Discussion 
Figures 2, 3, and 4 show the oxide growth rates on 

the three  low- index  faces of copper meta l  crystals, as 
de termined  in this study. Figure  5 indicates the 
marked  differences be tween  the faces. In Fig. 2, 3, and 
4 the notation is as follows: (i) The error  bars, as 
previously stated, are 2~ long. (iS) The ar i thmetic  
mean of all determinat ions  is indicated by a crossbar. 
It must  be remembered,  however ,  that  the ar i thmetic  
mean is the most .probable value  only for a Gaussian 
error  distribution. It  is not  certain that  this is the t rue  
distr ibution in corrosion measurements .  (iii) The mode 
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Fig. 2. Kinetic data for oxide growth on the (100) face of the 
Cu metal crystal. Reciprocal slope is 1.86. 
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Fig. 4. Kinetic data for oxide growth on the (111) face of the 
Cu metal crystal. Reciprocal slope of initial rise is 1.99. 
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Fig. 5. Comparative kinetic behavior for oxide growth on the 
three principal metal crystal faces, 

is indicated by a heavy dot. Evans (9) has suggested 
that, given the i r reproducible  na ture  of the measure-  
ments, the mode may  be the most significant quanti ty.  
(iv) The number  of measurements  at a given t ime of 
immers ion is indicated over  the error  bar. (v) To pro-  
vide a more  meaningfu l  interpretat ion,  the r igh t -hand  
scale in these figures is given as deposited copper( I )  
oxide mass per  uni t  area (micrograms per  square 
cent imeter) .  However ,  the convenient  comparison of 
this work  with  other  f i lm-thickness studies requires  
that  the data also be presented as equivalent  average 
thickness in Angst rom units. It  must  be r emembered  
that  these thicknesses are ra ther  fictional; that  both 
vert ical  and la tera l  g rowth  are occurring, and to dif-  
ferent  extents  on different crystal  faces of the metal.  

It  was anticipated f rom pre l iminary  exper iments  
that  the oxide growth would  be quite  rapid; Fig. 2, 3, 
and 4 confirm this. Indeed, the growth on all three  
faces is so fast tha t  it does not seem possible for the 



530 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u n e  1966 

H20 Cu ~" * 

"0 ii:i:iiii i 
"///o.... -. o..... ,,//////////// 

r247 ~HzO ~ ~r 4. H § 

COPPER METAL 

Fig. 6. Schematic representation of proposed mechanism 

ra te -de te rmin ing  step to be the diffusion of copper 
atoms through the oxide film, which is almost immeas-  
urably slow at 30~ the t empera tu re  of the reaction. 
Thus it seems l ikely that  a significant amount  of Cu(I )  
in the oxide film must  or iginate  f rom the Cu(I I )  in 
solution. Fur thermore ,  if atomic (or ionic) diffusion is 
ruled out, any Cu(I )  in the oxide originat ing f rom the 
metal  must  be obtained f rom a location where  the 
oxide is ei ther quite thin or nonexistent.  

F igure  6 d iagrammat ica l ly  indicates a mechanism 
which appears to satisfy these requirements .  Cop- 
pe r ( I I )  ions f rom solution are adsorbed onto exist ing 
copper (I) oxide nuclei  which are in contact wi th  bulk 
copper metal.  This adsorption may be assumed to oc- 
cur preferent ia l ly  on the close-packed faces of the 
oxide (not necessari ly on the close-packed faces of the 
metal ) .  Af te r  adsorption each ion donates a positive 
charge to the copper( I )  oxide, becoming a Cu(I )  ion. 
This ion may  react immedia te ly  wi th  the solution's 
oxygen-supply ing  species (at point A) or may migrate  
some distance across the surface of the Cu20 poly-  
hedron before react ing to form additional Cu20. The 
mean migra t ion  distance wil l  be governed by the ratio 
of the migrat ion velocity to the rate  of reaction with  
the oxygen-supplying species in solution. The cop- 
pe r ( I )  oxide, funct ioning as a p- type  semiconductor,  
conducts the posit ive hole to a point at which the three  
phases Cu20, Cu ~ and solution are all present  (such 
as point B in Fig. 6). Here  a copper atom acquires the 
posit ive charge, becoming a copper( I )  ion, and reacts 
with the solution to form more Cu20. The same migra -  
tion considerations apply at point B as at point A. The 
mechanism may be summarized as follows: 

(i) diffusion of Cu( I I )  species and adsorption on 
the oxide surface 

(ii) Cu 2+ ~ Cu + ~ �9 (cathodic react ion at A) 
(iii) Cu + + 1/2 H20 --> 1/2 Cu20 + H + 

( iv)  movemen t  of O from A to B 
(v) �9 -t- Cu~ "-> Cu+ (anodic react ion at B) 
(vi)  Cu + + V2H20~  1 / 2 C u 2 0 + H  + 

The net cathodic and anodic processes are, respect ively 
the sum of (ii),  (iii) and (v) ,  (v i ) :  

Cu 2+ + 1/z H20 --> 1~ Cu20 + H + + �9 (Ec) 

Cu ~ --~ ~/z H20 -~ ~ --> 1/2 Cu20 -1 u H + (Ea) 

Cu 2+ -~ Cu ~ -~- H20"-> Cu20 --}- 2 H + (Enet) 

It must  be noted that  steps (v) and (vi)  of such a 
mechanism requi re  that  the oxidizing solution be in 
contact wi th  the oxide-meta l  interface for growth to 
occur, since the solution must  provide the oxygen for 
the lattice, otherwise the oxide cannot continue to re-  
move posit ive holes f rom its surface. The crevices 
visible in the ear l ier  electron micrographs (1) would  

appear to provide just  such a solution contact. Pos-  
sible sources of oxygen would be free H20, the aquo 
complex of Cu( I I ) ,  CHsCOO-,  or dissolved O2. (H20 
is used as an example  in the equations above.) Explor -  
atory exper iments  using BF4-  anion and dissolved 02 
removal  indicate that  probably nei ther  the anion nor 
dissolved 02 provides the oxygen. 

In examining the rate curves it wi l l  be shown below 
that  the adequacy of the proposed mechanism depends 
on the assumption that  adsorption of the copper( I I )  
species on the Cu20 surface occurs preferent ia l ly  on 
the most closely packed surface of the oxide. This is 
in tui t ively  reasonable but by no means necessary. It 
may be that  another  mechanism could be devised 
which would not requi re  this feature,  but its na ture  is 
not immedia te ly  obvious. 

The forms of the three rate  curves (Fig. 2, 3, and 4) 
must be examined separate ly  wi th  respect  to the pro-  
posed mechanism because of their  s t r ikingly different 
natures (Fig. 5). 

Oxide growth on the (100) face occurs by an ap- 
parent ly  uniform mechanism over  an extended period 
of t ime (Fig. 2). It might  be noted in passing that  on 
the logari thmic scale employed here  the age of the uni-  
verse  would not fill a double-page  spread of this 
Journal!  The mathemat ica l  form of the growth law, 
as de termined f rom the inverse slope of the log-log 
plot, is very  roughly parabolic (exponent  1.86). The 
parabolic law might  be expected if the posit ive hole 
draft  velocity were  the ra te -de te rmin ing  step: d ( T h ) /  
dt  = K~, where  Th  represents  oxide thickness and 

the drift  velocity. Drift  veloci ty  is proport ional  to 
electric field strength, which in this case is decreasing 
with  increasing thickness, so that  

~- K ' / T h  
Then 

d ( T h ) / d t  z K K ' / T h ,  and (Th) 2 ~ K " t  

The steady growth is also consistent with the topog- 
raphy of the oxide on the (100) face (polyhedra) ,  
since the crevices be tween  the polyhedra  would per-  
mit  the necessary unin te r rupted  solution contact wi th  
the meta l -ox ide  interface. 

The (II0)  face is quite different. Oxide grows on it 
somewhat  faster than on the (I00) face ini t ial ly (ex-  
ponent  1.57), but  only for the first three or four  min-  
utes. Growth then stops almost completely.  Some jus-  
tification for this may be found in the electron micro-  
graphs of the ( l l 0 )  face, which reveal  an unusual ly  
smooth oxide film (I ) .  Apparen t ly  lateral  growth fills 
the crevices be tween oxide nuclei  in this orientation, 
thereby prevent ing  solution contact wi th  the oxide-  
meta l  interface and providing effective protect ion for 
the metal. The very  slow growth which continues to 
occur may be due to a few unfilled crevices or to posi- 
t ive hole conduction to exposed ox ide-meta l  interfaces 
on adjacent  faces of different orientation. It  is in ter-  
esting to observe that  the ini t ial  growth on this face 
is faster than that  on the (100) face; one would not 
expect  this ei ther f rom meta l -a tom packing considera-  
tions or by analogy with the h igh- t empera tu re  dry 
oxidation of copper (12). 

Upon consideration of the probable modes of depo- 
sition of the copper( I I )  ions, however ,  the re la t ive  
rates may  be rationalized. The  epi taxial  relat ionships 
displayed in this system are as follows (13) : the (100) 
copper face requires  the growth of the (111) Cu20 
face paral le l  to it; the (110) meta l  face, the (110) 
oxide face; the (111) metal  face, the (111) oxide face. 
Then, fol lowing the assumption of preferent ia l  adsorp-  
tion on the close-packed face, the (100) and (111) 
metal  faces will  both tend to adsorb copper( I I )  ions 
on the top of the nuclei, thereby producing the ve r t i -  
cal growth governed by the parabolic law; but  the 
(110) meta l  face, having  the thermodynamica l ly  more 
stable (close-packed) (111) faces on the slant sides of 
the nuclei, wi l l  tend to adsorb on the sides. In  this 
case the growth wil l  be predominant ly  lateral,  wi th  
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Fig. 7. Microtopography of oxide growth on thTee principal metal 
crystal faces after 72 hr (2.6 x 105 sec). (a) (100); (b) (110); (c) 
(111). 

the vertical  thickness changing only rather  slowly. The 
drift  velocity, #, will  be essentially constant, and the 
oxide growth wil l  occur by a l inear  law. To the extent,  
then, that la teral  growth predominates  over vertical  
growth, the exponent  in the growth law will  be re-  
duced from 2 toward 1. The faster growth on the (110) 
face, characterized by the lower exponent,  is thus con- 
sistent with the orientat ion of close-packed faces pro-  
duced by epitaxy, as is the almost complete cessation 
of growth after complete coverage has been achieved. 
The slight lowering of the exponent  for the (100) face 
(from the hypothetical  2.00 to the observed 1.86) is 
perhaps also due to appreciable lateral  growth. 

Growth of oxide on the (111) face is also, initially, 
approximately parabolic (exponent  1.99). After  five to 
ten minutes,  however, a slackening of rate occurs like 
that on the (110) face. The electron micrographs at 
this t ime (1) corroborate this, since the surface ap- 
pears to be reasonably uni formly  covered, with few 
crevices to allow solution access to the positive hole 
sink. The rate soon increases again to approximately 
the parabolic value, and after quite a long t ime in -  
creases to near ly  a l inear  rate (exponent  1.0). The in-  
crease appears to be due to etching of the oxide film, 
which would provide renewed solution access to the 
metal. 

Etching is indicated by the electron micrographs 
shown in Fig. 7 for the three faces after 72 hr. These 
electron micrographs were obtained as part  of the 
series described in part  I (1). The conditions of pol- 
ishing, washing, and microscopy are described therein. 
Note that the etching appears to be more pronounced 
on the (100) and (111) faces than on the more or less 
pe rmanen t ly  protected (110) face. Photomicrographs 
(a) and (c) of Fig. 7 indicate that  etching probably 
occurs to roughly the same extent  for the oxide on the 
100 and 111 metal  faces. However, the pat terns of 
etching are  not  at all similar and it is difficult to com- 
pare the two faces' kinetic behavior  on this basis. Close 
examinat ion of Fig. 2 suggests that  there may be a 
slackening of oxidation rate (around 104 sec) like that  
seen clearly in Fig. 4, but  the reproducibi l i ty  of the 
data is simply inadequate  to allow a confident in te r -  

pretat ion in  this way. After  a crevice had opened by 
etching it would presumably  remain  open, since fur-  
ther nucleat ion on the bare metal  could not occur due 
to the surface tension differential between a new n u -  
cleus and the large polyhedra. 

A consideration of etching brings up the question of 
the importance of the effect of pH on the growth pro- 
cess proposed in the mechanism outl ined above, which 
produces H + at localized sites. Although the bu lk  pH 
remained essentially constant  dur ing each experiment,  
local pH changes could profoundly affect the topog- 
raphy. Careful observations of the pH changes during 
the reaction and its pH dependence are present ly  being 
made and will be reported on in a subsequent  part  of 
this series. 

The present  measurements  provide only a possible 
in terpre ta t ion of the growth laws and topography of 
the principal  faces; the proposed mechanism assumes 
existing nuclei  and does not suggest any features of 
the nucleat ion process. P re l iminary  results from the 
pH study which is underway  indicate that the nuclea-  
t ion is quite sensitive to small  pH changes. Other 
studies are contemplated which might  yield more in-  
formation on nucleat ion and confirm or reject the pro- 
posed growth mechanism. It  mus t  also be pointed out 
that  this study does not account for the persistence of 
well-defined oxide polyhedra on the (100) face and 
their merging on the other two faces (1). It is felt that 
this is a feature more of the nucleat ion process than  
of the growth process, and may be due to the sym- 
met ry  mismatching in epitaxy. 
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Effect of Plastic Deformation on 
the Anodic Dissolution of Iron in Acids 

Z. A. Foroulis 

Esso Research and Engineering Company, Florham Park, New Jersey 

ABSTRACT 

The effect of plastic deformation,  introduced by cold-roll ing,  on the 
anodic dissolution of iron was invest igated using shor t - t ime galvanostat ic  
transients  in deaerated HC1, H2SO4, and HC10~ at 25~ Cold-rol l ing was 
found to have no effect on the anodic Tafel  polarization parameters  of iron. 
Anodic Tafel  lines in 1N HC1 have slopes of about 60 my;  the slope is r e -  
duced at h igher  polarizing potentials. For 1N H2SO4 and 1N HC104 the slopes 
were  about 40 my  and 35 mv, respectively.  The results indicate that  the dis- 
solution kinetics of iron is controlled by charge transfer,  and any effect on 
the kinetics of i ron dissolution, due to surface topography, is not observed. 
The var ia t ion of the anodic Tafel  polarization parameters  wi th  the nature  of 
the acid anion is explained by specific adsorption of anions on the iron sur-  
face in competi t ion wi th  O H - .  The decrease in polarization of iron in HC1 
solutions at higher  polarizing currents  (i > 10 _2 amp cm -2) indicates that  
adsorbed C1- may direct ly part icipate in the dissolution process depending 
on the potent ial  region of polarization. 

The published work  re la t ing to the influence of 
mechanical  stress on the electrode behavior  of metals  
in aqueous media is contradictory.  It is well  estab- 
lished that  stresses wi th in  the elastic range change the 
potential  revers ib ly  by less than 1 m v  (1, 2). It is in 
the range of plastic deformat ion and its effect on the 
anodic polarizat ion and corrosion that  many invest iga-  
tors have reported conflicting results and in te rpre ta -  
tions (3-10). It  is clear, then, that  this problem should 
be reexamined.  This paper reports the results of a 
laboratory study on the effect of cold-rol l ing on the 
anodic polarization behavior  of iron in acidic envi ron-  
ments, using shor t - t ime galvanostatic transients. 

Experimental  
The cell used for electrochemical  measurements  con- 

sists basically of three compartments;  the inner  two 
compartments  each approximate ly  100 ml in volume 
are removable  and fitted through ground glass joints 
to the center  compartment ;  these compar tments  con- 
tain one auxi l iary p la t inum electrode each and could 
be deaerated in the same manner  as the large center  
compartment .  Electr ical  communicat ion is achieved by 
means of fine glass fr i t ted discs. The test electrode was 
introduced through the center  compar tment  by means 
of two eccentric joints so that  the distance be tween  the 
test electrode and the top of the Luggin capil lary could 
be adjusted. The tip of the Luggin capillary, about 1 
mm OD, was placed about 1 to 2 mm from the elec- 
trode, so that  screening effects and IR corrections were  
negligible (11). Addit ional  features of the cell include 
a capi l lary stopcock for wi thdrawing  known quanti t ies 
of solution for analysis, a hydrogen bypass a r range-  
ment, and a salt br idge with  a Luggin capil lary filled 
with  same solution as the cell. Greaseless ground glass 
joints were  used to avoid possible contaminat ion f rom 
lubricant.  

The electrodes about 2-3 cm 2 total exposed area 
were  cut f rom remel ted  (in a he l ium atmosphere)  
electrolytic iron castings. The analysis of the iron was 
0.009%C, 0.003% N, < 0.003% S, < 0.004% O, < 
0.001% Cu, < 0.001% Ni. The castings were cold-rolled 
in the direction of the long axis by successive passes to 
a final reduction in thicknesses 20, 40, 50, 60, and 70%. 
After cold-rolling the specimens were aged at R.T. for 
about two years. Before cold-rolling, the castings 
were homogenized in a purified helium atmosphere at 
I050"C for about 48 hr. All the reported results were 
obtained with electrodes made from the above re- 
melted electrolytic iron. The electrode assembly was 

similar to the one described earl ier  (12). Surfaces 
were  abraded through 4-0 emery  paper, pickled in 
same solution as the test solution to remove  effects of 
abrading, rinsed thoroughly in double distil led water,  
and immedia te ly  placed in the solution. 

Solutions were  prepared using reagent  grade acids 
and double distil led water,  one disti l lation of the 
lat ter  being carr ied out in di lute alkal ine potassium 
permanganate.  The following test solutions were  used, 
1N HC1, 1N H2SO4, and 1N HC104. Solutions were  
deaerated by bubbling prepurif ied hydrogen through 
the solution for at least 24 hr prior to a run  and over  
the solution during the run. Addit ional  purification 
of the h igh-pur i ty  commercial  hydrogen was done by 
passing it successively through copper turnings heated 
at 500~ ru then ium catalyst  at 350~ and pal ladium 
catalyst at R. T. The solutions were  preelect rolyzed 
between pla t inum electrodes for about 24 hr  at about 
1.5 ma. Preelectrolyses  were  carr ied out at a poten-  
tial below that  corresponding to appreciable evolu-  
tion of H2 to avoid significant change of pH in the 
solution. Potentials  were  measured against a SCE 
using a vacuum tube mi l l ivol tmeter  (high impedance) .  
Constant current  was obtained through an appropr i -  
ate assembly of decay resistance units f rom a high 
d-c voltage source  (Rext ~ Rcell). F igure  1 shows 

D,R.B. 

_l_ 
V 2 ~-  

T'' I? 

Fig. 1. Experimental setup for polarization measurements. D.R.B., 
current controlling decay-resistance box; Rx, current measuring 
resistance; MS, microswitch activating the relay; VTM, high im- 
pedance vacuum tube voltmeter; REC. POT., recording potenti- 
ometer; REL, relay; VI, relay driving voltage; V2, applied d-c 
voltage; T, test electrode; R, reference electrode; A, auxiliary elec- 
trodes (Pt), enclosed in removable compartments fitted with flitted 
glass disks. 
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Fig. 2. Anodic polarization of iron in acids (H2 sat'd), 25~ 

t h e  e x p e r i m e n t a l  a r r a n g e m e n t  w h i c h  is s i m i l a r  to  t h e  
one  r e p o r t e d  e a r l i e r  (13) .  

In  m a k i n g  a run ,  e a c h  e l e c t r o d e  w a s  i m m e r s e d  in  
s o l u t i o n  a n d  a f t e r  a s t a b l e  c o r r o s i o n  p o t e n t i a l  w a s  
m e a s u r e d ,  s o l u t i o n  s a m p l e s  w e r e  w i t h d r a w n  fo r  F e  + + 
ana lys i s ,  a n d  i m m e d i a t e l y  a f t e r  t h a t  a n o d i c  p o l a r i z a -  
t ions  w e r e  c o n d u c t e d  b y  a p p l y i n g  s h o r t - t i m e  g a l v a n o -  
s ta t i c  t r a n s i e n t s .  T h e  e l e c t r o d e  w a s  s u b j e c t e d  to a 
se r i e s  of s h o r t - t i m e  a n o d i c  pu l se s  ( f r o m  10 to 15 sec 
in  d u r a t i o n )  a t  v a r i o u s  i n c r e a s i n g  c u r r e n t  dens i t i e s .  
In  a f e w  i n s t a n c e s ,  t h e  p o t e n t i a l / t i m e  t r a n s i e n t s  w e r e  
r e c o r d e d  p h o t o g r a p h i c a l l y  o n  t h e  osc i l loscope  s c r e e n  
a n d  e n l a r g e d  s e v e r a l  t imes .  T h e  p o l a r i z a t i o n  c u r v e s  
w e r e  e s t a b l i s h e d  b y  p l o t t i n g  t h e  s t e a d y - s t a t e  p o t e n -  
t i a l  vs .  t h e  a p p l i e d  c u r r e n t  dens i ty .  S i m i l a r  p o l a r i z a -  
t ion  c u r v e s  w e r e  e s t a b l i s h e d  a t  v a r i o u s  d e c r e a s i n g  c u r -  
r e n t  dens i t i es .  

Results 
T h e  t i m e  of s w e e p  fo r  t h e  a n o d i c  g a l v a n o s t a t i c  

t r a n s i e n t s  w a s  d e t e r m i n e d  b y  t h e  t i m e  n e c e s s a r y  to 
r e a c h  s t e a d y - s t a t e  a n d  w a s  a b o u t  10-15 sec. T h e  a n a l -  
ysis  of g a l v a n o s t a t i c  t r a n s i e n t s  a n d  t h e i r  a d v a n t a g e s  
for  p o l a r i z a t i o n  s t u d i e s  w e r e  d i s c u s s e d  e a r l i e r  i n  t h e  
l i t e r a t u r e  (13-15) .  T h e  a p p l i e d  c u r r e n t  d e n s i t y  r a n g e  
was  a b o u t  5 x 10 -5  to  I x 10 -1  a m p  c m  -2. 

In  H2SO4 a n d  HC104 s o l u t i o n s  a f t e r  e a c h  p u l s e  t h e  
e l e c t r o d e  p o t e n t i a l  r e t u r n e d  to t h e  s t e a d y - s t a t e  co r -  
r o s i o n  p o t e n t i a l  u s u a l l y  w i t h i n  a f e w  seconds  so t h a t  
f u r t h e r  pu l se s  w e r e  a p p l i e d  a l m o s t  c o n t i n u o u s l y  
( " c o n t i n u o u s "  p o l a r i z a t i o n ) .  T h e  p o l a r i z a t i o n  c u r v e s  
t r a c e d  w i t h  i n c r e a s i n g  a n d  d e c r e a s i n g  c u r r e n t  d e n -  
s i ty  co inc ide  (Fig.  2) .  I n  t h i s  f igure  a r e  s h o w n  a n o d i c  
p o l a r i z a t i o n  c u r v e s  for  i r o n  in  d e a e r a t e d  s u l f u r i c  a n d  
p e r c h l o r i c  acids.  T h e  u p p e r  c u r v e  is fo r  i r o n  ( c o l d -  
r o l l e d  to 20% r e d u c t i o n  in  t h i c k n e s s )  in  1N HC104. 
T h e  l o w e r  c u r v e  is f o r  i r o n  ( c o l d - r o l l e d  to 40% r e -  
d u c t i o n  in  t h i c k n e s s )  in  1N H2SO4. 

I n  t h e  HC1 s o l u t i o n s  a m u c h  l o n g e r  t i m e  of r e c o v -  
e r y  w a s  n e c e s s a r y  a f t e r  e a c h  p u l s e  b e f o r e  t h e  e l ec -  
t r o d e  p o t e n t i a l  r e t u r n e d  to t h e  s t e a d y - s t a t e  c o r r o s i o n  
p o t e n t i a l  so t h a t  f u r t h e r  pu l se s  w e r e  a p p l i e d  o n l y  
a f t e r  suf f ic ien t  t i m e  h a d  e l a p s e d  fo r  t h e  e l e c t r o d e  p o -  
t e n t i a l  to r e t u r n  to t h e  s t e a d y - s t a t e  c o r r o s i o n  p o t e n -  
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t i a l  ( " i n t e r r u p t e d "  p o l a r i z a t i o n ) .  W h e n  " c o n t i n u o u s "  
p o l a r i z a t i o n  w as  a p p l i e d  in  HC1 so lu t ions ,  h y s t e r e s i s  
w a s  o b s e r v e d  b e t w e e n  t h e  a s c e n d i n g  a n d  t h e  d e s c e n d -  
i n g  p o l a r i z a t i o n  c u r v e s  ( l o w e r  c u r v e  i n  Fig.  3 ) .  I n  
Fig.  3 a re  s h o w n  a n o d i c  p o l a r i z a t i o n  c u r v e s  of i r o n  
( c o l d - r o l l e d  to 20% r e d u c t i o n  in  t h i c k n e s s )  in  1N 
HC1. T h e  u p p e r  c u r v e  w as  d e t e r m i n e d  b y  i n t e r r u p t e d  
p o l a r i z a t i o n .  T h e  l o w e r  c u r v e  w a s  d e t e r m i n e d  b y  
c o n t i n u o u s  p o l a r i z a t i o n ,  a n d  a h y s t e r e s i s  w a s  o b s e r v e d  
b e t w e e n  t h e  a s c e n d i n g  a n d  d e s c e n d i n g  p o l a r i z a t i o n  
cu rves .  

C o l d - r o l l i n g  w a s  f o u n d  to h a v e  no  effect  on  t h e  
a n o d i c  Ta fe l  p o l a r i z a t i o n  p a r a m e t e r s  of i ron .  T h e  
anod ic  Ta fe l  l ines  in  1N HC1 h a v e  s lopes  ~fe of  a b o u t  
60 _+ 8 m v  a t  c.d. 10 -4  to  10 - z  a m p  c m  -2, a n d  a r e  
t h e  s a m e  fo r  b o t h  t h e  a n n e a l e d  a n d  c o l d - r o l l e d  i r o n  
as s h o w n  in  Fig.  4. T a f e l  s lopes  in  HC1 s o l u t i o n s  w e r e  
d e t e r m i n e d  f r o m  t h e  a s c e n d i n g  p o l a r i z a t i o n  c u r v e s  
e s t a b l i s h e d  b y  c o n t i n u o u s  po l a r i za t i on .  I n t e r r u p t e d  
p o l a r i z a t i o n  g a v e  i d e n t i c a l  T a f e l  s lopes.  

F i g u r e  5 s h o w s  t h e  d e p e n d e n c e  of t h e  a n o d i c  T a f e l  
s lopes  a t  c.d. 6 x 10 -4  to  2 x 10 -2  a m p  c m  - 2  fo r  i r o n  
d i s s o l u t i o n  on  t h e  d e g r e e  of c o l d - r o l l i n g  fo r  H2SO4, 
HClO4 acids.  A s lope  of a b o u t  40 _ 10 m v  w a s  f o u n d  
for  1N H2SO4 a n d  a b o u t  35 • 8 m v  fo r  1N HC104. In  
b o t h  ac ids  t h e  s lopes  w e r e  t h e  s a m e  fo r  t h e  a n n e a l e d  
as w e l l  as t h e  c o l d - r o l l e d  s p e c i m e n s .  

A t  c u r r e n t  d e n s i t i e s  h i g h e r  t h a n  10 -2  a m p  cm -2, 
t h e  Ta fe l  s lope  in  HC1 is r e d u c e d  to a b o u t  40 m y  or  
lower ,  b u t  t h e  r e p r o d u c i b i l i t y  of t h e  s lope  in  t h i s  
r e g i o n  of p o l a r i z a t i o n  w a s  p o o r  a n d  in  m a n y  r u n s  a 
s lope  of ze ro  w a s  o b s e r v e d .  As  c a n  be  s e e n  f r o m  Fig.  
3 in  HC1, i r o n  does  n o t  p o l a r i z e  s i gn i f i c an t l y  a t  a n o d i c  
c u r r e n t  h i g h e r  t h a n  10 -2  a m p  cm -2. I n  HC104 a n d  
H2SO4, a t  c.d. 2 x 10 . 2  to 10 -1 a m p  c m  -2  or  h i g h e r ,  
p o l a r i z a t i o n  of i r o n  d e v i a t e s  f r o m  t h e  Ta fe l  l i ne  a n d  
i n c r e a s e s  a p p r e c i a b l y .  Th i s  d e v i a t i o n  is p r o b a b l y  d u e  
to IR c o n t r i b u t i o n  a n d  in  p a r t i c u l a r  to  c o n c e n t r a t i o n  
p o l a r i z a t i o n  d u e  to d i f fus ion  l i m i t e d  m a s s  t r a n s p o r t  
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of O H -  at the iron surface sites. It is, therefore,  
ra ther  apparent  that  the significant decrease in polar -  
izabili ty of iron in HC1 at c.d. h igher  than 10 -2 amp 
cm -2 is associated wi th  chloride ions which direct ly  
part icipate  in the dissolution process by adsorption 
and eventual  complex format ion with  the iron surface 
atoms. 

Exchange  current  densities for the anodic dissolu- 
tion of i ron (io.Fe) were  de te rmined  by extrapola t ion 
of the Tafel  lines to the revers ible  potent ial  of i ron in 
each solution tested. The concentrat ion of Fe  ++ in 
each solution was de termined  by calor imetr ic  analysis 
prior  to each polarizat ion using the or thophenanthro-  
line ca lor imetr ic  method (16). Revers ible  potentials  
were  calculated using the Nernst  equat ion and the ac- 
t iv i ty  of Fe  + + in solution. Act iv i ty  coefficients were  
calculated from the Debye-Hi ickel  theory  using equa-  
tion (17) 

0.358 Z 2 r 1/2 
log~ = - -  [1] 

1 - b l O  s a 0 ,2325  r 1/2 

where  f is the ra t ional  act ivi ty coefficient for Fe  2+, 
is the effective d iameter  of the hydra ted  Fe 2+ (~ ~- 

6 x 10 - s  cm),  Z is the charge on each Fef+ in solu- 
tion, and r = 2 I(m) where  I(m) = ~iT~iZfi is the 

ionic strength of the solution taking into considera-  
tion all the ionic components of the solution. The ac- 
t iv i ty  coefficients were  calculated because of the lack 
of exper imenta l  data on act ivi ty coefficients of Fe 2+ 
in HC1 solutions. The error  in io, Fe introduced by cal-  
culat ing the act ivi ty  coefficients by use of Eq. [1] is 
small  in comparison with  that  produced by small  er-  
rors in the e~per imenta l ly  determined Tafel  slopes. 

As can be seen f rom Table I, for any par t icular  acid 
solution the io.Fe was found to be independent  of the 
degree of cold-roll ing. However ,  it var ied substantial ly 
with the nature  of the acid anion and was of the 
order  of 10 -I~ amp cm -2 for 1N HC1, 10-~3 for 1N 
H2SO4, and 10 -16 for  IN HCIO~. The exper imenta l  
analyses for Fe ~-+ in solution for a typical  set of runs, 
together  wi th  the calculated activities and revers ible  
p o t e n t i a l s  (EFe. Fef+) are given in Table I. 

Anodic polarization ( E m e a s ' d  ~ E c o r r )  at 10 ma cm-~  
de termined  for iron in various solutions f rom the 
polarizat ion curves as a function of per  cent reduc-  
tion in thickness by c01d-rolling is given in Fig. 6. 
F igure  6 shows that  the anodic polarizat ion at 10 
m a c m  -2 is the same for the annealed iron as wel l  as 
iron cold-rol led clown to 70% reduct ion in thickness. 
However ,  the anodic polarizat ion depends on the acid 
anion and is about 145 mv  in 1N HC1, about 65 mv  in 
1N H2SO4, and about 52 m v  in 1N HC104. Similar  
independence of the anodic polarization on the degree 
of cold-rol l ing was observed at an applied current  of 
2 ma cm -2. 

Table I. Dependence of exchange current for iron dissolution in 
acids on the degree of cold-rolling 

A c i d  

% E x c h a n g e  Fe~+ 
T h i c k n e s s  c u r r e n t  C o n c e n -  

r e d u c t i o n  by  io, Fe, t r a t i o n  A c t i v i t y  Erevcr . ,  
c o l d - r o i l i n g  a m p / c m ~  M M caIc ,  V 

1 N H C 1  A n n e a l e d  7.9 • 10-12 198 x 10-5 4.1 • 10-~ - -0 .600  
1 N H C 1  20 6.3 • 10-11 1.5 x 10-5 3.1 • 10-~ - -0 .603  
1 N H C 1  40 1 X 10-1z 3.5 • 10-5 7.3 • 10-~ - -0 .592  
1 N H C I  50 5 x 1 0 - ~  2 .37 • 10-~ 4.9 • 10 -~ - -0 .597  
1N HC1 60 1.6 • 1 0 - n  2.67 x 10-s 5.5 • I0-~ --0.595 
1 N H C 1  70 7.9 x 10-n 1.98 • 10-5 4.1 x 10-~ --0.599 

1NHeSOr Annealed 1.2 • 10-~ 2.04 x 10-5 3.8 • 10-~ --0.600 
1NH.~SO~ 20 2.5 X 10-~  1.35 • 10-5 2.5 x 10 -e - -0 .606  
1NH~SO4 40 2.5 • 1 0 - ~  3.27 x 10-5 6.08 • 10-e - - 0 . 594  
1NH~SO~ 50 1 x 10-~ 1.26 X 10 -~ 2.34 X I0 -~ --0,607 
INH2SO4 60 1.2 X I0 -I~ 2.0 X 10-5 3.7 • I0-~ --0.601 
1 N H f S O ~  70 6.3 • 10 -1~ 1.84 • I0-5 3.42 X I0 -e --0.602 

1 N H C I O 4  A n n e a l e d  3.1 X 10-1o 2.2 • 10-5 4.6 X 10-~ - -0 .599  
INHCIO4 20 7.9 x I0 -~o 1.9 • 10-5 3.9 x I0-~ --0.600 
I:N HCIO, 40 6,3 x I0 -17 2.03 • 10-5 4.2 x 10-e --0.598 
1NHCIO4 50 1.6 x 10-:e 1.55x 10-5 3,21 X 10 -~ --0.603 
1N HC1Ot 60 5 • 10-17 3.45 X 10-5 7.13 X l 0  -e - -0 .592  
1 N H C 1 0 4  70 1 • 10-1~ 2.51 X 10-a 5.2 • 10 -~ - -0 .596  
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Fig. 6. Dependence of onodic polarization (Emeas'd - -  Ecorr.) at 
10 mo/cm 2 for iron dissolution in acids on the degree of cold- 
rolling, 25~ 

Discuss ion  

It is wel l  known that  an equi l ibr ium meta l  surface 
is characterized by a distr ibut ion of steps each hav-  
ing a large populat ion of kinks. The nonequi l ibr ium 
metal  surface has, in addition, a large distr ibution of 
steps arising f rom dislocations having a component  of 
the Burger 's  vector  normal  to the surface and numer -  
ous other steps arising f rom the mechanism of growth 
of that  par t icular  surface. 

An  annealed polycrystal l ine iron specimen is 
bounded by numerous  such surfaces of various crys-  
tal lographic orientations, which are separated by or-  
d inary high angle grain boundaries  of ra ther  high 
surface energy. Cold-rol l ing  such an iron specimen 
introduces numerous  dislocation loops which are  ar -  
rayed in their  slip planes. They are prevented  f rom 
re t rea t ing  into their  sources when  the deforming 
force is no longer  applied by format ion of 3ogs as a 
resul t  of intersection with  other  dislocations, by be- 
coming "locked" by interact ion with other  disloca- 
tions, because their  source may  have moved  out of 
the slip plane in which the loops have originated, or 
because parts of the loops may have emerged  at a 
free surface or into a grain boundary. Dur ing  severe  
deformation,  arrays of dislocations are produced on 
several  intersect ing sets of slip planes, so that  numer -  
ous parts of dislocation loops are emerging  at a free 
surface. Severe  co ld-working  is known to increase 
the density of dislocations f rom perhaps I0 s for an- 
nealed iron to 10 TM dislocat ions/cm 2 (18). 

Another  major  effect of deformat ion is on the ori-  
entations of the grains. It is known that  the deforma-  
tion of a randomly  oriented polycrysta l l ine  specimen 
results in mater ia l  wi th  a p re fe r red  orientation,  the 
grains tending to approximate  progress ively  to one 
or more  wel l -def ined orientations. Cold-rol l ing of 
iron produces a p re fe r red  orientat ion of the (001) 
crystal  face paral le l  to the rol l ing plane (19). In 
addit ion to a high content  of dislocations, cold-rol l ing 
produces a considerable excess of vacancies as a re -  
sult of the movemen t  of jogs in directions that  do not 
correspond to slip. However ,  it is expected the ex-  
cess vacancies anneal  dur ing the long R.T. aging of 
our specimens af ter  cold-roll ing.  

Let  us now consider the dissolution of a specimen 
bounded by such surfaces in contact wi th  an elec-  
trolyte. At  tempera tures  below the cri t ical  t empera -  
ture  of surface roughening (20) such surfaces are 
expected to be character ized by large numbers  of 
equi l ibr ium and nonequi l ibr ium steps and kinks. Con- 
sequently,  such surfaces have  been considered (7) to 
be able to dissolve at least ini t ia l ly  by the la tera l  mo-  
tion of such steps in accordance with  the crystal  
growth and dissolution theories (21-23). Jenkins  (24) 
found that  under  certain conditions the dislocations 
played a role in the dissolution process of the (100) 
copper surface at low current  densities in deaerated 
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solutions of acidified CuSO4. He showed that at cur-  
rent  densities of about 2 ga /cm 2 dissolution occurred 
only f rom the steps on the surface that  resul t  be-  
cause of the difficulty of prepar ing a perfect  crystal  
face. At  current  densities of about 10 ga /cm 2, pi t t ing 
at tack was observed at dislocations unti l  finally the 
pits grew in size and a faceted surface resulted. The 
above exper iments  were  carr ied out under  low over -  
potential,  to which crystal  growth and dissolution 
theories might  be applicable. However ,  during anodic 
dissolution of iron in acid solutions, the anodic over -  
potential  is much higher, and it probably plays a 
dominant  role in de termining the kinet ical ly slow 
step in the over -a l l  react ion path of anodic iron dis- 
solution. 

It is more l ikely that  at the high overpotent ials  
(large dr iving free energy)  necessary to establish the 
anodic polarization curve  for iron homogeneous dis- 
solution occurs anywhere  on the surface, and any 
e f f e c t  due to surface topography is lost. This is in 
accord with the present  data indicating that, in the 
t h r e e  acid solutions used, cold-rol l ing was found to 
have no effect on the Tafel  parameters  (io, Fe, f l ee )  for 
anodic dissolution of iron (Fig. 4 and 5 and Table I),  
or the anodic polarization (Fig. 6). 

In sulfuric acid solution the observed Tafel  slope of 
40 my/decade,  i.e., 2/3(2.303RT/F) in the region of 
current  density 6 x 10 -4 to 1.5 x 10 -2 amp cm -~ is in 
agreement  wi th  results obtained by Bockris et al. (13) 
and more recent ly  by Kel ly  (25) for iron in acidic 
sulfate solutions. For  the anodic dissolution of iron 
in sulfuric acid solutions, the mechanism proposed by 
Bockris et al. (13) can be expressed in terms of the 
fol lowing equations. 

Fe q- O H -  ~ Fe(OH)ads q- e -  [2] 

Fe(OH)ads--> (FeOH) + -b e -  (rate determining)  [3] 

(FeOH) + = Fe + + q- O H -  [4] 

in which the surface species Fe(OH)ads act as a reac-  
tion intermediate.  

In 1N HC1 solution the observed Tafel  slope of 60 
my/decade ,  i.e., (2.303RT/F) during in ter rupted  po- 
larization exper iments  or during continuous polar iza-  
tion f rom the ascending curve, in the region of cur-  
rent  density 10 -4 to 10 -2 amp cm -2 is consistent with 
the fol lowing mechanism 

Fe -[- O H -  --> Fe(OH)ads q- e -  ( ra te -de te rmining)  [5] 

Fe (OH) ads--> Fe (OH) + q- e -  ( ra te -de te rmining)  [6] 

Fe (OH)  + ~ F e  ++ -k O H -  [7] 

in which the O H -  competes wi th  the C1- for the 
metal  surface sites. 

Tafel  slopes of 54 m v / d e c a d e  in chloride solutions 
w e r e  repor ted  by Makrides et al. (26), 68 my /decade  
by Stern  and Roth (27), and 30 my /decade  in HC1 
(pH ~ 1.5) by Lorenz et al. (28). The difference in 
Tafel  slopes obtained by the various invest igators can 
be a t t r ibuted to the various chloride anion concen- 
trations and the exper imenta l  techniques used. Re-  
cently, it has been recognized (29) that  shor t - t ime 
galvanostatic transients  offer many advantages over  
conventional  polarizat ion techniques which often give 
rise to complex results difficult to interpret .  

In 1N HC104 solution the observed Tafel  slope of 
35 mv/decade ,  i.e., (2.303RT/2F) is consistent wi th  the 
fol lowing mechanism: 

Fe -k O H -  ~ -  Fe(OH)ads q- e [8] 

Fe(OH)ads --> Fe + + -F O H -  -k e ( ra te -de termining)  
[9] 

The observed Tafel  slope is in agreement  with the 
results of Bonhoeffer and Heusler  (30) who found for 
iron in perchlora te  solutions at 20~ a slope of 30 
mv/decade .  

The observed hysteresis in the anodic polarization 
of iron in HC1 during continuous polarization (Fig. 3) 
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Fig. 7. Anodic polarization curves for iron illustrating the in- 
fluence of the Tafel  slope, fl, and the ferrous ions activity in 
solution, O~Fe+ + ,  on the exchange current, io, Fe, in three acids. 

is probably due to adsorption of C1- and the eventual  
complex format ion with the iron surface atoms at 
higher  polarizing potentials. This phenomenon wil l  
be discussed in more detail  in another  paper (31). 
Part icipat ion of anions such as CI - ,  B r - ,  I -  in the 
dissolution of cadmium and indium amalgams was 
proposed by Kolotyrkin  (32). Heusler  and Cart ledge 
(33) also suggested that the iodide ion part icipates 
in the anodic react ion of iron dissolution. 

The large var ia t ion of the exchange currents  f or  
anodic dissolution of iron (io, Fe) wi th  the nature  of 
the acid anion shown in Table I can be realized if one 
considers the difference in the Tafel  slopes for the 
various acids and the low act ivi ty of Fe  + + in solu- 
tion, necessitating extrapolat ion of the Tafel  slopes 
to the fair ly act ive potential  of the revers ible  iron 
electrode in these solutions (EFe, F e + + )  in order to 
establish the io~fe. This is shown in Fig. 7. It is also 
obvious that  a small  error  in the exper imenta l ly  de-  
te rmined Tafel  slopes produces a l a r g e  e r r o r  in io,Fe. 
This explains the large scatter in io.fe values ob- 
served (Table I) for the same acid. 

In determining the revers ible  electrode potent ial  
EFe, Ee+ + using the Nernst  equation, the same value 
of the standard electrode potential  E~ Fe+ + 
--0.440v vs. SHE was used for both cold-rol led and 
annealed iron electrodes. This is justified because of 
the lack of precise data on the effect of cold-rol l ing 
on the revers ible  standard electrode potential  of iron, 
which in any case is very  s m a l l j  

The lack of any effect of cold-rol l ing on the Tafel  
polarization parameters  of iron dissolution in acids 
and also the acid anion dependence of this react ion 
suggest that  at high polarizing potentials necessary to 
establish the anodic polarization curves (large dr iv-  
ing free energy)  homogeneous dissolution takes place 
direct ly  f rom the surface and it is independent  of 
the number  of kink sites on the iron surface. The ra te  
of anodic dissolution is kinet ical ly  controlled by the 
charge transfer  step. The nature  of the r a t e -de te rmin -  
ing charge t ransfer  step depends on the nature  of 
the acid anion as can be seen from Eq. [3], [5], [6], 
and [9]. 

Recently, Greene and Sal tzman (8) reported an in- 
crease, with plastic deformation, of the exchange cur-  
rent  density for anodic dissolution of iron and s t e e l  
in 1N H2SO4. They in terpre ted  their  results to indi-  
cate that  iron dissolves dur ing anodic polarization, 
preferent ia l ly  f rom dislocation sites because of the 
l o w e r  bonding energy of i ron atoms at such sites. 
This explanation,  however ,  is not compatible with 
the small  increase in residual  energy (approximate ly  
5 ca l /g)  of severely  co ld-worked  iron (34), and in 

x F o r  i r on  the  inc rease  in  i n t e r n a l  e n e r g y  b y  s e v e r e  c o l d - w o r k i n g  
was  m e a s u r e d  c a l o r i m e t r i e a l l y  to be  a b o u t  5 c a l / g  (34). Neglec t ing  
e n t r o p y  effects,  t h i s  v a l u e  of e n t h a l p y  c h a n g e  co r responds  to a 
c h a n g e  of p o t e n t i a l  of a b o u t  6 m v  (35). H o w e v e r ,  as s h o w n  b y  
Titchener  and B e v e r  (34) the  c h a n g e  in  e n t r o p y  by  c o l d - w o r k i n g  
a m e t a l  is  p o s i t i v e  and  t h u s  t he  c h a n g e  of p o t e n t i a l  due  to cold- 
work ing ,  cor rec ted  fo r  e n t r o p y  effects,  s h o u l d  be  less  t h a n  6 my.  
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part icular  with the high overpotentials involved dur -  
ing anodic polarization of iron in 1N H2804. Our own 
work, on the other hand, has not shown an effect of 
plastic deformation on the anodic Tafel polarization 
parameters.  The increase noted by Greene and Saltz- 
man must, therefore, have another explanation. The 
above authors reported that the specimens (wires) 
after torsional deformation, by twist ing them a n u m -  
ber  of times, were degreased in benzene, r insed in 
water, and dried before testing without  addit ional 
polishing of the twisted wire surface. It is possible, 
therefore, that  the torsional s t ra ining produced an 
increase of true surface area with accompanying 
higher exchange current  densities. 

It remains  our conclusion, therefore, that at high 
overpotentials the anodic iron dissolution is kinet ical ly 
controlled by the charge transfer  step, and it is in -  
dependent  of the number  of k ink sites introduced by 
cold work on the iron surface. 

Details on the kinetics of anodic dissolution of iron 
in various acidic envi ronments  are not given in the 
present paper since the purpose of this report is to 
discuss the effect of cold-roll ing on the anodic po- 
larization behavior of iron. However, the kinetics of 
anodic dissolution of i ron will be discussed in detail 
in another report. 
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The Role of the Anion in the Anodic Dissolution of Magnesium 
P. F. King 1 

Metallurgical Laboratory, The bow Metal Products Company, 
Division of The bow Chemical Company, Midland, Michigan 

ABSTRACT 

In a number  of aqueous envi ronments  the increase in the corrosion rate 
(ic) of magnes ium with an increase in impressed anodic current  (i) is ex-  
pressed by 

d ic 
- - ~ - - T a  

di 

where Ta is the t ransport  number  of the anions of the electrolyte. This adds 
confirmation to the viewpoint  that film damage by anions rather  than metal  
spalling or the production of monovalent  magnesium ions is the chief con- 
t r ibutor  to the current  inefficiency observed with magnes ium anodes. The 
same equation holds for the decrease in corrosion rate of magnesium with 
applied cathodic current  in acids, indicating that anion supply to the metal  
surface is controll ing that  process, also. 

Because of its low equivalent  weight and its active rant as an anode for cathodic protection and in pri-  
potential  under  load, magnesium has become impor-  mary  cells. However, the full  benefit of magnesium's  

low equivalent  weight is not realized. Instead, the 1Presen t  address: Pa rke r  Rust  Proof Division, Hooker  Chemical  
Corporation, Detroit,  Michigan. anode consumption is substant ia l ly  greater than that  
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calculated f rom Faraday 's  law and the formation of 
d ivalent  magnesium ions as the sole electrode process. 
This excess meta l  loss results in an increase in the 
amount  of hydrogen at the anode above that  evolved 
on open circuit  in contrast  to the decrease observed on 
other, less act ive metals. Since the decrease has been 
known historically as the difference effect (1), the in-  
crease as observed with magnesium has long been 
known as the negat ive difference effect. 

The causes ~or the coulombic inefficiency of the 
magnes ium anode have been the basis for much re-  
search and conjecture.  Explanat ions that  have been 
offered for the inefficiency include: (a) the formation 
of metastable,  monova]ent  magnesium ions as wel l  as 
the divalent  ions (2-5);  (b) the loss of metal  by spall-  
ing (6-8);  and (c) corrosion that  is accelerated 
through damage to the protect ive film by the im- 
pressed current  (9, 10). 

In an earl ier  publication, Robinson and King (10) 
expressed the v iew that  the film damage explanat ion 
offered a reasonable and sufficient description of the 
excess consumption, the s teady-s ta te  potential,  and 
the t ransient  potential  behavior  of the magnesium 
anode. According to this view, the consumption of the 
anode (it) can be represented as the sum of the ap- 
plied and local a c t i o n  currents  (i and iv o, respect ively)  
and the excess weight  loss caused by the applied cur-  
rent  I f ( i ) ]  

i t  = i + I ( i )  + ic ~ [1] 

In many environments ,  as discussed previously (10), 
f ( i )  has been shown to be direct ly proport ional  to i, 
so that  for these environments  Eq. [1] can be re-  
wr i t ten  

i t  = i + k i  -k ic ~ [2] 

If we define the excess corrosion rate  ic as 

ic = i t  - -  i [3] 
f rom Eq. [2] we have 

ic -~ k i  -b ic ~ [4] 

and differentiat ion gives 

die 
= k [5] 

d~ 

We suggested previously  that  this is t rue because 
the number  of anions t ransported to the anode and, 
therefore,  the amount  of film damaging soluble mag-  
nesium salts at the anode increases l inear ly  wi th  cur-  
rent. Thus, a logical extension of the above reasoning 
is that  k in Eq. [2], [4], and [5] and the anion t rans-  
port  number  ~a should be s imply related.  Indeed since 
both are dimensionless numbers,  they might  be equal. 
The work  to be described here was planned to test 
this hypothesis. 

Experimental Details 
The exper iments  were  carr ied out in the fol lowing 

manner.  P r imary  magnes ium was chosen for study be-  
cause of its re la t ive  pur i ty  (98.5%), availabil i ty,  and 
the unlikelihood, as deduced f rom the work  repor ted  
by Robinson and George (11), that  impuri t ies  have  
much effect on the efficiency of the magnesium anode 
at high enough cur ren t  densities. A 2.5 X 0.5 cm 
cylindrical  p r imary  magnesium anode was mounted  
in a glass holder  as previously described (10) and im-  
mersed in a round bot tom flask containing addit ional  
openings for p la t inum working  electrodes and a capil-  
lary  reference  probe. The la t ter  was used only to in-  
sure that  the anode had not become passive dur ing 
the measurements .  

The exper iments  were  run  at room tempera tu re  
(20 ~ __ 2~ in stagnant  solutions made  f rom chemi-  
cally pure salts and distil led water .  The exper iments  
in acidic environments  were  usual ly  of 5-min dura-  
tion. In salt solutions under  anodic drain, t imes were  
adjusted to give weight  losses of the order  of 50 rag. 
Where  currents  greater  than 100 m a / c m  2 were  re-  

quired, the anode area was reduced by the use of elec- 
t roplater ' s  tape. Before  use, the specimens were  pick- 
led for 1 rain in the s o - c a l l e d  a c e t i c - n i t r a t e  pickle 
(5% N a N Q ,  40% acetic acid, r emainder  distilled 
wate r ) ,  thoroughly r insed and dried before weighing. 
At the conclusion of electrolysis they were  rinsed 
wi th  distil led water ,  cleaned unti l  cleaning action 
stopped at 90~ in 20% chromic acid containing a 
pinch of AgNO3, rinsed, and once again dried thor-  
oughly before weighing. Where  eleetroplater ' s  tape 
was used, this final drying took considerable time. 

Results and Discussion 
In order to test the hypothesis that  the constant k 

in Eq. [2], [4], and [5] is equivalent  to the t ransport  
number  of the anion of the electrolyte  under  study, 
the anodic dissolution rate of magnesium was tested 
at a number  of current  densities in six electrolytes 
selected for wide var ia t ion  in t ransport  properties.  
The results  of these tests ' are shown in Fig. 1-5. In 
Fig. 6 results are summarized wi th  the anion t ransport  
numbers  f rom the l i tera ture  (12) compared with  the 
constant k as calculated f rom Eq. [2]; it should be 
pointed out that  in some cases the l i te ra ture  t ransport  
numbers  are extrapola ted ones. The agreement,  while  
not  perfect,  is good enough and covers a wide enough 
range of values to suggest that  Eq. [5] may be re -  
wr i t t en  

dic 
= Ta  [ 6 ]  

di 

a s t r ikingly simple expression, and one which adds 
addit ional  credence to the theory  developed in the 
ear l ier  publication. 

It  now becomes apparent  why  the observed anode 
efficiency of magnes ium almost always lies be tween 
50 and 100% if measurements  are made  at high enough 
current  densities that  the open-circui t  corrosion is a 
t r iv ia l  port ion of the total  anode consumption. The 
efficiency under  these conditions is defined as 

i 
% eft = X 100 [7] 

i +  ic 

or, substi tuting ~a for k in Eq. [4] and then combin-  
ing Eq. [4] and [7] (continuing to neglect  ic ~ 

I // eo 

~o 

~ 5o 

~ 30 

~ 20 

o~z '  I I I I I I 
I0  20 3o 40 50 60 7o 

APPLIED OURRENT DENSITY 
(J) M A//O M 2 

Fig. 1. Weight loss current density as a function of applied 
anodic current density for primary magnesium in IN potassium 
malonate (�9 0.1N LiCI ([]); 0.1N KC2H30~ ( I ) ;  IN KCHO2 (A); 
and 2N MgCI2 (A). The heavy line represents Faraday's law. 
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Fig. 2. Weight loss current density as a function of applied anodic 
current density for primary magnesium in 1N NaBr (El); 1N KCI 
(O); and 0.1N KCI ( 0 ) .  The heavy line represents Faraday's law. 
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Fig. 3. Comparison of the constant k from Eq. [5] with litera- 
ture ~a values.  The line is theoretical;  that  is, it assumes k = ~a. 

i 100 
% e f f - ~ - - X  100 [8] 

i + T~i 1 + T~ 

and since ~a is bounded by 0 and 1, the efficiency must 
be bounded by 100 and 50%. 

Table I shows a test of Eq. [8] as a method for pre-  
dicting the l imit ing efficiencies. The agreement  be-  
tween the measured and the predicted efficiencies sug- 
gests that  Eq. [8] wi l l  be of practical  va lue  in the 
selection of electrolytes.  

The results  suggest that  each anion equivalent  which 
reaches the  magnes ium surface removes,  in some man-  
ner, an equivalent  of magnesium over  and above that  
which is put  into solution by the externa l  anodic cur-  
rent. The exact  mechanism by which  this occurs is 
still unclear.  However ,  since the l imit ing anodic effi- 
ciency of magnes ium thus appears to bear  a quant i ta -  
t ive relat ionship to the electrochemical  propert ies  of 

o _ _ L  I _1 t I I_ I 
O 20 4.0 60 gO I OO I RO 140 160 

APPLIED CATHODIC CURRENT DENSITY (i)MA//GM ~ 

Fig. 4. Weight loss current density as a function of applied 
cathodic current density for primary magnesium in H2SO4 at pH 
1.1 and in HCI at p H  1 .1 .  The lines are drawn with slopes cor- 
responding to ~a in H 2 S O 4  -~- 0.18; ~a in H C I  ~ 0 . 1 7 .  
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APPLIED CATHODIG GURRENT DENSITY ( i )  N1A/CM ~ 

Fig. 5. Weight loss current density as a function of applied 
cathodic current density for primary magnesium in 1N NaC2H302 
containing 0.1N H C 2 H 3 0 2 .  

the environment ,  it seems unl ikely  that  Mg + formation 
and metal  spall ing can be an impor tant  part  of the 
process. It  should be pointed out that  there  is no doubt 
that  some magnes ium spall ing does occur. One can 
sometimes see meta l  in the anodic corrosior~ products. 
If one tries to l iberate  hydrogen f rom this corrosion 
product  with acid in these cases, however ,  one can 
account for at most only a few per cent of the waste-  
ful corrosion. In addition, only a few per cent of the 
corrosion product  appears to be solid meta l  by x - r a y  
diffraction examination.  

It also appears that  Ta is the appropriate  coefficient 
for the l inear reduct ion of the corrosion rate  of mag-  
nesium in acids wi th  applied cathodic current  which 
was observed by Coates (13) and Roald and Beck 
(14). These authors did not a t tempt  to explain this 

l inear i ty  beyond Roald and Beck's comment  that  

Table I. Comparison of experimental and theoretical 
efficiency values 

Eff ic iency c a l c u l a t e d  f r o m  

C o n c e n t r a -  L i t e r a t u r e  t r a n s p o r t  E x p e r i m e n t a l  
Sa l t  t ion ,  N n u m b e r s ,  % eff iciency,  % 

MgCI~ 2 61 65 
KCHOe 1 70 78 
KCeI~O~ 0.1 75 80 
LiC1 0.1 60 56 
P o t a s s i u m  2 87 81 

m a l o n a t e  
N a B r  1 62 59 
KCI  1 67 66 
KCI  0.I  67 65 
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t ransport  within the diffusion layer  might  be respon-  
sible. In contrast  to the anodic case where  the detailed 
mechanism remains obscure to the author, a reasona-  
ble physical picture of this situation can be proposed. 

It is general ly  agreed (13-16) that  on open circuit  
the dissolution of magnesium is control led by the dif-  
fusion of acid to its surface. The over -a l l  react ion is 

Mg + 2HA->H2t + MgA2 

where  A stands for the anion of a magnesium salt 
which must be soluble to prevent  film growth with  
concomitant  stifling of the reaction. Because preserva-  
tion of charge requires  that  both protons and anions 
diffuse to the surface at the same rate, protons to pro-  
vide the cathodic reaction and anions to sustain the 
solubili ty of magnes ium are equal ly  available to sus- 
tain dissolution. 

If now magnes ium reacting wi th  pure aqueous acid 
is made  a cathode, the current  carr ied by protons 
reaching the magnesium surface wil l  be increased by 
�9 H+i. However ,  since the applied cathodic current  
must  l iberate  hydrogen at the cathode at a rate  equal  
to i, it follows that  

i c ~ - i c o + T H + i - - i - - - - i c  o -  ( 1 - -  ~n+)i  [9] 

Because (1 --  ZH+) = "a for the pure acid, Eq. [9] 
can be restated as 

ic= ic ~ -- Tat [i0] 

which is the same equat ion one would  deduce if 
anion supply, being reduced by t ransport  away from 
the surface by cathodic current,  were  controll ing the 
dissolution rate. That  these equations do apply to the 
present  case is shown by Fig. 4, which compares the 
reduct ion of ic by impressed cathodic current  for mag-  
nesium in di lute H 2 S O 4  and dilute HC1 at pH 1.1 with 
lines having slopes of --0.18 and --0.17 corresponding 
to the respect ive ~a values for each acid. 

I t  appears that  distinction can be made be tween  the 
re la t ive  importance of proton t ransport  and anion 
t ransport  by using a buffer where in  the dissociation 
of the acid is great ly  suppressed. Figure  5 shows the 
results for the dissolution of a magnesium cathode in 
0.1N HOAc plus 1N NaOAc. In this system TH4 should 
be trivial .  Thus, ~a should be approximate ly  0.42, 
which is the t ransport  number  for acetate ions in 1N 
NaOAc, whi le  (1 - -  ~H+) should be very  close to 
unity. The line in Fig. 5 has a slope of --0.41. There-  
fore, it appears that  under  impressed cathodic current  

ic = ic ~ - -  ~a i  > ic  ~ - -  (1  - -  TH+ ) i [11] 

This suggests that  the rate  of supply of anions ra ther  
than the rate  of supply of protons controls the rate of 
dissolution of magnesium in acids. A simple rat ionale 
for this result  is that  so long as film growth is 
thwar ted  by the format ion  of soluble react ion prod-  
ucts, the reduct ion of water  is able to sustain the rate. 
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Summary 
The excess corrosion of the magnes ium anode at 

currents  high with  respect to open-circui t  corrosion 
currents  appears to be related quant i ta t ive ly  to the 
rate  of a r r iva l  of the anions of the electrolyte  at the 
anode surface. That is, the excess corrosion is equal  
to ~ i ,  where  "~a is the t ransport  number  of the anion 
involved and i is the applied anodic current.  Thus, the 
increase in the wasteful  corrosion ra te  wi th  increas-  
ing anodic current,  dic/di is simply ~a. 

Correspondingly,  in acids the corrosion of magne-  
sium is decreased by cathodic current  since anions are 
thereby transported away f rom the magnesium sur-  
face. The proport ional i ty  constant be tween the ap- 
plied current  and the decrease in corrosion rate  again 
is ~a. 

These observations support  the view that  anion pro-  
moted f i lm-damage and a resul tant  more  or less direct 
react ion of the under ly ing magnes ium with  wate r  is 
responsible for the nonfaradaic corrosion of the mag-  
nesium anode in aqueous environments .  

Manuscript  received Aug. 20, 1965; revised manu-  
script received Feb. 20, 1966. This paper was presented 
at the Buffalo Meeting, Oct. 10-14, 1965. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Correction 
In the paper  "Concentrat ion Gradients  at Horizontal  

Electrodes" by R. N. O'Brien which appeared in the 
Apri l  1966 issue of the Journal ,  pp. 389-392, the pr in-  
cipal formula  was pr inted incorrectly.  It  should be 

A C ( x , t )  
2h /Dt / I  2 I l t -  

nFD 
ierfc 

l - - x / l  

2~/Dt/L~ 



The Oxidation of GaP and GaAs 
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ABSTRACT 

Thermal  oxidation of GaP and GaAs by oxygen has been studied. GaP on 
oxidation undergoes a violent  exothermic  reaction at 1130 ~ _+ 20~ The prod-  
ucts of the oxidation of GaP are the christobali te form of GaPO4 as a p r imary  
product and /~-Ga203 as a secondary product  (about 5 w / o ) .  GaAs on oxida-  
tion undergoes a mild exothermic  reaction at 840 ~ +--- 10~ The products  of 
this reaction are fl-Ga203 as a p r imary  product  and the low quartz  form of 
GaAsO4 as a secondary product  (about 10 w / o ) .  The GaAsO4 at t empe ra -  
tures higher  than 1000~ decomposes to As205 -{- fl-Ga203. The above state-  
ments are made on the basis of x - r a y  diffraction data, change in weight  
data, and wet  chemical  analyses. On the basis of this data, it is concluded 
that thermal  oxide masking should be readi ly  applicable to GaP and that  
thermal  oxide masking should not be applicable to GaAs. 

GaP and GaAs are usual ly considered very  stable 
compounds, especially wi th  respect to their  react iv i ty  
toward  oxygen. At  tempera tures  less than 800~ this 
is more or less true. A film might  form on the surface 
at tempera tures  less than 800~ but the bulk of the 
mater ia l  would not change with respect  to weight ,  
crystal  structure,  or other physical parameters .  The 
thermal  oxide masking of GaAs was invest igated (1) 
but  was found to be not readi ly  applicable. 

Exper imental  
Oxygen was passed over  the sample to be oxidized 

at a flow rate  of about 200 cc/min.  A P t - P t  10% Rh 
thermocouple  was tied to the quartz  boat containing 
the sample, using a p la t inum wire  insulated f rom the 
thermocouple.  A hinged split furnace with  a 1V4 in. 
bore accommodated the quartz tube. A var iable  auto-  
t ransformer  and a Wheelco Capacitrol  Model 402 were  
used to control the temperature .  The oxygen was 
dried using a P20~ packed vert ical  tower  and a CO2- 
acetone cold trap. 

Weight  change determinat ions  were  made to the 
nearest  tenth of a mil l igram. Sample  sizes were  usu- 
ally about half  a gram. Wet  chemical  analyses were  
made on some of the oxidized GaP and GaAs samples. 
Phosphorus was determined by the precipi tat ion of 
magnesium ammonium phosphate in the presence of 
citric acid. This precipi tate was ignited, thermal ly  de- 
composed, and weighed as Mg2P2OT. Arsenic was ex-  
tracted f rom a 2N HC1 solution with d ie thy l -ammo-  
nium die thyldi th iocarbamate  in chloroform. The ex-  
t racted arsenic was oxidized and determined by the 
photometr ic  molybdenum blue method. 

X - r a y  diffraction studies were  made using a 57.32 
mm radius S t raumanis - type  camera  with  nickel  fil- 
tered copper radiation. 

Results 
GaAs.--If GaAs, on being oxidized by oxygen, pro-  

duced only ~-Ga2Oa, the weight  loss would  be 35.20%. 
If GaAsO4 were  the product, there  would be a weight  
gain of 44.25%. When GaAs was heated above 700~ 
a weight  loss was observed which increased with  t em-  
pera ture  (see Fig. 1). In the range of t empera ture  
be tween 830~176 an exothermic  react ion took 
place. Between  850 ~ and 965~ the weight  loss was 30- 
32%. At a t empera tu re  of 1000~ and higher,  there  
was a total weight  loss of about 35.4%. I Samples 
heated for longer  periods of time, at tempera tures  
under  830~ showed larger  decreases in weight  than 
samples heated for shorter  periods of time, at the 
same t empera tu re  (see Fig. 1, samples heated at 
760~ 

X - r a y  diffraction studies showed that  the products 
of the oxidat ion of GaAs between 850 ~ and 965~ were  

1 2GaAsO~ ---> ~-Ga~O~ + As205 a t  1000~ a n d  a t  h i g h e r  t e m p e r -  
a t u r e s  (2). 
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Fig. 1. Oxidation of GaAs in oxygen. Per cent weight loss vs. 
temperature, All points on this carve are for samples fired for 20 
+__ 2 hr, except 2 labeled points. 

pr imar i ly  ~-Ga203 (3) wi th  a minor  const i tuent  of 
the low quartz form of GaAsO4 (2) (about 10%). 
Samples heated at tempera tures  of 1000~ and above 
showed only ~-Ga~O3 as a product.  

Wet chemical  analyses of several  samples of oxi-  
dized GaAs were  performed and the total weight  per 
cent arsenic in the samples was obtained. Assuming 
that  the samples analyzed contained only GaAsO4 and 
Ga203, weight  per cent values for these two products 
were  calculated f rom wet  analysis data and f rom 
weight  loss data. These values are presented in Table 
I-GaAs. The weight  percentages of GaAsOi and Ga20~ 
obtained from these two independent  measurements  
agree quite well. The total weight  loss of sample S14S 
(Table I) is 35.6%. The theoret ical  weight  loss if all 

the GaAs were  oxidized to ~-Ga20~ is 35.2%. Possibly 
some of the Ga2Oa and /o r  GaAs was vaporized during 
the oxidizing reaction. 

Figure  2 shows photographs of the progressive oxi -  
dation with  t empera tu re  of slices of GaAs. Figure  3 
shows how the oxidation proceeds f rom the surface of 
a sample. The samples in Fig. 3 were  cracked perpen-  
dicular  to the plane of the plate, and lapped and pol-  
ished on this cracked edge to give these cross-sectional 
views. 

When a sample of GaAs was oxidized with  oxygen 
to 965~ there  was a loss of vo lume of 0.66% and the 
bulk density is 3.58 g/cc. Since the density of GaAs is 
5.3216 g/cc  (4), the density of the low quartz  form of 
GaAsO4 is 4.20 g/cc (2), and the density of ~-Ga203 
is 5.88 g/cc (2), the product  of the oxidation of GaAs 
showed a porosity of 35.6%. 

GaP.--If GaP, on being oxidized by oxygen pro-  
duced only /3-Ga20~, there  would  be a weight  loss of 

540 
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Table I 

OaAs  

W e i g h t  pe r  cen t  W e i g h t  pe r  cen t  
GaAsO~ Ga~C~a 

S a m p l e  Hr  a t  F r o m  F r o m  F r o m  F r o m  
des ig -  T e m p e r -  t e m p e r -  W e i g h t  w e i g h t  w e t  w e i g h t  w e t  
n a t i o n  a ture ,  ~ a t u r e  % loss  loss  a n a l y s i s  loss  ana ly s i s  

S14S 1050 20 35.6 0.O 0.1 100 99.9 
$12N 950 19 32.2 "/.8 9.8 92.2 90.2 
S18J 860 22 32.4 7.7 8.1 92.3 91.9 
S10F 850 22 29.8 13.9 15.3 86.1 84.7 

G a P  

W e i g h t  pe r  cen t  W e i g h t  pe r  cen t  
O a P O ,  OaeOa 

S a m p l e  H r  a t  F r o m  F r o m  F r o m  F r o m  
des ig-  T e m p e r -  t e m p e r -  W e i g h t  w e i g h t  w e t  w e i g h t  w e t  
n a t i o n  a ture ,  ~C a t u r e  % g a i n  g a i n  ana ly s i s  ga in  ana ly s i s  

$24N 1110 20 63.2 (99.76) 92.13 (0.24) 7.87 
$2 II-I 1130 24 62.3 (99.08) 93.55 (0.92) 6.45 
S21J 1150 22 62.5 (99.15) 95.4 (0.85) 4.6 

6.92%. If GaPO4 were  the only product, then there  
would be a weight  gain of 63.6%. When GaP was 
heated above 1000~ a weight  increase was observed, 
increasing slowly with  t empera tu re  (see Fig. 4) unti l  
a range of 1110~176 In this range a ve ry  ener-  
getic exothermic  reaction took place. The product  of 
the react ion melted. 2 At  the beginning of this exo-  

The  m e l t i n g  poiKts of fl-GaeOa and  the  c h r i s t o b a l i t e  f o r m  of 
QaPO~ are 1715 ~ • 15~ (3) and  1670 ~ ~ 10~ (2), r e spec t i ve ly .  

thermic reaction, the furnace was opened (for several  
exper iments ) ,  and measurements  as high as 1700~ 
were  made with an optical pyrometer .  It  was noted 
at that  t ime that  a small amount  of whi te  powder  was 
evolved during this reaction. This powder  deposited 
on the quartz  wal l  nearby which had a t empera tu re  
in excess of llO0~ Samples which had undergone the 
exothermic  react ion exper ienced a weigh t  gain of 62- 
63%. Heat ing at h igher  tempera tures  (as high as 
1250~ did not cause any fur ther  weight  change. 
Samples heated for longer  periods of time, at t empera-  
tures under  1110~ showed larger  increases in weight  
than samples heated for shorter  periods of time, at the 
same tempera tures  (see Fig. 4, samples heated at 
1100~ Figure  5 photographical ly  shows the progres-  
s i re  oxidation with  t empera tu re  of slices of GaP. The 
1120~ sample had gone through the exothermic  reac-  
tion and the melted product is shown in its quartz 
boat. Figure 6 is a cross section of the "1100~ 70 
hour" sample of Fig. 5. This sample was cracked per- 
pendicular to the plane of the plate and lapped and 
polished on this cracked edge to give a cross-section 
view. 

X - r a y  diffraction studies showed that  the products 
of the oxidat ion of GaP over  the entire range of t em-  
peratures  were  the christobali te form of GaPO4 (2) 
as a major  phase and as a minor  phase, ~-Ga20~ [5- 
10 w / o  (weight  per cent) ] .  

Wet  chemical  analyses of several  samples of oxi-  
dized GaP were  per formed and total weight  per  cent 
phosphate in the samples was obtained. Assuming 
that  the samples analyzed contained only OaPO4 and 
Ga2Oa, weight  per cent va lues  fO r these two products 
were  calculated f rom the we t  analysis data  and the 
weight  gain data, and these values are given in Table 
I -GaP.  

Fig. 2. Photographs of slices of GaAs oxidized in oxygen at 
various temperatures. Samples oxidized at 834 ~ and 1000~ had 
undergone the exathermic reaction, 

7 0 -  
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Fig. 4. Oxidation of GaP in oxygen. Per cent weight gain vs. 
temperature. All points on this curve are far samples fired for 22 
2 hr, except the labeled points. 

Fig. 3. Cross section of GaAs plates oxidized at three different 
temperatures. 

Fig. 5. Photographs of slices of GaP oxidized in oxygen at various 
temperatures. Sample fired at 1120~ for 24 hr had undergone 
the violent exothermlc reaction. 
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Fig. 6. Cross section of GaP plate oxidized in oxygen. Same 
sample as 1100~ 70 hr in Fig. 6. 

The values obtained for the weight  per cent of 
GaPO4 and Ga203 from wet  analysis and weight  gain 
data differ markedly.  Since ~-Ga203 was observed on 
the x - r a y  film for these samples, one can be sure 
that  ~-Ga203 was present  in concentrations of at least 
a few per  cent. I t  is fel t  that  the weight  gain measure -  
ments are all on the high side. Some of the powder  
deposited during the react ion was scraped off the wal l  
of the quartz  tube and examined  by x - r ay  diffraction. 
Christobali te  GaPO4 with  a small amount  of fl-Ga203 
was identified. Therefore,  the weight  per cent GaPO4 
and ~-Ga20~ obtained by wet  chemical  analysis are 
considered quite  reliable, and the quant i ta t ive  data 
for Ga203 obtained f rom weight  gain data are to be 
considered too low. 

The densities of the christobali te  form of GaPO4, 
GaP, and fl-Ga203 are 3.29 g/cc  (2), 4.1304 g/cc  (4), 
and 5.88 g/cc  (3). The density of the oxidation prod-  
uct is cer tainly less than ei ther  GaP or fl-Ga203. 

Conclus ion  
The thermal  oxidation of GaAs with  oxygen pro-  

duces ~-Ga208 as a pr imary  product  and the low 
quartz  form of GaAsO4 as a secondary product. This 
was demonstrated by x - r a y  diffraction and quant i ta-  

t ive ly  proved by weight  loss determinat ions  and wet  
chemical  analysis. Minden observed that  an oxide 
masking film was not formed when  GaAs was the r -  
mal ly  oxidized with  oxygen. This paper has tl-ied to 
prove that  a low bulk density product composed pr i -  
mar i ly  of fl-Ga203 is formed, but the product  is porous 
(about 35%), and As203 is dr iven from the area of 
the reaction. 

The thermal  oxidation of GaP with  oxygen produced 
the christobali te  fo rm of GaPO4 as a p r imary  product 
wi th  a secondary product  of ~-Ga203. This was de-  
monstra ted by x - r a y  diffraction, indicated by weight  
loss determinations,  and proved  by wet  chemical  anal-  
ysis. When GaP is the rmal ly  oxidized by oxygen,  the 
resul t ing product  is p r imar i ly  GaPO4. Since this is a 
lower  density mater ia l  than GaP it spreads over  the 
surface of the GaP and tends to cover the ent ire  sur-  
face in much the same manner  that  an SiO2 film cov- 
ers a silicon surface. Only a small  amount  of a vola-  
ti le product (P205) may be produced in this react ion 
since some ~-Ga20~ is formed. 

Since this oxidation of GaP takes place slowly at 
tempera tures  below 1100~ the thickness of the oxide 
film can easily be controlled. This paper  would  like, to 
suggest that  thermal  oxide masking may  be applica- 
ble to GaP. 

Manuscript  received Dec. 23, 1965. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December  196.6 
JOURNAL. 
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Properties of Anodic Films Formed on 
Reactively Sputtered Tantalum 

D. Gers tenberg  

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The technique of react ive  sput ter ing has been used for producing tan ta lum 
films with various concentrations of interst i t ial  additives like oxygen, carbon, 
nitrogen, and hydrogen. A number  of compounds between tanta lum and these 
nonmetal l ic  e lements  also have been deposited. The dielectric propert ies  
of anodic films on the tanta lum formed in an aqueous solution of citric acid 
have been related to the composition of the tantalum. It  was found that  the 
capacitance density of 130v anodic films remains unaffected by the presence 
of oxygen and hydrogen,  while  it decreases as the atomic concentrat ion of 
ni t rogen and carbon in the tan ta lum increases. The dielectric constant, ~, of 
anodic films on Ta2N is approximate ly  50% of the value of anodic Ta205 
formed on pure tantalum. 

The propert ies  of sput tered re f rac tory  meta l  films 
l ike tantalum, niobium, and t i tanium are influenced 
great ly  by del iberate  addition of react ive  gases to an 
argon sput ter ing atmosphere  (1-4). Nonmetal l ic  ad- 
ditives l ike oxygen, nitrogen, or carbon are incorpo- 
ra ted  in these films dur ing the deposition process. At  
low concentrations, this incorporat ion takes the form 
of interst i t ial  solution, and the solubil i ty l imits for 
all three addit ives appear  to be much higher  in tan-  
ta lum and niobium films than in the bulk metals. At 
higher  concentrat ions a number  of compounds like 
oxides, nitrides, and carbides are formed. The resis- 
t ivi ty and the tempera ture  coefficient of resist ivi ty of 
react ive ly  sput tered re f rac tory  meta l  films depend 

strongly on the type of gas and the part ial  pressure 
at which the films are sputtered. 

React ively sput tered tan ta lum nitrides and carbides 
have a much higher  resis t ivi ty than tantalum, a very  
low tempera tu re  coefficient, and a high the rmal  sta-  
bil i ty when  deposited on heated  substrates. In par t ic-  
ular, tanta lum nitr ide films have proven their  useful-  
ness as resist ive components for integrated circui try 
(5) and as individual  components (6). 

P re l iminary  results also indicated interest ing dielec- 
tric propert ies of anodically formed films on tan ta lum 
sputtered with  del iberate ly  added ni t rogen (7). These 
results were  obtained on anodic films formed on tan-  
ta lum which, initially, wi thout  del iberate  addition of 
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ni trogen consisted of ~- tanta lum (8). As the atomic 
concentrat ion of ni t rogen is increased in the tan ta lum 
films the resul t ing anodic film has lower capacitance, 
but equiva len t  dielectric loss and leakage compared 
to anodic films formed on pure  tan ta lum films (9). It 
was also demonstrated that  the decrease in capaci- 
tance was caused by a change in dielectric constant 
due to the format ion of a tan ta lum oxynitr ide.  Associ- 
ated with  the decrease in capacitance is a large in- 
crease in the cathodic breakdown voltage. The pur-  
pose of the present  invest igat ion was to study the in-  
fluence of other  nonmetal l ic  e lements  on the dielectric 
propert ies  of anodic films formed on react ive ly  sput-  
tered tan ta lum films. The react ive gases used in this 
study include oxygen, methane,  hydrogen,  and ni t ro-  
gen. Ni t rogen has been added to this list because it 
was desirable to re invest igate  the propert ies  of thin 
film capacitors fabricated f rom ni t rogen containing 
tan ta lum sputtered under  conditions which allow 
deposition of bcc ~- tanta lum reproducibly.  

Experimental 
As in the previous invest igat ion (1) the ~antalum 

films were  sput tered f rom a high puri ty tantalum 
cathode through a mask on clean 2.5x7.5 cm bar ium 
alumina borosilicate glass substrates to a thickness of 
4500A. The distance be tween cathode and anode was 
6.5 cm and the deposition rate  about 130 A / m i n  for 
tanta lum at 0.25 m a / c m  2, 4 kv  and an argon pressure 
of 25x10 -3 Torr. A removable  shield be tween  sub- 
strate and cathode al lowed equi l ibr ium to be reached 
in the sput ter ing atmosphere  before start ing deposi-  
tion on the substrate. For  outgassing, the mask and 
the substrate were  mainta ined at 400~ dur ing the 
presput ter ing and the subsequent  sputter ing run. The 
resist ivi ty of the tan ta lum films was determined by a 
four point  probe technique immedia te ly  after deposi-  
tion. 

The tan ta lum films were  anodized at room tempera -  
ture in an aqueous solution of 0.01% citric acid at a 
current  density of 5x10 -3 a m p / c m  2. After  reaching the 
desired vol tage the anodization was continued for an- 
other  30 min al lowing the current  to decrease to 5x10 -6 
a m p / c m  2 which is in the order of the electronic leak-  
age current.  The major i ty  of the films were  anodized to 
130v resul t ing in oxide films on pure tan ta lum about 
2000A thick (10). In most cases, the anodization was 
in ter rupted  to etch the tan ta lum films e lec t rochem- 
ically at weak spots in the oxide in an a luminum chlo- 
r ide in methanol  solution, which has proven beneficial 
in reducing anodic leakage or shorts (11). A number  of 
films were  anodized to voltages ranging f rom 75 to 250v 
for de termining the amount  of charge passed during 
anodization, and the dependence of the capacitance 
density on the forming voltage. The last step in the 
capacitor fabricat ion was the evaporat ion of the coun- 
ter  electrode structures from a tungsten fi lament at 
pressures of l x l 0 - 4 - 1 x l 0  -5 Torr. Gold counter elec- 
trodes, about 2000A thick, were  evaporated through 
mechanical  masks yie lding f rom 8 to 10 capacitors per  
substrate wi th  an area of 0.35 cm 2 per  capacitor. A Gen-  
eral  Radio Type 1620A Measuring Assembly was used 
for the determinat ion  of the capacitance and tan 5 at 1 
kc, and in a number  of cases at f requencies  ranging 
f rom 0.1 to 10 kc. 

The s t ructure  of the tanta lum films sputtered at dif-  
ferent  react ive gas pressures has been de termined  by 
x - r ay  diffraction analysis of processed slides after  the 
capacitor propert ies  had been evaluated.  Since the 
anodic oxide is x - r a y  amorphous it does not genera te  
a pa t te rn  in ter fer ing with  the x - r ay  diffraction pa t te rn  
obtained f rom the under ly ing  tan ta lum film. 

Exper imenta l  Results and Discussion 

Resistivity.--Figure 1 shows how the resist ivi ty of 
react ive ly  sput tered tanta lum films is affected by the 
type and the part ial  pressure of the react ive gases 
added to the argon atmosphere.  The tan ta lum films 
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Fig. 1. Specific resistivity of 4500.~ tantalum films as a function 
of the type and reactive gas pressure (measured by four-point 
probe). Sputtered films: ~ N2; A CH4; �9 02; [ ]  H2. 

which were  sput tered wi thout  del iberate  addition of 
a react ive gas (p ~ 3x10 -6 Torr)  have  resistivities, #, 
ranging from 25 to 35 ~ohm-cm. These values are be-  
tween 2 and 3"pB, where  pB is the resist ivi ty of pure  
bulk tantalum, indicating an impuri ty  concentrat ion of 
less than 3 a /o  (atomic per cent) of interst i t ials  l ike 
oxygen or ni t rogen (1). The del iberate  addition of re-  
act ive gases increases the resist ivi ty unti l  in the case 
of ni trogen and methane  the curve  reaches a plateau 
region at about 200-250 ~ohm-cm. These values agree 
very  well  with those reported for 1200A films (1). The 
curve for tan ta lum sputtered in a part ial  oxygen atmos-  
phere shows a sharp rise in resist ivi ty above 6x10-~ 
Torr. The format ion of insulat ing TauO5 occurs at par -  
t ial  pressures of oxygen of 1.7x10 -4 Torr  and above. 
The presence of hydrogen in the sputter ing atmosphere 
does not seem to influence the resist ivi ty of the tan-  
ta lum films very  much below 10 -4 Torr, while  in the 
10 -4 Torr  range the values increase by about an order 
of magnitude.  

Structure and composition.--The st ructure  of the 
tan ta lum films sputtered with  various additions of ni-  
trogen, methane,  oxygen, and hydrogen is indicated 
on the upper half of Fig. 2. The tan ta lum films de-  
posited in a par t ia l  ni t rogen atmosphere  have the same 
phases Ta2N and TaN which have been repor ted  before 
(1). Sput ter ing of tan ta lum in a par t ia l  methane  at-  
mosphere  results in the format ion of TafC and TaC 
(12). The phase TafC had not been observed for reac-  
t ively  sput tered tantalum films before (1) ei ther  due 
to the small  concentrat ion range of this phase or due 
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Fig. 2. Structure of the tantalum films and normalized capacitance 
of the dielectric at 1 kc vs. the type of gas "and gas pressure. 
Capacitors were fabricated by anodization in 0.01% citric acid 
to 130v and have an area of 0.35 cm 2. Co is the capacitance of 
Ta205 an pure bcc tantalum films. Co ~ 0.031 uF. Sputtered films: 
same symbols as in Fig. 1. 
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Table I. Data on tantalum films sputtered in a partial oxygen 
atmosphere prior to anodization 

A v e r a g e  
P a r t i a l  o x y g e n  R e s i s t i v i t y  L a t t i c e  c r y s t a l l i t e  C o n c e n t r a t i o n * *  

p r e s s u r e  p • 106 c o n s t a n t  d i a m e t e r  of o x y g e n  in  
Po 2 105 T o r t  o h m - c m  ao, i n  A in  A* at .  % 

No  O~ 27 3.327 94 - -  
2 52 3.360 64 3.6 

9~ Z.495 52 11.4 
6 340 3.430 17 - -  
8 720 3.46 16 29.5 

1O 2500 3.50 14 46 

" T h e  t r u e  a v e r a g e  size os t h e  c r y s t a l l i t e  is p r o b a b l y  s o m e w h a t  
l a r g e r  b e c a u s e  of t h e  x - r a y  l i n e  b r o a d e n i n g  on w h i c h  t h i s  c a l c u l a -  
t i o n  w a s  b a s e d  m i g h t  a l so  be  c a u s e d  by  s t r a i n  in  t h e  t a n t a l u m  f i lms .  

~* D e t e r m i n e d  b y  a n o d i z a t i o n  of f i lms u s i n g  F a r a d a y ' s  l a w .  

to a higher  solubil i ty l imit  for carbon in tanta lum at 
small film thicknesses. The films for the s t ructural  de- 
terminat ion in the previous study by electron diffrac- 
tion were  only 300A as compared to about 4000A for 
the present  films. Only pre l iminary  data wi th  respect 
to the composition of ni t rogen and methane  sput tered 
films are available. It has been established, however ,  
that  for both types of films (13, 14) the solubility limits 
are in the order of 10 to 15 a /o  before the x - r ay  diffrac- 
tion pat tern  of a second phase, Ta2C or Ta2N, can be 
observed. 

The addition of oxygen to the sput ter ing atmosphere  
results in a drastic decrease of the crystal l i te  size while  
the lattice constant increases as shown in Table I. The 
drop in crystal l i te  size becomes par t icular ly  noticeable 
between 4x10-~ and 6x i0-5  Torr  probably indicating 
the format ion  of small  Ta205 particles. These particles, 
however ,  are not large enough to contr ibute to the 
x - r a y  diffraction pattern.  The tanta lum films sput tered 
in a part ial  hydrogen atmosphere  do not show a change 
in structure.  This is reasonable in v iew of the fact the 
substrate t empera tu re  during deposition was about 
400~ too high a t empera ture  for the format ion of 
stable tanta lum hydrides (15). It is likely, however ,  
that  there  is interst i t ial  solution of hydrogen which 
might  occur during deposition or during the cooling 
period after  sputtering. 

C a p a c i t a n c e . ~ T h e  lower  half  of Fig. 2 shows how 
the normalized capacitance of 130v anodic films on the 
react ive ly  sput tered tanta lum measured at 1 kc changes 
wi th  increasing react ive gas pressure. The concentra-  
tion of the gases in the tanta lum is not known for all 
fihns, but the pre l iminary  analytical  results ment ioned 
in the previous section indicate that  the atomic con- 
centrat ion of the react ive  gases is di rect ly  proport ional  
to the react ive  gas pressure in the sputtering a tmos-  
phere. The normalized capacitance of the dielectric on 
tan ta lum films sputtered with additions of oxygen and 
hydrogen appears to be affected the least. This resul t  
is to be expected for the anodic film formed on tan-  
ta lum films sputtered in a par t ia l  oxygen atmosphere.  
The drop in capacitance for these films at lx10-4  Torr  
is probably due to the presence of oxide particles pr ior  
to anodization resul t ing in an increased effective th ick-  
ness for the anodic film. Films sput tered at this pres-  
sure contain about 45 a /o  of oxygen. Anodic films 
formed on tanta lum containing such high oxygen con- 
centrat ions also tend to crystall ize dur ing anodization. 

The incorporat ion of ni t rogen and carbon in the tan-  
ta lum films results  in fa i r ly  large decreases in capaci-  
tance which are accompanied by a slow change of the 
in ter ference  color of the 130v anodic film. It wil l  be 
shown in the next  section that  the lower  capacitance 
for the capacitors formed on ni t rogen sput tered films is 
not due to a var ia t ion in oxide thickness but  ra ther  due 
to a decrease in the dielectric constant wi th  increasing 
ni t rogen concentrat ion in the films. The anodization of 
Ta2N does not present  difficulties; the vol tage increases 
at a constant rate  with t ime during the constant cur-  
rent  period, and after reaching vol tage the anodization 
current  drops inversely  wi th  t ime (16). The  films con- 

sisting solely of TaN exhibi t  gas evolution during the 
anodization process. They can be anodized to at least 
130v but the resul t ing anodic film has a ra ther  dull ap- 
pearance. The finished capacitors also have  low anodic 
and cathodic breakdown characteristics. In the case of 
the carbon containing tantalum, anodization of films 
sputtered at l x l 0  -4 Torr  of methane  consisting of a 
mix ture  of tantalum with a small amount  of Ta2C re -  
sults in discoloration and low breakdown character is-  
tics for the dielectric. For  Ta2C and TaC films citric 
and nitric acid act as etchants when a posit ive voltage 
is applied to these films. 

C o u l o m e t r i c  a n d  o the r  m e a s u r e m e n t s . - - A  number  of 
"pure ''1 tanta lum films, and films sputtered at various 
react ive gas pressures were  used for measur ing the 
charge transfer  during anodization. The theoret ical  
values for the charge t ransfer  per vol t  during the con- 
version of tanta lum metal  to Ta205 has been calculated 
on the basis of a reduct ion in thickness of the metal l ic  
film which is k3(Ta) ~ 6.63 A / v  (10, 17). This value 
and the one obtained for conver t ing metal l ic  Ta2N to 
the dielectric by anodization, k3(Ta2N) ~ 4.8 A / v ,  (17, 
18), had been determined previously  from the increase 
in resistance of samples due to the reduct ion of the 
conducting film thickness by anodization. The number  
of electronic charges per vol t  of anodization and per 
square cent imeter  of film area, qth, is then according 
to Faraday 's  law 

for Ta: 
qth ~ n �9 k~(Ta) �9 Nwa �9 e [1] 

and for Ta2N: 
qth : n .  k3(Ta2N) " N T a 2 N  " e [2] 

where  n is the number  of charges per tantalum atom, N 
is the number  of tanta lum atoms per cubic cent imeter  
of the original film of tan ta lum or Ta2N which is equal  
to the inverse of the volume of the unit cell t imes the 
number  of tantalum atoms per  unit  cell, and e is the 
electronic charge. The resul t ing q values for tanta lum 
and Ta.2N are, respectively,  qth ~ 0.287 �9 10 -2 cou- 
l o m b / v  cm 22 and qth ~ 0.194 �9 10 -u cou lomb/v  cm 2 
for n = 5, assuming no changes in valency for the ni-  
t rogen atoms during anodization. 

The exper imenta l  values for q were  de te rmined  
graphical ly  from the plot of the anodizing current  as a 
function of time. A comparison of the theoret ical  value 
wi th  the exper imenta l  value  for tan ta lum films sput-  
tered wi thout  addition of a react ive gas which were  
anodized to 130 and 250v shows satisfactory agreement  
(see Table II) indicating about 100% efficiency for the 
anodization process. The oxygen containing tanta lum 
films show the expected decrease in the q values. In 
Fig. 3 the resist ivi ty of these films has been plotted as 
a function of the atomic concentrat ion of oxygen cal- 
culated from the q values. Also shown are the resis t iv-  
i ty values of 1200A films vs.  oxygen concentrat ion de- 

1 P u r e  f i lms a r e  t h o s e  s p u t t e r e d  w i t h o u t  d e l i b e r a t e  a d d i t i o n  of  a 
r e a c t i v e  gas .  

a I n  a m o r e  r e f i n e d  t r e a l m e n t  t h e  c h a n g e  in  ce l l  p a r a m e t e r  d u e  
to t h e  p r e s e n c e  of i n t e r s i t i a l  o x y g e n ,  etc .  w o u l d  h a v e  to  be  t a k e n  
in to  c o n s i d e r a t i o n  f o r  t h e  c a l c u l a t i o n  of  qth Of t a n t a l u m .  
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Fig. 3. Resistivity as a function of the atomic concentration of 
oxygen in reactively sputtered tantalum films: �9 based on the 
coulometric measurements, 4000~,; A analyzed by inert gas fusion 
analysis, 1201)~. 
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Table II. Results of coulometry experiments on reactively sputtered tantalum films 

545 

CTas 
p re s su re  
p • 10-5 

Torr 

A n o d i z a t i o n  C h a r g e  t r a n s f e r  S t r u c t u r e  
R e a c t i v e  No. of  vo l t age ,  q • 10 ~ of the 

gas  s a mp le s  VA in  V c o u l o m b / v - c m  2 o r i g i n a l  f i lm 

2 X 10 .5 
4 X I0 -~ 
8 X I0-~ 

10 X I0-~ 
I0 X 10 .5 
8 X i0-~ 

35 X i0 -5 

None  4 130,250 0.296___0.012 bcc Ta 
Oa 6 130 0.301 bec Ta + O 

4 130 0.258 bcc Ta  + O 
6 130 0.179 bce Ta + O 
2 130 0.118 bcc Ta + O 

N2 4 100, 150,200,250 0.192• T a ~  
CH~ 4 100, 150 ,200 ,250  0.293-+-0.008 bcc Ta  + C 
Ha 2 130 0.289 bce Ta  + H 

te rmined by iner t  gas fusion analysis (1). Both sets of 
values agree very  well  suggesting that  the coulometric  
exper iments  are a convenient  method for oxygen anal-  
ysis of tan ta lum films if the oxygen is uni formly  dis- 
t r ibuted throughout  the tantalum. 

The exper imenta l ly  determined value for the charge 
transfer  during format ion of the dielectric on Ta2N, 
listed in Table II, is approximate ly  equal  to the theo-  
ret ical  value. The calculat ion of qth for Ta2N was based 
on the assumption that  the tan ta lum atoms react ing 
with  oxygen during anodization have five charges. The 
good agreement  between the theoret ical  and the ex-  
per imenta l  value, therefore,  seems to indicate five oxy-  
gen atoms react  wi th  each Ta2N molecule  during the 
format ion of the anodic film. This has been confirmed 
by the gravimetr ic  determinat ion of the mass of the 
dielectric on Ta2N formed during anodization. The 
conversion factor ks has not been determined for me th -  
ane and hydrogen sputtered films. But  if we assume 
that  it is close to that  of pure bcc tan ta lum which still 
is the s t ructure  of these react ively  sput tered films it 
can be concluded f rom the q values that  carbon and 
hydrogen do not part icipate  in the charge t ransfer  dur-  
ing anodization. 

The results of capacitance measurements ,  plotted in 
Fig. 4 as a function of the anodization voltage, revea l  
that  the inverse capacitance is not a l inear  funct ion of 
the vol tage which would be expected for a uni form 
composit ion of the dielectric. Especial ly the inverse 
capacitance of the dielectric film formed on Ta2N films 
shows a large deviat ion from l inear i ty  at h igher  vol t -  
ages. But the values for the dielectric formed on meth-  
ane sput tered tanta lum films also revea l  a nonl inear  
dependence on voltage. Such a nonl inear i ty  could be 
at t r ibuted to ei ther a nonl inear  dependence of the 
thickness of the dielectric wi th  increasing vol tage or 
a nonuniform distr ibution of the additives in the origi-  
nal film. Both possibilities have been invest igated for 
the Ta2N films and the results indicate that  these two 
factors cannot be responsible for the nonl inear i ty  of 
the inverse capacitance. 

For  all the Ta2N films, anodized f rom 70 to 200v, the 
step height  of the dielectric above the surface of the 

6( 
T 
t~ 

_z 
,<,, 40 PN2 =IOxlO'STORR 

~ 3o 

o. PCH 4 = GxlO -sTORR 

i 2G o 

z o ~ i i i i i 
0 50  I 0 0  150 2 0 0  250 

ANODIZING VOLTAGE IN VOLT 

Fig. 4. Inverse capacitance density of capacitors on tantalum 
films with three different compositions as a function of the forma- 
tion voltage. 

original  Ta2N film has been measured by Talysurf  3 
and it was found to be a l inear function of the anodiza- 
tion voltage. The factor for the increase in thickness 
was found to be k2(Ta2N) ~ 11.9 A/v .  

Thus the total  thickness of the dielectric formed on 
Ta2N films per  vol t  is then k3 (Ta2N) -b k2 (Ta2N) = 
kl : 16.7 A/v .  Similar  measurements  for pure tanta-  
lum films yielded a value of k3(Ta) Jr k2(Ta) ---- kl = 
16.5 A/v .  These values were  used to de te rmine  the di-  
electric constant, e, which is l isted in Table III. The 
table also contains the film thickness of the original  
films before anodization. Since the anodic films formed 
on Ta2N showed a systematic decrease in dielectric 
constant with increasing anodization vol tage which 
might  be due to a nonuniform composition of the Ta2N, 
films with  only half  the original  thickness have been 
anodized to in termedia te  voltages. The values of the 
dielectric constant of the anodic films formed on 2200A 
Ta2N films correspond closely wi th  those found for the 
anodic films on thicker  Ta2N films. These results sug- 
gest that  the decrease of the dielectric constant for the 
dielectric on Ta2N films cannot be explained by a non-  
uniform distr ibution of ni t rogen in the original  film. It  
might  be speculated, however ,  that  the potential  ap- 
plied during anodization might  cause migra t ion  of ni-  
t rogen ions. Such a migrat ion might  then result  in a 
nonuniform distr ibution of the n i t rogen in the dielec-  
tric. 

It  is not clear at present  whe ther  the increase of the 
dielectric constant wi th  anodizing vol tage obtained for 
anodic films on pure tanta lum (Table III)  is systematic 
and what  its causes are. In addition, the average  of the 
dielectric constant, 21.7, is considerably lower  than the 
value reported by Young (19) which is widely  used in 
the l i terature,  but  ve ry  close to the value recent ly  ob- 
tained by Kle re r  (10). 

Finally,  the values for the decrease in thickness be-  
low the surface of the metal l ic  film, k 2 V A ,  and the total 
thickness of the oxide, (k2 -~ k3) VA, have been used for 
de termining the density of the anodic films formed on 
pure  tanta lum and Ta2N films. The density was calcu- 
lated by combining Eq. [3] and [4] 

~V/Ta205 
pTa205 = [3]  

A .  (k2-~k3)  "VA 

~ / T a  
pTa : [ 4 ]  

A �9 k2~TA 

S Tay lo r -Hobson ,  L td .  M o d e l  3 T a l y s u r f  w i t h  a s t r a i g h t  l i ne  
d a t u m  a t t a c h m e n t .  

Table III. Dielectric constant of anodic films 

(a) On  t a n t a l u m  (b) On  TaeN" 
O r i g i n a l  A n o d i -  O r i g i n a l  A n o d i -  

f i lm za t ion  f i lm za t ion  
th i ckness ,  v o l t a g e ,  D ie lec t r i c  th i ckness ,  v o l t a g e ,  Dielectric 

t [ A ]  VA[V] cons tan t ,  e $[A] VA[VI cons tan t ,  e 

4400 70 20.1 4400 70 13.7 
4400 100 20.8 4400 100 12.7 
4400 130 21.5 2200 I00 13.7 
4400 160 22.2 4400 130 12.15 
4400 250 24.0 2200 150 10.97 

A v e r a g e  21.7 4490 160 10.50 
2200 200 10.0 
2200 245 8.70 
4400 250 8.34 
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Fig. 5. Plot of the dissipation factor vs.  frequency for capacitors 

formed on reactively sputtered tantalum. 

to Eq. [5] 
Mwa2O5 " k2 

PWa205 ~ " pWa [5] 
Mwa" (k2 -'~ k3) 

where  p is the density, M is the mass (which can be re -  
placed by the molecular  weight  in Eq. [5], VA is the 
anodizing voltage, and A is the area of the anodized 
film Which both can be el iminated.  The resul t ing value  
of 8.12 g / c m  3 for the density of the Ta205 formed on 
pure  tan ta lum is in good agreement  wi th  those found 
by Young (19) and Kle re r  (10). 

For  the calculat ion of the density of the dielectric on 
Ta2N films it has been assumed that  the dielectric has 
the stoichiometric composit ion Ta2OsN yielding a dens-  
i ty of 5.30 g / cm s. But even if the anodic film contains a 
ni t rogen concentrat ion which is la rger  or smaller,  it 
would  have only a small  effect on the molecular  weight  
and, therefore,  would change the density of the dielec-  
tric ve ry  little. Thus the presence of ni t rogen in the 
dielectr ic  formed on Ta2N appears to resul t  in a s t ruc-  
ture  considerably less dense than that  of Ta205 formed 
on pure tantalum. 

Frequency and temperature characteristics.--The ca- 
pacitance and the dissipation factor of a number  of 
typical  capacitors have been measured at f requencies  
be tween  0.1 and 10 kc. The results are summarized in 
Fig. 5. Since tan ta lum oxide belongs to a category of 
dielectrics which show only a small  dependence of the 
dielectr ic  loss on f requency up to very  high f r equen-  
cies, the dissipation factor of the dielectr ic  itself and 
the loss due to the series resistance of the tan ta lum film 
can be separated according to the fol lowing equat ion 
(20) 

tan 5 ---- tan 5' -t- r [6] 
Where  tan 5' is the f requency  independent  dissipation 
factor of the dielectric, co is the angular  f requency,  C 
is the capacitance, and R2 is the series resistance of the 
tan ta lum film and the counter  electrode. 

If the dissipation factor, tan 5, obeys this equation, 
then when  tan 8 is plotted against f requency  as shown 
in Fig. 5, tan 5' should predominate  at low frequencies  
and tan 8 wil l  va ry  l i t t le wi th  frequency.  At h igher  
f requencies  coCR2 will  p redominate  and the curve  wil l  
approach a 45 ~ slope. The capacitors made f rom pure 
tan ta lum films appear  to fulfill  this expectation.  There  
is l i t t le change in tan 8 f rom 0.1 to 1 kc, and above 5 
kc the curve  approaches a 45 ~ slope indicat ing pre-  
dominat ion of coCR2. With increasing oxygen concen-  
tration, this t e rm predominates  at lower  and lower  
f requencies  suggesting a steady increase of the R2 va l -  
ues. An analysis of the data shows that  R2 increases 
f rom 8.5 to 810 ohms whi le  tan 8' decreases f rom 0.0051 
to 0.0030 as the par t ia l  oxygen pressure used in sput-  

ter ing is increased to l x l 0  -4 Torr. The capacitors made 
f rom ni t rogen sput tered tan ta lum films have the lowest  
tan 8' values. 

The R2 values of the methane  sputtered film are even 
lower  than the value  of the pure tan ta lum film a l -  
though its specific resis t ivi ty is six times higher, and 
the film thickness is the same. The low R2 value  and 
the init ial  decrease of tan 5 (Fig. 5) probably indicate 
that  tan 5' is dependent  on f requency and that  the 
present  model  is too simple for describing the f re -  
quency dependence of tan 5 for these films. The capac- 
itors made  f rom carbon containing tan ta lum films are 
the only ones showing such a behavior.  

The changes in capacitance in the f requency range 
are be tween  0.59 and 1.19%, except  for the capacitors 
formed upon oxygen containing tan ta lum films. They 
revea l  a larger  decrease in capacitance at h igher  f re -  
quencies, especially those on films sputtered at 8x10 -5 
and 10xl0 -5 Torr  of oxygen. 

Figures  6 and 7 show how the reduced capacitance 
and dissipation factor of a number  of capacitors change 
with temperature .  The measurements  were  carr ied out 
in a dry a tmosphere  in order to e l iminate  the influence 
of mois ture  on these propert ies  (11). For  control  pur-  
poses the measurements  were  made while  increasing 
the t empera tu re  as wel l  as while  decreasing it. 

The capacitors fabricated on pure  tan ta lum films 
(sputtered wi thout  del iberate  addit ion of a react ive 
gas) show the largest  changes (Fig. 6). The t empera -  
ture  coefficient of capacitance for these capacitors in 
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0,9 I I I 20 410 610 8; I00 120 140 160 
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Fig. 6. Capacitance ratio as a function of temperature for 
capacitors formed on reactively sputtered tantalum. 
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Fig. 7. Dissipation factor as a function of temperature for 
capacitors formed on reactively sputtered tantalum. 
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the range of a l inear dependence of the capacitance on 
temperature ,  up to 60~ is 220x10-6/~ below the 
value reported for tan ta lum thin film capacitors (8). 
Between 100 ~ and 150~ these capacitors display a 
more rapid change with  temperature .  The capacitors 
made from reactively sputtered films (containing nitro- 
gen and carbon) have smaller temperature coefficients, 
between 170x10 -6 and 190xi0-6/~ and the linear de- 
pendence of the capacitance on temperature holds up 
to higher temperatures. The capacitors made from pure 
tantalum films also show the largest change in the dis- 
sipation factor with temperature whieh is about an 
order of magnitude for the temperature range (Fig. 7). 
The t empera tu re  dependence of tan 5 is much smaller  
for the capacitors made on react ively  sput tered films. 

Conclusions 
One of the impor tant  results of the present  invest i -  

gation is the observat ion that  the presence of in ter -  
stitial oxygen, nitrogen, carbon, and hydrogen atoms 
does not in ter fere  with the formation of anodic films on 
tan ta lum when  it is deposited by react ive  sputtering. 
The presence of TauC in the tan ta lum film, however ,  
results in a var ied oxide growth so that  the anodic film 
does not show a uniform interference color but ra ther  
displays a spectrum of in terference colors. The dielec- 
tric s t rength of these anodic films is an order of magni -  
tude lower. Fur ther  increase in carbon concentration, 
when the s t ructure  of the films is that  of Ta2C or TaC, 
inhibits the format ion of anodic films in 0.01% citric or 
0.01% nitric acid. In the case of the ni t rogen containing 
tan ta lum the anodic films formed on Ta2N still show 
uniform and bright  in terference colors and the dielec- 
tric s trength remains high. It  does not begin to decrease 
unti l  the Ta2N films become mixed with  a considerable 
amount  of TaN. There  is an anodic reaction in citric 
acid even for TaN films but the result ing anodic film 
on TaN has very  low dielectric strength. ~he  capaci-  
tance density of the anodic films on carbon and ni t ro-  
gen containing tan ta lum films decreases wi th  increas-  
ing atomic concentrat ion of these addit ives in the tan-  
ta lum to less than 50% compared to that  of anodic films 
on pure tantalum. The cause for this decrease in ca- 
pacitance for ni t rogen containing tan ta lum films could 
be a t t r ibuted to a lower dielectric constant of the an-  
odic film. The dielectr ic  on tanta lum ni t r ide  films also 
shows a much lower density than that  of Ta205 and its 
stoichiometric composition can probably be best de- 
scribed as Ta2OsNx where  the upper  l imit  for x re-  
mains to be de termined  by analyt ical  techniques. More 
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exper imenta l  data are also requi red  for the de te rmina-  
tion of the dielectric constant and the density of aaodic 
films formed on carbon containing tantalum. 
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The Effect of the Concentration of Hypophosphite Ion on the 
Magnetic Properties of Chemically Deposited Co-P Films 

J. S. Judge, J. R. Morrison, and D. E. Speliotis 
Systems Development Division, International Business Machines Corporation, Poughkeepsie, New York 

ABSTRACT 

Samples of electroless cobalt phosphorus films of various thickness in 
the region less than 3000A were  prepared f rom solutions containing different 
concentrations of hypophosphite  ion. These samples were  analyzed by x - r ay  
fluorescence and their  magnet ic  characterist ics were  studied. The per cent 
phosphorus in the films was found to increase approximate ly  logar i thmical ly  
as the concentrat ion of hypophosphi te  was increased. The plat ing ra te  in-  
creased concomitantly.  The saturat ion magnet ic  moment  and the coercivity 
were  found to depend strongly on the phosphorus content of the films. The 
coercivities of these films also have a strong dependence on thickness. To a 
large ex ten t  the interact ion of these two physical  propert ies  of the film de- 
te rmine  the magnet ic  propert ies  observed. 

The magnet ic  propert ies  of films of chemical ly  de-  possible media for magnet ic  recording. The present  
posited cobal t -phosphorus have  been invest igated sev-  authors have  shown that  somewhat  th inner  deposits 
eral  t imes in the past. Fisher  and Chil ton (1) have  exhibi t  superior recording per formance  and have  re-  
reported the prepara t ion of high coercivi ty deposits as ported on their  magnet ic  propert ies  (2, 3). Ransom 
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Table I. Composition of solution 

CoSO,  0.0855M 
Na~ c i t r a t e  0.183M 
(NH4)~ H c i t r a t e  0.0881~ 
(NH~) 2 SO~ 0.307M 

p i t  = 8.3 (at 8 5 ~  w i t h  NH4OH 
T e m p e r a t u r e  = 85~ 

and Zentner  (4) have shown that  low coercivi ty uni-  
axial  deposits of electroless cobalt can be prepared 
under  somewhat  different conditions of deposition. In 
short, the magnet ic  propert ies of chemical ly  deposited 
cobal t -phosphorus films are cri t ically dependent  on 
the conditions of preparation.  The magnet ic  propert ies 
of these deposits are a complicated funct ion of the 
phosphorus content, crystal l i te  size, and orientat ion of 
the deposits which in turn are controlled by the depo- 
sition variables, pr imar i ly  solution composition, pH, 
and temperature .  In this invest igat ion we have  re-  
stricted ourselves to a study in some detail  of the ef- 
fects of one of the more impor tant  variables  in solu- 
tion composition, the concentrat ion of hypophosphite 
ion. 

Preparation 
The films were  deposited on Mylar  1 substrates which 

were  presensit ized wi th  the usual SnC12-PdC12 t rea t -  
ments (5). Pr ior  to this, the Mylar  substrates had 
been rendered hydrophil ic  by immersion into a hot 
chromic-sulfur ic  acid solution and then a hot sodium 
hydroxide  solution (6). The composition and condi- 
tion of the solution used for the deposition are shown 
in Table I. This solution is similar  in composition to 
that  used by Ransom and Zentner  for the deposition of 
low coercivi ty uniaxial  films, except  that  it is operated 
at a significantly higher  pH. The agitat ion during 
deposition was kept at a minimum, mere ly  sufficient to 
assure t empera tu re  and concentrat ion uniformity.  

The weight  of cobalt and phosphorus deposited was 
determined by x - r a y  fluorescence analysis. The amount  
of phosphorus codeposited was found to be independ-  
ent of deposit weight,  as shown in Fig. 1. t Iowever ,  

1 E.  I. d u  P o n t  de  N e m o u r s  & Co., (Inc.} r e g i s t e r e d  t r a d e m a r k .  
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Fig. 1. Weight of phosphorus deposited vs. total deposit weight 
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Fig. 3. Plating rate vs. (H2P02- )  

above deposit  weights of ~ 200 ~g/cm 2, or approxi-  
mate ly  2500A in thickness, there  was a tendency for 
the phosphorus content  to decrease wi th  increasing 
thickness. Since such deposits would tend to exhibi t  a 
t rend in composition with  thickness, these were  not 
included in this study. Consequent ly only deposits of 
less than ~ 2500A were  considered. For tuna te ly  it is 
in this thickness region that  the most interest ing mag-  
netic behavior  is exhibited. 

The average phosphorus content  for the deposits at 
each concentrat ion of hypophosphite  ion was deter -  
mined f rom the slope of such plots as shown in Fig. 1. 
The dependence of the per  cent phosphorus on the 
hypophosphite content of the solution is shown in 
Fig. 2. It is apparent  that  the phosphorus content  of 
the deposits increases as the hypophosphi te  content  of 
the solution increases. Moreover,  there  is apparent ly  
an approximate ly  logari thmic relat ionship be tween the 
two. Figure 3 shows the dependence of the plat ing rate  
on the hypophosphite  content  of the solution. The rate 
increases monotonical ly to ~-- 0.3M in hypophosphite  
and then exhibits a slight decrease as the hypophos-  
phite concentrat ion is fur ther  increased. This effect is 
similar  to electroless nickel  deposit ion where  an opti-  
mum ratio of meta l  ion to hypophosphite  ion exists for 
max imum deposition rate. 

Crystallographic Properties 
X-ray  diffraction indicated that  all deposits were  

predominant ly  hexagonal  cobalt. The crystal l i te  size 
of the deposits was est imated from x - r a y  l ine broad-  
ening. Such estimates gave values in the range 200- 
1000A. However ,  the crystal l i te  sizes so obtained 
showed no correlat ion with  thickness, phosphorus con- 
tent, or magnet ic  properties.  In order to obtain signi- 
ficant peaks for x - r ay  diffraction, it was necessary to 
use several  samples stacked together.  This would  be 
expected to produce addit ional  l ine broadening.  In ad- 
dition, deposit stresses and stacking faults wil l  con- 
t r ibute to the line broadening. Consequent ly  these es- 
t imates of crystal t i te  size are  in real i ty  the lower  l imi t  
of the crystal l i te  size in these deposits. Al l  deposits ex-  
hibited a prefer red  or ientat ion of the C-axis  in the 
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Fig. 2. Dependence of per cent P in deposit on the concentration Fig. 4. Dependence of the saturation magnetic moment on de- 
of NaH2P02. posit weight. 



Vol. 113, No. 6 

Table II. Values for various phosphorous contents 

E F F E C T  O F  H Y P O P H O S P H I T E  I O N  O N  C o o P  

O's 
% P e r n u / g r a m  

2.67 156.0 
2.62 147.5 
3.45 114.0 
3.81 116.0 
4.06 120.5 
4.22 127.5 
4.52 122.5 

p l a n e  of t h e  s u b s t r a t e .  H o w e v e r ,  a h i g h e r  d e g r e e  of 
o r i e n t a t i o n  w a s  e x h i b i t e d  b y  t h e  h i g h e r  p h o s p h o r u s  
depos i t s .  U n f o r t u n a t e l y  i t  w a s  i m p o s s i b l e  to o b t a i n  a n  
e s t i m a t e  of o r i e n t a t i o n  on  depos i t s  of less  t h a n  ~ 500A 
in  t h i c k n e s s .  

Magnetic Properties 
T h e  s a t u r a t i o n  m a g n e t i c  m o m e n t  of t h e  depos i t s  w a s  

m e a s u r e d  b y  a F a r a d a y  t y p e  m a g n e t i c  b a l a n c e  in  a 
field of 6000 oe. T h e  m o m e n t s  so o b t a i n e d  w e r e  f o u n d  
to b e  i n d e p e n d e n t  of depos i t  t h i c k n e s s .  Th i s  f ac t  is i l -  
l u s t r a t e d  b y  Fig.  4 w h i c h  is a p l o t  of  t h e  m a g n e t i c  
m o m e n t  vs. depos i t  w e i g h t  for  t h e  t w o  e x t r e m e s  of 
p h o s p h o r u s  con t en t .  T h e  s a t u r a t i o n  m a g n e t i c  m o m e n t  
p e r  g r a m  (r of t h e  m a t e r i a l  w a s  c a l c u l a t e d  f r o m  t h e  
s lopes  of s u c h  plots .  T a b l e  II  i l l u s t r a t e s  t h e  v a l u e s  so 
o b t a i n e d  fo r  t h e  v a r i o u s  p h o s p h o r u s  con t en t s .  A t  t h e  
l o w e s t  p e r  c e n t  P t h e  h i g h e s t  v a l u e s  of ~s a r e  o b s e r v e d .  
A d e c r e a s e  as t h e  p e r  c e n t  P is i n c r e a s e d  w o u l d  be  
e x p e c t e d  w h e t h e r  t h e  p h o s p h o r u s  m e r e l y  a c t e d  a t  a 
d i l u t a n t  or  e n t e r e d  in  c h e m i c a l  c o m b i n a t i o n  w i t h  some  
of t h e  cobal t .  H o w e v e r ,  t h e  o b s e r v e d  d e c r e a s e  is no t  
m o n o t o n i c  w i t h  i n c r e a s i n g  p e r  c e n t  P,  b u t  e x h i b i t s  a 
m i n i m u m  a t  ~ 3.5% P. 

M e a s u r e m e n t  of t h e  h y s t e r e t i c  p r o p e r t i e s  of t h e  
depos i t s  w e r e  m a d e  in  a v i b r a t i n g  s a m p l e  m a g n e t o m -  
e t e r  w i t h  a m a x i m u m  field of a p p r o x i m a t e l y  10,000 oe. 
T h e  s q u a r e n e s s  (i.e., t h e  r a t i o  of t h e  r e m a n e n t  m a g -  
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ne t i c  m o m e n t  to  t h e  s a t u r a t i o n  m a g n e t i c  m o m e n t )  
s h o w e d  no  c l ea r  t r e n d s  w i t h  t h i c k n e s s ,  b u t  t h e  a v e r a g e  
v a l u e  d e c r e a s e d  f r o m  0.83 to 0.70 as t h e  p h o s p h o r u s  
w a s  i n c r e a s e d  f r o m  2.6 to 4.5%. 

F o r  t h e  two  l o w e s t  p h o s p h o r u s  c o n t e n t s  t h e  d e p e n d -  
e n c e  of t he  c o e r c i v i t y  of t h e  depos i t s  on  depos i t  w e i g h t  
or  t h i c k n e s s  is s h o w n  in  Fig.  5. B o t h  of t h e s e  se r ies  
h a d  v e r y  n e a r  t h e  s a m e  p e r  c e n t  P, 2.62 a n d  2.67%. I n  
b o t h  cases  t h e  c o e r c i v i t y  d r o p s  as t h e  w e i g h t  i n c r e a s e s  
f r o m  ~-- 1100 oe a t  a depos i t  w e i g h t  of ,~ 15 ~ g / c m  2 
a p p r o a c h i n g  a c o n s t a n t  v a l u e  of  ~ 300 oe fo r  l a r g e  
depos i t  w e i g h t .  F i g u r e  6 is a s i m i l a r  p l o t  fo r  t h e  r e -  
m a i n i n g  se r ies  of h i g h e r  p e r  c e n t  P. A t  3.45% P a 
s l i g h t  m a x i m u m  b e g i n s  to a p p e a r  in  t h e  c o e r c i v i t y  a t  
~ 3 0  # g / c m  2. As  t h e  p e r  c en t  P is i n c r e a s e d  b e y o n d  
this ,  t h e  m a x i m u m  b e g i n s  to s h i f t  ou t  in  t h i c k n e s s  
u n t i l  a t  4.5% P t h e  c o e r c i v i t y  a p p e a r s  to i n c r e a s e  w i t h  
i n c r e a s i n g  w e i g h t  o v e r  t h e  e n t i r e  w e i g h t  r a n g e .  T h e  
h e i g h t s  of t h e s e  m a x i m a ,  h o w e v e r ,  a r e  d e c r e a s i n g  w i t h  
i n c r e a s i n g  p e r  c e n t  P. T h e s e  p o i n t s  a r e  c la r i f ied  in  
Fig. 7 w h e r e  t h e  v a l u e  of Hc a t  t h e  p e a k  a n d  t h e  
w e i g h t  of depos i t  a t  w h i c h  t h e  p e a k  in  Hc occurs  h a s  
b e e n  p l o t t e d  a g a i n s t  t h e  p e r  c e n t  P.  T h e  v a l u e  of 
(Hc) p e a k  d r o p s  f r o m  ,~ 1200 oe a t  3.5% P to 650 oe  
a t  4.5% P. M e a n w h i l e ,  t h e  d e p o s i t  w e i g h t  a t  w h i c h  
t he  m a x i m u m  occurs  i n c r e a s e s  f r o m  < 20 ~ g / c m  2 fo r  
t h e  l ow  P depos i t s  to > 200 ~ g / c m  2 fo r  t h e  4.5% P 
depos i t s .  S i n c e  t h e  depos i t s  w i t h  t h e  l e a s t  p h o s p h o r u s  
d id  n o t  e x h i b i t  a m a x i m u m  in  Hc fo r  e v e n  t h e  t h i n -  
n e s t  depos i t s  m e a s u r e d ,  t h e  a c t u a l  (Hc) p e a k  a n d  
w e i g h t  a t  t h e  p e a k  w o u l d  p r o b a b l y  b e  h i g h e r  a n d  
l o w e r  r e s p e c t i v e l y  t h a n  those  p o i n t s  e n t e r e d  w h i c h  
m e r e l y  r e p r e s e n t  t h e  h i g h e s t  Hc o b s e r v e d .  

F i g u r e  8 s u m m a r i z e s  t h e  ef fec t  of p h o s p h o r u s  c o n -  
t e n t  on  He fo r  c o n s t a n t  depos i t  t h i c k n e s s .  T h e  t h i c k -  
nesses  h a v e  b e e n  c a l c u l a t e d  a s s u m i n g  a d e n s i t y  of 8.9 
g / c m  3. F o r  a g i v e n  t h i c k n e s s  t h e  c o e r c i v i t y  i n c r e a s e s  
to a m a x i m u m  a n d  t h e n  fa l l s  as t h e  % P inc reases .  A t  
a depos i t  t h i c k n e s s  of 560~_ a m a x i m u m  c o e r c i v i t y  of 
1200 oe is r e a c h e d  a t  ~ 3 . 5 %  P w h e r e a s  a t  2250A a 
m a x i m u m  He of ~ 800 oe is r e a c h e d  a t  4.2% P. T h e  
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Fig. 9. Dependence of rotational hysteresis on field for two 
thinner samples of different per cent P. 

Table Ill. Values for sample of three different per cent P 

Deposit wt 
% P (~g/cm ~) Hc (oe) R H~k (oe) 

2.87 13 1106 1.17 1390 
50 591 1.89 480 
87 432 2.21 365 

130 355 1.33 310 

3.81 16 423 1.32 1670 
61 819 1.67 1350 
95 1069 1.68 1250 

187 774 2,19 750 

4.52 33 214 1.66 1330 
63 246 1.89 1000 
94 405 1.23 960 

219 637 1.72 690 

1500 
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Fig. 10. Dependence of rotational hysteresis on field for two 
thicker samples of different per cent P. 

in termedia te  thickness deposits of l120A reach an 
in termedia te  max imum of 1050 oe at an in termedia te  
phosphorus content  of 3.8%. 

Discussion 
The high coercivit ies observed for many  of the 

samples of chemical ly deposited cobal t -phosphorus 
necessitate a single domain model  to expla in  thei r  
magnet ic  properties.  Assuming the  phosphorus exists 
as the weak ly  magnet ic  Co2P, 4% by weight  of P 
would  correspond to ~25% by volume of Co2P. At  
any ra te  a significant proport ion of the vo lume of 
these films consists of a nonmagnet ic  dilutant.  A 
semi-par t icula te  model  is therefore  reasonable for 
these films. The high magnetocrysta l l ine  anisotropy 
of cobalt, moreover ,  demands that  these part icles ex-  
hibi t  a strong uniaxial  character.  Consequent ly  these 
films can be character ized qual i ta t ive ly  as a random 
(in the plane) assembly of in teract ing uniaxial  par -  
ticles. It  has been shown by Reimer  (7) that such a 
model  leads to squarenesses h igher  than 0.64 (which 
would  be expected for no interact ions) .  

The energy loss in rotat ional  hysteresis  as a func-  
tion of applied field was measured on a number  of 
samples by means of a torque  balance. F igure  9 is a 
plot of this energy, WRot, normal ized for differences 
in magnet ic  moment  v s .  the reciprocal  of the applied 
field. The values on the Y axis can be in te rpre ted  as 
the energy per magnet izat ion jump times the number  
of particles involved.  It is apparent  that  the low 
thickness low phosphorus sample shows a ve ry  nar row 
distr ibut ion of high field rotat ional  processes con- 
sistent wi th  its high coercivity.  However ,  the low 
thickness, high phosphorus sample exhibits  a large 
proport ion of low field processes, again consistent wi th  
its low coercivity.  F igure  10 shows the same results  
for much thicker  films of low and high per cent P. 
With reference  to the high phosphorus film, the dis-  
t r ibut ion is now much sharper  and apparent ly  as the 
film has grown those part icles exhibi t ing  low field 
switching characterist ics have  disappeared. The low 
phosphorus film, on the other  hand, now has its dis- 
t r ibut ion shifted to much  lower  fields, indicating the 

appearance of low field processes as the film has 
grown. 

The value  of the area under  these curves has been 
shown to be characterist ic of the mode of magnet iza-  
t ion  reversal .  The theoret ical  values for the area (8) 
are (a) s ingle-domain model,  coherent  rotation, 0.4; 
(b) s ingle-domain model, incoherent  rotation, 0.4 to 
4.0; (c) domain wall, 4.0. In Table  III  the values of R, 
the area under  the curve, are tabulated for samples 
of three  different per  cent P values. All  values  lie in 
the range 1.2-2.2 and exhibi t  no trends wi th  thick-  
ness or per cent P. These values are consistent wi th  
a single domain model  involv ing  incoherent  reversal ,  
probably a magnet izat ion buckl ing in the plane of 
the film. The value  of  the applied field at which the 
peak of the rotat ional  hysteresis  was observed is also 
tabulated in Table III. I t  can be seen that  the value 
of this peak field decreases wi th  increasing thickness 
in all cases. F igure  11 is a plot of the peak field v s .  

thickness for these samples. The peak field drops 
much more sharply as the thickness is increased for 
the low per cent P film than for those of h igher  phos- 
phorus. Thus in the low per  cent P films both the 
rapid decrease in peak field and especially the sig- 
nificant build up of low field processes as the thick-  
ness increases indicate a growth  of particles out of 
the single domain size to part icles large enough to 
support  domain walls. 

For  the high per  cent P films the peak field de-  
creases and approaches the value of the coercivi ty as 
the thickness builds up and the low field processes 
disappear.  This suggests that  the th inner  films have  a 
significant port ion of ve ry  small  particles which ex-  
hibit  a semi-superparamagnet ic  behavior.  The par-  
ticles grow as the film becomes thicker  and enter  the 
single domain size region. The greater  the per cent P 
of the film, the greater  is the thickness which must 
be reached before the contr ibut ion of these very  small  
part icles disappears. However ,  at the same time, be-  
cause of the init ial  wide dis t r ibut ion of part icle size 
in the higher  per  cent P films, some part icles grow 
and enter  the mul t idomain  region causing a lowering 
of the m a x i m u m  coercivi ty observed as the % P in-  
creases. 
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Fig. 11. Rotational hysteresis peak field vs. deposit weight 
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2500 Table IV. Summary of results for a selected number of samples 

L o w  P M e d  P H i g h  P 
(2 .6%) (3.8%) (4 .5%) 
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I I I I I I I I 
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( Temp.ll/t T (OK) 

Fig. 12. Dependence of Hc on temperature for two thin deposits 
of different per cent P. 

- t  (A) 150A 180A 350A 
I(002) 

I(100) 
He 1000 oe 450 oe 200 oe 
% i n c r e a s e  of Hc a t  7 7 ~  70% 18% 22% 
t (A) 980A 1070A 1060A 
I (002)  
- -  . N 0.54 0.23 ~0  
I (100)  
Hc 400 oe  1100 oe 400 oe 
% i n c r e a s e  of Hc a t  7 7 ~  53% 4% 14% 
t ( A )  1460A 2100A 2400A 
I (002)  
- -  . N 0.46 0 .09 0.08 
I (100)  
Hc 300 oe 700 oe 600 o e  
% i n c r e a s e  of Hc a t  7 7 ~  54% 24% 31% 

The tempera ture  dependence of the coercivi ty of a 
selected number  of these films was measured and 
the results for two of them are shown in Fig. 12. These 
par t icular  samples are the thinnest  samples of the 
low and high phosphorus films. The presence of near  
superparamagnet ic  part icles should contr ibute a t em-  
pera ture  dependence to the coercivity,  such that  Hc 
would be proport ional  to - - T  1/2 if the anisotropy con- 
stants for the particles involved were  independent  of 
t empera ture  (9). As shown in Fig. 12 the coercivi ty  
of these films is approximate ly  proport ional  to - -T  1/2. 
However ,  the low per cent P film shows by far  the 
greatest  t empera tu re  dependence. 

Summary 
Table IV summarizes  the previous results for a se- 

lected number  of samples. The t empera tu re  depend-  
ence of Hc is seen to be greatest  for the low per cent 
P films. This appears to be in conflict wi th  the postu-  
la te  of less superparamagnet ic  behavior  in these films. 
However ,  the uniaxial  anisotropy constant for cobalt  
does increase ~50% in going to 77~ and this alone 
may be sufficient to account for the observed tem-  
pera ture  dependence. All  of the samples exhibi t  an 
orientat ion of the C-axis  of cobalt in the plane of the 
film. The degree of orientation, however ,  is apparent ly  
greater  for the h igher  per cent P films. In thin films 
in which the magnet izat ion may  be constrained, due 
to shape effects, to stay in the plane of the film, this 
or ientat ion would lead to h igher  coercivity. However ,  
the difference in orientations indicated here do not 
seem to play a large role. 

In conclusion, we have shown that  var ia t ion of the 
hypophosphite '  concentrat ion of this plat ing solution 
causes concomitant  variat ions in the plat ing rate and 
the per cent P of the resul t ing films. Below a thick-  
ness of ~2500A the composit ion and magnet ic  mo-  
ment  density are independent  of thickness. The hys-  
teret ic propert ies are a function of both thickness and 
per cent P. The study of the magnet ic  propert ies  in-  
dicate that  the high per cent P films have smaller  
part icles at higher  thicknesses than do the low per 
cent P films. 

Manuscript  received Dec. 17, 1965. This paper was 
presented at the Buffalo Meeting, Oct. 11-14, 1965. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Gold Plating Directly on Molybdenum 
R. M.  Finne and W .  R. Bracht 

Bel l  Telephone Laboratories, Incorporated, Murray  Hill, New Jersey  

ABSTRACT 

A technique has been developed to electrodeposit  gold direct ly on a 
molybdenum substrate wi thout  prior deposition of other  metals. The elec- 
trodeposited gold films are adherent  and protect ive against  h ighly cor- 
rosive ambients. The  process involves the format ion of a porous oxide on the 
molybdenum substrate, deposition of gold into this oxide, and hydrogen re-  
duction of the oxide. During the reduct ion of the oxide, the gold is 
mechanical ly  t rapped and the substrate in the vic ini ty  of the molybdenum 
surface is converted to a two-component  go ld-molybdenum layer. This layer 
provides a suitable surface for fur ther  deposition. 

Pr ior  to the development  of the technique described 
in this paper, it had not been possible to e lectrode-  
posit gold on molybdenum or molybdenum-manganese  
substrates to produce an adherent  and highly protec-  
t ive coating. Previous  techniques have  general ly  de- 
pended on the deposition of a more  active meta l  such 

as copper, nickel, or chromium prior to deposition of 
gold (1). For  many  applications, par t icular ly  in the 
semiconductor field, such predeposit ions are undesir-  
able since they may subsequent ly diffuse into the gold 
and degrade its al loying characteristics,  or may dif-  
fuse into a semiconductor and per turb  its electronic 
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properties.  Al ternat ively ,  techniques have been pro-  
posed which involve the deposition of thin layers of 
gold fol lowed by hea t - t r ea tmen t  in non oxidizing 
ambients  to form alloyed surface regions (2). At -  
tempts  to deposit  gold direct ly  on molybdenum by 
employing such s tandard electroplat ing techniques to-  
gether  wi th  heat  t reat ing have not, in general,  y ie lded 
acceptable results. This is because of the crit ical  na-  
ture  of certain prepara tory  steps in the process. By 
insuring the format ion of a porous oxide on the mo-  
lybdenum surface, depositing gold into this oxide and 
reducing the oxide to trap the gold, it has been pos- 
sible to gold plate  direct ly onto the molybdenum 
sample. 

Apparatus and Materials 

The electrodeposit ion apparatus and mater ia ls  used 
were  essentially s tandard in nature,  and both still  
and bar re l  plat ing proved suitable. A typical  bath con- 
struction was as follows: polypropylene  tank, quartz  
immersion heaters, and gold anodes in an anode to 
cathode area ratio in excess of four  to one. The acid 
ci trate gold bath was prepared by mixing 20 _+ lg  of 
sodium gold cyanide (71% gold) and 100 • lg  of 
d iammonium citrate and water  to make one l i ter  of 
solution. This was then boiled in a hood for 30 rain 
to conver t  the cyanide gold complex to the ci trate 
complex with  the accompanying evolut ion of HCN. 
The bath was operated at a current  density of 49 
ma/ in .  2 at 60~ and deposited 0.93 mg/cm2/min .  Both 
acid ci trate and alkali  cyanide solutions were  used 
successfully. 

Substrates  used in the ini t ial  work  were  both ma-  
chined molybdenum studs and mo lybdenum-manga -  
nese films which were  s i lk-screened onto ceramic sur-  
faces. Subsequent  work  has been done with a great  
var ie ty  of sample shapes and sizes. 

Method 

Figure  1 shows a schematic flow diagram for the 
plat ing method.  The fol lowing is a description of the 
opt imum procedure  developed for our samples. 

1. Init ial  degreasing of the substrates in t r ichloro-  
ethylene. 

2. Fire  in dry hydrogen ( <  2 ppm H20) at 1000~ 
for approximate ly  10 min. (In no case were  the sam- 
ples passed through the flame curtain on the oven.) 

3. Immerse  in a solution of four  parts NH4OH 
(28%) to one part  H202 (30%) for approximate ly  8 
sec at room temperature .  

4. Wash in deionized water .  
5. Gold str ike to deposit 0.15-0.62 m g / c m  2. 
6. Wash in deionized water .  
7. Fi re  in dry hydrogen ( <  2 ppm H20) at 900~ 

for approximate ly  10 min. 
8. Electrodeposit  gold to the final desired thickness 

( ~  15 mg/cm2).  

Evaluation 
The electrodeposited gold was tested for substrate 

protection against gaseous and liquid ambients, and 
for adherence to the substrate. 

Protect ion against gaseous ambients  was evaluated  
by exposure of the  sample to wet  hydrogen at 600~ 
for 1 hr. Protect ion against l iquid ambients  was eva l -  
uated by immers ion of the sample in a 5 par t  HNO3 
(70%) - -1  par t  HF (48%) solution at room temper -  
ature. The presence of blistering, peeling, or cracking 
on the sample when v iewed under  ten power magni -  
fication was considered evidence of unsat isfactory 
plating. 

Nonadherence  of an electrodeposited gold film 
would, in all probabil i ty,  be made evident  by a bl is ter-  
ing of the coating dur ing the testing described above. 
However ,  to test adherence fur ther ,  a silicon wafe r  
30 mils in d iameter  was al loyed to the pla ted sample 
and the alloyed wafer  was subjected to a shearing 
force of 9500 psi. If the wafe r  pulled gold f rom the 
substrate, the plate was considered unsatisfactory.  

~%~r%~ ~ 
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Mo-Mn Substrate 

I 
Oxidation by 
~2O2-NhOS 
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Porous Hydrated 

MoO 3 

I 

_ _ •  Cold-Hydr~ied MoO~ 1 
Two Component Laygr 

I 
Reduction by }I~ 

900Oc = 

$ 
Cold-Mo Two 

Component Layer I 

$ 
Surface Suitable for 
Further Deposition 

Cold Strike 
2 msi 

Fig. I. Flow chart of the optimum processing steps 

Discussion 
Init ial  a t tempts  to gold plate direct ly on molyb-  

denum surfaces resul ted in ei ther nonadherent  plates 
or plates which would  not survive  exposure to cor-  
rosive ambients. The substrates were  careful ly  cleaned 
so that  it was not  a case of fa i lure  caused by surface 
contamination. These molybdenum samples (20 mils 
thick) were  degas sed at 1200~ for 1 hr  in a vacuum 
of 10 -6 Torr, but were  unsat isfactory after  plating. 
We therefore  concluded that  gassing was not the 
main problem. Since it  is wel l  known that  molyb-  
denum forms oxides such as MoO3 which are  stable at 
low temperatures ,  we postulated that  such oxides were  
forming a barr ier  be tween the gold plate and the 
molybdenum surface. 

Since gold and molybdenum form no alloys, and 
the solubili ty of each in the other  is negligible (3), it 
is not possible to form a two-component  phase by 
heat ing a gold plated molybdenum sample below its 
mel t ing point. Since gold does not react  wi th  molyb-  
denum oxide, chemical  bonding cannot  occur at the  
gold p la te-subs t ra te  interface. Such mechanisms may 
be ins t rumenta l  in the format ion of sat isfactory elec- 
trodepositions wi th  metals  such as copper, nickel, and 
chromium. 

Ins~tead of a t tempt ing to r emove  the nonporous oxide 
immedia te ly  pr ior  to plating, the technique which was 
evolved makes use of a porous oxide which is gener -  
ated on the molybdenum surface by aqueous oxidation. 
Pla t ing solutions can permeate  this type of molyb-  
denum oxide and are deposited in the oxide dur ing 
the strike. Reduction by hydrogen follows, which 
converts  the molybdenum oxides to molybdenum,  
physical ly ' trapping the gold in a molybdenum matrix.  
This two-component  layer  is then suitable for fur ther  
plating. 

The postulated roles played by the significant proc-  
essing steps are as follows: 

1. The firing of dry hydrogen prior  to plat ing serves 
two purposes: first, it reduces surface oxides; second, 
it degasses the surface. The t empera tu re  of this firing 
exceeds that  of any subsequent  processing step. 

2. The t rea tment  with ammoniacal  peroxide  solution 
forms a porous oxide on the substrate. The  major  re-  
action proceeds as in Eq. [1]. 

Mo -t- 3H202 --> MoO3 �9 xH20 + (3-x) H20 [1] 
x = l ,  2 

This oxide dissolves in the ammonium hydroxide  
forming  ammonium molybdate  as in Eq. [2]. 

MoO~ �9 xH20 -t- 2NH4OH--> (NH4)2MoO4 
(x -{- 1)HaO [2] 

x---- 1,2 

This etching action forms a fresh surface which re -  
acts to form a porous, hydra ted  oxide. 

3. The gold str ike solution permeates  the oxide 
structure.  
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Fig. 2A. Thermally oxidized sample, angle lapped. Magnification 
ca. 170X. 

Fig. 3A. Chemically oxidized sample, angle lapped. Magnifica- 
tion ca. 170X. 

Fig. 2B. Thermally oxidized sample, angle lapped. Magnification 
ca. 670X. 

4. The firing in dry hydrogen subsequent  to the gold 
str ike reduces the molybdenum oxide to molybdenum 
as in Eq. [3]. 

MoO3 �9 xH20 ~ 3H2-> Mo -t- (3 ~ - x ) H 2 0  
x : l ,  2 

[3] 

This creates a two-component  region at the surface 
of the substrate which is suitable for fur ther  plat ing 
by rout ine techniques. 

In order  to ver i fy  the crit ical  postulated roles, sev-  
eral  exper iments  were  performed.  

Firing.--The init ial  hydrogen firing of step two was 
e l iminated from the processing. The resul t ing samples 
blistered on heating, p redominant ly  at the corners 
and edges. This is often characterist ic of gassing. 
From this we may infer  that  step two is ins t rumenta l  
in degassing the substrate. 

In addition, argon was substi tuted for hydrogen and 
the final results were  satisfactory. This implies that  
the process is a thermal  one and does not depend on 
the chemical  nature  of the heat ing ambient.  

Fig. 3B. Chemically oxidized sample, angle lapped. Magnifica- 
tion ca. 670X. 

Oxidation.--A thermal  oxidation was substi tuted 
for the ammoniacal  peroxide treatment .  All  plated 
parts fai led the tests. The results of metal lographic  
sectioning and angle lapping are shown in Fig. 2 and 3. 
In the case of the thermal  oxide, the electrodeposited 
gold appears to rest  on the surface of a thin oxide 
layer. In the case of the chemical ly  produced oxide, 
the electrodeposited gold appears to have  penetra ted 
into the oxide. 

In addition, e lectron micrographs were  t aken  of the 
oxide surfaces. Figures  4 and 5 show the results 
for the two types of oxide described. The chemical 
oxide appears to have  a cellular,  porous s t ructure  
while  the thermal ly  grown oxide appears to be 
smooth and continuous. 

Strike.--The gold strike was increased in thickness 
which resulted in an increased porosity of the elec-  
t rodeposi ted film. This may  be due to the format ion  of 
a re la t ive ly  continuous layer  of gold over  the gold- 
permeated  oxide. Such a continuous layer  might  in-  
hibit  the reduct ion of the oxide which takes place in 
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the following step. It  appears desirable, therefore, not 
to provide complete surface coverage by the strike. 

Reduction.--The hydrogen reduct ion after the str ike 
was el iminated from the process. This resulted in  non-  
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Fig. 6. Oxide formed with NH4OH, electron mierograph. Magnifi- 
cation ca. 6700X. 

Fig. 4. Chemical oxide, electron micrograph, replica. Magnifica- 
tion ca. 23,330X. 

Fig. 5. Thermal oxide, electron micrograph replica. Magnifica- 
tion ca. 23,330X. 

Fig. 7. Oxide formed with H202, electron micrograph. Magnifi- 
cation ca. 6700X. 

adherent  electrodepositions. Also, a lowering of the 
firing tempera ture  produced an increase in the por-  
osity of the gold plate. This step is essential to the 
process. 

Variations in the processing are possible. For ex- 
ample, molybdenum samples which had a large sur-  
face to volume ra~io and which appeared to be wi thout  
surface oxide on del ivery were processed success- 
ful ly without  the use of the hydrogen firing prior to 
the gold strike. 
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Fig. 8. Oxide formed with H20, electron micrograph. Magnifica- 
tion ca. 6700X. 

This same type of sample was also successfully 
processed with the subst i tut ion of water  for the am- 
moniacal  peroxide solution in step three. However, 
this can only be done with samples which do not re- 
quire the removal  of surface layers for cleaning. At-  
tempts to use only NH4OH (28%) were successful, 
bu t  attempts to use H202 (30%) only were not. Fig-  
ures 6, 7, and 8 show electron micrographs of the 
oxide surfaces of samples processed in NH4OH (28%), 
H202 (28%), and water. It  can be seen that  the cellular  
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structures formed by water,  ammonium hydroxide, 
and 'the ammoniacal  peroxide solution are similar 
whereas the hydrogen peroxide solution appears to 
attack the surface more vigorously and produces an 
extremely rough oxide. This rough surface is appar-  
ent ly  not satisfactory for fur ther  plating. 

This process has also been used on molybdenum-  
manganese  films deposited on ceramics. In  this case, 
the t ime of the oxide format ion step is critical since 
excessive removal  of the th in  metal  film is undes i r -  
able. 

Conclusion 
The process described can be used to electrodeposit 

gold on molybdenum and  molybdenum-manganese  
substrates without  the use of prepla'tes of other metals. 
Essential steps in the process are: 

1. Format ion of a porous molybdenum oxide. 
2. Permeat ion  of the oxide with gold, without  

forming a continuous gold layer  over the oxide sur-  
face. 

3. Reduction of the oxide, which traps the gold in 
the mo lybdenum lattice and forms a two-component  
layer on the surface. 

The electrodeposited gold films produced by this 
process are adherent  and protective, and have been 
plated to thicknesses of over one mil  using both still 
and barrel  plating. 
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Protection of Steel from Hydrogen Cracking 
by Thin Metallic Coatings 

I. Matsushima and H. H. Uhlig 

Corrosion Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Cold rolled and stress rel ieved 0.5% carbon steel specimens electroplated 
with Ni, 0.50-2.5~ thick and bent  to the test span after plat ing are especially 
resistant  to hydrogen cracking when polarized cathodically in dilute sulfuric 
acid saturated with As203. Arsenic or an As compound deposits cathodically 
on the Ni coating which supplements  protection by Ni alone. The dual  coat- 
ing is also effective in the presence of additiwes to H2804, such as thiourea, 
which normal ly  accelerate occlusion of hydrogen by steel. The critical hard-  
ness value of steel below which some degree of protection is achieved by Ni 
-~ As coatings is about Rockwell C 35. Ni coatings alone are protective 
against sulfide cracking when cathodically protected in 6% NaC1-0.5% acetic 
acid, saturated with H2S. The mechanism of protection is apparent ly  one of 
al ter ing the kinetics of H + discharge, resul t ing in less occlusion of hydrogen 
by steel. Accordingly, such coatings to be protective need not  be continuous. 

Limited data have been reported previously on the 
protective qual i ty of metall ic coatings on steel exposed 
to envi ronments  which generate hydrogen by a corro- 
sion reaction, thereby leading to hydrogen cracking 
(1,2). Still  less informat ion  is available on the relat ive 
effect of such coatings under  conditions of continuous 
polarization which provides cathodic protection to the 

coating and avoids damage to it by corrosive attack. 
This si tuation deserves study both because it leads to 
a bet ter  unders tanding  of the mechanism of protection 
by coatings and also because it suggests practical 
means of protecting susceptible steels against  damage. 
This is the subject of the present  paper. The problem 
has become much more impor tan t  in recent  times be-  
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cause of increased use of h igh-s t rength  steels which  
are exposed to many different environments,  some of 
which induce hydrogen cracking. 

Probably  the most significant data bear ing on this 
problem were  presented by Fre iman  and Titov (3). 
They measured  diffusion rates of hydrogen through 
Armco iron sheets 0.17 mm thick, cathodically polar -  
ized in H2SO4 to which NaAsO2 was added. A thin 
coating of Cu, Sn, Pb, or Ni applied to one side of the 
sheet effectively slowed down entrance of hydrogen 
into the i ron when H + discharged on the coating. 
Nickel coatings only 0.1-2.5~ (0.004-0.1 rail) thick were  
especially effective whereas  Pb coatings to be s imilar ly  
effective had to be 10~ (0.4 mil) thick. There  was lit t le 
or no difference in diffusion rates for any of the coat- 
ings when H + discharged on the iron surface and 
occluded hydrogen diffused subsequent ly through the 
metal l ic  coating. 

Tardif  and Marquis (4) cathodically charged 0.06% 
C steel sheet 0.38 mm thick in 2% NaOH at 40~ They 
measured diffusion rates of hydrogen through the 
coated steel and also measured the f racture  tendency 
of the steel af ter  it had been polarized, employing a 
special deformat ion test. Al l  coatings, e.g., Cr, Au, Au-  
Ni, Ni, Cu, Pb, Cd, and A1, except  for Zn and Mg, 
were  beneficial to some extent  in re ta rd ing  entry of 
hydrogen into the steel. 

Exper imental  
The base steel on which coatings were  applied was 

a commercial  1055 steel (0.52% C, 0.81% Mn, 0.01% 
P, 0.01% S) cold reduced 50% and stress re l ieved in 
a salt bath at 400~ for 3 hr. The roll ing direction was 
paral le l  to the longest dimension. Stress rel ief  heat -  
t r ea tment  was chosen to prolong normal  cracking t ime 
and thereby improve  reproducibi l i ty  of the present  
tests f rom an average  of 6 rain for the cold-rol led 
steel to 42 min for the s t ress-re l ieved steel. For some 
experiments,  the steel specimens were  quenched f rom 
925~ and tempered  at various tempera tures  up to 
500~ in a salt bath for 1 hr. Above 500~ specimens 
were  sealed in evacuated Vycor capsules and heated 
in a furnace for 1 hr. Specimens, as sheared to size, 
measured 13/4 x 3/16 x 0.041 in. (4.5 x 0.48 x 0.10 cm).  
Af ter  shearing they were  abraded to a final No. 0 
emery  paper  which removed  approximate ly  1 mil  of 
all 6 surfaces. They were  then degreased in boiling 
benzene, pickled in 5 v / o  HNO3, 95~ for 1 rain, 
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washed, immersed  in acetone, and dried in a w a r m  
air blast. Specimens were  subsequent ly plated and 
then bent to the proper  span for testing. 

The test apparatus depicted in Fig. 1 was arranged 
so that  specimens under  constant spring load were  
polarized cathodically at 24 m a / c m  2 in 5% H2SO4 
saturated in most cases with As20~ at room temper -  
ature. Fai lure  by cracking tr ipped a switch connected 
to an electric clock. That port ion of the test apparatus 
in contact with the electrolyte  was constructed of 
commercial  Zr 1 to avoid corrosion. The insulated 
specimen itself was cathodically protected by the pre-  
vail ing cathodic current.  Specimens were  bent beyond 
the elastic l imit  to an init ial  span of 1% in. (4.1 cm),  
then t ransferred by means of a metal  holder  to the 
notched Bakel i te  insulators of the test apparatus. A 
compression spring was adjusted unti l  the final span 
of the specimen was 1-7/16 in. (3.65 cm),  careful ly  
avoiding springback. A nickel wire, previously spot 
welded to one end of the test specimen, was at tached 
to the negat ive te rmina l  of a rectifier; the posit ive 
terminal  was connected to an auxi l iary Pt  electrode 
immersed in the electrolyte  contained in a 250-ml 
beaker. Tests were  carr ied out a m ax im um  of 200 hr, 
lack of fai lure wi th in  this t ime represent ing appreci-  
able resistance to hydrogen cracking. Susceptible spec- 
imens commonly cracked wi th in  a fraction of an hour. 
For  long runs, distil led water  and As203 were  added 
to the electrolyte  every  24 hr. 

Some tests were  carr ied out in 6% NaC1-0.5% acetic 
acid saturated with  H2S at room temperature .  For 
those tests, specimens were  bent  to the usual span and 
mounted in simple holders of Bakelite.  They were  
placed in a 5-li ter glass desiccator vessel and total ly 
immersed in the test solution. Specimens were  ex-  
amined visually for cracks wi thout  removing  them 
from the container. 

Coatings, when applied, were  electrodeposited to a 
thickness of 0.01-0.5 rail (0.25-12.7~) as de termined  by 
weight  gain. Nickel e]ectrodeposits employed a NiSO4- 
NH4Cl-boric acid bath, lead coatings a f luoride-boric 
acid bath, copper coatings a cyanide bath, iron coatings 
a ferrous sulfate bath, cobalt coatings a cobalt sulfate-  
boric acid bath, and arsenic coatings a sodium cya-  
nide-As203 bath. A few specimens were  coated with  
electroless Ni (5). 

Results 
Cracking times of coated steel specimens are sum- 

marized in Table I. Lead coatings were  re la t ive ly  
effective if the thickness was at least 0.1 mil, and cop- 
per coatings were  s imilar ly  effective at 0.5 mil. Nickel  
coatings of 0.5 mil  thickness, on the other  hand, 
cracked when the specimen was bent prepara tory  to 
testing; such specimens subsequent ly failed in the H2- 
cracking tests. Surprisingly,  however ,  th inner  Ni coat-  
ings which did not visibly crack afforded protect ion 
for a thickness of only 0.02 mil. This thickness seems 
also to coincide with  marked  reduct ion in porosity of 
the coating as shown by data of Fig. 2. A measure  of 

1 S u p p l i e d  b y  c o u r t e s y  o f  C a r b o r u n d u m  M e t a l s  C l i m a x ,  I n c .  

Table I. Effect of electrodeposited coatings on H2 cracking of 
1055 steel, cold rolled 50%, annealed 400~ 3 hr, cathodically 
polarized in 5% H2SO4 ~- As203, 24 ma/cm 2 (minimum of 2 

specimens for each run) 

C o a t i n g  T h i c k n e s s  o f  c o a t i n g ,  m i l s  

0 .00  0 .01  0 .02  0 . 0 5  0 .1  0.5 

A v g  c r a c k i n g  t i m e ,  h r  
N o n e  0 .7  
Ni  2 . 4  N C  N C  N C  1.0 
P b  3 .3  - -  2 3  N C  N C  
C u  2 .5  - -  1 .7  N C  
C o  __  - -  ~ 72 I 0  
F e  - -  - -  2 . 3  0 . 6  - -  

Fig. 1. Apparatus for hydrogen cracking tests NC = no cracking in >200 hr. 
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porosity was obtained by counting under  the micro- 
scope the number  of rust  spots per uni t  area after 
immersing specimens horizontally for 10 min  in 3% 
NaC1 -5 1.5% by volume of 30% H202. It is unlikely 
that any of the Ni coatings were truly pore free, so 
that the protective mechanism of thin Ni coatings 
probably depends on a critical area ratio of Ni to ex- 
posed Fe at pores. This unusual protective quality of 
Ni coatings prompted a more detailed study of their 
properties. 

The next attempt was to protect a quenched mar- 
tensitic 1055 steel (Rockwell hardness ~ C 64), which, 
compared to the stress relieved cold-rolled material 
(C 31), is much more sensitive to hydrogen cracking. 
Uncoated quenched specimens cracked prematurely on 
bending; tempered at 300~ for 1 hr (C 51) they could 
be bent but, subsequent to bending, they suffered H2 
cracking within i/3 rain. Data for various tempering 
temperatures are summarized in Fig. 3. Here it is 
noted that the quenched steel, tempered subsequently 
at 300 ~ or 400~ cracked in very short time whether 
or not a thin coating of nickel covered the surface. 
However, at higher tempering temperatures, beginning 
at 450~ (Rockwell hardness = C 35), the nickel- 
coated specimens were appreciably more resistant than 
the uncoated specimens. Since hardness of the steel 
decreases with increasing tempering temperatures ac- 
companied by decrease in susceptibility to hydrogen 

Table II. Effect of various catalyst poisons in 5% H2SO4 on H2 
cracking of 1055 steel, cold rolled 50%, annealed 400~ 3 hr, 

coated with Ni, cathodically polarized 24 ma/cm 2 

0.05 m i l  E l e e t r o d e p o s i t e d  N i  

P o i s o n  A v g  c r a c k i n g  t i m e  

As~O. (sa t 'd)  > 2 0 0  h r  (3 spec . )  
Sb~Os (1.6 g / l )  163 h r  (3 spec . )  
T h i o u r e a  (0.2 g / l )  26 h r  (7 spec.)  
H~SeOs (0,3 g / l )  14 h r  (4 spec.)  

0.1 m i l  E l ec t ro l e s s  N i  

AseO~ (sa t 'd )  > 2 0 0  h r  (2 spec.)  
T h i o u r e a  (0.2 g / l )  2 hr ,  169 h r  

cracking, it is presumably  only below a critical sus- 
ceptibil i ty (Rockwell hardness < C  35) that  the thin 
Ni coating provides an advantage. It is possible, of 
course, that Ni coatings would extend their range of 
effectiveness for more susceptible specimens under  less 
severe conditions of H2 charging. 

Of interest  to the mechanism were experiments  
carried out on Ni-coated specimens using catalyst 
poisons in H2SO4 solution other than hs203. Data are 
summarized in Table II. Results are also included for 
2.5~ (0.1 mil)  electroless Ni coatings which were found 
to behave in much the same manner  as electrode- 
posited coatings. Electroless Ni coatings 3.8~ (0.15 mil)  
thick were similar in behavior  to the th inner  coatings. 
It  is obvious that  thin Ni coatings are effective in 
presence of As203, but  less so in presence of other 
poisons. 

Exper iments  were next  carried out to determine 
whether  Ni-coated specimens prepolarized in 5% 
H2SO4 -5 As203 afford subsequent  protection when  
cathodically polarized in 5% H2SO4 containing other 
type poisons, e.g., thiourea. The thought behind this 
exper iment  was to learn whether  protection was sup- 
plemented by arsenic deposited on a Ni surface. Also, 
if arsenic is effective, would it be similarly effective if 
predeposited from a cyanide bath, or if codeposited 
along with nickel by adding As20~ to a nickel plating 
bath. Results are summarized in Table Ill. Prepolari- 
zation in H2SO4 -5 As~O3 for 15 hr is effective, the 
time for which can be shortened by prepolarizing at 
the boiling temperature of the H2SO4 electrolyte. None 
of the other pretreatments comparatively was as effec- 
tive. This is a preliminary conclusion which should ~be 
substantiated by further tests accompanied by analyses 
of the electrodeposits. Probably  the ma in  reason for 
lack of protection is that  specimens were bent  for test-  
ing after deposition of As or As + Ni coatings, thereby 
producing cracks in the coating which allowed hydro-  
gen penetra t ion to the base steel. Ni-plated specimens 

I0 

-~: 

o 

_ -440m,~ >,2000m,~ / 5  | O 

4 0  -~ g: 

. / s . ]  . . .  -1  d 
Ni Co~ted / ~ '- ' --~ Hardgess I oo - ........ / S  

Un~ated -J lO 
:o_- -1- I -  I i i ] 0 0 500 400 500 600 700 

TEMPERING TEMPERATURE, ~ 
Fig. 3. Times to failure of nickel coated (0.05 mil) and uncoated 

quenched AISi 1055 steel tempered at various temperatures for 1 
hr, 5% H2SO4 -5 As203 (saturated), 24 ma/cm 2, room temperature. 

Table III. Effect of arsenic plus Ni coatings on H2 cracking of 
1055 steel, cold rolled 50%, annealed 400~ 3 hr, cathodically 
polarized in 5% H2SO4 -5 0.2 g/I thiourea, 24 ma/cm 2, roam 

temperature 

T r e a t m e n t  A v g  c r a c k i n g  t i m e  

1. D e p o s i t i o n  of  A s  on  0.05 ra i l  N i  f r o m  c y a -  
n i d e  ba th ,  5 m a / c m ~ ,  0.5 h r .  

R o o m  t e m p e r a t u r e  
A r s e n i c - c o a t e d  s p e c i m e n  h e a t e d  i n  H20,  

100~ 1/2 h r  
2. C o d e p o s i t i o n  of  N i  a n d  As ,  10 m a / c m  ~, 

4 r a in  
R o o m  t e m p e r a t u r e  
C o a t e d  spec .  h e a t e d  400~ 3 h r  

3. P r e p o l a r i z a t i o n  of  0.05 ra i l  N i  i n  5% H,2SO~ 
+ As2Os, 24 m a / e m  2 

R o o m  %emp, 2.5 h r  
5.0 h r  

15.0 h r  
B o i l i n g  po in t ,  2.5 h r  

5.0 h r  

55 h r  (2 spec.)  

53 h r  (2 spec.)  

34 h r  (6 spec.)  
9 h r  (3 spec.)  

2.7 h r  (2 spec . )  
56 h r  (2 spec.)  
N C  (2 spec.)  
77 h r  (2 spee.)  
N C  (2 spec . )*  

N C  = no  c r a c k i n g  in > 2 0 0  h r .  
* A t h i r d  spec .  f a i l e d  i n  112 h r .  
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Table IV. Hydrogen cracking of stressed cold rolled 1055 steel, 
previously cold rolled 50%, annealed 400~ 3 hr, immersed in 

6% NaCI, 0.5% acetic acid saturated with H2S; with and 
without cathodic polarization, room temperature 

S p e c i m e n  C r a c k i n g  t ime ,  days  

Cath .  c u r r e n t  d e n s i t y  ~ 0 0.05 0,5 m a / c m ~  
U n c o a t e d  < 2  < 2  < 2  
Coa ted  w i t h  0.05 rai l  Ni  < 2  < 1  7, NC 

The  s ame  p r e p o l a r i z e d  15 h r  in  
5% H~SO~ + As20~ < 2  4-5 NC 

Coa ted  w i t h  0.1 rai l  Ni  < 2  < 2  NC 
The s ame  p r e p o l a r i z e d  15 h r  in  

5% H~SO~ + As2Oa < 2  2-3 NC 

NC = no c r a c k i n g  in  ~ S  days.  

of Table III  prepolar ized in H2SO4 -~- As203 were  al-  
ready stressed to the test span dur ing pre t rea tment  
and were  then t ransferred to the H2SO4 + thiourea 
electrolyte  wi thout  changing the span. 

The next  series of exper iments  was conducted to 
determine  to what  extent  Ni plus As coatings are 
effective in total immersion tests in 6% NaC1-0.5% 
acetic acid periodically saturated with  H2S. This test 
is commonly employed to determine  susceptibil i ty of 
stressed steels to hydrogen cracking or sensi t ivi ty to 
so-called sulfide cracking. The base steel was again 
1055 steel, cold rol led and annealed at 400~ wi th  the 
thickness of nickel coating being ei ther  0.05 or 0.1 mil. 
Data are summarized in Table IV. Since all specimens 
failed within 2 days whe ther  coated with  Ni or wi th  
Ni plus As, additional tests were  carried out wi th  con- 
tinuous cathodic polarization of the specimens in the 
same test medium. At 0.05 m a / c m  2, fai lure t imes for 
some specimens coated with  Ni ~- As were  extended,  
but all specimens failed nevertheless.  At a higher  cur-  
rent  density of 0.5 m a / c m  2, Ni-coated specimens, ex -  
cept one, survived the max imum test period of 8 days. 
Protect ion was obtained whether  or not the specimens 
were  prepolarized in the H2SO4-As203 electrolyte.  In 
other  words, thin Ni coatings are effective in diminish-  
ing He cracking of steel for HuS-type exposures, but  
only if the coated steel is cathodically protected. Un-  
l ike the polarization exper iments  in H2SO4 previously 
reported,  presence of As on the nickel  surface does not 
seem to be essential, al though results at 0.05 m a / c m  2 
suggest that  some small  advantage  results. 

Discussion 
Although meta l  coatings conceivably protect  against 

hydrogen penetrat ion into steel by acting as a diffusion 
barrier ,  it is not l ikely that  this par t icular  mechanism 
operates for the thin films now under  study. Instead, 
the coatings apparent ly  act mainly  to alter kinetics of 
hydrogen ion discharge, resul t ing in less occlusion of 
hydrogen by the meta l  electrode. The specific surface 
propert ies of the metal  are more important ,  in other  
words, than its diffusivity for hydrogen. This was dem-  
onstrated by results of F re iman  and Ti tov (3) who 
also proposed that  the surface electrochemical  factor 
in their  exper iments  accounted largely for the protec-  
t ive effect of thin metal  coatings on diffusion of hydro-  
gen into steel. 

The impor tant  effect of the electrode surface is also 
apparent  f rom the large effect on cracking produced 
by small  additions of catalyst  poisons, e.g., arsenic 
compounds, thiourea, sulfur  ions, etc., to the electro-  
lyte. In absence of NaAsO2 in their  sulfuric acid elec-  
trolyte,  F re iman  and Ti tov (3) found no hydrogen to 
diffuse through uncoated steel af ter  cathodic polariza-  
tion for 2 hr, whereas  in the presence of NaAsO2 hy-  
drogen appeared after  1 or 1~/2 min. Schuetz and 
Robertson (6) found that  CS2 additions to H2SO4 elec-  
t rolyte  increased hydrogen absorption of a cathodically 
polarized 10% Ni-Fe  alloy by a factor of 15. It  is 
known, moreover ,  that  often a highly stressed steel 
exposed to an acid envi ronment  wil l  not  hydrogen 
crack except  in presence of compounds like H2S or 
As203. 

The present  results are the more surprising in view 
of the beneficial effect of thin Ni coatings associated 
with As where  the lat ter  e lement  instead of increasing 
hydrogen occlusion by the under ly ing  steel, decreases 
it. The arsenic retains its beneficial influence even in 
presence of other  poisons such as thiourea (Table I I I ) .  
One exception is in the acetic acid-H2S test (Table IV) 
where  Ni coatings alone are effective, and As is not 
required to supplement  protect ion against  failure. Ad-  
dition of hs203 to H2SO4 leads to visible cathodic de- 
position of e lementa l  As or an As compound on the 
cathode surface, and, as F re iman  and Titov (3) showed, 
if the film is not too thick, occlusion of hydrogen by 
uncoated steel is increased by its presence. Elementa l  
As has a high value of hydrogen  overvol tage  appar-  
ently leading to increased thermodynamic  act ivi ty of 
adsorbed atomic hydrogen on the steel surface and 
hence to a greater  tendency for hydrogen to enter  the 
metal  lattice. 

Accordingly, the beneficial effect of As associated 
wi th  a Ni coating can be ascribed to the possibly low 
hydrogen overvol tage of a chemical  compound formed 
between As and Ni. This hypothesis is supported by 
the reduced t ime necessary to achieve protection by 
the duplex coating when the electrolyte  is heated dur -  
ing As deposition which probably  favors compound 
format ion  (Table I ID.  Raub et al. (7) found that  when  
As is codeposited with  Ni on an electrode at which 
H + discharges simultaneously,  the potential  becomes 
more noble, corresponding to a decrease in hydrogen 
overvoltage.  This shift of potent ial  is in the r ight  di-  
rection to explain the effect of the present  Ni-As coat-  
ings. The Ni coatings containing As by codeposition, on 
the other hand, were  not found to be especially effec- 
tive, but, as described earlier,  this is probably because 
of the bri t t le  nature  of coatings containing arsenic, a l -  
lowing formation of cracks during bending through 
which hydrogen can enter  the steel. P re l iminary  po- 
tential  measurements  on the present  protect ive Ni-As 
coatings confirmed that  a lower hydrogen overvol tage  
results when As is deposited on Ni. The observed 
difference of 40 my at 24 m a / c m  2 (changing with  
t ime) ,  was not large, however ;  hence there  is the 
possibility that factors enter  in addition to overvol tage  
effects. Even for metals  like Pb with  high H2 over -  
voltage, there  is apparent ly  l i t t le  tendency for cathodic 
hydrogen ei ther  to enter  the Pb latt ice or to t ransfer  
occluded H to the under ly ing steel. 

Assuming that  a compound is formed between Ni 
and As, the next  step was to ident i fy it by x-ray .  The 
thin black surface layers of several  Ni-As coated elec- 
trodes were  careful ly  removed and examined in a 
Debye-Scher re r  camera, but only lines of Ni appeared. 
Pat terns  were  repeated several  times with  the same 
results. A black residue which collected on the bottom 
of the H~SO4-As203 electrolyte  after  a long period of 
electrolysis, and which is presumably  e lementa l  arse-  
nic, gave an amorphous pattern.  Hence it is concluded 
that  if a surface compound of Ni and As forms, it is 
ei ther amorphous or the layer  is too thin for x - r ay  
diffraction. The inabil i ty of the Ni-As coatings to 
protect  quenched 1055 steel suggests that  the amount  
of hydrogen necessary to cause fai lure of the mar ten -  
sitic steel is so small  that  the present  thicknesses of 
coatings are not sufficiently protective. For  tempered  
martensite,  or for cold rol led steel, on the other  hand, 
the apparent  requi red  amount  of hydrogen is greater,  
and for this situation the coatings adequately  reduce  
occlusion of hydrogen by steel to a value below that  
requi red  for failure. The present  invest igat ion demon-  
strates that  metal  coatings need not be continuous in 
order to protect  steel against  hydrogen cracking and 
that  their  porosity need only fall  below a crit ical  value. 
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Impurity Segregation in Binary Compounds 
M. R. Lorenz and S. E. Blum 

Watson Research Center, International Business Machines Corporation, York town  Heights, N e w  York  

ABSTRACT 

The effect of the pressure of the consti tuents of a binary compound on the 
segregat ion coefficient (ko) of a substi tutional impur i ty  is considered. The 
theory concerning the incorporat ion of an impur i ty  is briefly reviewed,  and 
the dependence of ko on PM is given for various combinations of electrical  
character  of an impur i ty  and the site the impur i ty  occupies. The impuri t ies  
In and Sb were  studied in CdTe. ko(In) is inverse ly  proport ional  to PCd and 
ko(Sb) direct ly  proport ional  to POd. The results  are in quant i ta t ive  agreement  
with the theoret ical  predict ion if it is assumed that  nat ive  defects play a 
negligible role as a source of free carr iers  or charge compensation. The donor 
Te, the acceptor Zn, and the amphoter ic  impur i ty  Sn were  studied in InAs 
by pul l ing crystals by the Czochralski method at various arsenic pressures. 
The ko's follow the predicted behavior.  The practical  significance of the de-  
pendence of ko on the pressure of compound consti tuents in relat ion to ma-  
terials prepara t ion  is discussed briefly. 

Research on semiconductor  systems has brought  
about a good unders tanding of segregation processes 
and of the factors governing distr ibution coefficients in 
binary systems (1). The knowledge acquired in such 
two-component  systems has also been applied to the 
more complex te rnary  systems. There  have been a 
number  of investigations concerned with various as- 
pects of the segregation of an impur i ty  in a binary 
compound. Most of this work  was done on I I I -V com- 
pounds and much of it has been recent ly  rev iewed (2). 
In many of these studies the segregation coefficients 
were  de termined  by assuming a pseudobinary system, 
i.e., an impuri ty  (one component)  and a binary com- 
pound (the second component) .  In general  the invest i -  
gations were  concerned with  segregation in l iquid-sol id 
phase equilibria.  More recent ly  Chang and Pearson 
(3) studied solubilit ies and distr ibution coefficients of 
Zn in GaAs and GaP from vapor-sol id  equil ibria  
while McCaldin (4) studied the Zn-GaAs system as a 
true th ree-component  system. The behavior  of Ge in 
GaAs was invest igated in l iquid-sol id phase equil ibria  
(5). Segregat ion of Zn be tween  solid InSb and In-Sb 
melts  of various compositions has also been invest i -  
gated (6). The solubil i ty of group II, IV, and VI ele- 
ments in GaP was studied by Trumbore  et al. (7, 8). 

The major  aim of this study was to examine  the 
dependence of the distr ibution coefficient on the site 
the impur i ty  occupies, the effects of the electrical 
characterist ics of the impuri ty,  and the role of the 
chemical  potent ial  of the component  that  normal ly  
occupies the site. For  our exper imenta l  invest igat ion 
we chose the In-As  system as a representa t ive  of the 
I I I -V compounds and the Cd-Te system as a repre -  
senta t ive  of the I I -VI  compound family. Both com- 
pounds are low mel t ing and therefore  presented the 
least difficulty exper imental ly .  Three  impuri t ies  were  
studied in InAs, and two impuri t ies  were  invest igated 
in CdTe. 

Theory 
We wish to rev iew briefly the theory  concerning the 

incorporat ion of an impur i ty  atom X in the com- 
pound MN. We wil l  use the mass action approach of 

Kroeger  and Vink (9) and follow approaches similar  
to those used by Thomas (10), McCaldin (4), and 
Kroeger  (11). We confine our at tention to impuri t ies  
which sit on normal ly  occupied latt ice sites. Let  us 
assume first that  X is a donor which resides on an M 
site (XMD). The equi l ibr ium of X in the solid MN 
and some ex terna l  phase (X~) can be illus• by 
the reaction. 

VM "~ Xl = XM D+ "~ e -  (I) 

where  VM is a neutra l  M vacancy, XMD + is the ionized 
donor, and e -  is a f ree  electron. Making the usual as- 
sumption of ideal solution behavior,  we wr i te  the 
equat ion which governs react ion (I) as follows 

[XM D+ ] n 
= K I ( T )  [1] 

�9 [ V M ]  [ X z ]  

where  KI (T)  is the t empera tu re  dependent  equi l ib-  
r ium constant. Since all K's are t empera tu re  depen-  
dent, the bracketed T wil l  hereaf te r  be dropped for 
simplicity. In general,  we are concerned with impur -  
i ty states which lie close to their  respect ive bands. 
For  such states we can assume that  at or near  the 
mel t ing t empera tu re  of the compound they are suffi- 
cient ly ionized that  the concentrat ion of the ionized 
impur i ty  is equal  to the total concentrat ion of that  
impuri ty,  i.e., [XM D] = [XM D+ ] 2[- [XMDO] ~ [XMD+]. 
With this assumption we  may  wri te  the equi l ibr ium 
segregation coefficient for a donor impur i ty  substi- 
tu ted  on an M site, ko(XM D) 

[XMD + ] VM K1 
ko(XM D) ~ ko(XMD+) = - -  - -  [2] 

[Xz] n 

where  ko describes the sol id-l iquid equi l ibr ium. Since 
[V~a] is inversely  proport ional  to the pressure of M. 
as PMy 1/y where  y is the number  of atoms in the 
given vapor  specie, we can wr i te  Eq. [2] as 

K3 
ko (XM D) = n PMy 1/~- [3] 
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Table I. Dependence of the impurity segregation coefficient, ko, on lattice sites, PM, and carrier type and concentration 
The K's are temperature dependent constants with subscripts omitted for simplicity. For the definition of ko see Eq. [2] 

I m p u r i t y  C h a r a c t e r  
s i t e  X~D XxD X z x  XXA X~1,x n,l) 

K K PMyl/Y K K p~yl/~ K K'  PMyl/~ 
Segrega t ion  _ _  + _  
c o e f f i c i e n t  n PMvl/~ n p PM~I/g p n p~yl/y p 

I n h e r e n t  in  t he  a b o v e  a n d  s u b s e q u e n t  t r e a t m e n t  a re  
t h e  a s s u m p t i o n s  t h a t  so l id  M N  h a s  a n a r r o w  h o m o -  
g e n e i t y  r a n g e ,  t he  i m p u r i t y  c o n c e n t r a t i o n  is smal l ,  
t h e  s y s t e m  is n o n d e g e n e r a t e ,  a n d  t h a t  S c h o t t k y  d i s -  
o r d e r  p r eva i l s .  

I f  w e  n o w  c o n s i d e r  t h e  s a m e  case  b u t  le t  X occupy  
N sites,  w e  f ind t h a t  

K 4  PMy 1/y K5  
k o ( X N  D) ~ - -  [ 4 ]  

n PNy 1/y n 

F r o m  Eq. [3] a n d  [4] w e  n o t e  t h a t  t h e  s e g r e g a t i o n  
coeff ic ient  fo r  a n  i m p u r i t y  is e i t h e r  d i r e c t l y  or  i n -  
v e r s e l y  p r o p o r t i o n a l  to t h e  p r e s s u r e  of M in  t h e  sys -  
t em.  S i m i l a r  e q u a t i o n s  g o v e r n  t he  s e g r e g a t i o n  coeffi-  
c i en t s  of a c c e p t o r s  a t  s u b s t i t u t i o n a l  si tes.  T h e r e  a r e  
a lso a l i m i t e d  n u m b e r  of i m p u r i t i e s  w h i c h  can  o c c u p y  
e i t h e r  s i t e  r ead i l y .  I f  a m a s s  a c t i o n  l a w  is v a l i d  for  
~he i m p u r i t y  on  e a c h  t y p e  of site, t h e n  

[ X M  A] -~- [ X N  D] 
ko ( X M , N  A'D) = 

[Xz] 
K 6  PMul /uK5 

- -  + - -  [ 5 ]  
p PMy 1/y n 

w h e r e  p is t he  ho le  c o n c e n t r a t i o n .  A s u m m a r y  of t he  
d e p e n d e n c i e s  of s e g r e g a t i o n  coeff ic ients  on  t h e  s i te  
t he  i m p u r i t i e s  o c c u p y  a n d  on  t h e  e l e c t r i c a l  c h a r a c -  
t e r i s t i c s  t h e y  h a v e  is g i v e n  in  T a b l e  I. 

Exper imenta l  
Cadmium tel luride.--The C d T e  ingo t s  u s e d  in  t h e s e  

s t ud i e s  w e r e  p r e p a r e d  f r o m  h i g h - p u r i t y ,  6-9 's ,  e l e -  
m e n t s  in  v a c u u m - s e a l e d  q u a r t z  t u b e s  b y  t he  B r i d g -  
m a n  D r o p  p r o c e d u r e .  I n g o t s  w e i g h e d  t y p i c a l l y  a b o u t  
80g a n d  o c c u p i e d  a b o u t  60% of t h e  t u b e  v o l u m e .  T h e  
d o p a n t ,  In  o r  Sb,  w a s  a d d e d  d i r e c t l y  to  t h e  B r i d g m a n  
tube .  T h e  c a d m i u m  p r e s s u r e  in  t h e  s y s t e m  w a s  i n i -  
t i a l l y  c o n t r o l l e d  b y  t h e  excess  Cd  used .  H o w e v e r ,  i t  
is a p p a r e n t  t h a t  t h e  PCd in  t h e  s y s t e m  is c h a n g i n g  
t h r o u g h o u t  t he  f r e e z i n g  p e r i o d  b e c a u s e  t h e  c o m p o s i -  
t i on  of t h e  m e l t  is c h a n g i n g .  W e  a n a l y z e d  o n l y  t h e  
f i rs t  15% of t h e  i n g o t  to  f r eeze  a n d  a s s u m e d  a POd 
c o r r e s p o n d i n g  to t h e  i n i t i a l  c o n d i t i o n  (12-14) .  Th i s  
l eads  to a n  u n c e r t a i n ~ y  of a b o u t  10% in  Pccl. T h e  d i s -  
t r i b u t i o n  coeff ic ients  of i n d i u m  a n d  a n t i m o n y  w e r e  
d e t e r m i n e d  at  c a d m i u m  p r e s s u r e s  of 5.3 a n d  0.08 a tm.  

Indium arsenide.--The i n d i u m  a r s e n i d e  c r y s t a l s  
u s e d  in  t h e s e  s tud ie s  w e r e  p r e p a r e d  f r o m  h i g h  p u r i t y ,  
6-9 's ,  e l e m e n t s .  T h e  sea l ed  m a g n e t i c  C z o c h r a l s k i  c r y s -  
t a l  p u l l e r  u sed  was  p r e v i o u s l y  d e s c r i b e d  (15) .  I n A s  
w a s  s y n t h e s i z e d  in situ a n d  g r o w n  in  t h e  ~ 1 1 1 ~  d i -  
r ec t ion .  T h e  s o l i d - l i q u i d  i n t e r f a c e  w as  a l w a y s  f iat  a n d  
p e r p e n d i c u l a r  to t h e  p u l l  d i r ec t ion .  T h e  r o t a t i o n  r a t e  
was  in  a l l  cases  8 r p m .  H a l l  m e a s u r e m e n t s  t a k e n  on 
w a f e r s  cu t  p e r p e n d i c u l a r  to t he  g r o w t h  axis  s h o w e d  
no a p p r e c i a b l e  v a r i a t i o n  in  c a r r i e r  c o n c e n t r a t i o n  
w i t h i n  a w a f e r .  T h e r e f o r e  i n h o m o g e n e o u s  s e g r e g a t i o n  
of t he  i m p u r i t i e s  d u e  to f a c e t i n g  effects  (26, 27) w a s  
a s s u m e d  to b e  neg l ig ib l e .  T h e  d o p a n t s  w e r e  a d d e d  d i -  
r e c t l y  to t h e  i n d i u m  cha rge .  T h e  a r s e n i c  p r e s s u r e  in  
t he  s y s t e m  was  m a i n t a i n e d  a t  t h e  d e s i r e d  v a l u e  b y  
t h e  t e m p e r a t u r e  c o n t r o l  of c o n d e n s e d  a r s e n i c  a t  the  
co ldes t  p o r t i o n  of t h e  p u l l e r  tube .  C r y s t a l  g r o w t h  
w a s  o b t a i n e d  in  t he  u s u a l  way .  To s t u d y  t h e  in f luence  
of a r s e n i c  p r e s s u r e ,  t he  p u l l i n g  w a s  i n t e r r u p t e d  and  
t h e  a r s e n i c  r e s e r v o i r  t e m p e r a t u r e  w a s  i n c r e a s e d .  
A f t e r  a r s e n i c  p r e s s u r e  e q u i l i b r i u m  w a s  e s t a b l i s h e d ,  
t h e  p u l l  was  r e s u m e d .  

T e l l u r i u m  a n d  t i n  in  I n A s  w e r e  t r e a t e d  as n o n v o l a -  
t i le  dopan t s .  T h e  i n i t i a l  d o p a n t  c o m p o s i t i o n  of t he  
m e l t  was  t h e r e f o r e  k n o w n .  T h e  d o p a n t  c o n c e n t r a t i o n  
in  t he  m e l t  a f t e r  t h e  p r e s s u r e  c h a n g e  w a s  c a l c u l a t e d  
f r o m  t h e  I n A s  p h a s e  d i a g r a m  (16) .  T h e  q u a n t i t y  of 
Te  a l r e a d y  i n c o r p o r a t e d  in  t h e  p u l l e d  c r y s t a l  w a s  
t a k e n  i n to  accoun t .  O u r  j u s t i f i c a t i o n  fo r  t r e a t i n g  Te  
as a n o n v o l a t i l e  d o p a n t  is b a s e d  on  t h e  fac t  t h a t  for  
ou r  e x p e r i m e n t a l  t e m p e r a t u r e  c o n d i t i o n s  Te  is a n o n -  
c o n d e n s a b l e  i m p u r i t y  a n d  t h e  gas  v o l u m e  is suffi-  
c i e n t l y  s m a l l  to  m a k e  t h e  q u a n t i t y  of Te  in  t h e  gas 
p h a s e  n e g l i g i b l e  c o m p a r e d  to t h e  t o t a l  Te  in  t h e  sys -  
t em.  

As  in  t he  a b o v e  case,  t h e  d o p a n t  z inc  was  a d d e d  
d i r e c t l y  to t h e  mel t .  H o w e v e r ,  t h e  z inc  c o n c e n t r a t i o n  
in  t h e  m e l t  m u s t  be  c a l c u l a t e d  d i f f e r e n t l y  f r o m  the  
Te or  S n  case. W h e n  t he  I n A s - z i n c  m e l t  is in  e q u i l i b -  
r i u m  w i t h  a r s e n i c  a t  a v a p o r  p r e s s u r e  of 0.17 a tm,  
t h e  z inc  c o n c e n t r a t i o n  in t h e  m e l t  is d e p e n d e n t  on 
t h e  v a p o r  p r e s s u r e  of c o n d e n s e d  ZnaAs2 a t  t h e  a r s e n i c  
r e s e r v o i r  t e m p e r a t u r e  w h e r e  so l id  ZnaAs2 coex is t s  
w i t h  sol id  As. U s i n g  S i l v e s t r i ' s  d a t a  (17) ,  t h e  z inc  
p r e s s u r e  in  ' the s y s t e m  w a s  ca l cu l a t ed .  T h e  c o r r e -  
s p o n d i n g  c o n c e n t r a t i o n  of Z n  in  t h e  m e l t  w a s  c a l c u -  
l a t e d  f r o m  R a o u l t ' s  l a w  a n d  t h e  v a p o r  p r e s s u r e  of 
p u r e  Z n  a t  t h e  m e l t  t e m p e r a t u r e  (18) .  W h e n  t h e  m i n -  
i m u m  t e m p e r a t u r e  in  t h e  s y s t e m  w a s  i n c r e a s e d  to 
623~ (PAs4 = 1.45 a t m ) ,  c o n d e n s e d  Zn3As2 s t i l l  c o n -  
t r o l l e d  t h e  Z n  v a p o r  p r e s s u r e  a n d  c o n d e n s e d  a r s e n i c  
c o n t r o l l e d  t he  a r s e n i c  p r e s s u r e .  T h e  Z n  c o n c e n t r a t i o n  
in  t he  m e l t  w a s  r e c a l c u l a t e d  as above .  

Measurements . - -The c a d m i u m  t e l l u r i d e  c r y s t a l s  
w e r e  a n a l y z e d  fo r  t h e  d o p a n t s  b y  e m i s s i o n  s p e c t r o -  
c h e m i c a l  ana lys i s .  T h e  i n d i u m  a r s e n i d e  c r y s t a l s  u s e d  
w e r e  s i m i l a r l y  a n a l y z e d  fo r  t h e  d o p a n t s  Te  a n d  Sn.  
I n  add i t ion ,  t h e  I n A s  c r y s t a l s  w e r e  i n v e s t i g a t e d  by  
m e a s u r e m e n t s  of t h e i r  H a l l  coefficients .  W h e n  poss i -  
b l e  w e  u s e d  H a l l  b r i d g e s ;  o t h e r w i s e  V a n  d e r  P a u w  
s a m p l e s  h a d  to suffice. 

Results and  Analys is  
C d T e . - - T h e  r e s u l t s  of s e g r e g a t i o n  of In  a n d  Sb in 

C d T e  u n d e r  h i g h  a n d  low Pcd a r e  s h o w n  in  T a b l e  II. 
T h e  f i rs t  c o l u m n  g ives  t h e  i n i t i a l  c o m p o s i t i o n  a n d  t he  
s econd  c o l u m n  t h e  c a d m i u m  p r e s s u r e  a s s o c i a t e d  w i t h  
t he  i n i t i a l  c o m p o s i t i o n  (12-14) .  T h e  t h i r d  c o l u m n  
g ives  t h e  c o r r e s p o n d i n g  l i q u i d u s  t e m p e r a t u r e s  ( T 0  
(12, 14). Cl is t h e  i n i t i a l  s o l u t e  c o n c e n t r a t i o n  in  t h e  
l i q u i d  a n d  Cs is t h e  m e a s u r e d  i m p u r i t y  c o n c e n t r a t i o n  
in  t h e  solid.  T h e  s e g r e g a t i o n  coeff ic ients  a r e  s h o w n  in  
t h e  l a s t  co lumn .  W e  n o t e  •  t h e  ko's fo r  I n  d i f fe r  
fo r  t h e  two  PCd 'S  b y  a b o u t  a f a c t o r  of 6. S i m i l a r l y  f o r  
Sb  t he  ko's s h o w  a v a r i a t i o n  b y  a f a c t o r  of a b o u t  17. 
T h e  d e p e n d e n c e  of ko on Pod is s ign i f ican t .  

B e c a u s e  t h e  ko's a b o v e  w e r e  no t  d e t e r m i n e d  a t  t h e  
s a m e  t e m p e r a t u r e ,  w e  m u s t  r u l e  ou t  t h e  pos s ib i l i t y  
t h a t  t h e  v a r i a t i o n  in  ko is d u e  to t h e  t e m p e r a t u r e  d i f -  
f e r ence .  I t  h a s  b e e n  s h o w n  e m p i r i c a l l y  fo r  a n u m b e r  
of i m p u r i t i e s  in  Si a n d  Ge  w i t h  ko's m u c h  less  t h a n  
u n i t y  t h a t  t h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  d i s t r i -  
b u t i o n  coeff ic ient  c a n  be  a p p r o x i m a t e d  b y  t h e  e x p r e s -  
s ion  (19) 

k = (kin) TraiT [6] 

H e r e  km is t h e  s e g r e g a t i o n  coeff ic ient  of t h e  so lu t e  a t  
i n f in i t e  d i l u t i o n ;  t h i s  occu r s  a t  t h e  m a x i m u m  m e l t i n g  
p o i n t  (Tin) of  t h e  s o l v e n t ;  k is t h e  s e g r e g a t i o n  coeffi-  
c i e n t  a t  a n y  t e m p e r a t u r e ,  T. T r u m b o r e  et al. (20) 
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Table II. Segregation coefficient of In and Sb in CdTe 
The ko for each impurity is given for each of two initial melt compositions. The calculated Pcd, 

melting point, impurity concentration in the melt C1, and in the solid Cs are listed. 

U s  
A t o m  f r a c t i o n  C d  p r e s s u r e  C l  C s  C s * *  ko --  

C d  a t m  T ,  ~  S o l u t e  * * ~; a t , / e m  3 C l  

0 . 5 5 5  5 .3  1 3 0 8  I n  4 . 4 5  • 10-~ 3 .8  • 10  -5 1 ,18  • 10  ~s 8 .5  x 10-~ 
0 . 4 4 5  0 . 0 8 1  1 3 2 8  I n  4 , 4 5  • 10-~ 2 .2  • 10-~ 6 . 8 4  • 10  is  49  • 10 -'2 
0 . 5 5 5  5 .3  1 3 0 8  S b  4 . 4 5  • 10-*  87  • 10  -e  2,'1 • 10 i s  2 0  x 1 0 - s  
0 . 4 4 5  0 . 0 8 1  1 3 2 8  S b  4 , 4 5  • 10-~ 5 .2  • I 0  -e 1 .62  • 1017 1.2 • 10-~ 

* I n  u n i t s  o f  g r a m  a t o m s  s o l u t e  p e r  g r a m  a t o m s  o f  s o l v e n t  ( C d  p l u s  T e ) .  
$ T h r e e  s e p a r a t e  d e t e r m i n a t i o n s  w e r e  m a d e  i n  t h e  f i r s t  1 5 %  o f  t h e  s o l i d  t h a t  f r o z e .  T h e  a v e r a g e  i s  s h o w n .  

** T h e  i n t r i n s i c  e l e c t r o n  c o n c e n t r a t i o n  a t  t h e  a b o v e  t e m p e r a t u r e s  a r e ,  r e s p e c t i v e l y ,  n ~ ( 1 3 0 8 ~  = 3 .9  x 101V/cmS; n ~ ( 1 3 2 8 ~  = 4 .3  X 
101V/cm a. 

h a v e  s h o w n  t h a t  Eq.  [6] is n o t  a p p l i c a b l e  o v e r  l a r g e  
t e m p e r a t u r e  r anges .  F o r  t h e  r e l a t i v e l y  s m a l l  t e m p e r a -  
t u r e  d i f f e r ences  n e a r  t h e  m a x i m u m  m e l t i n g  p o i n t  in  
q u e s t i o n  h e r e  Eq. [6] m a y  s e r v e  as a u s e f u l  e s t i m a t e .  
A p p l y i n g  t h i s  e q u a t i o n  to C d T e  ( t r e a t i n g  t h e  s y s t e m  
as a p s e u d o b i n a r y  fo r  d e t e r m i n i n g  t h e  " p u r e "  t e m -  
p e r a t u r e  d e p e n d e n c e ) ,  w e  c a l c u l a t e  a c h a n g e  in  ko 
of a b o u t  5% for  t h e  20~  d i f f e r e n c e  s h o w n  in  T a b l e  
II. Th i s  is a n e g l i g i b l e  c h a n g e  c o m p a r e d  to t h e  e x -  
p e r i m e n t a l  o b s e r v a t i o n .  

L e t  us  n o w  c o n s i d e r  t h e  in f luence  of P c d  a n d  n on  
t he  s e g r e g a t i o n  coeff ic ient  for  t h e  s h a l l o w  d o n o r  In  
in  C d T e  (14, 21).  W e  a s s u m e  s u b s t i t u t i o n a l  o c c u p a -  
t ion  of Cd si tes.  A c c o r d i n g  to Eq.  [3] 

K 
ko ( Inca )  = - -  

n Pod 

W e  n e e d  to d e t e r m i n e  t h e  c a r r i e r  c o n c e n t r a t i o n  n at  
t h e  h i g h  t e m p e r a t u r e  e q u i l i b r i u m  cond i t ion .  I f  w e  
a s s u m e  t h a t  t h e  d e v i a t i o n  f r o m  s t o i c h i o m e t r y  con -  
t r i b u t e s  a n e g l i g i b l e  n u m b e r  of c a r r i e r s  a n d  t h a t  sel f  
c o m p e n s a t i o n  i ' tself is neg l ig ib l e ,  t h e n  t h e  c h a r g e  n e u -  
t r a l i t y  e q u a t i o n  b e c o m e s  n - -  p = [IncdB+]. F u r t h e r -  
more ,  t h e  c a r r i e r  c o n c e n t r a t i o n  due  to t h e  i n t r i n s i c  
p roce s s  is g o v e r n e d  b y  t he  r e l a t i o n  

n p =  Ki = NcNv exp  ( E v -  E c ) / k T  [7] 

w h e r e  N~ a n d  N~ a r e  t h e  d e n s i t y  of s t a t e s  i n  t h e  c o n -  
d u c t i o n  a n d  v a l e n c e  b a n d ,  r e s p e c t i v e l y ,  E~ a n d  ~ t h e  
r e l a t i v e  e n e r g i e s  of  t h e  v a l e n c e  a n d  c o n d u c t i o n  b a n d  
edges ,  k is t h e  B o l t z m a n  c o n s t a n t ,  a n d  T t h e  a b s o l u t e  
t e m p e r a t u r e .  C o m b i n i n g  Eq. [7] w i t h  t h e  c h a r g e  n e u -  
t r a l i t y  e q u a t i o n  l eads  to  

n 2 -  n [ I n c d  D+] = K~ [8] 

W e  e v a l u a t e  Ki as fo l lows.  F o r  t h e  d e n s i t y  of s ta tes ,  
w e  h a v e  u s e d  a n  e f fec t ive  e l e c t r o n  m a s s  (21) of 0.1 
mo a n d  a h o l e  m a s s  of 0.6 mo (22, 23) .  T h e  ' t e rm Ev - -  
Ee is e q u a l  to t h e  n e g a t i v e  of t h e  b a n d  gap  e n e r g y  Eg, 
w h i c h  h a s  a lso  b e e n  r e p o r t e d  as a f u n c t i o n  of t e m -  
p e r a t u r e  (14) .  T h e  c a l c u l a t e d  Ki for  1308~ is 1.52 x 
1035 (Eg = 0.96 ev)  a n d  1.85 x 10 ~ (Eg = 0.95 ev )  a t  
1328~ T h e  i n t r i n s i c  c a r r i e r  c o n c e n t r a t i o n s  c o r r e -  
s p o n d i n g  to t h e s e  v a l u e s  a re  s h o w n  a t  t h e  b o t t o m  of 
T a b l e  II. T h e  v a l u e  of n a t  1328~ d e d u c e d  f r o m  Eq.  
[8] is e q u a l  to [ Incd D+] ~ Cs. T h e  s a m e  h o l d s  fo r  n 
a t  1308~ T h e r e f o r e  

K 
ko ( Inca  n)  ---- - -  

Cs Pcd 

U s i n g  t h e  e x p e r i m e n t a l  r e s u l t s  fo r  Pod = 0.081 a tm,  
w e  f ind t h e  t e m p e r a t u r e  d e p e n d e n t  c o n s t a n t  Kin 
(1328~ = 2.7 x 1017 a t o m s  a t m  cm -3. W e  c a n  n o w  
c o m p u t e  t h e  s e g r e g a t i o n  coeff ic ient  fo r  P C d  ~ 5.3 a rm  
u t i l i z i n g  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  Cs = 1.2 x 
l0  Is. T h e  c a l c u l a t e d  v a l u e  f o r  ko is 4.3 x 10 - 2  w h i c h  is 
to b e  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  v a l u e  of 8.5 x 
10 -2  . T h e  a g r e e m e n t  is good for  m e a s u r e m e n t s  a n d  
a n a l y s e s  of t h i s  type .  T h i s  also g ives  some  ju s t i f i c a -  
t i o n  fo r  o u r  a s s u m p t i o n  of n e g l i g i b l e  s e l f - c o m p e n s a -  
t ion.  I f  a p p r e c i a b l e  s e l f - c o m p e n s a t i o n  o c c u r r e d ,  t h e n  

o u r  r e s u l t s  w o u l d  b e  in  v a r i a n c e  w i t h  t h e  p r e d i c t e d  
b e h a v i o r .  

A s i m i l a r  a n a l y s i s  c an  b e  m a d e  fo r  t h e  i m p u r i t y  Sb  
w h i c h  acts  as  a n  a c c e p t o r  a n d  is a s s u m e d  to b e  a S u b -  
s t i t u t i o n a l  i m p u r i t y  r e s i d i n g  on  t h e  Te  si te.  A g a i n  w e  
c o m p u t e  t h e  t e m p e r a t u r e  d e p e n d e n t  c o n s t a n t  u s i n g  
t h e  da ta ,  PCd ~ 5.3 a tm ,  p ~ Cs ~ 2.7 x 10 TM a n d  
ko(Sbwe A) ~ 20 x 10 -2,  a n d  o b t a i n  fo r  KSb(1308~ 
a v a l u e  of 1.02 x 1017. I n  c a l c u l a t i n g  t h e  s e g r e g a t i o n  
coefficien't  fo r  PCd ~ -  0.081 a tm ,  w e  d e t e r m i n e  p f r o m  
t h e  n e u t r a l i t y  c o n d i t i o n  a n d  n o t e  t h a t  p = 5.2 x 101~ 

Cs. T h e  c a l c u l a t e d  v a l u e  fo r  ko(Sbwe A) --  1.6 x 
10 -2  w h i c h  c o m p a r e s  v e r y  w e l l  w i t h  t h e  e x p e r i m e n t a l  
v a l u e  of 1.2 x 10 -2.  W e  n o t e  t h a t  s e g r e g a t i o n  coeffi-  
c i en t s  c an  c h a n g e  s ign i f i c an t l y  w i t h  a c h a n g e  of c o m -  
p o n e n t  p r e s s u r e .  M o r e o v e r  t h e  a n a l y s i s  s h o w s  tha~ 
t h e r e  is a n e a r  q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  e x -  
p e r i m e n t  a n d  t h e o r e t i c a l  p r ed i c t i on .  

I n A s - T e . - - T h e  i m p u r i t y  s e g r e g a t i o n  in  t h e  I n A s  
s y s t e m  w a s  i n v e s t i g a t e d  a t  c o n s t a n t  c h e m i c a l  p o t e n -  
t i a l s  of t h e  c o n s t i t u e n t s ,  i.e., c r y s t a l s  of I n A s  w e r e  
p u l l e d  f r o m  t h e  m e l t  a t  c o n s t a n t  As  p r e s s u r e .  T h e  
i n g o t  was  c h a r a c t e r i z e d  a l o n g  t he  g r o w t h  ax is  b y  
m e a s u r i n g  t h e  c a r r i e r  c o n c e n t r a t i o n  ( H a l l  m e a s u r e -  
m e n t s )  a n d  b y  s p e c t r o c h e m i c a l  ana lys i s .  F o r  H a l l  
m e a s u r e m e n t s ,  t h e  c o n s t a n t  r in  t h e  r e l a t i o n  n 
r ( R n e c ) - 1  w a s  t a k e n  as u n i t y .  W e  f o u n d  t h a t  n f r o m  
e l e c t r i c a l  m e a s u r e m e n t s  w a s  c o n s i s t e n t l y  h i g h e r  t h a n  
t h e  c o r r e s p o n d i n g  [Te l  d e d u c e d  f r o m  c h e m i c a l  a n a l -  
ysis.  T h i s  w a s  o b s e r v e d  o n l y  fo r  Te. W e  h a v e  a r b i -  
t r a r i l y  m a d e  t h e  ~wo se ts  of d a t a  c o i n c i d e n t  b y  a p -  
p l y i n g  a c o n s t a n t  m u l t i p l y i n g  f a c t o r  of 1.45 to t he  
c h e m i c a l  d a t a  ( t h e  a c c u r a c y  of t h e  c h e m i c a l  a n a l y s i s  
for  Te  w a s  •  a n d  t h e r e f o r e  does  no t  e x p l a i n  t h e  
o b s e r v e d  d i f f e r e n c e ) .  T h e  r e s u l t s  a r e  s h o w n  in  Fig.  1. 
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Fig. 1. Tellurium concentration in InAs as a function of the 
fraction of the melt grown. The data for PAs4 ~ 033 atm and 
for 1.1 arm are shown. The dotted lines represent the theoretical 
curves for normal freeze of the off-stoichiometric melts for ko 
0.311 and Co ~ 3.48 x 10 -4  for the g curve (TM = 942~ and 
for ko ~-- 0.290 and Co ~ 3.11 x 10 -4  for the g' curve (TM 
931~ �9 represents electrical data and circle with x chemical 
data. The chemical data was multiplied by a constant factor of 
1.4S to bring it into coincidence with the electrical data. 
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T h e  c o n c e n t r a t i o n  prof i le  of Te  in  t h e  so l id  p h a s e  is  
g i v e n  b y  t he  so l id  l ines .  T h e  c u r v e  is e x t r a p o l a t e d  ~o 
o b t a i n  Cs a t  g = 0 w h e r e  g ' i s  t h e  f r a c t i o n  of m e l t  
sol idif ied.  S i n c e  t h e  i n i t i a l  Te  c o n c e n t r a t i o n  (Co) i n  
t he  l i q u i d  is k n o w n ,  w e  c a n  c o m p u t e  t h e  s e g r e g a t i o n  
coeff ic ient  f o r  t h e  i n i t i a l  PAs. A f t e r  t h e  As  p r e s s u r e  
c h a n g e ,  Co' was  r e c a l c u l a t e d  as d e s c r i b e d  p r e v i o u s l y ,  
Cs' a t  g' = 0 is o b t a i n e d  as b e f o r e  a n d  ko' is c a l c u -  
l a t ed .  Al l  t h e  p e r t i n e n t  d a t a  a r e  g i v e n  in  Fig. 1. I t  is 
to b e  n o t e d  t h a t  t h e  d o t t e d  :fines c o r r e s p o n d  to t h e  
t h e o r e t i c a l l y  p r e d i c t e d  mod i f i ed  n o r m a l  f r e e z e  c u r v e s  
w h i c h  t a k e  in to  a c c o u n t  t h e  o f f - s t o i c h i o m e t r y  in  t h e  
l i q u i d  p h a s e  (24) .  A s t r o n g  p o s i t i v e  d e v i a t i o n  of t h e  
e x p e r i m e n t a l  d a t a  a t  t h e  h i g h e r  PAs is no ted .  T h i s  is 
b e l i e v e d  to b e  c a u s e d  b y  a too r a p i d  r a t e  of g r o w t h .  
W e  u s e d  t h e  s a m e  p u l l i n g  s p e e d  of 12 m m / h r  fo r  b o t h  
a r s e n i c  p r e s s u r e s .  A l t h o u g h  t h e  r a t e  w as  suf f ic ien t ly  
s low fo r  t h e  l o w e r  PAs w h i c h  c o r r e s p o n d e d  to a n e a r  
s t o i c h i o m e t r i c  me l t ,  i t  w a s  too  r a p i d  f o r  t h e  h i g h e r  
PAs. F o r  t h e  l a t t e r  case  s l o w e r  r a t e s  a r e  n e c e s s a r y  to 
a l l o w  fo r  t h e  d i f fus ion  of t h e  excess  c o m p o n e n t  As  
a w a y  f r o m  t h e  g r o w i n g  i n t e r f a c e .  I t  is a lso s u s p e c t e d  
t h a t  ~he e x t r a p o l a t i o n  of Cs' to  g' = 0 l eads  to a v a l u e  
w h i c h  is h i g h e r  t h a n  t h e  e q u i l i b r i u m  va lue .  

T h e  effect  of c h a n g i n g  t h e  As  p r e s s u r e  d u r i n g  c r y s -  
t a l  g r o w t h  is w e l l  d e m o n s t r a t e d  i n  Fig.  1. T h e  d i s -  
' con t i nu i t y  a t  t he  p o i n t  of ~PAs is c lear .  T h e  c h a n g e  in  
t h e  a m o u n t  of Te  i n c o r p o r a t e d  in  t h e  so l id  is d u e  to 
t w o  effects.  F i r s t  t h e r e  is a d i l u t i o n  ef fec t  w h i c h  oc -  
cu r s  w h e n  a d d i t i o n a l  As  is t r a n s f e r r e d  f r o m  t h e  r e s -  
e r v o i r  to  t h e  m e l t  as a r e s u l t  of i n c r e a s i n g  PAs (24) .  
T h e  s e c o n d  effect,  of course ,  is t h e  one  w e  a r e  m a i n l y  
c o n c e r n e d  w i t h  in  th i s  i n v e s t i g a t i o n .  W e  h a v e  suffi-  
c i e n t  k n o w l e d g e  of t h e  I n A s  p h a s e  e q u i l i b r i a  (16) to 
t a k e  i n to  a c c o u n t  t he  d i l u t i o n  effect.  T h e r e f o r e ,  u s i n g  
ko = 0.311 fo r  PAs4 = 0.53 a t m  as a s t a n d a r d  w e  can  
c a l c u l a t e  ko" f o r  PAs4' = 1.1 a t m  f r o m  t h e  r e l a t i o n  

n [ PAs4 ] 1/4 
k o ' =  k o - -  

n '  L PAs4' J 

W e  a s s u m e  t h a t  t h e  t e m p e r a t u r e  d e p e n d e n c e  of k is 
n e g l i g i b l e  fo r  t h e  s m a l l  d i f f e r e n c e  in  l i q u i d u s  t e m p e r a -  
t u re s ,  i.e., 942~ vs. 931~ A g a i n ,  as  in  t h e  case  of 
CdTe,  w e  a s s u m e  t h e  s i m p l e  c h a r g e  n e u t r a l i t y  c o n d i -  
t ion :  n - -  p = TeAs n+ .  W e  h a v e  c a l c u l a t e d  Ki fo r  I n A s  
a t  930~ u s i n g  t h e  f o l l o w i n g  d a t a :  E c  ~- 0.415 e v  a t  
2~  (25) ,  d E c / d T  ~ 3 x 10 -4  ev /deg . ,  mh = 0.3 mo 
(25),  a n d  me : 0.03 mo (25).  T h e  a s s u m p t i o n s  i n c l u d e  a 
c o n s t a n t  t e m p e r a t u r e  d e p e n d e n c e  of E~ a n d  t h a t  o n l y  
t h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d  n e a r  k = 0 a r e  i n -  
v o l v e d  in  t h e  i n t r i n s i c  i o n i z a t i o n  process .  T h e  i n t r i n s i c  
e l e c t r o n  c o n c e n t r a t i o n  w a s  found to  b e  4.5 x 10 TM c m  -~  
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Fig. 2. Zinc concentration in InAs as a function of the fraction 
of the melt grown. The data are for PAs4 ~ 0.165 atm and 1.45 
arm. The data were obtained from electrical measurements. The 
dotted lines represent theoretical curves for normal freeze of the 
off-stoichiometric melts for ko ~-  0.324 and Co ~ 5.65 x 10 - 5  
and for ko ~ 0.421 and Co = 1.2 x 10 - 4  for g (TM ~ 937 ~ ) 
and g' (TM ~ 920~ respectively. 
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Fig. 3. Concentration of tin and free charge carriers in InAs as 
a function of length and ingot grown for PAs4 = 0.17 atm; Co = 
1 .226x  1 0 - ~ ;  TM ~ 937~ ko = 1.63 x 10 - 1  . 
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Fig. 4. Concentration of tin and free charge carriers in InAs 
as a function of length of ingot grown for Co = 2.75 x 1 0 - 8 ;  
TM ~ 885~ ko = 5.34 x 1 0 - 2 ;  PAs4 ~ 3.5 atm; C) electrical 
data; circle with x chemical data. 

w h i c h  m a k e s  K~ = 2.0 x 1037. W e  c a l c u l a t e  t h e  a p -  
p r o p r i a t e  n ' s  f r o m  a n  e q u a t i o n  s i m i l a r  to Eq.  [8] a n d  
d e t e r m i n e  ko' = 0.28. T h i s  c o m p a r e s  f a v o r a b l y  w i t h  
t h e  o b s e r v e d  v a l u e  of  0.29. 

I n A s - Z n . - - T h e  i m p u r i t y  Z n  i n  I n A s  occup ies  In  
s i tes  a n d  is a n  accep to r .  E s s e n t i a l l y  t h e  I n A s - Z n  sys -  
t e m  was  t r e a t e d  l i ke  t h e  I n A s - T e  one.  T h e  z inc  c o n -  
c e n t r a t i o n  in  t h e  me l t ,  h o w e v e r ,  was  c a l c u l a t e d  as 
d e s c r i b e d  i n  t h e  e x p e r i m e n t a l  sec t ion .  

I n  c h a r a c t e r i z i n g  t h e  p u l l e d  i n g o t  o n l y  e l e c t r i c a l  
m e a s u r e m e n t s  w e r e  used.  T h e  r e s u l t s  of t h i s  s t u d y  
a r e  s h o w n  in  Fig.  2. A g a i n ,  one  no~es t he  d i s c o n t i n u i t y  
a t  t h e  p o i n t  w h e r e  PAs w a s  i n c r e a s e d .  T h e  t h e o r e t i c a l  
n o r m a l  f r e e z e  c u r v e s  (24) a r e  m u c h  m o r e  c lose ly  a p -  
p r o x i m a t e d  b y  t h e  da ta .  T h i s  is u n d o u b t e d l y  d u e  to 
t h e  r e d u c t i o n  of t h e  p u l l i n g  r a t e  to  6 m m / h r .  

W e  h a v e  a n a l y z e d  o u r  r e s u l t s  a l o n g  t h e  s a m e  l i ne  
as before .  W e  a s s u m e  t h a t  [Zn]  : p, w h e r e  t h e  l a t t e r  
is t h e  m e a s u r e d  ho l e  c o n c e n t r a t i o n .  W e  a g a i n  c a l c u -  
l a t e  p a t  t h e  h i g h - t e m p e r a t u r e  e q u i l i b r i u m  f r o m  o u r  
n e u t r a l i t y  c o n d i t i o n  a n d  K~. I f  w e  u s e  ko = 0.32 fo r  
PAs4 = 0.165 a t m  as a s t a n d a r d ,  t h e n  w e  w o u l d  p r e -  
d ic t  ko fo r  PAs4 = 1.45 a t m  to b e  0.49. Th i s  c o m p a r e s  
f a v o r a b l y  w i t h  t h e  m e a s u r e d  v a l u e  of 0.42. 

I n A s - S n . - - I m p u r i t i e s  of g r o u p  I V  A of t h e  pe r iod i c  
t a b l e  h a v e  b e e n  o b s e r v e d  to ac t  b o t h  as d o n o r s  a n d  
a c c e p t o r s  in  I I I - V  c o m p o u n d s  d e p e n d i n g  on  t h e  s i te  
t h e y  occupy.  T in  is t h i s  t y p e  of a m p h o t e r i c  i m p u r i t y  
in  InAs .  W e  h a v e  g r o w n  two  i n g o t s  of I n A s  d o p e d  
w i t h  S n  a t  two  d i f f e r e n t  As  p r e s s u r e s .  T h e  i m p u r i t y  
a n d  c a r r i e r  c o n c e n t r a t i o n  prof i les  of t h e  i n g o t s  w e r e  
o b t a i n e d  f r o m  c h e m i c a l  ana ly s i s ,  a n d  e l e c t r i c a l  m e a s -  
u r e m e n t s  a n d  a r e  s h o w n  in  Fig.  3 a n d  4. T h e  c h e m i c a l  
a n a l y s e s  ( e m i s s i o n  s p e c t r o s c o p y )  a r e  p r e c i s e  to  • 
20% a t  t h e  90% conf idence  l eve l .  T h e  c r y s t a l  p u l l e d  
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at 0.17 atm As pressure was mainly  single, and elec- 
trical measurements  were made along most of the 
ingot. It  should be noted in Fig. 3 that the chemical 
analyses indicate considerably larger  concentrat ions 
of Sn than found by electrical measurements.  We in-  
terpret  these results as follows. Sn is basically a 
donor in InAs and therefore at low Sn concentrat ion 
it prefers the In sites. However, at low PAs4 as the 
total Sn concentrat ion increases, 'the probabi l i ty  of 
occupation tends to the same value for both sites. 
Therefore. the free electron concentrat ion stays essen- 
t ially constant  for high concentrat ions of Sn as is 
shown in Fig. 3. 

At PAs4 of 3.5 arm it was quite difficult to pull  single 
crystals. Even at the slowest pull  speeds a t ta inable  
with our equipment  (3 m m / h r )  the ingot was poly- 
crystal l ine except for the first few mm near the seed, 
which was single and free of gross defects. After the 
first centimeter  of ingot, void inclusions were ob- 
served. These were characteristic of trapped arsenic 
gas bubbles. It was therefore possible to make electri-  
cal measurements  only in the first few mill imeters  of 
the ingot. The rest of the ingot was characterized by 
chemical analysis. Results are shown in Fig. 4. We 
note tha t  for this case the carrier concentrat ion is 
equal to the concentrat ion of Sn in the init ial  part  of 
the ingot. We cannot say whether  this holds true for 
the higher concentrat ion of Sn, i.e., for every part  of 
the ingot. Nevertheless, 'the results indicate that under  
the higher As pressure the Sn atoms favor the In  sites. 
The results follow the prediction that as the As pres- 
sure increases the occupation of As sites by Sn de- 
creases relat ive to similar occupation of In  sites. 
Along with the decrease of Sn solubil i ty on As sites, 
there is a decrease in the total dis t r ibut ion coefficient. 
This is not unexpected. A more quant i ta t ive  analysis 
and comparison of the Sn segregation coefficient is 
unfor tuna te ly  not possible. 

Discussion 
We have reviewed the theoretical aspects of impur -  

ity incorporation in b inary  compounds. The pr imary  
variables affecting ko are the temperature,  the pres-  
sure of the compound constituents,  the concentrat ion 
of the impuri ty,  and the free carrier concentration. Of 
these variables w e h a v e  been concerned main ly  with 
the pressure of the compound consti tuents and how 
the var iat ion of PM or PN affects the segregation co- 
efficient of various impurities.  Of pr imary  importance 
are the sites the impuri t ies  occupy. The theoretical 
predictions were tested exper imenta l ly  for several im-  
purit ies in CdTe and InAs. In  no cases were the ex- 
per imental  observations in conflict with the theory; 
moreover, in most cases there was good quanti ta t ive 
agreement. One assumption inheren t  throughout  is 
that the impur i ty  activity in the l iquid phase is not 
strongly dependent  on the composition of the liquid 
phase. The agreement  between theory and exper iment  
indicates that  our assumption was justified. It  should 
be noted, however, that the impur i ty  concentrat ion 
was always dilute. When the liquid phase is appreci- 
ably off stoichiometry, i.e., when M > >  N or M < <  N 
then the assumption of composition independence may 
no longer be valid. 

The dependence of ko on the chemical potential  of 
the consti tuents is of practical importance, ko is a 
parameter  that is useful in ei ther minimizing or max-  
imizing the incorporat ion of impuri t ies  into the host 
crystal. In  addition there is another aspect that is of 
part icular  importance with high vapor pressure com- 
pounds, e.g., GaAs, InP, etc., where one must  main ta in  
good control of PM usual ly  by tempera ture  control of 
a reservoir. A fluctuation of PM may induce tempera-  
ture fluctuations in the melt, due to the solution or 
evaporation of the reservoir  component.  These fluc- 
tuations result  in variat ions of ko, and this may yield 
inhomogeneit ies in  the growing crystal. 

Special consideration must  be given to the phase 
diagram of the b inary  compound under  investigation. 

In the I I -VI systems, either consti tuent can be used 
to control 'the composition of the vapor phase and 
hence the other phases. Large variat ions in the com- 
ponent  pressure lead to only small  variat ions in the 
liquid composition as seen in Table II. The I I I -V com- 
pounds on the other hand are general ly controlled by 
the pressure of the g roup-V elements only. In the 
I I I -V system the t iquidus curves near  the b inary  com- 
pound composition are quite fiat, and therefore a var i -  
ation in the component  pressure is reflected more 
strongly in a var ia t ion of the l iquid composition. The 
determinat ion of the most suitable conditions must  
thus take into aceount the phase diagram of the sys- 
tem. 
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A B S T R A C T  

A r a d i o a c t i v e  t r a c e r  s t u d y  of t h e  b e h a v i o r  of c o p p e r  d u r i n g  a c c e p t o r  
d i f fus ions  in to  g a l l i u m  a r s e n i d e  h a s  c l e a r l y  s h o w n  a n o m a l o u s  c o p p e r  c o n c e n -  
t r a t i o n  profi les.  A p r o n o u n c e d  m i n i m u m  in  t h e  c o p p e r  d i f fus ion  prof i le  was  
f o u n d  in  t he  v i c i n i t y  of t h e  e l e c t r i c a l  p - n  j u n c t i o n .  T h e  s h a p e  a n d  pos i t i on  
of th i s  m i n i m u m  w as  d e p e n d e n t  o n l y  on  t hose  d i f fus ion  c o n d i t i o n s  ( t i m e  a n d  
t e m p e r a t u r e )  w h i c h  a f fec ted  t h e  i n d i f f u s i n g  accep tor .  C r y s t a l  o r ig in ,  c r y s t a l  
o r i e n t a t i o n ,  a n d  a n n e a l i n g  h a d  no  effect  o n  t h e  c o p p e r  d i f fus ion  profi le .  I t  is 
f e l t  t h a t  t h e  m i n i m u m  or  d ip  in  t h e  prof i le  is c a u s e d  b y  t h e  l a r g e  
b u i l t - i n  field of t h e  p - n  j u n c t i o n  w h i c h  s w e e p s  ou t  t h e  s i n g l y  c h a r g e d  c o p p e r  
i n t e r s t i t i a l s  in  t h e  v i c i n i t y  of t h e  j u n c t i o n .  

T h e  d i f fus ion ,  so lub i l i t y ,  a n d  e l e c t r i c a l  a c t i v i t y  of 
c o p p e r  in  g a l l i u m  a r s e n i d e  h a v e  b e e n  c a r e f u l l y  s t u d -  
ied  (1-3)  a n d  w i t h  t h e  e x c e l l e n t  w o r k  of H a l l  a n d  
R a c e t t e  (4) is n o w  b e t t e r  u n d e r s t o o d .  T h e  b e h a v i o r  of 
c o p p e r  i n  a l l  s e m i c o n d u c t o r s  is c o n s i d e r a b l y  c o m -  
p l i c a t e d  b y  t h e  e x i s t e n c e  of t h e  t w o  c o p p e r  species ,  
i n t e r s t i t i a l  Cui, a n d  s u b s t i t u t i o n a l  Cus. T h e s e  t w o  
spec ies  ex i s t  t o g e t h e r  in  g a l l i u m  a r s e n i d e  a n d  t h e i r  
r a t i o  (Cus to Cui)  is c o n t r o l l e d  b y  s e v e r a l  f a c t o r s  i n -  
c l u d i n g  t he  d o p i n g  of t h e  g a l l i u m  a r s e n i d e .  I n  i n t r i n s i c  
g a l l i u m  a r s e n i d e ,  t h i s  r a t i o  w as  f o u n d  to b e  a r o u n d  
30 (4) .  T h i s  r a t i o  is u p s e t  if  t h e  m a t e r i a l  is d o p e d  
g r e a t e r  t h a n  t h e  i n t r i n s i c  c a r r i e r  c o n t e n t  of t h e  c o p p e r  
con t en t .  I f  t h e  s e m i c o n d u c t o r  is n - t y p e ,  t he  r a t i o  is 
s h i f t e d  in  f a v o r  of t h e  s u b s t i t u t i o n a l  species .  S i m i l a r l y ,  
p - t y p e  m a t e r i a l  sh i f t s  t h e  r a t i o  to  f a v o r  i n t e r s t i t i a l  
species .  T h e  p r o p e r t i e s  of t h e s e  t w o  c o p p e r  spec ies  a r e  
r a d i c a l l y  d i f f e r e n t  b o t h  d u r i n g  a n d  a f t e r  d i f fus ion .  

I n t e r s t i t i a l  c o p p e r  (CuD di f fuses  v e r y  r a p i d l y  i n to  
g a l l i u m  a r s e n i d e  (e f fec t ive  D ~ 10 -6  cm2-sec  -1 a t  
800~ E lec t r i c a l l y ,  i n t e r s t i t i a l  c o p p e r  is a s i n g l y  
c h a r g e d  donor .  H o w e v e r ,  i n  t he  c r y s t a l  t h e  i n t e r s t i t i a l  
species  r e a c t s  w i t h  v a c a n c i e s  to p r o d u c e  c o p p e r  in  
s u b s t i t u t i o n a l  s i tes  

Cui § V = Cus 

Substitutional copper is relatively immobile and ap- 
pears to be a double acceptor in gallium arsenide (4). 
Furukawa et al. (6, 7) observed only the 0.145 ev cop- 
per level but their work did not preclude the presence 
of the deep level at 0.47 ev. Fuller et al. (5) and Al- 
lison et al. (13) carefully investigated the behavior of 
copper diffused into n-type gallium arsenide and dem- 
onstra*ed the double acceptor behavior of copper. 

The effective diffusion coefficient for copper is a 
function of the relative abundance of the two copper 
species which in turn is determined by the dopant. In 
the formation of a p-n junction, by diffusing an ac- 
ceptor into n-type material, it is not at all clear how 
copper will behave. Hall (4) showed that the diffusion 
coefficient for interstitial copper was independent of 
the acceptor concentration. However, diffusion into 
extrinsic n-type gallium arsenide ma*erial is com- 
plicated by the fact that the copper interstitial solubil- 
ity is greatly reduced. 

This work was initiated to determine the behavior 
of copper during acceptor diffusions into n-type gal- 
lium arsenide. 

Experimental  Procedure 
E a c h  g a l l i u m  a r s e n i d e  s a m p l e  w a s  s a w e d  to  a t h i c k -  

ness  of 30 mi l s  a n d  t h e n  l a p p e d  a n d  p o l i s h e d  u n t i l  o p -  
t i ca l ly  flat. T h e  s a m p l e  w as  e t c h e d  in  8 :1 :1  e t c h  (8 
parts H2SO4, 1 p a r t  30% H202, a n d  1 p a r t  H 2 0 ) ,  a n d  
r i n s e d  in  r u n n i n g  d e i o n i z e d  w a t e r .  T h e  r a d i o c o p p e r -  
641 was  i n t r o d u c e d  on to  t h e  c r y s t a l  w a f e r  b y  e q u i l i b -  

z C o p p e r - 6 4  w a s  o b t a i n e d  a n d  a s s a y e d  f r o m  O a k  R i d g e  N a t i o n a l  
L a b o r a t o r i e s ,  O a k  R idge ,  T e n n e s s e e .  A n  a v e r a g e  speci f ic  a c t i v i t y  of  
60,000 to  80,000 m c / g  w a s  used .  

r a t i n g  t he  c r y s t a l  in  a 1N n i t r i c  ac id  s o l u t i o n  c o n t a i n -  
ing  4 to 5 p p m  c o p p e r  ion  ( l a b e l e d  w i t h  c o p p e r - 6 4 )  for  
30 min .  The  c o p p e r  was  t h e r e b y  e l e c t r o c h e m i c a l l y  d e -  
pos i t ed  on  t h e  g a l l i u m  a r s e n i d e  (8) .  T h e  w a f e r  was  
t h e n  c a r e f u l l y  r i n s e d  in  d e i o n i z e d  w a t e r  a n d  a l l o w e d  
to dry .  T h e  s l ice  w a s  s e a l e d  i n to  a 10 c m  ~ v o l u m e  
q u a r t z  t u b e  2 w i t h  o t h e r  a c c e p t o r  d i f fu san t s  a t  a p r e s -  
su r e  of less t h a n  1~. U n l e s s  o t h e r w i s e  s t a t ed ,  a l l  d i f -  
f u s ions  w e r e  c a r r i e d  ou t  a t  815~ for  6 h r  in  a f u r n a c e  
w i t h  a 10-in.  zone  t h a t  w a s  flat  to _+ I~ A f t e r  d i f fu -  
sion,  t he  q u a r t z  d i f fus ion  a m p o u l e s  w e r e  a i r  q u e n c h e d ,  
a n d  t he  d i f fused  g a l l i u m  a r s e n i d e  s l ice  w a s  r e m o v e d .  
T h e  edges  w e r e  l a p p e d  w i t h  a c o a r s e  g r i t  on  a l a p p i n g  
p l a t e  'to a d e p t h  of a t  ] eas t  500~. T h e  face  of t h e  d i f -  
f u s e d  s l ice w a s  t h e n  i n c r e m e n t a l l y  l a p p e d  a n d  e a c h  
l a p p i n g  was  g a m m a  c o u n t e d  u s i n g  a s o d i u m  iod ide  
s c i n t i l l a t i o n  de t ec to r .  B o t h  g a m m a - r a y  s p e c t r o s c o p y  
a n d  h a l f - l i f e  s tud ie s  s h o w e d  o n l y  t he  p r e s e n c e  of c o p -  
p e r - 6 4  ac t iv i ty .  

Exper imental  Results 
T h e  in i t i a l  a c c e p t o r  d i f fus ion  s t u d i e d  w a s  m a n g a n e s e  

i n to  a c o p p e r - 6 4  l a b e l e d  w a f e r  as d e s c r i b e d  in  t he  .Ex- 
p e r i m e n t a l  P r o c e d u r e .  F i g u r e  1 shows  t h e  c o p p e r  c o n -  
c e n t r a t i o n  p ro f i l e  as a f u n c t i o n  of d e p t h  in to  t h e  c r y s -  
tal .  As  can  b e  seen ,  a p r o n o u n c e d  d ip  o r  m i n i m u m  w a s  
o b t a i n e d  t h a t  l o o k e d  m u c h  l ike  t h a t  r e p o r t e d  b y  C u n -  

2 A l l  q u a r t z  u s e d  w a s  G.E.  204. 
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Fig. 1. Typical distribution of copper in n-type gallium arsenlde 
when diffused with manganese at 815~ for 6 hr. 
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n e l l  a n d  G o o c h  (9) .  T h e  s u r f a c e  c o n c e n t r a t i o n s  of 
m a n g a n e s e ,  o b s e r v e d  u s i n g  r a d i o m a n g a n e s e - 5 4 ,  w e r e  
of t h e  o r d e r  of 1019 a t o m s / c c .  T h e  d i f fus ion  c o n d i t i o n s  
w e r e  r e p e a t e d  s e v e r a l  t i m e s  a n d  s h o w n  to r e p r o d u c i b l y  
y i e ld  t h i s  a n o m a l y .  I t  w a s  d e c i d e d  to v a r y  c a r e f u l l y  
o n l y  one  e x p e r i m e n t a l  p a r a m e t e r  a t  a t i m e  in  a n  e f -  
f o r t  to u n d e r s t a n d  th i s  p h e n o m e n o n .  

Material origin and crystallography.--Several d i f -  
f e r e n t  T e x a s  I n s t r u m e n t s  n - t y p e  p u l l e d  g a l l i u m  a r -  
s e n i d e  c r y s t a l s  ( l i g h t l y  d o p e d  t i n  a n d  t e l l u r i u m  a n d  
u n d o p e d ,  b u t  no t  i n t r i n s i c )  as w e l l  as some  u n d o p e d ,  
but not intrinsic Bell and Howell horizontal Bridge- 
man material were shown to behave in the same man- 
ner. This dip in the copper diffusion profile was not 
peculiar to any one melt grown n-type gallium ar- 
senide crystal. The gallium arsenide material used in 
the acceptor diffusion reported in this work was tin 
doped to 4 to 6 x 10 TM at./cm ~. Heavily doped material 
as discussed by Schockley and Moll (14) was not in- 
vestigated as n-type substrates in this study. 
Similarly, efforts to show a dependence on crystallo- 

graphic orientations was not successful. Manganese 
diffusions into <311), <Ill), and <I15) material 
all yielded copper profiles with a pronounced dip or 
m i n i m u m .  

S ince  m o s t  of t h e  d i f fus ion  w o r k  i n  t h i s  s t u d y  w a s  
c a r r i e d  ou t  on  < 1 1 1 >  o r i e n t e d  c rys ta l s ,  t h e  effect  
of t he  g a l l i u m  r i c h  ( A )  f ace  vs. t h e  a r s e n i c  r i c h  (B)  
f ace  was  i n v e s t i g a t e d .  No d i f f e r ences  in  t he  c o p p e r  d i f -  
f u s i o n  prof i les  w e r e  o b s e r v e d .  T h i s  w a s  no t  u n e x p e c t e d  
s ince  < 3 1 1 )  a n d  < 1 1 5 )  o r i e n t e d  w a f e r s  h a v e  on ly  
v e r y  s l i g h t  A a n d  B face  c h a r a c t e r i s t i c s .  

T h e  one  m a t e r i a l  or  s l ice p a r a m e t e r  t h a t  h a d  t h e  
m o s t  p r o n o u n c e d  effect  on  t h e  o v e r - a l l  s h a p e  of t h e  
d ip  in  t he  c o p p e r  p ro f i l e  w as  p o s i t i o n i n g  in  t h e  d i f -  
f u s i o n  tube .  T h a t  is, t h e  face  l a y i n g  up  in  t h e  d i f fus ion  
t u b e  c o n s i s t e n t l y  s h o w e d  m o r e  p r o n o u n c e d  or  s h a r p e r  
d ips  in  t h e  prof i les  t h a n  t h e  d o w n  face.  Th i s  o b s e r v a -  
t ion  h a s  a d d e d  s ign i f i cance  w h e n  i t  is c o u p l e d  w i t h  
some  r a d i o m a n g a n e s e - 5 4  a n d  -56 w o r k  (10) w h i c h  
c l e a r l y  s h o w s  t h e  u p p e r  d i f fus ion  f ace  to h a v e  h i g h e r  
m a n g a n e s e  s u r f a c e  c o n c e n t r a t i o n s  a n d  d e e p e r  p - n  
j u n c t i o n  dep ths .  Th i s  w o u l d  i m p l y  t h a t  t h e  a n o m a l o u s  
d ip  in  t h e  c o p p e r  prof i le  w a s  i n t i m a t e l y  c o n n e c t e d  w i t h  
t h e  i n d i f f u s i n g  a c c e p t e r  a n d  is n o t  d e p e n d e n t  on  t h e  
hos t  c rys ta l .  

Diffusion conditions.--On t h e  p r e m i s e  t h a t  t h e  d ip  
in  t h e  c o p p e r  prof i le  w a s  c a u s e d  b y  t h e  m a n g a n e s e ;  
s e v e r a l  d i f fus ion  c o n d i t i o n s  w e r e  s tud ied .  
Diffusion t i~e. - -A m a n g a n e s e  d i f fus ion  i n to  a c o p p e r -  
64 l a b e l e d  w a f e r  w a s  c a r r i e d  ou t  as d e s c r i b e d  in  t h e  
E x p e r i m e n t a l  P r o c e d u r e  e x c e p t  t h e  d i f fus ion  t i m e  was  
r e d u c e d  f r o m  6 to 0.6 hr .  T h e  c o p p e r  d i f fus ion  prof i le  
is s h o w n  i n  Fig.  2. T h e  d e p t h  of t h e  m i n i m u m  (12~) 
is s i gn i f i c an t l y  less ' t han  in  c o m p a r a b l e  6 h r  d i f fus ions  
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Fig. 2. Effect of diffusion time on the copper distribution during 

manganese diffusion into n-type gallium arsenide. Diffusion carried 
out at 8]$~ for 0.6 hr. 
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Fig. 3. Effect of increased temperature on the copper concentra- 
tion profile during the diffusion of manganese into n-type gallium 
arsenide. Diffusion carried out at 9]5~ for 6 hr. 

w h i c h  a v e r a g e  a r o u n d  55#. S i n c e  t he  a c c e p t e r  d i f fus ion  
d e p t h  w o u l d  v a r y  w i t h  t h e  s q u a r e  roo t  of t he  d i f fus ion  
time, one would expect the minimum to be about 1/3 
the depth of a comparable 6-hr diffusion. An average 
of two 0,6-hr diffusions was 15~ which is in good 
agreement with the time dependent diffusion laws. 
Temperature.--A manganese diffusion was carried out 
as described in the Experimental Procedure but in- 
creasing the diffusion temperature to 915~ As can be 
seen in Fig. 3, the dip in the copper profile was much 
wider and the minimum was deeper into the crystal 
(87~) than the 815~ diffusions. A diffusion at I009~ 
produced a much broader dip with a minimum around 
159~. This change in the shape of dip in the copper 
profile along with the change in the position of the 
minimum again strongly suggest a dependence on ac- 
cepter behavior and movement. 
AnneaIing.~Two di f fus ions  w e r e  c a r r i e d  ou t  u n d e r  t h e  
s t a n d a r d  d i f fus ion  c o n d i t i o n s  d e s c r i b e d  ea r l i e r .  A t  t h e  
e n d  of t he  6 - h r  d i f fus ion  one  t u b e  w a s  r e m o v e d  a n d  
w a t e r  q u e n c h e d  w h i l e  t h e  o t h e r  t u b e  was  r e m o v e d  i n -  
s ide  a l a r g e r  I n c o n e l  b l o c k  w h i c h  t ook  a p p r o x i m a t e l y  
3 h r  to r e a c h  r o o m  t e m p e r a t u r e .  T h e r e  was  no  d i f -  
f e r e n c e  in  t h e  s h a p e  of t h e  c o p p e r  d i f fus ion  profi les .  
T h e  a n o m a l o u s  d ips  o c c u r r e d  a t  t h e  s a m e  d e p t h  in  t h e  
c rys ta l .  I t  a p p e a r s  t h a t  t h e  effects  of a n n e a l i n g  a f t e r  
d i f fus ion  a r e  v e r y  smal l .  

Other Accepter di~fusants--zinc.--All of t h e  c o p p e r -  
a c c e p t e r  d i f fus ions  r e p o r t e d  in  th i s  w o r k  w e r e  c a r r i e d  
ou t  u s i n g  m a n g a n e s e  w i t h  t h e  e x c e p t i o n  of two  z inc  
di f fus ions .  In  t h e s e  z inc  d i f fus ions  a l l  d i f fus ion  c o n d i -  
t i ons  w e r e  as  d e s c r i b e d  e a r l i e r  e x c e p t  t h a t  t h e  a m o u n t  
of z inc  was  c h o s e n  to y ie ld  a p - n  j u n c t i o n  a t  a d e p t h  
of 20 to 30~. T h e  c o p p e r  p rof i l e  is s h o w n  i n  Fig. 4, 
a n d  i t  is a p p a r e n t  t h a t  a n  e x t r e m e l y  s h a r p  d ip  is o b -  
t a i n e d  u s i n g  zinc.  

H e r e  aga in ,  t h e  a n o m a l o u s  d i s t r i b u t i o n  of c o p p e r  
a p p e a r s  to be  c lose ly  r e l a t e d  to t h e  i n d i f f u s i n g  ac -  
cep te r .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  w i d t h  of t h e  m i n -  
i m u m  is c o n s i d e r a b l y  m o r e  n a r r o w  t h a n  in  c o m p a r a b l e  
m a n g a n e s e  d i f fus ions .  

Absence of acceptor.--To ga in  some  i n s i g h t  in to  t h e  
m e c h a n i s m  of t h e  i n t e r a c t i o n  b e t w e e n  t h e  c o p p e r  a n d  
t he  i nd i f fu s ing  accep t e r ,  a se r ies  of d i f fus ions  w a s  
c a r r i e d  ou t  w i t h  c o p p e r - 6 4  l a b e l e d  w a f e r s  in  t h e  a b -  
s ence  of a n  accep te r .  T h e  g a l l i u m  a r s e n i d e  u s e d  w a s  
h o r i z o n t a l  B r i d g e m a n  g rown ,  u n d o p e d ,  b u t  no t  i n t r i n -  
sic, w i t h  a c a r r i e r  c o n c e n t r a t i o n  of 1.2 x 10 TM e l ec -  
t r o n s / c m K  T h e  first  s e r i e s  of d i f fus ions  was  r u n  w i t h  
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n-type gallium arsenide at 815~ 

varying amounts  of excess arsenic in the diffusion 
ampoule. The excess arsenic would p reven t  dissocia- 
tion of the gal l ium arsenide and would generate  gal-  
l ium vacancies in the crystal  near  the surface. 

The results of three  diffusions wi th  vary ing  amounts  
of excess arsenic in the diffusion tube are  shown in 
Fig. 5. The apparent  inhibit ion of the copper diffusion 
by the excess arsenic suggests interact ion of the cop- 
per wi th  gal l ium vacancies to form immobi le  substi tu-  
t ional copper. Hall  and Racette  (4) repor t  reduced 
solubili ty of copper in n - type  (5 x 1015 e lec t rons /cm 3) 
gal l ium arsenide and suggest that  this reduced solubil-  
i ty is due to the presence of an arsenic-r ich  phase at 
the surface. This suggestion of precipi tat ion of copper 
arsenide at the surface does not seem to fit the ex-  
per imenta l  data since in all three  cases the amount  of 
arsenic added to the diffusion tube was far  in excess 
of that  necessary to react  with the small  amount  of 
copper on the surface. 

Fu rukawa  and Thurmond (6) repor t  a similar de-  
crease in copper solubili'ty with increasing arsenic 
pressure and explain the dependence by assuming 
that copper on arsenic sites is singly ionized CUAs-. 
It should be noted that  the larger  dips or min ima ob- 
served in the copper diffusion profiles dur ing acceptor 
diffusions were  not obtained here. 

D i s c u s s i o n  

A simple s t raight  fo rward  explanat ion of the be- 
havior  of copper during acceptor diffusions does not 
appear  possible. F r o m  the exper imenta l  data it  is ap-  
parent  that  the min imum or dip in the copper diffusion 
profile is closely associated with  'the acceptor and, by 
implication, the format ion of a p-n  junction.  Any  
changes made in the diffusion parameters  which affect 
the acceptor impur i ty  are reflected in the copper dif-  
fusion concentrat ion profile by changes in the position 
and shape of the dip. 

Kendal l  (11) has repor ted  a similar  phenomenon 
when indium was diffused into gal l ium arsenide in 
the presence of cadmium. Kendal l  at tr ibutes the "up-  
hil l"  branch to an interact ion between inters t i t ia l  in-  
d ium (In 3 + ) and gal l ium vacancies wi th  the vacancies 
diffusing out of the inter ior  toward the acceptor dif-  
fusion zone. The "downhi l l"  side of the dip in the 
indium profile was a t t r ibuted to a re tardat ion of the 
incoming intersti t ials by the buil t  in field of the ac- 
ceptors. 

Cunnell  and Gooch (9) repor ted  a similar anomaly 
in their  invest igation of the diffusion of cadmium into 
gal l ium arsenide using cadmium- l l5 .  Kendal l  (11) 
feels that  the anomaly  observed was due to the rapidly  
diffusing interst i t ial  i n d i u m - l l 5  daughter.  Kendal l  
was able to duplicate their  results using i n d i u m - l l 4  
diffusing s imultaneously wi th  nonradioact ive  cad-  
mium. 

The electrical  p-n  junct ion in all the manganese and 
zinc-copper  diffusions in this work  were  found to oc- 
cur just  at the min imum or sl ightly to the left  of the 
minimum.  In no case was the junct ion found to the  
r ight  or deeper  than the min imum of the dip in the 
copper diffusion profile. 

In any explanat ion or in terpre ta t ion of the behavior  
of copper during acceptor diffusions, the solubil i ty 
data of Hall  and Racette  (4) mus't be careful ly exam-  
ined. Hall  and Racet te  c lear ly  showed that  copper 
had high solubili ty in extrinsic p- type  gal l ium arsen-  
ide because of enhanced inters t i t ia l  solubility. This en-  
hanced solubil i ty of an impur i ty  as a function of dop- 
ing in a semiconductor  is the same as that  explained 
by Riess, Fuller ,  and Morin (15) using chemical  in ter -  
actions in silicon and germanium.  Shockley and Moll 
(14) explained this same enhanced solubil i ty of a 
charged impur i ty  in a semiconductor  using band 
theory by using the Fermi  level  as a measure  of the 
dopant  concentration.  None of these workers  predict  
the depressed solubil i ty for copper in the vicini ty  of 
the pn junct ion that  was observed in this work. At 
the tempera tures  used in these diffusions (815~ 
and the low copper concentrat ions used, there  is no 
question of solubili ty limitations. At  815~ the n - type  
substrates used in this work are intrinsic (EF near  mid 
gap) and Hall  (4) observed no dist inguishable differ-  
ence between the copper solubil i ty in semi- insula t ing 
(EF mid gap) and extr insic n - type  material .  On the 
basis of these solubili ty considerations, one would ex-  
pect enhanced copper solubili ty in the p-region and a 
flat distr ibution in the n-region.  But there should be 
no pronounced min imum or anomaly in the copper 
diffusion profile. For  the Shockley-Mol l  model  (14) 
to explain the concentrat ion difference observed in 
Fig. 3, for example,  it would be necessary for ehEF/kw 
= 3 x 102 on the n side of the p -n  junction. That  is 
the Fermi  level would have  to move about 0.57 ev 
which is not reasonable because at 815~ the band 
gap has decreased to around 1.0 ev  (fig = --4.9 x 10 -4 
e v / ~  The Fermi  level  for 1 x 1019 M n / c m  3 in 1 X 
10 TM elec t rons /cm 3 mater ia l  is 0.24 ev above the 
va lence  band edge and the n - type  substrate Fermi  
level  Js mid gap (EF ~ 0.5 ev) at 815~ 

Copper is known to diffuse by the dissociative mech-  
anism (1) and has an effective D of approximate ly  
5 x 10 -6 cm2/sec (1) at 815~ The t ime requi red  for 
the interst i t ial  copper to saturate  the 30 mil  wafers  
used in this work  would be in the order of 10 rain 
which is small compared to the total 6-hr  diffusion 
t ime used. We feel  that  the copper rapidly diffuses 
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throughout  the wafer dur ing the first 10 min  of the 
360-min diffusion cycle and then redistr ibutes as the 
slower acceptor diffusion proceeds. This is supported 
by our exper imental  data on the 0.6-hr diffusion where  
the copper was profiled for 350~ (ha l f -way through 
30 mil  wafer)  (Fig. 2) into the crystal and found to 
be more or less uni formly  distr ibuted past the usual  
minimum.  

Hall and Racette (4) showed that  the mobile cop- 
per inters'titial species was a singly charged donor by 
using drift  measurements  in an electric field. The 
drift  field used was small  (2 v /cm)  compared to the 
buil t  in field caused by acceptor gradients and p -n  
junct ions  ( ~  600 v /cm)  (12). It would be reasonable 
to expect this large bu i l t - in  field to sweep the singly 
charged copper interst i t ials  out of the region of the 
p -n  junction.  The enhanced interst i t ial  solubili ty in  
the p- type  region would not adversely affect this 
movement  and would lead to the formation of a 
sharp min imum in the copper diffusion profile be-  
cause of the solubili ty m in imum observed by Hall (4) 
in slightly extrinsic p- type  material.  The copper con- 
centrat ion after the junct ion  would then rise to an 
equi l ibr ium level and be flat in the n - type  bulk region 
of the crystal. 
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Compositional X-Ray Topography 
J. K. Howard ~ and R. D. Dobrott 

Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

The advent  of new semiconductor materials  f requent ly  demands new 
methods of invest igat ing and defining those growth flaws which can degrade 
device performance. A new x - ray  topographic method and concept were de- 
veloped to study the defect structures in the heteroepitaxial  systems. Com- 
positional x - ray  topography is an extension of the scanning-reflection method, 
which permits  a nondestruct ive  evaluat ion of the perfection in the substrate, 
deposit, and heterojunction.  The theory and l imitat ions of this method are 
discussed. Compositional x - ray  topography was applied to the study of 
homogeneity and perfection in various heteroepitaxial  systems, i.e., GaAs- 
GaP, GaAs-InAs.  

Heteroepitaxial  systems have become the focus of 
many  new device concepts (1, 2). Epitaxial  deposi- 
tion of pseudobinary alloys such as Ga(As, P) onto 
GaAs substrates has received considerable at tent ion 
in the semiconductor indust ry  (3-9). Layers of (Ga, 
In )As  have also been deposited on single crystal 
GaAs substrates yielding mater ial  from which l ight-  
emit t ing diodes, mixer  diodes, and varactor diodes can 
be fabricated (2). The crystal l ine perfection and 
homogeneity of these deposits is of importance in 
fabricat ing devices from this material.  Since imper-  
fections reflect the growth process, a knowledge of 
their concentrat ion and type will  permit  a bet ter  un -  
ders tanding of the deposition parameters  and clarify 
their effect on the deposit quality. Previous invest iga-  
tors have utilized back-reflection Laue methods and 
powder diffraction techniques to ascertain informat ion 
on the s t ructural  qual i ty and homogeneity of their  
deposits (4, 6). These methods are t ime consuming 
and yield results which may  not  be characteristic 
of the bu lk  deposit. 

X- ray  topography is a nondestruct ive method of 
evaluat ing the defect s t ructure of m a n y  monocrystal -  
l ine materials  (10-18). The ext inct ion contrast  t rans-  
mission method was developed by Lang (10) and 
modified by Schwuttke (13-15) for the study of semi- 

1 P r e s e n t  a d d r e s s :  I B M  S y s t e m s  D e v e l o p m e n t  D i v i s i o n ,  F i s h k i l l ,  
N e w  Y o r k .  

conductor grade silicon. Defects in GaAs have been 
investigated by the anomalous transmission topo- 
graphic method (16). The scanning-reflection x - r ay  
topographic method (17) was developed to map im-  
perfections over large area crystal surfaces (18). Com- 
positional x - ray  topography introduces a new concept 
to the field of x - ray  topography. This method is ca- 
pable of nondestruct ively  examining the defects cre- 
ated at the heterojunct ion and "tracking" them 
through the deposit. 

Scanning-Reflection X-Ray Topography ( SRT ) 
Using the t ransmission arrangement ,  Schwuttke 

(15) was able to study dislocation arrays in  silicon 
epitaxial  deposits. The dislocation density of the sil- 
icon substrates was near ly  zero in most cases; the 
superposition of the substrate flaws on the topographic 
image did not prevent  the imperfections in  the de- 
posit from being discerned. The dislocation density 
of GaAs is usual ly > 5 x 10 z cm -~ which prevents  
exact identification of deposit flaws in  the t ransmis-  
sion topographs. Since the total thickness of the GaAs 
deposit and substrate produced a value of ~t > >  1, 
anomalous transmission must  be used if a nondes t ruc-  
tive analysis is required (16). 

The scanning-reflection method was designed to in -  
spect the active growth surface of the GaAs substrate 
for mechanical ly induced damage and grown- in  de- 
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fects.  A f t e r  deposi t ion,  ano the r  t o p o g r a p h  r e v e a l e d  
on ly  the  defec t  a r r a y  in t he  GaAs  depos i t  (17, 18); 
an a t t e m p t  was  m a d e  to r e l a t e  the  depos i t  f laws to 
e i the r  the  subs t ra te  p r e p a r a t i o n  a n d / o r  per fec t ion ,  or  
t he  depos i t ion  p a r a m e t e r .  

The  e x p e r i m e n t a l  a r r a n g e m e n t  is dep ic ted  in Fig. 1. 
The  subs t ra te  c rys ta l  (C) in d i f f rac t ing  pos i t ion  is 
coupled  to a film ho lde r  (F)  m o u n t e d  p e r p e n d i c u l a r  
to the  d i f f rac ted  b e a m  (D) .  The  inc iden t  b e a m  (I0) 
is r e s t r i c t ed  by slits ($I)  and  ($2);  slit  ($2) is a d -  
j u s t ed  un t i l  on ly  the  K ~  c o m p o n e n t  of the  c h a r a c -  
te r i s t ic  r ad ia t ion  can diffract .  The  r i b b o n - s h a p e d  in -  
c ident  b e a m  (25 x 0.05 m m )  imp inges  on the  c rys ta l  
at  the  p r o p e r  angle,  and a p r o j e c t e d  image  of  the  f laws 
in the  i r r a d i a t e d  m a t e r i a l  is f o r m e d  on the  pho to -  
g raph ic  plate .  A n  i m a g e  of the  en t i r e  sl ice is ob ta ined  
by t r ans l a t i ng  the  coup led  f i l m - s a m p l e  un i t  p e r p e n -  
d icu la r  to the  inc iden t  b e a m  or p a r a l l e l  to the  sl ice 
surface.  The  sequence  of e x a m i n a t i o n  ( subs t r a t e  topo-  
g r a p h - d e p o s i t i o n - d e p o s i t  t opograph )  is t ed ious  and  
can  i n t roduce  a c o n t a m i n a t i o n  a n d / o r  s t ra in  p r o b l e m  
because  of hand l ing .  A m o r e  des i rab le  m e t h o d  of i n -  
spec t ion  w o u l d  p e r m i t  in situ e x a m i n a t i o n  of t he  sub -  
s t ra te  and  ep i t ax ia l  film pe r fec t ion  a f te r  deposi t ion.  

Principle of Compositional X-ray Topography 
Compos i t i ona l  x - r a y  t o p o g r a p h y  is an app l i ca t ion  

of the  s cann ing - re f l ec t ion  x - r a y  topograph ic  me thod .  
The  per fec t ion ,  homogene i ty ,  and s ingle  c rys t a l l i n i t y  
of m a n y  h e t e r o e p i t a x i a l  sys tems  can  be i n v e s t i g a t e d  
w i t h  this  me thod .  The  d i f f rac t ion  ang le  depends  on 
the  la t t ice  p a r a m e t e r  ( w h i c h  can  be  ca l cu la t ed  or  
e x p e r i m e n t a l l y  d e t e r m i n e d ) ;  the  subs t ra te  and  film 
can be  e x a m i n e d  s epa ra t e ly  by the  e m p l o y m e n t  of 
the  p r o p e r  d i f f rac t ion  angle.  On ly  tha t  v o l u m e  e l e -  
m e n t  in the  i r r ad i a t ed  m a t e r i a l  w h i c h  has  the  d e -  
s i red  la t t i ce  p a r a m e t e r  w i l l  d i f f rac t  to f o r m  the  topo-  
g raph ic  image .  This  m e t h o d  of e x a m i n a t i o n  is e f fec t ive  
to the  d e p t h  of p e n e t r a t i o n  of t he  inc iden t  x - r a y  
beam.  The  m a x i m u m  p e n e t r a t i o n  depth ,  D (mic rons ) ,  
can be exp re s sed  by the  r e l a t i o n  

) �9 p [ e s c ( 0 - - ~ )  + csc ( 0 +  ~ ) ]  

[1] 

/~/p ( cm2/g)  is t he  mass  abso rp t ion  coefficient,  
0 ( g / c m  3) is the  densi ty ,  0 the  d i f f rac t ion  angle,  v~ t h e  
ang le  b e t w e e n  the  sl ice su r face  and  the  d i f f rac t ing  
planes,  and A is the  f r ac t iona l  a t t e n u a t i o n  of the  inc i -  
den t  beam.  

A plo t  of the  p e n e t r a t i o n  dep th  as a f u n c t i o n  of 
0 - -  ~ ( ang le  b e t w e e n  the  inc iden t  b e a m  and  the  s l ice  
sur face)  is s h o w n  in Fig. 2. F o r  a g i v e n  rad ia t ion ,  
c rys ta l  g r o w t h  axis,  and  re f lec t ing  plane,  the  0 - -  
v a l u e  can  be  ca l cu la t ed  and the  p e n e t r a t i o n  dep th  
de t e rmined .  The  g r aph  depic ts  D in G a A s  for  va r i ous  
w a v e l e n g t h s  of r ad i a t i on  (A = 0.1); this  p lo t  is a 
good a p p r o x i m a t i o n  for  Ga (As, P) .2 

~Experimental verification of 0 -- tp = 45 ~ (copper radiation) 
consists of determining the Ga(As, P) thickness which completely 
attenuates the {333) reflection of the substrate. The composition 
measurement developed by Miller (19) and employed by Dobrott 
(20) indicated that a 25/~ Ga(As, P) deposit eliminated the (333) 
GaAs reflection (0 -- r = 45 ~ ) as compared to 21.8~. calculated 
from Eq. [1]. 
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Fig. 2. X-roy penetration depth in GoAs 

The  p r inc ip les  of compos i t i ona l  x - r a y  t o p o g r a p h y  
a re  on ly  satisfied u n d e r  ce r t a in  condi t ions :  (a) t he  
to ta l  film th ickness  is less t han  the  p e n e t r a t i o n  dep th  
of the  inc iden t  x - r a y  beam;  (b) t he  d i f f rac t ion  angles  
of the  film and subs t r a t e  a re  suff icient ly s epa ra t ed  to 
i n su re  exac t  a n g u l a r  se lec t ion;  (c) t he  abso rp t ion  
coefficient  is cons tan t  for  each  compos i t iona l  layer .  
These  res t r ic t ions ,  h o w e v e r ,  can  be  u t i l i zed  to gauge  
the  qua l i t y  of the  deposit .  

Compositional x-ray topography applied to the 
G a A s - G a P  and G a A s - I n A s  heteroepitaxial s y s t e m s . -  
The  v a r i a t i o n  of la t t ice  p a r a m e t e r  and compos i t ion  has 
been  s h o w n  to be  l inea r  in t he  G a A s - G a P  and  G a A s -  
InAs  a l loy  sys tems  (5, 21). S ince  the  d i f fe rence  b e -  
t w e e n  the  d i f f rac t ion  ang les  for  GaAs  and  G a P  (or 
G a A s  and InAs)  is smal l  c o m p a r e d  to 0, t h e n  Ox 
( w h e r e  x is the  m o l e  f r ac t ion  of G a P )  has  b e e n  shown  
to v a r y  d i r ec t ly  w i t h  compos i t ion  (20). A plot  of 
these  va r i ab l e s  is dep ic ted  in  Fig.  3 for  t he  case of  a 
G a ( A s ,  P)  film depos i t ed  on a (111) G a A s  subst ra te .  
The  A 20 v a l u e  changes  f r o m  the  (333) re f lec t ion  of 
G a A s  to the  (333) re f lec t ion  of G a P  (copper  K s  r a -  
d ia t ion) .  Because  of this  l inear i ty ,  the  mole  f r ac t ion  
of GaP,  x, can be  r e l a t ed  to t he  d i f f rac t ion  ang le  by  
the  exp re s s ion  

20 [ G a A s l - x P x ]  = x �9 20 [GAP] + (1 - - x )  �9 20 [GaAs]  
[2] 

S i m i l a r  r e l a t ionsh ips  ex is t  for  o the r  ref lect ions,  i.e., 
the  {440} ref lec t ions  of G a A s  and  GaP.  T h e  compos i -  
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Fig. 4. Conceptual diagram for compositional x-ray topography. 
Each layer can be diffracted separately by utilizing the diffraction 
angle which corresponds to the lattice parameter (composition) of 
that layer. 

tion of the alloy deposit determines the diffraction 
angle. 

F igure  4 depicts an idealized case of the GaAs-GaP 
heteroepi taxia l  system. Epi taxial  layers A and B have 
been sequent ia l ly  deposited on a GaAs substrate. As-  
sume that  the A layer  has a composition GaAsl -x lPxl  
and diffraction occurs when  the incident  beam im-  
pinges at an angle o 1 wi th  respect  to the diffracting 
planes which are paral le l  to the slice plane. The B 
layer  has a GaP concentrat ion x2, GaAsl-x2Px2, where  
xl  < <  x2. This layer  is in diffraction position when  
the incident beam impinges at an angle o2 where  {} 
(GaAs) < 01 < o2. In Fig. 4(a) the incident beam I0 
strikes the crystal  at the angle 0, and only the GaAs 
substrate is proper ly  oriented. The beam penetrates  
to a depth C below the substrate surface; a volume 
element,  V1, diffracts coherent ly to form the topo-  
graphic image. The image of the defects in V1 is 
registered on the film plate placed perpendicular  to 
the diffracted beam. As the crystal-f i lm unit  is t rans-  
lated perpendicular  to the incident  beam, the dif-  
fract ing volume VI is "swept"  paral le l  to the diffract- 
ing planes. This total image displays the perfect ion of 
the substrate in the C layer. If the crystal  is rotated 
about an axis perpendicular  to the plane of Fig. 4, 
the incident  beam now impinges at an angle Ch. The 
A layer  is now in diffracting position [Fig. 4 (b)] .  The 
volume element  V2 bounded by the incident and dif-  
fracted beams diffracts to form an image of the flaws 
in V2. Subsequent  t ranslat ion permits  the A layer  to 
be examined independent  of the B layer  and the sub- 
strate. The perfect ion of the B layer  can be de te r -  
mined in a similar  manner  [Fig. 4 (c ) ] .  If Fig. 4 repre -  
sents a c leaved {110} surface perpendicular  to the 
plane of the slice, then (SRT) topographs of this 
surface would reveal  compositional changes in the 
growth direction. 

Experimental 
Materials.--Single crystals of GaAs were  grown 

using the Czochralski method;  the growth axis was 
paral le l  to ei ther the [111] or [100]. In the case of the 
crystals grown on the (111) plane, slices were  cut 5 ~ 
off (111) toward <100>.  The slice thickness af ter  
sawing with  an ID saw was approximate ly  0.030 in. 
The slices were  then chemical ly  polished on the 
( l l l ) - B  [or the (100)] face wi th  a solution of NaOCI: 
H20 (22). These slices were  employed as substrate 
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mater ia l  fol lowing a brief  etch (8H2SO4:H20: H202). 
An open- tube  vapor  t ransport  system was used to 

deposit epi taxial ly  the Ga(As,  P) or (Ga, I n )As  alloy 
on the GaAs substrate (1-3). 

Co~nposit~on measurement and x-ray procedure . -  
The sample (f i lm/substrate)  was c l ip-mounted  on a 
goniometer  head which was at the end of a shaft. The 
shaft was inserted into a s tandard Norelco diffrac- 
tometer.  Characteris t ic  copper radiat ion was employed 
in the measurement ;  the diffracted radiat ion was ren-  
dered monochromat ic  wi th  a focusing monochromator .  
The substrate was then al igned to diffract the (333) 
reflection in the case of a (111) sample. The (400) 
reflection was uti l ized if the substrate was (100). How- 
ever, asymmetr ic  reflections have been employed for 
specific applications. The sample was scanned be-  
tween the angular  limits of the alloy, i.e., 20 [GaAs] 
to 2o [GAP]. The Ga(As,  P) reflection occurs be-  
tween these angles. Since the diffraction angle of the 
GaAs substrate was known, the substrate reflection 
acts as an internal  standard. Since Vegard 's  laws hold 
in the GaAs-GaP alloy system and the in terplanar  
spacing, d, can be determined f rom the alloy peak 
position, then the mole fraction of GaP can be calcu- 
lated f rom the expression 

x =  (dGa(As,P) - - d G a A s ) /  ( d G a P - - d G a A s )  [3] 

x can also be calculated f rom Eq. [2] as Ox is l inear 
wi th  d in the alloy range. 

The composit ion measurement  uniquely  determined 
the diffraction angles of the compositional layers in 
the deposit. These angles are used to align each layer 
for (SRT) topographs. An open- tube  detector was 
used to establish the diffraction peaks; receiving slits 
were  employed to culminate  the al ignment.  Previous  
invest igators have employed the standard powder  dif-  
fraction methods to determine  composition; this 
method is destruct ive and t ime consuming (4, 6). 

The sample was mounted  on a standard goniometer  
head in the (SRT) camera. The  GaAs substrate was 
or iented with  a scinti l lation de tec to r - ra temete r  cir-  
cuit. The diffraction angles of the deposit are found by 
rotat ing the sample about the co axis. The topographs 
were  obtained wi th  copper radiation. The effective 
size of the focus was 100~ ( Ja r re l l -Ash  microfocus 
genera tor ) .  Nickel  foil (0.002 in.) was placed over  the 
film holder  to filter the radiat ion diffracted f rom the 
sample. Kodak type A plates were  utilized; the aver -  
age exposure t ime was 1 ~/2 hr. 

Results and Discussion 
Inhomogene i ty . iA  composition measurement  per -  

formed on a (100) deposit of (Ga,In)As yielded the 
(400) diffraction angle of 64.2~ the GaAs reflection 
was regis tered at 66.2 ~ (Fig. 5). This angular  sepa ra -  

I I } I I I / 

] (400) f~ (400) 
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68 66 64 62 

28 (DEGREES) 
Fig. 5. Diffraction scan to determine the composition of on in- 

homogeneous deposit of (Go,In)As. 
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Fig. 6(a). (left). (400) topograph reveals inhomogeneous regions 
in the (100) deposit of (Ga,ln)As; the alloy reflection was used 
to form the topographic image: (b) (right) the relative contrast 
was reversed when the GaAs diffraction angle was employed to 
obtain the (400) topograph. 

The scanning-reflect ion x - r a y  topographic method 
was employed to investigate planar  variat ions in com- 
position over large area deposits of (Ga, In)As.  This 
type of analysis has certain advantages in the detec- 
t ion of gross inhomogenei ty  in the alloy deposits: (a) 
the scanning and /or  counting t ime which would be 
involved in an electron microprobe analysis of these 
large area deposits would be impractical;  (b) the 
shape of the alloy peak (composition measurement)  
has been shown to be sensit ive to inhomogeneity,  bu t  
no inference can be made to the spatial d is t r ibut ion 
of the inhomogeneous regions; (c) the reflectivity 
method (20) could not detect small  variat ions in com- 
position across the surface. X- ray  topography clearly 
differentiated two regions in  a Ga (As,P) deposit which 
differed by only 3% GaP (18). The topographic 
method is a fast, semiquanti tat ive,  and nondestruct ive 
technique to evaluate homogeneity.  

Reflectivity measurements  have been employed to 
determine axial changes in composition of Ga(As,P)  
epitaxial  deposits (20). Homogeneity can be evaluated 
by incrementa l ly  etching the deposit, in conjunct ion 
with compositional determinat ions  by reflectivity; the 
reflectivity measurements  determine the composition 
at the surface only. This measurement  can be quan-  
t i tat ive (x- ray  s tandards) ,  but  is a destructive proc- 
ess which involves a long evaluat ion time. 

Compositional x - r ay  topography can also be ap- 
plied to the evaluat ion of axial  changes in composition. 
The method is simple, nondestructive,  and yields a 
very sensitive quali tat ive display of the compositional 
changes encountered dur ing  epitaxial  growth. A 
( l l l ) - B  Ga(As,P)  deposit (0.002 in. thickness) was 

t ion corresponds to a 50% InAs alloy. The (400) topo- 
graph of the alloy layer  reveals an image which ex-  
hibits nonuni form darken ing  (Fig. 6a). The central  
region of the image is of lower contrast  than the 
periphery. The relat ive contrast  was reversed by the 
employment  of the GaAs diffraction angle to form 
the topographic image (Fig. 6b). The GaAs layer  is 
coherently incorporated into the alloy matrix.  This 
layer acts as an absorber, which at tenuates  the in-  
tensi ty diffracted from this region. These topographs 
map the spatial position of the compositional var ia-  
tions in  the deposit. 

A ( l l l ) - B  (Ga, In )As  deposit was also evaluated 
for composition (Fig. 7). The (333) alloy peak was 
displaced 2.5 ~ from the (333) GaAs reflection. The 
(333) topograph of the 35% InAs layer  revealed large 
areas of nu l l  contrast  in  the mat r ix  (Fig. 8). The in-  
homogeneous region was shown to be GaAs r ich in  
the same m a n n e r  as Fig. 6a and Fig. 6b. 
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Fig. 7. Diffraction scan of an inhomogeneous (111) deposit of 

(Ga,ln)As. The alloy composition was 35% InAs. 

Fig. 8. The (333) topograph of the (111)-B deposit of (Ga,ln)As 
which reveals a compositional gradient across the slice. 

Fig. 9. The (220) topograph of a cleaved surface perpendicular 
to the (111) slice plane. The deposit image reveals lamella of 
different composition. 
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Fig. 10. Numerous hillocks on a (111)-B Ga(As,P) epitaxial film 
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Fig. 11. Composition scan of Ga(As, P) deposit with hillocks 
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asymmetric  (440) reflection. The diffraction scan is 
shown in Fig. 11. The (440) GaAs reflection was regis- 
tered at 100.8~ the (440) GaAs0.ssP0.15 layer and the 
(440) GaAs0.67P0.83 layer yielded diffraction angles of 
101.6 ~ and 102.5 ~ , respectively. The relat ive peak 
heights indicate that  the 15% GaP layer was the in i -  
tial deposit, i.e., this reflection was a t tenuated by ab-  
sorption more than the 33% GaP layer. The diffraction 
angles were then used to al ign each layer for (SRT) 
topographs. 

The (440) topograph of the GaAs substrate (Fig. 
12a) reveals the hillocks as t r iangular  regions of nul l  
contrast. The image shapes are either sharp (arrow A),  
diffuse (arrow B), or diffuse with a definite t r i angular  
center (C). The lack of contrast observed in  the 
hillock images indicated that they are misoriented 
with respect to the substrate which corresponds, in  
this case, to a difference in composition. The (440) 
topograph of the GaAs0.67Po.33 layer also displayed the 
hillocks as regions .of reduced contrast  (Fig. 12b). 
The intense darkening  in  this image was the result  of 
local cracks in the deposit which indicates the effect 
that hillock formation can have on the deposit qual-  
ity. The sample was then oriented to diffract the 
GaAs0.ssP0.15 layer;  the (440) topograph exhibits only 
the hillock images (Fig. 12c). The matr ix  was mis-  
oriented for diffraction. 

The hillocks are probably generated at the sub-  
strate interface since their  composition corresponds to 
the 15% GaP layer. The final compositional layer 
(33% GaP) forms around the hillocks and f requent ly  
overgrows these defects. A diffuse image was observed 
in Fig. 12a (arrow B), and no image was registered in  

cleaved to expose a {110} cleavage plane normal  to 
the plane of the slice. This is a s tandard technique 
to determine film thickness by interferiometric  meth-  
ods. A (220) topograph of the cleaved surface is 
shown in  Fig. 9. The image consists of a series of al-  
te rnat ing light and dark lines. 

Since the sample.was aligned to diffract Ga(As,P) ,  
the substrate image was not  observed. The deposit 
image revealed dark lines t ravers ing the width of the 
film. These lines correspond to regions of fixed com- 
position, whereas the l ight lines (no contrast) repre-  
sent lamella  of different composition. The spacing be- 
tween the lines decreases dur ing  growth which in-  
dicates that the deposit was approaching a constant  
composition. This effect has been observed in many  al- 
loy deposits and could degrade the efficiency of l ight-  
emitters fabricated from this mater ia l  (23). 

Hil locks . - -Hi l locks  (localized surface protrusions) 
have been observed on epitaxial  deposits of silicon 
(24-26), ge rmanium (27-28), and GaAs (29). More 
recently, these (or similar)  defects were detected in 
epitaxial  deposits of Ga(As,P)  and (Ga,In)As.  Com- 
positional x - r ay  topography was used to s tudy the 
morphology of these flaws in  Ga(As ,P) .  

Numerous  hillocks were obtained in a ( l l l ) - B  
deposit of Ga(As,P)  (Fig. 10). The thickness of the 
film was determined to be 14~. A composition meas-  
u rement  was obtained by the employment  of the 

Fig. 12(a). The (440) topograph of the GnAs substrate which 
reveals the hillocks as triangular regions of null contrast. The 
dark line traversing the image is a spurious reflection. 

Fig. 12(b). The (440) topograph of the GaAso.67Po.33 layer; the 
dark contrast results from local cracks in the deposit. 
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Fig. 12(c). The (440) topograph of the GaAso.8~Po.15 layer, only 
the hillocks are in diffracting position. 

Fig. 12c. However, other hillocks protrude through the 
top layer (arrow A). The hillocks which protruded 
through the surface layer are revealed as triangles in 
Fig. 12c (arrow A).  The part ial ly overgrown hillocks 
(C) produce the diffuse images with nu l l  contrast  
centers (Fig. 12a, arrow C); only the t r iangular  cen- 
ter can be seen in  Fig. 12c. 

The sample was angle- lapped and stained (Fe- 
I-INO3) on a 5 ~ bevel  to reveal  the cross section of a 
hillock (Fig. 13). The dark i r regular  line, A, is the 
substrate and GaAs0.ssP0.15 layer interface. The line 
at B is the junct ion  between the GaAs0.ssP0.1~ and 
GaAs0.67P0.33 layers. The hillock, C, has the same stain 
as the GaAs0,saP0.15 layer which confirms the x - r ay  
results. This hillock was determined to be % above 
the GaAs0.ssP0n5 layer. 

Summary and Conclusions 
The joint  application of x - ray  topography (SRT) 

and a diffractometer method to determine composition 
(compositional x - ray  topography) has been shown to 
be an effective method to study the s t ructural  per-  
fection and homogeneity of epitaxial  Ga(As,P)  and 
(Ga, In)As.  Some results of this invest igat ion are: 
(a) a p lanar  compositional gradient  was observed in 

Fig. 13. Optical micrograph of an angle-lap and stain (Fe-HNO3) 
junction; a hillock and two different compositional layers are dis- 
played. Magnification, approximately 100X. 

(Ga,In)As deposits; the inhomogeneous regions were 
spatially located, and their composition was shown to 
be GaAs rich; (b) axial changes in composition were 
detected in a Ga(As,P)  deposit (presumed to be con- 
stant  composition); (c) the composition of hillocks 
generated at the suhstrate-GaAs0.ssP0.15 layer in ter -  
face was determined to be 15% GaP; (d) the hillocks 
(15% GaP) were f requent ly  overgrown by a 33% 
GaP layer, and local cracking of this layer appeared 
to be related to the existence of hillocks. 

Although this investigation was restricted to the 
GaAs-GaP and GaAs-InAs heteroepitaxial  systems, 
this method has been successfully used to study stress 
relief mechanisms in deposits of germanium on sil- 
icon substrates (30). Another  application concerns the 
perfection of (Ga, I n ) A s  which was deposited in holes 
that were cut (etched) into heavily dislocated mono-  
crystals of GaAs (31). The dislocation density at the 
GaAs- (Ga , In )As  heterojunct ion has also been com- 
pared to the dislocation density characteristic of the 
deposit (32). This type of examinat ion is of interest  
in the determinat ion of s t ructural  flaws created by 
lattice mismatch. 
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Potential of a Platinum Electrode at Low Partial Pressures 

of Hydrogen and Oxygen 
II. An Improved Gas-Tight System with a Negligible Oxygen Leak 

Sigmund Schuldiner, Bernard J. Piersma, 1 and Theodore B. Warner 
United States Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

A tight electrochemical  system was constructed in which the Po~ above 
the cell solution was ~10 -9 arm. Comparing potentials  wi th  data f rom a 
previous paper (1) showed that  very  small amounts of 02 leaking into a 
closed system can have marked  effects on potent ial  behavior  at low PH2. 
Reduction of the oxygen leak to negligible proportions showed that:  (a) 
the Nernst  equi l ibr ium relat ion for the H+/H2 couple holds only for PH~ in 
excess of 10 -6 arm; (b) at low PH2, trace amounts of 02, even in the presence 
of several  orders of magni tude  more hydrogen,  acted as an electrode poison 
causing a posit ive deviat ion f rom the theoret ical  Nernst  behavior ;  (c) in 
O2-free solution, at PH2 below 10 -6 atm, the potent ial  remained  at 0.18v posi- 
t ive to NHE and was independent  of PHi.. The poten t ia l -de te rmining  react ion 
in this region may  be an exchange of H + in solution wi th  H atoms derma-  
sorbed in the Pt. The potential  vs. oxygen part ial  pressure relat ion was es- 
sential ly the same as found in previous work  from this laboratory.  Residual 
hydrogen associated with Pt  at potentials f rom 0.18 to 0.2v did not react  with 
oxygen. 

In the first paper of this series, Warner  and Schul-  
diner (1) de termined open-circui t  rest potentials  on 
bright  p la t inum as a function of oxygen or hydrogen 
part ial  pressures from l0 -2 to 10 7 atm. The oxygen 
leakage (from air) into the cell was est imated to give 
a part ial  pressure of about 10 .7 atm. The Nernst  equi-  
l ibr ium relat ion for the H+/H2 couple held only at 
hydrogen part ial  pressures in excess of 1 x 10 -4 atm. 
At hydrogen pressures smaller  than this value the 
measured potentials  were  posit ive to the theoret ical  
Nernst  values. No satisfactory explanat ion could be 
given for this deviation, but it was fel t  that  the trace 
of oxygen leaking into the system might  be the cause. 
Even though a correction for the oxygen leak, assum- 
ing complete  react ion wi th  hydrogen at the Pt  surface, 
was made, t race amounts of oxygen could possibly 
have remained on the surface when  the hydrogen par -  
tial pressure was below 10 -4 arm. This oxygen might  
then act as a poison for the H+/H2 exchange (even 
though the hydrogen part ial  pressure was several  
orders of magni tude  higher)  and give potentials posi- 
t ive to the theoret ical  equi l ibr ium values. To deter -  
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Fig. 1. Helium purification train outside of controlled environ- 
ment box. 

mine if such traces of oxygen could affect the potent ia l  
at low hydrogen pressures it was necessary to improve  
our gas- t ight  system to reduce fur ther  the leakage of 
oxygen into the cell. This was done in three ways: (a) 
improved  purification of the hel ium carr ier  gas (Fig. 
1) using two Meyer -Range  (2) columns ~nstead of one; 
(b) construction of a more  compact gas purification 
and cell system; (c) instal lat ion of the crit ical  par t  of 
the gas purification system, the gas generator,  and the 
cell in a controlled env i ronment  box under  an atmos-  
phere of ni t rogen (Fig. 2). Thus the outside of the 
system was exposed to ni t rogen ra ther  than air. The 
part ial  pressure of O2 in the envi ronment  box was 
mainta ined at 5 _4_- 2 x 10 -4 atm. This meant  that  at the 
outside of the system the 02 pressure was reduced by 
1/400 of the value in air. 

~ N~ 
EXIT 

N~ CELL Hi 
RECmCULATleN GASES 

SYSTEM ~• 

Fig. 2. Electrochemical system inside of controlled environment 
box and associated equipment, 
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Fig. 3. Schematic of electrolytic cell. Glass pipe connections 
were actually used for electrode and gas connections and to con- 
nect upper and lower section of cell compartment. [See Fig. 1, p. 
1143 of ref. (3) for illustration showing construction of cell.] 

This improved gas- t ight  system reduced the oxygen  
leak into the cell to immeasurable  proportions and, 
as the data wil l  show, s t rongly affected the hydrogen  
pressure vs. potent ial  relation. 

Exper imenta l  
Apparatus . - -The electrochemical  cell (3) (Fig. 3) 

contained a minia ture  glass electrode, a Pt  wire  elec-  
t rode 5 cm long with a 0.064 cm diameter,  a large P t  
gauze electrode (~100 cm2), and a large t ight ly  rol led 
cyl inder  of Pt  gauze plat inized in lead-f ree  platinic 
acid (total  geometr ic  area about 30 cm2). The electro-  
lyte was 1M H2SO4 mainta ined at 25 ~ -+- 2~ The 
hel ium purification train, electrolyt ic  H2 or 02 genera-  
tor (1), cell, and control led env i ronment  system are 
shown in Fig. 1 and 2. The two stopcocks leading to 
the cell (Fig. 2) were  Kern  h igh-vacuum greaseless 
stopcocks wi th  Viton A diaphragms. The controlled 
env i ronment  box was manufac tured  by V a c u u m / A t -  
mospheres  Corporat ion and was 45 in. long by 30 in. 
deep by 33 in. high. The l iquid ni t rogen cold trap con- 
sisted of a molecular  sieve (Linde 5A) column in a 
Linde LD 10 l i ter  Dewar.  This Dewar  flask was filled 
via an insulated copper pipe which led outside the box 
where  it was shut off with a valve. Copper tubing con- 
nected the hel ium tank to the flow meter.  F rom this 
point the system was glass wi th  one Viton A O-r ing 
connection be tween  the two Meyer -Ronge  catalyst  
columns. At the end of the second molecular  sieve 
column a gold-pla ted (to prevent  diffusion of hydro-  
gen in f rom the room atmosphere)  copper tube was 
connected with  a second Viton A O-ring.  This gold- 
plated copper tube conducted the purified hel ium into 
the env i ronment  box to the cold trap. Therefore,  even  
though two Viton A seals were  used outside the box, 
one seal was be tween the two Meyer -Ronge  columns 
so any trace of 02 which diffused through it was re -  
moved by the second Meyer -Ronge  column. The second 
seal outside the box was in f ront  of the molecular  
s ieve- l iquid  N2 cold trap so that  any O2 which diffused 
through this O- r ing  would be frozen out. Since the 
l iquid N2 cold t rap was inside the env i ronment  box, 
diffusion of 02 through any of the other  seals was 
minimized. The manufac tu re r  of the Vi ton-A O-rings 
claims a seal good to 10 -6 Torr, and previous work  (1) 
indicated an oxygen leak in the ent ire  system equiva-  
lent  to about 10 -7 atm, so wi th  the new system used 

we feel  that  the oxygen leak within  the cell should 
not exceed 10 -9 atm. In any case, at tempts to deter -  
mine the amount  of oxygen leaking into the cell f rom 
the atmosphere were  fruitless because of its ex t remely  
low concentration. 

An N2 atmosphere inside the envi ronment  box was 
obtained by passing tank N2 into the box for several  
days unti l  O2 par t ia l  pressure inside the box dropped 
to about  10 -3 atm. The flow of N2 was then reduced,  
and the gas inside the box was recirculated through 
a bed of copper turnings at 450~ to r emove  oxygen. 
Recirculat ion was via a high-speed gas pump with  a 
flow of about 1.5 1/min. I t  was soon discovered that  
the evaporat ion of l iquid N2 mainta ined a sufficient gas 
flow through the envi ronment  box and the tank N2 
was eliminated.  Once the O2 pressure dropped to 5 x 
10 -4 arm, as de termined  on the outlet  side wi th  a 
Beckman, Model E2 oxygen analyzer,  rec i rcula t ing N2 
was no longer  helpful  in reducing the 02 part ial  pres-  
sure. F rom that  point on the only sources of N2 needed 
were  f rom the evaporat ion of l iquid N2 and f rom the 
tank IN2 used to pump l iquid N2 into the Dewar.  It  was 
necessary to fill the Dewar  every  two weeks. This 
operat ion resulted in a large influx of N2 into the box 
so that  a large outlet  va lve  f rom the box had to be 
kept  open to keep the in ternal  pressure below 5 in. of 
water  in excess of atmospheric  pressure. In addition a 
water - f i l led  safety va lve  was at tached to the box. This 
valve  would release N2 when  the pressure inside of 
the box exceeded 5 in. of wa te r  above normal  atmos-  
pheric pressure. 

Electr ical  connections were  made as shown in Fig. 2. 
A system of ro tary  switches was used to a l ternate  
every  5 rain from one P t  electrode in the cell to an-  
other. The potential  be tween  each Pt  electrode and the 
glass reference electrode was measured with  a Ke i th -  
ley 610A elec t rometer  and displayed a l ternate ly  on a 
Varian recorder.  

Procedure.--Glassware was cleaned with boiling 
nitric acid and r insed 12 to 15 t imes with t r ip ly  dis- 
t i l led wate r  (one stage of disti l lation f rom alkal ine 
permanganate  solution, another  f rom wate r  containing 
fumed phosphoric acid, the final two stages being f rom 
a quartz  still). The sulfuric acid solution was preelec-  
t rolyzed for three days at 50 ma. This was fol lowed by 
calibration of the glass electrode against the p la t inum 
electrodes in H2 saturated solution at 1 a tm pressure. 
Hydrogen flow was then replaced with  a flow of pure 
hel ium always maintained at 40 std ml /min .  Pressure  
wi thin  the cell was about 10 Torr  above atmospheric.  
The hydrogen line was disconnected, flushed, and filled 
with helium. The envi ronment  box was then sealed 
and air was replaced with  N2 by the procedure  de-  
scribed above. Ei ther  hydrogen or oxygen was intro-  
duced into the hel ium carr ier  gas by the special elec- 
trolytic H2 or O2 generator  (1) designed at this lab- 
oratory. Gas generat ion rates were  calculated f rom 
constant electrolysis currents.  The part ial  pressures 
were  calculated f rom the rate  of flow of hel ium 
(known to 5%) and the rates of H2 or 02 generat ion 
(known to 1%). 

The rate  of a t ta inment  of s teady-sta te  potentials was 
very  dependent  on electrode area, especially at par t ia l  
pressures below 10 -6 atm. The plat inized P t  electrode 
area was so large that  at low part ial  pressures this 
electrode lagged far  behind the other  two Pt  elec-  
trodes. All  three electrodes would  come to the same 
potent ial  given sufficient time, but  the plat inized Pt  
electrode required such a long t ime (months) at ve ry  
low part ial  pressures that  in most measurements  only 
enough t ime was al lowed for the Pt  wire and gauze to 
come to the same s teady-s ta te  values. The exper iments  
which gave the data recorded in this paper  took about 
11 months. Severa l  runs up and down the pressure 
scale were  taken. 

When pure hel ium or hel ium mixtures  wi th  low hy-  
drogen part ial  pressures flowed through the cell, the 
addit ion of l iquid N2 to the cold t rap caused the Pt  
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Fig. 4. Relation between hydrogen partial pressure and rest 
potentials. Dashed line shows normal Nernst potential relation for 
H + / H 2  exchange; �9 decreasing H2 pressure; /% increasing H2 
p r e s s u r e .  

w i r e  a n d  gauze  e l e c t r o d e  p o t e n t i a l s  to  d e v i a t e  i n  a 
pos i t i ve  d i rec t ion .  S e v e r a l  h o u r s  w e r e  r e q u i r e d  fo r  
t h e s e  e l e c t r o d e s  to r e c o v e r  t h e i r  o r i g i n a l  p o t e n t i a l s .  
W e  a t t r i b u t e  t h i s  effect  to  a t r a c e  of O2 w h i c h  w a s  
i n t r o d u c e d  d u r i n g  t h e  coo l ing  of t h e  e n v i r o n m e n t  b o x  
( i ts  t e m p e r a t u r e  u s u a l l y  d e c r e a s e d  to a b o u t  17~ d u r -  
ing  t h e  f i l l ing of t h e  D e w a r ) .  Th i s  coo l ing  c a u s e d  a 
d e c r e a s e  in  p r e s s u r e  in  t w o  a r m s  of t h e  cell,  a n d  t h e  
space  a b o v e  t h e  s o l u t i o n  in  t h e s e  c o m p a r t m e n t s  d e -  
c r e a s e d  as t h e  cel l  s o l u t i o n  rose  s l i g h t l y  in  t h e m .  T h i s  
m a y  h a v e  c a u s e d  a t r a c e  of o x y g e n  t r a p p e d  i n  t h e s e  
s ide  a r m s  or  in  t h e  c o u n t e r  e l e c t r o d e  s ide  of t h e  gas  
g e n e r a t o r  to  go i n to  s o l u t i o n  a n d / o r  c a u s e d  a f u r t h e r  
r e m o v a l  of t r a c e s  of o x y g e n  a s s o c i a t e d  w i t h  t h e  i n -  
t e r i o r  wa l l s  of t h e  g lass  sys t em.  T h e  r i se  of s o l u t i o n  in  
t h e s e  s ide  a r m s  s h o w e d  t h a t  l e aks  d id  n o t  exis t .  I n  a n y  
case  l i q u i d  N2 w a s  a d d e d  o n l y  once  e v e r y  14 d a y s  so 
t h a t  th i s  ef fec t  w a s  m i n i m i z e d .  

Results and Discussion 
Experimental results.--The e x p e r i m e n t a l  r e s u l t s  a r e  

s h o w n  in  Fig. 4 for  t h e  h y d r o g e n  e l e c t r o d e  a n d  in  Fig.  
5 for  t h e  o x y g e n  e l ec t rode .  V a l u e s  w e r e  o b t a i n e d  w i t h  
b o t h  i n c r e a s i n g  a n d  d e c r e a s i n g  gas  p a r t i a l  p r e s s u r e s  
a n d  w e r e  t a k e n  o n l y  a f t e r  s t e a d y - s t a t e  p o t e n t i a l s  w e r e  
r e a c h e d .  F o r  h y d r o g e n  p a r t i a l  p r e s s u r e s  b e l o w  10-~ 
a tm,  s t e a d y - s t a t e  m e a n t  no  s i gn i f i c an t  c h a n g e  i n  po -  
t e n t i a l  ( v a l u e s  c o n s t a n t  w i t h i n  ~ 3 my ,  a n d  no  m o n o -  
t on i c  t r e n d  w i t h i n  t h i s  u n c e r t a i n t y )  o n  t h e  P t  w i r e  a n d  
gauze  for  a t  l e a s t  s e v e r a l  days .  T h e i r  p o t e n t i a l s  g e n -  
e r a l l y  a g r e e d  to 2 m v ,  w i t h  o c c a s i o n a l  d i f f e r ences  of 
5-7 mv .  F o r  t h e  p l a t i n i z e d  p l a t i n u m  gauze  a t  t h e  l o w -  
es t  p a r t i a l  p r e s s u r e s ,  t h e  e l e c t r o d e  c o n t i n u a l l y  c h a n g e d  
in  t h e  e x p e c t e d  d i r ec t i on ,  b u t  a t  s u c h  a s low r a t e  t h a t  

w e  d id  no t  n o r m a l l y  w a i t  f o r  t h i s  e l e c t r o d e  to r e a c h  
t h e  s t e a d y - s t a t e  v a l u e  of t h e  o t h e r  two  e l ec t rodes .  

F o r  o x y g e n  p a r t i a l  p r e s s u r e s ,  t h e  r a t e  of a t t a i n m e n t  
of s t e a d y - s t a t e  p o t e n t i a l s  fo r  d e c r e a s i n g  o x y g e n  p r e s -  
s u r e s  w a s  v e r y  s low, e v e n  fo r  t h e  P t  wi re .  H e r e  a lso  
t h e  p o t e n t i a l s  s h o w n  in  Fig.  5 r e p r e s e n t  v a l u e s  t h a t  
w e r e  u n c h a n g e d  fo r  a t  l e a s t  s e v e r a l  days ,  b u t  b e c a u s e  
of e x t r e m e  s y s t e m  s l u g g i s h n e s s ,  a g r e e m e n t  b e t w e e n  
e l e c t r o d e s  w a s  p o o r e r  (5-30  m v )  a n d  r a n d o m  v a r i a -  
t i ons  w i t h  t i m e  l a rge r .  E x p e r i m e n t s  w e r e  c o n d u c t e d  
also in  w h i c h  t h e  gas  flow w a s  c h a n g e d  f r o m  h e l i u m  
c o n t a i n i n g  f i rs t  h y d r o g e n  a n d  t h e n  o x y g e n  a n d  vice 
versa. Thi s  m a d e  no  d i f f e r e n c e  in  t h e  f ina l  r e s t  p o t e n -  
t i a l  p r o v i d i n g  one  w a i t e d  l o n g  e n o u g h  fo r  t h e  r e s t  
p o t e n t i a l  to b e  a t t a i n e d .  

I n  one  e x p e r i m e n t ,  a f t e r  t h e  e l e c t r o d e s  w e r e  e x -  
posed  to o x y g e n - c o n t a i n i n g  h e l i u m  fo r  o v e r  t w o  
m o n t h s ,  t h e  o x y g e n  f low was  cu t  off. T h e  r e s t  p o t e n t i a l  
o n  t h e  P t  w i r e  w a s  r e a c h e d  in  a b o u t  one  w e e k  (0 .2v) .  
T h e n ,  to  t e s t  t h e  p u r i t y  of t h e  so lu t ion ,  t h e  c l e a n l i n e s s  
of t h e  e l ec t rodes ,  a n d  t h e  t i g h t n e s s  of t h e  e n t i r e  sy s -  
t em,  a s ing le  c o n s t a n t  c u r r e n t  p u l s e  w a s  a p p l i e d  to  t h e  
P t  w i r e  in  t h e  h e l i u m - s a t u r a t e d  so lu t ion .  T h i s  t e s t  
t o o k  p l a c e  s ix  m o n t h s  a f t e r  c l e a n i n g  a n d  c los ing  t h e  
sys t em.  A n  a n o d i c  c h a r g i n g  c u r v e  of t h e  f i rs t  a p p l i e d  
c u r r e n t  pu l se  g a v e  a n  osc i l loscopic  t r a c e  w h i c h  s h o w e d  
a s m a l l  h y d r o g e n  r e g i o n  f r o m  0.2 to 0.4v f o l l o w e d  b y  
d o u b l e  l a y e r  a n d  l i n e a r  o x y g e n  reg ions .  T h e  s h a p e  of 
t h e  c h a r g i n g  c u r v e  m e t  o u r  p u b l i s h e d  (4) r e q u i r e -  
m e n t s  for  a c l e a n  P t  s u r f a c e  f r e e  of  d e t e c t a b l e  
a m o u n t s  of e i t h e r  o x i d i z a b l e  or  u n o x i d i z a b l e  o r g a n i c  
c o n t a m i n a n t s  or  of e l e c t r o d e  poisons .  T h e  f ac t  t h a t  
h y d r o g e n  w a s  s t i l l  a s soc i a t ed  w i t h  t h e  P t  s u r f a c e  a f t e r  
s u c h  a l ong  e x p o s u r e  to o x y g e n  w a s  u n e x p e c t e d ,  b u t  
i t  does  a c c o u n t  fo r  t he  r e l a t i v e l y  l o w  p o s i t i v e  p o t e n -  
t i a l s  of P t  o b s e r v e d  in  h e l i u m - s a t u r a t e d  so lu t ion .  

Effect of oxygen leak.--In o r d e r  to  e s t i m a t e  t h e  m a x -  
i m u m  poss ib l e  a m o u n t  of o x y g e n  w h i c h  l e a k e d  i n t o  
t h e  cell,  t h e  f o l l o w i n g  e x p e r i m e n t  w a s  c a r r i e d  out .  
A f t e r  p a s s i n g  p u r e  h e l i u m  t h r o u g h  t h e  ce l l  for  five 
days ,  t h e  a v e r a g e  p o t e n t i a l  of t h e  t h r e e  P t  e l e c t r o d e s  
w a s  0.175v. T h e  s e q u e n c e  of c h a n g i n g  t h e  p a r t i a l  p r e s -  
s u r e  of e i t h e r  o x y g e n  or  h y d r o g e n  in  t h e  ce l l  to t h e  
v a l u e s  s h o w n  in  Fig.  6 w a s  t h e n  c a r r i e d  out .  A t  t h e  
e n d  of e a c h  t i m e  n o t e d  fo r  t h e  g i v e n  p a r t i a l  p r e s s u r e  
s h o w n  in  Fig. 6 t h e  p o t e n t i a l  of  t he  P t  w i r e ,  t he  e l ec -  
t r o d e  w i t h  t h e  f a s t e s t  r e s p o n s e ,  is s h o w n .  I t  s h o u l d  b e  
n o t e d  t h a t  t h e s e  a r e  no t  t h e  f ina l  r e s t  p o t e n t i a l s  a t  
t h e s e  p a r t i a l  p r e s s u r e s .  T h e s e  r e s u l t s  a r e  f o r  t h e  p u r -  
pose  of  d e m o n s t r a t i n g  t h e  effects  of  s m a l l  a l t e r n a t e  
a d d i t i o n s  of o x y g e n  a n d  h y d r o g e n  on  t h e  p o t e n t i a l .  As  
t h e  d a t a  show,  p o t e n t i a l s  a r e  s e n s i t i v e  to  o x y g e n  p a r -  
t i a l  p r e s s u r e s  as low as 4.4 x 10 -9  a t m  a n d  h y d r o g e n  
p a r t i a l  p r e s s u r e s  as low as 8.7 x 10 -9  a tm .  F r o m  t h i s  
w e  c a n  c o n c l u d e  t h a t  t h e  o x y g e n  l e a k  in to  t h e  s y s t e m  
c a n n o t  be,  a t  mos t ,  m o r e  t h a n  e n o u g h  to g ive  a p a r -  
t i a l  p r e s s u r e  of 10 -9  a tm.  I n  fact ,  f r o m  t h e  r e l a t i v e l y  
f a s t  r e s p o n s e  t i m e s  s h o w n  in  Fig.  6, one  c a n  c o n c l u d e  
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that  the oxygen leak, expressed in terms of resul t ing 
par t ia l  pressure, was l ikely under  10 -19 atm. 

Plat inum rest potentials vs. PH2 or Po2.--The data 
in Fig. 4 demonstra te  that  a normal  Nernst  equi l ibr ium 
relat ion be tween potent ial  and log PH2 exists down to 
1 x 10 -6 atm of hydrogen. At lower  hydrogen pres-  
sures the potential  is independent  of PH2, this implies 
that  the exchange current  density of the H+/H2 ex-  
change at PH~ below 10 -6 atm is so low [~1.4 x 10 -9 
a m p / c m  2 (5)] that  another  po ten t ia l -de te rmining  re-  
action takes over. Such a react ion could be 

P t - H  ~---Pt -t-- H + --I- e 

where  P t - H  ei ther represents  hydrogen atoms derma-  
sorbed in the Pt  skin or an alloy of P t  and H atoms. 
Schuldiner,  Castellan, and Hoare (6) concluded that  
a similar  po ten t ia l -de te rmining  react ion took place on 
a P d - H  alloys. 

Luk 'yanycheva  and Bagotskii  (7) de termined the 
init ial  open-circui t  potentials of careful ly  degassed 
pla t inum in 1N I-I2SO4 degassed under  vacuum. These 
potentials  were  0.210 and 0.215v. They observed that  
these rest potentials are close to the point of zero 
charge of platinum. 

Our measurements  in he l ium-sa tura ted  solution 
gave rest  potentials 15-50 mv  more negat ive than those 
of Luk 'yanycheva  and Bagotskii. In addition, the fact 
that  we were  able to find a small amount  of hydrogen 
associated with the electrode after  prolonged exposure 
to oxygen showed that  the rest  potentials we found in 
he l ium-sa tura ted  solutions and the plateau at 0.178v 
shown in Fig. 4 are influenced by hydrogen. 

Since the potential  plateau in Fig. 4 is below the 
theoret ical  Nerns t  line, oxygen is not a factor as it was 
in the first paper  of this series (1). The stabili ty of 
P t - H  in this region is demonstrated by the rest poten-  
tial in pure  he l ium-sa tu ra ted  solution. The exper i -  
ments which showed that  af ter  an electrode has been 
in oxygen-r ich  hel ium the rest  potent ial  in pure he-  
l ium is about the same indicate that  this residual hy-  
drogen does not react  wi th  oxygen. In addition, it 
shows that  sorbed oxygen is in equi l ibr ium with 02 
gas because when the 02 pressure drops to zero the 
oxygen coverage of the surface appears to drop to 
zero. The stabili ty of this residual hydrogen indicates 
that  it is i r revers ib ly  sorbed with respect to H2 and 
supports the repeatedly  stated v iew from this lab-  
oratory that  this hydrogen is dermasorbed in the Pt  
skin and may be al loyed wi th  Pt. The hydrogen con- 
tent  of the Pt  electrode apparent ly  did not change 
with  I-I2 part ial  pressures below 10 -6 arm, as indi-  
cated by the unchanging electrode potential  in this 
region. This may be contrasted with  the depend-  
ence of hydrogen content  of a P d - H  on H2 part ial  
pressure as shown by Moon (8). However ,  much 
smaller  amounts of H are involved than in the case 
of a P d - H  alloys. 

One may argue that  the plateau shown in Fig. 4 is 
due to an organic or other  trace mater ia l  in solution. 
However ,  the cleanliness test made after  the system 
was used for six months shows that  this possibility is 
unlikely. In addition, finding hydrogen associated with 
the pla t inum after  long exposure to oxygen indicates 
that hydrogen determines the potential.  Another  ex-  
per iment  to show the effects of hydrogen on potential  
was made by determining the rest potential  in pure 
hel ium followed by addit ion of oxygen to give a more  
posi t ive rest potent ial  fol lowed by the addition of less 
than 10 -6 arm H2 which then gave the same rest po- 
tentials shown in Fig. 4. Fur thermore ,  the total area 
of Pt  in solution was so large that  impur i ty  levels, 
which were  below the detectable l imit  of our cleanli-  
ness test (4), would be so minute  that  even the traces 
of oxygen or hydrogen used would overcome thei r  
effects (as was demonstrated by the reported tests).  

The possibility must  also be considered that  the 0.2v 
open-circui t  potentials under  pure  hel ium could be 
due to leakage of hydrogen into the gas s tream from 
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the Pd- tube  counter  electrode in the electrolyt ic  gas 
generator.  The design of the gas generator  made  this 
improbable.  Addi t ional  evidence that  this did not oc- 
cur came from the fol lowing exper iment :  af ter  the 
electrodes were  exposed to a He + 02 mixture ,  pure  
hel ium was substituted. While the potentials were  
changing to less posit ive values the electrolyte  contact 
with the Pd counter electrode in the gas generator  was 
broken. The rate  of potent ial  change on the Pt  elec- 
trodes in the cell did not change significantly, and 
final rest  potentials were  the same as previously found. 

The rest  potentials shown in Fig. 5 give essentially 
the same dependence of potent ial  on oxygen par t ia l  
pressure as was previously determined (1, 3). There 
was, however ,  a significant difference. The broken line 
in Fig. 5 represents the average  data previously found 
(1, 3) and as can be seen the data f rom this invest i -  
gation indicated the same slope but an upward  dis- 
placement  of the average  curve  by about 40 mv. The 
reason for this difference is unknown. St i r r ing effects, 
effect of platinized Pt, effects of light, etc., were  all 
checked and none seemed to be important .  It also 
should be noted that  the low potent ial  values found at 
increasing very  low oxygen par t ia l  pressures is most 
l ikely due to the ve ry  long times required to attain 
steady state. Decreasing values of oxygen par t ia l  pres-  
sures fell  on the straight  line shown in Fig. 5. A cur-  
ren t -vo l tage  re la t ion was de termined  at Po2 : 4.36 x 
10 -7 arm and is shown in Fig. 7. The open-ci rcui t  po- 
tential  was a l i t t le above the rest  potential  later  found. 
The data in this curve  indicate that  the potential  is 
determined by a revers ible  react ion involving oxygen. 

In previous work  (1, 3) it was suggested that  the 
potential  was de termined  by an O2/HO2 exchange. The 
results  found in this work  confirm this. 

Conclus ions 

1. True s teady-sta te  open-circui t  potentials can be 
obtained and mainta ined when  sufficient steps are 
taken to insure solution and gas pur i ty  and electrode 
cleanliness. 

2. Considerable periods of t ime (up to a month  or 
more)  are requi red  to establish s teady-s ta te  potentials 
with low part ial  pressures (below 10 -4 atm) of He or 
O2. Response t imes are faster  wi th  hydrogen. 

3. At  low part ial  pressures, the surface area  becomes 
dominat ing in the t ime for establ ishment of s teady-  
state potentials. At  higher  par t ia l  pressures, the sur-  
f ace /vo lume  ratio of the electrode is the de termining 
factor. 

4. The oxygen background in this improved system 
is less than 10 -9 arm. 

5. The deviat ion f rom Nernst  behavior  previously  
reported (1) for the hydrogen electrode was due to 
the effects of small  amounts of oxygen poisoning the 
hydrogen equil ibrium. 
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6. Below hydrogen part ial  pressures of 10 -6 atm, 
the s teady-state  potent ial  is independent  of PH2, i.e., 
the Nernst  potent ial  relat ion for the H+/H2 equi l ib-  
r ium is not val id below 10 -6 atm. 

7. The potent ial  plateau observed at 0.18v for hy-  
drogen part ial  pressures below 10 -6 atm is not due to 
an organic impurity.  

8. The 0.18v potential  is bel ieved to be established 
by an equi l ibr ium involving hydrogen ions in solution 
and hydrogen atoms dermasorbed in the electrode (or 
alloyed with the Pt) .  This react ion has an exchange 
current  density on the order of 10 -9 a m p / c m  2. 

9. The residual hydrogen associated with Pt  at po- 
tentials from 0.18 to 0.2v did not react  wi th  oxygen. 

10. The potent ia l -oxygen part ial  pressure relat ion 
found had the same slope as previously reported (1, 3) 
a l though potentials at the same part ial  pressures ran 
about 40 mv higher. 

Manuscript  received Feb. 16, 1966. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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Electrochemical Measurement of the Available 
Surface Area of Carbon-Supported Platinum 

J. F. Connolly, R. J. Flannery, and G. Aronowitz 
Research and Development Department, American Oil Company, Whiting, Indiana 

ABSTRACT 

The measurement  of charge consumed in the galvanostat ic  stripping of 
adsorbed oxygen or hydrogen f rom carbon-suppor ted  plat inum surfaces gave 
a measure of the area of p la t inum in contact wi th  solution. A combination 
of the two methods proved superior to ei ther used alone. The combination 
compensated for the charge consumed on the carbon with  sufficient accuracy 
to permit  measurements  down to the region where  the p la t inum area is 1/100 
of the support  area. Comparison with  x - r a y  diffraction measurements  sug- 
gests that, wi th  high plat inum concentrations on low area carbons, standard 
pla t inum deposition techniques yield electrodes in which much of the pla t inum 
surface is not in contact wi th  solution. 

When platinized porous-carbon electrodes are used 
in fuel  cells, some of the p la t inum may be unavai lable  
because it is physical ly inaccessible to the solution 
or because of adsorbed mater ia l  on its surface. Knowl -  
edge of the available area of the pla t inum is useful 
for optimizing cell performance.  X - r a y  diffraction 
does not exclude unavai lable  p la t inum area and may 
miss very  small crystallites. However ,  e lec t rochem- 
ical methods can be expected to measure  only plat-  
inum which is in contact with solution, and there  
should be no lower l imit  on the size of p la t inum crys-  
talli tes which can be detected. 

The areas of unsupported metals can, in principle, 
be measured by four  electr.ochemical techniques:  
measurements  of capacitance (1), measurement  of ex-  
change currents  (2), str ipping or deposition of oxy-  
gen (3), and str ipping or deposition of hydrogen (4). 
The first technique has been applied to a number  of 
unsupported metals  (1), while  the other  three  would 
be useful  only in special cases. 

For  p la t inum supported by a porous-carbon elec- 
trode, capacitance measurement  may  be ruled out be-  
cause the capacitance of the p la t inum will  not differ 
enough f rom that  of the support, and because pore re -  
sistance makes capacitance difficult to measure.  Like-  
wise, measurements  of exchange currents  wil l  in gen-  
eral be thwar ted  by mass t ransfer  l imitations in a 
porous electrode and where  this is not the case, as in 
hydrogen evolution, by excessive pore resistance. 

However ,  the oxygen and hydrogen str ipping me th -  
ods are probably unaffected by mass t ransfer  in a 
porous electrode al though nonuniform current  dis- 
t r ibut ion due to pore resistance has some effect on 
the form of the "arres t"  (a region of minimal  slope 
in the potential  vs. charge curve) .  Therefore,  these 

two methods were  investigated, singly and in com- 
bination, with a series of plat inized porous-carbon 
electrodes having a broad range of surface areas and 
plat inum loadings. The major  difficulty encountered 
was in correcting for the charge consumed on the 
carbon support, the area of which was many times the 
p la t inum area. This problem was solved to the extent  
that  cases in which the p la t inum area is as small  as 
1/100 of the support  area can be handled. 

Experimental 
The measurements  were  carr ied out in an H-cell ,  

connected to a mercurous  su l fa te -mercury  reference 
electrode through a Luggin capillary. Carbon-sup-  
ported pla t inum electrodes were  held be tween tan-  
ta lum screens mounted in a tanta lum holder. Potent ia l  
was controlled by a Wenking potentiostat,  and mer -  
cury wet ted  relays were  used for switching to a gal-  
vanostat  which consisted of resistors and a 90v bat-  
tery. Voltage variat ions were  fol lowed on a Tekt ronix  
oscilloscope and recorded with  a Polaroid camera. 

The arms of the H-cel l  were  separated by a medium 
glass fr i t  and could be flushed with  hel ium to remove  
oxygen. Pree lec t ro lyzed 1M H~SO4, prepared  f rom 
permanganate-d is t i l led  conductivi ty water ,  was the 
electrolyte  in the cell, in the bridge to the reference 
electrode, and in the reference  electrode compartment .  
For  comparison with the mercurous  su l fa te -mercury  
reference electrode, the working  compar tment  was 
f requent ly  conver ted to a hydrogen reference  elec-  
trode. This was done by insert ing a platinized pla t -  
inum electrode into the compar tment  and changing 
the flushing gas f rom hel ium to hydrogen.  All  vo l t -  
ages are given with  reference  to this "hydrogen elec-  
t rode in the same solution." Ohmic voltage drops not  



578 JOURNAL OF THE ELECTROCHEMICAL SOCIETY June 1966 

Table I. Electrode properties 

C a r b o n  

C a r b o n  a C a r b o n  C a r b o n  
A r e a  of c h a r g e  c h a r g e , %  c h a r g e , %  

b lock  car -  w / o  ra t io ,  of O ar res t ,  of H arres t ,  
bon,  me /g  P t  Qc,o/Qc.H lOOQc,o/QT,o IOOQc,H/Qr,H 

NC60  0.4 b 4.2 6,9 0 0 
NC60 0.4 b 0.9 6.9 55 30 
NC60  0.4 b 1.0 6.9 55 30 
F C l l  3.0 4.4 6.4 5 0 
FC21  1.0 1.0 6.5 30 15 
P C 5 9 H  5.4 4.9 7.0 15 5 
P C 1 3 9  1.0 1.0 6.3 40 20 
P C 5 7 H  1.3 0.8 0.6 50 35 
F C 1 4  10 5.2 6.4 10 5 
F C l l  3.0 1.1 6.4 15 5 
PC59I-I 5.4 1.1 7.0 45 25 
A C  ~ 11 ~ 4.8 5.6 45 25 
F C 1 4  i 0  1.1 6.4 35 15 
P C 6 2  200 20.4 6.8 55 30 
P C 6 2  200 7.2 6.8 60 30 
P C 6 4  700 27.7 5.1 70 50 
P C 6 2  200 4.8 6.8 75 50 

C h a r g e  c o n s u m e d  by  b l a n k  p o w d e r e d  c a r b o n  f r o m  1.1 to 0 .35v 
d i v i d e d  by  c h a r g e  c o n s u m e d  f r o m  0.05 to 0 .30v.  

b E s t i m a t e d  f r o m  a p p a r e n t  i n t e g r a l  c a p a c i t a n c e  a n d  gas  c h r o m a -  
t o g r a p h y .  

P o w d e r .  C o u r t e s y  s a m p l e  f r o m  R. G. H a l d e m a n  (8) .  
W e i g h t  p e r  c e n t  = w / o .  

el iminated by the Luggin capil lary were  corrected for 
by noting the gap in the oscilloscope trace at the be- 
ginning of a galvanostat ic  pulse. 

The carbons, in block form, were  platinized by im-  
pregnat ing with a solution containing chloroplatinic 
and oxalic acids, and then heat ing to 160~176 in an 
iner t  a tmosphere for 8 hr. The reduct ion was com- 
pleted by adding hydrazine and excess reagents were  
leached out in distilled water .  In a few cases hydrogen 
of hydrazine alone" was used as the reducing agent. 
Because these procedures did not give uniform plat i-  
num loadings, the plat inized carbons were  powdered 
before samples were  taken for p la t inum analysis, x -  
ray diffraction, and electrochemical  area measure-  
ments. 

Carbon supports were  obtained f rom National  Car-  
bon (NC), Pure  Carbon (FC),  Stackpole (PC),  and 
Amer ican  Cyanamid (AC).  The manufac turer ' s  desig- 
nations and areas of the block form are listed in Table  
I. When powdered,  the carbons having low surface 
areas all increased in area, as indicated by apparent  
integral  capacitance in the 0.05-0.30v range. This is 
reflected in the large carbon charge consumptions 
listed in the last two columns of Table I. The surface 
areas of the h igh-area  carbons were  re la t ive ly  l i t t le 
affected by powdering.  

To form the electrodes, p la t in ized-carbon powders  
were  mixed  wi th  Teflon suspension, dried at room 
temperature ,  and pressed at 50,000 psi. The finished 
electrodes contained 3% Teflon and were  strong 
enough to hold together  in solution as long as they 
were  supported be tween tanta lum screens. Because 
the Teflon bonding procedure  often made platinized 
carbons e lectrochemical ly  inact ive the electrodes were  
anodized at 1.2-1.4v for 10 to 30 min. However ,  care 
had to be used to obtain the mildest  possible ac- 
t ivat ing conditions in each case because anodizing 
roughens the carbons. 

The affect of grinding and Teflon bonding on the 
p la t inum area measurements  was ascertained as fol-  
lows: Electrochemical  measurements  were  made on 
several  chips of solid platinized carbon. The chips 
were  then processed into Teflon-bonded electrodes 
and the electrochemical  measurements  were  repeated.  
The results showed that  apparent  losses in p la t inum 
area caused by the e lec t rode- forming procedure  were  
less than 10% as long as the Teflon-bonded electrodes 
were  sufficiently anodized. 

Immedia te ly  prior  to oxygen stripping, the elec- 
trodes were  pre t rea ted  by holding at 1.4v for 1 rain. 
Before hydrogen str ipping they were  held at 1.2- 
1.4v for 1 min and then at 0.05v for 1 min. Af te r  

x T h i s  b e h a v i o r  a n d  the  c o m p a r i s o n  w i t h  x - r a y s  to be  m a d e  l a t e r  
i n d i c a t e  t h a t  t h e  s u r f a c e  m i g r a t i o n  of h y d r o g e n  f r o m  p l a t i n u m  to 
c a r b o n  o b s e r v e d  fo r  g a s - s o l i d  s y s t e m s  a t  h i g h  t e m p e r a t u r e s  (5) is  
n o t  a p r o b l e m  in  t h e  p r e s e n t  case .  
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Fig. 1. Oxygen reduction: curve 1, 1 cm 2 Pt; curve 2, 15 
cm 2 carbon; curve 3, Pt on carbon. 
the first 30 sec there  was very  l i t t le change of arrest  
length with  t ime at 0.05v, 1 unless the solution con- 
tained oxidizable impurities.  These t reatments  were  
in addition to any necessary to cure poisoning of the 
Teflon-bonded electrodes. 

The current  densities dur ing the galvanostat ic  
strippings were  adjusted to give an over -a l l  vol tage 
change rate  of about 0.05v/sec. This required current  
densities of 0.5 to 1.0 ~a/cm 2 of true area for the 
blank carbon electrodes, and higher  values for the 
p la t inum loaded electrodes. Under  these conditions 
5-10 mg electrodes requi red  total currents  ranging 
from 0.1 to 25 ma. For any par t icular  blank carbon 
sample the charge consumption in the 1.1 to 0.35 or 
0.05 to 0.30 voltage intervals  usual ly decreased or in-  
creased by about 10% for a fivefold increase or de-  
crease in current  density. The p la t inum loaded carbons 
were  less affected by changes in current  density. The 
current  necessary for holding a sample at a par t icu-  
lar vol tage before switching to the galvanostat  was 
less than 5% of the str ipping current.  

Oxygen Arrest 
The arrest  formed when  adsorbed oxygen is 

str ipped galvanostat ical ly f rom a pure  p la t inum elec- 
t rode is i l lustrated by curve 1 in Fig. 1. The arrest  
starts near  1.1v and is complete  at 0.35v. A potent ial  
vs.  charge curve for a blank carbon electrode of mod-  
erate area is near ly  l inear as shown by curve  2. The 
effects of using carbon-suppor ted  plat inum, ra ther  
than solid platinum, are to lengthen  the oxygen ar-  
rest and to make  its end points less distinct. These 
effects are i l lustrated in Fig. 1 by curve  3, in which 
40% of the charge is being consumed on the carbon 
support. Because of the lack of distinctness in the 
arrest  end points, measurements  were  made by using 
the end points which were  consistently observed for 
those cases where  the end points were  distinct, i.e., 
1.1 and 0.35v. 

For electrodes which have all been anodized in 
the same way, the charge consumed on p la t inum in 
the oxygen arrest  is proport ional  to the p la t inum area, 
i .e.  

Apt = QPt,o/ko = (QT,o - -  Q c , o ) / k o  [1] 

where  Apt is the avai lable p la t inum area, QPt,O is the 
charge consumed on the p la t inum in the oxygen ar-  
rest, ko is a proport ional i ty  constant, Qw,o is the total  
charge consumed in the electrode in the oxygen arrest,  
and Qc,o is the charge consumed on the carbon sup- 
port. 

Because we did not have a p la t inum sample of 
known roughness, the results of Lai t inen and Enke 
(3), corrected for the difference be tween H2SO4 and 
HC104 electrolytes (6), were  used to est imate the pro-  
port ional i ty constant ko. This procedure  gave 0.45 
mc/cm~ of true p la t inum area, for the charge con- 
sumed between 1.1 and 0.35v after  p re t rea tment  at 
1.4v for 1 rain. 

Qc.o, the charge consumed on the support, can be 
assigned in part  to double layer  capacitance and prob-  
ably even in greater  measure  to oxygen adsorbed on 
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Fig. 2. Hydrogen oxidation: curve 1, 1 cm 2 Pt; curve 2, 15 

cm 2 carbon; curve 3, Pt on carbon. 

the carbon. This effect was small per  unit  area (an 
apparent  integral  capacitance of about 20 ~f /cm 2 over  
the in terva l  1.1 to 0.35v) but, because the carbon area 
ranged up to 100 t imes that  of the platinum, a major  
correction was necessary in most cases. It was eva lu-  
ated by making a separate str ipping measurement  o n  
an electrode formed from a nonplat inized sample of 
the same support. This procedure  involved consider-  
able uncer ta in ty  because of possible differences be- 
tween the carbon supports of the platinized and non-  
platinized electrodes. These differences could be ex-  
pected to occur because of: nonuniform carbons, dif- 
ferences in gr inding during the electrode preparat ion 
procedure, effect on the carbon of the chemicals used 
for platinizing, blockage of pores by platinum, and 
small differences in the str ipping measurements .  

H y d r o g e n  Ar res t  
The arrest  formed when  adsorbed hydrogen is 

s tr ipped galvanostat ical ly  f rom a pure  p la t inum 
electrode is i l lustrated by curve 1 of Fig. 2. In the 
i l lustrat ion the arrest  commences at 0.05v and is 
complete near  0.30v. The hydrogen arrest  for carbon-  
supported p la t inum differs f rom that  of solid p la t inum 
in three aspects. It  is longer, the faint  fine s t ructure  
is lost, and the change in slope near  0.30v is less 
sharp. These effects are i l lustrated by curve  3 in Fig. 
3 in which 20% of the charge is being consumed on 
the carbon support. 

The hydrogen arrest  is analogous to the oxygen ar-  
rest in that  the p la t inum areas of electrodes which 
have had l ike p re t rea tment  wil l  be proport ional  to 
the charge consumed on the platinum, i,e. 

Aet ~- QPt,H/kH ~- ( QT,H - -  qc,H) / kH [2] 

where  QPt,H is the charge consumed on the p la t inum 
in the hydrogen arrest,  kH is a proport ional i ty  con- 
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Fig. 3. Comparison of x-ray and electrochemical platinum areas 

stant, QT, H is the total  charge consumed in the elec- 
t rode in the hydrogen arrest,  and Qc,n is the charge 
consumed on the carbon support. 

The proport ional i ty  constant kH was de termined  by 
using pure  p la t inum electrodes whose areas had been 
de te rmined  f rom the length of the oxygen  arrest.  This 
gave 0.19 m c / c m  a of p la t inum for the charge con- 
sumed between 0.05 and 0.30v on bright  pla t inum and 
plat inized p la t inum electrodes which had been ex-  
posed to the a tmosphere  for several  days. Freshly  
prepared electrodes gave a va lue  20% higher. The 
lower value was adopted because the aged electrodes 
should be a bet ter  approximat ion to the situation en- 
countered wi th  carbon-suppor ted  plat inum. The car-  
bon charge consumptions Qc,~ were  measured on 
nonplatinized carbon electrodes and are subject  to the 
uncertaint ies  listed in the oxygen arres t  section. 

Because QC,H ~ Qc,o, the accuracies of the hydro-  
gen arrest  and oxygen arrest  methods differ. To evalu-  
ate the re la t ive  uncer ta in ty  we will  assume that  the 
main error  in an area measurement  is due to the un-  
cer ta inty in de termining the charge consumed on the 
support. If this charge consumption is uncertain by 
some value  e in per cent, then the percentage  errors 
in the area determinat ion by the oxygen and hydrogen 
arrest  methods are 

~o = eQc,o/QPt,O [3] 
and 

AH -~ eQc,s/QPt, i t  [4] 

Now QPt,H/QPt,o = kH/ko  = 0.19/0.45 and, as shown 
in Table I, Qc,o/Qc,H is about 6.5. Thus, measure-  
ments  of carbon-suppor ted  plat inum areas, made using 
the oxygen arrest, should contain an er ror  2.7 t imes 
larger  than those made using the hydrogen arrest. 

Therefore,  where  the ratio of p la t inum area to sup- 
port  area is low, the hydrogen arrest  method should 
give the bet ter  result. However ,  when this ratio is 
large, greater  ease of act ivat ion (leading to earl ier  
achievement  of a reproducible  state) and insensit ivi ty 
to solution impuri t ies  (which do not adsorb as readi ly  
in the surface oxide format ion region) favor  using 
the oxygen arrest.  

O x y g e n  and H y d r o g e n  Arrests  Used in C o m b i n a t i o n  
As the pla t inum to carbon area ratio approaches 

0.01 the fract ion of the charge consumed in the car-  
bon in the oxygen arrest  reaches 75% and the f rac-  
tion consumed in the hydrogen arrest  reaches 50%. 
Thus, unless the carbon charge consumption is ac- 
curately known these methods become useless. 

For  reasons discussed in tl~e oxygen arrest  section, 
a separate  measurement  on the nonplat inized carbon 
does not give an accurate value for the charge con- 
sumption of the carbon in a platinized carbon. To 
get reasonable accuracy a method which uses direct 
measurements  on the plat inized carbon, wi th  minimal  
dependence on blank carbon measurements ,  is de-  
sirable. Such a method is obtained by combining the 
oxygen-ar res t  and hydrogen-a r res t  charge consump- 
tions as measured on the pla t inized-carbon electrode, 
wi th  the ratio of the charges consumed by the sup- 
port  in the same regions as measured  on a b lank-ca r -  
bon electrode, i.e., f rom Eq. [1], [2], and 

r = Qc,o/Qc,H [5] 
we  obtain 

Apt ---~ (rQT,H-- QT,o) / ( r k ~ -  ko) [6] 

Thus the measured  area of p la t inum becomes de- 
pendent  on a ratio of carbon charge consumptions 
ra ther  than on their  absolute values. 

The superiori ty of this combination method lies in 
its minimizing of dependence on blank carbon elec- 
t rode measurements .  Thus r should, as measured  on 
the blank carbon electrode, apply to the plat inized 
electrode wi th  much greater  accuracy than similar ly 
measured absolute values of carbon charge consump- 
tion; e.g., the plugging of carbon pores by p la t inum 
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Table II. Comparison of measurements of the area of 
carbon-supported platinum 

A r e a  a P t  a r e a ,  m 2 / g  P t  
r a t i o ,  

C a r b o n  w / o  P t  to O t t  C o m b i -  
a r e a ,  m~/g  P t  c a r b o n  A r r e s t  b A r r e s t  n a t i o n  X - r a y  c 

0.4 4.2 4.5 4 7 9 38,44 
0.4 0.9 1.0 16 16 41,48 
0.4 1.0 1.0 18 18 38,45 
3.0 4.4 0.60 23 24 25 39,46 
1.0 1.0 0.55 26 29 31 52,59 
5.4 4.9 0.45 24 25 25 40,48 
1.6 1.0 0.35 31 34 36 52,59 
1.3 0.8 0.30 44 36 32 43,51 

10 5.2 0.20 27 26 28 39,46 
3.0 1.1 0.20 38 41 44 55,62 
5.4 1.1 0.10 44 41 40 43,51 

11 4.6 0.10 26 22 19 17,25 
10 1.1 0.05 44 46 46 43,51 

200 20.4 0.04 25 25 27,34 
200 7.2 0.04 109 95 89,96 
700 27.7 0.02 43 30 30,38 
200 4.8 0.01 44 47 47,53 

a X - r a y  a r e a  of P t  d i v i d e d  by  a r e a  of  b lock  c a r b o n .  
b V a l u e s  a r e  o m i t t e d  w h e r e  c h a r g e  c o n s u m p t i o n  of t h e  c a r b o n  

s u p p o r t  ( T a b l e  I) is  g r e a t e r  t h a n  50% of  t h e  to t a l .  
c T h e  t w o  a r e a s  l i s t ed  a r e  f r o m  t h e  c a l c u l a t i o n  m e t h o d s  of J o n e s  

(7) a n d  W a r r e n  (7) ,  r e s p e c t i v e l y .  

of the pla t inized-carbon electrodes causes major  re-  
ductions in the absolute values of the carbon charge 
consumptions in the oxygen and hydrogen arrests. 
However ,  their  ratio, r, should not be appreciably 
affected. 

Results 
The pla t inum areas of carbon-supported p la t inum 

electrodes were  measured for a var ie ty  of carbon 
supports and pla t inum loadings. Table II compares 
the results for carbons having areas from 0.4 to 700 
m2/g and for pla t inum loadings f rom 1 to 28%. The 
reproducibi l i ty  of these measurements  was about 10% 
for the oxygen-ar res t  method and the hydrogen-ar res t  
method, as long as the charge consumption on the 
carbon supports did not exceed 25% of the total charge 
consumed in the arrest. The combination method 
(Eq. [6]) gave a reproducibi l i ty  of 10% or bet ter  for 

all of the electrodes. 
If numera tor  and denominator  of Eq. [3] are each 

divided by Qr.o, the total charge in the oxygen arrest,  
we see that  the uncer ta in ty  in the pla t inum area in-  
creases in proport ion to P / (100-P) ,  where  P 
lOOQc,o/QT,o is taken f rom Table I. Thus when  the 
percentage of the charge consumed on the support  is 
75%, the er ror  is three  times as large as when  this 
consumption is 50%. 

Expressions for the charge consumed on the sup- 
ports in carbon-supported pla t inum electrodes can be 
der ived f rom Eq. [1], [2], and [5], i.e. 

Qc,o r (  ko QT, H 1  r - -  k o )  

QT,O kH QT,O kH 

QC,H = QT,O ko r -- -~n 
QT,H QT,H kH 

Calculated fractions of total  charge consumption due 
to carbon are listed in Table I. 

The plat inum areas in the last column of Table II 
were  obtained from crystal l i te  sizes measured by x - r a y  
diffraction. The average crystal l i te  sizes der ived from 
x - r ay  spectra depend on the calculation method be- 
cause assumptions about part icle size distribution 

differ. The two areas listed are from crystal l i te  sizes 
calculated by the method of Jones (7) and Warren 's  
method (7), respectively.  The model  for calculat ing 
plat inum areas f rom crystal l i te  sizes was that  of cubes 
with one face obscured by contact with the support  
surface. 

Figure  3 compares the electrochemical  p la t inum area 
values, obtained by combining the oxygen and hy-  
drogen arrests (Eq. [6]), wi th  the averaged x - r a y  
results. The agreement  be tween the electrochemical  
and x - r ay  surface areas gets progressively better, as 
evidenced by the x - r a y  to electrochemical  area ratio 
approaching 1, as the p la t inum to carbon area ratio 
decreases. Af ter  the lat ter  ratio reaches 0.10 the agree-  
ment  stays wi thin  exper imenta l  error. 2 This behavior  
suggests that the crystall i tes are crowded at high plat-  
inum to carbon area ratios (at least in the case of the 
preparat ion methods used here) and hence much of 
the pla t inum surface does not contact the solution. 
Thus, while the x - r ay  method sometimes gives areas 
which are " t ruer"  they are not always "avai lable."  

Conclusion 
Carbon-suppor ted  pla t inum surface area measure-  

ments, using a combination of the arrests due to ad- 
sorbed oxygen reduction and adsorbed hydrogen oxi-  
dation, are feasible at least down to a pla t inum to 
carbon area ratio of 0.01, and are much more accurate 
than values obtained f rom either method alone. When 
the charge consumption on the carbon support is very  
small, one method is sufficient, adsorbed oxygen re-  
duction probably being more reliable.  

Comparison of the electrochemical  method with  
x- rays  shows good agreement  for high area carbons, 
but when plat inum is crowded onto a low area sup- 
port  agreement  wi th  x- rays  is poor; probably be-  
cause much of the plat inum area is inaccessible to 
wetting. In the lat ter  case, the electrochemical  area 
measurement  is to be prefer red  for predict ing the 
performance of fuel cell electrodes. 
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The Electrochemical Reduction of Oxygen on 
Electrodes Partially Immersed in Phosphoric Acid 
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ABSTRACT 

Diffusion-control led currents  for the reduct ion of oxygen in phosphoric 
acid for par t ia l ly  immersed  electrode structures which have an intrinsic 
meniscus and thin film extending  over  their  surface can be predicted f rom a 
general  rate  equation. For  p la t inum black electrodes, and tempera tures  rang-  
ing f rom 25 ~ to 170~ the l imit ing cur ren t  varies l inear ly  with the square 
root of electrolyte  conductivity,  electrode polarization, and oxygen part ial  
pressure. The increased current  obtained on par t ia l ly  immersed  electrodes 
has been shown to be associated with  a ve ry  nar row region start ing approxi -  
mate ly  0.28 cm (the height  of the meniscus) above the bulk of the electrolyte  
solution. Approx imate  calculations of the act ivation energy of diffusion using 
parameters  f rom the rate  equat ion give values which are close to those ex-  
pected for a diffusional process. Good agreement  is obtained between theo-  
retical  and exper imenta l ly  determined values of the l imit ing current  at 25~ 
Equations have been der ived to describe the interracial  l iquid-gas  geometry  
of the intrinsic meniscus and film formed by contact of the electrolyte  wi th  
the electrode. 

The purpose of this work  was the development  of 
an analyt ical  model  needed to in terpre t  'the behavior  
of oxygen (air) electrodes operat ing at high t emper -  
atures (less than about 170~ in concentrated phos- 
phoric acid [greater  than 85 w / o  (weight  per cent ) ] .  
Since practical  electrode structures f requent ly  dis- 
play ra ther  complex interracial  geometries  and geo- 
metr ic  characteristics,  invest igat ions of t ransport  phe-  
nomena were  carr ied out on a simplified model  of an 
oxygen cathode, i.e., a single pore. 

The reported exper imenta l  work was conducted to 
de termine  the ra te-cont ro l l ing  reactions associated 
with the electrochemical  reduction of oxygen. Ear l ier  
work  conducted in presence of sulfuric acid (1) had 
shown the importance of the l iquid e lect rolyte  film 
and electrode surface roughness on local and total 
currents  observed on simulated single macropores.  
This paper  presents some results obtained at h igher  
temperatures .  

Experimental 
Apparatus.--The exper iments  were  carr ied out in a 

Pyrex  cell consisting of a large central  compar tment  
and two smaller  sections separated from the main 
section by fine pore fr i t ted glass disks. The middle 
compar tment  which served as the test electrode sec- 
tion also contained a the rmometer  wel l  and a gas 
bubbler  which was capable of keeping a steady gase- 
ous flow over  the electrolyte  solution. One of the side 
compar tments  contained a p la t inum black mesh elec- 
t rode which served as the counter  electrode. The 
other section served as a reference  cell and had a 
Luggin capi l lary extending  into the main compar t -  
ment. The reference consisted of two plat inum black 
electrodes with a constant current  of 1.0 ma flowing 
be tween  them. The electrode which evolved hydrogen 
gas came to a steady overpotent ia l  wi th in  a few min-  
utes; this then served as the reference potential.  

The test electrode consisted of a cylindrical  piece 
of p la t inum tubing (99.99%) pure, 1.0 cm long, 1.5 cm 
in diameter ,  and 0.2 cm in wall  thickness. The elec- 
t rode assembly was essentially the same as that  de- 
scribed in a previous paper (1) except  that  only one 
cylindrical  section was employed as the test electrode. 
A modified 10/30 Teflon gland provided a closed sys- 
tem and still enabled the electrode s t ructure  to be 
raised or lowered into solution wi thout  a l lowing the 
system to be open to the atmosphere.  Measurements  
of electrode height  above the solution were  made by 
means of a specially modified L. S. S tar re t  Vernier  
height  gauge wi th  an accuracy of • 1.2 x 10 -~ cm. 

The height  and shape of meniscus and film were  de- 
te rmined by electr ical  methods. The resistance meas-  
urements  were  obtained by means of a semicircular  
p la t inum foil L0 cm in d iameter  and 1.27 x 10 -2 cm 
thick,  sealed be tween two cylindrical  glass tubes and 
finely polished to form a continuous smooth surface. 
Electr ical  contact  was made by spot -welding a plat-  
inum wire  to the foil inside the glass cylinder.  The 
Star re t  Vernier  he ight  gauge could raise or lower  the 
glass tube into the electrolyte.  Resistance measure-  
ments were  obtained by means of an a-c resistance 
bridge operat ing at 1000 cps. 

The electrode surface was pre t reated by electrode-  
position of p la t inum from a 3 w / o  chloroplatinic acid 
solution (with traces of lead aceta'te) at 10 m a / c m  2 
for 12, 60, and 240 sec. 

Procedure.--Polarization measurements  were  made 
with  a "fast  r ise" Wenking potentiostat  (Model 61 
TR) which has an operat ing potential  source of • 2v, 
a current  measurement  accuracy of 1.5% ful l  scale, 
and a zero point stabil i ty of 5 mv /day .  All  gases used 
in these exper iments  were  of a high grade prepurified 
quality. A silicone oil constant t empera tu re  bath 
mainta ined the desired study tempera tu re  wi th in  • 
I~ 

All  reactant  gases were  preheated  and humidified 
by passing through a gas bubbler  which  contained 
e lect rolyte  at the same tempera tures  and concentra-  
tion as that  in the test ce l l  

The various phosphoric acid concentrat ions used in 
these exper iments  were  prepared  f rom C.P. Reagent  
Grade stock solution using doubly distil led wate r  con- 
taining less than 0.4 ppm impurities.  

Experimental Results and Discussion 
Inte~acial liquid-gas geometry.--Resistance meas-  

urements  can be used to de te rmine  the l iquid-gas  in-  
terracial  geometry  at the meniscus-f i lm boundary.  
F igure  1 presents a plot of ohmic resistance divided 
by the electrolyte  resis t ivi ty vs. x /h,  the re la t ive  posi- 
tion in the meniscus (h ~ total intrinsic meniscus 
height,  x ~ var iable  distance above the electrolyte  
level) .  Only a gradual  resistance increase wi th  height  
is observed in the meniscus region. However ,  on en-  
ter ing the thin film region, the resistance increases 
rapidly. The slope of this l inear  increase can be used 
to calculate the e lect rolyte  film thickness. 

The interfacial  l iquid-gas  geometry  of the intrinsic 
meniscus and film can be approximated  by the ex-  
pression 
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02  O+ 0+  08  +0  12  

Fig. 1. Normalized ohmic resistance vs. relative position in the 
meniscus. R, measured resistance; p, electrolyte resistance; x, 
height above electrolyte level; h, height of meniscus, 0.28 cm; 
E], �9 95.8 w/o H~P04, 130~ �9 96.5 w/o H3P04, 140~ 

5---- 5h + A ( 1 - - X )  2 for X~--I  [1] 

where  5 = meniscus thickness, cm; 8u = film thick-  
ness, cm; X ~ x / h  represents  the re la t ive  position in 
the meniscus; A can be theoret ical ly  evaluated  f rom 
proper t ies  of the electrolyte,  as presented by Landau 
and Lifshitz (2). However ,  since the surface tension 
of phosphoric acid at these tempera tures  is not known, 
it is bet ter  to evaluate  A from resistance measure-  
ments. 

It  can be shown (1) that, near  the meniscus-f i lm 
interface, the ionic resistance is expressed by 

ph 1 
R ( x )  = - -  

2bn (A 5u) z/2 

{+ (A),+ } + t a n - t  ~-u ( l - - X )  [2] 

where  p : e lect rolyte  resist ivity,  ohm-cm and b 
electrode radius, cm. The film thickness 8u can be de- 
termined f rom the slope of the l inear  section of the 
resistance plot 

( d R )  ph [3] 

f -- 2~b 5h 

The constant (A) can be evalua ted  f rom the total  
meniscus resistance, Rm at X ~ 1, for which 

ph 
Rm -- [4] 

4b (A 5h) :t/2 

For  the exper imenta l  results presented in Fig. 1, the 
film thickness is calculated to be 0.5~+. The resistance 
can be represented by 

R = 2 5 3  - - - - t a n  - I  16 ( l - - X )  [5] 
2 

and the meniscus-film geometry by 

6 = [0.5 -t- 130 ( 1 -  X)  2] 10 -4  [6] 

for values of X ~ 0.9, i.e., at a level  in the meniscus 
and film where  the largest  contr ibut ion to the  total  
cur ren t  is observed. 

Curren t -po ten t ia l  behav ior . - -Curren t  voltage curves 
taken on p la t inum black electrodes at e levated t em-  
peratures  for the reduct ion of oxygen in phosphoric 
acid are s imilar  to • obtained at lower  t empera -  
tures in sulfuric acid (1). Raising the electrode out 
of solution causes an increase in cur ren t  up to a m a x -  
imum value  obtained when  the full  meniscus and film 
are formed on the electrode surface. This behavior  is 
represented  in Fig. 2. For  overvol tages  greater  than 

1 
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i TOTAL CURRENT mo I 
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Fig. 2. Current-potential behavior as a function of electrode 
position. 97.8 w/o H~PO4, 150~ pure 02. Electrode position: �9 
full meniscus and film; [ ] ,  partial meniscus; ~ ,  submerged. 
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Fig. 3. Total current vs. square root of electrode polarization 

Deposition t ime ,  

w/o H3PO4 Temp, ~ sec. 
�9 93.7 144 12 
[ ]  93.7 115 12 
O 92.6 144 240 
A 97.8 144 60 

about 0.25v (vs. electrode rest  potential)  i.e., at poten-  
tials outside +the region of act ivation overvol tage,  the 
current  follows a square- root  relat ionship wi th  over -  
voltage. This exper imenta l  resul t  is presented in Fig. 
3 for various electrolyte  concentrations, temperatures ,  
and surface roughnesses. 

The var ia t ion of the cur ren t  wi th  position, above 
the electrolyte  level, obtained at constant potential  is 
also similar to that  observed in sulfuric acid. The 
electrode current  rises sharply  in a na r row region 
which coincides wi th  the  boundary be tween  upper  
meniscus and thin film which are formed on the elec- 
t rode surface above the level  of the bulk electrolyte.  
F igure  4 represents  a typical  var ia t ion of the current  

3.O w 

| 

m 
l 0  

ct 

.25 .SO ,7~ 
DIST~C m ABOV E LEVE L OF ELECTROLYTE, ++ 

Fig. 4. Current vs. height behavior of o platinum black electrode 
at a constant potential of -I-0.400v vs. H+/H2. 93.7 w]o H3PO4, 
150~ pure 02. 
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Table I. Dependence of electrode current on oxygen 
partial pressure (total pressure: 1 atm) 

ELECTROCHEMICAL REDUCTION OF OXYGEN 

P a r t i a l  p r e s s u r e  To ta l  E l e c t ro ly t e  
of  oxygen ,  cu r ren t ,  c o n c e n t r a -  T e m p ,  

P%, a rm iL m a  iL/Po~/~ t ion ,  w / o  ~ 

1.00 2.95 2.95 97.8 144 
0.50* 2.05 2.90 97.8 144 
0.21" 1.30 2.84 97.8 144 
1.00 1.85 1.85 100 120 
0.50 1.20 1.70 100 120 
0.21 0.84 1.88 100 120 
1.00 3.20 3.20 51.1 25 
0.50 2.30 3.25 51.1 25 
0.21 1.50 3.28 51.1 25 
1.00 0.35 0.35 92.5 25 
0.50 0.25 0.36 92.5 25 
0.21 0.16 0.35 92,5 25 

* A l l  d a t a  o b t a i n e d  for  b i n a r y  m i x t u r e s  O,_*N2. 

with electrode position; the height  of the meniscus is 
approximate ly  0.28 cm (identical 'to the value o b -  
served in 1N and 10N H2SO4). Fur the r  wi thdrawal  of 
the electrode f rom the electrolyte  does not produce 
additional variat ions in current  once the full  meniscus 
and film have been formed. 

On a part ial ly immersed  pla t inum black electrode 
the l imit ing current  shows a l inear  var ia t ion with  the 
square- root  of the oxygen part ial  pressure. This re-  
lationship is val id for varying concentrat ions of H3PO4 
(5-100 w/o )  and over the complete t empera tu re  range 
of this study, i.e., 25~176 Characterist ic values are 
reported in Table I. 

Relationship be tween limiting current and conduc- 
tivity. Extens ive  studies were  conducted to de te r -  
mine the current  on par t ia l ly  immersed  pla t inum black 
electrodes in the high phosphoric acid concentrat ion 
range, f rom 80 to i00 w/o.  It  was found that  the cur-  
rents obtained at a constant potential  of 0.400v vs. 
H+/H2 var ied  in a monotonic manner  with the square 
root of the conductivity,  Fig. 5. Two slopes were  ob- 
tained: one in the low conductivi ty region which ex-  
trapolates to zero, as expected, and another  in the 
higher  conduct ivi ty  range where  the l inear depend-  
ence is manta ined over  a large conductivi ty range 
f rom 0.36 to 0.64 ( o h m - c m ) - l .  Since the conductivi ty 
varies near ly  l inearly wi th  tempera ture  (3), it is not 
possible to explain the monotonic var ia t ion of the 
current,  as presented in Fig. 5, on the basis of abrupt  
variat ions in conductivi ty in the tempera ture  range 
be tween 110 ~ and 170~ (The measured currents  
were  divided by the square root of the oxygen part ial  
pressure to correct for water  vapor  pressure above 
the electrolyte  since under  exper imenta l  conditions 
the vapor  pressure of water  could be as high as 410 
mm Hg.) Exper imenta l  results are presented in Fig. 
5 as a function of the square root  of electrolyte con- 

i -- /// 7 ~/~/K 

. . . .  / /  r ! 

Fig. S. iL/I)o2112 vs. H 112 for the reduction of 02 in concen- 
trated H3PO4 solutions from 25 ~ to 170~ Deposition time at 
10 ma/cm2: ~], 240 sec; �9 60 sec; /% 12 sec; e, addition of 
NaH2PO4 �9 H~O. 
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ductivity,  since the correlat ion of the resul t  was based 
on the assumption that  currents  on par t ia l ly  im-  
mersed electrodes can be predicted f rom the fol low- 
ing general  equation (4, 5) der ived for hydrogen oxi-  
dation 

iL = ~D (nFC /) ~1)  1/2 [7] 

where  D = diameter  of the cylinder,  1.5 cm; n --- 
number  of electrons; F ---- Faraday 's  constant;  ~ = 
electrolyte  conduct ivi ty  ( o h m - c m ) - l ;  C = concen- 
t rat ion of oxygen in phosphoric acid, mole/cm3; ~) ----- 
diffusion coefficient, cm2/sec.; ~1 = polarizat ion f rom 
open circuit, volts. Verification of the above equation 
wil l  be shown for a region where  l imited values for 
solubilities and diffusion coefficients are ei ther avai l -  
able or can be reasonably estimated. 

A possible explanat ion for the increased slope at 
higher  e lectrolyte  conductivit ies and tempera tures  
may be based on the change of oxygen solubili ty and 
diffusion coefficient in phosphoric acid at e levated 
temperatures.  The combination of these parameters  
plays an impor tant  role in de termining the l imit ing 
current.  

The dependence of current  on conduct ivi ty  was 
fur ther  verified by adding NaI-I~PO4.H20 to a H3PO4 
solution in order to decrease the electrolyte  conduc- 
tivity. [400g of NaH2PO4-H~O added to a l i ter  of 85% 
HsPO4 yielded a conduct ivi ty  of 0.33 ( o h m - c m ) - i  at 
130~ as compared to 0.49 ( o h m - c m ) - i  for a sal t - f ree  
identical  acid concentration.] The current  obtained 
f rom the lowered conductivi ty fell  wi th in  the p re -  
dicted value for the current  at this conductivi ty (see 
Fig. 5). 

Variation of electrode surface roughness did show 
some effect on current behavior. Platinum black was 
electrodeposited on the cylindrical electrode for 12, 
60, and 240 sec at I0 ma/cm 2. Several concentrations 
were investigated for each roughness, and the currents 
were observed to increase with increasing surface 
roughness. Variations, however, were not large, i.e., a 
current  increase of 30% was observed for the highest 
as compared to the lowest surface roughness. 

Current- temperature re~ationship.--Temperature ef-  
fects on the currents,  measured at 0.4v vs. H+/H2, are 
appreciable, as can be observed f rom Fig. 6 for va r i -  
ous electrolyte  concentrations, once corrected for oxy-  
gen part ial  pressure and electrolyte  conductivity.  

Since the conductivi ty does not va ry  appreciably 
with  t empera tu re  for concentrated solutions (3), the 
slopes of iL/ (~Po2)  1/2 VS. l /T ,  at constant potential,  
represent  the contr ibut ion of solubility and diffusivity 
to an act ivat ion energy. Solubil i ty measurements  re-  
ported in the l i te ra ture  (6, 8) for high concentrations 

I" 

Fig. 6. Variation of limiting current as a function ot temperature. 
Weight per cent H3PO4: [ ] ,  100; �9 85.8-92.5. 
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Fig. 7. Values of the limiting current on a partially immersed 
platinum black electrode for 02 reduction in various concentrations 
of H3P04 at 25~ ~ ,  calculated from equation iL ~ ~D 
{ n F C 9  {-/~}1/2; 0 ,  experimental points. 

of H3PO4 between 25 ~ and 170~ allow one to est imate 
a heat  of dissolution of 1 kcal /mole .  The slopes of Fig. 
6, once corrected for this heat  of dissolution, yield ac- 
t ivat ion energies of 4.1 and 4.3 kcal /mole ,  which are 
wi th in  the range of values expected for diffusion-con- 
t rol led processes. 

Variation of l imit ing current  wi th  phosphoric acid 
concentrat ion.--Currents  for the reduct ion of oxygen 
on a par t ia l ly  immersed  pla t inum black electrode were  
obtained potentiostat ical ly at an applied potent ial  of 
0.400v vs. H+/H2 as a funct ion of phosphoric acid con- 
centrat ion at 25~ Results plotted in Fig. 7 show good 
agreement  with the theoret ical  values calculated f rom 
the general  equation assuming a mass t ranspor t -con-  
t rol led process on a par t ia l ly  immersed electrode dis- 
playing a full  meniscus and thin film on its extended 
surface, Eq. [7]. Data for the electrolyte  conduct ivi ty  
and oxygen solubili ty is avai lable in the l i tera ture  (3, 
6, 8). Since no data are avai lable for the diffusion co- 
efficient of oxygen in phosphoric acid at 25~ values 
were  est imated f rom the equation of Wilke and Chang 
(7). Table II presents the values for the conductivity,  
oxygen solubility, and diffusivity in phosphoric acid 
at 25~ as a function of acid concentration, used to 
calculate the current  repor ted  in Fig. 7. 

Lack of data concerning the diffusivity of oxygen in 
concentrated phosphoric acid does not allow to prove 
the application of Eq. [7] to currents  measured at 
higher  temperatures.  However ,  on the assumption that  
Eq. [7] is applicable, it is possible f rom avai lable  data 
on oxygen solubility, e lectrolyte  conductivity,  and 
measured l imit ing currents  to est imate diffusion co- 
efficients. From the computed values presented in Fig. 
8 for the tempera ture  range f rom 25 ~ to 170~ good 
agreement  is obtained between the calculated values 
and two exper imenta l  results measured in 85.5 w / o  
H3PO4 (8). These results suggest that  this method may 
be used to determine  rapidly the product  of solubility 
and diffusivity. 

Conclus ions 
The electrochemical  reduct ion of oxygen on par t ia l ly  

immersed pla t inum black electrodes in phosphoric 
acid, f rom room tempera ture  to 170~ occurs mainly  

Table II. Variation of electrolyte conductivity, oxygen solubility, 
and diffusivity for various phosphoric acid concentrations at 25~ 

Dif fus ion  
HaPOt C o n d u c t i v i t y  S o l u b i l i t y  coeff ic ient  
w / o  (ohm-c rn ) - i  m o l e s / c m  a • l f f  ~ cm'-'/sec • 10n 

0 1.26 2.60 
5 0 . ~ 0  1,18 2.42 

10 0.070 1.10 2.20 
20 0.123 0.96 2.00 
40 0,222 0.73 1.40 
60 0.213 0.52 0,87 
80 0.117 0.32 0.42 

100 0,030 0.13 0.10 

oxlo 6 % 
% 

j ! 

22 2.6 aO 3.A 

1/r  X I03 

Fig. 8. Variation of 02 diffusion coefficient in concentrated 
phosphoric acid as a function of temperature: �9 calculated; 17, 
measured. 

in the upper meniscus and thin  film region of the elec- 
t rode surface. This was shown by the increased cur-  
rent  associated with  the gradual  wi thdrawal  of a sub- 
merged electrode, potentiostat icat ly polarized, into a 
condition of part ial  immersion.  The height  of the 
meniscus in phosphoric acid even at e levated tem-  
pera tures  is the same as that  found for sulfuric acid 
at room temperature ,  i.e., approximate ly  0.28 cm. 

Using a general  equation which describes diffusion- 
control led l imit ing currents  for an electrode having a 
meniscus and film, good agreement  has been obtained 
between the observed currents  and those predicted 
f rom the equat ion over  the ent ire  concentrat ion range 
of phosphoric acid at 25~ For  higher  temperatures ,  
results obtained show that  the l imit ing currents  also 
depend on the square  root of e lectrolyte  conductivity,  
polarization, and oxygen par t ia l  pressure. In  addition, 
diffusion coefficients obtained by the use of this equa-  
tion show good agreement  with exper imenta l ly  meas-  
ured values of this parameter .  This suggests that  this 
general  equation is also applicable to tempera tures  up 
to 170~ 

Fur the r  proof of the val id i ty  of this equat ion is 
exemplif ied by the approximate  values obtained for 
the activation energy of diffusion for two different acid 
concentrations. The values obtained are in the ap- 
p rox imate  range of energies associated with  diffusional 
processes. This same equat ion may  be able to predict  
currents  at other  tempera tures  once sufficient data are 
obtained for oxygen solubili ty and diffusivity in phos- 
phoric acid. 

F rom the resistance measurements ,  equations have 
been der ived to describe the interfacial  l iquid-gas  
geometry  of the intrinsic meniscus and film formed by 
contact of the e lec t ro lyte  wi th  the electrode. These 
measurements  have  also provided an approximate  
value of the film thickness immedia te ly  above the in-  
trinsic meniscus, 0.5#. 

Manuscript  received Aug. 2, 1965; revised manu-  
script received Feb. 21, 1966. This paper was presented 
at the San Francisco Meeting, May 9-13, 1965. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1966 
JOURNAL. 
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The Electrochemical Oxidation of Ethylene 
Comparison of Results by the Potential Sweep and Steady-State Methods 

E. Gileadi, I G. Stoner, and J. O'M. Bockris 
Electrochemistry Laboratory, John Harrison Laboratory o~ Chemistry, 

University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The electrochemical oxidation of ethylene on p la t inum electrodes in 1N 
sulfuric acid at 80~ was studied by the potential  sweep method over a wide 
range of sweep rates (10 _5 - -  2 v/sec) .  The results were compared with 
those obtained previously under  steady-state conditions. Over three decades 
of sweep rate (2 • 10 -3 - -  2 v/sec) an apparent  Tafel slope of approximately 
2.3 • 3 RT/F was observed. This was shown to be consistent with the be- 
havior for a totally irreversible diffusion-controlled reaction. In the same 
region the peak potential  VM was found to shift 65 mv/decade  increase in 
sweep rate and the peak current  iM w a s  proportional to the square root of the 
sweep rate with a proport ionali ty constant  in agreement  with the calculated 
value. 

It  is shown that  the application of the potential  sweep may change the 
mechanism of the process taking place (in the present  case the change is 
from activation control in steady state to diffusion control dur ing potential  
sweep). During potential  sweep a totally irreversible,  diffusion-controlled 
reaction will  give rise to a l inear  Tafel plot with a slope about 35% higher 
than the mechanist ical ly significant slope of 2.3 RT/c~F. Further ,  an apparent  
passivation region can be observed, due to depletion of the solution near  the 
electrolyte from reactant  molecules and quite independent  of the na ture  of the 
electrode surface. During potential  sweep measurements  the part ial  coverages 
0 by various species on the surface cannot reach their s teady-state value. The 
kinetic parameters  derived from such measurement ,  therefore, cannot be 
used to represent  the results under  steady-state conditions, unless the sweep 
rate is made sufficiently slow to correspond in practice to steady state. 

The anodic oxidation of ethylene on p la t inum elec- 
trodes in 1N H2804 at 80~ has been studied recent ly 
(1). From the kinetic parameters  obtained under  
steady-state condition a mechanism has been sug- 
gested, with water  discharge as the ra te -de te rmin ing  
step, preceded by equi l ibr ium adsorption of ethylene 
(1). This mechanism was fur ther  confirmed by a com- 
parat ive study of the electrochemical oxidation of a 
number  of unsatura ted hydrocarbons under  identical 
conditions (2) and by recent  tracer studies (3). In -  
dependent  electrosorption measurements  for e thylene 
(4) and benzene (5) in the same system by a radio-  
tracer technique yielded fur ther  support  for the above 
mechanism. Thus, for the ra te -de te rmin ing  step 

H 2 0  "-> OHads -~- H + ~- e [1] 
the rate equation was given as 

i = io ( 1 -  0) exp (~VF/RT) [2] 

where 0 represent  the total surface coverage which in 
the l inear  Tafel region (0.4 - -  0.8v RHE) is essentially 
equal to the coverage by unreacted adsorbed organic 
molecules. Under  the conditions studied [i.e., with  
ethylene bubbled  through the solution or with l iquid 
benzene at equi l ibr ium with the solution (1, 2)] the 
surface coverage by organic is in the saturat ion region 
(4, 5), and hence e may be considered independent  of 
potential,  giving rise to 

b =  ~0 ~ T.C~= ~F N2.3X (2RT/F) [3] 

1Present address: Chemistry Department, Tel-Arty University, 
Tel-Aviv, Israel. 

The negative reaction order observed is also consistent 
with the adsorption data for this mechanism since, 
while 0 remains essentially constant  in  the saturat ion 
region, the term (1 --  0) can vary  substant ia l ly  and 
give rise to a decreased reaction rate with increasing 
bulk concentrat ion of the organic. 

Most recent studies of electrochemical oxidation of 
potential  fuels have relied on nonsteady-s ta te  tech- 
niques, in part icular  the potential  sweep method (6, 7) 
and cyclic vol tametry  (8). The results of such meas-  
urements  have not usual ly been interpreted in terms 
of a molecular mechanism. 

In the present  work the electrochemical oxidation 
of ethylene on bright  and platinized p la t inum elec- 
trodes in 1N H 2 8 0 4  at 80~ was studied as a funct ion 
of sweep rate over a wide range (1 x 10 -5 - -  2v/sec).  
The results obtained in this manner  are compared with 
previous results of steady-state measurements  in the 
same system, and the l imitat ions of the application of 
potential  sweep techniques for the study of the ki -  
netics of complex electrode reactions are brought  out. 
The potential  sweep technique has been applied pre-  
viously to the oxidation of ethylene on rotat ing disk 
p la t inum electrodes (9), but  the effect of sweep rate 
has not been considered. 

Experimental 
Cell, electrodes, and soIution.--A s tandard three-  

compar tment  all-glass cell was employed with glass 
frits separating the compartments.  A bright  p la t inum 
wire of 1 cm 2 served as working electrode and was 
treated anodically and cathodically as described pre-  
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v i o u s l y  (1) .  F o r  l o w e r  s w e e p  r a t e s  a 50 c m  ~ p l a n a r  
b r i g h t  p l a t i n u m  e l e c t r o d e  w as  used,  a n d  fo r  c o m p a r i -  
son  a s m a l l  1 cm 2 p l a n a r  p l a t i n i z e d  P t  e l e c t r o d e  w a s  
e m p l o y e d .  A Hg /Hg2SO4  r e f e r e n c e  e l e c t r o d e  i n  t h e  
s a m e  s o l u t i o n  w a s  u s e d  a n d  a l a r g e  p l a t i n i z e d  p l a t i -  
n u m  g a u z e  s e r v e d  as t h e  c o u n t e r  e l ec t rode .  

S o l u t i o n s  w e r e  m a d e  u p  f r o m  B a k e r  A n a l y z e d  s u l -  
f u r i c  ac id  in  d i s t i l l ed  w a t e r .  C. P. g r a d e  e t h y l e n e  
(99.5% p u r i t y )  a n d  p r e p u r i f i e d  n i t r o g e n  (99.996% p u r -  
i t y )  w e r e  e m p l o y e d .  

Electrical circuit .--The p o t e n t i a l  b e t w e e n  t h e  w o r k -  
i ng  a n d  r e f e r e n c e  e l e c t r o d e  w a s  c o n t r o l l e d  b y  a W e n k -  
i ng  p o t e n t i o s t a t ,  a n d  t h e  c u r r e n t  b e t w e e n  t h e  w o r k i n g  
a n d  c o u n t e r  e l e c t r o d e  w a s  r e c o r d e d  o n  a M o s e l e y  
" A u t o g r a p h "  r e c o r d e r  m o d e l  680 in  p a r a l l e l  w i t h  a 
v a r i a b l e  s h u n t  r e s i s t ance .  F o r  s l o w  p o t e n t a l  s w e e p s  
t h e  r e f e r e n c e  p o t e n t i a l  f ed  i n to  t h e  p o t e n t i o s t a t  w a s  
v a r i e d  w i t h  m o t o r  d r i v e  p o t e n t i o m e t e r s  c o n n e c t e d  to 
a b a t t e r y .  F o r  f a s t e r  s w e e p  r a t e s  a t r a n s i s t o r i z e d  t r i -  
a n g u l a r  s w e e p  g e n e r a t o r  c o n s t r u c t e d  in  t h i s  l a b o r a t o r y  
w a s  e m p l o y e d  (10) ,  w h i c h  cou ld  s u p p l y  a s y m m e t r i -  
ca l  t r i a n g u l a r  w a v e  f o r m  w i t h  s w e e p  r a t e s  in  t h e  
r a n g e  of 10 -3  - -  103 v / s e c .  D u r i n g  m e a s u r e m e n t s  a t  
h i g h e r  s w e e p  r a t e s  t h e  c u r r e n t  w a s  r e c o r d e d  as  a f u n c -  
t i o n  of p o t e n t i a l  o n  a T e k t r o n i x  m o d e l  564 m e m o r y  
osc i l loscope  u s e d  as a n  X - -  Y r e c o r d e r  ( w i t h  t h e  t i m e  
b a s e  r e p l a c e d  b y  a d i f f e r e n t i a l  a m p l i f i e r  t y p e  2A63 
p l u g - i n  u n i t ) .  T h e  o s c i l l o g r a p h i c  t r a c e s  w e r e  p h o t o -  
g r a p h e d  w i t h  a m o d e l  C-12 osc i l loscope  p o l a r o i d  
c a m e r a .  

Procedure.--Electrodes p r e p a r e d  in  t h e  m a n n e r  d e -  
s c r i b e d  e l s e w h e r e  (1) w e r e  i n t r o d u c e d  i n to  t h e  s u l -  
f u r i c  ac id  so lu t ion ,  a n d  p r e p u r i f i e d  n i t r o g e n  w a s  b u b -  
b l e d  t h r o u g h  u n t i l  t h e  r e s t  p o t e n t i a l  of  a p p r o x i m a t e l y  
0.25v N H E  w a s  r e a c h e d .  E t h y l e n e  w a s  t h e n  i n t r o d u c e d  
i n to  t h e  cell,  a n d  suff ic ient  t i m e  w as  a l l o w e d  fo r  a d -  
s o r p t i o n  e q u i l i b r i u m  a t  t h i s  p o t e n t i a l  to  b e  r e a c h e d  
(15-30 m i n ) .  A l l  d a t a  r e p o r t e d  h e r e  r e f e r  to a s i n g l e  

a n o d i c  sweep .  Good  r e p r o d u c i b i l i t y  b e t w e e n  d i f f e r e n t  
r u n s  in  t h e  s a m e  s o l u t i o n  a n d  r u n s  on  d i f f e r e n t  d a y s  
in  d i f f e r e n t  s o l u t i o n s  w a s  o b t a i n e d .  

Resu l ts  
Current-potential relatio~.~hip.--The current-poten- 

t ial r e l a t i o n s h i p s  o b t a i n e d  a t  t h r e e  s w e e p  r a t e s  a r e  
r e p r e s e n t e d  in  Fig. 1 as a p lo t  of  c u r r e n t  d e n s i t y  vs. 
p o t e n t i a l .  T h e  s a m e  r e s u l t s  a r e  s h o w n  in  s e m i l o g a r i t h -  
mic  f o r m  i n  Fig. 2 as V vs. log i. T h e  v a r i a t i o n  of b, 
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Fig. 1. Current  density-potential  plots at  three sweep rates: [ ~ ,  
0.1 v/sec; X, 0.013 v/sec; 0 ,  0.0022 v/see. 
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Fig. 2. Results of Fig. 1 plotted on a semilogarithmic scale 
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Fig. 3. Apparent Tafel slope b ~ dV/d  log i as a function of log v 

t h e  a p p a r e n t  T a f e l  s lope  o b s e r v e d  e x p e r i m e n t a l l y  w i t h  
s w e e p  r a t e ,  is s h o w n  in  Fig.  3. A c o n s t a n t  v a l u e  of 
b 2.3 x (3 RT/F)  is o b s e r v e d  fo r  s w e e p  r a t e s  of 2 
x 10 -3  u p  to 2 v / s e c .  T h e  s t e a d y - s t a t e  v a l u e  of b = 
2.3 x (2 RT/F)  is a p p r o a c h e d  o n l y  a t  v e r y  s low s w e e p  
r a t e s  of t h e  o r d e r  of  10 -~ v / s e c .  

Peak current and potential.--Figure 4 s h o w s  a p lo t  
of  t h e  p e a k  c u r r e n t  iM as a f u n c t i o n  of t h e  s w e e p  r a t e  
v on  a l og - log  scale.  A l i n e a r  p l o t  r e s u l t s  f o r  s w e e p  
r a t e s  a b o v e  a f e w  m v / s e c ,  w i t h  a s lope  of a p p r o x i -  
m a t e l y  0.5. A t  l o w e r  s w e e p  r a t e s  t h e  p e a k  c u r r e n t s  a r e  
m u c h  s m a l l e r  a n d  d e p e n d  o n l y  to a v e r y  s m a l l  e x t e n t  
on  s w e e p  ra t e .  R e s u l t s  o b t a i n e d  for  a p l a t i n i z e d  P t  
e l e c t r o d e  a r e  s h o w n  fo r  c o m p a r i s o n .  

T h e  p o t e n t i a l  VM at  w h i c h  t h e  c u r r e n t  r e a c h e s  a 
m a x i m u m  is p l o t t e d  in  Fig.  5 as a f u n c t i o n  of  log v. A 
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Fig. 4. Peak current density iM as a function of sweep rate on a 
log-log scale; �9 platinized Pt; e ,  bright Pt. 
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s lope  of dV~/d  log v ~ 2.3 x (RT/F) is o b t a i n e d  for  
s w e e p  r a t e s  h i g h e r  t h a n  a f e w  m v / s e c .  A t  l o w e r  s w e e p  
r a t e s  VM is e s s e n t i a l l y  i n d e p e n d e n t  of s w e e p  r a t e  a n d  
t h e  s a m e  for  b r i g h t  a n d  p l a t i n i z e d  e l ec t rodes .  I t  s h o u l d  
be  n o t e d  t h a t  t h e  b r e a k  in  t h e  l ines  in  Fig. 3, 4, a n d  5 
occur  a t  t h e  s a m e  s w e e p  ra t e ,  w i t h i n  e x p e r i m e n t a l  
e r ro r .  

Discussion 
The peak current.--For a t o t a l l y  i r r e v e r s i b l e ,  d i f fu -  

s i o n - c o n t r o l l e d  r e a c t i o n  t h e  c u r r e n t  d e n s i t y  d u r i n g  
p o t e n t i a l  s w e e p  h a s  b e e n  s h o w n  (11, 12) to be  g i v e n  
b y  a n  e q u a t i o n  of t h e  f o l l o w i n g  f o r m  

i : ~1/2 nFfll/2 D1/2 C ~ x (#t )  [4] 

w h e r e  ( u t i l i z i n g  fo r  t h i s  e q u a t i o n  D e l a h a y ' s  s y m b o l )  

anaF 
---- - - v  [5] 

RT 

n a n d  na  a r e  t h e  n u m b e r  of e l e c t r o n s  t r a n s f e r r e d  in  
t h e  o v e r - a l l  r e a c t i o n  a n d  in  t h e  r a t e - d e t e r m i n i n g  s tep,  
r e s p e c t i v e l y ;  a is t he  t r a n s f e r  coefficient ,  D t h e  d i f fu -  
s ion c o n s t a n t ,  C ~ t h e  b u l k  c o n c e n t r a t i o n  of r e a c t a n t ,  
a n d  x ( f t )  is a c o m p l e x  f u n c t i o n  of ( f t )  w h i c h  h a s  
b e e n  g i v e n  n u m e r i c a l l y  as a f u n c t i o n  of ( f  t ) .  I t  is 
n o t e d  t h a t  d u r i n g  a l i n e a r  p o t e n t i a l  s w e e p  

V = V~ -F v t  [6] 

w h e r e  V~ is t h e  i n i t i a l  v a l u e  of t h e  p o t e n t i a l  a t  t he  
t : 0. H e n c e  f r o m  Eq.  [5] a n d  [6] 

anaF 
~t = (V - -  VO [7] 

RT 

a n d  t h e  f u n c t i o n  x ( ~ t )  m a y  b e  r e g a r d e d  as d e p e n d e n t  
on  p o t e n t i a l .  T h e  v a r i a t i o n  of Z(/~t) w i t h  ( f t )  h a s  
b e e n  c a l c u l a t e d  b y  D e l a h a y  (11) .  In  v i e w  of r e l a t i o n -  
sh ips  [4] a n d  [7] th i s  also ref lec ts  t h e  v a r i a t i o n  of t h e  
current density with potential. 

At the peak potential x(~t) has a value of 0.282. 
With D ~ 1.7 x I0 ~ cm2/see (9), C ~ = 2.2 x 10-6 
mole/em 3 (9), naa= 0.5 and n ~ 12, Eq. [4] yields 

iM ~ 23V 1/2 m a / e m 2  ( r e a l  a r e a )  [8] 

T h e  e x p e r i m e n t a l  r e l a t i o n s h i p  o b t a i n e d  f r o m  Fig. 4 
is 

iM ~ 60 v 1/2 m a / c m  2 ( a p p a r e n t  a r e a )  [8a] 

T h e  d i s c r e p a n c y  b e t w e e n  c a l c u l a t e d  a n d  o b s e r v e d  r e -  
su l t s  m a y  b e  due  in  p a r t  to t he  u n c e r t a i n t y  in  t he  
v a l u e s  of  D a n d  C ~ used,  a n d  in  p a r t  to d e p a r t u r e  
f r o m  s e m i - i n f i n i t e  l i n e a r  d i f fus ion  in  t h e  e x p e r i m e n t a l  
s e t -up .  B e l o w  a s w e e p  r a t e  of a f e w  m i l l i v o l t s  p e r  
s econd  t h e  p e a k  c u r r e n t  on  b r i g h t  p l a t i n u m  d r o p s  
d r a s t i c a l l y  to l o w e r  v a l u e s  c o r r e s p o n d i n g  to t h e  ac-  
t i v a t i o n - c o n t r o l l e d  p r o c e s s  t a k i n g  p l a c e  a t  s t e a d y  s t a t e  
w i t h  a m u c h  s m a l l e r  d e p e n d e n c e  on  s w e e p  ra t e ,  w h i c h  
c a n  p r o b a b l y  b e  a s soc i a t ed  w i t h  t h e  s low " t i m e  e l -  

f ec t s "  o b s e r v e d  in  s t e a d y - s t a t e  m e a s u r e m e n t s .  A c o m -  
p a r i s o n  of r e s u l t s  on  b r i g h t  a n d  p l a t i n i z e d  P t  l e n d s  
f u r t h e r  s u p p o r t  for  t h e  d i f f u s i o n - c o n t r o l l e d  b e h a v i o r  
p o s t u l a t e d  h e r e  fo r  t he  h i g h e r  s w e e p  r a t e  reg ion .  A t  
low s w e e p  r a t e s  t h e  c u r r e n t  d e n s i t y  on  p l a t i n i z e d  P t  
is f o u n d  to  b e  a b o u t  4G-50 t i m e s  h i g h e r  t h a n  o n  b r i g h t  
Pt .  T a k i n g  a r o u g h n e s s  f a c t o r  of 2 for  t h e  b r i g h t  
s u r f a c e  th i s  g ives  r i se  to a r e a s o n a b l e  v a l u e  of 80-100 
fo r  t h e  r o u g h n e s s  f a c t o r  on  t he  p l a t i n i z e d  sur face .  A t  
h i g h e r  s w e e p  r a t e s  t h e  l i ne  fo r  p l a t i n i z e d  P t  p a r a l l e l s  
t h a t  fo r  b r i g h t  P t ,  b u t  t h e  r a t i o  of c u r r e n t  d e n s i t i e s  
is o n l y  a p p r o x i m a t e l y  2.0. F o r  a d i f f u s i o n - c o n t r o l l e d  
p roce s s  t h e  c u r r e n t  is d e t e r m i n e d  l a r g e l y  b y  t h e  a p -  
p a r e n t  s u r f a c e  a rea .  T h e  s l i g h t l y  l a r g e r  c u r r e n t  d e n -  
s i t ies  o b s e r v e d  on  p l a t i n i z e d  P t  a r e  p r o b a b l y  due  to 
s u r f a c e  i r r e g u l a r i t i e s  of d i m e n s i o n s  s i m i l a r  to  or  l a r g e r  
t h a n  t h e  d i f fus ion  l a y e r  t h i c k n e s s .  

Variation of peak potential with sweep rate.--The 
r e l a t i o n s h i p  b e t w e e n  p e a k  p o t e n t i a l  a n d  sweep  r a t e  
h a s  b e e n  g i v e n  b y  D e l a h a y  (11, 12) as 

anaF ] 
V M :  V~-F R T  ~0.77-- ln(k /D 1/2) ~- 1 / 2 1 n ( - - v ~  

~naFL \ RT / 
[9] 

w h e r e  k is t h e  ( p o t e n t i a l  d e p e n d e n t )  specif ic  r a t e  
c o n s t a n t  a t  t h e  p o t e n t i a l  V~. T h u s  

OVM 2.3 R T  
. . . .  2.3 x (RT/F) for  a n a :  0.5 [10] 
0 log v 2anaF 

I n  Fig. 5 a s lope  of OVM/O log v : 65 m v  is o b t a i n e d ,  
in  a g r e e m e n t  w i t h  Eq. [10] (2.3 x RT/F ~ 70 m v  a t  
80~  

I t  is i m p o r t a n t  to no te  t h e  f ac t  t h a t  a p e a k  in  t h e  
i - -  V r e l a t i o n s h i p  is o b t a i n e d  h e r e  fo r  a d i f fu s ion -  
c o n t r o l l e d  r eac t i on ,  i n d e p e n d e n t  of t h e  s t a t e  of t h e  
e l e c t r o d e  su r face .  Th i s  m a y  a c c o u n t  for  some  of t h e  
a p p a r e n t  p a s s i v a t i o n  r e g i o n s  w h i c h  h a v e  b e e n  r e p o r t e d  
in  s t u d i e s  of t h e  a n o d i c  o x i d a t i o n  of o rgan i c  f u e l s  
b y  t h e  p o t e n t i a l  s w e e p  m e t h o d .  T h e  pos i t i on  of t h e  
p e a k  d e p e n d s ,  a m o n g  o t h e r  th ings ,  on  t h e  specific 
r a t e  c o n s t a n t  of t he  r e a c t i o n  s tud ied ,  b u t  no t  on  t h e  
b u l k  c o n c e n t r a t i o n  of r e a c t a n t  (cf. Eq. [ 9 ] ) .  W h e n  
s t a b l e  i n t e r m e d i a t e s  a r e  f o r m e d  in  t h e  r e a c t i o n  se -  
q u e n c e  in  c o n c e n t r a t i o n s  no t  n e g l i g i b l e  w i t h  r e s p e c t  
to t h e  c o n c e n t r a t i o n  of t h e  r e a c t a n t s  s e v e r a l  "d i f fus ion  
p e a k s "  of t h i s  k i n d  cou ld  b e  o b s e r v e d  on  t h e  p o l a r o -  
g r a m .  Th i s  ha s  a l r e a d y  b e e n  p o i n t e d  ou t  b y  D e l a h a y  
(12),  b u t  h a s  a p p a r e n t l y  b e e n  d i s r e g a r d e d  in  s u b s e -  
q u e n t  work .  

Observed Tafel slope.--Figure 3 s h o w s  t h e  v a r i a -  
t i o n  of Ta fe l  s lope  w i t h  s w e e p  ra te .  T h e  s t e a d y - s t a t e  
v a l u e  of 2.3 x 2 RT/F is o n l y  a p p r o a c h e d  a t  v e r y  low 
s w e e p  r a t e s  V < 10 -5  v / s e c  in  t h i s  sy s t em.  As  t h e  
s w e e p  r a t e  is i n c r e a s e d  a b o v e  10 _5 v / s e c ,  t h e  o b s e r v e d  
T a f e l  s lope i n c r e a s e s  s t e a d i l y  t o w a r d  a v a l u e  of 2.3 x 
3 RT/F. A b o v e  a p p r o x i m a t e l y  2 x 10 - : / v / s e c  t h e  Ta fe l  
s lope  r e m a i n s  c o n s t a n t  i n d e p e n d e n t  of s w e e p  r a t e  
o v e r  t h r e e  decades  of s w e e p  r a t e  up  to v ~ 2 v / s e c .  
T h e  r e g i o n  of c o n s t a n t  T a f e l  s lope  of 2.3 x 3 RT/F 
co inc ides  w i t h  t h e  u p p e r  r e g i o n s  of Fig.  4 a n d  5 w h e r e  
d log iM/d log v ~ 0.5 a n d  dVM/d log  v : 2.3 RT/F, 
r e spec t i ve ly ,  c o r r e s p o n d i n g  to d i f f u s i o n - c o n t r o l l e d  
k ine t i cs .  

T h e  e x i s t e n c e  of a l i n e a r  Ta fe l  r e g i o n  for  a d i f -  
f u s i o n - c o n t r o l l e d  r e a c t i o n  is o n l y  d u e  to t he  p a r t i c u -  
l a r  m e t h o d  of m e a s u r e m e n t  (i.e., t h e  p o t e n t i a l  s w e e p  
m e t h o d ) ,  a n d  t h e  o b s e r v e d  s lope  of 2.3 x 3 RT/F 
( w h i c h  is no t  n o r m a l l y  e n c o u n t e r e d  in  k i n e t i c  s t ud i e s  
of a c t i v a t i o n  c o n t r o l l e d  r e a c t i o n s )  c a n  b e  s h o w n  to b e  
c o n s i s t e n t  w i t h  t h e  w a t e r  d i s c h a r g e  m e c h a n i s m  p o s t u -  
l a t e d  e a r l i e r  as t he  r a t e - d e t e r m i n i n g  s tep  u n d e r  
s t e a d y - s t a t e  cond i t ions .  

F i g u r e  6 g ives  a p lo t  of (fit) vs. log x(flt) w h i c h  w a s  
c o n s t r u c t e d  f r o m  t h e  p lo t  of X ( f t )  vs. (Bit) g i v e n  b y  
D e l a h a y  (11, 12). F r o m  th i s  p l o t  one  f inds  n u m e r i c a l l y  

O(ft)/O log x ( f t )  -~ 3.1 [11] 
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and 

OV OV 0 log x (f t )  
x [12] 

01ogi  0 log  x ( f t )  01ogi  

From Eq. [4] 
0 log x ( f t ) /O  l o g / =  1 [13] 

and f rom Eq. [7] 
RT 

OV - - O ( f t )  [14] 
anaF 

Combining Eq. [12]-[14] one has 

OV RT 0 (Bit) 3.1 RT 

0 log i anaF 0 log x (f t )  anaF 

3.1 2.3 RT [15] 

Thus a l inear Tafel  re la t ion with a slope 35% higher  
than the mechanis t ical ly  significant slope of 2.3 R T /  
~n~F can resul t  due to diffusion control dur ing the po- 
tent ial  sweep. In the case studied here, the observed 
Tafel  slope of b = 210 m v  is consistent (at 60~ 
wi th  the above in terpre ta t ion  if ana = 0.45. This is 
in agreement  wi th  the s teady-sta te  value  of a : 0.46- 
0.50 repor ted  for this system. 

Limitations of the potential sweep method. - -The  
mechanism of the anodic oxidation of e thylene on Pt  
electrodes has been established previously  on the 
basis of kinetic parameters  obtained under  s teady-  
state conditions (1), as discussed in the introduction. 
The crit ical  question to be answered here is what  type 
of mechanist ic  informat ion could have been der ived 
f rom the potent ial  sweep data presented in this paper  
alone. The answer  to this question wil l  then bear re le -  
vance to the l imited applicabil i ty of the slow poten-  
tial sweep technique for the study of mechanisms of 
anodic oxidation of organic fuels. Typical  sweep rates 
used by various authors for mechanist ic  studies are 
in the range of 10-100 m v / s e c  (e.g., Griffith and 
Rhodes (9) used v ~ 26 mv/sec ,  Bre i te r  (6) used v 
= 35 m v / s e c ) ,  and thus the behavior  observed here  
in the upper  sweep ra te  region (2 x 10 -3 - -  2 v / sec )  
wil l  be discussed below. 

As has been shown above, the relat ionship be tween 
peak current,  peak potential ,  and sweep rate  satisfies 
Eq. [4] and [9] which have  been der ived (11, 12) for 
a total ly i r revers ib le  diffusion-control led reaction. 
This should be contrasted wi th  the ac t iva t ion-con-  
t rol led kinetics established at steady state. Fur ther ,  a 
posit ive pressure effect is observed dur ing the sweep 
measurement  whi le  at s teady-sta te  negat ive react ion 
orders were  observed for e thylene (1) and several  
other  unsatura ted  hydrocarbons (2). Thus, the results  
of potential  sweep measurements  would  indicate that  
the react ion is diffusion controlled. This, however ,  

will  have l i t t le effect on the operat ion of a fuel  cell, 
the characterist ics of which wil l  be determined by the 
s teady-sta te  act ivat ion-control led kinetics. 

The transit ion f rom activation control at steady 
state to diffusion control  dur ing the t ransient  is un-  
usual and arises due to the t ime dependence of the 
part ial  coverage e dur ing the transient.  It  wil l  be 
r emembered  that  the s teady-sta te  current  is propor-  
tional to the te rm (1 - -  e) (Eq. [2]).  Also direct ad- 
sorption measurements  show (4) that  6 must  be very  
high and (1 - -  0) is probably of the order of 10 -2 or 
less. Dur ing the potent ial  sweep t ransient  the reactant  
at and near  the electrode is used up and ~ decreases. 
Under  these conditions the wate r  discharge step can 
occur a hundred  times or more  faster and, it is no 
longer rate  l imit ing for the over -a l l  process. 

The observed Tafel  slope can be discussed next. If 
measurements  at a single sweep rate  were  performed,  
any slope be tween 2.3 x 2 R T / F  and 2.3 x 3 R T / F  
could be obtained, depending on the sweep rate  
chosen. The observat ion that  the Tafel  slope is inde- 
pendent  of sweep ra te  over  a wide range is no indi-  
cation that  it is also equal  to the value which would 
be obtained at steady state, as shown above. If i t  is 
established that  the system is a total ly i rreversible,  
diffusion-controlled react ion (as is the case in the 
present  s tudy),  the mechanis t ical ly  significant Tafel  
line can be calculated from the observed value (Eq. 
[15]). This again wi l l  only be relevant ,  however ,  to 
the kinetic behavior  during the t ransient  which may 
be ent i re ly  different f rom that  observed at steady 
state. 

In conclusion, the potential  sweep technique is not 
general ly  applicable to kinetic studies because the 
system is al tered by the measurement .  In a proper  
study, when  correction for sweep rate and diffusion 
effects are made, the kinetic behavior  of the system 
during the sweep may be evaluated.  This, however ,  
may be quite different f rom the s teady-s ta te  behavior  
which is the only one re levant  for the continuous op- 
erat ion of electrochemical  energy converters.  

Conclusions 
The kinetic parameters  calculated f rom measure-  

ments  employing the potent ia l  sweep or cyclic 
vo l tamet ry  technique cannot be used direct ly  as di- 
agnostic cri teria for mechanist ic determinations.  In 
general  three regions of potential  sweep rate  may be 
expected to occur. At  sufficiently low sweep rates 
(region A) the steady state of the system is not sig- 
nificantly disturbed by the sweep, and the kinetic 
parameters  observed are independent  of sweep rate. 
At in termedia te  sweep rates (region B) the react ion 
can be diffusion controlled. This region is character-  
ized by a l inear dependence of peak current  iM on the 
square root of the sweep ra te  and (for total ly i r re -  
versible reactions) a l inear dependence of the peak 
potential  VM or log v, with a slope of OVM/O log V 
2.3 RT/2an~F (11, 12). In this region a l inear Tafel  
behavior  can also be observed wi th  a slope which is 
about 35% higher  than the mechanis t ical ly  significant 
slope of 2.3 RT/anaF. Finally,  at very  high sweep 
rates (region C) most of the Faradaic  current  is as- 
sociated with  oxidation of reactants  which have been 
adsorbed on the surface before application of the 
sweep; or wi th  adsorption or desorption of in te rme-  
diates formed in the react ion sequence. Region C is 
character ized by a l inear  dependence of the cur ren t  
on sweep rate  [the current  may be regarded as pseu- 
docapacitat ive in this region in that  it obeys the simple 
relat ionship i ~ Cv where  C is the effective pseudo- 
capacity of the system under  a given set of conditions 
(13)]. A l inear plot  of VM VS. log V wil l  resul t  in this 
region. The slope, however ,  wil l  be 2.3 RT/~F, i.e., 
twice that  observed in the diffusion control led region 
(14). 

The sweep ra te  corresponding to the three regions 
discussed above wil l  depend on the specific rate  con- 
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stants of the reactions studied, the concentrat ion of 
reactants in the bulk of the solution and other fac- 
tors. In the case of e thylene oxidation on plat inum 
electrodes at 80~ studied here, region A corresponds 
to v < 10 -5 v/sec.  Region B spreads from v : 2 x 
10 -3 up to 2 v/sec,  and region C probably starts at v 
> 100 v/sec.  In certain cases these regions may tend 
to overlap, and in part icular  diffusion controIled con- 
ditions may not be observed exper imenta l ly  at high 
reactant  concentrat ion and for systems where  steady 
state can be reached rapidly. 

The peak current  and subsequent decrease in cur-  
rent  wi th  increasing potent ial  (quasi-passivat ion re -  
gion) observed in s teady-s ta te  and slow sweep meas-  
urements  (region A) have been associated with for-  
mation of oxide layers on the surface. In contrast, the 
apparent  passivation in regions B and C are due to a 
deplet ion of the electrolyte  near the electrode from 
reactant  molecules and to a decrease of the combust i-  
ble adsorbed reactant  on the surface, respectively,  and 
are independent  of the state of the electrode surface. 
Several  such peaks may occur in region B if stable 
in termediates  are formed in substantial  amounts in 
the react ion sequence, or due to impuri t ies  in the fuel 
or in the electrolyte.  
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Current Distribution at a Gas-Electrode-Electrolyte Interface 
I. Experimental Observations 

Douglas N. Bennion t and Charles W. Tobias 
Departmen~ of Chemica~ Engineering, University of California, Berkeley, California 

ABSTRACT 

The var ia t ion of current  density along a cylindrical,  par t ia l ly  immersed 
electrode re la t ive  to the position of the apparent  or intrinsic meniscus has 
been measured  as a function of total applied current.  Measurements  of cur-  
rent  distr ibution are repor ted  for the cathodic reduct ion of 02 gas in aqueous 
KOH electrolyte  on sectioned Ni and Ag electrodes. A thin film of electrolyte 
was observed to exist above the intrinsic meniscus. It  was found that  the 
charge t ransfer  which takes place at the e lec t rode-e lec t rolyte  surface occurs 
almost totally above the bot tom of the intrinsic meniscus, and that  a large 
port ion of this charge t ransfer  occurs in the thin film as high as 1-5 mm above 
the top of the intrinsic meniscus. However ,  as the total current  is increased, 
the charge t ransfer  react ion is gradual ly  crowded closer to the top of the in-  
trinsic meniscus, and a smal ler  f ract ion of current  passes up into the film. On 
nickel the current  is more un i formly  distr ibuted in the upper  areas of the 
thin film than on silver. 

Many of the possible fuels and oxidants proposed 
for use in fuel  cells are gases. To gain an understand-  
ing of the dynamic behavior  of electrodes involving 
gaseous reactants, analysis of t ransport  phenomena 
at gas e lectrode-electrolyte  interfaces is necessary. 
Various studies of porous media involving only elec- 
t rode-electrolyte  interfaces have been presented re- 
cently (1-4). The presence of a gas phase provides 
additional problems which are to be considered here. 

Porous electrodes are used to increase the react ion 
a r e a  per unit  vo lume and, in the case of gaseous re-  
actants, to provide  separat ion be tween  gas and elec- 
trolyte. In such electrodes, many  simultaneous and 
consecutive processes occur, and the nature  and extent  
of the actual react ion area wi thin  the pores is not wel l  
defined or understood. A plane electrode par t ia l ly  
immersed  in an electrolytic solution offers a s impler  
system for studying the behavior  of gas electrode- 
electrolyte interfaces. 

1Present  address: Department  of Engineering, University of Cali- 
fornia, Los Angeles ,  California. 

In 1957 Wagner  (5) postulated that  a thin film of 
electrolyte  exists above the visible meniscus on the 
surface of a part ial ly immersed  electrode and that  
the electrode surface in contact wi th  this thin film 
should contr ibute  appreciably to the charge t ransfer  
reaction. 

In their  study of current  density distr ibution of 
oxygen reduction on copper, Weber, Meissner, and 
Sama (6) did not consider the possibility of the exist-  
ence of a thin electrolyte  film above the intrinsic or 
readily visible meniscus. Will  (7, 8), in exper iments  
involving oxidation of hydrogen in sulfuric acid on 
platinum, observed the var ia t ion of the total current  
wi th  the length of p la t inum extending above the l iquid 
level  of the electrolytic solution at a constant applied 
overpotential .  Will  concluded that  a thin film did exist  
above the intrinsic meniscus and that  most of the 
charge t ransfer  react ion occurred in a na r row region 
adjacent  to the upper  edge of the meniscus. He also 
showed that  surface migrat ion of hydrogen along the 
p la t inum was not a significant mode of mass transfer.  
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...Electrolyte film 

I / Separation 

upp . . . .  d l . . . .  - -  ~" l 
electrode sections __~-- ~ ~,.,.~" At.l 

Gas 

7. Electrolyte 

Fig. 1. Schematic representation of gas electrolyte interface 
showing the insulating separator. ~L could be changed by raising 
or lowering the electrolyte level. 

Diffusion of hydrogen through the film was de te rmined  
to be the ra te-control l ing step. This was the first real ly  
definitive exper iment  to show the role of thin electro-  
lyte  films. However ,  as the p la t inum electrode was 
extended fur ther  and fur ther  out of the electrolyte,  
new area on which an electrolyte  film could exist was 
produced. Thus, the film geometry  and resul t ing cur- 
rent  distr ibution changed dur ing the course of an ex-  
periment.  

The present  work was under taken  to invest igate  the 
role of the thin film during oxygen reduction, and to 
obtain a quant i ta t ive  description of the t ransport  pro-  
cesses involved.  For  exper imenta l  work, oxygen gas, 
aqueous 3.5M KOH, and e i ther  nickel  or si lver elec- 
trodes were  chosen. 

Exper imenta l  E q u i p m e n t  and Procedures 
The object ive was to measure  the var ia t ion of cur-  

rent  density along a par t ia l ly  immersed electrode rel-  
at ive to the position of the bulk electrolyte  surface. 
In order to accomplish this, sectioned electrodes (9) 
were  employed. The sections must be insulated elec- 
t r ical ly  f rom one another,  and the insulat ing separa- 
tors should not significantly disturb the geometry  of 
the thin l iquid film on the surface of the electrode. 
Also, the sections of the meta l  electrode must be at 
the same potential.  

In order to satisfy these requi rements  as closely as 
possible, only two sections and a single separation 
were  used (see Fig. 1). With this approach, the varia-  
t ion in the current  f rom each section could be meas- 
ured as a function of the distance, AL, of the bulk 
electrolyte  level  below the separat ion (see Fig. 1). 
The sum of the two currents  equals the total; there-  
fore, only one of the currents  is independent.  In order  
to compare the results of different total currents  more 
easily, the per cent  current  out of the top section, 
defined as %C.O.T. ~ (Current  out top section) (100)/ 
(Total Current) ,  was used as the independent  variable.  

The exper imenta l  procedure involved de terminat ion  
of the %C.O.T. as a function of AL at various total 
currents  on nickel  and si lver electrodes. To de te rmine  
the actual current  density variation, one plots the 
%C.O.T. vs.  •  and takes the slope of this curve. The 
slope at a g iven value  of ~L, in cm -1, t imes the applied 
current,  I, in microamperes  per  cent imeter  of electrode 
circumference,  gives the t ransfer  current  density at a 
height  ~L above the electrolyte  level. The readings 
were  consistent to within 3% for a single run  except  
at the lowest  current  levels  when  variat ions up to 10% 
of the measured current  were  inherent  in the circuit  
design. 

To avoid edge effects cyl indrical  electrodes were  
used. Electrodes of both 0.8045 and 1.465 in. in d iam-  
eter were  used. The current,  I, in microamperes  per 
cent imeter  t imes the electrode diameter,  gives the total 
current.  The working length of the electrode was ap- 
p rox imate ly  12 cm; this was found to be long enough 
to avoid appreciable end effects at the top and bottom. 
The electrode was constructed using a cylindrical  
plexiglass spindle over  which two cylinders of nickel s 
(or si lver 3) were  slipped (see Fig. 2.). These were  

T h e  n i c k e l  w a s  99 .5% p u r e .  T h e  p r i n c i p a l  i m p u r i t i e s  w e r e  M n  
a n d  F e .  

T h e  s i l v e r  w a s  99 .95% p u r e .  

To reference electrode 

Gas in 

Glass tube 
Annulor space 
Upper electrode - -  

Separation 

Lower e l e c t r o d e -  

Lower connection 
i Upper connection 
/ Gas out 

~Counter electrode 

control reservoir ~ / / / / / / / / , / / / / / ~ / ~ / / / , / ~ - ~  

Fig. 2. Cross-sectional view of cell used for measurement of dis- 
tribution of current relative to position of meniscus. 

separated by a thin "gasket" made  f rom a sheet of 
or iented polys tyrene 25~ thick. This thickness was 
necessary to insure that  no metal l ic  electr ical  connec- 
tion occurred be tween the two sections. 

In order to avoid the possibility of systematic errors 
and to confirm the reproducibi l i ty  of the data, 2 differ- 
ent s i lver  cells and 5 separate nickel  cells were  built. 
The procedures in constructing the separations in 
the working electrodes (such as rounding the corners 
of the electrode where  it contacts t h e  insulat ing 
jacket)  were  modified sl ightly to see if the results 
were  affected. No effects on the results were  noted 
f rom these changes. For  one of the si lver electrodes, 
runs were  also made with the 25~ thick polys tyrene 
gasket replaced by a separator  made  f rom filter paper 
approximate ly  70 microns thick. This was done to 
check the results for any dependence on the nature  of 
the mater ia l  used as the separator.  

The cell consisted of two cyl indrical  compar tments  
as shown in Fig. 2. The cyl indrical  electrode spindle 
described above was screwed into the le f t -hand  com- 
partment .  In the r igh t -hand  compartment ,  nickel  
screens served as the counter  electrode. The  over -a l l  
react ion at the working  electrode was 

02 -k 2H20 -t- 4 e -  = 4 O H -  

The react ion at the counter electrode was the reverse  
of the above reaction. The  reactions were  dr iven  ex-  
ternal ly  by a constant current  power  supply. 4 

The two compar tments  ment ioned above were  con- 
nected to a storage reservoir ,  not shown in Fig. 2. By 
careful ly  adjust ing the height  of the reservoir ,  the 
l iquid level  in the cell compar tments  could be accu- 
ra te ly  adjusted. The value of AL was de termined  by 
measur ing the height  of the bulk l iquid and the height  
of the separation, to • mm, using a cathetometer .  

The electrolyte  entered the working electrode com- 
par tment  through radial  holes dri l led in the lower  part  
of the plexiglass spindle. This provided for a n  axial ly  
symmetr ic  electric field. To align the electric field 
more near ly  paral le l  to the electrode and to reduce 
convection effects, a precis ion-bore  glass tube was 
placed over  the electrode as shown in Fig. 2. The bulk 
electrolyte  was confined in an annular  space about 1 
mm wide. The bot tom of the meniscus was used as the 
reference level  for measur ing ~L. The distance from 
the bot tom of the meniscus to the top of the apparent  
or "intr insic" meniscus was in the range of 0.6-1.1 mm. 
The electrolyte  in the cell outside the jacket  did not 
part icipate in the react ion and need not be considered. 

Convection currents  in the electrolyte  below the 
meniscus would tend to give abnormal ly  high currents  
from the bot tom section. The  precis ion-bore glass 
jacket  which confined the electrolyte  next  to the elec- 
t rode in an annular  region reduced this effect. Smal ler  

* E l e c t r o n i c s  M e a s u r e m e n t s ,  Inc . ,  C o n s t a n t  C u r r e n t  P o w e r  S u p -  
p ly ,  M o d e l  C612. 
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Fig. 3. Power and measurement circuit for sectioned electrode 

cell. 

spacing would have reduced the probabil i ty of convec- 
tion fur ther  (10), but this would have caused more 
severe re la t ive  variat ions in the annular  space. The 
value chosen was considered to be a suitable compro-  
mise. 

The readings were  sensitive to the surface conditions 
of the electrodes. If any oxide formed on ei ther the 
nickel or silver electrodes, the results were  not repro-  
ducible. Care was always taken that, fol lowing polish- 
ing, 5 the electrode was immedia te ly  placed in the cell 
and cathodically polarized to prevent  oxide formation. 
The current  was increased to approximate ly  200 ma 
yielding vigorous hydrogen evolution. During the 24- 
48 hr cleaning period, the electrolyte  was changed 
each 2-5 hr The cleanliness of the surface was consid- 
ered satisfactory when, on lowering the electrolytic 
level, the surface remained uniformly wetted. 

Electrolyt ic  contact was made to a Hg, HgO refer -  
ence electrode through a hole dr i l led lengthwise down 
the spindle and out through a small hole at the bottom 
of the meta l  electrode (11). Electr ical  connection to 
the bottom section of the electrode was made with a 
nickel rod down a hole in the spindle. A stainless steel 
screw went  through the electrode and was threaded 
into the nickel rod. The electr ical  connection to the top 
section was made by a nickel plate in the bottom of 
the cap. When the cap was screwed down, the nickel 
plate pressed down on the upper  electrode section and 
completed the contact. The resistances due to these 
connections were  less than 0.1 ohm. 

Figure  3 shows a schematic drawing of the electrical  
circuit. Before the measurements  were  started, the 
var iable  resistors 6 were  set at zero; the two electrode 

O f  t h e  v a r i o u s  p o l i s h i n g  c o m p o u n d s ,  " F l o w - f i v e "  a l u m i n u m  
o x i d e  p r o v e d  t o  b e  t h e  m o s t  s a t i s f a c t o r y ,  A l t h o u g h  t h e  r o u g h n e s s  
o f  s u r f a c e s  w a s  d i f f e r e n t  d e p e n d i n g  o n  t h e  p o l i s h i n g  c o m p o u n d s  
u s e d ,  n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  p a t t e r n  o f  c u r r e n t  d i s t r i b u -  
t i o n  r e s u l t e d .  

6 G e n e r a l  R a d i o  t y p e  1 4 3 2 - U  o r  1 4 3 2 - K  d e c a d e  r e s i s t a n c e  b o x e s  
w e r e  u s e d .  

100 1 [ I l l l l l l i t l 

~.. 80 '~ ~ o = .  = ~ �9 �9 
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Fig. 4. Penetration of current in the electrolyte film. I = 4.84 
~a/cm. Upper curve: nickel cathode, cells No. 2 and 3, runs 6 and 
6'; lower curve: silver cathode, cell No. 4, runs No. 6 and 15. 

sections were  then shorted together and thus were  at 
the same potential.  When measurements  were  to be 
made, the resistances were  increased unt i l  a measur -  
able voltage drop 7 was obtained. When proper ly  ad- 
justed, the potent ial  drop across each resistor was 
equal. As small  a voltage drop as practical  was used 
so that  errors in balancing would be negligible. These 
potential  differences var ied  be tween  10 and 1000 #v 
for the lowest and highest total  applied currents.  F rom 
the voltage drop and the known resistance, the current  
f rom each section could be calculated. The potent ial  of 
the working electrode with  respect to the Hg, HgO 
reference cell  was measured wi th  an electrometer ,  s 

The s tar t -up procedure was to refill  the cell wi th  
3.5M KOH, begin bleeding in O2 saturated with  water  
wi th  respect to 3.5M KOH, and to set the total current  
at a fixed level. The l iquid level  was then lowered to 
near  the bottom of the electrode, corresponding to a 
large value  of • The cell  was left  for about  15 hr  to 
al low the l iquid film to drain and reach an equi l ibr ium 
thickness. The level  was next  raised a small  distance 
and a set of readings were  taken. Af ter  each set of 
readings, the level  was raised again and in this manner  
a series of readings for different values of AL were  
obtained. Observations were  made at 30-min intervals  
to allow steady-sta te  conditions to prevai l  during read-  
ings. At each electrolyte  level  the value of %C.O.T. 
could easily be calculated. 

E x p e r i m e n t a l  Results  
Explora tory  exper iments  showed (12) that  after the 

electrolyte  level  was lowered, a thin electrolyte  film 
was left  behind on the exposed electrode. The fract ion 
of current  f rom the upper section was very  high but 
it dropped off with time. This decrease wi th  t ime con- 
t inued for up to 90 hours, af ter  which a s teady-state  
value  remained as long as the run  was continued, for 
several  more days in some cases. This behavior  was 
at t r ibuted to the draining of the electrolytic film which 
was init ial ly thick but became thinner  as draining 
progressed. Thicker  films have a small  resistance and 
thus tend to allow penetra t ion of the current  h igher  
into the film. 

Simple  optical observations were  made in an at-  
tempt  to observe the film and determine  its thickness 
by l ight in terference techniques. The existence of the 
film was confirmed by the observation of weak in te r -  
ference colors when white  incident light was used and 
by the observation of a "wake"  when a small  corner of 
tissue paper was drawn over  the surface. Quant i ta t ive  
measurements  of the film thickness were  beyond the 
scope of this work. M/iller (13) has made a detai led 
invest igat ion of the optical propert ies  of thin electro-  
lytic films on nickel electrodes and found that  in the 
range of 2-5 m m  above the meniscus the film thickness 
is in the order of 1~ for 3.5M KOH. 

Plots showing %C.O.T. as a function of aL are 
shown in Fig. 4, 5, and 6 for 4.84, 15.4, and 48.4 #a /cm 
applied current,  respectively.  F igure  7 shows the ob- 
served dependence of the electrode potential  on the 
applied current.  

A feature  to be noted is that  at h igher  currents  the 
react ion tends to be concentrated nearer  the top of the 
intrinsic meniscus. A comparison of the results for 
equal  applied currents  shows that  the react ion on 
nickel  spreads significantly more into the film than on 
silver. 

One of the requi rements  of the sectioned electrode 
was that  the separat ion should not disrupt  the film. 
This becomes especially impor tant  when it is real ized 
that  the electrolyte  film is about 1~ thick and the 
separation is 25~ wide. Such a wide gasket obviously 
causes some distortion. The possible distortion effects 
can be broken down into three categories as follows: 

7 T h i s  v o l t a g e  drol~  w a s  m e a s u r e d  u s i n g  a K e i t h l y  m o d e l  149  
m i l l i m i c r o v o l t m e t e r .  

s K e i t h l y  M o d e l  6 1 0 R  e l e c t r o m e t e r  w a s  u s e d  h e r e .  I t s  i n t e r n a l  r e -  
s i s t a n c e  i s  r a t e d  a t  1014 o h m s  o r  g r e a t e r ,  
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Fig. 5. Penetration of current in the electrolyte film. I ~ 15.4 
/~a/cm. Upper curve: solid symbols, experimental points, nickel 
cathode, cells No. 2 and 3, runs 5 and 5'; lower curve: open sym- 
bols, experimental points, silver cathode, cell No. 4, runs 5, 11, and 
14. 

1. A s s u m e  t h a t  t h e  i n s u l a t i n g  g a s k e t  is p e r f e c t l y  
f lush  w i t h  t h e  m e t a l  s u r f a c e  a n d  t h a t  t h e  f i lm t h i c k n e s s  
does  n o t  va ry .  T h e  o n l y  e r r o r  f r o m  s u c h  a n  idea l  s i t u -  
a t i o n  r e s u l t s  f r o m  no  e l e c t r o d e  r e a c t i o n  o c c u r r i n g  
a l o n g  t h e  i n s u l a t i n g  sec t ion .  Th i s  i n a c t i v e  l e n g t h  of t h e  
f i lm wi l l  ac t  as a n  " u n n a t u r a l "  r e s i s t ance .  I f  t h i s  occu r s  
n e a r  t h e  b o t t o m  of t h e  f i lm w h e r e  t h e  c u r r e n t  m i g h t  
r e a c h  100 ~ a / c m  as a m a x i m u m  a n d  if  t h e  f i lm is 1~ 
th ick ,  t h e  " u n n a t u r a l "  r e s i s t a n c e  w i l l  c a u s e  a p o t e n t i a l  
d r o p  of 4.2 mv.  Th i s  c o m p a r e s  to a t o t a l  p o t e n t i a l  d r o p  
in  t h e  fi lm of a b o u t  140 my.  

2. R e f e r r i n g  to case  1, t h e  n e t  effect  of t h e  s e p a r a t i o n  
m i g h t  be  s u c h  t h a t  t h e  f i lm a p p e a r s  to  b e  t h i c k e r  as i t  
p a s s e s  t he  s e p a r a t i o n .  F o r  t h i s  s i t ua t ion ,  t he  " u n n a t u -  
r a l "  r e s i s t a n c e  wi l l  b e  l o w e r e d ,  a n d  t he  e r r o r  w i l l  b e  
less  t h a n  fo r  case  1. 

3. T h e  s i t u a t i o n  m i g h t  a lso be  a n  e f fec t ive  t h i n n i n g  
of t h e  f i lm as i t  passes  t h e  s e p a r a t i o n .  A t  wors t ,  t h i s  
t h i n n i n g  ~vill occu r  a l o n g  t h e  fu l l  l e n g t h  of t he  s e p a -  
r a t i on .  A t h i n n i n g  of th i s  type ,  for  e x a m p l e ,  to o n e -  
f o u r t h  of t h e  n o r m a l  t h i c k n e s s ,  w i l l  i n c r e a s e  t he  " u n -  
n a t u r a l "  r e s i s t a n c e  so t ha t ,  u s i n g  t h e  e x a m p l e  of case  
1, t h e  a d d e d  p o t e n t i a l  d r o p  w o u l d  be  19 inv.  S u c h  a n  
a d d e d  p o t e n t i a l  d r o p  w o u l d  cause  a s h i f t  i n  t h e  r e su l t s ,  
such  t h a t  less c u r r e n t  w o u l d  pass  to  t h e  u p p e r  s ec t ion  
t h a n  on  a n  u n i n t e r r u p t e d  sur face .  

T h e  r e p r o d u c i b i l i t y  of t h e  d a t a  w a s  c o n f i r m e d  b y  
u s i n g  d i f f e r e n t  cel ls  of s l i g h t l y  mod i f i ed  des ign .  S i m i -  
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Fig. 6. Penetration of current in the electrolyte film. I ~ 48.4 
~a/cm. Upper curve: solid symbols, experimental points, nickel 
cathode, cells No. 2, 3, and 7; runs 4, 4', 19, 20; lower curve: open 
symbols, experimental points, silver cathode, cells No. 4 and 6, 
runs 4, 10, 13, 19, 20. 
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Fig. 7. Potential of the oxygen cathode (not corrected for ohmic 
drop) relative to the Hg/HgO reference electrode. Upper curve, 
nickel cathode; lower curve, silver cathode. 

l a r ly ,  no  c h a n g e  in  t h e  r e s u l t s  w a s  d e t e c t e d  b y  r e p l a c -  
ing  t he  25~ t h i c k  p o l y s t y r e n e  s e p a r a t o r  w i t h  a 70~ 
t h i c k  s e p a r a t o r  m a d e  f r o m  f i l te r  p a p e r  (see  Fig.  5 a n d  
6) .  

F r o m  t h e s e  o b s e r v a t i o n s  i t  is c o n c l u d e d  t h a t  t h e  
f i lm o n  t he  s e p a r a t o r  was  no t  s i gn i f i c an t l y  t h i n n e r  t h a n  
on  t h e  a d j a c e n t  m e t a l  su r faces .  T h e  m a x i m u m  e r r o r  
in  t h e  c u r r e n t  o u t  t h e  top, d u e  to t h e  p r e s e n c e  of t h e  
s e p a r a t o r ,  is e s t i m a t e d  to be  3%. 

Discuss ion  
T h e s e  e x p e r i m e n t s  h a v e  c o n f i r m e d  t h a t  a s t ab le ,  t h i n  

f i lm of e l e c t r o l y t e  a d h e r e s  to  t h e  e l e c t r o d e  s u r f a c e  
a b o v e  t h e  top  of t h e  i n t r i n s i c  m e n i s c u s .  A l a r g e  p a r t  
of t he  r e a c t i o n  t a k e s  p l ace  on  t he  s u r f a c e  of t h e  e l ec -  
t r o d e  e x p o s e d  to t h i s  film. T h e  r e a c t i o n  r a t e  d r o p s  off 
v e r y  r a p i d l y  w i t h i n  t h e  v i s i b l e  m e n i s c u s  a n d  is v e r y  
s m a l l  a l o n g  t h e  e l e c t r o d e  a r e a  e x p o s e d  to t h e  b u l k  
e l ec t ro ly t e .  T h e  o b v i o u s  r e a s o n  for  t h e  a b r u p t  d e -  
c r ease  in  r e a c t i o n  r a t e  on  t h e  e l e c t r o d e  s u r f a c e  b e l o w  
t h e  i n t r i n s i c  m e n i s c u s  is m a s s  t r a n s p o r t  l i m i t a t i o n  of 
t h e  m o l e c u l a r  oxygen .  H o w e v e r ,  t h e  c o n t r o l l i n g  f ac to r s  
in  t h e  f i lm r e g i o n  c a n  a r i se  f r o m  o t h e r  sources .  

Wi l l  (7, 8) c o n c l u d e d  t h a t  t h e  r a t e - l i m i t i n g  s tep  w a s  
t h e  m a s s  t r a n s f e r  of  ga seous  r e a c t a n t ,  h y d r o g e n  in  t h i s  
case, t h r o u g h  t h e  f i lm to t h e  e l e c t r o d e  su r face .  He  also 
f o u n d  t h a t  t h e  r e a c t i o n  r a t e  d r o p p e d  off v e r y  r a p i d l y  
a b o v e  t h e  " top  of t h e  i n t r i n s i c  m e n i s c u s . "  T h e  o b s e r v a -  
t ions  w i t h  t he  o x y g e n - K O H  s y s t e m  show t h a t  t h e  r e -  
a c t i o n  r a t e  r e m a i n s  a p p r e c i a b l e  fo r  s e v e r a l  m i l l i m e t e r s  
a b o v e  t h e  "t(~p of t h e  i n t r i n s i c  m e n i s c u s . "  I n  add i t i on ,  
i t  is o b s e r v e d  t h a t  t h e  r e a c t i o n  e x t e n d s  f u r t h e r  u p  t h e  
f i lm fo r  n i c k e l  t h a n  fo r  s i lver .  

I t  is a lso pos s ib l e  t h a t  t h e  l i m i t i n g  s tep  c a n  be  
c h a r g e  t r a n s f e r  a t  t h e  e l e c t r o d e  sur face .  I t  is k n o w n  
t h a t  s i l v e r  is a b e t t e r  c a t a l y s t  fo r  t h e  r e d u c t i o n  of 
o x y g e n  t h a n  is n i c k e l  (14) .  T h u s  one  w o u l d  e x p e c t  
t h a t  if  t h e  d e p e n d e n c e  of c h a r g e  t r a n s f e r  " o v e r p o t e n -  
t i a l "  o n  c u r r e n t  d e n s i t y  w e r e  h i g h e r  for  n i c k e l  t h a n  
fo r  s i lver ,  t h e  r e a c t i o n  w o u l d  t e n d  to " s p r e a d  o u t "  or  
be  d i s t r i b u t e d  o v e r  a w i d e r  a rea ,  t h u s  f u r t h e r  u p  in to  
t h e  fi lm. 

B o t h  t h e  c h a r g e  t r a n s f e r  a n d  m a s s  t r a n s f e r  o v e r p o -  
t e n t i a l  t e n d  to c a u s e  t h e  r e a c t i o n  to s p r e a d  o u t  f a r t h e r .  
I t  is t h e  p o t e n t i a l  d r o p  in  t h e  f i lm w h i c h  l i m i t s  t he  
e x t e n s i o n  of t h e  r e a c t i o n  u p  i n to  t h e  film. F r o m  e i t h e r  
s t a n d p o i n t ,  if t h e  f i lm w e r e  t h i c k e r ,  t h e  r e a c t i o n  w o u l d  
t e n d  to e x t e n d  f u r t h e r  in to  t h e  film. O b s e r v a t i o n s  
m a d e  d u r i n g  t h e  i n i t i a l  s t ages  w h e n  t h e  f i lm w a s  
d r a i n i n g  con f i rm  th i s  a r g u m e n t .  9 

OA g r e a t e r  p e n e t r a t i o n  of c u r r e n t  u p  i n t o  t h e  f i lm on n i c k e l  
r e l a t i v e  to s i l ve r  c o u l d  be  e x p l a i n e d  q u a l i t a t i v e l y  by  a s i g n i f i c a n t l y  
l a r g e r  f i lm t h i c k n e s s  on n i c k e l .  A l t h o u g h  p r e c i s e  o b s e r v a t i o n s  r e -  
g a r d i n g  t h e  f i lm t h i c k n e s s  on  n i c k e l  w e r e  n o t  a v a i l a b l e  a t  t h e  
t i m e  t h i s  w o r k  w a s  c o n c l u d e d ,  p r e l i m i n a r y  d a t a  b y  M f i l l e r  (13) 
i n d i c a t e d  t h a t  t h e  f i lm t h i c k n e s s  on  s i l v e r  is  a c t u a l l y  s o m e w h a t  
g r e a t e r  t h a n  on n i c k e l .  



Vol. 113, No. 6 C U R R E N T  D I S T R I B U T I O N  A T  G A S  E L E C T R O D E  593 

Conclusions TM 

1. The existence of a thin film of electrolyte above 
the intrinsic meniscus on clean nickel  and silver has 
been confirmed. The thickness of this film is estab- 
lished as being in the order of magni tude of wave 
length of visible light. 

2. For  the cathodic oxygen electrode, current  density 
distr ibution measurements  on cylindrical  nickel and 
silver electrodes established that  a large port ion of the 
current  arises in the thin electrolytic film above the 
intrinsic meniscus. The fract ion of current  t ransferred 
as much as 10-20 mm above the bottom of the intrinsic 
meniscus is not negligible. 

3. The thicker  the film and the smaller  the applied 
current,  the fur ther  the current  spreads over  the elec- 
trode surface covered by the film. At a given value of 
applied current,  the reaction is concentrated nearer  
the intrinsic meniscus on silver than on nickel surfaces. 
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~OAfter the  c o m p l e t i o n  of  t h i s  m a n u s c r i p t ,  an  a c c oun t  of the  
w o r k  of  Yu  A. M~zi tov  e t  aI. (15) has  come to  the  a u t h o r s '  a t t e n -  
t ion .  C u r r e n t  d i s t r i b u t i o n  a l o n g  a s i l v e r  w i r e  in  the  r e d u c t i o n  of 
o x y g e n  in  10.6N K O H  wa s  m e a s u r e d  b y  the  m e t h o d  o r i g i n a l l y  
used  by  Wi l l  (7, 8}. A l t h o u g h  the i r  e x p e r i m e n t a l  o b s e r v a t i o n s  are  
in  q u a l i t a t i v e  a g r e e m e n t  w i t h  t he  r e su l t s  p r e sen t ed  above ,  the  
r eade r ' s  a t t e n t i o n  is ca l l ed  to the  use of an  u n i n t e r r u p t e d  ca thode  
an d  the  m u c h  ~hor t e r  d r a i n i n g  t imes  (3-4 rain) r e p o r t e d  by  Maz i t ov  
et  al. 

Any discussion of this paper  will  appear  in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  
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Current Distribution at a Gas-Electrode-Electrolyte Interface 
II. Theoretical Treatment 

Douglas N. Bennion 1 and Charles W. Tobias 
Department of Chemical Engineering, University of California, Berkeley, California 

ABSTRACT 

The dynamic behavior  of a cathodic oxygen electrode is cri t ical ly de- 
pendent  on charge and mass t ransport  preceding and following the charge 
t ransfer  recation at the e lec t ro ly te-e lec t rode  interface. A mathemat ica l  model  
is presented which takes into account diffusion and migrat ion of re levant  
substances and the solubility of oxygen in the electrolyte.  The model  accounts 
for the concentrat ion dependence of t ransport  properties. A comparison of 
the theoret ical  and exper imenta l  results indicates that  the current  density 
distr ibution is controlled by a balance be tween charge t ransfer  overpotent ia l  
and ohmic resistance drop in the electrolyte  film. Because of the much greater  
length of diffusion paths, and consequent  slowness of oxygen transport,  a 
re la t ive ly  small fraction of the charge t ransfer  react ion occurs on the elec- 
trode area below the top of the intrinsic meniscus. 

An exper imenta l  study (1) in this laboratory has 
shown that  on par t ia l ly  immersed gas electrodes a 
thin film of electrolyte  may exist on the electrode 
above the bulk electrolyte,  and when this film exists 
the electrochemical  react ion takes place pr imar i ly  on 
the surface of the electrode which contacts the thin 
film. 

By considering several  possible physical models 
Wagner  (2), in 1957, demonstrated the l ikelihood of 
the importance of thin electrolyte  films in actual gas 
electrodes. Since then, various models have been pro-  
posed which a t tempt  to duplicate more closely actual 
physical conditions. Will  (3, 4) was able to explain 
his exper imenta l  results obtained on par t ia l ly  im-  
mersed, plane electrodes in terms of a theoret ical  
model. His model  did not include considerat ion of 
charge t ransfer  overpotent ial ,  and the only t ransport  
proper ty  of the electrolyte  employed was the con- 

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of E n g i n e e r i n g ,  U n i v e r s i t y  of Cal i -  
fo rn ia ,  Los  Ange le s ,  Ca l i fo rn i a .  

ductivi ty which he assumed to be invariant.  Grens 
et al. (5) in a model  geometr ical ly  similar  to the one 
by Will included an E rdey -G ruz -V o lm er - t ype  charge 
transfer  overpotent ia l  expression. Transport  of ions 
by both diffusion and migrat ion is accounted for, and 
the movement  of water  is assumed to occur only in 
the electrolyte  phase. Grens et al. were  able to show 
how systems can become charge t ransfer  or mass 
t ransfer  l imited depending on the magni tude  of the 
physical parameters  involved.  Al though variat ions of 
t ransport  propert ies  were  not considered, their  model  
predicts large concentrat ion gradients in the thin 
film. It should be noted that, of these models, only 
that  of Will has been compared direct ly to exper i -  
ments, and that  his model  incorporated features char-  
acteristic of the hydrogen, sulfuric acid, pla t inum 
system. 

The above theories provide  pr imar i ly  a guide to 
unders tanding the detailed behavior  of the electrode 
reaction within  and near  a thin electrolyte  film which 
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m a y  ex i s t  on  p lane ,  m e t a l  e l ec t rodes .  O t h e r  m o d e l s  
h a v e  b e e n  p r o p o s e d  w h i c h  a t t e m p t  to e x p l a i n  t h e  b e -  
h a v i o r  of p o r o u s  e l e c t r o d e s  in  t e r m s  of c e r t a i n  a s -  
s u m e d  m i c r o s t r u c t u r e s  of t h e  p o r o u s  m a t r i x .  S o m e  
r e c e n t  m o d e l s  b y  G u r e v i c h  (6) ,  R o c k e t t  (7 ) ,  I c z k o w -  
ski  (8) ,  a n d  B u r s h t e i n  et al. (9) ,  h a v e  i n c o r p o r a t e d  
the possibility of a thin film existing on the walls of 
the gas filled pores or cavities within the electrode. Of 
these, the one by Burshtein et al. is of particular in- 
terest, since it includes a transformation of a rather 
sophisticated model into one where equations de- 
veloped for two-phase porous electrodes can be ap- 
plied (10-12). In Burshtein et al.'s model, a detailed 
description of what is taking place within the thin 
film is not undertaken, and a simple, linear relation 
between the local overpotential and the current being 
transferred is assumed. 

The theoretical model to be presented here is one 
in which the details of the film behavior are de- 
scribed. Our model is to be for the oxygen, KOH, sil- 
ver system and is to include a realistic charge transfer 
overpotential relation. It also allows for variation of 
electrolyte composition and consequent changes in the 
solubility of oxygen and in the transport properties of 
oxygen and KOH. Consideration is given to whether 
water transport occurs in the gas phase or the liquid 
phase. Direct comparison of the theoretical model and 
experimental results is designed to further our un- 
derstanding of the system and its controlling features. 

The Mathematical  Model 
Geometr ic  considerat ions.--The m o d e l  d e s c r i b e s  a n  

o x y g e n  h a l f - c e l l  o p e r a t i n g  c a t h o d i c a l l y  in  a q u e o u s  
K O H  e lec t ro ly t e .  F r o m  t h e  a n a l y s i s  of e x p e r i m e n t a l  
r e s u l t s  (1) i t  h a s  b e e n  c o n c l u d e d  t h a t  a l a r g e  p o r -  
t i on  of t h e  r e a c t i o n  t a k e s  p l ace  in  a t h i n  f i lm w h i c h  
e x t e n d s  a b o v e  t h e  b u l k  e l e c t r o l y t e  on  t h e  s u r f a c e  of  
t h e  e l ec t rode .  M e a s u r e m e n t s  of t h e  f i lm t h i c k n e s s  b y  
Mt i l l e r  (13) s h o w  t h a t  t h e  t h i c k n e s s  of t h i s  fi lm d e -  
c r eases  w i t h  h e i g h t  a b o v e  t h e  b u l k  l iqu id .  H o w e v e r ,  
t h e  p e r  c en t  c h a n g e  in  t h i c k n e s s  is s m a l l  c o m p a r e d  
to t h e  o b s e r v e d  p e r  c e n t  c h a n g e s  in  t h e  r e a c t i o n  r a t e  
o v e r  c o m p a r a b l e  d i s t a n c e s  (15) .  In  o u r  mode l ,  to a v o i d  
u n n e c e s s a r y  m a t h e m a t i c a l  diff icul t ies ,  t h e  t h i n  f i lm is 
a s s u m e d  to h a v e  a c o n s t a n t  t h i c k n e s s ,  5. 

S ince  t h e  c u r r e n t  d e n s i t y  w a s  o b s e r v e d  to s p r e a d  ou t  
o v e r  a c o m p a r a t i v e l y  l a r g e  area ,  t h e  c h a r g e  t r a n s -  
f e r r e d  i n  t h e  v i c i n i t y  of t he  c u r v e d  m e n i s c u s  is s m a l l  
c o m p a r e d  to t h e  t o t a l  c u r r e n t .  Th i s  sugges t s  t h a t  t h e  
p r ec i s e  g e o m e t r y  of t h e  m e n i s c u s  is no t  i m p o r t a n t  
(1, 3, 4) .  C o n s e q u e n t l y ,  i n  o u r  m o d e l  (see  Fig.  1) t h e  

t h i n  f i lm is a s s u m e d  to c h a n g e  i ts  t h i c k n e s s  a b r u p t l y .  
Mass transport considerat ions.--Mathematical ly ,  t h e  

m o d e l  is one  d i m e n s i o n a l .  No v a r i a t i o n s  in  c o n c e n t r a -  
t ion ,  c, or  c u r r e n t  d e n s i t y ,  i, across  t h e  w i d t h  of t h e  

E,~r ~i,~ -. ;if! 

.~ o2 g . . . .  ,uro,ea I~i!!::i::i:i 
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: ~ : ; :  a~ueous KOH 

t ~ hode 
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Fig. 1. Mathematical model of the gas-electrolyte-electrode 

interface. 

f i lm a re  cons ide red .  O x y g e n  is a s s u m e d  to r e a c h  t h e  
e l e c t r o d e  b y  d i f fus ion  in  t h e  x d i r e c t i o n  t h r o u g h  t h e  
u p p e r  f i lm (see  Fig.  1). In  t h e  l o w e r  ( b u l k )  e l e c t r o -  
l y t e  r e g i o n  o x y g e n  is a s s u m e d  to m o v e  o n l y  i n  the  
n e g a t i v e  y d i rec t ion .  T h e  c o n s u m p t i o n  of o x y g e n  
t h r o u g h  r e a c t i o n  a t  t h e  e l e c t r o d e  is t r e a t e d  as a h o m o -  
g e n e o u s  s i nk  t e r m  (see  Eq. [10] ) .  

T h e  s y s t e m  is a s s u m e d  to b e  a t  s t e a d y  s ta te .  T h e  
o v e r - a l l  e l e c t r o d e  r e a c t i o n  is 

02 -~- 2H20 -{- 4e- ---- 4 O H -  

The rate of reaction at the electrode is proportional 
to the transfer current density, J. J is taken as posi- 
tive when the reaction proceeds from left to right as 
written. In the thin film, 02 migrates toward the elec- 
trode in the x direction, OH- ions move down the film, 
and the K + ions remain stationary at steady state. 
The water can reach a reaction site by two mechan- 
isms or combinations thereof. It can diffuse up into the 
film countercurrently to the OH- ions or condense 
from the gas phase onto the film surface and diffuse 
cocurrently with the oxygen. Convection is assumed 
to be negligible. 

Equations for electrolyt ic t ranspor t - -Algebra ica l ly ,  
t h e  ionic  f luxes  a n d  t h e  w a t e r  f lux can  be  w r i t t e n  as 

N +  =0 

N _  = - -  i /F  

No = -- I/z Q N- 

v*=~(N+ +N- +No) = ~  1 - - . ~ -  [i] 
cT CTF 

By e l e c t r o n e u t r a l i t y  
c+ = c -  = c [2] 

Q is e q u a l  to u n i t y  if  t h e  w a t e r  is s u p p l i e d  w h o l l y  b y  
d i f fus ion  u p  t h e  film, a n d  i t  is e q u a l  to  zero  if s u p p l i e d  
t o t a l l y  b y  c o n d e n s a t i o n  f r o m  t h e  gas  phase .  I t  s e e m s  
r e a s o n a b l e  t h a t  one  m e c h a n i s m  or  t he  o t h e r  w i l l  be  
c o n t r o l l i n g  so t h a t  Q wi l l  b e  a s s u m e d  to e q u a l  e i t h e r  
one  or  zero.  T h e  m o d e l  is n o t  s u i t a b l e  for  f r a c t i o n a l  
v a l u e s  of Q. 

T h e  e q u a t i o n s  r e p r e s e n t i n g  t h e  f low of c u r r e n t  a n d  
m o v e m e n t  of t h e  K + a n d  O H -  ions  h a v e  b e e n  d i s -  
cus sed  e l s e w h e r e  (14, 15). I n c o r p o r a t i n g  t h e  c o n c e n -  
t r a t i o n  d e p e n d e n c e  of t h e  t r a n s p o r t  p r o p e r t i e s ,  a n d  as -  
s u m i n g  use  of a H g / H g O  r e f e r e n c e  e l ec t rode ,  w e  ob -  
t a i n  

i = ~ V ~ - -  K - - R T V l n a [  2 B F  A + B  + ~ o ]  [3] 

--~) u+ t+  i * 
N +  ~ - - - - - e V ~  + ~ + c + v  [4]  

RT ~, Fz + 

--~)~- t _  i * 
N -  c V ~ + - - + c  v [5] 

R T  ~ Fz_  

- - z + z -  eFx/~CCT -~ G + . A B  ~/~co [6] 

~ ~ + A + ~ - B  ~/CCT 

~kT/~ 
D - [71 

~ + A- t -~-B 

* * c -  co B 
t+  = 1 - - ~ _  = + .  [8] 

CT CT A + B  

V a l u e s  of A, B, a n d  G fo r  K O H  a re  (14, 15) :  A : 
28.89 x 1O - s  cm;  B = 8.63 x 10 - s  cm;  G = 9.,63 x 10 - s  
c m .  

~quations for oxygen  t r a n s p o r t - - I n  t h e  t h i n  film, 
o x y g e n  d i f fus ion  c a n  be  r e p r e s e n t e d  b y  

FD1 [ (p/po) clo _ cl]  
j = , ( y  ~ o) [9]  

b 
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The t ransfer  current  density, J,  is equal  to the oxygen 
flux times 4F. It is assumed that  Henry 's  law holds 
and that  p is the part ial  pressure of oxygen in a tmos-  
pheres. D1 is the diffusion coefficient of oxygen at the 
concentrat ion of KOH exist ing at the point under  
consideration in the film. The numer ica l  calculations 
were  easily adapted to allow for the var ia t ion of D1 
as a funct ion of the KOH concentrat ion (16) at dif-  
ferent  positions in the film. 

In 'the lower  or bulk e lect rolyte  region the fol low- 
ing equat ion applies to s teady-sta te  oxygen transport.  

d2cl J 
D~ - - ,  (y ~ 0) [10] 

dy 2 4F~ 

Equations relating current and overpotential2.--A 
relat ionship be tween  local overpotent ia l  and local 
t ransfer  current  density, J, is still needed. A rev iew 
of the l i t e ra ture  on the kinetics of the oxygen elec-  
trode (15, 36) indicates that  a genera l ly  accepted ki-  
netic description for the oxygen electrode is not yet  
avai lable (17-19). Based on work  by Krasi lshchikov,  
Nefodova,  Belina, and Andreeva  (20-25) and by Ba-  
gotskii and Yablokova (26), a sequence of e lementary  
steps emerges which seems to be satisfactory for use 
wi th  Ag, Au, and Hg electrodes. F rom this react ion 
sequence, summarized by Vet ter  (36), the fol lowing 
kinetic expression can be developed (15) 

4 ( ~  -- 1 )F~  4c~F77 

J = k[O2]~[OH-]X[H20] v ~ RT I~T 
J L e - - e  

[11] 

where  k is a constant, square brackets  indicate the ac- 
t ivi ty of the enclosed species, and n is the  overpoten-  
tial defined as the potent ia l  of the working  electrode 
compared to a revers ib le  oxygen electrode located just  
outside the double layer.  For a si lver electrode in 
alkal ine solution 

a = 0.625, ~ = 0.5, 7 = 0.5 [12] 

Work on carbon electrodes (27-30) also seems to 
support  the above ment ioned react ion sequence. As 
ment ioned in the Appendix,  the kinetics of oxygen 
reduct ion on nickel seems more complex. For  the case 
of si lver it is assumed that  Eq. [11] is applicable at 
any point  on the electrode, i.e., k and a are t rue  con- 
stants wi thout  any dependence on ~1 or position on 
the surface. For nickel  electrodes Eq. [11] would  have  
to be replaced by an expression of a probably more 
complex nature,  accounting for the dependence of the 
ra te-cont ro l l ing  step (or steps) wi th  ~1. A general ly  
applicable reaction sequence or kinetic ra te  expres-  
sion for the reduct ion of oxygen on nickel  does not 
appear  avai lable  (17, 18, 31, 32). For  this reason no 
a t tempt  is made to apply the present  mathemat ica l  
model  to the nickel  electrode. 

Equations relating charge transSer current density 
and current density in the solution.--Two relations 
are needed in addition to the equations already men-  
tioned. Since charge must  be conserved, the t ransfer  
current  density, J, and the current  density in the so- 
lution, i, which is assumed to vary  only in the y di-  
rection, are re la ted by 

di di 
J = ~ 5 - ~ y ,  (y>0) ;~  J = - - ~  d y '  (y<0)~ [13] 

I t  is convenient  to replace the potential  of the re-  
vers ible  oxygen electrode by that  of a H g / H g O  re f -  
erence electrode 

RT 
= - -  r - -  - - I n  { [02]/p} [14] 

4F 

Here r is the potential  of the H g / H g O  reference  elec- 
t rode with  respect to the working electrode. 

A m o r e  d e t a i l e d  d i s c u s s i o n  i s  g i v e n  in  t h e  A p p e n d i x .  

Activities used in kinetic equation.--The activities 
of the react ing species are assumed to be represented 
by the fol lowing: 

[Oe] is assumed to be the concentrat ion of oxygen 
with  unit  act ivi ty  being the concentrat ion of oxygen 
in equi l ibr ium wi th  gaseous oxygen at a par t ia l  pres-  
sure of one atmosphere.  In the numerica l  work  it 
was possible to allow 'the solubili ty of the oxygen to 
depend on the concentrat ion of KOH. 3 

[ O H - ]  is assumed to be the same as the mean ionic 
activity, a, of the KOH. The act ivi ty coefficients were  
taken f rom Robinson and Stokes (33). The act ivi ty 
at a KOH concentrat ion of 3.866M is taken to be unity. 

[co] is assumed to be the concentrat ion of f ree  
water.  This is de termined by subtract ing f rom the 
total wa te r  concentrat ion the concentrat ion of water  
that  is associated with  the KOH ions (14, 15). Uni t  
act ivi ty is assumed to be the act ivi ty of water  in 
3.866M KOH solution. 

Numerical solution.--There are 5 dependent  va r i -  
ables, c, cl, J, 0, and i. These are re la ted by Eq. [3], 
[4], [9] or [10], [11], and [13]. Equat ion [9] is used 
in the upper  film and Eq. [10] in the lower  region. 
Equat ion [14] allows one to convert  f rom ~1 to r when  
desirable. The equations are sl ightly different for the  
upper and lower sections. The two sections are solved 
for separately and their  boundary conditions matched, 
since the potential  and cur ren t  are continuous in the 
electrolyte.  

The boundary conditions at the top of the upper  
film are y -* -t- oc, ~ --> 0, and i --> 0. 

The boundary conditions at the bot tom of elec-  
t rode are: at y = bot tom of electrode, ~ = Oo or i ~ io. 

The equations are nonlinear,  1st, and 2nd order dif-  
ferent ia l  equations. They were  t ransformed into fin- 
ite difference form and solved numer ica l ly  using an 
IBM 7090 digital computer.  In a numerica l  sense, it 
was possible to solve the equations for the thin film 
region exactly. That  is, no i terat ions were  necessary. 
This was accomplished through an appropr ia te  change 
of variables. In the lower  section, i t  was necessary to 
l inear ize  the  equations, put  them in ma t r ix  form, and 
solve the mat r ix  (15). The nonlineari t ies  were  mild, 
and only three or four i terations were  necessary. The 
method appeared to be stable and to converge  rapidly 
to the correct answer. 

Theoretical Results and Comparison with 
Experimental Observations 

Explanation of figures.--Experimentat results are 
summarized in Fig. 2 th rough 6. A comparison be-  
tween the calculated var ia t ion of current  above a 

~ T h e  s o l u b i l i t y  of  o x y g e n  a t  25~ in  a q u e o u s  K O H  a n d  f o r  a 
t o t a l  p r e s s u r e  of 1 a t m  as  d e t e r m i n e d  in  th i s  l a b o r a t o r y  (16) m a y  
be  r e p r e s e n t e d  b y  

cz = (1.18 • 10 -3 m o l e / l i t e r )  e x p  ( - - 0 . 4 0 5 c )  

,oo ~ 
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Fig. 2. Comporlson of experimentally observed current distribu- 
tion with the distribution calculated using the theoretical model. 
Nickel cathode, I -~ 154 /~a/cm. Cell No. 4, runs 7, 9, and 12. 
Numerical solution with 8 ~ 2.25/~, io ~ 1.76 x 10 - 9  amp/era 2. 
Open symbols, experimental points, silver. 
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Fig. 3. Theoretical variation of potential and per cent current 
relative to the meniscus level as a function of applied current. 
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Fig. 5. Theoretical current density distribution relative to the 

position of the meniscus. High current range. 
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Fig. 4. Theoretical current density distribution relative to the 
position of the meniscus. Low current range. 

f ixed p o i n t  on  t h e  e l ec t rode ,  • a n d  t h e  e x p e r i m e n t a l  
o b s e r v a t i o n s  c o r r e s p o n d i n g  to s i m i l a r  c o n d i t i o n s  is 
g i v e n  in  Fig. 2. E x p e r i m e n t a l  o b s e r v a t i o n s  a t  48.4, 
15.4, a n d  1.48 ~ a / c m  w e r e  p r e s e n t e d  in  P a r t  I, Fig.  
4-6. In  t h e s e  f igures  t h e  c u r v e s  r e f e r r i n g  to t h e  s i l v e r  
e l e c t r o d e  a r e  those  c a l c u l a t e d  b y  u s i n g  p a r a m e t e r s  as 
d e s c r i b e d  be low,  w h i l e  t h o s e  for  n i c k e l  r e p r e s e n t  a 
q u a l i t a t i v e  f i t t ing  of t h e  da ta .  No e x p e r i m e n t a l  d a t a  
a r e  a v a i l a b l e  fo r  t he  v o l t a g e  v a r i a t i o n  i n  t h e  film. 

F i g u r e  3 s h o w s  t he  t h e o r e t i c a l  v a r i a t i o n  of p o t e n -  
t i a l  a n d  t h e  p e r  c en t  c u r r e n t  a b o v e  a f ixed p o i n t  on  
t h e  e l e c t r o d e  as a f u n c t i o n  of a p p l i e d  c u r r e n t .  F i g u r e s  
4 a n d  5 p r e s e n t  t h e  c a l c u l a t e d  c u r r e n t  d e n s i t y  v a r i a -  
t i on  a l o n g  t h e  e l ec t rode .  T h e  c u r v e s  in  Fig. 3 a r e  t h e  
i n t e g r a l s  of t h e  c u r v e s  in  Fig. 4 a n d  5 fo r  c o r r e s p o n d -  
ing  t o t a l  a p p l i e d  c u r r e n t s .  F i g u r e  6 s h o w s  c o m p u t e d  
e x a m p l e s  of v a r i a t i o n  in  t h e  c o n c e n t r a t i o n  of K O H  
in  t he  f i lm as a f u n c t i o n  of e l e c t r o d e  he i gh t .  A c o m -  
p a r i s o n  is m a d e  b e t w e e n  t h e  c o n c e n t r a t i o n  v a r i a t i o n s  
fo r  b o t h  m o d e s  of w a t e r  t ra r~spor t  to t h e  r e a c t i o n  
sites. 

C u r r e n t  d i s t r i b u t i o n  a n d  t h e  s q u a r e  m e n i s c u s  a s -  
s u m p t i o n . - - A L  is t h e  i n d e p e n d e n t  v a r i a b l e  u s e d  in  
t h e  e x p e r i m e n t a l  w o r k  w h i c h  i n d i c a t e s  pos i t i on  on  
t h e  e l e c t r o d e  r e l a t i v e  to  t h e  b o t t o m  of t h e  i n t r i n s i c  or  
v i s i b l e  m e n i s c u s .  T h e  v a r i a b l e  y is u s e d  in  t h e  t h e -  
o r e t i c a l  w o r k  to i n d i c a t e  pos i t i on  a l o n g  t h e  e l e c t r o d e  
r e l a t i v e  to t h e  s u d d e n ,  r i g h t - a n g l e  w i d e n i n g  of t h e  
t h i n  film. In  o r d e r  to m a k e  d i r e c t  c o m p a r i s o n  b e t w e e n  
t h e  two  a p p r o a c h e s ,  y a n d  • m u s t  b e  p r o p e r l y  r e -  
l a t ed .  

T h e  d i s t a n c e  f r o m  t h e  top  of t h e  i n t r i n s i c  m e n i s c u s  
o v e r  w h i c h  t h e  c u r r e n t  d e n s i t y  r e m a i n s  a p p r e c i a b l e  
is to be  no ted .  E v e n  a t  t h e  l o w e s t  c u r r e n t s  o b s e r v e d  

I I 1 I ~ l I I I I I I 

8.0 I = 154 u.A/cm 

Water transport 
~ 7.0 in electrolyte only ~ , /  

o..o~o..oo.o..o ~176176176176176  "~ 

g 6.0 ~176176 
"d 

5.0 / ~ r  transport only from 
I /"  gasphasethrough film . .  

4.0, / . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~.. 

, ~ - T ' " ' I  . . . . .  ~'" 
0 4 8 12 16 20 24 

AL, mm 
Fig. 6. Calculated variation of KOH concentration in the elec- 

trolyte film. 

(1.45 ~ a / c m ) ,  t he  a r e a  l y i n g  u n d e r  t h e  l eve l  of t h e  
b o t t o m  of t h e  i n t r i n s i c  m e n i s c u s  c o n t r i b u t e s  less  t h a n  
a t h i r d  -to t h e  t o t a l  c u r r e n t .  A t  t h e  h i g h e s t  c u r r e n t s  
o b s e r v e d  (154 # a / c m )  th i s  f r a c t i o n  fa l l s  to b e l o w  a 
h u n d r e d t h .  T h e  d i s c o n t i n u i t y  of t h e  c u r r e n t  d e n s i t y  
d i s t r i b u t i o n  c u r v e s  a t  AL of 1 m m  (see  Fig. 4 a n d  5) 
r e s u l t s  f r o m  t h e  s q u a r e  s h a p e d  m e n i s c u s  u s e d  in  t h e  
mode l .  I n  r ea l i t y ,  t h e  t r a n s i t i o n  f r o m  t h e  c h a r g e  
t r a n s f e r  a n d  c o n d u c t a n c e  c o n t r o l l e d  r e g i o n  in  t h e  f i lm 
to t he  o x y g e n  m a s s  t r a n s p o r t  c o n t r o l l e d  a r e a  b e l o w  
the  top  of t h e  i n t r i n s i c  m e n i s c u s  occurs  o v e r  a f ini te  
l e n g t h  n e a r  t he  top  of t h e  i n t r i n s i c  m e n i s c u s .  H o w -  
ever ,  t h e  c u r r e n t  .dens i ty  d r o p s  off r a p i d l y  as t h e  fi lm 
b e g i n s  to t h i c k e n  f r o m  a p p r o x i m a t e l y  1~ to a t h i c k -  
ness  in  t h e  o r d e r  of 1 m m  at  t h e  b o t t o m  of t h e  i n -  
t r i n s i c  men i scus ,  o v e r  a v e r t i c a l  d i s t a n c e  of a p p r o x -  
i m a t e l y  1 ram.  T h e  r e g i o n  of h i g h  c u r r e n t  d e n s i t y  a t  
t h e  b o t t o m  of t h e  t h i n  f i lm c o n t r i b u t e s  a l a r g e  p o r -  
t ion  of t he  t o t a l  c u r r e n t .  H o w e v e r ,  t he  r e a c t i o n  r e -  
m a i n s  a p p r e c i a b l e  for  s e v e r a l  m i l l i m e t e r s  a b o v e  t h e  
i n t r i n s i c  m e n i s c u s .  D u e  to  t h e  l a r g e  a r e a  a v a i l a b l e  i n  
the  u p p e r  film, t h e  c o n t r i b u t i o n  to the  t o t a l  c u r r e n t  
f r o m  t h a t  r e g i o n  is a p p r e c i a b l e .  

In  m a t c h i n g  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  c u r -  
r e n t  d i s t r i b u t i o n  cu rves ,  i t  w a s  f o u n d  t h a t  y = 0 co r -  
r e s p o n d e d  to a AL of 1 ram.  Th i s  imp l i e s  t h a t  b e l o w  
t h e  l eve l  of 1 m m  a b o v e  t h e  b o t t o m  of t h e  i n t r i n s i c  
m e n i s c u s  t h e  f i lm t h i c k n e s s  is suf f ic ient  to  c a u s e  o x -  
y g e n  t r a n s p o r t  to b e c o m e  con t ro l l i ng .  

A t h e o r e t i c a l  t r e a t m e n t  u s i n g  a c u r v e d  m e n i s c u s  
a n d  a t a p e r e d  f i lm is poss ib le .  H o w e v e r ,  i t  a p p e a r s  t h i s  
w o u l d  g r e a t l y  i n c r e a s e  t h e  n u m e r i c a l  c o m p l e x i t y  d u e  
to a s econd  g e o m e t r i c  d i m e n s i o n .  S u c h  a m o d i f i c a t i o n  
is n o t  e x p e c t e d  to y i e ld  s ign i f i can t  f u r t h e r  i n f o r m a -  
t ion  or  ins igh t .  I t  is e s t a b l i s h e d  b y  e x p e r i m e n t a l  e v i -  
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dence (1) and a reasonably realistic, theoret ical  model  
that  an overwhelming  proport ion of the current  orig-  
inates wel l  above the bottom of the intrinsic menis-  
cus. The changes in the pat tern  of the current  density 
distr ibution that  can be expected if one substitutes a 
smoothly curving meniscus for the square meniscus 
are not expected to be appreciable. 

Effect o] io.--Of the parameters  which appear in 
the numerical  calculations, several  can be calculated 
from independent  exper imenta l  data. Where  values 
are not available, reasonable est imates have to be 
made. 

The shape and position of the theoret ical  current  dis- 
t r ibution curves depends on the react ion orders, a, }~, 
and 7. These appear  as the exponents  of the O H - ,  
H20, and O2 activities, respectively,  in Eq. [11]. 4 The 
values of ~, k, 7 g iven in Eq. [12] were  based on the 
reaction sequence, ra te-cont ro l l ing  step, (HO2 -~- e -  
= HO2- ) ,  and the value of the t ransfer  coefficient 
recommended by Krasi lshchikov (18). There are, of 
course, a very  large number  of react ion sequences 
and ra te-contro l l ing  steps which might  be chosen. Cal-  
culations involving another  ra te-cont ro l l ing  step 
(02 q- e -  = 0 2 - )  yielded a good fit of the exper i -  
mental  data only when unreal is t ic  values of 5 were  
employed. 

The parameter  known with  the least cer ta inty is k 
in Eq. [11]. When mult ipl ied by the concentrat ion 
terms raised to the appropriate  power  in Eq. [11], k 
can be identified with  an exchange current  density, 
io. A value  for io in the order of 10 -9 a m p / c m  2 was 
found to "fit" the data best. However ,  this could be 
var ied by plus or minus three orders of magni tude  
with  l i t t le effect on the position or shape of the the-  
oretical curve. Al though l i tera ture  reports  on measure-  
ments of io for the oxygen electrode vary  widely,  a 
comparison to the Tafel  lines shown by Belina and 
Krasi lshchikov (25) indicate that  the value used is 
not unreasonable.  The re la t ive ly  insignificant changes 
in distr ibution calculated for io's ranging f rom 10 -6 
to 10 -12 amp/cm~ are to be expected, since in the cur-  
rent  density ranges used in the computations, except  
for large values of AL, the electrode operated in the 
Tafel  region. Thus a change in io results in shift ing 
the potential  of the electrode by a constant value, not 
affecting the distr ibution of current  at a fixed value  
of total current.  

Effect of the film thickness parameter, 5.--The theo-  
ret ical  results were  very  sensitive to changes in the 
film thickness parameter ,  5. It should be r emembered  
that  in real i ty  the film tapers whi le  the model  
assumed 5 to be constant. Since the current  extends 
fur ther  up the film at low currents,  it is to be expected 
that  the  effective average film thickness wil l  decrease 
with decreasing total current.  For  the indicated total  
applied currents,  the fol lowing values of 5 yielded 
good agreement  be tween the exper imenta l  data and 
our model  

1.48 ~a /cm 4.84 #a /cm 15.4 #a /cm 48.4#a/cm 154 #a /cm 
o ~ . ~ ;  ~.4-~ 0.~,  1.~o,, 2 .~T~ 
The values of 5 used in the numer ica l  solutions are 
in reasonable agreement  wi th  the average film thick-  
nesses obtained by Mtiller (13, 15), who noted that  
the average  film thickness increases significantly wi th  
increasing cathodic current.  

As confirmed by our model, exper imenta l  observa-  
tions have shown that  the current  density distr ibution 
varies a great  deal whi le  the film is draining,  i.e., 
while  the film thickness is diminishing with  time. In 
thinning films, the over -a l l  overpotent ia l  increases 
and the react ion spreads less and less into the film. 

Considerat ion of the taper ing of the film may  be 
justified after  sufficient data on film thickness var ia -  
tions wi th  position and current  density become avai l -  

N o t e  t h a t  t h e  P a r a m e t e r  a i s  r e l a t e d  to ( b u t  n o t  t h e  s a m e  as} 
t h e  t r a n s f e r  coeff ic ient .  
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able. Otherwise,  the introduct ion of a second geo- 
metr ic  var iable  would requi re  another  adjustable  pa-  
ramete r  (the slope or curva ture  of the film) wi thout  
appreciably contr ibut ing to the physical unders tand-  
ing of the phenomena  observed. 

Influence of variable transport parameters and water 
transport.--In the present work, current  distributions 
were  calculated both with  constant and var iab le  t rans-  
port  properties.  Al though the assumption of constant 
(average)  propert ies  did not  yield significantly dif-  
fe ren t  distributions, this finding should be regarded 
as val id only under  the specific exper imenta l  condi- 
tions employed. By providing water  to the reaction 
sites through the film f rom the vapor  phase, the 
s teady-sta te  concentrat ion gradient  in the film is quite 
mild compared to the case when  water  t ransport  oc- 
curs by diffusion f rom the bulk electrolyte  in the l iq-  
uid phase (see Fig. 6). 

The high concentrat ion gradients which are pre-  
dicted when  water  is assumed to be t ransported only 
wi th in  the film cause the KOH concentrat ion to ex-  
ceed the saturat ion limit. It is suggested that  in actual 
porous gas electrodes water  is supplied to the reac-  
tion site, at least in part,  by condensation f rom the 
vapor  phase. 

Oxygen transport.--Except for the region below the 
meniscus, oxygen t ransport  should not be a l imit ing 
factor. The numer ica l  results show tha~ throughout  
and across the entire length of the film, the act ivi ty of 
oxygen is ve ry  close to unity, 5 i.e., near ly  identical  to 
the act ivi ty at the e lectrolyte-gas  interface. However ,  
once one moves below the meniscus where  the dif-  
fusion path for the oxygen becomes large, the oxygen 
act ivi ty drops quickly resul t ing in the rapid decrease 
in current  density below the top of the intrinsic 
meniscus. 

Rate-controlling process.--Since our model  shows 
that  the oxygen act ivi ty  does not va ry  noticeably in 
the thin film, it follows that  the penetra t ion of the 
react ion into the film depends on a balance be tween 
the charge t ransfer  overpotent ia l  and resistance drop 
in the electrolyte.  As stated in Par t  I, the significant 
differences be tween behavior  of the nickel and si lver 
electrodes suggest this to be the case. 

Will  (3) in his work  wi th  the hydrogen electrode on 
plat inum found that  the t ransport  of hydrogen gas to 
the electrode surface through the thin film was con- 
trolling, along wi th  ohmic resistance drop, except  at 
very  low currents.  This is not in contradict ion wi th  
the results found for the oxygen electrode. The hy-  
drogen electrode on p la t inum is much more revers ible  
than is oxygen on silver. Consequently,  the concentra-  
t ion of current  in the immedia te  vicini ty  of the in-  
trinsic meniscus is rendered  less possible in the case 
of oxygen, and charge t ransfer  overpotent ia l  along 
with the ohmic drop in the film can be expected to 
control the current  distribution. 

Conclusion 
In the foregoing t rea tment  it is shown that  the  

current  distr ibution under  an electrolyte  film above 
the intrinsic meniscus of an oxygen cathode on silver 
may be quite successfully described by a rat ional  
theoret ical  model. Realistic geometr ic  and kinetic 
parameters  yield a good agreement  be tween  the cal- 
culated distributions and those observed exper imen-  
tally. 

Oxygen t ransport  is not l imit ing in the thin upper  
film. The current  density distr ibution in this region 
arises f rom a balance be tween  charge t ransfer  over -  
potential  and resistance drop in the film. Below the 
intrinsic meniscus, the bulk electrolyte  region, the 
oxygen act ivi ty decreases rapidly due to the mass 
t ransport  l imitat ions of dissolved oxygen. Thus, the 
current  density is small in this region. The high con- 

~ I t  s h o u l d  be  r e m e m b e r e d  t h a t ,  a l t h o u g h  t h e  a c t i v i t y  r e m a i n s  
c o n s t a n t ,  t h e  c o n c e n t r a t i o n  of  o x y g e n  v a r i e s  a l o n g  t h e  l e n g t h  of  
t h e  f i lm  d u e  to t h e  d e c r e a s i n g  s o l u b i l i t y  w i t h  i n c r e a s i n g  K O H  con-  
c e n t r a t i o n .  



598 J O U R N A L  OF THE ELECTROCHEMICAL SOCIETY June 1966 

centrat ion gradients which result  when  water  is not 
supplied f rom the gas phase point to the desirabil i ty 
of supplying water  as vapor  in the oxygen gas. 
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NOMENCLATURE 
A ~subsidiary t ransport  propert ies  defined so as to 
B J r e d u c e  the concentrat ion dependence, A C 
a mean molar  act ivi ty  of KOH = f •  
c c+/v+ = c - / v -  --  concentrat ion of KOH, m o l e /  

cm 3 
cl concentrat ion of oxygen, mo le / cm 3 
cl ~ saturat ion concentrat ion of oxygen under  a par -  

t ial  pressure of 1 atm, mole /cm3-a tm 
c+ concentrat ion of K +, mo le / cm 3 
c -  concentrat ion of O H - ,  mo le / cm 3 
co concentrat ion of water,  mo le / cm ~ 
CT = C+ -~ C- -~ Co ~ total  concentration, includ-  

ing solvent 
D~ diffusion coefficient of oxygen in aqueous KOH, 

cm2/see 
~) molecular  diffusion coefficient of KOH based on 

act ivi ty gradients, cm2/sec 
e electronic charge, coulombs 
e -  symbol for an e lectron 
f •  mean molar  act ivi ty coefficient. [Values f rom 

ref. (33) were  used.] 
F Faraday 's  constant, cou lombs /equiva len t  
i current  density in the solution, a m p / c m  2 
io exchange current  density, a m p / c m  2 
J t ransfer  current  density, a m p / c m  2 
k kinetic pa ramete r  re la ted to exchange current  

density, a m p / c m  2 
N+ flux of K +, mole/cm2-sec  
N -  flux of O H - ,  mole/cm2-sec 
No flux of H20, mole/cm2-sec  
p part ial  pressure of oxygen, a tm 
po reference  pressure, 1 atm. 
Q one when  H20 is t ransfer red  in l iquid phase; 

zero when  H20 t ransferred in the gas phase 
R universal  gas constant, j o u l e / m o l e - ~  
t~ t ransference number  of species i wi th  respect to 

molar  average  veloci ty 
T absolute temperature ,  ~ 
v~ molar  average  velocity,  cm/sec  
x coordinate perpendicular  to the plane of the 

electrode, cm 
y coordinate paral le l  to the electrode in the ve r -  

tical direction, the independent  variable,  cm 
zl valence or charge number  of species i, negat ive  

for anions 
kinetic parameter  re la ted to react ion order of 
oxygen and to the t ransfer  coefficient 
kinetic pa ramete r  indicating react ion order  of 
H 2 0  
film thickness, 
width of annular  electrolyte  region below menis -  
cus, cm 
overpotent ia l  re fe r red  to a revers ible  oxygen  
electrode, volts 
conductivity,  m h o / c m  

~ kinetic pa ramete r  indicat ing react ion order of 
O H -  

~e chemical  potent ia l  of KOH, joule /mole .  (RT  In 
~• c) 
viscosity, poise 

~+ number  of cations per molecule  of electrolyte  
v -  number  of anions per molecule  of e lect rolyte  

overpotent ia l  re fe r red  to a revers ible  Hg /HgO 
electrode, volts 

A P P E N D I X  
Notes o] the Kinetics o~ the Oxygen  Electrode 

There  has been accumulated a body of informat ion 
which suggests that  hydrogen peroxide  is an in te r -  
mediate  in oxygen reduct ion (19-31, 34-36). Al though 

the evidence is fa i r ly  conclusive for such electrodes 
as Ag, Hg, C, and Au, it appears that  there  may  be 
competing sequences of steps on such electrodes as 
Pt  and Ni (17, 18, 31, 34). At  this point only the 
fo rmer  category of electrodes appears amenable  to a 
simple kinetic analysis. 

A rev iew of the above ment ioned references  indi-  
cates that  the assumption of the fol lowing sequence of 
e lementary  kinetic steps is reasonable on Ag, Hg, C 
and Au electrodes. 

1. 02 -b M ~- MO2 
2. MO2 + e -  ~-- MO2- 
3. MO2- -4- H20 ~ MHO2 + O H -  
4. MHO2 + e -  = MHO2-  
5. MHO2-  + H20 = MH202 ~- O H -  
6. MH202 -{- e -  = MOH + O H -  
7. MOH -p e -  = M -p O H -  

The M represents  an adsorption site and, when  as- 
sociated with a molecular  symbol, implies that  the 
molecule  is adsorbed. It is possible for any adsorbed 
molecule  on the r ight  side of an equation to desorb 
before react ing in the next  step. The 0 2 -  and HO2 are 
so react ive that  this is unlikely.  The desorption of 
HO2- or H202 (depending on the pH) could occur. 
However ,  there  is evidence (20, 25) which indicates 
that  on silver and in alkal ine solution the ra te  of de-  
sorption is small compared to react ion by steps 6 and 
7. It should be noted that, because the O2- and HO2 
radicals are ve ry  reactive, they have  not been posi- 
t ively  identified. 

It appears that  the adsorption step is not  rate  con- 
trol l ing and that  ei ther step 2 or 4 is ra te  de te rmin-  
ing. The choice appears to depend on pH and on the 
electrode material .  For  si lver in alkal ine solution step 
4 appears to be ra te  controlling. With these assump- 
tions, the kinetic expression can be wr i t t en  as 

e~4+2 
4 

J = k[O2] [H20]~4 [OH-] (1-~4  ) 

f (at -- 2)F• (a~ + 2)F7/~ 

f e - - e  

where  J is the local t ransfer  current  density, ~4 is the 
t ransfer  coefficient for step 4, ~1 is the local overpo-  
tential, and k is a kinetic rate  constant. Brackets  sig- 
nify the act ivi ty of the enclosed species. 

On electrode surfaces such as nickel  and p la t inum 
it appears that  other  sequences of e lementary  steps 
may compete wi th  those out l ined above (17-19, 31, 34, 
37). On such materials,  meta l  oxides may  appear  in 
some of the e lementa ry  steps. It  is l ikely that  the 
ra te-contro l l ing  step and indeed the whole ra te -con-  
troll ing sequence of steps may  depend on the local 
potential.  Unti l  more  precise informat ion is avai lable 
on the kinetic parameters  the distr ibution of oxygen 
reduct ion on such a surface cannot be predicted. 
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Tracer Diffusion Measurements in Mixtures of 
Molten Alkali Carbonates 

P. L. Spedding and R. Mills 
DifSus~on Research Unit, Research School of Physical Sciences, 

Australian National University, Canberra, Australia 

ABSTRACT 

Tracer diffusion 1 coefficients have been measured for Na + ion in LifCOs, 
for Na + and CO~ = ions in the b inary  eutectic Li/NaCO3, for K + and COs = 
ions in the b inary  eutectic Li/KCO3, and for Na +, K +, and COs = ions in the 
b inary  eutectic Na/KCO3. The magnitudes of the diffusion coefficients and 
the derived exper imental  activation energies are discussed in relat ion to 
previous studies. P re l iminary  work designed to test the Lumsden model for 
interact ion in b inary  mixtures  is also presented. 

We have recently reported (1) tracer diffusion 
measurements  for the pure NafCO3 melt  and for var i -  
ous ions in the eutectic mixture  Li/Na/KCO3. As a 
result  of this study, interest ing comparisons became 
available of the exper imental  activation energies for 
the t ransport  processes of conductance, viscous flow, 
and diffusion. This led us to believe that an extension 
of these studies to b inary  mixtures  would be profita- 
ble. The work has now been extended to include 
Li2CO3 and the b inary  Li/NaCO~, Li/KCO3, and Na/  
KCO3 eutectics. 

A recent publication by Moynihan and Laity (2) 
uses the Lumsden (3) model  to explain ~he change in 
mobil i ty  of ions in b inary  mixtures.  In  addition, we 
have, therefore, made some pre l iminary  tracer diffu- 
sion measurements  in certain b inary  systems with a 
view to being able to test this model further.  As 
stated in the first paper of the series, we believe also 
that  t ransport  studies in the general  area of molten 
alkali  carbonates will  be of value in h igh- tempera ture  
fuel cell work. 

Experimental 
Apparatus and materials.--Full details of the ap- 

paratus and materials used were given in a previous 
paper (1). 

Procedure.--The major  portion of the procedure 
used has also been reported previously (1). How- 

1 I n  a p r e v i o u s  s t u d y  on  t h e  a l k a l i  c a r b o n a t e s  (1) t h e  t e r m  
" ' t r a c e - i o n  d i f f u s i o n "  h a s  b e e n  u s e d .  H o w e v e r ,  i t  h a s  b e e n  i n f e r r e d  
f r o m  t h e  m e a s u r e m e n t s  i n  t h a t  s t u d y  t h a t  t h e  u n i t  i n v o l v e d  in  
t r a c e r  d i f fu s ion  i s  n o t  n e c e s s a r i l y  a s i n g l e  ion  so t h a t  t h e  m o r e  
g e n e r a l  t e r m  is  n o w  p r e f e r r e d .  

ever, several modifications and refinements of this 
procedure have now been made. For example, orig- 
inal ly  the diffusion tubes were held vert ical ly in a 
small auxi l iary furnace and filled by manua l  place- 
ment  of a charged filling capillary. Successful location 
of the capil lary was difficult, and so the method was 
modified. The charged capil lary was momentar i ly  re-  
moved from the auxi l iary furnace and placed in  the 
diffusion tube. The capillary and attached ~ube were 
then placed in the furnace in an almost horizontal 
position for temperature  equilibration.  The tube was 
then brought  to a vertical  position on the top of an 
incl ined plane (leading to a locating hole) and filled 
by a combination of manual manipulation and capil- 
lary air pressure. Occasionally bubbles  were formed 
in the diffusion tube with this method (about 12% of 
tubes filled), but  its rapidi ty made it more attractive 
than the more reliable vacuum filling technique. 

Difficulty was experienced with the l i th ium carbon- 
ate experiments  in removing the solid salt from the 
diffusion tubes due to b inding  of the vibratory drill  
bit. Consequent ly  the salt was drilled out manual ly .  
To minimize this tedious procedure the ini t ial  activity 
was, in this case, determined by a weighing-count ing 
method similar to that  used by Angell  and Tomlinson 
(4). 

Problems arose in the counting analyses due to drift  
in the counting rates arising from various causes. Pro-  
cedures have been developed in this laboratory which 
minimize this source of error, in par t icular  a rota-  
t ional counting technique due to Albr ight  (5). With 
this technique the init ial  (Co) and final (Car) radio- 
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active solutions were  counted a l ternat ive ly  in two 
separate counting trains, 1 and 2. The two counting 
containers, a and b, were  then in terchanged and the 
a l ternate  counting procedure  repeated. The count 
rate, in such a case, would be equal  to the sum of 
products of the radioact ive solution concentration, the 
container  counting efficiency, ~, and the equipment  
counting efficiency, 5. The counts are then grouped so 
as to el iminate the long te rm drift  

Cav (OZa~l Jr- O~b~2) 
Count rat io = 

Co (~5~ + ~at~=) 

Assuming that  ~b = (1 q- x) ~a and f12 = (1 q- Y)~i 
where  x and y are ve ry  small  and also constant, then 
by substitution 

C~v - a ~  [1 + (1 + x ) ( 1  + y ) ]  
Count ratio = - -  

Co C~a~l [(1 + y) + (1 + X)] 

Gay 

Co 

With a sufficient number  of counts, a counting repro-  
ducibil i ty of bet ter  than • 0.1% has been achieved 
using this method which is more *han sufficient count-  
ing accuracy for the open-ended capillary. 

Auxiliary Measurements 
End Effects.--Errors due to the end effects associ- 

ated with  the open-ended capi l lary method were  dis- 
cussed in a p re l iminary  way in the previous study 
(1), and it was concluded that  an exper imenta l ly  
der ived flow region existed in which the Al effect 
was negligible. However ,  as there  has been a certain 
amount  of controversy in the l i tera ture  concerning the 
effect, we have  now made a more  detailed analysis 
using boundary layer  theory (6, 7). 

The boundary layer  refers  to the region of progres-  
sive reduct ion of veloci ty  f rom the main s tream value 
to zero at the adher ing molecular  layer  on the solid 
surface. When a l iquid flows past an open-ended cap- 
i l lary at s t ream-l ined  velocities (Fig. 1), a boundary 
layer  is formed at the leading edge and a point of 
t h r ee -way  separation at the trai l ing edge of the capil-  
lary. This la t ter  would cause a t ra i l ing tu rbu len t  re-  
gion to be set up in the form of Karman ' s  vo r t ex  
streets. This la t ter  condition occurs at Reo ~ 1 for a 
cyl inder  in cross flow (7), where  Reo is the Reynolds 
number  re fer red  to the ex te rna l  capi l lary diameter .  
The boundary layer increases in thickness across the 
capil lary tube face unti l  it meets the turbulent  f ront  
set up by the t rai l ing edge. With increased flow veloc-  
ity a turbulent  profile would occur at a steadily de- 
creasing crit ical  distance f rom the leading edge. The 
lower  point  of this tu rbu len t  profile would sweep 
clown through the boundary layer  disturbing the l iq-  
uid in the vic ini ty  of the capi l lary face and resul t  in 
high diffusion coefficients being recorded. Calculation 
shows that  this turbulent  f ront  begins to remove  ra -  
dioactivi ty f rom the bore of the capi l lary at high 
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Fig. 1. Diagrammatic representation of the flow patterns over 
a capillary face. 

velocities (Reo = 1,484) i.e., well  beyond the range 
normal ly  considered in re la t ion to the t,t effect. 

Fur ther ,  the measured diffusion coefficients for 
aqueous solution (Fig. 2) show an initial sharp rise 
and then a steady increase up to about Reo = 190 
whereaf te r  the rise is increasingly rapid. It  is obvious, 
therefore,  that  the Al effect is not pr imar i ly  caused by 
the externa l  boundary  layer,  but  must  be due to phe-  
nomena within its precincts. This conclusion is re in-  
forced by consideration of plots of measured diffusion 
coefficients in various media  against Reo (Fig. 3). 
These graphs exhibi t  no s imilar i ty  among different 
media such as aqueous solutions and molten metals  
and salts; an occurrence which would be expected 
had the Al effect depended pr imar i ly  on the externa l  
boundary layer. The fact is that  the dense mol ten 
media consistently show a more  pronounced effect. 

A* first sight, it would  seem more  realistic to plot 
the measured diffusion data against  Re1, the Reynolds 
number  de termined  by using the d iameter  of the 
capi l lary bore, since the phenomena causing the Al 
effect are in the vicini ty  of the capi l lary bore and 
encompassed by the externa l  boundary  layer. Such 
plots do mater ia l ly  change the re la t ive  order among 
the differen* media shown in the lower par t  of Fig. 
3, but  reasonable agreement  is still  lacking. This helps 
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Fig. 2. Variation in measured diffusion coefficient with increas- 
ing flow over the capillary face. X, Mills (8); e,  Rastas and Kivalo 
(9). 
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Fig. 3. Effect of flow conditions on the measured diffusion co- 
efficients in various liquid media. In the upper section the flow is 
referred to the capillary bore and in the lower section to the 
external capillary diameter. 
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to confirm our conclusion that  the flow phenomena  
causing the Al effect are unconnected with the ex-  
ternal  boundary layer. Reference  to Fig. 1 shows how 
we  envisage the flow disturbance. The leading edge of 
the capi l lary bore constitutes a point of separat ion 
while  another  internal  boundary  layer  is set up at its 
t rai l ing edge. This la t ter  format ion would be very  
disturbed because of the concave nature  of the sur-  
face of the bore wal l  presented to the flow. The total 
effect of these inner  disturbances is that  a w a v e -  
shaped profile is established over  the mouth  of the 
bore, r ising above the datum of the capil lary face at 
the leading edge and sweeping down into the capil-  
la ry  bore just  prior to the t rai l ing edge. Within a 
certain l imi ted flow region these two effects would 
cancel (wi thin  exper imenta l  e r ror ) ,  and the • effect 
would in essence be e l iminated which is in line wi th  
the exper imenta l  findings of Mills (8). Dye exper i -  
ments in aqueous solution have  visual ly confirmed 
that these two opposing effects are, in fact, present.  

The lack of s imilar i ty of the Rel plots of measured  
diffusion coefficients for the different media  i l lus-  
t rated in the upper  par t  of Fig. 3 could wel l  be caused 
by the differing exper imenta l  conditions involved.  A 
tempera tu re  gradient  is imposed purposely in dense 
media  to p reven t  the occurrence of thermal  mixing.  
No such provision was made in the aqueous solution 
measurements  where  apparent ly  the much na r rower  
capi l lary d iameter  employed effectively suppressed 
thermal  mixing. The imposed tempera tu re  gradient  
also would stabilize the no flow condition in the 
mol ten  salts resul t ing in the much greater  flow influ- 
ence shown in the lower  part  of Fig. 3. The in te rme-  
diate position of the alkali  metal  carbonate eutectic 
results substantiates this v iew as the t empera tu re  
gradient  employed was considerably smaller  than that  
normal ly  used for mol ten salts. The difference be-  
tween the no flow and imposed flow conditions is af- 
fected also by the t empera tu re  of the bath. For exam-  
ple in Fig. 4 the diffusion coefficients de termined  for 
the no flow and Re9 = 12 flow conditions are plotted 
as a function of temperature .  It should be noted in 
passing that, due to the re la t ive ly  large viscosity 
change involved,  flow rates were  al tered with t emper -  
a ture  to ensure a constant Reynolds number  and con- 
sequent ly  comparable  flow conditions. The difference 
be tween the  two values is observed to diminish with  
increased t empera tu re  as thermal  movemen t  in the 
main salt  bath increasingly affects the conditions at 
the capi l lary mouth. 

Effect of CO2.--Certain CO3 = anion diffusion ex-  
per iments  in the Li /KCO3 eutectic were  conducted 
under  conditions of excessive CO2 pressure to ascer-  
tain if dissolved CO2 in the mel t  would mater ia l ly  
affect the results. Normal ly  the apparatus was main-  
tained under  a CO2 pressure wel l  in excess of the re-  
spective dissociation pressures of the melts in order  

TEMPERATURE #C 
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Fig. 4. Measured diffusion coefficients of Na + ion in L i /Na /  
KCO3 ternary eutectic for the no flow and corrected flow conditions. 
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to ensure constant composition. With double the nor-  
mal CO., pressure, no observable var ia t ion was de-  
tected in the measured diffusion coefficients so the 
possibility of a CO~ effect could be discounted. 

Results 
The data for tracer diffusion of the various ions in 

the melts invest igated are detailed in Tables ~ I to IV. 

Table I. Tracer diffusion in Li/NaCO3 eutectic melt 
(53.3/46.7 mole %)  

T e m p ,  D * N a  + • 103, T e m p ,  D ' C o 3 =  • 105, 
~ C c m ~ / s e c  * C c m ~ / s e c  

5 8 0  1 .47  5 6 9  0 . 7 0  
1 .49  0 .72  
1 .49  0 . 7 3  

632  2 . 2 4  622  1 .0S  
2 . 1 9  1 .08  
2 . 2 8  1 .06  

671  2 . 7 5  680  1 .73  
2 . 7 0  1 .68  
2 . 8 1  1 .69  

768  4 . 7 8  720  2 . 2 4  
4 .82  2 . 1 8  
4 . 8 9  2 . 1 9  

811  5 . 9 9  789  3 . 0 3  
5 . 8 6  3 . 0 3  

853  7 . 0 9  3 . 0 3  
7 .43  8 4 2  3 . 8 7  
7 .23  3 . 8 2  

3.83 

D * N a  + = (9 .81  • 0 .14)  • 10  -3 e x p  - -  ( 1 0 , 9 9 0  _ 1 4 0 ) / i ~ T  
D ' c o 5  = = (7 .36  • 0 .32)  • 10  -8 e x p  --  ( 1 1 , 5 6 0  • 120)/RT 

Table II. Tracer diffusion in Li/KCO3 eutectic melt 
(42.7/57.3 mole %)  

T e r n p ,  D * K  + X 105, T e m p ,  D ' c o s =  • l 0  B, 
~  c m ~ / s e c  ~  cn ' /~ / sec  

6 1 4  1 .07  575  0 . 6 9  
1 .11  0 .72  

6 5 0  1 .35  0 .71  
1 .36  0 . 6 9  
1 .42  645  1 .20  
1 .37  1 . 2 0  

6 9 8  1 .84  1 .19  
1 . 8 4  6 9 4  1 . 5 9  
1 . 8 3  1 . 6 7  
1 .90  1 .62  

761  2 . 6 8  750  2 . 2 9  
2 . 6 8  2 . 3 0  
2 . 6 0  2 . 3 5  

8 1 4  3 .50  789  2 . 9 2  
3 .51  2 . 0 3  
3 . 5 4  2 . 8 8  

860  4 . 2 4  2.88 
4 . 2 9  862  4 . 1 3  
4 . 4 8  4 . 1 7  
4 . 1 9  4 . 1 0  

D * K  § = (7 .26  - -  0 .43)  • 10  -3 e x p  - -  ( 1 1 , 4 9 0  ----4- 120)/RT 
D * c o ~  = = ( 7 . 9 4 _  0 .41)  x 10  -3 e x p  --  ( 1 1 , 8 6 0  • IO0)/RT 

Table Ill. Tracer diffusion in Na/KCO3 eutectic melt 
(58.0/42.0 mole %)  

T e m p ,  D * ~ a  + x 103 , T e m p ,  D * K  + X 10  ~, T e m p ,  D ' c o 3  = x 105 , 
~ c r n ~ / s e c  ~ c m ~ / s e c  ~ c m ~ / s e c  

8 1 0  3 . 3 2  7 9 3  2 . 8 8  7 5 6  1 .22  
3 . 3 4  2 . 9 1  1 . 1 8  

8 4 0  3 . 9 7  8 5 0  3 . 6 0  1 .28  
3 . 8 0  3 . 7 7  7 9 7  1 .53  
3 . 8 7  3 . 7 6  1 . 4 9  

8 6 2  4 . 3 5  872  4 . 1 8  1 .52  
4 . 3 1  4 . 2 0  8 1 9  1 .79  
4 . 4 3  9 0 4  4 . 9 4  1 .65  

9 0 4  5 . 3 6  4 . 9 4  1 .72  
5 . 3 0  4 . 9 6  8 5 5  1 . 9 4  

9 3 2  6 . 0 7  4 . 8 2  2 . 0 1  
5 . 9 6  912  4 . 8 9  1 .96  

9 6 5  6 . 6 0  4 . 9 1  1 .88  
6 . 3 3  5 .01  891  2 . 2 2  

5.01 2 . 2 1  
963  6 . 0 4  2 . 3 6  

6 . 1 2  9 1 9  2 . 6 8  
6 . 2 6  2 . 8 0  

D * N a  ~- = (8 .18  • 0 . 74 )  X 10-3  
D * K  + ~ (7 .61  - -  0 . 52 )  X 10-3  
D 'COs=  = (2 .71 -4 -  0 .30)  • 10  -3 

e x p  --  ( 1 1 , 8 2 0  ~ 2 2 0 ) / R T  
e x p  - -  ( 1 1 , 8 4 0  ~ 1 7 0 ) / R T  
e x p  - -  ( 1 1 , 0 3 0  -4- 1 2 0 ) / R T  
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Table IV. Tracer diffusion in Li2CO3 melt 

Temp,  D*~a+ • 105, 
~ cm~/sec 

809 1.46 
1.51 

856 1.70 
1.78 

871 1.80 
905 2.12 

2.25 

D*.~+ = (1.32 • 0.44) • 1O -a exp  -- (9,630 ~ 370)/RT 

The constants in the equations were  calculated by the 
method of least squares. 

Discussion 
The diffusion data from this study together  wi th  

lhose f rom our previous paper, are represented in Fig. 
5 in the form of Arrhenius  graphs (log D vs. l / T ) .  
Comparing first the magnitudes of the various diffu- 
sion coefficients it can be seen that  for any given 
medium, the diffusion mobil i ty  varies inversely  with 
the ionic radius. For ions isotopic to a species in the 
medium similar trends have been observed in alkali  
meta l  ni trates (13) and in their  b inary mixtures  (14). 
It should be noted, however ,  that  this type of depen-  
dence does not necessarily hold for nonisotopic trace 
species as has been shown by Kete laar  and Honig 
(15). 

Another  feature  which  is brought  out by Fig. 5 is 
the marked  change in diffusion mobil i ty  which is 
shown by both Na + and CO3 = ions in different media. 
The Na + ion, for instance, has a high coefficient in all 
the eutectics and in pure Na2CO3, but a much lower 
value in pure  Li2CO.~. This is contrary to what  might  
have been expected if certain aspects of the Lumsden 
model  (3) had been considered to apply. These as- 
pects concern the preferent ia l  polarization of an- 
ions by the smaller  cations in a binary melt. On 
this model, in Li2CO:t the CO:~ = anions would pre-  
sumably be strongly polarized thus leaving the Na + 
ions with more f reedom of movemen t  compared to that  
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Fig. 5. Arrhenius graphs of the measured diffusion coefficients 
of various ions in pure alkali metal carbonates and their binary 
and ternary eutectics. 

in the pure Na2CO3 melt. An explanat ion for the 
low Na + ion mobil i ty  can, however ,  be given if 
we accept a latt ice picture for mol ten carbon-  
ates. The pure Li2CO3 mel t  can then be visualized 
as a fair ly close-packed anion- type  lattice, wi th  the 
small Li + ions fitting into the interstices. The trace 
sodium ions introduced would sl ightly expand the 
latt ice in their  neighborhood, but basically it would 
remain  as in the pure salt. Under  these conditions a 
low diffusion mobil i ty would be expected. As a co- 
operat ive act is probably involved,  the CO3 = ion 
might  be expected to have a fa i r ly  low mobil i ty  in 
this mel t  also, but fur ther  exper iments  wil l  be made 
shortly to check this prediction. 

The CO3 = ion has a low mobil i ty  in the N a / K  and 
L i / N a / K  eutectics and pure Na2CO3, but  it almost 
exact ly doubles in the L i / K  and L i /Na  eutectics. 
There  is no obvious explanat ion for the marked  
change in diffusion mobil i ty be tween the two groups 
of melts. One cannot a t t r ibute  it solely to greater  dis- 
tort ion arising f rom difference in ion size in the bin-  
ary eutectics containing l i th ium because this factor 
would also operate in the te rnary  eutectic. The meas-  
u rement  of t racer-diffusion coefficients of the Li + 
ion may help to resolve this problem. 

The slopes of the curves in Fig. 5 give the "Ar r -  
henius activation energy"  for tracer-diffusion. As 
stated in our previous paper (1) the exact  significance 
of these energies and their  relat ion to theory are not 
known. However ,  it is general ly  agreed that  -they have 
qual i ta t ive  value  in the in terpre ta t ion of the mode 
of diffusion in mol ten salts. In Table V we have tabu-  
lated these exper imenta l  act ivation energies together  
with those avai lable for other  t ransport  processes. 

The differences between the exper imenta l  activation 
energies for conductance, viscous flow, and tracer  dif- 
fusion, and possible qual i ta t ive  explanat ions of these 
differences have been discussed in our first paper. In 
brief, the high activation energy for viscous flow in 
the pure melt  was a t t r ibuted in part  to the necessity 
to shear a lattice which derives its stability f rom the 
coulombic forces be tween the ions. The low value  for 
conductance was explained by the abili ty of cations to 
migrate  through the latt ice wi thout  appreciable dis- 
turbance whereas  the constancy of the diffusion acti-  
vat ion energies suggested some kind of cooperat ive 
act between anion and cation. The new data which 
have been added reinforce these conclusions. In par -  
t icular  the s imilar i ty be tween the diffusional act iva-  
tion energies for all ions studied in the six media is 
again most striking. The inference that  diffusional 
movement  in these melts proceeds by some coopera-  
t ive act, which may be a coupled vacancy mechanism, 
ion-pair  motion, or cluster movement ,  seems inescap- 
able. At the moment  evidence f rom other fields as 
summarized by Janz and co-workers  (1.6) favors the 
ion-pai r  concept of the form (M+CO3 = ) - .  

The appearance of a recent  paper  by Moynihan and 
Laity (2) in which they predicted that  t racer  diffusion 
coefficients in binary melts might  be expected to show 
a closer l inear dependence with composition than the 

Table V. Experimental activation energies of transport in 
alkali carbonate melts 

M e d i u m  k c a l / e q ,  k c a l / m o l e  k c a l / m o l e  

Na~CO~ 4.23 (16a) 25.7 (16b) 12.2 (Na+) 
10.6 (CO~=) 

LieCO3 4.60 (16d) 9.6 (Na+) 
Li/NaCC~a 4,53 (16d) i i . 0  (Na +) 

eutect ie  11.6 (COa =) 
Li /KCOa 4,49 (16d) 11.5 (K +) 

eu tec t i c  11.9 (CO8=) 
Na /KCOu 3.96 (16d) 11.8 (Na+) 

eu tec t i c  11.8 (K+) 
11.0 (COa =) 

L i / N a / K C O ~  6.46 (16c) 10.7 (16b) 11.1 (Na+) 
e u t e c t i c  11.9 (K+) 

10.1 (CO~=) 
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Fig. 6. Activation energies and tracer-diffusion coefficients of 
Na + cation and COs = anion in L.i2COJNa2CO3 mixtures. 

ionic conductances, prompted us to make  pre l iminary  
measurements  of this kind. These measurements  are 
for Na + and CO3 = ions at the eutectic composition of 
the Li/NaCO3 binary mixture,  Na + in Li2CO3 and 
Na2CO3 and CO3 = in Na2COs. The results are shown 
in graphical  form in Fig. 6. For  the reasons outlined 
earlier,  we have  tenta t ive ly  assigned a value  for CO3 = 
ion in Li2COa equiva len t  to that  for Na + ion. It  is evi-  
dent .that the t racer  diffusion coefficients for Na + and 
CO3 = at the indicated tempera tures  are by no means 
l inear  with composition, but  instead show a marked  
posit ive deviat ion f rom the addi t iv i ty  line. This is to 
be compared with  the results of Lante lme and Chemla 
(14) in the alkali  ni trates who have  reported a posi- 
t ive deviat ion for K + in K N O J L i N O 3  mixtures.  Other 
cations, however ,  exhibi t  a near  l inear dependence. 
Fur ther  points of interest  are that  the Na + ion diffu- 
sion mobil i ty  is lower  in Li2CO3 than in Na2CO3 
which is in contrast  to cation diffusion in the alkali  
nitrates. Lante lme and Chemla (14) have shown that  
Li +, Na +, and K + ions diffuse faster  when going over  
a composit ion range f rom KNO3 to LiNOs. However  
they have reported more  recent ly  (17) that  for NO3- 
ion the values diminish as the mixtures  are enriched 
in LiNO3. The high values of the coefficients at the 
eutectic point are also noteworthy,  and these may 
wel l  represent  max ima  on the  curves. As our meas-  
urements  were  made at a series of temperatures ,  we 
have also been able to determine  exper imenta l  act iva-  
tion energies and these are shown in the lower  part  of 
Fig. 6. The values for Na + ion rise fair ly steadily, and 
those for CO3 = ion indicate a maximum.  Such trends 
are not readi ly  explained, and we therefore  propose 

to make  measurements  to explore  this type of be-  
havior  fur ther .  

We have also made a detailed study of the conduc- 
tance for this b inary system and obtained a negat ive 
deviat ion f rom the addition line for two of the binary 
systems. These differences be tween the two processes 
serve  to reemphasize tha t  the mechanisms of conduc- 
tion and tracer  diffusion in mol ten salts may  differ 
considerably. (The reservat ion should be made that  
the t racer  diffusion of Li + ion would also need to be 
measured in order  to say definitely that  the processes 
are  different in character.)  This fact  of course has 
previously been inferred f rom at tempts to apply the 
Nerns t -Eins te in  equat ion and f rom the marked  dif-  
ference be tween the Arrhenius  act ivation energies for 
the two processes. 

In  the context  of the fuel  cell e lectrolyte  problem, 
it may  be noted that, al though COn = ion diffusion is 
considerably faster  in the binary than the te rnary  
eutectics, this seems to have l i t t le or no effect in re -  
ducing polarization in mol ten  salt cells. Both the 
binary Li/NaCOa and the t e rna ry  L i /Na /KCO3 eutec-  
tics have  been used as fuel  cell e lectrolytes and the 
voltage losses are ve ry  comparable  in each case (18). 
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The Role of Crystalline Orientation on the Behavior of Copper 
as Electrode in Chloride Solutions 1 

Ugo Bertocci 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Single crystal  copper electrodes having (100), ( i f0 ) ,  ( i l l ) ,  and (321) 
orientations, as well  as polycrystal l ine specimens, have been used as elec- 
trodes in chloride solutions containing cuprous ions, previously equi l ibrated 
with copper metal  under  a hydrogen atmosphere.  Anodic and cathodic over-  
voltages as a function of current  density have been recorded in the range 
f rom l0 -7 to 10 -3 a m p / c m  2. Facet ing pat terns  formed by electrolysis at various 
current  densities, as wel l  as those formed by corrosion in nonequi l ibra ted  
solutions, have been examined,  using both the optical microscope and the 
double-ci rc le  reflection goniometer .  In all instances, it has been found that  
the behavior  of (100) oriented surfaces was quite different from that  of all 
other orientat ions investigated. The overvol tages  recorded for (100) elec-  
trodes were  considerably higher, exhibi t ing an ex t remely  high (d~/di)i=o 
of the order  of 105 ohm-cm 2. Lower  overvol tages were  found on the other  
close-packed orientations, differences between them being only minor, and the 
lowest values were  exhibi ted by (321) oriented electrodes. 

The facet ing behavior  of (10O) surfaces was also different f rom that  of 
all other  orientations: whereas  (100) developed only facets vicinal  to {100}, 
the other  surfaces formed a completely  different set of facets, including {111} 
and {110}. By correlat ing the overvol tage  data and the faceting structure,  
some suggestions are made  concerning the re la t ive  influence of e lementary  
processes, such as nucleat ion of new steps and their  motion across the surfaces 
on the kinetic behavior.  The most l ikely conclusion at this stage seems to 
be that  the ra te -de te rmin ing  step is l inked to the removal  or addit ion of 
atoms to the surface steps. 

The study of the electrochemical  behavior  of copper 
in halide solutions presents the possibility of examin-  
ing the electrode react ion be tween copper meta l  and 
cuprous ions, since divalent  copper plays only a minor  
role. In addition, in such solutions the etching pat te rn  
can be made very  sensitive to the s t ructure  of the 
crystal l ine phase, as evidenced by the format ion of pits 
at dislocations (1). Overvol tage  data for copper in 
chloride solutions being re la t ive ly  scarce, it was in-  
terest ing to collect informat ion on the kinetic behavior  
in such systems as a funct ion of crystal  orientation, 
par t icular ly  in the low current  density range, where  
the propert ies  of the meta l  surface can be ra te  de te r -  
mining. 

In this paper  the results of some exper iments  
showing the influence of crystal  or ientat ion on the 
electrochemical  behavior  of copper are described and 
discussed. 

Experimental Methods 
The copper crystals used for the exper iments  were  

disk-shaped slices cut f rom 99.999% Cu single crystal  
slugs. The dislocation density was of the order  of 105/ 
cm 2. The cutt ing method has a l ready been described 
(2). In order  to obtain orientat ions as close as possible 
to the desired ones (usually within one half  of a de-  
gree or less), before  polishing the surfaces on the lap-  
ping wheel,  the etched crystals were  positioned on an 
adjustable  holder, using a microscope fitted with  the 
Nomarski  in terference contrast  a t tachment  to control 
their  orientation. The technique employed to measure  
the orientat ion of etching facets, as wel l  as the modifi- 
cations to the microscope, are described e lsewhere  (3). 

Af te r  a final electropolishing in a phosphoric acid 
bath, the crystals were  mounted  in the electrolysis cell 
against glass tubings, having beveled Teflon gaskets at 
their  ends, so that  the electrodes exposed only one 
orientat ion to the solution. Three crystals were  
mounted in the same cell. A more detai led description 
of the cell has been given in a previous paper (4). 
The cell was evacuated and filled with  purified hydro-  

1 Resea rch  sponso red  by  the  U. S. A t o m i c  E n e r g y  C o m m i s s i o n  
u n d e r  con t r ac t  w i t h  U n i o n  Ca rb ide  Corpora t ion .  

gen several  times, and then the solution, which had 
been equi l ibrated with  copper metal,  was t ransferred 
in the cell under  hydrogen pressure. 

Overvol tage  measurements  were  carried out by 
passing a constant current  pulse be tween the elec- 
trode under  invest igat ion and an auxi l iary  electrode 
by means of a group of dry cells and a large resis- 
tance in series. The vol tage vs. t ime curves were  re-  
corded on a strip chart  recorder  coupled to a h igh-  
impedance amplifier. In most exper iments  the re fe r -  
ence electrode was a saturated calomel electrode. 
Sometimes the curves were  recorded on a ca thode-ray  
oscilloscope, a suitable t iming device giving the re-  
quired synchronizat ion to display the signal on the 
scope screen. 

Because of the small currents  employed and the 
high conduct ivi ty  of the solution, no device for mini-  
mizing the errors due to ohmic drop was used; checks 
carried out comparing data taken f rom reference elec-  
trodes positioned a't different distances from the elec- 
trode under  study, as wel l  as inspection of the vol t -  
age- t ime curves on the cathode ray oscilloscope, 
showed that  the ohmic drops included in the readings 
were  always negligible. 

For  qual i ta t ive  informat ion on the re la t ive  rate of 
attack of different orientations, some etching exper i -  
ments were  also carr ied out on spherical single crys-  
tals; their  surfaces were  prepared by electropolishing 
in a phosphoric acid bath. 

After  the exper iments  the copper electrodes were  
examined under  the optical microscope, and the or ien-  
tat ion of the faceting pat tern  obtained was studied by 
means of a double circle reflection goniometer.  

Experimental Results 
Pre l iminary  investigations were  directed to finding 

whe ther  specimens having different surface or ienta-  
tion exhibi ted different equi l ibr ium potentials. It  was 
soon realized, however ,  that  the solutions always con- 
tained cupric ions in excess of the equi l ibr ium con- 
centrat ion and therefore  the electrodes were  corrod-  
ing. The corrosion rate, due to oxygen leakage into the 
cell, was est imated to be of the order of 20-50 tm/cm 2, 
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Fig. 1. Overvoltages of Cu single crystals in 0.03M Cu, 2.7M 
HCI under slow corrosion; temperature 23.5~ 

as c a l c u l a t e d  f r o m  t h e  i n c r e a s e  of Cu c o n c e n t r a t i o n  in 
so lu t ion .  

F u r t h e r  i m p r o v e m e n t s  in  t h e  e x p e r i m e n t a l  s e t u p  
r e d u c e d  t h e  c o r r o s i o n  r a t e  b e l o w  a n y  d e t e c t a b l e  
v a l u e ;  a c c o r d i n g l y ,  t h e  f o r m e r  e x p e r i m e n t s  wi l l  be  
r e f e r r e d  to as e x p e r i m e n t s  u n d e r  co r ros ion ,  a n d  t h e  
l a t t e r  ones  as e x p e r i m e n t s  i n  a b s e n c e  of d e t e c t a b l e  
co r ros ion .  E v e n  in  t h e  l a t t e r  case,  h o w e v e r ,  i t  is be -  
l i e v e d  t h a t  t h e  solu ' t ion c o m p o s i t i o n  w a s  no t  t h a t  co~ ~- 
r e s p o n d i n g  to e q u i l i b r i u m ,  a n d  t h e  e x p e r i m e n t a l  r e -  
su l t s  a r e  i n t e r p r e t e d  a c c o r d i n g  to t h i s  a s s u m p t i o n .  

Experiments under corrosion.--The p o t e n t i a l  d i f f e r -  
ences  b e t w e e n  d i f f e r e n t  s u r f a c e  o r i e n t a t i o n s  u n d e r  
s low c o r r o s i o n  c o n d i t i o n s  s h o w e d  t h a t  a f t e r  a v e r y  
s h o r t  p e r i o d  of t i m e  a s t e a d y  s t a t e  w as  r e a c h e d  in  
w h i c h  t h e  (100) o r i e n t a t i o n  w a s  n o b l e r  t h a n  (110) 
a n d  (111) b y  a b o u t  15 inv.  T h i s  p o t e n t i a l  d i f f e r e n c e  
cou ld  b e  m a i n t a i n e d  w i t h i n  3 to 5 m v  fo r  p e r i o d s  of 
t i m e  as l o n g  as 16 days ,  a f t e r  w h i c h  t h e  e x p e r i m e n t  
w a s  s topped .  (111) c r y s t a l s  w e r e  s l i g h t l y  m o r e  n e g a -  
t i ve  t h a n  (110) .  P o t e n t i a l  vs. c u r r e n t  d e n s i t y  c u r v e s  
r e c o r d e d  on  t h e s e  s l o w l y  c o r r o d i n g  s p e c i m e n s  a r e  
s h o w n  in  Fig. 1. T h e  o v e r v o l t a g e  c u r v e s  fo r  t h e  v a r i -  
ous  o r i e n t a t i o n s  i n t e r s e c t  a t  a c e r t a i n  v a l u e  of c a t h -  
odic  c u r r e n t  dens i ty .  Th i s  v a l u e  is a p p r o x i m a t e l y  
e q u a l  to  t h e  c o r r o s i o n  r a t e  d e t e r m i n e d  f r o m  t h e  i n -  
c r ease  w i t h  t i m e  in  c o p p e r  c o n c e n t r a t i o n  i n  so lu t ion .  
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Fig. 2. Overvoltages of Cu in 0.09M Cu, 2M KCI, I M  HCI. �9 
(100), �9 (111), �9 (321); temperature 23.5~ 
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Fig. 3. Overvoltages of Cu in 0.04M Cu, 2.7M HCI. Decreasing 
CD, []  (11111); A (321); O polycrystalline; increasing CD, �9 (100); 
�9 (321); e ,  polycrystalline; temperature 23.5~ 

I n s p e c t i o n  of t h e  s u r f a c e s  a f t e r  t h e  t e s t  s h o w e d  
e x t e n s i v e  f a c e t i n g  on  a l l  o r i e n t a t i o n s .  O n  (100) c r y s -  
t a l s  s h a l l o w  s q u a r e  p i t s  w e r e  f o r m e d  a t  a n  e a r l y  
s tage ,  a n d  t h e y  s u b s e q u e n t l y  g r e w  to c o v e r  t he  w h o l e  
su r face ,  l e a v i n g  i t  u n i f o r m l y  face ted .  T h e  (111) c r y s -  
t a l s  h a d  l a r g e  p l a t e a u s  of t h e  o r i g i n a l  (111) o r i e n t a -  
t ion,  b o u n d e d  b y  s t eep  wa l l s ;  (110) s u r f a c e s  w e r e  cov -  
e r e d  b y  g r o o v e s  o r i e n t e d  t o w a r d  < 1 1 0 > .  E x a m i n a t i o n  
w i t h  t h e  r e f l ec t ion  g o n i o m e t e r  r e v e a l e d  t h a t  t h e  o r i g -  
i n a l  (100) o r i e n t a t i o n  h a d  d i s a p p e a r e d  comp]e t e ly ,  
a n d  t h e  f ace t s  f o r m e d  l ay  in  a r e g i o n  b e t w e e n  2 ~ a n d  
4 ~ f r o m  (100) ,  p r o d u c i n g  a s q u a r e  r e f l ec t ion  p a t t e r n  
w i t h  c o r n e r s  t o w a r d  < 1 0 0 > .  T h e  re f l ec t ion  p a t t e r n s  
fo r  (110),  (111) ,  a n d  (321) o r i e n t a t i o n s  w e r e  r e m a r k -  
a b l y  s i m i l a r  to each  o t h e r :  s h a r p  re f l ec t ions  w e r e  
f o u n d  a t  {111} a n d  {110}, a n d  also t h e r e  w a s  a d i f fuse  
re f l ec t ion  a r o u n d  {100} a p p r o x i m a t e l y  s q u a r e - s h a p e d  
w i t h  c o r n e r s  a b o u t  15 ~ f r o m  {100} t o w a r d  < 1 0 0 > .  

Experiments in absence of detectable corrosion.- 
T h e  o v e r v o l t a g e  vs. c u r r e n t  d e n s i t y  c u r v e s  o b t a i n e d  in  
a b s e n c e  of d e t e c t a b l e  c o r r o s i o n  a r e  g i v e n  in  Fig.  2 
a n d  3. In  o r d e r  to d e t e r m i n e  t h e  p o i n t  w h e r e  t h e  
c u r v e s  r e l a t i v e  to d i f f e r e n t  s u r f a c e  o r i e n t a t i o n s  i n t e r -  
sec t  a n d  w h e r e  t h e y  e x h i b i t  t h e  m a x i m u m  slope,  t h e  
e x t r e m e l y  l o w  a n o d i c  a n d  c a t h o d i c  c u r r e n t  d e n s i t y  
r a n g e  was  e x a m i n e d  in  d e t a i l  (Fig.  4 a n d  5) .  T h e  r e -  
su l t s  s h o w  t h a t  t he  c a t h o d i c  a n d  a n o d i c  b r a n c h e s  of 
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the overvol tage  curves are symmetr ic  with respect to 
a middle point which, wi th in  the accuracy of the ex-  
per imenta l  method, is common to all crystal  or ienta-  
tions. The point of intersection corresponds to a cath-  
odic current  density, whose value tended to become 
smaller  wi th  time: typically it was about 0.8~ ~a/ 
cm 2 on the first few days after  introduction of the 
solution and then decreased to less than 0.1 tLa/cm 2. 
Dur ing this period the overvol tage  curves did not  
va ry  except  for a t ranslat ion along the cur ren t  dens-  
ity axis. 

Evaluat ion of the m a x i m u m  slope of the overvol t -  
age curves is ra ther  inaccurate:  for (100) crystals the 
value ranges f rom 105 to 4.105 ohm-cm 2, whereas  the 
other  orientations give values f rom 104 to 7.104 ohm- 
cm 2. 
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Fig. 6. Effect of anodic attack and cathodic deposition on over- 
voltages of Cu single crystals. �9 (100); [ ]  (100) after anodic 
attack at 3.3 ~a/cm 2 (12.8 mcoul/cm2); �9 (100) after cathodic 
deposition at 3.3 /~a/cm 2 (13.4 mcoul/cm2); A (111); A (111) 
after anodic attack at 3.3 /~a/cm 2 (0.298 coul/cm2). Solution: 
0.09M Cu, 2M KCI, 1M HCI; temperature 23.5~ 

The effect of extensive electrolysis on the overvol t -  
age curves was investigated,  and some of the results 
are given in Fig. 6. For  (]11) orientat ions and also 
for all orientations other  than (100), anodic at tack 
tends to lower sl ightly the overvol tage  curves, 
whereas  (100) surfaces are hardly  affected. Extended  
cathodic deposition on (100) crystals great ly  affects 
the anodic branch of the overvol tage  curve, which 
becomes similar to that  found for other  orientations, 
but has a much smaller  effect on the cathodic values. 
An anodic attack approximate ly  equal to one-hal f  of 
the preceding cathodic pulse is general ly  sufficient 
for restoring the usual overvol tage  curve. 

After  a cathodic current  pulse the electrode poten-  
tial decayed to its open-circui t  value in two stages, 
separated by an inflection point of min imum slope; 
the potent ial  va lue  of the inflection point was found 
to be very  close to that  of the middle point about 
which the overvol tage  v s .  current  density curves are 
symmetric.  The decay t ime was longer  the greater  the 
quant i ty  of electr ici ty of the preceding cathodic pulse, 
the inflection point becoming a plateau of almost con- 
stant potential. The phenomenon is similar to that  ob- 
served on polycrystal l ine zinc in acidic solutions (5). 

Af te r  a sufficiently long anodic attack the faceting 
pat tern could be observed. It  was found that  the sur-  
face s t ructure  as well  as the reflection pat tern was 
the same as that observed under  corrosion conditions, 
provided that  the current  density chosen was of the 
same order of magnitude.  Some changes were  detected 
in the faceting pat tern  for dissolution at higher  current  
densities; for instance, a reflection spot corresponding 
to {47,20,0} was quite clearly observed on (111) and 
(32I) crystals at tacked at 1 m a / c m  2, whereas  at the 
same current  density (100) surfaces developed, be- 
sides the usual pattern,  facets ve ry  close to the {100} 
orientations at 90 ~ f rom the original  one. On the 
whole, however,  the etching pat tern was found to be 
ra ther  insensit ive to anodic current  density in the 
range studied. 

After  etching spherical  single crystals, small  bright  
areas were  found at {111} and {110}, as wel l  as a 
square-shaped area around {100}, wi th  corners about 
15 ~ f rom [100] toward <100>.  The remainder  of the 
sphere was heavi ly  faceted, but  no a t tempt  was made 
to measure  the orientat ions of the facets formed. 

Discussion 
The high resistance for the electrode react ion in 

the low current  density range as deduced by the slope 
of the overvol tage  curves places such s t r ingent  re-  
quirements  on the magni tude  of the rate  of spontane-  
ous processes, (for example,  corrosion caused by an 
excess of cupric ions over  the equi l ibr ium concentra-  
t ion),  which can be al lowed without  significant depar-  
ture of the electrodes f rom the equi l ibr ium potential,  
that  it is impossible to attach thermodynamic  signifi- 
cance to the open-ci rcui t  potentials. The fact, how-  
ever, that  the curves re la t ive  to different orientat ions 
as measured in the same solution intersect  for the 
same va lue  of potential  and current  density, plus the 
fact that  the overvol tage  curves are symmetr ic  wi th  
respect to the intersection point, which lies on the 
point of max imum slope, lend support  to the conclu-  
sion that  the potential  associated with  the intersection 
point is the equi l ibr ium potential  for all copper elec- 
trodes investigated. If the val idi ty  of this cr i ter ion for 
determining the equi l ibr ium potent ia l  is accepted, it 
can be concluded that  single crystals of different or i-  
entation, as wel l  as polycrysta l l ine  electrodes, have 
the same equi l ibr ium potential,  or at least that  the 
differences are smaller  than 1 to 2 my. Analogous 
conclusions had been previously reached for copper 
single crystals in sulfate solutions (4). All the differ- 
ences recorded be tween  rest potentials can be easily 
accounted for in terms of differences in thei r  kinetic 
behavior.  

If  the point where  the various curves intersect  can 
be assumed to correspond to the equi l ibr ium potential,  
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the cathodic current  density necessary to mainta in  
such a potential  will  correspond to the reduct ion of 
cupric ions diffusing from the bulk of the solution to 
the electrode 

( 0 , = 0  = 

" F D c u §  ] ~  [1] 

where  5 is the thickness of the diffusion layer,  Cu + +~q 
and Cu4-+bulk are total concentrat ions of Cu ++ ions, 
whether  free or as chloride complexes, at equi l ibr ium 
and in the bulk, Dcu + + is the diffusion coefficient 
val id for the solution composition in which the ex-  
per iment  is carr ied out, and 0' is the overvol tage  for 
the reaction 

Cu + ~:2 Cu + + + o [2] 

Here  the assumption is made  that  homogeneous equi-  
l ibria are fast and that  t ransference numbers  for cop- 
per ions are negligibly small, because of the large ex-  
cess of indifferent  electrolyte.  The results shown in 
Fig. 1, where  even for re la t ive ly  large values for 
( i ) ~ = o ( ~ 3 0  ~a/cm 2) the point of max imum slope in 
the overvol tage  curves corresponds to the same cur-  
ren t  density for (100), (110), and (111) crystals, in-  
dicate ei ther that  ,]' is re la t ive ly  insensi t ive to orien- 
tation or that  it is negligibly small. The second al-  
t e rna t ive  can be reasonably accepted when the cur-  
rent  density is of the order  of 10 -7 a m p / c m  2. In this 
case formula  [1] can be employed to est imate the ex-  
cess of Cu + + in the bulk over  the equi l ibr ium con- 
centration. The evaluat ion of the product  Dcu++ 
(Cu ++) is unfor tunate ly  very  difficult, since the val-  
ues of the stabil i ty constants for cupric chloride com- 
plexes, as quoted in the l i terature,  va ry  considerably 
f rom author  to author  (6). The diffusion coefficient is 
probably abnormal ly  large, as shown by the negat ive 
t ransference number  of copper in complex cupric 
chloride solutions (7). By assuming a value  of 109 
amp cm/mole  for FDcu++/6 and considering that 
Cu ++eq should be of the order of 10 -11 mole / cm 3, a 
current  density of 10 -7 a m p / c m  2 would indicate that  
the concentrat ion in the bulk of the solution was from 
20 to 100 times greater  than the equi l ibr ium value. 

Because of the ex t reme steepness of the overvol tage  
curve at ve ry  low current  densities, par t icular ly  in 
the case of (100) surfaces, the question can be raised 
as to whe ther  any process involving dissolution or 
deposition actual ly takes place in this range, or only 
the redox reaction [2], which does not involve any 
al terat ion of the metal  surface, occurs at the electrode. 
If one assumes that  react ion [2] occurs wi thout  ap- 
preciable overvoltage,  around the equi l ibr ium poten-  
tial the slope of the overvol tage  curve  as given by 
react ion [2] alone is (8) 

d-i 7=0 = FeDc,+ + (Cu + +eq) 

Again the calculation entails the knowledge of the 
product  Dcu+ + (Cu + +eq), and it is subject to the un-  
certainties a l ready mentioned. Using the most rel iable 
data, the reaction resistance due only to react ion [2] 
should be about 10 megaohms-cm 2, that  is, more than a 
factor of ten higher  than the value  measured on (100) 
surfaces. This would support  the  conclusion that  de- 
position or dissolution occur at a nonzero rate  for 
every  overvol tage  value. 

The homogeneous reaction 

CuCI'2 ~ Cu + -}- 2C1' [3] 

which in chloride solution is coupled to the electrode 
reaction, was not found to have  any effect on the 
over-a l l  react ion rate  in the range of current  densities 
investigated. Since the equi l ibr ium potential  of Cu 
with respect  to SCE is about --0.2v, the Cu + ion ac- 
t ivi ty is of the order of 10 - s  mole / l i te r .  If reaction [3] 
were  slow, a small  l imit ing current  for the cathodic 
discharge should be found. The exper imenta l  results, 

however ,  have  shown that  no l imit ing current  phe-  
nomena can be detected. 

The shape of the decay curves after  short cathodic 
pulses, as wel l  as the effect of extens ive  deposition on 
(100) crystals on the subsequent anodic overvol tages 
can be explained by assuming that  the surface struc- 
ture  of the deposits is different from that  formed by 
anodic attack. Therefore,  after a cathodic pulse under  
conditions of slight corrosion, the freshly deposited 
copper will  exhibi t  a low anodic overvoltage,  giving 
rise to an inflection in the decay curve. Accordingly,  
the potential  of the inflection was the closer to the 
point of m a x i m u m  slope of the overvol tage  curve, the 
smaller  was the depar ture  f rom equi l ibr ium in solu- 
tion, and it was found to be in general  more positive, 
by a few millivolts,  than the equi l ibr ium value as de-  
te rmined in the way outl ined in the first part  of this 
discussion. Af ter  extensive deposition on a (100) sur-  
face, anodic overvol tages similar  to those on the other 
orientat ions could' be measured,  unti l  dissolution e l im-  
inated the surfaces having low overvoltage.  Al though 
no systematic examinat ion of the surface s t ructure  of 
cathodic deposits has been made, some instances of 
format ion of facets never  observed after  anodic attack 
on (100) crystals were  found. 

Conclusions 
Examinat ion  of the exper imenta l  results does not 

indicate that  on any orientat ion the nucleation of new 
steps is rate  determining,  since extens ive  anodic at-  
tack leading to a faceted surface has l i t t le influence 
on the overvol tage  values. Comparison of the over-  
vol tage curves of (111) and (321) crystals supports 
the same conclusion. On (321) surfaces no nucleation 
is theoret ical ly  required for the dissolution or crystal-  
l ization process; nevertheless,  the overvol tages  are 
ve ry  close to those measured on a close-packed sur-  
face like the (111). The facets formed on (111) and 
(321) have the same orientation, but  on -the lat ter  the 
number  of edges is significantly greater,  which would 
account for the slightly lower react ion resistance, but 
fails to single out the formation of new steps as the 
kinet ical ly decisive phenomenon.  

It is therefore  l ikely that  the motion of steps is 
rate  controll ing; on (100) crystals such a motion is 
ve ry  slow and difficult, so that  the surface is left  cov-  
ered by steps giving the characterist ic faceting pat-  
tern  sl ightly misoriented f rom (100); on the other 
orientations, steps move at a much higher  speed, and 
this accounts for the lower overvol tages as weI1 as 
for the faceting pat tern:  smooth (111) facets are 
formed, and the steps interact  easily forming orienta-  
tions at large angles f rom the original  surfaces. Not 
all difficulties in in terpret ing the results are  e l imin-  
ated by such a conclusion; one would expect  a greater  
influence of the number  of steps on the surface if 
their  motion were  the slowest process. Above a re la -  
t ively  low current  density, however ,  the overvol tage 
curve flattens out considerably, so that  an increase in 
number  of steps will  cause a small decrease in over -  
voltage. Moreover.  microscopic observation shows that  
on (111), (110), and (321) crystals a large part  of 
the new surface area created by facet ing is oriented 
about 15 ~ from (100), an orientat ion having ra ther  
high react ion resistance, as evidenced by the etching 
pat tern  on spherical single crystals. 

On the cathodic side, the remarkable  influence of 
extended deposition on the subsequent  anodic over -  
voltages of (100) orientations indicated that  the de- 
posit does not  have  the same surface s tructure as the 
substrate. Incorporat ion of the deposited copper into 
the lattice occurs slowly, as indicated by the inflec- 
tion points in the decay curve  after  short cathodic 
pulses. 

The shape of the overvol tage  curves, however ,  sug- 
gests the hypothesis that  a nucleat ion process is ne-  
cessary to init iate the removal  of copper from the 
steps or its addition to them. 
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Induced Polarization of Porous and Tubular Electrodes' 
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A B S T R A C T  

T h e  a p p a r e n t  r e s i s t a n c e  of s o l u t i o n s  c o n t a i n e d  in  p o r o u s  o r  t u b u l a r  e l ec -  
t r o d e s  is a f fec ted  b y  t h e  p r e s e n c e  of o x i d i z a b l e  a n d  r e d u c i b l e  s u b s t a n c e s  i n  
so lu t ion .  P a s s a g e  of c u r r e n t  is a c c o m p a n i e d  b y  a g r a d i e n t  of p o t e n t i a l  i n  t h e  
s o l u t i o n  p h a s e  so t h a t  a g r a d i e n t  of t h e  i n t e r r a c i a l  p o t e n t i a l  d i f f e r e n c e  is i n -  
d u c e d  t h r o u g h o u t  t h e  l e n g t h  of t he  e l ec t rode .  As  a c o n s e q u e n c e  of t h e  i n d u c e d  
p o l a r i z a t i o n ,  a n o d i c  a n d  c a t h o d i c  r e a c t i o n s  occu r  n e a r  oppos i t e  e n d s  of t h e  
e l ec t rode .  A n u m b e r  of b o u n d a r y  v a l u e  p r o b l e m s  c o r r e s p o n d i n g  to t h i s  
p h y s i c a l  s i t u a t i o n  h a v e  b e e n  so lved .  T h e  r e l a t i o n s  sugges t  t h a t  i n d u c e d  p o -  
l a r i z a t i o n  m e a s u r e m e n t s  c a n  be  u s e d  to d e t e r m i n e  t h e  c o n c e n t r a t i o n  of ox id i z -  
ab l e  a n d  r e d u c i b l e  s u b s t a n c e s  in  f lowing  s t r eams ,  to m e a s u r e  c o r r o s i o n  r a t e s  
of p ipes  or  p o r o u s  m e t a l s ,  a n d  to e s t i m a t e  t r a n s f e r  coeff ic ients  a n d  e x c h a n g e  
c u r r e n t  d e n s i t i e s  of e l e c t r o c h e m i c a l  r eac t i ons .  

T h e  c o n d u c t i v i t y  of e l e c t r o l y t e s  in  p o r o u s  n o n c o n -  
d u c t i n g  m a t e r i a l s  is n o t  dif f icul t  to  m e a s u r e  in  p r i n -  
ciple,  a n d  m e a s u r e m e n t s  of t h i s  t y p e  h a v e  b e e n  m a d e  
for  v a r i o u s  pu rposes .  As  n o t e d  b y  K s e n z h e k ,  K a l i n o v -  
skii, a n d  B a s k i n  (1) ,  i t  is m o r e  diff icul t  to m e a s u r e  
t he  c o n d u c t i v i t y  of so lu t i ons  i n s i d e  p o r o u s  or  t u b u l a r  
m e t a l l i c  e l ec t rodes .  Th i s  is p a r t i c u l a r l y  t r u e  w h e n  
o x i d a t i o n  r e d u c t i o n  r e a c t i o n s  c a n  occu r  a t  t h e  m e t a l -  
s o l u t i o n  i n t e r f a c e .  P a s s a g e  of  c u r r e n t  t h r o u g h  t h e  
s o l u t i o n  p h a s e  i n d u c e s  a g r a d i e n t  of t h e  i n t e r f a c i a l  
p o t e n t i a l  d i f f e r ence  t h r o u g h o u t  t h e  l e n g t h  of t h e  e l ec -  
t rode .  As  a c o n s e q u e n c e  of t h i s  g r a d i e n t ,  a n o d i c  r e a c -  
t i ons  occu r  a t  t h e  p o r e  w a l l s  n e a r  one  e n d  of t h e  
e l ec t rode ,  a n d  c a t h o d i c  r e a c t i o n s  t a k e  p l ace  n e a r  t he  
o t h e r  end.  A f r a c t i o n  of t h e  t o t a l  c u r r e n t  is c o n d u c t e d  
b y  ions  in  t h e  s o l u t i o n  phase ,  a n d  t h e  r e s t  of t h e  c u r -  
r e n t  is c o n d u c t e d  b y  e l e c t r o n s  in t he  m e t a l l i c  p h a s e ;  
th i s  f r a c t i o n  d e p e n d s  o n  t h e  g e o m e t r i c a l  p r o p e r t i e s  of 
t h e  e l ec t rode ,  t h e  c h a r a c t e r i s t i c s  of t h e  e l e c t r o l y t e  a n d  
t h e  e l e c t r o c h e m i c a l  r eac t i ons ,  a n d  t h e  p o s i t i o n  i n s i d e  
t h e  e l ec t rode .  A n u m b e r  of  b o u n d a r y  v a l u e  p r o b l e m s  
c o r r e s p o n d i n g  to th i s  p h y s i c a l  s i t u a t i o n  h a v e  b e e n  
s o l v e d  b y  use  of m e t h o d s  for  t h e  c a l c u l a t i o n  of p o l a r -  
i z a t i o n  in p o r o u s  e l e c t r o d e s  (2) .  T h e  r e s u l t s  a r e  p r e -  
s e n t e d  b e l o w  t o g e t h e r  w i t h  s o m e  e x p e r i m e n t a l  m e a s -  
u r e m e n t s  w h i c h  s u p p o r t  t h e  t heo r y .  T h e  r e l a t i o n s  o b -  
t a i n e d  s u g g e s t  t h a t  i n d u c e d  p o l a r i z a t i o n  of p o r o u s  a n d  
t u b u l a r  e l e c t r o d e s  c a n  b e  u s e d  to d e t e r m i n e  t h e  c o n -  
c e n t r a t i o n  of o x i d i z a b l e  a n d  r e d u c i b l e  s u b s t a n c e s  in  
f lowing  s t r e a m s ,  to m e a s u r e  c o r r o s i o n  r a t e s  of p ipes  
or  p o r o u s  me ta l s ,  a n d  to e s t i m a t e  c e r t a i n  p a r a m e t e r s  
of e l e c t r o c h e m i c a l  r eac t i ons .  

Experimental Configuration 
A s c h e m a t i c  d i a g r a m  of t h e  e x p e r i m e n t a l  a r r a n g e -  

m e n t  fo r  m e a s u r e m e n t  of i n d u c e d  p o l a r i z a t i o n  of p o r -  
ous  or  t u b u l a r  e l e c t r o d e s  is s h o w n  in  Fig.  1. T h e  t o t a l  
c u r r e n t  ( i )  is p a s s e d  f r o m  t h e  f r o n t  s ide  ( x  = 0) to  
t h e  b a c k  s ide  ( x  = l)  of  t h e  e l e c t r o d e  b y  u s e  of  
a u x i l i a r y  p o l a r i z i n g  e l ec t rodes .  No c u r r e n t  l e ad  is a t -  

x Resea rch  s p o n s o r e d  b y  The  Office of Sa l ine  Water ,  U. S. De- 
p a r t m e n t  of t he  In te r io r ,  u n d e r  U n i o n  Carb ide  C o r p o r a t i o n ' s  con-  
t r ac t  w i t h  the  U. S. A t o m i c  E n e r g y  Commis s ion .  

t a c h e d  to t h e  p o r o u s  e l e c t r o d e  i t se l f ;  p o t e n t i a l  c h a n g e s  
w h i c h  occu r  in  t h i s  e l e c t r o d e  a r e  i n d u c e d  b y  p a s s a g e  
of c u r r e n t  b e t w e e n  t h e  p o l a r i z i n g  e l ec t rodes .  T h e  po -  
t e n t i a l  of t h e  f r o n t  or  b a c k  s ides  a n d  t he  t o t a l  p o t e n -  
t ia l  d r o p  t h r o u g h  t h e  e l e c t r o d e  m a y  b e  m e a s u r e d  b y  
use  of r e f e r e n c e  e l e c t r o d e s  s i t u a t e d  a t  x = 0 a n d  x = 
I. P a s s a g e  of c u r r e n t  in  t h e  d i r e c t i o n  s h o w n  i~n Fig.  1 
i n d u c e s  a n e g a t i v e  c h a n g e  in  i n t e r f a c i a l  p o t e n t i a l  d i f -  
f e r e n c e  ( n e g a t i v e  p o l a r i z a t i o n )  n e a r  x = 0 a n d  a 
pos i t i ve  p o l a r i z a t i o n  n e a r  x = I. W h e n  o x i d i z a b l e  a n d  
r e d u c i b l e  s u b s t a n c e s  a r e  p r e s e n t  in  so lu t ion ,  c a t h o d i c  
r e a c t i o n s  c a n  occur  n e a r  x = 0 as a c o n s e q u e n c e  of 
t he  i n d u c e d  n e g a t i v e  p o l a r i z a t i o n  and,  c o r r e s p o n d -  
ingly ,  anod ic  r e a c t i o n s  can  o c c u r  n e a r  x = l. T h i s  
e l e c t r o d e  c o n f i g u r a t i o n  is e s s e n t i a l l y  t he  s a m e  as  t he  
b i p o l a r  e l e c t r o d e  s t u d i e d  b y  T o m a s s i  a n d  c o - w o r k e r s  
(3-6)  as a m e a n s  of c o u p l i n g  e l e c t r o c h e m i c a l  p r o c -  
esses. 

Induced Polarization with Linear Rate Law 

T h e  so lu t i on  r e s i s t a n c e  in  p o r o u s  or  t u b u l a r  e l ec -  
t rodes ,  m e a s u r e d  in  t h e  a b s e n c e  of o x i d i z a b l e  a n d  
r e d u c i b l e  s u b s t a n c e s  b y  use  of t h e  c o n f i g u r a t i o n  of 
Fig. 1, is g i v e n  s i m p l y  b y  Eq. [1] ,  w h e r e  Ro is t h e  r e -  
s i s t ance  of e l e c t r o l y t e  

( REFERENCE ELECTRODES 

META LLIC~HASE 

POLARIZING " ~ >  i-'> ;' ~- ) i ~  ~ POLARIZING 

ELECTRODE II ELECTRODE ~ SOLUTION PHASE 

FRONT ~ �9 BACK S,OE  S,OE 
0 x --'-> 

O ~ '~ 

Fig. 1. Schematic diagram of experimental configuration for the 
measurement of induced polarization of porous and tubular elec- 
trodes. 
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r  - -  r l 
Ro -~ - -  [ 1 ]  

i ~,A 

in the pores (ohm),  cs(O) and Cs(l) are potentials in 
the solution phase at x = 0 and x = l (volt) ,  i is 
total  cur ren t  (amp) ,  L is pore length (cm),  ~ is spe- 
cific conductance of the electrolyte  ( o h m - l c m - 1 ) ,  and 
A is total cross-sectional area of electrolyte  (cm2). In 
the presence of oxidation reduct ion reactions the 
measured or apparent  resistance, Rapp, is less than Ro 
because of the shunting effect of the current  carried 
by the metal l ic  phase, which is assumed to have  negli-  
gible res is t ivi ty  (see below, however ) .  The apparent  
resistance may  be calculated in certain cases by solu- 
tion of Eq. [2], which is the fundamenta l  differential  
equat ion for potent ial  

d 2 ~ (x) S 
. . . . .  j (x) [2] 

d x ~ ~A 

distr ibutions in one-dimensional  porous electrodes (2, 
7-9). In Eq. [2], q (x)  is the polarizat ion or change in 
interfacial  potent ial  difference at the point  x induced 
by passage of current  (i), S is interracial  surface area 
per unit  length of electrode (cm2/cm),  and j (x) is the 
current  density of the interracial  react ion (amp/cm2).  
Boundary conditions corresponding to the configura- 
tion of Fig. 1 are given by Eq. [3]. For  the case of a 
simple 

d= ~=0 = dx x=L : ~A- [3] 

oxidat ion reduct ion reaction, the ra te  law may  be as- 
sumed to be of the convent ional  form given by Eq. 
[4], where  Jo is the exchange current  density 

j (x) = Jo {exp [fin Y~ (x ) /RT]  - -  

exp [-- ( 1 - - f l ) n F ~ l ( x ) / R T ] }  [4] 

(amp/cm2) ,  n is the electron number,  9 is the (ano- 
dic) t ransfer  coefficient, and RT/f f  is the the rmal  volt  
equivalent .  We assume that  non-Faradaic  currents  
and changes of reactant  concentrat ions because of the 
electrochemical  reaction are negligible as wel l  as ef-  
fects due to diffusion, migrat ion,  and convection of 
reactants  and to the s t ructure  of the double layer.  2 

For  sufficiently small  values of polarization, Eq. [4] 
may be l inearized to give the ra te  law of Eq. [5]. 
Subst i tut ion of Eq. [5] into Eq. [2] 

njoFn (x) 
j ( x )  = [5]  

RT 

and integrat ion of the resul t ing expression wi th  use 
of the conditions of Eq. [3] lead to the potent ial  dis- 
t r ibut ion of Eq. [6] in terms of the 

11(~) cosh [~/~-. ~] - - c o s h  [k /~ - (1 -  ~)] 
- - :  [6] 
i Ro V T .  sinh (X/,~") 

dimensionless parameters  ~ ---- x/~ and K = Sjol~nF/ 
,TART. The paramete r  K is essential ly a rat io of solu- 
tion impedance to interfacial  impedance.  Relat ive po- 
tent ial  distributions calculated f rom Eq. [6] are 
shown in Fig. 2 as a funct ion of the paramete r  ~. 
When K is less than unity, no appreciable interfacial  
reactiort occurs and the measured  resistance should 
be essential ly that  given by Eq. [1]. For  values of K 
large wi th  respect  to unity, an appreciable fract ion of 
the cur ren t  is carr ied by the metal l ic  phase and Rapp 
is less than Ro. 

Equat ion [7] gives the ratio of the apparent  resis- 
tance to the resistance 

Rapp cosh (X/z) -- I 
= 2 [7] 

Ro ~7-. sinh (V~) 
Concentration effects may be minimized experimentally by use 

of f lowing solutions.  S o m e  of the restrictions cited above are re- 
laxed later in considering_ transient effects. 
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Fig. 2. Relative potential distribution in porous or tubular elec- 
trodes as a function of the dimensionless parameter K. 

of the electrolyte  (cf. Eq. [1]). The fract ion of the 
total  current  which is carr ied by the metal l ic  phase is 
given by Eq. [8]. For  large values of ~, 

Curren t  fract ion = [8] 

an appreciable region exists inside the electrode 
where  essentially no polarizat ion occurs on passage of 
current  (cf. curve E of Fig. 2). This behavior  resem-  
bles the phenomenon of the Faraday  shield. Variat ion 
of the apparent  resistance with  the paramete r  K as 
predicted by Eq. [7] is shown in Fig. 3. For  large va l -  
ues of K the apparent  resistance is inverse ly  propor-  
t ional to k/K. The curve  in Fig. 3 may be used to esti-  
mate  K from measurements  of Rapp if Ro is known. The 
quot ient  1/V'~-is a measure  of the degree of penet ra-  
t ion of an electrochemical  process into a porous elec- 
t rode (2). Since ~ is proport ional  to Jo, and Jo depends 
on the concentrat ions of oxidizable and reducible  spe- 
cies (cf. Eq. [10]), Eq. [7] should be applicable to 
analysis of concentrat ions of oxidat ion reduct ion 
couples in flowing streams. The relat ion given by Eq. 
[7] and shown in Fig. 3 may also be used to est imate 
corrosion rates of pipes or porous metals  f rom meas-  
urements  of the apparent  resistance. In this case ~ is 
replaced by Kcorr of Eq. [9], where  Jeorr is 

S J~orr ~2 (~ana + ~cn~) F 
[9] Kcorr : ~ART 

the current  density of the corrosion react ion in the 
absence of ex terna l  polarizat ion (amp/cm2),  fa and tic 
are t ransfer  coefficients of the anodic and cathodic 

t .0  

o 
Q: 

w 

~ Ro - r 

R o p p  cos h ( , r ~ )  - t  
~ = 2  ~ - . s i n h ,  ~ -  

O.Ot . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  
0.1 t t 0  100 1000 IC DO0 

K = sJo ~.z n:I- 
cART 

Fig. 3. Variation of the apparent resistance of porous or tubular 
electrodes with the parameter K. 
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processes, and na and nc are the corresponding elec- 
tron numbers.  

Determination of the Transfer Coe]~cient by 
Induced Polarization 

The transfer  coefficient of oxidation reduct ion reac-  
tions may be determined by measurement  of induced 
polarization when the l inear  rate of law of Eq. [5] is a 
good approximation.  T h e  exchange current  density 
may  be expressed by Eq. [10] where  joO is the s tand- 
ard exchange current  density including 

Jo = Jo ~ Ca (z-~) Co B [10] 

act ivi ty coefficients ( amp-cm/mole )  and CR and Co 
(mole /cm 3) are concentrat ions of anodic and cathodic 
reactants,  respect ively  (10). When CR and Co are 
large enough so that  R a p p / R o  iS less than about 0.5 
(cf. Fig. 3), Eq. [7] reduces to Rapp/Ro ----- 2 /~ /~-and 
substi tution of the relat ion for ~ leads to Eq. [11]. In 
Eq. [11], ~o = S jo ~ 12 nF/aART.  Combinat ion of Eq. 
[I0] 

Jo 4 (  Ro ~ 2 
j o  ~ - -  Ko \ R a p p  / [11] 

and [11] leads to Eq. [12] which shows that  a log-log 
plot of CR(Rapp/Ro) 2 

( R a P p  ) 2  C R ~  B 

against  (Co/CR) should be l inear wi th  a slope of - -  ft. 
F igure  4 shows a plot of the type suggested by Eq. 

1-12] for induced polarizat ion of the fe r rocyanide-  
ferr icyanide couple in 0.5M K2SO4 at 25~ in a gold 
tube. The apparent  resistance was measured  as a 
function of the ratio of concentrat ions of oxidized and 
reduced species ( ferr icyanide and fer rocyanide  con- 
centrat ions var ied in the range 10 -3 to 10-2M). The 
line shown in Fig. 4 corresponds to a t ransfer  coeffi- 
cient of 1/2. Our data seem to support  this value  of 
the t ransfer  coefficient, which was also repor ted  by 
others (11). The data of Fig. 4 correspond to Rapp/Ro 
~ 0.15 so that  ~ ~ 2 x 102 . 

Induced Polarization Curves 

Solution of Eq. [2] for the more general  rate  law of 
Eq. [4] cannot be accomplished expl ici t ly  for arbi-  
t rary  values of the t ransfer  coefficient. However ,  nu-  
merical  methods of solution may  be used and Fig. 5 

t.O 

i , , , , , , , , 1  , , , , S o l u t i o n :  0 . S M  K2SO 4 
Tempera ture :  25~  

- Gold Tube E l e c t r o d e :  
- Leng th  = 14.0 cm 

- inside Diameter = OJScm 

2 

Q) 

F= 

o . o 1  , , , , , , , l l  , i , ~ 
o.1 t .o  to .o  

(%/%) 
Fig. 4. Determination of the transfer coefficient of the ferri- 

cyanide-ferrocyanide couple by induced polarization of a tubular 
gold electrode. 
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Fig. 5. Induced polarization curves of porous or tubular electrodes 
as a function of the transfer coefficient, fl, for the case K ~ 1. 

shows a set of induced polarizat ion curves calculated 
by use of a h igh-speed digital computer  a as a function 
of the t ransfer  coefficient (~) for the case, K = 1. 
Combination of Eq. [2] and [4] leads to Eq. [13] in 
which r = nFn(~) /RT .  

- -  -- K{exp [ ~ ( ~ ) ]  - - e x p  [.-- ( 1 - - ~ ) ~ ( ~ )  ]} 
d~2 

[13] 

The sigmoid solid curves in Fig. 5 are solutions of Eq. 
[13]; ~(0) is the (reduced) polarization at ~ = 0 and 
I = i/io = i /S l jo  is a dimensionless current variable 
[io is the total exchange current (amp)]. At high cur- 
rents (i > >  io), the induced polarization curve ap- 
proaches that of a semi-infinite porous or tubular 
electrode (2). Equation [14] gives the Tafel line 

( 2 ~  1/2 
I = \~ -~ /  exp [--~@(0)/2] [14] 

for this region. At  low currents  (i < <  io), the l inear 
rate  law of Eq. [5] is a good approximat ion and the 
polarization curve  may  be calculated f rom Eq. [6]; 
this resul t  is given by Eq. [15]. No simple re la t ion 
can be der ived 

r  - c a s h  (%/~) -- 1 
- -  - -  ~ / ~  [ 1 5 ]  

I sinh (~/~) 

for the transi t ion region be tween  low and high cur-  
rents. 

Dissymmetry  Potentials 
One of the unique aspects of induced polarizat ion 

measurements  is the fact that  the magni tude  of the 

3 E q u a t i o n  [13] w a s  i n t e g r a t e d  n u m e r i c a l l y  on a c o m p u t e r  (Con-  
t ro l  D a t a  C o r p o r a t i o n  M o d e l  1604-A) w i t h  b o u n d a r y  c o n d i t i o n s  
a n a l o g o u s  to t hose  of  Eq .  [3] b y  u s e  of  a R u n g e - K u t t a  m e t h o d .  A n  
in i t i a l  v a l u e  of  r  w a s  a s s u m e d  a n d  t h e  c o r r e s p o n d i n g  p o t e n t i a l  
d i s t r i b u t i o n  c o m p u t e d  f r o m  a n  e x p l i c i t  d i f f e r e n c e  s c h e m e .  T h e  in -  
t e r f a c i a l  r e a c t i o n  r a t e  d i s t r i b u t i o n  w a s  t h e n  c o m p u t e d  a n d  t e s t e d  
fo r  e q u a l i t y  of  to ta l  a n o d i c  a n d  c a t h o d i c  c u r r e n t s .  T h e  s i g n  a n d  m a g -  
n i t u d e  of  a n y  d i f f e r e n c e  d e t e r m i n e d  a n e w  v a l u e  fo r  r  a n d  t h e  
c o m p u t a t i o n  cyc l e  w a s  r e p e a t e d  u n t i l  s u c c e s s i v e  i t e r a t i o n s  s h o w e d  
l i t t l e  i m p r o v e m e n t .  A s i m i l a r  p r o c e d u r e  w a s  u s e d  to c o m p u t e  t h e  
in i t i a l  p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  so lu t i on  of  Eq ,  [10] a n d  [20].  
C o n c e n t r a t i o n  c h a n g e s  in  s u c c e s s i v e  t i m e  i n t e r v a l s  w e r e  d e t e r m i n e d  
b y  Eq.  [20] i n  d i f f e r e n c e  f o r m ;  s u b s t i t u t i o n  of  n e w  c o n c e n t r a t i o n s  
in to  Eq .  [18] t h e n  a l l o w e d  c o m p u t a t i o n  of  a n e w  p o t e n t i a l  d i s t r i b u -  
t i on  b y  so lu t i on  of Eq .  [19] u s i n g  t h e  i t e r a t i v e  p r o c e d u r e  n o t e d  
a b o v e .  
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Fig. 6. Dissymmetry potential as a function of applied current 
and of the transfer coefficient, fl, for induced polarization of 
porous or tubular electrodes (K = 1). 

observed polarization of the front  side (x = O) may 
be different  f rom that  of the back side (x = l). This 
occurs when  ~ 4= 1/2 in Eq. [4] so that  the rate  Iaw 
is not symmetrical .  The sum r = r  + ~(1) may 
be defined as the d issymmetry  potential.  It is posit ive 
or negat ive depending on whe ther  ~ is less than or 
greater  than 1/2, respectively.  Measurements  of the 
d issymmetry  potential  (0) may be used to de termine  
both fl and K for an oxidation reduct ion react ion in 
a porous or tubular  electrode. 

F igure  6 shows d issymmetry  potentials for induced 
polarization as a function of the reduced current  (I 

- -  i/io) and of the (anodic) t ransfer  coefficient (~) 
for the case, K = 1. A Tafel  region is observed at suf- 
ficiently high currents  and the relat ion for the Tafel  
l ine is given by Eq. [16] which was der ived by com- 
bination of Tafel  expressions like Eq. [14] 

2(1 --2~) 
�9 - -  In I +  

~(1 - - # )  
( ~  / ( t - - 2 ~ )  ~(i-.) 

1 l n [  - ~ /  ( i - : ~ ]  [16] 
/~(1--/~) 

for q~(0) and r The slope of the Tale] l ine depends 
only on r and the in tercept  at 4~ = 0 depends on both 
K and #. The parameter  K(Sjol2nF/aART) may be ex-  
pressed as K = ioRoL where  { = n F / R T  ( v o l t - I ) ,  so 
that  the total exchange current  of the oxidation reduc-  
tion react ion (io) may be de termined  easily if Ro is 
known. 

The d issymmetry  potent ia l  remains finite even at 
very  low currents.  F igure  7 shows �9 plot ted as a func-  
tion of current  ( log-log plot) for a number  of values 
of ~ when  K = 1. This type of plot should be useful in 
detecting small deviations of # f rom the value  1/2. 
Expansion of Eq. [4] to quadrat ic  terms and substi tu-  
tion into Eq. [2] yield an expression which can be 
solved to give �9 in the region of low currents;  this 
relat ion is given by Eq. [17] 

( l - - 2 p )  [ cosh (~v/~) --  1 ]2 i~ [17] 
---- k T  " sinh (V':~ 

Figure  7 shows that  Eq. [17] holds up to I -~- 5. The  
d issymmetry  potential  varies  wi th  the square of the 

+t f A IO.3O 
B 1~176 

_.o c io.45 
O 1~ 
E 10,49 

- 2  

d 
- 5  

- 5  

' L inear  Portions of Curves 
Follow the Relation : 

too, h(~)q l ~] 
ffp = [{~(0)+Sb(t)] = ( t - ~ ) ~  L slnh(r ] 

- 6 ~  
t0 -2  i0  - I  t0  ~ ~0 § ~0 +8 

I = i / i  o 

Fig. 7. Dissymmetry potential of porous or tubular electrodes in 
the region of small currents as a function of the transfer coeffi- 
cient, ~, far the case ~ = 1. 

applied current  for I < 5. If K = i o R j  is known,/~ may 
be calculated by use of Eq. [17]. 

Concentration Transients 
The solutions for induced polarization effects dis- 

cussed above apply only when  reactant  concentrations 
are essentially constant during a measurement  both 
with respect to t ime and wi th  respect to position in- 
side the electrode. In the absence of solution flow 
through the electrode, however ,  reactant  concentra-  
tions wi l l  change as a result  of the Faradaic  reactions 
at the meta l -so lu t ion  interface. The react ion ra te  at 
the interface for a simple oxidat ion-reduct ion  reac-  
tion can be expressed as usual (10) by Eq. [18], 
where  p(~, t) is the reduced reaction rate, CR(~, t) 
and Co(~, t) 

j ( L t )  C~(~, t )  
p(~, t)  . . . .  exp [~r (~,t)]-- 

Jo C ~ 

Co (~, t) 
- -  exp [--  ( 1 - -  F) r ] [18] 

C ~ 

are concentrat ions of reduced and oxidized species, 
respect ively  (mole/cm3),  C ~ is the init ial  concentra-  
t ion (we assume for simplicity that  CR(~,0) = 
Co(~, O) = C~ and Jo is the init ial  exchange current  
density. The potential  dis tr ibut ion obeys Eq. [19], 
which is a form of Eq. [2], providing excess 

a2~ (Lt)  
- -  ~ �9 p ( ~ , t )  [ 1 9 ]  

0} 2 

inert  e lectrolyte  is present or reactant  and product  
have the same conduct ivi ty  contribution. The concen- 
trations may be assumed to change with  t ime approx-  
imately  according to Eq. [20], where  0 = nFC~ 
is a t ime constant 

0 [Co (L t ) / C  ~ 0 [CR (L t ) / C  ~ o(~, t) 
[20] 

at at o 

(sec). We assume that  tube or pore sizes are small  
compared wi th  distances over  which appreciable con- 
centrat ion changes occur. The t ime constant 0 is the 
ratio of the total  coulombs avai lable f rom complete 



612 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Ju n e  1966 

+ 5 . 0  - -  I 1 I I I I I I I 

# : *!~A~ / / , < /  
~o a 

�9 , . , , % . , o  
,-,oRo,:,oo 

~ • 
~- s t /0  

o 

o 0 2  
i . / / / v  / / /  D 0.5 

- o 1 .o  

_ . I / ~ / /  F 2.0 oy / 
- 5 0 ~ - " /  I I I I 1 I I I 

0 O.l 0 .2  0 .5  0 .4  0 .5  0 .6  0 .7  0 .8  0.9 

r : xl~- 
Fig. 8. Variation of induced polarization with time due to 

oxidation reduction reactions in the interior of a porous or 
tubular electrode. 

react ion of ei ther the oxidized or reduced species to 
the init ial  exchange current  of the reaction. Potent ia l  
and concentrat ion transients are obtained by s imul-  
taneous solution of Eq. [19] and [20] wi th  use of the 
boundary  conditions of Eq. [21]. 

('O@(~'t)),-oa~ _ = ( o ~ ( ~ , t )  ) ~ = ~ o B  = ~ I  [21] 

Al though general  solutions of this system of equations 
are not obtainable in terms of explici t  functions, nu-  
merical  methods may  be used to find solutions for 
par t icular  values of the parameters ,  #, ~, and I. 

Figures  8, 9, and 10 show how the polarization, the 
reactant  concentrations, and the react ion rate change 
with  t ime and with  position in the electrode during 
the course of a transient.  These results were  obtained 
by use of a h igh-speed digital computer ;  3 parameters  
used were  /9 = 1/2, I = 1.0, and ~ = 10.0. Ini t ial ly 
most of the react ion occurs near  the ends of the elec- 
trode (cf. Fig. 10). With t ime a react ion "wave"  is 
propagated toward the center  of the electrode. Oxi-  
dized species react  to form reduced species near  } = 
0, and the reverse  react ion occurs near  } = 1 (cf. Fig. 
9). In the new steady state the gradient  of the polar i -  
zation is constant throughout  the length of the elec-  
trode so that  ~(1) --  ~(0) = ~I (cf. curve  F of Fig. 
8), interfacial  reactions no longer  occur anywhere  in 
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Fig. 9. Variation of reactant concentration profiles with time 
due to oxidation reduction reactions in the interior of a porous 
or tubular electrode (# = 0.5; K ~ 10.0; I ~ 1.0). 
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Fig. 10. Variation of current density profile with time due to 
oxidation reduction reactions in the interior of a porous or tubular 
electrode (# = 0.5; K = 10.0; I ~ 1.0). 

the electrode, and concentrat ions of oxidized and re-  
duced species are re la ted by the Nernst  equation, 
Co(~, o0)/CR(~, oo) = exp [r oo)]. During the con- 
centrat ion t ransient  the apparent  resistance increases 
f rom its ini t ial  va lue  up to the l imit  Ro, the e lectro-  
lyte resistance which would be observed if no oxida-  
tion reduct ion couple were  present  in the solution. 
The t ime constant 0 may be useful  as a semi-quan t i t a -  
t ive measure  of the t ime requi red  for concentrat ion 
transients in induced polarizat ion measurements .  If 
measurements  of apparent  resistance are made within  
about 0.01 #, no significant concentrat ion changes 
should occur. 

Induced Charging of the Double Layer 
Induced charging of the double layer  in porous or 

tubular  electrodes in which no Faradaic  reactions can 
occur produces charging transients  s imilar  to those 
obtained by direct  galvanostat ic  charging of porous 
electrodes. The induced double layer charging t ransi-  
ent may  be obtained by solution of Eq. [22] (12, 13). 
The t ime constant T is equal  to SCI2/aA where  C is the 

02~ (B,t) a~ (B,t) 
- -  - -  T -  [ 2 2 ]  

0~ ~ 0~ 

differential  capacity per  uni t  area ( farad/cm2).  Al -  
ternat ively,  v = RoCT where  Ro = l/cA is the resis- 
tance of the e lect rolyte  as before  and CT -~ SCI is the 
total  differential  capacity ( farad) .  The init ial  condi- 
t ion is given by ~(~,0) -~ 0 and the boundary  condi-  
tions are the same as those of Eq. [21]. The induced 
double layer  charging t ransient  is given by Eq. [23] 
and Fig. 11 

oo 
r  2 ~-~ ( - -  1) k 

= ~ k ~  ~ {cos [~k~] - 

cos [ n k ( 1 - - ~ ] }  { 1 - - e x p  [--~2k~t/T]} [23] 

shows a plot of the measurable  potent ial  t ransients  
against  t /z and against  (t/z) 1/2. During the initial 
moments  the potentials ~(0,t) and r fol low the 

law of Eq. [24]. In a plot  of ~(0,t) or r 

against  ~/T, the 

"1 t" " t xl/2 
t im  @(0,t) = l i ra  @s = 2 ( - -  } [24] 

KI KI \ n ~  / 
b - e 0  t - -~0  

ini t ial  slope of the charging t ransient  is inverse ly  
proport ional  to (RoCT) 1/2. The final s teady state is 
given by r oo)/~I = ~ - -  (1/2) so that  @(1, oo) - -  
r oo) ---- KI, which is equiva len t  to Eq. [1]. Both Ro 
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Fig. 11. Induced charging of the double layer in porous or tubu- 
lar electrodes in the absence of faradaic reactions. 

and CT may be determined from induced charging 
transients  by use of these relations. 

EfJect of Conductance of Metall ic Phase 
The relations derived above for induced polariza- 

tion and charging t ransients  may be corrected for 
situations where the conductivi ty of the metall ic 
phase is comparable to that  of the l iquid phase. When 
potential  gradients can occur in the metallic (electron 
conducting) phase, Eq. [2] may be replaced by Eq. 
[25], where  Cs and Cm are specific conductances of so- 
lut ion and metal  

dx 2 -~- j (x) [25] 

phases, respectively, and As and Am are the corres- 
ponding cross-sectional areas. The net  result  of this 
correction is that  ~ must  be replaced by 

R--------~ + = io (Ro+Rm)f  

where Rm = l/~mAm is the resistance of the metall ic 
phase (ohm).  In  a similar  m a n n e r  the t ime constant  
for charging of the double layer  (T) must  be replaced 
by ~' ---- CT(Ro + Rm). The forms of all  equations in 
which ~ and T appear (e.g., Eq. [6] and [22]) are left 
unchanged by this substi%ution. 

Summary 

Solutions are presented above to several one-di -  
mensional  boundary  value problems which occur in  
the theory of induced polarization of porous or tubu la r  
electrodes. Measurements  of induced polarization may 
find application in analysis of flowing streams be-  
cause the apparent  resistance is sensit ive to the pres-  
ence of oxidation reduct ion reactions which can occur 
at the interface. Induced polarization may also prove 
to be useful  as a monitor  of corrosion rates of pipes or 
porous metals. In  addition, certain parameters  of im-  
portance in  electrode kinetics ( t ransfer  coefficient and 
exchange current  density) may be estimated in a 
un ique  m a n n e r  from measurements  of the dissym- 
met ry  potential  or the apparent  resistance. More elab-  
orate models which include factors not  treated here 
(diffusion and convection of reactants,  reactions with 
consecutive charge- t ransfer  steps, etc.) may be de- 
vised which might  suggest other possibilities for the 

uti l ization of induced polarization measurements  on 
porous and tubular  electrodes. 

Manuscript  received Sept. 7, 1965; revised m a n u -  
script received Feb. 24, 1966. This paper  was pre-  
sented at the Cleveland Meeting, May 1-6, 1966. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1966 
JOURNAL. 
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SYMBOLS 

A, As cross-sectional area of electrolyte in 
porous or tubular  electrode, cm 2 

Am cross-sectional area of metall ic phase in 
porous or tubu la r  electrode, cm 2 

C differential capacity per un i t  area, fa rad /  
cm 2 

CT total differential capacity, farad. 
Cm CR(~,t) concentrat ion of reduced species in solu- 

tion, mole /cm 8 
Co, Co(~,t) concentrat ion of oxidized species in solu- 

tion, mole /cm 8 
C ~ =CR(~,O) = Co(~,0); ini t ia l  concentra-  

t ion of oxidized and reduced species, 
mole /cm 8 

f = n F / R T ,  reciprocal thermal  volt  equiva-  
lent, volt  -1 

.F Faraday  constant, coulomb/equiva len t  
total cur rent  passed through porous or 
tubu la r  electrode, amp 

io = Sjol; total exchange current ,  amp 
I = i/io; dimensionless reduced total cur-  

ren t  
j (x ) , j (~ , t )  cur rent  density of interracial  reaction, 

amp/cm 2 
~o exchange cur ren t  density, amp/cm 2 
30 ~ s tandard exchange current  density, amp-  

cm/mole  
Jcorr corrosion current  density, amp /cm 2 
k summat ion  index 
! length of porous or tubu la r  electrode, cm 
n electron number  of oxidation reduct ion 

reaction 
na,nc electron numbers  of anodic and cathodic 

reactions, respectively 
R T / F  thermal  volt equivalent ,  v 
Ro = l l~A = ll~sAs; resistance of solution 

phase in absence of oxidation reduction 
reactions, ohm 

Rm = l/~mAm; resistance of metall ic phase, 
ohm 

Rauu : [n( l)  - -  , ] (0) ] / i ;  apparent  resistance 
of porous or tubu la r  electrode, ohm 

S interracial  area of porous or tubular  elec- 
trode per uni t  length, cm2/cm 

t time, sec 
x distance coordinate, cm 
P,~a anodic t ransfer  coefficient. 
Be cathodic t ransfer  coefficient 
, l(x) change of interracial  potent ial  difference 

by induced polarization, volt  
a = nFCoAUio; t ime constant  for concen- 

t ra t ion transients,  sec 
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KO 

K t 

Kcorr 

p ( ~ , t )  
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= Sjol2n F / r  ~ ioRof; dimensionless ~,a~ 
resistance parameter ,  a ratio of solution 
impedance to interfacial  impedance ~m 
_- KjoO/jo 
= io(Ro ~ R m ) [  -~ K(Ro -~ R M ) / R o  T 
= Sjcorrl2(~ana ~- /gcnc) F / ~ A R T ;  dimen-  
sionless resistance parameter  useful for 
est imating corrosion rates of pipes or r 
porous metals ~ ( ~ ) 'r (~'t) 
= x / l ;  dimensionless distance coordinate 

= j ( ~ , t ) / j o ;  dimensionless reduced reac- 
t ion rate. 

specific conductance of solution phase, 
o h m - l c m - 1  
specific conductance of metall ic phase, 
ohm - l c m -  1 
= SCl2 /~A  ~ RoCT; t ime constant  for 
charging of double layer, sec 
= CT (Ro + RM) 
potential  of solution phase, volt  
= [.~ (~,t); dimensionless reduced change 
in interfacial  potent ia l  difference induced 
by passage of cur ren t  
= ~(0) -t- ~(1);  dimensionless dissym- 
met ry  potential.  

Electrochemical Processes in Thin Films 
1. Preliminary Survey of the Roles of Convection and Concentration Polarization 

E. N. Lightfoot 
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  W i s c o n s i n ,  Mad i son ,  W i s c o n s i n  

ABSTRACT 

An  analysis is made of the roles of convection and concentrat ion polariza-  
tion dur ing  oxidation of hydrogen in acidic supermeniscus films. In  this pre-  
l iminary  analysis activation overvoltage is assumed constant  throughout  the 
reaction zone. It is concluded that both convection and concentrat ion polariza- 
tion are important ,  and that they are in part  responsible for formation of 
films above the normal  meniscus. It  is postulated that concentrat ion polariza- 
tion induces water  recireulation, up in the sur rounding  vapor phase, and 
down as a g rav i ty -dr iven  fal l ing film on the anode surface. Calculated film 
heights and thicknesses are in agreement  with published observations. 

Recently there has been considerable interest  in 
electrochemical processes taking place at the wetted 
surfaces of metallic rods part ial ly immersed in elec- 
trolyte solutions. This interest  stems in  large par t  
from the outs tanding work of Will (1) and from the 
belief that  studies in such systems will give improved 
insight into the behavior of porous electrodes. 

Up to the present, however,  analysis of the dif- 
fusional  processes contr ibut ing to the electrolytic cur-  
rent  have been incomplete, and the postulated pres-  
ence of very thin films above the equi l ibr ium meniscus 
has not been adequately explained. It  is felt by the 
author that  more thorough study of these factors is 
in order, and, indeed, that  electrode behavior cannot  
be adequately understood unt i l  these uncer ta int ies  are 
resolved. 

The present  paper reports a pre l iminary  analysis of 
convection and concentrat ion polarization relat ive to 

Gos Phose: Hz, HzO (v) 

H* • HX 

Fig. 1. System considered 

immobil izat ion of electrochemically inactive solutes. 
In spite of the approximations introduced, this de- 
velopment  indicates that  both convection and concen- 
t rat ion polarizat ion are impor tan t  and that  their 
effects should be fur ther  studied. Of part icular  im-  
portance is the strong probabi l i ty  that systems of this 
type can be influenced by gravi tat ional  forces and 
hence both by configuration and orientat ion of the 
electrode. 

The system considered is pictured in Fig. 1. It  con- 
sists of an electrolyte meniscus adjacent  to a vertical  
electrode surface and quite possibly distorted from 
normal  meniscus shape in its upper  regions. This dis- 
tor t ion may be due to hydrodynamic  effects, as dis- 
cussed below, or to the presence of a l iquid film of as 
yet unde te rmined  origin. In  any event, it is assumed 
that  the gas-diffusion path is short compared to that  
for the discharging ions, so that  migra t ion of the two 
wil l  be one-dimensional  in each case, and mutua l ly  
perpendicular .  

Behavior of the system can be described in terms of 
conservation relat ions for the diffusing species, and 
of electric charge, the Nernst  equation, and  Kirchoff's 
voltage law. Where convection is to be considered the 
equat ion of fluid motion mus t  also be used, with pos- 
sible serious complication of the problem at hand. 
Only simple fal l ing films wil l  be considered in  this 
ini t ial  development,  but  a more thorough analysis is 
p lanned in which na tu ra l  convection and the effects 
of surface-tension forces wil l  be taken into account. 

C o n t i n u i t y  R e l a t i o n s  

For our present  purposes we shall consider the solu- 
t ion to contain only hydrogen ions, one unspecified 
anion X - ,  a very  small  amount  of dissolved hydrogen, 
and water. 1 It  wil l  be fur ther  assumed that  diffusion 
coefficients are concentrat ion independent  throughout  
the reaction zone and that  diffusional coupling be-  
tween species is unimpor tant .  Final ly,  it  wil l  be as- 
sumed that  water  is the major  const i tuent  so that  the 

z P a r t i a l l y  d i s soc i a t ed  e l ec t ro ly t e s  c a n  b e  h a n d l e d  b y  a n  e x t e n s i o n  
o f  t h e  d e v e l o p m e n t  p r e s e n t e d  here ,  b u t  i n  t h i s  c a s e  b o t h  t h e  dis-  
soc ia t ion  e q u i l i b r i u m  a n d  r a t e  c o n s t a n t s  m u s t  be  k n o w n .  
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divergences of both the mass-average and molar-  
average velocities are zero. We then need explicit con- 
t inui ty  equations only for hydrogen and the two ionic 
species. 

The cont inui ty  equation for hydrogen is par t icular ly  
simple and may be wr i t t en  directly in integral  form 
a s  

~)H2m 
NH2 - -  - -  [CH2 ~  CH2 (0,  Z) ] [1 ]  

5 (z) 

where cH2 o is the solubili ty of hydrogen in the elec- 
trolyte. This equation may be rewr i t ten  in terms of 
the rate of increase of electrolytic current  in the z-di-  
rection, since this current  i s  produced solely by oxi- 
dation of hydrogen. We thus obtain 

I d I / d z  : [2PF~)H2~/5 (z) ] [CH2 ~  (0, Z) ] I [2] CH 2 
J 

Since the entire electrolytic current  is carried by the 
hydrogen ions, we may write the cont inui ty  equations 
for the ionic species as 

H+: Iz = - -FPS(z)  ~)H+m d-----~ -~- CH+ - ~ z  

(hydrogen ion) [3] ~ C H  ~ Vz  ~ 

dz c~ + 
+cH+v~* (anion, X - )  [4] 

Use of these pseudobinary diffusion expressions has 
been amply justified for reasonably dilute electrolytes 
and should be satisfactory for our l imited present  
purposes. The assumptions of uniform electrolytic cur-  
rent  density and negligible curvature  of the electrode 
perimeter  are consistent with the assumption of thin 
films under ly ing  the entire development.  

Equat ion [4] states the requirements  for immo-  
bilization of the anion: a balance between concentra-  
tion-diffusion, forced-diffusion, and convective fluxes. 
Simul taneous consideration of all three fluxes is diffi- 
cult because it requires detailed knowledge of water  
t ransport  across the gas-l iquid interface. For the 
present, when it is only desired to obtain a semi -quan-  
t i tative unders tanding  of system behavior, a simpler 
approach seems in order, and two l imit ing cases are 
considered for this purpose: 

1. No water  t ransport  across the l iquid-gas in ter -  
face: Vw = Vx-  ~ 0; v* - -  XH ~- VH+. Under  these con- 
ditions convection is of minor  importance, and the 
pr imary  mechanism of immobil izat ion is concentrat ion 
polarization. 

2. No resistance to water  transport :  dcn+/dz  
d c n + / d y  ~ O. Under  these conditions anion immo-  
bilization is ent irely by convection. Since this requires 
a very substant ial  solution velocity, large amounts  of 
water will  have to condense into the liquid film and 
be t ransported downward by gravi tat ional  action, or 
else there wil l  have to be very substant ial  spontaneous 
mixing. Real behavior should be in termediate  be- 
tween predictions for these two l imit ing situations. 

For the case of no water  t ranspor t  across the gas- 
l iquid interface and no spontaneous mixing, i.e., negli-  
gible convection, Eq. [3] and [4] reduce to 

d~ 
Iz = --2FPS(z)  ~)H+mCH+ ~ZZ (negligible convection) 

[5] 

riCH+ dxIf 
dz = CH+ ~ (negligible convection) [6] 

Equat ion [6] may be readily integrated and the result  
substi tuted into Eq. [5] to obtain 2 

Other  ava i lab le  analyses  t ak ing  concentra t ion polar izat ion into 
account  include (2-4). 
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d~ 
lz = - -2FP8 (z) CH+~ ~)H+m e ( * - ~ )  

dz 
(negligible convection) [7] 

Then, for conditions of negligible convection the effec- 
tive conductivi ty of the film is a funct ion of applied 
voltage, through the dependence on ~I,~, the potential  
at large z. 

When  fluid convection prevents  the development  of 
appreciable concentrat ion gradients, Eq. [4] reduces 
to 

v* = - - ~ ) x - m - ~ - -  z (convection dominant)  [8] 

This may be put  into Eq. [3] to obtain 

d~, 
I = - -PS(z ) {FCH+ ( ~ ) H + m  -~ ~)x--m)} 

dz 

(convection dominant)  [9] 

The expression in  braces is defined as ~ : K R T / F  
where K is the conductance of the electrolyte, mhos/  
cm. We may then write 

K d~ I -~ - -P5 (z) - -~z  (convection dominant)  [10] 

This is the expression used by Will, and it is, there-  
fore, impor tant  to recognize both the restrictions on 
it and its physical significance: 

(i) Res t r ic t ions . - -Equat ion  [10] is valid only when 
concentrat ion gradients are substant ia l ly  el iminated 
by convective mechanisms. This implies a substantial  
flow of solvent down the film, ei ther because of effec- 
tive equi l ibr iat ion with the gas phase, na tura l  con- 
vection, or the action of surface forces. These require-  
ments  clearly imply a sensit ivity to geometry, scale 
factors, and orientat ion with respect to gravi tat ional  
fields. 

(ii) Physica~ s igniI icance. - -The effect of convection 
is to oppose electrodiffusion of X -  and to reinforce 
that  of H+, in each case by exactly the same amount.  
Since its effect on X -  must  exactly cancel out the 
corresponding electrodiffusion, its contr ibut ion to H + 
movement,  i.e., to the electrolytic current ,  is exactly 
that  of electrodiffusion of X -  in an a l te rnat ing  voltage 
field. 

It should also be noted that  �9  is always much 
smaller than ~)H+m. It  follows that  effective electrolyte 
resistance for conditions of negligible convection is 
only about half that  for conditions of negligible con- 
centrat ion polarization, even at quite low applied 
voltages. At higher voltages the differences are even 
larger. 

Then  for the one-one electrolyte considered here, it 
should not be hard to determine from exper imental  
data whether  convection or concentrat ion polarization 
is pr imar i ly  responsible for immobil izat ion of elec- 
trochemically inactive ions. This can be seen ra ther  
clearly by rewri t ing  Eq. [7] and [10] in the common 
form 

I = - - P ~ ( z )  K |  [11] 
dz 

with 

= 1 (convection dominant)  [12] 

a ---- 2 exp [~(z)  - -  ~ ( o o ) ] /  

( 1 -t- ~)H§ ) ( c ~ 1 7 6  negligible) [ 13] 

Equations [2] and [11] through [13] summarize the 
useful cont inui ty  relations for this system. It should 
be kept in mind, however, that  the si tuat ion is much 
more complicated for par t ia l ly  dissociated electro- 
lytes. 
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Development of Current-Voltage Relations for 
Thin Films 

H e r e ,  the hydrogen concentrat ion CH2(0, Z) wil l  be 
e l iminated f rom Eq. [2] through use of Kirchoff 's 
law and a modification of the Nernst  equation, in a 
manner  similar  to that  used by Will. In this way it may 
be shown that  

. o , _ ~ l _ l n  [ ( C H + ) l V  (CH2)0 ] 
(ell + )0 (CH2) 1 "~- ~ (~]1 -- 1]0) 

[14] 

In the present  analysis overvol tage  ,I will  be assumed 
constant. This is a major  assumption which may re-  
sult in serious error  for many  electrochemical  reac-  
tions of pract ical  interest.  It  should however  be ac- 
ceptable for our present  l imited purposes, for hydrogen 
oxidation. Variat ion in overvoltage,  but  not hydrody-  
namic flow, is t reated by Grens, Turner ,  and Katan 
(4). We may thus rewr i te  Eq. [14] as 

(c~2) 1 
- -  = e - ~ C % - %  ~ [15] 

(CH2) o 
with 

= 2 (convection dominant)  [16] 

= 4 (convection negligible)  [17] 

Equat ion [15] may be rewr i t t en  more  convenient ly  
as 

,I CH2/CH2 0 ~--- exp [--/~4 + (f l - -  2)4| '[ [18] 
wi th  

4 = Xt'e- ~I' [19] 

H e r e  ~I'e is the solution potent ial  for CH2 = CH2 ~ and 
CH+ = (CH+)| Equations [2] and [18] can now be 
combined to e l iminate  concentrat ion and the resul t  
put  in dimensionless form for convenience. The resul t  
is 

dH 
= 1 - -  e-~r [20] 

d~ 

w h e r e  the dimensionless current  H and position ~ are 
defined as in the nomencla ture  list. The corresponding 
form of Eq. [11] is 

1 d4 
H = - - e a  [21] 

2 d~ 
w h e r e  ~ is also defined in the nomencla ture  list. These 
two equations may now be combined and integrated 
to yield the desired cur ren t -vo l tage  relat ions 

v=V H = * - -  - ~  (1 - -  e - z * )  (convection dominant)  

[22] 

H =  V 2E 
1 + (D~-~/DH+m)  

4 1 
~ / - -  e*~/2 + - -  e - S e + a *  ~ ~ e - $ + e  ~ [23]  
~ 5  5 

convection negligible 
To evaluate  the integrat ion constants in these two ex-  
pressions use was made of the fact that  H = 0 when  
CH 2 = CH2 ~ Note that  the total  applied vol tage can be 
defined as 4| and that  the total current  is H~. There -  
fore, to obtain an expression for total  electrode per -  
formance  f rom Eq. [22] or [23], it is only necessary to 
replace 4 by 4| and H by H| 

It may be noted that: 

1. Both relations are completely  independent  of 
film shape, provided only that  the film is thin enough 
to provide  mutua l ly  perpendicular  gas and ion dif -  
fusion, and, of course, that  7 (n0- -  m) be zero. 

2. The cur ren t -vo l tage  re la t ion at in termedia te  
points in the film is dependent  on total  applied vol tage 
when  concentrat ion polarizat ion is appreciable,  but  
not  otherwise.  

3. Cur ren t -vo l tage  characterist ics are quite  differ-  
ent for the two l imit ing cases considered, so that  it 
may be possible to de termine  the re la t ive  importance 
of convection and concentrat ion polarization f rom ex-  
per imenta l  measurements .  For  acid hydrogen anodes, 
as considered here, greater  currents  are obtained when  
concentration polarizat ion is appreciable. For  alkal ine 
hydrogen anodes or acid oxygen cathodes the reverse  
should, of course, be true. 

The last  of these points is the most impor tant  for 
our present  purposes, and is wor th  considering in 
more detail. 

To facil i tate comparison of Eq. [22] and [23] we de- 
fine r as the ratio of potentials for convection negli-  
gible and dominant  

r - - 2 / [ 1  + (~)x-ml~)H+m)] 1/2 (Limit, r 0) 

For  a ra ther  typical  value of 0.2 for (Z)x-m/~)H+m) 
one thus obtains a value  of the order  of 2 for r, at 
low applied voltages. Since R T / f / ~  0.025v at normal  
temperature ,  this expression would  only be expected 
to be val id for applied potentials of about 10 mv  or 
lower. At very  high applied voltages 

/ 8 exp (4| 
r ~ -  

1 

so that  r rapidly becomes large. 

[25] 

Comparison of Predicted Behavior with 
Available Data 

The most complete avai lable  data direct ly applicable 
to the above analysis appear to be the exper imenta l  
results of Will for cylindrical  p la t inum electrodes im-  
mersed in 1N and 8N H2804 at 25~ Representa t ive  
results are reproduced in Fig. 2 and 3, along wi th  
predictions for the assumption of convection dominant  
in immobil izat ion of the anions. Calculated results for 
the assumption of concentrat ion polarizat ion domi-  
nance are not shown because they are not direct ly  
applicable to a par t ia l ly  dissociated dibasic acid such 
as H2SO4. 

At  ve ry  low applied voltages (see Fig. 2) exper i -  
menta l  results are in fair  agreement  wi th  the as- 
sumption of convection dominance, al though the ex-  
per imenta l  currents  are sl ightly lower than predicted 
for the case of 8N acid. This result  may be a con- 
sequence of act ivat ion polarizat ion or inaccuracies in 
the assumed values of physical  properties.  The dif-  

/ 
0.12 L Lt:I.I cm //SJDN 

O.lOt" exper._...~J) 

i / cu, v,. 
006  8NH �9 2 s ~ xper .  

0 2 4 6 8 I0 
E o (MILLIVOLT) 

Fig. 2. Total current vs. applied potential [data of F. G. Will, 
ref. (1)]. 
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:3.0 I~- Li: I.Icm ] 

2.5~- 8NH2 S 0 4 ~ , . r .  

,- ,.,i...,.o. r  
/ '""as~ 

.o t o -  

0.01 0.1 0.4 0.8 1.2 1.6 
E (VOLT) 

Fig. 3. Total current vs. applied potential [(Iota of F. G. Will, 
ref. (1)]. 

MOVEMENT OF WATER VAPOR 

t ~. MOVEMENT OF WATER VAPOR 

Fig. 4. Convection in film by vapor recirculation mechanism 

fusivi ty of dissolved hydrogen, for example, is not ac- 
curately known. However, it may also be a result  of 
concentrat ion polarization superimposed on convection 
since 8N is very  near ly  the concentrat ion of m a x i m u m  
sulfuric acid conductivity. 

At higher applied voltages exper imental  currents  
for 1N acid are about 1/3 higher than those predicted, 
and, as previously stated by Will, this is an  indi-  
cation of concentrat ion polarization. The magni tude  of 
this effect is, however, far lower than  can be explained 
by the above analysis for a 1-1 electrolyte with negl i -  
gible convection. I t  would appear then, either that 
convection is impor tan t  here, or that  the effect of con- 
centrat ion polarization is markedly  reduced, either by 
the part ial  dissociation of the acid, or by kinetic l imi-  
tations. It  is the opinion of the author  that  convection 
is important ,  but  the complexities of sulfuric acid dis- 
sociation make  a convincing analysis impossible at 
present. For  8N acid there is almost complete agree- 
ment  with the assumption of convection dominance, 
but  once again caution is indicated. At this ra ther  high 
acid concentrat ion diffusional in teract ion between the 
ions and between these and the undissociated acid 
must  also be considered. This is impossible at present, 
and it is clear that sulfuric acid is too complex an 
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electrolyte to permi t  meaningfu l  in terpre ta t ion of 
exper imental  results. 

In  summary  then it appears reasonable to agree 
with Will  that concentrat ion polarization plays only a 
minor  role in these experiments,  but  this is by no 
means certain. 

It  is also impor tant  to note that Will found strong 
indirect  evidence of a l iquid film, approximately 1~ 
in thickness, above the equi l ibr ium meniscus, and 
that  an appreciable fraction of the hydrogen oxidation 
took place in this super-meniscus  region. The existence 
of such films has since been demonstrated experi-  
menta l ly  by Muller  (5, 6), using interferometr ic  tech- 
niques, dur ing  reduct ion of oxygen on nickel  cathodes 
par t ia l ly  immersed in  aqueous sodium hydroxide. 
Muller found his films to be stable dur ing the passage 
of the current ,  and that they increased in  thickness 
with current  density. The existence of such a film 
dur ing  this reaction was later used by Bennion and 
Tobias (2, 3) in their analysis of electrode behavior. 

To date no convincing explanat ion for stable super-  
meniscus films with thickness of the order of microns 
has been offered for equi l ibr ium conditions, i.e., in the 
absence of a current .  Their  presence requires an ap-  
preciable charge density in the bulk of l iquid in the 
film, or other equivalent  repulsive force. Such forces 
have been observed, for example, in soap films (7), 
but  it is easily shown (8) that they are not large 
enough to stabilize 1~, films under  conditions being 
considered here. 

Such films can be explained qual i ta t ively in the 
presence of a current  by water -condensat ion  and 
gravi ta t ional  flow, as explained above for hydrogen 
oxidation in an acid electrolyte. This is also t rue for 
oxygen reduct ion in a basic reaction, in spite of water  
consumption in the electrochemical reaction, and for 
the same reasons. It  remains  to determine if such an 
explanat ion is quant i ta t ive ly  appealing. This is the 
purpose of the next  section. 

Tentat ive  Analysis  of Convection 

From the above analysis and the exper imental  ob- 
servations of Wil l  (1) and of Mul le r  (5, 6) substant ial  
fluid motion in  the f i lm-meniscus system appears quite 
possible. There are at least three possible causes of 
such motion, each basically dependent  on the concen- 
t rat ion polarization which mus t  accompany a direct 
electrolyte current .  These are: (a) surface-tension 
gradients, which must  be considered in combinat ion 
with density gradients;  (b) na tu ra l  convection; and 
(c) recirculat ion of water  through the gas phase 
dr iven  by differences in equi l ibr ium water  vapor 
pressure. 

All  of these should be considered, and it is p lanned 
ul t imate ly  to do so, but  only the third is t reated here. 
This is in part  because it produces the simplest and 
most believable type of fluid motion, closely analogous 
to the classic Nusselt condensed-steam film. Natura l  
convection or surface- tension dr iven flows, on the 
other hand, require  both rising and descending cur-  
rents  in the same th in  film. 

The goal of the following analysis is then a simple 
and restricted one: to determine whether  the falling 
film required  to immobil ize anions at an acid hydro-  
gen anode has characteristics consistent with our 
knowledge of electrode reactions in  f i lm-meniscus 
systems. The acid hydrogen anode is used not  only be-  
cause it is the best understood, but  also because con- 
vection is downward.  Thus, a first approximate  de- 
scription can be at tempted without  detailed knowledge 
of surface forces. The procedure then wil l  be first to 
relate film thickness to the mass average velocity 
in  the film and then to relate this velocity to the total 
current .  

Since the film wil l  be thin and the Reynolds number  
of the flow in it ext remely small  the integrated equa-  
tion of motion may be wr i t ten  down directly in the 
form 
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V = pg52/3# [26] 

where v is the flow-average value of the mass-average 
velocity in the axial direction. Next Eq. [3] is re-  
wr i t ten  in the form 

I = PSCH+VH+ [27] 

where VH+ is the flow-average velocity of the hydro-  
gen ion. Next the velocity of water  in  the film is re-  
lated to that  of hydrogen through combinat ion of Eq. 
[8], [9], and [27]. 

/ [ DH+_____~ ] [28] v* =XH+ VH+ + X w V w = V H +  i-4- ~)x-m 

where v* is again a flow-average value. Note that to 
wri te  Eq. [28] in flow-average terms it is necessary to 
neglect changes in species velocity ratios across the 
film. Since xw = 1 - -  2XH+ it follows that 

1 -  1 + ~)~_----------~ XH+ 

V~ = VH+ [29] 

(1--2XH+) 1 -F ~)~_~ 

and, therefore, that  the mass-average velocity 

V = W H +  VH+ "~- Ww Vw [30] 
= A v H +  

with 

A -~ WH + .-t- Ww 

Then 

DH+m ) 
1-- 1 "4 •x--m XH+ 

DH+m ) 
(1 - -  2XH + ) 1 + ~)x-------'--~ 

[31] 
Equations [27] and [31] may now be combined to 
yield 

I - ~  PSCH+ v / A  [32] 

or, in t roducing Eq. [26] 

I ~'PpgCH+83 ( pg~)3 CH+=) 
3~A ; H ---- [33-a,  b]  

6/tA~)H2m ell2 ~ 

Then, wi th in  the limits of this development,  film 
thickness is simply related to local current  in a way 
strongly reminiscent  of the Nusselt condensate films. 
This expression is, however, only useful  in the upper  
region of the meniscus, and there only if the calculated 
5 is much greater than the film thickness in absence of 
a current.  It is not  applicable at all  to systems in which 
ion flow is upward.  With all these limitations, how- 
ever, Eq. [33] does permit  an estimate of the con- 
t r ibut ion of convection to film thickness. 

Consider then  as an i l lustrat ive example the follow- 
ing hypothetical,  but  reasonable, conditions 

/ / P  --= 0.05 m a / c m  
CH+ = 10 -3 eqts /cm 3 
~/p = 10-2 cm2/sec 
~ H + m / ~ x - - m  = 4.5 

(1 + 4.5) 
1 

55 
A -- 0.001 -4- 0.999 [34] 

1 - - - -  (1 -}- 4.5) 
55 

= 0.17 

This corresponds remarkab ly  well  with the estimated 
thickness of 1.5~, suggested by Will  for very similar 
conditions but  a somewhat  different physical model. 
While this degree of agreement  must  be considered 
coincidental, it is nevertheless encouraging. 

F i lm height can also be determined readily.  For the 
low current  of the above numer ica l  example accept- 
able results may be obtained quite readily. Here 

H -- X/V ~ [36] 
and 

dH dH 
---- 8 - -2~  

d~ dz 

2 H / x / 7  [37] 

Combining this resul t  with Eq. [33] yields the desired 
relat ion for film shape 

d8 2 
= - -  [38] 

dz  3~/~ 

Then L/5 = 3/2 ~/~-where L is distance from top of 
film to level at which thickness is 8. For sulfuric acid 
at 25~ 

F / R T  = 39.0 volt -z 

moles 
CH2 ~ ---- 7.67 • 10 - 7 -  (1N H2SO4) ; 

cm 3 
7.17 X 10 -7 (8N) 

cm 2 
~)H2m ~ 3.1 • 10 - 5 _  (1N); 2.2 • 10-5 (8N) 

s e e  

K = 0.215 mhos /cm (1N); 0.826 (8N) 

Then for these conditions ~ ---- 2.40 • 103 and ( L / g )  
73.5 (1N H2SO4) or 118 (SN H2SO4). 

By way of contrast, Will  found the electrochemi- 
cally active region to extend about 100 to 200 film 
thickness above the visible meniscus. In  view of the 
uncertainties,  both in analysis and experiment,  these 
predictions are in  reasonable agreement  wi th  Will 's 
data. 

The only exper imental  evidence of meniscus thick- 
ening to date appears to be that of Muller  for reduc-  
t ion of oxygen on a nickel tube in  3.5N KOH. Fi lm 
thickness was found to increase with current  density 
for this system, for example, th ickening from about  
0.3 to about 0.5~, at 15 mm above bulk l iquid level, 
when  the current  was raised from 0.0047 to 0.047 m a /  
cm. This thickening was ascribed to electrocapillary 
effects, but  without  proof. I t  is not possible at present  
to say more than that  this degree of thickening is of 
the order predicted by the above convective develop- 
ment.  It  is also impor tant  to note that  Muller 's  films 
were th inner  at higher elevations, and, in  fact, that 
available data as reported in ref. (3) indicate the t r i -  
angular  cross section predicted by Eq. [38]. 

In  summary  then, both the thickness and height of 
the fal l ing film required to immobilize the anions are 
consistent with exper imenta l  observation. In  fact, the 
agreement  between prediction and exper iment  is much 
better  than  would be expected in view of the many  
approximations made in  this development.  It would be 
unwise to neglect other mechanisms of diffusional 
stabilization or other sources of th in  l iquid films on 
the meta l  electrode surface. It  is also too early to 
speculate on the specific effects of geometry and or ien-  
ation on electrode performance. 

Nevertheless, two facts seem to be demonstrated by 
this analysis: 

 o.17) (5 • 10-5 
co. om  ) cm ) 

sec cm sec 

( cm )( 
980-- 9.65 X 104- 

sec 2 
) ) 

equivalent cm 3 

I/3 

1.4~ 

[35] 
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1. Superficial t rea tment  of the cur ren t -ca r ry ing  dif- 
fusional and convect ive processes in meniscus-fi lm 
systems preclude thorough unders tanding of electrode 
performance.  

2. Convect ive processes are l ikely to prove impor-  
tant in many practical  situations. 

Fa i lure  to consider these points would make full  
practical  uti l ization of Dr. Will 's  outstanding work  on 
thin films very  unlikely.  

Manuscript  received Jan. 7, 1965; revised manu-  
script received Jan.  8, 1966. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  
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NOMENCLATURE 

I - -  1 + D~-'----~ XH+ 
A = WH+ -4- Ww 

( 1 - 2 x H + )  1 + ~_------~ 

c total molar  concentrat ion 
ci molar  concentrat ion of species i 
~)im effective b inary  diffusivity of species i 

Eo standard electrode potent ia l  = 96,500 coulombs/  
equivalent ,  Faraday 's  constant 

g 980 cm/sec  2, gravi ta t ional  acceleration 
H I/2PFcH~~ dimensionless (axial)  current  
I (axial)  current,  amp 
K specific conductivity,  m hos / cm  
L (total) film length 
Ni molar  flux of species i re la t ive  to stat ionary co- 

ordinates, moles /area ,  t ime 
P electrode perimeter ,  normal  to electrolytic cur-  

rent  flow 
R internat ional  gas constant 
T absolute t empera tu re  
v axial  mass-average  velocity, flow average value  

for film 
v* (axial)  molar  average  velocity, flow average for 

film 
vi (axial) species velocity, flow average  for film 
xi mole fract ion of species i 
z axial  distance 

dimensionless factor defined by Eq. [11]-[13] 
dimensionless factor defined by Eq. [15]-[17] 

"y dimensionless factor defined by Eq. [15], [18], 
[19] 

5 film thickness in direction of dissolved hydrogen 
diffusion 

e ~ K |  (dimensionless) 
= z/5 

n overvol tage  
K = K R T / F  

viscosity 
p density 
r electrostatic potential,  volts 
,I, = CF/RT, dimensionless potent ial  

= (q~~ dimensionless local applied po- 
tential  re la t ive  to top of film 

wi mass fract ion of species i 

Superscript 
o conditions at top of film 

Subscripts 
e conditions for which CH+ = (CH+), and CH2(O,Z) 

= e l l 2  0 
w water  
H + hydrogen ion 
x -  (unspecified) anion 
oo conditions at lower  end of f i lm-meniscus sys- 

tem 

Technical Notes 

Studies on the Oxygen Gradients in Oxidizing Metals 
IV. Kinetics of the Oxidation of Hafnium at High Temperatures 

J. P. Pemsler 
Ledgemont Laboratory, Kennecott  Copper Corporation, Lexington, Massachusetts 

Like zirconium, hafnium dissolves significant quan-  
tities of oxygen during oxidation so that  a meta l  zone 
rich in oxygen forms beneath the oxide layer. In a 
previous paper the author  has shown that  the oxygen 
gradient  beneath the oxide film may  be calculated 
with an appropriate  diffusion equation and that  the 
exper imenta l ly  determined gradient  is in good agree-  
ment  wi th  the theoret ical  expression (1). In addition, 
it was found that  a remarkable  anisotropy of the oxi-  
dation film growth occurred which persisted to the 
thick film region and that  the effect was associated 
with a var ia t ion in the s toichiometry of the oxide film 
covering differently oriented grains (1). In previous 
studies of zirconium it has been shown that, whi le  
the oxygen solution obeys diffusion kinetics and re -  

mains parabolic for sufficiently thick samples, film 
growth does not obey normal  rate  laws (2). 

It is the purpose of this paper  to a t tempt  to separate 
quant i ta t ive ly  the film growth and oxygen dissolution 
processes and to a t tempt  to gain insight into the film 
growth mechanism. 

Experimental 
Hafnium in the form of 3/4-in. rod was obtained 

f rom the Carborundum Metals Cl imax Company. The 
vendor 's  analysis lists Zr as 2.5 w / o  and the  fol lowing 
in ppm: A1 < 80, Cu < 40, Nb < 50, Ta < 1O0, Ti 
< 20, Fe-475, and N-33. The pur i ty  of the oxygen 
used has been reported previously (3). Exper imenta l  
details concerning the prepara t ion of spherical  sam- 
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Fig. 1. Total weight gain of hafnium oxidized between 850 e 
and 1400~ 
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Fig, 2. Maximum oxide film thickness on oxidized hafnium. �9 
1293~ A ,  1140~ [ ] ,  10S0~ ~ ,  950~ O,  1400~ 

ples, oxidation, and weight gain and film thickness 
measurements  are similar  to those used for zirconium 
(3). 

Results 
Total weight gain.--Data for the total weight gain 

between 850 ~ and 1400~ are given in Fig. 1 in  the 
form of a logarithmic plot. With the exception of the 
data at 1400~ where the separate data points are in -  
dicated, the results were obtained as a continuous 
weight  gain record. The slopes of the log-log plots 
are about 0.42 and indicate a kinetic behavior  between 
cubic and parabolic. Since the total weight  gain is 
the sum of the film growth and oxygen solution and 
the lat ter  two do not conform to the same kinetic 
behavior, no mechanistic in terpre ta t ion of the total 
weight gain data can be made at this time. 

Film thickness.--Examination of cross sections of 
the oxidized spheres indicate that at all times and 
temperatures  there is a high degree of i r regular i ty  of 
the film thickness. This may be presumed to be asso- 
ciated with the high degree of anisotropy of oxide 
film formation on hafn ium (1). In  order to present  
the data it was found desirable to plot maximum,  
minimum,  and average thicknesses of the film, and a 
parabolic plot of these data is shown in Fig. 2, 3, and 
4. Data at the lowest tempera ture  may be approxi-  
mated as parabolic. At the in termediate  temperatures  
the film growth is characterized by a cont inuously de- 
creasing rate of higher power than parabolic. At the 
highest temperatures  the film growth rate may again 
be approximated as parabolic. 

Dur ing  film formation grain growth occurs in  the 
metal  and becomes pronounced at high temperatures  
and long times. Oxygen in high concentrat ion retards 
grain growth so that  metal  grains wi thin  the oxygen 
gradient  may be smaller  than those beyond the depth 

180 , I , , I ' i i i I i i i J I ~ i 
o 
_~ 160 
~E 

140 o 

_~120 

 ,oo 
eo 
so ^ - - - - - - - - - - ~  _ 

[ 3  ~ ' ~  

O ~ L  I I I I I I I I I r J I I 
0 5 IO i5  

T ime]Z  h r s~'2 

Fig. 3. Minimum oxide film thickness on oxidized hafnium, Sym- 
bols are the some as in Fig. 2. 
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Fig. 4. Average oxide film thickness on oxidized hafnium. �9 
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Fig. 5. Oxygen in solution in oxidized hafnium 

of appreciable oxygen penetrat ion.  Since grain growth 
is apt to result  in  a preferred orientation, it is l ikely 
that grain growth coupled with the anisotropy of film 
formation might alter the film growth process. Thus, 
at the lowest temperatures  grain growth is sufficiently 
slow so that  the orientat ion of the different oxidizing 
grains is roughly constant. At in termediate  tempera-  
tures grain growth becomes more pronounced, and 
the degree of preferred orientat ion is consequently 
altered, thereby al ter ing the film growth. At the high- 
est temperatures  grain growth is exceedingly rapid, 
and the re tarding effect of the oxygen gradient  is ab-  
sent, so that  after a short t ime the characteristic 
grains develop which will  be present  for the r emain -  
der of the oxidation. 

Oxygen in the metaL--A knowledge of the total 
weight gain and the measurement  of the oxide film 
thickness enables computat ion of the quant i ty  of ox- 
ygen dissolved in  the metal  substrate beneath  the 
oxide film. Furthermore,  the lat ter  quant i ty  can be 
calculated by equations previously given (3). Calcu- 
lated and exper imental  data for oxygen dissolved in 
the metal  are plotted as a funct ion of a square root 
of t ime in Fig. 5. Here, the solid l ine represents cal- 
culated values, and the separate exper imental  points 
are indicated in the figure. Good agreement  exists 
between calculated and observed oxygen content  of 
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the metal  and the data are parabolic as demanded by 
diffusion theory. 

Discussion 
During an invest igat ion of the h igh- t empera tu re  ox- 

idation of zirconium, it was postulated that  there  ex-  
ists easy diffusion paths through the oxide which are 
not interconnected la tera l ly  (2). An hypothesis was 
also presented for the stabilization of the h igh- tem-  
pera ture  te t ragonal  phase of zirconia at tempera tures  
far  below the normal  t ransformat ion tempera ture  and 
of different t ransport  rates through the monoclinic 
and te t ragonal  oxides. It is possible that  similar  sit- 
uations exist during ~he oxidation of hafnium. In order 
to unders tand the mechanism of film format ion on haf-  
nium, it is desirable to determine  the contr ibution of 
nonlat t ice diffusion and tetragonal  oxide to the film 
growth process. It  is also necessary to de termine  the 
kinetics of film format ion on single crystal  mater ia l  

O X Y G E N  G R A D I E N T S  I N  O X I D I Z I N G  M E T A L S  621 

of wel l -def ined orientations. This should give insight  
into the mechanism causing the pronounced anisotropy 
of film growth and yield meaningful  film growth rates 
which are not  affected by grain growth in the sample. 
The aforement ioned investigations are being pursued 
in this laboratory. 
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A Chemical Polish for Tin Telluride 
Marriner K. Norr 

United States Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 

Unti l  now there  has been only one satisfactory 
method for chemical ly polishing SnTe (1, 2). It  has had 
the disadvantage of f requent ly  leaving a whit ish haze 
(and sometimes dark stains) on 'the samples when 
they were  polished for a long enough t ime (3-5 min) 
to r emove  the scratches formed by previous mechan-  
ical polishing (2). 

This note describes a method of chemical ly polish- 
ing SnTe that gives a clean, somewhat  flatter surface 
than (1, 2). 

Procedure 
The sample is mounted  in a stainless steel j ig as- 

sembly and ground flat on No. 600 grit  SiC paper. It 
is ~hen t ransferred to a polycarbonate j ig assembly 
(to which it is at tached with paraffin) and polished 
with  Carborundum No. 50 grit  A120~ optical finishing 
powder  on a paraffin lap. Finally,  it is polished with  
Linde A abrasive on a paraffin lap. Each of the abra-  
sives is lubricated with  a 1:1 solution of Joy  detergent  
in ethanol. The sample, j ig assembly, and hands 
should be thoroughly cleaned after  each step of gr ind-  
ing and polishing. 

The solution for chemical  polishing is prepared  by 
dissolving 0.35g I2 in 40 ml ethanol (or methanol)  
and then adding 10 ml  dist. H20 and 4.0 ml 49% HF. 
A polyethylene beaker  is used to avoid contaminat ion 
f rom the container. 

A piece of twil l  jean cloth 1 is s t retched over  a 
smooth Teflon plate and saturated wi th  the solution 
at 25~ It is recommended  that  the hands be pro- 
tected f rom the solution with  polyethylene gloves. 
The sample (still mounted in the polycarbonate  j ig as- 
sembly) is polished by l ightly rubbing it over  the wet  
twil l  jean cloth, using a figure eight motion, for 15-20 

z K. S. 2423 twill jean  cloth, Exeter  Manufac tur ing  Company,  Inc., 
Exeter ,  New Hampshi re .  

min. Periodically,  additional solution must  be added 
to keep the cloth saturated. The sample is then rinsed 
in a s t ream of methanol,  fol lowed by a stream of dis- 
t i l led water,  and dried on lens paper. Af ter  demount-  
ing, it is soaked 2-3 t imes in fresh benzene to remove  
any adhering paraffin and dried on lens paper. 

The SnTe crystals used in this work  were  grown by 
the Czochralski method. The polish produced a mir-  
ror l ike surface which has been used successfully for 
reflectivity measurements  (3). Back-reflection Laue 
photographs, diffractometer  measurements ,  and a Kos-  
sel photograph indicated that  the surface was free of 
major  strains. 
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Segregation Coefficients of Some Rare Earth Niobates in SrMo04 
L. H. Brixner 

Pigments Department, Experimental Station 
E. I. du Pont de Nemours & Company, Incorporated, Wilmington, Delaware 

The original laser exper iments  employing scheelite- 
type hosts were  carr ied out wi th  CaWO4 (1). Other 
scheelites such as SrMoO4 (2, 3), CaMoO4 (4, 5), 
PbMoO4 (4), and SrWO4 (2) also have been used as 

host materials  for lasers employing rare  earth ions. 
Because low thresholds and ease of excitation, rods 
containing Nd +3 have been studied most intensively.  
However ,  rods containing other  infrared emit t ing rare  
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Table I. Segregation coefficients for some LnNbO4-type 
niobates in SrMo04 

% D e v i -  % D e v i -  
a t i o n  a t i o n  C r y s t a l  L n ~ O s :  

f r o m  S r + ~  f r o m  C a  § c o l o r  k c s / c ,  N b 2 0 5  

S c  +3 - - 2 7 . 7  - - 1 8 . 2  - -  - -  
y + s  - -  1 7 . 8  - -  7 . 1  C o l o r l e s s *  0 , 6 7  

L a  +3 + 1 . 8  + 1 5 . 2  C o l o r l e s s  1 . 0 4  

C e + 3  - -  4 . 5  + 8 . 1  Y e l l o w  0 . 9 1  

p r * ~  - - 5 . 3  + 7 . 1  G r e e n  0 . 9 6  

Nd +s -- 71 + 51 Blue 0.93 

S m + 8  - -  1 0 . 7  - -  1 . 0  A m b e r  0.88 

E u  +s - -  1 2 . 5  - -  1 . 0  D e e p  R e d  0 . 9 3  

G d  +s - -  1 3 , 4  - -  2 . 0  C o l o r l e s s  0 . 7 9  

T b + 8  - -  1 6 . 9  - -  6 . 1  C o l o r l e s s *  0 . 7 1  

D y + 8  - -  1 7 . 8  - - 7 . 1  L i g h t  Y e l l o w *  0 . 6 6  

H o  +8 - -  1 8 . 7  - - 8 . 1  L i g h t  B r o w n *  0 . 6 2  

E r + ~  - - 2 0 . 5  - -  1 0 . 0  P i n k *  0 . 4 8  

T m ~  - - 2 2 . 3  - - 1 2 . 1  - -  - -  
Y b + ~  - - 2 3 . 2  - - 1 3 . 1  - -  - -  
L u  +~ - -  2 4 . 1  - -  1 4 . 1  - -  - -  

0.6--0 1 : ~ 7  (T )  
1:1.05 (B)  

1 . 0 1  i : 0 . 9 1  
1 : 0 . 9 0  

0 . 9 0  1 : 1 , 0 0  
1 : 0 . 9 7  

0.97 1:0.95 
1: 0.94 

0.95 1:0.90 
1:0.89 

0.83 1:1.07 
1:1.06 

0.89 1:0.88 
1:0.85 

0.76 1:1.01 
1:0.99 

0.70 1:1.06 
1:1.05 

0.63 1:1.12 
1:1.04 

0.59 1:1.00 
1:0.99 

0.50 1 : 1 , 1 1  
1:1.04 

* T h e s e  crys ta l s  c r a c k e d  on  coo l ing .  

ear th  ions such as Ho +3 and Tm +3 (4) also have been 
studied. The above papers describe mostly laser ex- 
per iments ;  there  have  been few comprehens ive  studies 
of all rare  earths in a g iven host wi th  details on 
prepara t ive  and analytical  procedures,  as for instance 
in (5) and (6). Even here, no at tempts  have been 
made to correlate  the observed segregation (or dis- 
t r ibut ion) coefficients wi th  the s t ructural  fit of the 
rare  ear th  into the cation site of a scheelite. 

In this note, we should like to point out some rela- 
t ionships be tween the ionic radii  and the segregation 
coefficients for the LnNbO4-type rare  ear th  niobates 
in SrMoO4. All  single crystals were  grown by the 
Czochralski technique as previously described (5). 
Conditions were  mainta ined as uni form as possible 
wi th  respect  to pull ing speed, rotation, shape, and 
weight  of crystal. The start ing mix ture  of all composi- 
tions was prepared  according to the fol lowing stoichi- 
ometry:  

0.99SrMoO4 + 0.005Ln203 + 0.OO5Nb205-> 
Sro.99Ln0.01Mo0.99Nb0.0, O4, 

where  Ln = Y+~, La +3, Ce +3, Pr  +~, Nd+3, Sin+3, 
Eu +3, Gd +3, Tb +3, Dy +3, Ho +~, and Er +3. This re- 
sulted in an act ivator  concentrat ion of 1% in the mel t  
for all rare  ear th  niobates, and it should be r emem-  
bered at this point that  k can also be a function of the 
concentrat ion of the dopant. 

Analysis and computat ion of k was done as de- 
scribed in (5). Table I summarizes  the results. Crys- 
tals wi th  Sc +3, Tm +~, Yb +3, and Lu +8 were  not 
grown, and the ionic radii  deviations are mere ly  in-  
cluded for completeness. For  the purpose of a com- 
parison we have also given the ionic radii  deviat ion 
for Ca +2. The most str iking result  is the fact  that  the 
segregation coefficient varies  direct ly wi th  the devia-  
tion of the rare  ear th  ion size f rom that  of Sr +2 as 
is evident  in Fig. 1. 

In the case of the examples  marked  with an aster- 
isk no crack-free  crystal  could be grown on repeated 
attempts. It is par t icular ly  interest ing to note that  
this t ransi t ion f rom sound to cracked crystals oc- 
curred for a cation size difference of around 15%, the 
amount  of deviat ion genera l ly  accepted as the l imit  
of isomorphous substitution. That  this is observable in 
single crystals at such low concentrat ion is interest-  
ing; in the case of Y, six crystals grown from the 
mel t  cracked whi le  being cooled to room temperature ,  
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Fig. 1. Segregation coefficient k for LnNb04 in SrMo04 as a 
function of differential ionic radii (rLn+3 - -  rsr+2).  

indicating that  t rue single crystal l ine solid solution 
are only stable at high temperature .  There are two 
exceptions to the normal  relationship, Ce +3 and Eu+~; 
k for Ce seems too small  and k for Eu +3, too big. In 
the first case, we can only postulate that  perhaps a 
small amount  of Ce +4 causes this deviat ion as indi- 
cated by the intense yel low color, whereas  in the Eu 
case we know that  some Eu +2 enters the crystal, 
which has a deep red color. The bet ter  s t ructura l  fit 
of Eu + ~ in the Sr +2 site would account for the segre- 
gation coefficient nearer  to unity. It  is interest ing to 
note that, contrary to the CaMoO4/EuNbO~ case, it was 
impossible to oxidize Eu +2 in SrMoO4. Af ter  100 hr  
under  pure oxygen at 1400~ the crystal  was still 
deep red. A similar  observat ion was made for 
CaWO4/Eu (6). 

The column marked  Cs/Cn gives the ratio of the con- 
centrat ion in the top of the crystal  to the nominal ly  
charged concentrat ion and in each case comes very  
close to k determined from analyses of top and bot- 
tom of the crystal. In the last column are the ratios of 
rare earth oxide to niobium pentoxide in top (T) and 
bot tom (B) of crystal. Since the stoichiometric devi-  
ation is general ly  ve ry  small, it appears justified to 
treat  the rare  ear th  niobate in its ent i re ty  as we did 
for all computations. The general  tendency is for this 
ratio to become smaller  as the crystal  grows, indicat-  
ing somewhat  s t ronger  segregation of Nb2Os, but  the 
change is cer tainly in no proport ion to the change 
exper ienced by k itself. With the exception of Eu and 
Ce, a s t ra ight forward relat ionship be tween  segrega- 
tion coefficients and ionic radii  has been established 
which permits  the predict ion of distr ibution coeffi- 
cients f rom knowledge of the deviat ion of the substi- 
tuted ion's size f rom that  of the host ion. Fa i lure  to 
grow sound crystals wi th  rare earths deviat ing more  
than 15% in size f rom that  of Sr  +2 indicates that  
these cannot be incorporated into the single crystal-  
line SrMoO4 lattice, at least not at this concentrat ion 
and at room temperature .  Compared to SrMoO4, 
CaMoO4 should be the bet ter  host for Nd +3, a l though 
u l t imate ly  an appropriate  solid solution of the two 
host compositions may be the best material ,  wi th  es- 
sential ly no segregation of the active constituent. This 
should also be possible for Ce and Pr, where  the de- 
viat ion of ionic radii  in CaMoO4 is opposite to the one 
in SrMoO4. 

Manuscript  received Feb. 8, 1966. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December  1966 
J O U R N A L .  
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Solubilities of Some II-V! Compounds in Bismuth 
M. Rubenstein 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

Attent ion  was first focussed on some of the larger  
band gap I I -VI  compounds, i.e., ZnS, CdS, ZnSe, and 
CdSe, because of the interest  in various optical prop-  
erties such as luminescence. Much effort was and is 
still  being expended to prepare  powders  of such ma-  
terials in doped and undoped states. More recent ly  
other  I I -VI  compounds (ZnTe and CdTe) have  been 
studied because of possible uses in e lectroluminescence 
and in solar ba t te ry  materials.  

Since more  at tent ion is now being centered on t ry -  
ing 'to unders tand the observed phenomena exhibi ted 
by these mater ia ls  and since some of the devices can- 
not utilize powders, there  has been a grea ter  effort 
in prepar ing single crystals in pure and doped states. 
Such single crystals have  been grown f rom a vapor  
state and f rom a mel t  state. It  is also possible to grow 
these I I -VI  compounds f rom a solution having an ex-  
cess amount  of the II or VI element,  i.e., one can 
grow single crystals of ZnTe by cooling a solution in 
which the init ial  charge is ZnTe and an excess of zinc. 
In order to grow such crystals a knowledge of the 
phase diagrams is of importance. Liquidus phase dia- 
grams of ZnSe (1), ZnTe (2), CdS (3), CdSe (4, 5), 
and CdTe (6, 7) are a l ready in the l i terature.  

Solution growth must  involve  a solute and a solvent. 
A solution of a I I -VI  compound as the solute and the 
II e lement  as the solvent  has just  been mentioned.  
ZnTe can also be grown by cooling a solution in which 
the init ial  charge is ZnTe and an excess of tel lurium. 
One may  also use solvents other  than one of the con- 
st i tuent elements. For  example,  a l though GaP and 
GaAs crystals may be grown from solutions of gal-  
lium, they can also be grown from lead, bismuth, tin, 
indium, selenium, te l lur ium, and germanium (8, 9). 
BP can be grown from a solution of BP dissolved in 
nickel  (10). 

"If~/S 

0 2 4 6 8 10 12 14 16 18 20 22 
Mole Percent ChalcogenJde 

Fig. 1. Liquidus solubilities of ZnS, ZnSe, ZnTe, CdS, CdSe, 
CdTe as a function of temperature. 

Data presented in this paper concern the l iquidus 
solubilities of solutes ZnS, ZnSe, ZnTe, CdS, CdSe, 
and CdTe in a bismuth solvent. 

The method used to obtain this data is the h igh-  
t empera tu re  fil tration technique previous ly  described 
(8). Tempera tu re  measurements  were  made using 
P t - P t  10% Rh thermocouples  cal ibrated with  the mel t -  
ing point of gold. 

The bismuth used as the solvent  was 99.999-}-% 
from ASARCO. The ZnS was RCA 33-Z-19 fired in 
H2S at 1100~ pressed into pellets, and fired in an 
evacuated tube (sealed off at a pressure less than 
i0 -5 Torr) at II00~176 for 16 hr. The ZnSe was 
G.E. 118-8-3 purified by repeated sublimations in ar- 
gon at 1300~ followed by a vapor transport (11) to 
produce either single crystals or masses with, at most, 
several crystals. The ZnTe was prepared from heating 
99.999-{-% zinc and tellurium in argon to 500~ and 
then the temperature was allowed to rise to 800~ 
This material was heated in hydrogen at 600~ to 
remove excess tellurium. Single crystals were pre- 
pared using a vapor transport method ( i i ) .  CdS was 
G.E. 118-8-2 material which was fired in H2S at 1000~ 
followed by a vapor transport technique (11) to 
produce a sound mass of CdS. CdSe was prepared by 
sealing G.E. 118-8-4 material in a quartz tube at a 
pressure of less than 10 -5 Torr and heating for several 
days at 950~ The s intered mater ia l  was removed  
from the tube and resealed at the same pressure and 
reheated for several  days at 950~ This yielded a 
hard sintered CdSe. The CdTe was prepared  by hea t -  
ing 99.999+ % cadmium and te l lur ium from ASARCO, 
sealed in a graphit ized quar tz  ampule  at a pressure 
less than 10 -5 Torr, s lowly to 1135~ and then slowly 
cooling this melt. Large  single crystals were  often 
prepared  in this manner.  

The mixtures  of chalcogenide and bismuth were  
sealed in quartz  tubes, mainta ined at t empera tu re  for 
16 hr  (the 1300~ exper iments  were  mainta ined at 
t empera tu re  for 6 hr) ,  filtered, and cooled. The fil- 
trates and residues were  separate ly  weighed to the 
nearest  0.1 mg .and t reated wi th  an excess of mercury  
at 150~ to remove  the bismuth. The mercury -b i s -  
muth  l iquid solution was sucked off at 150~ using a 
small  d iameter  tube, and finally small  amounts  of 
mercury  were  removed by heat ing the chalcogenide 
samples under  vacuum. The chalcogenide samples 
were  then separately weighed to the neares t  0.1 rag. 
Solubil i ty measurements  had a precision and accuracy 
of bet ter  than _+0.1 mole per  cent for measurements  in 
excess of 3 mole per cent chalcogenide and bet ter  
than --+0.05 mole per cent for measurements  less than 
3 mole  per cent chalcogenide. 

The data obtained using this h igh- t empera tu re  fil- 
t rat ion technique are shown in Fig. 1. It  can easily 
be demonstrated,  for the six chalcogenides, that  solu-  
bi l i ty decreases as the  molecular  weight  of the solute 
decreases and that  solubil i ty decreases as the sum of 
the te t rahedra l  covalent  radii  (R II + R vI) decreases. 
Needles of ZnS and platelets  of the other  five com- 
pounds were  obtained f rom the filtrates. 
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Reaction Rates on Partially Blocked Rotating 
Disks-Effect of Chemical Kinetic Limitations 

Daniel E. Rosner 
AeroChem Research Laboratories, Inc., Subsidiary of Ritter Pfaudler Corporation, Princeton, New Jersey 

Gregory  and Riddiford (1) noticed that  a chem-  
ically iner t  center  stud failed to appreciably al ter  
the rate  of dissolution of a zinc disk rota t ing in iodine 
solutions, despite the fact that  the iner t  area com- 
prised some 4% of the  working  surface of the disk. 
Pursuing this further ,  these authors repor ted  data (2) 
on the effect of progress ively  blocking off the center  
of rotat ing copper disks in H2SO4 solutions. In a dis- 
cussion of this work,  Ibl (3) correct ly  pointed out 
that, if the  react ion on the unblocked disk was com- 
ple te ly  diffusion controlled, then the re la t ion be tween 
the fract ional  reduct ion in reaction rate, J/Jo, and the 
fract ional  area blockage, f -- (to~R) 2 (see Fig. 1), 
would be 

(J/Jo) diff ~ ( 1 - -  fS/2) 2/3 I l l  

This relat ion is a s t ra ight forward consequence of 
Levich 's  resul t  for species t ransport  to a rotat ing disk 
(4, 5), as general ized by Zaidel (4) to include the 
effect of an iner t  central  region ("patch") .  The re-  
sult ing blockage effect is considerably different f rom 
the simple resul t  

(J/Jo) chem : 1 - -  f [2] 

(expected if the react ion were  chemical ly controlled) 
since in the par t ia l ly  blocked diffusion-control led case 
the reduct ion of act ive area is par t ia l ly  compensated 
for by great ly  improved  local conditions of convect ive 
diffusion ( ini t ial ly thin diffusion boundary  layer)  in 
the active region. 

Objective.--Clearly, Eq. [1] and [2] represent  two 
l imit ing cases of a more general  re lat ion governing 
reactions which (in the unblocked case) are nei ther  
reaction rate controlled nor diffusion controlled. In-  

deed, if this more general  re la t ion were  known, such 
measurements  could offer an a t t ract ive new method 
for infer r ing  the ex ten t  of diffusion control, and hence 
true rate constants for rapid heterogeneous reactions. 
The purpose of this note is to outl ine how this more  
general  relat ion can be obtained exact ly 1 and to pre-  
sent graphical ly the per t inent  results. For  a detailed 
account of the theory of par t ia l ly  blocked rotat ing 
disks and their  interest ing relat ion to short tubular  
reactors, the reader  is re fe r red  to ref. (6). An excel-  
lent  cri t ical  r ev iew of the now extensive use of the 
rotat ing disk system in electrochemical  investigations 
is provided in ref. (7). 

Outline of the analysis.--In the general  case of 
species diffusion to a par t ia l ly  blocked react ive  sur-  
face, outside of the nonreact ive  region a s teady-sta te  
distribution of reactant  concentrat ion is established 
such that  the local rate  of diffusional t ransfer  to the 
active disk surface is eve rywhere  equal  to that  de- 
manded by the concentrat ion dependence of the sur-  
face reaction. While the reactant  concentrat ion (mass 
fraction) far f rom the surface, Ce, is uniform, a radial  
distr ibution of reactant  concentrat ion cw(r) is estab- 
lished along the surface in the region R ~r~--ro. Both 
the local rate  of convect ive diffusion and the local re -  
action rate  depend on cw (r) ; hence, equat ing these two 
rates provides an equation for c~(r),  f rom which all 
other  quantit ies of interest  can be obtained. 

If g0 is the effective diffusion layer  thickness as 
obtained frown the Levich solution for the unblocked 
case, 2 then it can be shown (6) that  the local mass 
rate of diffusional t ransport  - - j" (r )  to the active sur-  
face is related to the (as yet  unknown)  concentrat ion 
distr ibution cw(r) by 

--Dp 1 -- dice -- Cw(~) ] 
--j" (r) ~- - - 7  

[3] 

At  every  r ~ r0 this flux must  be ident ical ly equal  to 
the kinetic consumption rate, - - ~ "  independent ly  ex-  
pressible in terms of the local reactant  concentrat ion 
at the interface. In the special case of a f i rs t -order  
heterogeneous react ion --~" is given by kwpcw; hence, 
the reactant  conservation equat ion at the interface 

1 i .e . ,  m a k i n g  no  a p p r o x i m a t i o n s  o t h e r  t h a n  t h o s e  u n d e r l y i n g  the  
o r i g i n a l  L e v i c h - Z a i d e l  r e l a t i o n ;  v i z .  s t e ady ,  l a m i n a r  f low;  c o n s t a n t  
p h y s i c a l  p r o p e r t i e s  (dens i ty ,  p, k i n e m a t i c  v i s cos i t y ,  p, a n d  F i c k  
d i f f u s i v i t y ,  D ) ;  d i f f u s i o n a l  P r a n d U  ( S c h m i d t )  n u m b e r  P r  (~ y / D )  ~ 
1; a n d  n e g l i g i b l e  i n t e r r a c i a l  v e l o c i t y .  

Fig. 1. Partially blocked rotating disk configuration ~ i.e., ~o = [0.62048(Pr)1/3(c~/~) ~/2]-1, w h e r e  c~ is t h e  d i sk  speed. 
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takes the form of a linear, s ingular  integral  equation 
of the Vol terra  type 3 

- - D  ~ : i  E ( ~ a l - l / 3 d c w  
kwcw(r)  = - - "  1 �9 d~ 

[4] 
Resu l t s  

While local solutions to the dimensionless form of 
this equation can be obtained analytically,  results over  
the entire ( kwBo/D)[ ( r / ro )  3 - -  1] 1/3 range of interest  
are most readi ly  obtained by numerical  means on a 
digital  computer.  This has been done (6) and the re-  
sults used to obtain the total reaction rate  

- -  J - -  k w  p Cw ( r )  2~r dr [5] 

f rom which the effects of part ial  blockage follow im- 
mediately.  As expected, it is found that  the reduction 
in reaction rate, J/Jo,  depends not only on the frac-  
t ional area blocked, f _--- (ro/R)  2 but also on the di- 
mensionless chemical  kinetic pa ramete r  kwSo/D. Equa-  
tion [1] is recovered only when  the unblocked reac-  
tion is diffusion controlled (i.e., when kw6o/D -> r 
Alternat ively ,  Eq. [2] is recovered only when the un-  
blocked reaction is chemical ly controlled (i.e., when 
kwTo/D -> 0). Hence, by comparing the exper imenta l ly  
observed (J/Jo)  vs. 5 relat ion with  that  predicted f rom 
Eq. [4], [5] (see Fig. 2), 4 one can infer  the value  of 
kwSo/D. However ,  ra ther  than kwSo/D, we have chosen 
fi0 as the parameter  in Fig. 2, where  

S A n  i d e n t i c a l  e q u a t i o n  g o v e r n s  t h e  f in i t e  r a t e  d i s s o l u t i o n  p r o b -  
l em.  In  t h a t  case  t h e  l o c a l  d i s s o l u t i o n  r a t e ,  ~ " ,  is  e x p r e s s i b l e  in  the  

f o r m  k,op �9 (c,~,~q -- Cw), w h e r e  cw,eq is  t h e  e q u i l i b r i u m  (or  " s a t u -  
r a t i o n " )  v a l u e  of t h e  t r a n s f e r r e d  spec ie s  m a s s  f r a c t i o n  a t  t h e  w a l l .  
T h e  e q u a t i o n  g o v e r n i n g  t h e  r a t i o  (c~.~q -- cw)/(c~o,~q -- ce) is  t he  
s a m e  as Eq.  [4] ,  a n d  t h e  r e s u l t s  p r e s e n t e d  b e l o w  fo r  t h e  t o t a l  n o r -  
m a l i z e d  r e a c t i o n  r a t e ,  J/Jo, t h e r e f o r e  a p p l y  to t h e  case  of  d i s so lu -  
t i o n  as  w e l l .  I t  s h o u l d  be  r e i t e r a t e d  t h a t  t h e  p r e s e n t  r e s u l t s  a r e  
e x a c t  o n l y  in  t h e  a b s e n c e  of a p p r e c i a b l e  i n t e r r a c i a l  v e l o c i t i e s .  As  
d i s c u s s e d  i n  r e f .  (8) ,  t h i s  i m p l i e s  t h a t  t h e  c o n d i t i o n  (c~,,~q -- c~) 
~ <  (1 -- cw,~q) m u s t  be  sa t i s f ied .  

4 A f u l l - s c a l e  p l o t  of  t h e s e  r e s u l t s  is a v a i l a b l e  f r o m  t h e  a u t h o r  
on  r e q u e s t .  
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% ---- [1 ~- (kwSo/D)]  -1  ( 0 ~ 1 )  [6] 

since this is the ratio of the actual react ion rate on the 
unblocked disk to the chemical ly controlled react ion 
rate on the same disk (5). Equivalent ly ,  ~0 is the ratio 
of the apparent  rate  constant, kw.a, to the t rue  ra te  
constant kw. Thus, ir now appears that  diffusion cor- 
reclions to apparent  rate  constants can be obtained 
direct ly 5 f rom careful  react ion ra te  measurements  on 
par t ia l ly  blocked disks. 

It should be remarked  that  near  the ex t reme of 
complete blockage (f near  1) 0 simple rat ional  ap- 
proximat ions  can be obtained. 7 Thus, provided ~0 is 
not too small, a first approximat ion  to ~0 (wri t ten  
~(0)) can be computed f rom 

T0 (~ = (I --  f) / (J /Jo)  observed [7] 

which overest imates the t rue value of ~0 with  a re la -  
t ive error  of about 

3/4 (0.8269934) [ (1-- ~0(~176 (1 - -  f) 1/a [8] 

It is hoped that  the present  results, and similar  exact  
"blockage effect" calculations under  way for other flow 
reactor  configurations, will  provide the basis for a use-  
ful  approach to ~he exper imenta l  inference of diffusion 
corrections and kinetic constants for rapid he terogene-  
ous reactions. 
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5 I n c i d e n t a l l y ,  on  t r e a t i n g  t h e  25~  d a t a  of r e f .  (2) i n  t h i s  w a y  
( a l l o w i n g  fo r  some  e x p e r i m e n t a l  s c a t t e r )  w e  e s t i m a t e  t h a t  ~ w a s  
b e t w e e n  0.1 a n d  0.2, c o r r e s p o n d i n g  to a n e a r l y  d i f f u s i o n - c o n t r o l l e d  
d i s s o l u t i o n .  

o T h i s  c o r r e s p o n d s  to t h e  use  of a " r i n g "  ( e l e c t r o d e  or  a c t i v e  s u r -  
face)  of  w i d t h  Ar < <  ro in  w h i c h  case  1 -- $ m a y  be  i d e n t i f i e d  
w i t h  2 (Ar/ro). 

v P e r h a p s  t h e  s i m p l e s t  f u n c t i o n  t h a t  c a n  be  c o n s t r u c t e d  to  a p -  
p r o x i m a t e  t h e  e x a c t  J/Jo vs. ~ r e l a t i o n  o v e r  t h e  e n t i r e  r a n g e  of ] 
a n d  77o is 

J /Jo~  {[~-o/(J/Jo) chem] § [ ( 1 -  ~o)/(JfJo)dift]} -1 
H o w e v e r ,  t h i s  r e l a t i o n  is  f o u n d  to  be  i n a d e q u a t e  f o r  i n f e r r i n g  ac -  
c u r a t e  v a l u e s  of  ~o f r o m  e x p e r i m e n t a l  r a t e  vs.  a r e a  b l o c k a g e  d a t a .  
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The Pseudobinary System Ge-GaAs 

M.  B. Panish 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

Recently,  several  papers in which the l iquid-sol id 
equil ibria  in the Ge-GaAs  pseudobinary system was 
discussed have appeared in the l i te ra ture  (1-3). 
Al though there  is agreement  that  the system is es- 
sential ly simple b inary  eutectic in nature,  there  is 
considerable disagreement  as to the position of the 
l iquidus curve and the tempera ture  and composition 
of the eutectic. 

During studies of the G a - A s - G e  ~ernary system (4), 
this author  de termined the l iquidus and eutectic t em-  
peratures  at several  compositions along the Ge-GaAs 
pseudobinary. These data, along with  the previously 
reported data, are shown in Fig. 1. 

It should be noted that  Glazov and Malyut ina  (1), 
Takeda et al. (2), and this author  agree quite  well  
as to the eutectic composition ( ~  16 mole % GaAs) ,  
whi le  Lieth and Heyl igers  (3), Takeda et al. and this 
author agree very  well  on the eutectic t empera tu re  
(663 ~ • 3~ The major  discrepancies are the l iq-  
uidus and eutectic tempera tures  of Glazov and Malyu-  
tina, and the l iquidus curve  and eutectic composition 
of Lieth and Heyl igers  (3). The l iquidus and eutectic 
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Fig. 1. GaAs-Ge pseudobinary phase diagram; symbols: [ ]  (1), 
- -  - -  (2), X this work, �9 (5), A (6). 

tempera tures  of Takeda and this author are in fair 
agreement.  

If the lat ter  data are taken as essential ly correct, 
the higher  tempera tures  of Glazov and Malyut ina 
may be ascribed to a thermometr ic  discrepancy. It is 
more difficult to account for the data of Leith and 
Heyligers.  The agreement  be tween the eutectic tem-  
peratures  el iminates any serious thermometr ic  error  
or the possibility of serious component  contamination 
by impurities.  It  is possible that  the discrepancy be- 
tween their  data and that  of Takeda and this author  
arises f rom an error  in the way composition was re-  
ported. The assumption can be made that Lieth and 
Heyligers reported as mole per cent GaAs a quant i ty  
which was actually weight  per  cent GaAs. Their  re-  
vised data (5) are shown in Fig. 1 and, except  for 
one point, are in good agreement  with the data of 
Takeda and this author. 
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Adsorption of Perchlorate Ions on Gold 
J. D. Goodrich and G. M.  Schmid 

Department ol Chemistry, University ol Florida, Gainesville, Florida 

In the course of a previous study of the differential  
capacity of the electr ical  double layer  on a gold elec-  
trode in 1.0-0.01M perchloric  acid solution (1) a hump 
in the capaci ty-potent ia l  curve at 0.4-0.8v vs. a stand- 
ard hydrogen electrode (SHE) was ascribed to the 
adsorption of perchlorate  ions on the electrode. To ob- 
tain exper imenta l  support  for this assumption we at-  
tempted  to measure  the deplet ion of perchlorate  ions 
f rom a very  dilute solution in contact wi th  gold foil 
polarized to various points in the indicated potential  
range. 

Gold foil  (fine gold, Engelhard  Industries,  Inc.) of 
40 cm 2 apparent  area was shaped into a tube and em-  
bedded at the bottom into Kel F-100 wax  in a Py rex  
cell. Electr ical  contact was provided by a gold wire  
welded to the foil. This test  electrode was concentric 

to a polarizing electrode made of gold wire  of about 
1 cm 2 area. The reference  electrode was a hydrogen 
saturated pal ladium wire  ( 4  50 mv  vs SHE) (2). 
The vo lume of the cell was approximate ly  10 ml. 

The test electrode was etched in aqua regia, cleaned 
in sulfuric acid-dichromate  solution, and soaked in 
t r iple  distil led wate r  for several  days. Helium, satu- 
rated with  water  vapor,  was passed over  the system 
for several  hours pr ior  to and during a run. The cell 
was polarized with  a Sensit ive Research Ins t rument  
model  PV potent iometer ;  the potential  was moni tored 
with a Kei th ley  model  610B electrometer .  

Perchlora te  ions, in 10 ml  of solution, before and 
after a run, were  determined spectrophotometr ical ly  
after extract ion wi th  methy lene  blue according to 
Iwaski, Utsumi, and Kang (3) in the range 0.04-1.00 
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Table I. Polarization data: gold in perchloric acid 

Concentra t ion,  Potent ia l ,  T ime  polar-  
1Vs • 1 0  ~ v v s .  SHE ized, h r  

2.072 0.50 2.5 
2.072 0.25 6 
1.036 0.30 3 

It should be pointed out that these results do not  
inval idate  the assumption of perchlorate adsorption 
on gold made previously (1). The perchlorate ion ad- 
sorption we failed to detect here would be for a sys- 
tem in equi l ibr ium with 10-6M perchloric acid, 
whereas the assumption was original ly based on work 
with 1.0-0.01M solutions. 

ppm. By weighing all solutions to 0.01 mg and keeping 
the ambient  t empera ture  to 23 ~ _ 1 ~ the average de- 
viat ion of the method could be kept to • ppm 
(28 determinat ions) .  

Table I gives a sample of the perchloric acid con- 
centrat ions used, the polarizing potentials,  and the 
dura t ion of polarization. No concentrat ion change was 
noted in any  of the experiments.  With the method of 
de terminat ion  used a concentrat ion change of 0.01 
ppm in  10 ml, or 6 x 1014 perchlorate ions, should 
have been detected. The coverage of the test electrode 
under  the conditions employed here is therefore less 
than about  101~ perchlorate ions/cm 2 of apparent  area, 
or less than about 1 %  of a monolayer,  not  taking into 
account a roughness factor which is cer ta inly  greater 
than uni ty .  
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Discussion Section 
Thi s  D i scuss ion  Sec t ion  i n c l u d e s  d i s c u s s i o n  o f  p a p e r s  a p p e a r i n g  

in  t he  JOURNAL o f  t h e  E l e c t r o c h e m i c a l  Socie ty ,  Vol.  112, No. 1, 6, 
7, 8, 9, 1O, 11, and  12 ( J a n u a r y  a n d  J u n e  to  D e c e m b e r  1965). Dis-  
cuss ion  no t  a v a i l a b l e  fo r  t h i s  i s s u e  w i l l  a p p e a r  in  t h e  D i s c u s s i o n  
Sec t ion  of the  D e c e m b e r  1966 JOURNAL. 

Cata ly t ic  Decomposit ion of Aqueous Formic Acid on 
Plat inum Electrodes 

D. R. Rhodes and E. F. Steigelmann (pp. 16-21, Vol. 112, No. 1) 

W. Vielst ieh and U. VogeU: In a series of publications 
it has been shown by different invest igators  that  dur-  
ing the anodic oxidation of formic acid in acid elec-  
trolytes an in termedia te  product  is formed which 
blocks the surface in a certain potential  region. Ano-  
dic potent ial  scans show three current  peaks (at 0.5, 
0.8, and 1.3v v s .  H2 electrode) .  In the region of the 
first peak the in termedia te  is formed;  at the potential  
of the second peak the in termedia te  is oxidized to 
CO2. 

Rhodes and Ste ige lmann assume that  the in t e rme-  
diate product  is carbon monoxide  formed by catalytic 
decomposit ion of HCOOH into CO and H20. Potent ial  
scan diagrams with  HCOOH and CO are per formed in 
order  to prove this hypothesis. 

In their  exper iments  the authors observe a small 
difference (30 mv at a sweep ra te  of 1.2 v/sec,  see 
their  Table  I) be tween  the potent ial  of the peak for 
CO and the potential  of the second formic acid peak, 
especially dur ing the first sweep, their  Fig. 1 and 3. 
Never theless  Rhodes and Ste ige lmann suggest that  
two peaks are caused by the oxidation of the same 
species. 

In our laboratory  we have repeated the above m e n -  
tioned experiment,2 recording the cur ren t /po ten t ia l  
diagrams (corresponding to their  Fig. 1 and 3) on the 
same figure. This d iagram (our Fig. 1) clearly shows: 

1 I n s t i t u t  f u e r  P h y s i k a l i s c h e  C h e m i e  der  U n i v e r s i t a e t  Bonn ,  We-  
ge le r s t r a s se  12, Bonn,  G e r m a n y .  

W. V i e l s t i c h  a n d  U.  Vogel ,  U n p u b l i s h e d  resu l t s .  

(a) the difference in potent ial  be tween  the two peaks 
is ve ry  pronounced and amounts  to about 60 my; (b) 
the rising part  of the CO peak is so sharp that  due to 
adsorbed carbon monoxide  only a ve ry  small  current  
should be possible in the region of the formic acid 
peak. 

In addition to the different shape of the cu r ren t /  
potential  diagrams there  exists another  strong argu-  
ment  against the assumption of carbon monoxide  as 
in termedia te  product. Johnson and Kuhn  3 have made 
a simultaneous determinat ion  of the number  of cou- 
lombs and the number  of chemical  equivalents  of re-  
duced CO2; these species are identical  wi th  the in-  
te rmedia te  product  of formic acid oxidation. 4,5 In-  
stead of the number  of 2 electrons per par t ic le  stated 
in the paper 3 one of the authors recent ly  informed us 
that, due to an error  in calculation, the t rue  number  
is one electron per particle.  ~a 

Therefore,  the results of Johnson and Kuhn  3, 5a are in 
agreement  wi th  our own conclusion 4,5 that  the in-  
te rmedia te  product  should be a formate  radical, prob-  

O 

ably of the form - - C  
\ 

OH 

D. R. Rhodes and E. F. Ste ige lmann:~The figure pre- 
sented by Vielstich and Vogel  does clear ly  show a 

s p .  R. J o h n s o n  a n d  A. T. K u h n ,  This Journal,  112, 599 (1965). 

4 W. V i e l s t i c h  a n d  U. Vogel ,  Bet .  Bunsen  Ges. Physikal .  Chem.,  
68, 686 (1964). 

s W. Vie l s t i ch ,  " B r e n n s t o f f c l e m e n t e - - - M o d e r n e  V e r f a h r e n  zur  e lek-  
t r o c h e m i s c h e n  E n e r g i e g e w i n n u n g , "  Verl .  Chemic ,  W e i n h e i m  1965. 

~a A. T. K u h n ,  p r i v a t e  c o m m u n i c a t i o n .  

20 

E 
r t  

Io 

! ~  l I I I 
o.~ 0.8 1.2 1,6 
POTENTIAL (volts) 

Fig. 1. First sweep of 0.085M HCOOH in 1N H2SO4 at 30~ 
on 1 cm 2 smooth Pt, sweep rate of 260 mv/sec; (a) N2 stirring; 
(b) CO stirring. 

Fig. 1. First and third consecutive sweeps of 0.085M HCO2H 
(top) and saturated CO (bottom) in 1N H2SO4 at 30~ on a 
platinum disk electrode rotating at 600 rpm; 0.97 cm 2 real surface 
area; sweep rate of 1.2 v/sec. 
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difference of 60 mv  be tween  the peaks for the first 
sweep of formic acid and carbon monoxide.  Therefore,  
we have reexamined  our curves f rom similar  exper i -  
ments. 

One set of such curves is given in this discussion. 
These were  used to sketch the figures given in our 
original article. They were  obtained at a sweep rate 
of 1.2 v / sec  and at a s tar t ing potent ial  of 0.0v vs. 
SCE. The first sweep in each photograph is r epre -  
sented by the tallest  peak at about -~0.7v. The third 
sweep in each photograph, which was obtained by 
closing the camera shutter  during the second sweep, 
shows that  the peaks at about ~-0.7v have  shifted 
sl ightly in the negat ive direction for both formic acid 
and CO. This effect was discussed in the original  ar t i -  
cle. 

Our figures show that  we obtained a difference of 
30 • 10 mv  between the formic acid and CO peak at 
about 0.7v dur ing the first sweep. A check of the rest 
of our original  data given in the article in Table I for 
the various sweep rates showed that  the differences 
listed were  accurate to _ 10 inv. Because we might  
have made some error  during this series of exper i -  
ments, we examined another  set of similar  data taken 
several  days earlier. Once again the data fit to wi thin  

10 inv. We had also recorded sweeps of CO and 
formic acid oxidation on a recorder  at sweep rates 
equal  to 0.13 v / sec  and lower. In each case the cor-  
responding d v / d t  curve  had been recorded. At  0.13 
v /sec  the difference be tween the two peaks during the 
first sweeps was 20 _ 10 inv. 

F rom the above discussion we conclude that  the dif- 
ference in peak voltages Iisted in Table I of the origi-  
nal art icle is a real  effect and not an exper imenta l  
error. Therefore,  the difference be tween our results 
and that  by Vielstich and Vogel must  be a difference 
in exper imenta l  parameters .  One obvious difference is 
that  we started our sweeps at 0.0v vs. SCE (0.245v 
vs. N t t E ) ;  whereas,  they started their  sweeps at 0.0v 
vs. NHE, which is wel l  wi thin  the hydrogen region. 
It  is known that  the type of adsorption of CO affects 
the potential  where  it is oxidized [our figure here and 
Ref. (6)].  Perhaps  the results by Vielstich and Vogel 
reflect the effect of hydrogen on CO oxidation and /o r  
formic acid adsorption. 

Perhaps  the most impor tant  point brought  out  by 
Vielstich and Vogel is that  Johnson and Kuhn  ~ have 
changed from two electrons per part icle to one elec- 
tron per part icle for the in termedia te  product  of 
formic acid oxidation. We do not feel  l ike making  any 
comment  on this change unti l  it is made public. 

On the Potent ia l /pH  Diagrams of the 
C u - N H ~ - H = O  and Z n - N H ~ - H 2 0  Systems 

H. E. Johnson and J. Leja (pp. 638-641, Vol. 112, No. 6) 

F. L e t o w s k i  and  J. N iemiec8:  The po ten t ia l /pH dia- 
grams given by Johnson and Leja  as well  as the po- 
t en t i a l /pH diagrams discussed by them and developed 
by Mattsson 9 enabled the authors to in terpre t  ~he re-  
sults of studies on the corrosion of brass in aqueous 
ammonia and ammonium salts solutions. Johnson and 
Leja  disputed in their  paper  the correctness of the 
position of the stabil i ty ranges of Cu20 and CuO ox-  
ides as well  as those of the basic cupric sulfate 
Cu(SO4)0.25(OH)l.5 on the po ten t ia l /pH diagrams 
given by Mattsson. According to Johnson and Leja  the 
oxides CuO~ and CuO are stable, in 0.05M solution of 
Cu and 1.0M of NH3 and NH4 + at pH values exceeding 
11, but  these compounds are not  stable in ~he pH 
range 3-7.5 determined by Mattsson. In the discus- 

e S. Gi lman,  J. Phys .  Chem. ,  66, 2657 (1962). 

P. R. J o h n s o n  a n d  A. T. Kuhn ,  This  Journal,  112, 599 (1965). 

s I n s t i t u t e  o f  Ino rgan ic  Chemis t ry  and  Meta l lu rgy  of  Rare  Ele- 
ments ,  T e c h n i c a l  Univers i ty ,  Wroclaw,  Wybrzeze Wysp iansk iego  27, 
Poland.  

E. Mattsson,  Eleetroehim. Acta,  8, 279 (1961). 
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Fig. 1. Influence of pH and total NH3 + NH4 + activities on 
the solubility ranges of Cu20 at 25~ (total dissolved Cu =0.OSM; 
[~--equilibria according to Johnson and Leja; O--according to 
Mattsson). 

sion below it is shown, on the basis of the equil ibria  
de termined by Johnson and Leja  and Mattsson, 9 that  
the solid phases in question are also stable in both 
of ~he p H  ranges discussed. 

According to Johnson and Leja  the equi l ibr ium of 
thei r  react ion [17], dissolution of Cuba in ammonia  
solution, 

Cu20 ~- 4NH3 ~- 2H + ~ 2Cu(NH~)2 + -t- H~O [17] 

is described by 

pH ~ 9.99 ~- 2 log [NH3] - -  log [Cu(NH3)2 + ] 

The equi l ibr ium [17] is shown in the plot of log 
([NH~ -b NH4 + ] ) vs.  p H  at Cu act ivi ty 0.05M in Fig. 1. 
It is val id  mere ly  wi th in  the range of NH3 predom-  
inance, i.e., at pH values higher  than 9.26. At pH val -  
ues lower than 9.26 the NH4 + ions preva i l  and equi-  
l ibr ium [17] (Johnson and Leja)  becomes senseless. 
As de termined  by Mattsson for the react ion 

0.5Cu20 ~- 2NH4 + ~ Cu(NH3)2 + -1- H + -~- 0.5H20 

the equi l ibr ium 

pH 8.56 - - 2  log [NH4 + ] -~ log [Cu(NH~)2 + ] [15] 

becomes valid in this region. A plot  of this equi l ibr ium 
is shown in Fig. 1 at Cu act ivi ty 0.05M. Near  pH 9.26 
the NH~ and NH4 + concentrat ion (or activities) 
change with p H  logar i thmical ly;  in Eq. [17] and our 
[15] their  sum [NHs] W [NH4 +] should be taken into 
account instead of ~he individual  [NH3] and [NH4 +] 
activities. A gently transit ion of equi l ibr ium [17] into 
[15] is thus obtained and, for pH 9.26, the logar i thm 
of the sum of activities at which the solution over  
Cu20 is saturated with  Cu(NHs)~ + is equal  to - -0 .7 .  
The ordinate  values of the points s i tuated in equi-  
l ibr ium curves [17] and [15] (Fig. 1) at a total  [NH3] 

[NH4 +] ~ 1.0M should define the positions of 
these equi l ibr ia  on the p o t e n t i a l / p H  diagrams of a 
Cu-NHa-H20 system; the first one extends toward  the 
r ight  f rom pH 11.29 (Johnson and Leja)  and the sec- 
ond one toward the left  f rom pH 7.26 (Mattsson).  

By plott ing the CuO and Cu (SO4)6.25 (OH)1.5 disso- 
lut ion equi l ibr ia  as log ([NHs] ~- [NH4+]) against  
pH (Fig. 2) one obtains evidence that  the s~ability 
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Fig. 2. Influence of pH and total NH3 ~ HN4 + activities on 
the solubility ranges of CuO and Cu(SO4)o.25(OH)l.5 at 25~ (total 
dissolved Cu ~ 0.05M; ~--equilibria according to Johnson and 
Leja; (::)--according to Mattsson; --- according to Bustorff and 
Muylder, and Letawski and Niemiec). 
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ranges of these solid phases were  correct ly placed by 
Johnson and Leja  in the range of pH values higher  
than 10.95 and by Mattsson in the pH range 4.28-7.46. 
In conclusion, a correct  image of the Cu-NH3-H20 
system equilibria,  based on thermodynamic  data used 
by Johnson and Leja, and Mattsson, is obtained by 
superimposing their  po ten t ia l /pH diagrams [This Jour- 
nal, 112, 629, Fig. 2a and 2b]. The solubili ty limits of 
the basic cupric sulfate Cu(SO4)0.25(OH)l.5 also seem 
to be controversial .  Therefore,  these limits in a 0.05M 
copper solution and 1.0M total  ammonia  and am-  
monium ions solution were  also indicated in Fig. 2 
by a dotted line, according to the po ten t i a l /pH equi-  
l ibria of ~he Cu-H20-H2SO4 system developed by 
Bustorff and Van Muylder  10 as wel l  as the Cu-H20-  
NH~-H2SO4 system developed by Letowski  and Ni-  
emiec, n These differences in the solubil i ty ranges of 
the basic cupric sulfate resul t  f rom differences be-  
tween the thermodynamic  data used for elaborat ion 
of these systems. 

Johnson and Leja  have  also argued the occurrence 
of the Zn(OH)2 stabil i ty range in ~he po ten t ia l /pH 
diagram of the Zn-NH3-H20 system made by Matts-  
son. 9 It follows, however ,  f rom the dissolution equi-  
l ibria of zinc hydroxide  shown in Fig. 3 that  the 
presence of the Zn(OH)2  stabili ty range in the po- 
t en t i a l /pH diagram of the Zn-NH3-H20 system made 
by Mattsson is not in contradict ion wi th  the equi l ibr ia  
given by Johnson and Leja  [This Journal, 112, 640, Fig. 
3a and 3b], as these diagrams are made for different zinc 
activities in solution (Mattsson, 0.01M; Johnson and 
Leja, 0.001M). The positions of the equi l ibr ia  in Fig. 3 
at [NH3] + [NH4 +] = 1.0M are denoted by the points. 
The ordinate  values of these points define the pH 
values at which the ZnO hydra t  dissolution equi-  
l ibria should be placed in the po ten t i a l /pH diagram. 
For  Zn act ivi ty  = 0.01M (Mattsson),  two stabil i ty 
ranges of zinc hydroxide  should appear;  the first one 
is comprised of the pH range 6.54-7.48 defined by 
equi l ibr ia  [18] and [19] according to Mattssong; the 
second one should be in the pH range f rom 11.19 to 
13.89 l imited by the equi l ibr ia  of the reactions 

Zn(SH3)4  + + Jr- H20 = ZnO + 4NH3 + 2H + 

pH = 10.19 + 2 log [NH3] - -0 .5  log [Zn(NHs)4 + +] 

according to the authors of the present  discussion and 

ZnO + H20 = Z n O 2 - -  + 2H + 

pH = 14.89 + 0.5 log [ Z n O 2 - - ]  

according to Pourbaix.  TM For  Zn act ivi ty  = 0.001M 
(Johnson and Leja)  there  should be only one ZnO 
hydra t  stabil i ty region in the pH range f rom 11.69 

Z0A. Bustorff and J .  Van  M u y l d e r ,  Eiectrochim. Acta,  9, 607 
(1964). 

zl F.  L e t o w s k i  a n d  J .  Niemiec ,  Rocznik i  Chem., 40, [7-8] (1966). 

~ M .  P o u r b a i x ,  " A t l a s  d'Equilibres Electrochimiques  a 25~ ' '  
Gauthier-Vil lars,  Paris  (1963). 
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Fig. 3. Influence of pH and total NH3 -I- NH4 + activities on the 
solubility of ZnO hydr. and the influence of pH on the percentage 
contents of Zn + +, Zn(NH3)3 + + and Zn(NH3)4 + + in 1.0M solu- 
tion of NH3 -f- NH4 + ([]--equilibria according to Johnson and 
Leja; O--according to Mattsson). 

to 13.39 which is de te rmined  by the above two equi-  
libria. 

Plot t ing of equi l ibr ia  [21] and [22] in the poten-  
t i a l /pH diagram of the Zn-NH3-H20 system of Johnson 
and Leja  [This Journal, 112, 640, Fig. 3b] does not seem 
to be justified. According to the Pourbaix 's  definition TM 

these equil ibria  should separate ~he re la t ive  p redom-  
inance ranges of Zn + + f rom those of Zn(NH3)3 + + and 
Zn (NH3) 3 + + f rom Zn (NHs) 4 + +. However ,  because of 
the close positions of these ecluilibria such a situation 
never  occurs. In Fig. 3 a dependence of pH and percent -  
age contents of a more basic form in 1.0M total  NH3 + 
NH4 + solution is shown. The Zn(NH3)3 ++ ions wil l  
never  occur in concentrat ions equal  to those of the 
neighboring ions. The m a x i m u m  conten~s of the 
Zn(NH3)3 ++ ions do not exceed 14%, so in the whole  
pH range in question the Zn ++ or Zn(NH3)4 + + ions 
prevail .  

The argument  for the localization of oxide phases 
made by Johnson and Leja  on the basis of aG ~ values 
as wel l  as their  quest ioning of the stabil i ty ranges of 
solid phases defined by Mattsson, seem to be unneces-  
sary; aG ~ depends on the stabil i ty constants accord- 
ing to aG ~ = - -RT In K, and the effect of the the rmo-  
dynamic potential  on equi l ibr ia  is manifes ted in the 
equi l ibr ium constants themselves  which, on the other  
hand, de termine  the position of equi l ibr ia  on the  po- 
t en t i a l /pH diagram. 

H. E. Johnson and J. Leja: We are grateful  to Messrs. 
Letowski  and Niemiec for their  contr ibution which 
helped us to pin-point  the source of error  in the issue 
under  discussion. 

The a t tempt  of theirs to s t r ike a compromise be-  
tween Ma~tsson's and our evaluat ion does not agree 
with our l imited evidence that  the system copper-  
ammonia  does not show the deve lopment  of Cu20 
tarnish in the pH range indicated by Mattsson (if pre-  
cautions are taken to e l iminate  CO2). Secondly, it 
seems inconceivable ~hat the domains of stabil i ty of 
Cu(NH3)2 + and Cu20, Fig. 1 of Letowski  and Niemiec, 
can be separated by two lines thus endowing the same 
two species wi th  an a l te rna te ly  reversed acid-basic 
characteristics. 

We cannot agree tha~ react ion [17] "becomes sense- 
less" at pH values below 9.26 where  NH4 + ions out-  
number  NH3 groups; analogous reasoning would  lead 
to the conclusion tha• reactions involv ing  hydrogen 
ions are senseless at pH values above 7.0 where  they 
are ou tnumbered  by their  hydroxy l  ion counterparts .  
The crux of the present  problem is the seeming in-  
consistency of Eq. [17] and [15]. Letowski  and Ni-  
emiec have suggested a compromise which involves  
the sum of the [NH3] and [NH4 +] activities;  it is in-  
terest ing to note that  a third modification of equations 
[17] and [15] can be wr i t ten  to express the dissolu- 
tion of Cu20 in terms of both NH3 and NH4 + as fol-  
lows 

Cu20 + 2NH4 + + 2NH3 = 2 Cu(NH3)2 + + H20 

Note that  since this equat ion involves ne i ther  redox 
reactions no hydrogen ions it cannot be represented 
on a po ten t ia l /pH diagram. Equat ion [17], on ~he 
other  hand, considers the l igand ra ther  than the  un-  
dissociated ion, NH4 +, and seems to represent  the 
actual exper imenta l  observations.  

Hydrogen Peroxide Reactions on Gold Electrodes 
A. K. M. S. Huq and A. C. Makrides (pp. 756-757, Vol. 112, No.7) 

G. Bianehi,  F. Mazza, and T. Mussini13: As far  as gold 
in acid solutions of hydrogen  peroxide is concerned, 
the react ion which determines  the rest  potent ia l  and 
the react ion which gives support  to significant cur-  
rents  should be taken into account distinctly. In fact, 

a3 Laboratory of  Electrochemistry  and Metal lurgy,  Univers i ty  of 
Milan ,  Mi lan ,  I t a ly .  
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the react ion which determines  the rest  potent ial  of 
gold has a very  low exchange current,  and cannot 
support  currents  significant and constant in the time. 14 

In our papers cited by Huq and Makrides, in a 
prior  one, 15 and in a subsequent  one TM dealing expl ic-  
i t ly wi th  the process of oxygen and hydrogen perox-  
ide on gold electrodes, we proposed the mechanism 

H202 -4- 2Hads "-> 2H20 

to explain the cathodic process at current  densities 
ranging f rom 5 x 10 -5 to 10 -3 a m p / c m  2. The range 
of electrode potentials corresponding to this range of 
current  densities is + 0.4 to - -  0.1v (NHE) and is not 
incompatible  wi th  the mechanism cited above, if the 
preceding react ion is rapid and n o  H a d s  accumulat ion 
on the gold surface takes place. 

As for the slope of the Tafel 's  line, the values one 
can draw from the Huq and Makrides '  graph in the 
case of 10 -3 m H202 solutions are 0.18 for increasing 
current  densities and 0.30 for decreasing ones, respec-  
tively. Within  the same range of current  densities as 
above, we found a 0.18 slope in agreement  wi th  the 
previous results of Akopyan 17 who also made a dis- 
t inction of processes occurr ing at currents  ei ther 
higher  or lower than 5 x 10 -5 a m p / c m  2. Set t ing aside 
the question of the react ion which determines  the rest  
potential  of gold, as it is the subject  of a next  paper, 
we th ink that  at present  there  is no a rgument  to make 
inapplicable the mechanism we proposed for the cath-  
odic reduct ion of hydrogen peroxide on gold at sig- 
nificant currents  ranging from 5 �9 10 -5 to 10 -3 a m p /  
c m  2. 

As concerns the anodic reaction, we proposed a 
mechanism involving an adsorbed surface oxide and 
not the gold bulk oxide, the react iv i ty  of the lat ter  
besides being the lower  as the nobler  is its anodic 
potential  of formation. 17 The fact that  at the -~ 1.4v 
(NHE) potential  an anodic inhibit ion takes place, due 
to a beginning occurrence of the gold bulk oxide, is is 
not an a rgument  against  that  mechanism since we 
proposed it in terms of a H202 anodic oxidation by 
react ion wi th  an adsorbed surface oxide which forms 
wi th in  ~- 1.0 and + 1.4v (NHE),  in the case of gold. 

The Absorption of Electrolytically Generated Hydrogen 

F. Matsuda and T. C. Franklin (pp. 767-771, Vol. 112, No. 8) 

G. Dubpernelp9:  It  is not bel ieved that  hydrogen can 
diffuse through solid iron at room temperature ,  2~ but 
ra ther  that  any diffusion is associated with  pores or 
defects in the s t ructure  of the metal.  It is noted that  
the iron membranes  were  prepared by etching shim 
steel sheet wi th  1M nitr ic  acid, and that  the m e m -  
brane  in Fig. 12 was 3.0 x 10 -3 cm thick (0.0012 in.) 
and in Fig. 13, 2.5 x 10 -3 (0.001 in.) thick. 

It  would  be of interest  to know how long the m e m -  
branes were  etched, and what  was their  original  
thickness. Was the loss in weight  determined? How 
was the final thickness measured? Was any effort 
made to check whe the r  or not the membranes  had 
any pores or holes in them? 

F. Matsuda and T. C. Franklin:  The two membranes  
studied in this art icle were  prepared  f rom commer-  
cially avai lable shim steel. The 3 x 10 -3 cm m e m -  
brane was prepared  by severe etching of a sheet 0.003 

1~ J .  p .  H o a r e ,  This Journal,  110, 245 (1963). 

G.  B i a n c h i ,  C o r t e s / o n  et  Anticorrosion, 5, 146 (1957).  

le G.  B i a n c h i ,  F.  M a z z a ,  a n d  T .  M u s s i n i ,  " O x y g e n  a n d  H y d r o g e n  
P e r o x i d e  E l e c t r o c h e m i c a l  B e h a v i o r  o n  G o l d  E l e c t r o d e s , "  A F O S R - T N  
2054, D e c e m b e r  1961. 

17 A.  U.  A k o p y a n ,  Zhur. Fiz. Khirn.., 33, 1625 (1959). 

is S. B .  B r u m r n e r  a n d  A.  C. M a k r i d e s ,  This Journal, 111, 1122 
(1964). 

lg M & T  C h e m i c a l s  Inc. ,  D e t r o i t  20, M i c h i g a n .  

~o G,  D u b p e r n e l l ,  This Journal,  112, 646 (1965).  
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in. thick in 1M nitric acid, while  the 2.5 x 10 -3 cm 
membrane  was obtained by dipping a 0.001 in. sheet 
briefly in acid and immedia te ly  removing  and rinsing. 
Thus the thinnest  membrane  was (as indicated by a 
micrometer  caliper) essentially unetched 0.001 in. 
shim steel. In v iew of the fact that  the results on the 
two membranes  (prepared f rom different samples of 
s tar t ing material ,  etched in one case severe ly  and in 
the other case negligibly, and having different final 
thickness) gave, when corrected for thickness, almost 
identical  rate  constants (4.3 x 10 -5 and 4.8 x 10 -5 c m /  
min) s t rongly indicates that  migrat ion could not have 
occurred by something so haphazard as holes. 

In addition it should be pointed out that  an iron 
membrane  wi th  a thickness of 0.003 in. (7.5 x 10 -3 
cm) (after  degreasing and dipping briefly in nitric 
acid) was used in some ear ly  experiments .  The results 
obtained were  qual i ta t ive ly  the same as those indi-  
cated in the paper. This membrane  was not used for 
quant i ta t ive  runs because the increased thickness ex-  
tended the t ime for a complete  run beyond a conveni-  
ent value. I t  is difficult to imagine pores in a mem~ 
brahe this thick. 

In order to fur ther  check on this question two other 
exper iments  were  run: (A) A new iron crucible wi th  
a wal l  thickness of 0.08 cm, after degreasing and a 
momenta ry  dip in 1M nitr ic  acid, was filled with  2N 
sodium hydroxide  containing some potassium per-  
manganate.  Hydrogen was generated electrolyt ical ly 
on the exter ior  of the crucible immersed  in 2N sodium 
hydroxide  solution. The color of the permangana te  
solution was compared with  that  of a b lank run, iden-  
tical in every  respect, except  for the fact that  hydro-  
gen was not generated on the exter ior  wal l  of the 
crucible. Al though the permanganate  undergoes some 
decomposit ion on its own and there  is some reduct ion 
by the iron, it was obvious after 1 hr, even to the  
naked eye, that  the rate  of reduction in the crucible 
acting as a hydrogen membrane  was much greater  
than the ra te  of react ion in the blank. This increased 
reduct ion rate  could only be caused by hydrogen pass- 
ing through the iron crucible. Again, it is difficult to 
visualize the presence of pores in a new iron crucible. 
(B) Some measurements  were  made on the amount  of 
hydrogen codeposited in the electrolyt ic  deposition of 
iron. The plat ing bath consisted of 213g of ferrous sul-  
fate (FeSO4.TH20) in one l i ter  of solution with  the 
pH maintained at 2.8-3.5 wi th  sulfuric acid. The bath 
t empera tu re  was 45~ and the current  density was 
17.3 m a / c m  2. The cathode and the anode were  pre-  
pared from Baker  Analyzed Reagent  Grade iron wire. 
The cathodes (21 cm long) were  degreased in kero-  
sine, r insed in distil led water ,  dipped in 1-1 nitric acid 
and r insed in distil led water.  Af ter  plating, the 
amount  of hydrogen  codeposited wi th  the iron was 
measured by the coulometric  technique described in 
this paper  and in the paper by Frank l in  and Good- 
win.21 

The amount  of hydrogen found codeposited in iron 
by the coulometric  method should increase l inear ly  
wi th  increasing thickness of the deposit. However ,  at 
some thickness this increase should begin to depart  
f rom l inear i ty  because the method can only analyze 
for the amoun t  of hydrogen that  can diffuse to the 
surface dur ing the t ime that  the vol tage sweeps 
through the hydrogen region. (Approximate ly  3 min.) 
F igure  1 shows the results obtained in a series of 
runs. It  can be seen that  the data is l inear  throughout  
the range covered by these experiments .  Using the 
density of iron the largest  deposit was calculated to 
be 2.3 x 10 -3 cm thick. To explain this l inear  graph 
by migrat ion only through pores or defects would re -  
qui re  that  such pores or defects be continuous through-  
out the deposit. Al though possible, this does not seem 
probable. Migrat ion along grain boundaries  seems to 

~a T.  C. F r a n k l i n  a n d  J .  R.  G o o d w y n ,  This JournaZ~ 109, 288 

(1962).  
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Fig. 1. The amount of hydrogen codeposited with iron 

best explain the major i ty  of data taken in our labora-  
tory. 

We wish to thank the Rober t  A. Welch Foundat ion 
of Houston for their  support  of this study. 

Oxygen Overvoltage Measurements on Bright Pt in Acid 
Solutions, Ill. Nitric Acid Passivated Bright Platinum 

J. P. Hoare (pp. 849-853, Vol. 112, No. 8) 

J. A. Shropshire22: In reading the author 's  analysis of 
the effect of concentrated HNO3 on the oxygen reduc-  
t ion in acid solution, I was disappointed that  he failed 
to ment ion possible effects other than format ion of a 
complex oxide structure.  It is wel l  known, for in-  
stance, that  a p la t inum electrode in H2SO4 solution 
containing HNO3 can exhibi t  ex t remely  noble poten-  
tials, comparable  to those for revers ible  oxygen, as a 
resul t  of the complex NO, HNO2, etc., equil ibrium. 2"~, 24 
It  would  appear that  much of the t ransient  behavior  
repor ted  in this work, both cathodic and anodic to the 
revers ible  oxygen potent ial  could be explained in 
terms of s trongly adsorbed NO, HNO2, species which 
can be r emoved  by severe cathodization or anodiza- 
lion. The reduct ion of adsorbed HNO2 coupled with  
an oxygen regenera t ion  of the reduced product in situ 
might  wel l  support  the observed cathodic currents.  
The efficient funct ion of an adsorbed molybdate  spe- 
cies in just  this fashion is known in the oxidat ion of 
HCHO and CHsOH at a p la t inum electrode in H2SO4. 25 

Al though no coulombic data are avai lable  f rom the 
paper  it would  be interest ing to see if the quant i ty  of 
anodic coulombs consumed in the ini t ial  anodic t ransi-  
t ion shown in, e.g., Fig. 4 in the paper  corresponds to 
oxidat ion of monolayer  quanti t ies of material .  As 
ment ioned previously,  I th ink it would be desirable to 
hav~ the author  recognize and comment  on these 
possibilities. 

J. P. Hoare:  The comments  of Dr. Shropshire  are wel l  
taken and were  a source of some concern as pointed 
out earlier.  26 However ,  it was noted that  the high 
anodic potentials  (about 1.28v) were  observed by 
Vetter  27 when  the ni tr ic  acid concentrat ion ranged 
f rom 7 to 14.5N. Nitric acid concentrat ions studied by 
Shropshire  a n d  Tarmy 2s extended f rom 0.2 to 1M. 

so E s s o  R e s e a r c h  & E n g i n e e r i n g  C o m p a n y ,  P .  O.  B o x  121, L i n d e n ,  
N e w  J e r s e y  07036. 

so J .  A .  S h r o p s h i r e  a n d  B .  L ,  T a r m y ,  " T h e  N i t r i c  A c i d - O x y g e n  
R e d o x  E l e c t r o d e  in  A c i d  E l e c t r o l y t e "  i n  " A d v a n c e s  in  C h e m i s t r y , "  
No,  47, p.  153, A C S  (1965).  

K .  V e t t e r ,  Z.  Phys ik .  Chem.,  194, 199 (1950).  

J .  A.  S h r o p s h i r e ,  This Journal, 112, 465 (1965). 

so J .  P .  H o a r e ,  This Journal, 110, 1091 (1963). 

K .  J .  V e t t e r ,  Z. Anorg.  Chem.,  260, 242 (1949).  

~s j .  A.  S h r o p s h i r e  a n d  B.  L .  T a r m y ,  " A d v a n c e s  in  C h e m i s t r y , "  
No.  47, p .  153p A C S  (1965).  

Since the nitric acid t reated electrodes used in these 
polarizat ion studies 29 and re fe r red  to as P t -O-a l loy  
electrodes 30 were  soaked in t r ip ly  distil led wate r  for 
at least one-hal f  hour  wi th  at least five changes of 
water  before being plunged into O2-saturated, H202- 
free, 2N H2SO4 solution, it was considered safe to 
assume that  a NO2/NO couple was not potent ia l -d  e- 
termining.  26 The concentrat ion of HNO3 in this case is 
minuscule. 

In some recent  studies, 31 t reated and unt rea ted  sam- 
ples of Pt  were  examined with  x - r a y  diffraction tech- 
niques. The results show that  only Pt  diffraction lines 
were  obtained in both cases except  that  the lines were  
sl ightly shifted in the t reated case. F rom the results  
of vacuum fusion studies, the t reated samples in every  
case not only contained more oxygen but also con- 
tained the same or even less ni t rogen than the un-  
t reated samples. 

It  is concluded 81 that  the t rea tment  of Pt  with 
HNO328 permits  more  oxygen to be dissolved in the 
surface layers of the metal.  This oxygen exists as an 
alloy of Pt  and O atoms in these surface layers. F in-  
ally, this skin of P t -O alloy is a bet ter  catalyst  for 
many  electrode reactions 29,82 than bare Pt. It must  be 
remembered  that  the presence of adsorbed oxygen on 
the meta l  surface may  inhibit  the reduct ion of oxy-  
gen33.34 but oxygen dissolved in the meta l  accelerates 
the reduct ion of oxygen. 29 

Consequently,  explanat ions for the electrochemical  
behavior  of the P t -O-a l loy  electrode involving ad- 
sorbed NO, HNO2, and the l ike must  be rejected.  

Electrochemical Studies of NO + and NO2 § in 
Concentrated H2SO4 

L. E. Topoi, R. A. Osteryaung, and J. H. Christie (pp. 861-864, 
VoI. 112, No. 8) 

G. Bianchi  and T. Mussini35: As concerns reaction 
[i] NO + ~ e --> NO with  subsequent  stage [ii] 2NO 
+ 2H + % 2e --> H2N202 or the possible a l ternat ive  
stage [iii] NO % 3e -}- 4H + ~ NH2OH2 + depending 
on the appearance of hydroxylamine  as a final prod-  
uct of reaction, it is to be pointed out that  results  ob- 
tained with mercury  electrodes cannot apply val idly 
to the case of platinum, apart  f rom the fact that  p la t -  
inum can exer t  a catalytic in tervent ion  36"37 in the re-  
action [iv] 4NH2OH2 + --> 2NH4 + -b H2N202 -t- 2H20 
~- 2H +. Moreover,  react ion [v] NH2OH + NO + - ,  
H2N202 -b H + (or else NH2OH ~ HNO2 -> N20 ~- 
2H20) can take place38.39; this is ve ry  rapid in the 
in termedia te  concentrat ion range of H2SO4 (from 4 to 
14M). The results obtained by Masek and P rzew-  
locka 40 working with  a p la t inum vibrat ion electrode 
show a wave  at the + 0.43v (SCE) ha l f -wave  poten-  
tial, ve ry  near the ~- 0.70v (NHE) potent ial  we pro-  
posed for react ion [i]. 41 On mercury  the ha l f -wave  

J .  P .  H o a r e ,  This Journal,  112, B49 (1965).  

so j .  p .  H o a r e ,  Nature,  204, 71 (1964).  

J .  P .  H o a r e ,  S. G.  M e i b u h r ,  a n d  R.  T h a c k e r ,  This Journal, To  
be  s u b m i t t e d .  

a~ j .  p .  H o a r e ,  J. ElectroanaL Chem.,  I n  P r e s s .  

M. W. B r e i t e r ,  Electrochim. Acta.,  9, 441 (1965). 

3~ W.  Vie l s t i ch ,  Z. Ins trumkde. ,  71, 29 (1963).  

L a b o r a t o r y  os E l e c t r o c h e m i s t r y  a n d  M e t a l l u r g y  o f  t h e  U n i v e r -  
s i t y  of  M i l a n ,  Mi l an ,  I t a l y .  

s e p .  P a s c a l ,  " N o u v e a u  T r a i t 6  de  C h i m i e  M i n 6 r a l e , "  Vol .  X ,  p .  
277, M asson ,  P a r i s  (1956).  

87 j .  W.  Mel lor ,  " A  C o m p r e h e n s i v e  T r e a t i s e  on  I n o r g a n i c  a n d  T h e -  
o r e t i c a l  C h e m i s t r y , "  Co l .  V I I I ,  pp .  286-287, L o n g m a n s  & G r e e n ,  
L o n d o n  (1928).  

8s j .  W.  Mel lo r ,  c i t e d  P. 283. 

e~ j .  M a s e k  a n d  H.  P r z e w l o c k a ,  Coll. Czech. Chem. Commun. ,  28 ,  
682 (1963). 

~o j .  M a s e k  a n d  H .  P r z e w l o c k a ,  Coll. Czech. Chem. Commun. ,  28 ,  
677 (1963).  

G.  B i a n c h i ,  T .  M u s s i n i ,  a n d  C. T r a i n i ,  Chem. e Ind., 45, 1333 
(1963).  
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potentials are 42 about 0.0v (SCE) for react ion [i] and 
about --1.0v (SCE) for react ion [iii]. 

As for the anodic process of NO + oxidation to 
N204 and the rapid disproport ionat ion of N204 in 96% 
w / w  H2SO4, it is to be pointed out that  the N204 dis- 
proport ionat ion is ve ry  rapid at low H2SO4 concen- 
trations ( ~  58% w / w ) :  N204 -~ H20--> HNO3 -4- 
HNO2; and also at higher  H2SO~ concentrat ions ( ~  
85% w / w ) :  N204 ~- H2SO4 --> HO'SO2.NO2 ~ HNO3. 
At in termedia te  concentrations of H.2SO4, correspond-  
ing to the field where  we observed the anodic wave  of 
NO + oxidation to N204, the veloci ty  of N204 dispro- 
port ionat ion may  ver i fy  a minimum.  43 In a recent  
paper 44 the results obtained with the rota t ing-disk  
electrode method proved that  the process 2NO + ~- 
2H20 --  2e -~ N204 -}- 4H + is a f i rs t-order reaction, 
whose standard potent ial  is E o = q-l.25v (NHE).  

In our opinion pla t inum exerts  a catalytic action on 
the processes of n i t rogen oxides. The results, par t icu-  
lar ly anodic curves, may be real ly  affected by the sur-  
face state of the electrode, as it  has been shown also 
in the work  under  discussion. For  analogy with  order  
cases 45 we consider the degassing of p la t inum elec- 
trodes in vacuo at 500~ to be essential. No direct 
comparison is possible wi th  results obtained working  
with different metals, like gold or mercury.  

L. E. Topoi, R. A. Osteryoung, and J. H. Christie: In 
regard to Bianchi and Mussini's comment  on the for -  
mat ion of H2N202 or NH2OH2 + we would l ike to point 
out that  the dispute actual ly concerns them and 
Masek 46,47 and Przewlocka.  47 We did not work  in the 
acid concentrat ion range where  the occurrence of t h e  
above electrode l:eaction products were  reported. 

As for the oxidat ion of NO + to N204, even if the 
disproport ionat ion of N204 is slow in in termedia te  
acid concentrat ions as claimed, we did not see any 
sign of NO2 + in the 96% solution. The repor ted  for -  
marion 4s of N204 in this solution with  its rapid sub- 
sequent  disproport ionat ion would yield NO2 + as wel l  
as NO + and the NO2 + should be detected in our s tud- 
ies. 

Preferential Vaporization of Carbon from 
Hafnium Carbide 

R. L. Hansler (p. 88], Vol. 712, No. 8) 
Charles P. Kempter49: Dr. Hansler  has cited only one 
reference re la t ing the latt ice paramete r  of hafn ium 
carbide to composition and no references re la t ing  the 
electrical  resist ivi ty to lat t ice paramete r  and /o r  
composition. In addit ion to Avarbe  et al., Cotter  and 
Kohn, 50 Krikorian,  Witteman, and Bowman,  51 Goret -  
zki, 52 Bit tner  and Goretzki, 53 Nowotny, Benesovsky, 
and Rudyfi 4 Krikorian,  Wallace, and Anderson,  ~5 

J .  M a s e k  a n d  H.  P r z e w l o c k a ,  Coll. Czech. Chem. Commun. ,  28, 
673, 680 (1963). 

J .  W.  Mellor,  c i ted,  p.  701. 
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Adams and Beall,56 Zhelankin and Kutsev,  5~ Houska, 5s 
and Sara 59 have  studied the lattice parameters  of 
known compositions of hafnium carbide. A plot of all 
of these data indicates that  the latt ice paramete r  of 
s toichiometric  HfC, if it exists, is ~4.641A. The va lue  
of 4.6450 • 0.0005A reported by Hansler  is ve ry  high 
and might  be explained by the presence of a significant 
percentage of zirconium carbide in solid solution with  
the hafnium monocarbide.  A spectrographic analysis 
of the filament would have been advisable. The room 
tempera ture  specific electr ical  resistivities,  latt ice pa-  
rameters,  and combined carbon contents reported by 
Goretzki 52 are  172, 200, 230, 242, 245 microohm-cm,  
4.638, 4.637, 4.634, 4.632, 4.625A, and 47.4, 46.5, 45.1, 
43.8, 41.3 a/o,  respectively.  Hf0.901 corresponds to 47.4 
a /o  combined carbon. According to Paderno 60 the spe- 
cific electr ical  resis t ivi ty of HfC0.999 is 45.0 microohm-  
cm at room temperature .  Other  resis t ivi ty values have  
been reported for "HfC," but the s toichiometry was 
not stated. 

According to Lyon, 61 "hafn ium carbide has a con- 
gruent ly  vaporizing composition at a carbon concen- 
trat ion slightly less than stoichiometric." Since Goret-  
zki's measurements  show that  the specific electrical  
resist ivi ty increases marked ly  with  decreasing car-  
bon content, Hansler 's  results are not in d isagreement  
wi th  those repor ted  by Lyon. 

R. L. Hansler:  I wish to thank Dr. Kempte r  for his 
discussion. 

Theory of Organic Corrosion Inhibitors--Adsorption 
and Linear Free Energy Relationships 

F. M. Donahue and K. Nobe (pp. 886-891, Vol. 112, No. 9) 
R. R. Annand62: When I first saw this paper  I enthu-  
siastically thought  that  now we might  have a worka-  
ble relat ionship to use for seeking inhibi tor  s t ructure  
correlations. I was par t icular ly  favorably  impressed 
with  the arguments  and derivat ions which tend to- 
ward  developments  of a specific set of sigma values 
for inhibi tor  or adsorption situations. On fur ther  
study, however ,  it seems to me that  before a rel iable 
set of specialized sigma values can be developed it 
wil l  be necessary to establish bet ter  exper imenta l ly  
a point that  is assumed by the authors. 

Usual  LFER theory  applies to organic reactions in 
which the mesomeric  demands during the course of 
the react ion resul t  in a highly localized electron dis- 
t r ibut ion at the react ion center  [for a brief  but  lucid 
discussion see ref. (63)]. Indeed, from his data show- 
ing a l inear  relat ionship be tween  subst i tuent  constants 
and the energy of adsorption (reproduced in Fig. 1 of 
Donahue and Nobe's paper) ,  Snyder  concluded that  
he was observing charge localization at the ni t rogen 
atom in his compounds during adsorption onto alu-  
mina from a highly nonpolar  solvent. 64 

Donahue and Nobe have  taken charge localization 
at a specific atom as an assumption, and as a neces-  
sary part  of their  theory. It seems to me  that  this 
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assumption is sufficiently chal lenged by previously 
reported work  that  its val idi ty  will  have to be solidly 
confirmed before rel iable  subst i tuent  constants can 
be developed for inhibi tor  situations. In adsorption 
(par t icular ly  at meta l  surfaces where  proton acidity 
is not possible) or in inhibition, there  is no a priori 
reason why  electron localization should occur at a 
specific atom in an aromatic  molecule. 

Among the l i te ra ture  references which challenge 
the charge- local izat ion assumption, the fol lowing are 
typical: Bockris and co-workers  have  found that  
when aromatic molecules  adsorb to meta l  surfaces 
f rom solutions of electrolytes,  the electrons in the 
conjugated system part icipate  in the bonding. 6~ F u r -  
thermore,  they have found that  the contr ibut ion to 
the free energy of adsorption of a hydrocarbon radical  
is greater  by about 6 kca l /mole  for the naphthyl  rad i -  
cal than for the butyl  radical. 66 Indeed, they have  
found that  naphthalene  itself will  adsorb to meta l  
surfaces in the flat pos i t ionY Finally,  in every  adsorp- 
tion : investigation of which I am aware  where  the 
configuration of the aromatic  amine was examined  
critically, it was found that  the aromatic  molecules 
preferent ia l ly  adsorbed para l le l  to the plane of the 
meta l  surface. 6s-70 All  of this body of evidence sup- 
ports the thesis that part icipat ion is predominant ly  by 
the electron cloud of the conjugated system, not by 
electron localization at an individual  atom. 

In fact, interact ion of the electron cloud of double 
bonds (without  localization at one of the atoms con- 
nected by the bond) is observed in a ra ther  wide 
range of circumstances including: olefins with meta l  
ionsT1; olefins wi th  meta l  surfaces from the gas 
phase;2; and even with  an acidic hydrogen as in hy-  
drogen bond ing!  a, ~ 

In v iew of this background,  indicat ing that  the elec-  
t ron cloud of the conjugate  bonds of an aromatic sys- 
tem also part icipate in the adsorption of molecules at 
meta l  surfaces, it is disappointing when  a large por-  
t ion of the author 's  data points do not fall  on the 
theoret ical  line support ing the single atom anchoring 
group hypothesis, and when in large measure  the 
arguments  revolve  around reasons why the anomalous 
points do not fit the theoret ical  line. For  example,  in 
Fig. 2 it is argued that  only four out of the eight  
points should fall  on the theoret ical  line. I t  seems to 
me certainly possible that  the theoret ical  l ine is not 
correct  e i ther  when one can draw a straight  line 
through six out of eight of the points, if the last six 
points are used instead of the first four. 

To put this theory into a category wor thy  of work -  
ing into inhibitor  funct ion correlations, or other  as- 
pects of inhibi tor  research, a careful ly  selected group 
of compounds should be cri t ically examined  to estab- 
lish the statistical fit of the points to a line. Ideal ly  
there  should be the widest  spread possible, both on 
the inhibit ion axis and on the substi tuent constant 
axis. It  should be possible to take these data re la t ive ly  
simply under  controlled conditions of concentration, 
vo lume of acid, t empera tu re  and corroding t ime so 
that  (a) the ra te  of corrosion is constant throughout  
the corroding period; (b) reproducibi l i ty  is at least 
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_+ 10%; and (c) the effects f rom the poorer  com- 
pounds are sufficiently different f rom the bet ter  ones 
that  they can be re l iably differentiated. Complex 
equipment  and procedures  are not necessary for this 
purpose; a judicious choice of compounds which are 
then rel iably examined under  identical  exper imenta l  
conditions is necessary. 

I think this a t tempt  to formal ize  the general  ap- 
proach to the s t ructure- inhibi t ion problem is possibly 
a useful one. It would  be a great  deal more  useful if 
a reasonable amount  of confidence could be found in 
exper imenta l  support  for the approach. I hope this 
support  wil l  be put  for th  in the near  fu ture  and that  
it wil l  bear out the rel iabi l i ty  of the theory. 
F r a n c i s  M. D o n a h u e  75 an d  K e n  N o b e :  The authors 
wish to express their  grat i tude for Dr. Annand 's  in-  
terest  in our work  and his comments.  However ,  we 
feel that  he has not  complete ly  understood our intent. 

We are not a t tempt ing to develop "a specific set of 
sigma values for inhibitor  or adsorption situations." 
On the contrary,  it is our intent  to utilize the exist ing 
sigma values which are found in the l i te ra ture  (we 
cited four such references  in the paper  under  discus- 
sion). 

It appears that  Dr. Annand  has misread Snyder ' s  7~ 
and our work  concerning the correlat ion of the free 
energy of adsorption (Snyder ' s  data) and substi tuent 
constants. The AAGads data plotted in Fig. 1 of our 
paper were  the differences be tween  the "hFp average"  
values of the substi tuted pyridine compounds and the 
.~Fp average value of pyr id ine  in Snyder 's  Table III. TM 

On the other hand, in his LFER correlation, Snyder  TM 

plotted the ~ F ~  values tabulated in his Table III. 
These values were  the differences in the.AFp average 
(exper imenta l  results)  and the AFp calculated f rom 
his Eq. [5]. TM According to Snyder /6  this equat ion ac- 
counts for contributions to the free energy of adsorp- 
tion f rom all adsorbate groups wi th in  the molecule  as 
wel l  as the strongly adsorbing groups, but  does not 
account for the electronic effects of the subst i tuent  on 
the strongly adsorbing groups (e.g., the ni t rogen in 
pyr idine) .  Thus, the ~• values in Snyder ' s  Table III  
are a measure  of the lat ter  effects. He achieved a 
correlat ion for all his adsorbates (excluding the O- 
subst i tuents) .  

Al though Snyder 's  results  showed that  the ni t rogen 
atom of the pyridines,  pyrroles  and anilines was 
strongly adsorbed, thus substantiat ing the anchoring 
group concept, he concluded that  these compounds 
were  all adsorbed paral le l  to the adsorbent  surface. I t  
is evident  that  adsorption at the anchoring group and 
paral le l  adsorption are not as mutua l ly  exclusive as 
Dr. Annand seems to imply. 

Dr. Snyder  77 has pointed out that  the method of 
plot t ing Fig. 1 in our paper  assumes there  is no con- 
t r ibut ion to the adsorption energy from the substi tu-  
ent group; results of other types of compounds show 
that  the substi tuent groups could contr ibute  to the 
adsorption energy. Therefore,  according to Snyder,  77 
our in terpre ta t ion  of the points in group B of Fig. 1 
in our paper appears incorrect  since the adsorption 
energies due to the substi tuents were  not considered. 

The concept of charge localization has indeed been 
uti l ized in the initial developments  of LFER theory  
by organic chemists s tudying homogeneous react ion 
kinetics. However ,  in the opening paragraph we state 
" the assumption that  the electron density at the 'an-  
choring group'  uniquely  determines  the adsorbabil i ty 
still allows the possibility of ~-interactions provided 
(emphasis added) that  such interactions are assumed 
to vary  in the same qual i ta t ive  manner  as the electron 
density at the funct ional  group under  consideration." 
Since the funct ion group (ni trogen) in the pyridines 
is par t  of the conjugated system, it is not an out land-  

7~Present  address :  D e p a r t m e n t  of C h e m i c a l  and  M e t a l l u r g i c a l  
E n g i n e e r i n g ,  U n i v e r s i t y  of M i c h i g a n ,  A n n  Arbor ,  M i c h i g a n .  
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77 L. R. Snyde r ,  P r i v a t e  c o m m u n i c a t i o n .  
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ish assumption to suggest that  the electron densities 
in the conjugated system are coupled to that  at the 
nitrogen. 

Annand 's  al legat ion notwithstanding,  there  is an a 
priori reason why  there  should be electron localiza- 
tion at specific atoms in an aromatic  molecule  pro- 
vided that  one defines electron localization in terms 
of the electronic charge densities which may  be cal- 
culated based on Molecular  Orbital  Theory.TS, TM 

Correlat ions have been obtained by us s~ util izing 
the data of Blomgren  and Bockris. s3 The lat ter  showed 
ra ther  conclusively, as Annand has pointed out, that  
the orientat ion is paral le l  to the surface. Such a cor- 
relat ion by us mere ly  underl ines  the val idi ty  of the 
proviso which we added to the original  premise  and 
have enumera ted  above. 

Annand suggests that  Fig. 2 is a ra ther  weak argu-  
men t  for the correlat ion since he feels that  more  col- 
l inear points are obtained by ignoring, among other 
things, the parent  compound. Such an a t tempt  is jus t i -  
fied only if one is a t tempt ing to fit data. It was our in-  
tent  that  we test the extent  of the theory. On the basis 
of the theory, four  of the points were  requ i red  to fall  
on the line. The others were  not. We f rankly  admit -  
ted, however ,  that  one of those points did and we 
l ikewise surmised that, on the basis of Fig. 2, we 
could not make a firm s ta tement  concerning the orien-  
tat ion of the pyridines on iron. It should be noted that  
Hackerman  and Ayers  s4 were  l ikewise at a loss to 
choose whe ther  the orientat ion was paral le l  or not on 
the basis of their  data. 

As Annand has pointed out, to ver i fy  the suggested 
relat ionships it wil l  be necessary to study systems 
where  the extent  of inhibit ion is large as wel l  as the 
range of sigma values. We have  addressed ourselves 
to this problem in the past s0-s2 and are cur rent ly  ex-  
tending the ini t ial  studies, s~ 

It was not our intent  in the paper  under  discussion 
to present  a panacea to the problem of the s t ructure-  
inhibit ion relationship. It  was instead an a t tempt  at 
formal iz ing an approach to inhibit ion in a manner  
which has been hinted by previous authors, but  which 
has not been s t ructured such that  it could be tested 
quant i ta t ively.  We feel  that  this paper was, at best, a 
first approximation,  but  it is fel t  that  it is a significant 
s tar t ing place. 

The Effect of Electrode Pretreatment on the Oxygen 
Reduction on Platinum in Perchloric Acid 

Y. L. Sandier and E. A. Pantier (pp. 928-931, Vok 112, No. 9) 
G. B i a n c h i  an d  T. MussiniS6: In a recent  paper  on cath-  
odic reduct ion of oxygen on smooth p la t inum elec- 
trodes in acid solutions, s7 phenomena of p la t inum 
poisoning during the cathodic reduct ion of oxygen in 
acid solution (0.5M H2SO4) have  been put  in evi-  
dence. Such a poisoning can be destroyed ei ther  by 
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a cathodic polarization at potentials lower  than + 
0.2v, NHE, or by an anodic polarization at poterltials 
h igher  than + 1.2v, NHE. In our opinion, such a poi-  
soning is not due mere ly  to oxygen strongly em-  
bedded in the surface, but  to an in termedia te  species 
reducible  or oxidizable which we deduced to be the 
HO2 radical  stabilized on the p la t inum surface. In a 
previous paper  on catalytic decomposition of acid hy-  
drogen peroxide solutions on plat inum, iridium, pal-  
ladium, and gold surfaces, ss of which the authors 
seem to be unaware,  we showed that  an anodie or 
a cathodic t r ea tment  of the p la t inum surface does not 
change the catalytic act ivi ty  of p la t inum for the de- 
composition of hydrogen peroxide,  provided such 
t reatments  (anodic or cathodic) are made  for short  
t imes and with moderate  overpotentials ,  so that  sig- 
nificant amounts  of hydrogen or oxygen are nei ther  
evolved nor absorbed on platinum. On the contrary,  
an increasing catalytic act ivi ty of p la t inum treated 
with hydrogen may result  f rom the destruction of 
the oxygen embedded in the surface (or better,  in 
our opinion, of the adsorbed HO2 radical)  by hydro-  
gen diffusing f rom the bulk of plat inum. For  this 
reason we thing it is necessary to degas p la t inum in 
vacuo at 500~ in order to obtain reproducible  and 
rel iable results when studying the cathodic reduct ion 
of oxygen. Another  impor tant  point to be taken into 
due account is that  some impurities,  l ike chloride 
ions (and halide ions in general) ,  can poison the 
p la t inum surface and strongly affect the catalytic de- 
composition of hydrogen peroxide. 

Y. L. S a n d i e r  a n d  E. A.  P a n t i e r :  We cannot express  
a definite opinion as to the reason for the very  strong 
poisoning observed by Bianchi and Mussini in their  
experiments .  It  may be connected with  the par t icular  
exper imenta l  methods used. 

The main point in our paper was the demonstrat ion 
of the effect of the existence of different modes of ox-  
ygen chemisorpt ion on the characterist ics of the p la t -  
inum oxygen electrode. This possibility is not con- 
sidered and no evidence for it is found in Bianchi 's  
work. In our experiments ,  the very  strongly bound 
oxygen was formed ei ther  by thermal  p re t rea tment  of 
the electrode with  oxygen at a h igh- t empera tu re  (and 
t ransfer  to the cell in a closed system) or by pre-  
t rea tment  in situ at a high anodic potential.  

Bianchi and Mussini 's a rgument  that  short te rm 
variat ions in potential  (between +0.6 and 1.1v, Bianchi 
and Mussini's Ref. 88) do not essentially influence the 
catalytic activity, is not  in d isagreement  wi th  our 
results and presumably means that  the strong oxygen 
chemisorpt ion is not affected under  these conditions. 

Our samples,, after hydrogen pret reatment ,  were  
flushed with  pure  hel ium at 600~ for  about 10 min 
before cooling very  slowly in helium. It is unl ikely  
that  this t rea tment  is less effective in removing  the 
hydrogen than Bianchi  and Mussini 's t r ea tment  in 
vacuo at 500~ for 3 hr; it is also unl ikely  that  any 
remaining  hydrogen could support  a sufficient flux 
to the surface at room tempera ture  for continuous re -  
moval  of HO2 radicals which Bianchi and Mussini 
consider to be the poisoning species. 

Any difference in the results must  be due to differ- 
ences in the pur i ty  of the system and electrode pre-  
t reatment .  Bianchi and Mussini 's s tandard p re t rea t -  
ment  consists of grinding the electrode with  quartz  
powder  while  exposed to laboratory air. No sensi t ivi ty 
to oxygen p re t rea tment  is found by these authors. 
They come to the conclusion that  their  p re t rea tment  
simply makes the p la t inum surface rea l ly  bare (Bi-  
anchi and Mussini's ref. 87, p. 447). We find this hard 
to bel ieve and suggest that  this resul t  mere ly  em-  
phasizes again the need for ve ry  careful  control of 
pur i ty  in this type of research. 

ss G.  B i a n c h i  a n d  T .  M u s s i n i ,  Electrochim. Ac~a., 7, 457 (1962).  
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The Indous Ion: an Intermediate in the 
Electrochemical Oxidation of Indium Metal  

R. E. Visco (pp. 932-937, Vol. 112, No. 9) 
M. E. S traumanissg :  A l t h o u g h  i t  is k n o w n  t h a t  I n ( I )  
ions  ex i s t  e v e n  in  a q u e o u s  so lu t ions ,  n e v e r t h e l e s s ,  
t h e r e  a r e  o b s e r v a t i o n s  w h i c h  a r e  n o t  in  a c c o r d  w i t h  
t h e  e l e c t r o c h e m i c a l  m e c h a n i s m  p roposed ,  p o s t u l a t i n g  
t h a t  t h e  i r r e v e r s i b l e  e l e c t r o c h e m i c a l  s t ep  is a s soc i a t ed  
w i t h  t h e  f u r t h e r  ox ida ' t ion  of I n ( I )  to I n ( I I I ) .  

D a v i d s o n  a n d  J i r i c  90 cou ld  n o t  p r o v e  t h e  p r e s e n c e  of 
In  + ions  d u r i n g  t h e  d i s s o l u t i o n  of t h e  m e t a l  in  ac ids ;  
t h e r e f o r e  t h e y  a s s u m e d ,  in  o r d e r  to e x p l a i n  t h e  d e v i a -  
t i on  f r o m  F a r a d a y ' s  law,  t h a t  a s e c o n d a r y  r e a c t i o n  
occurs  in  ac id ic  so lu t i ons  w i t h  h i g h  speed  

I n  + + 2H + -~ I n  3+ + H2 [1] 

S t u b b s  ~I d o u b t s  w h e t h e r  t h e r e  a r e  In  + a n d  In  .-'+ 
a t  a l l  i n  f o r m  of oxides .  

S t r a u m a n i s  a n d  M a r t i n  92 c o n c l u d e d  f r o m  c o u l o m e -  
t r i c  m e a s u r e m e n t s  t h a t  I n  ( f r o m  a n  a m a l g a m )  goes 
in to  s o l u t i o n  q u a n t i t a t i v e l y  ( w i t h i n  t h e  l imi t s  of 
e r r o r )  o n l y  in  t h e  f o r m  of I n  ~+. T h e r e f o r e ,  t h e  f i rs t  
s tep  is 

In  ~ In  3 + + 3e [2] 

a n d  t h e r e  s eems  to be  no  j u s t i f i c a t i o n  for  s t ep  3: 

In~ In  + + e [3] 

W h a t  m i g h t  h a v e  h a p p e n e d  in  t h e  e x p e r i m e n t s  of 
Dr.  Visco w a s  t h e  a n o d i c  p a r t i a l  d i s i n t e g r a t i o n  of In.  
A l r e a d y  D a v i d s o n  a n d  J i r i k  90 s aw  tha t ,  w h i l e  t h e  c u r -  
r e n t  w a s  f lowing,  f ine p a r t i c l e s  s e p a r a t e d  f r o m  t h e  In  
a n o d e  a n d  a c c u m u l a t e d  a t  t h e  b o t t o m  of t h e  vesse l .  
T h i s  o b s e r v a t i o n  cou ld  b e  c o n f i r m e d  la te r .  9~ F i g u r e  1 
s h o w s  s u c h  m e t a l l i c  I n  pa r t i c l e s .  

T h a t  t h e  p a r t i c l e s  cou ld  no t  o r i g i n a t e  in  a d i s p r o -  
p o r t i o n a t i o n  p roce s s  

3 In  + ~ 2In  + In  3+ [4] 

fo l lows  f r o m  the  c o u l o m e t r i c  m e a s u r e m e n t s ,  as no  In  + 
ions  w e r e  f o r m e d .  

T h e r e f o r e ,  w h a t  is s w e p t  a w a y  f r o m  t h e  I n  a n o d e  
a r e  no t  In  + ions  b u t  v e r y  fine m e t a l l i c  I n  p a r t i c l e s  
o r i g i n a t i n g  f r o m  t h e  p a r t i a l l y  d i s i n t e g r a t i n g  anode .  
H o w e v e r ,  s ince  s m a l l  a m o u n t s  of I n  + w e r e  d e t e c t e d  
p o l a r o g r a p h i c a l l y ,  i t  m i g h t  b e  ' that  r e a c t i o n  [4] is 
s l i g h t l y  r e v e r s i b l e :  some  I n  3+ a r e  r e d u c e d  b y  t h e  f ine 

s~ U n i v e r s i t y  of Missour i  a t  Rol la ,  G r a d u a t e  Cen te r  for  Ma te r i a l s  
Research ,  Rol la ,  Missour i .  

~OA. W. D a v i d s o n  and  F. J i r i k ,  J. Am.  Chem. Soe., 72, 1700 
(1950). 

91 M. F. Stubbs, J. Am. Chem. Soc., 74, 0201 (1952). 

9s M. E. Straumanis and R. L. Martin, Z. anorg, u. all~em. Chem., 
334, 321 (1964). 

I n  o p a r t i c l e s  to  In  +. T h e  I n - a m a l g a m  m a y  ac t  in  t h e  
s a m e  m a n n e r .  I n  f ac t  t h e  r e d u c i n g  a b i l i t y  of I n  m e t a l  
or  p a r t i c l e s  w as  e v e n  u sed  b y  Dr.  Visco  to h a v e  I n ( I )  
in  solution93: 

I n ( I I I )  + 2 I n ( 0 )  ~ 3 I n ( I )  [5] 

N a t u r a l l y ,  I n ( I )  m u s t  t h e n  b e  f o u n d  p o l a r o g r a p h i -  
cal ly ,  if  I n ( 0 )  is p r e s e n t .  S i n c e  f ines t  In  p a r t i c l e s  a re  
f o r m e d  c o n t i n u o u s l y  d u r i n g  a n o d i c  d i s s o l u t i o n  ( a t  70 
m a / c m  2 s t r e a m s  of t h e m  can  be  d e t e c t e d  a l r e a d y  
w i t h  t h e  b a r e  e y e ) ,  a l a r g e  s u r f a c e  of In  m e t a l  is 
a v a i l a b l e  for  r e a c t i o n  [5].  N o w  t h e  n e c e s s i t y  of s t i r -  
r i n g  b e c o m e s  e v i d e n t :  i t  i n c r e a s e s  t h e  o u t c o m e  of 
I n ( I ) .  T h i s  o u t c o m e  also d e p e n d s  on  t h e  c u r r e n t  d e n -  
s i ty  (see  a b s t r a c t )  b e c a u s e  t h e  d e g r e e  of s u r f a c e  d i s -  
i n t e g r a t i o n  of t h e  a n o d e  c h a n g e s  w i t h  it. 

Thus ,  Dr.  Visco  s h o w e d  o n l y  t h a t  u n s t a b l e  I n ( I )  
is f o r m e d  ( i n  a s e c o n d a r y  r e a c t i o n )  b u t  n o t  a t  a l l  t h a t  
t h e  f o r m a t i o n  of I n ( I )  is the  f i rs t  s t ep  in  t h e  d i s s o l u -  
t ion  of I n ( 0 )  w h i c h  also w o u l d  be  in  c o n t r a d i c t i o n  to 
t h e  c o u l o m e t r i c  m e a s u r e m e n t s .  9" 
R o b e r t  E. Viseo:  T h e  o b s e r v a t i o n  b y  P r o f e s s o r  S t r a u -  
m a n i s  t h a t  a n  i n d i u m  a n o d e  d i s i n t e g r a t e s  w h e n  i t  is 
s h o r t e d  to a l a r g e  p l a t i n u m  c a t h o d e  is d o u b t l e s s  q u i t e  
r ea l ;  b u t  u n d e r  t h e s e  cond i t i ons ,  t h e  i n i t i a l  c u r r e n t  
d e n s i t y  is l a r g e  ( ea s i ly  t h e  o r d e r  of 1 A / c m  2) a n d  i t  
s e e m s  l i k e l y  t h a t  p r e f e r e n t i a l  a t t a c k  a l o n g  g r a i n  
b o u n d a r i e s  cou ld  occur ,  t h e r e b y  a l t e r i n g  t h e  a n o d e  
s u r f a c e  a n d  p r o v i d i n g  a m e c h a n i s m  fo r  e a sy  p a r t i c l e  
f o r m a t i o n .  O n e  of t h e  p o i n t s  of m y  p a p e r  w a s  to i n -  
v e s t i g a t e  in  a c o n t r o l l e d  w a y  ' the  l o w  c u r r e n t  d e n s i t y  
r e g i o n  in  t h e  anod ic  d i s s o l u t i o n  of i n d i u m  m e t a l  w h e r e  
gross  a t t a c k  is less  l ike ly .  I w i s h e d  to d e t e r m i n e  
(a)  I f  m e a s u r a b l e  q u a n t i t i e s  of I n  + c a n  b e  de t ec t ed ,  
a n d  (b )  if  In  + is f o r m e d ,  does  i t  a c c o u n t  fo r  t he  a p -  
p a r e n t  d e v i a t i o n s  f r o m  F a r a d a y ' s  l a w  ( b a s e d  on  a n  
a s s u m e d  3 e q u i v a l e n t s / m o l e  fo r  t h e  o x i d a t i o n  of I n ) .  
T h e  a n s w e r  to b o t h  q u e s t i o n s  is yes;  I n  + c a n  be  f o u n d  
b y  p o l a r o g r a p h y  in  t h e  ano ly t e ,  a n d  t h e  q u a n t i t y  of 
In  + f o r m e d  as d e t e r m i n e d  e i t h e r  i n d e p e n d e n t l y  b y  
p o l a r o g r a p h y  or c o u l o m e t r y  a g r e e  a n d  t h e y  s h o w  t h a t  
suff ic ient  In  + is f o r m e d  to e x p l a i n  t h e  a p p a r e n t  d e -  
v i a t i o n s  f r o m  F a r a d a y ' s  law.  

F u r t h e r ,  I w e n t  on  to p o i n t  o u t  in  t h i s  a n d  a n  e a r l i e r  
p a p e r  93 t h a t  s ince  i n d i u m  e l e c t r o d e s  do n o t  c o r r o d e  
at  a n  a p p r e c i a b l e  r a t e  in  I n  + + + so lu t i ons  c o n t a i n i n g  
o n l y  HC104, t h e  e q u i l i b r i u m :  

In  + + + + 2 I n ~ - 3 I n  + 

is dif f icul t  to a c h i e v e  in  ac id  s o l u t i o n  c o n t a i n i n g  no  
c o m p l e x i n g  a n i o n s  and ,  f u r t h e r ,  i t  m u s t  l ie  f a r  to t he  
left .  H o w  t h e n  does  o n e  e x p l a i n  l a r g e  q u a n t i t i e s  of 
In  + o b s e r v e d  on  a n o d i c  d i s s o l u t i o n ?  T h e  s i m p l e s t  a n d  
I t h i n k  t h e  m o s t  r a t i o n a l  e x p l a n a t i o n  is to say  t h a t  
In  o x i d a t i o n  occu r s  in  u n i t  s t eps  to g ive  In  +, t h e n  In  +2, 
a n d  f ina l ly  In  +3 a n d  t h a t  t h e  r e a s o n  I n  + c a n  b e  o b -  
s e r v e d  in  t h e  d i s s o l u t i o n  is b e c a u s e  t h e  r a t e - d e t e r m i n -  
ing  s t ep  in  t h e  a b o v e  s e q u e n c e  is a f t e r  I n  + f o r m a t i o n .  
Thus ,  In  + can  b e  t r a n s p o r t e d  a w a y  f r o m  t h e  anode .  
R e c e n t l y  Losev  94 h a s  r e a c h e d  t h e  s a m e  conc lus ions ,  
b a s e d  on  a n  e n t i r e l y  d i f f e r e n t  se t  of e x p e r i m e n t s  a n d  
p r o c e d u r e s .  T h e s e  e x p e r i m e n t s ,  i n  effect,  m e a s u r e d  
t h e  s a m e  q u a n t i t i e s  w h i c h  I h a v e  r e p o r t e d .  

T h e  a b o v e  r e s u l t s  w e r e  c o n f i r m e d  b y  s tud ie s  of t h e  
a n o d i c  d i s s o l u t i o n  of d i l u t e  a m a l g a m s .  R e c e n t  u n p u b -  
l i shed  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  q u a n t i t y  of I n  + 
f o r m e d  f r o m  m e t a l  a n d  a m a l g a m  a n o d e s  s e e m s  to be  
d e p e n d e n t  o n l y  on  t h e  a c t i v i t y  of i n d i u m  in  t h e  
a m a l g a m  r e l a t i v e  'to t h a t  in  t h e  me ta l .  T h i s  sugges t s  
t h a t  t h e  i n i t i a l  u n i t  s t ep  in  t h e  a n o d i c  d i s so lu t ion ,  t h a t  
is 

I n ~ - I n  + + e -  

Fig. 1. In particles obtained by the anodic disintegration of 
the metal; single particles and clusters of them; current density, 
70 ma/cm 2. 1430X, oil immersion. 

R. E. Visco, J. Phys.  Chem., 69, 202 (1965). 

~i A. P.  P c h e l n i k o v  a n d  V. V. Lose r ,  Protection o$ Metals, 1, 482 
(1965). 
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is at equi l ibr ium for both l iquid and solid indium 
electrodes and that  the ra te -de te rmin ing  step is later 
in the sequence of unit  steps which lead to In + + + 

The Hydrogen Evolution Kinetics and Hydrogen 
Entry into ~-Iron 

J. O'M. Bockris, J. McBreen, and L. Nanis (pp. 1025-1030, 
Vol. 112, No. 10) 

F. Y.. DeBoer~5: In the first part  of the discussion sec- 
tion, the authors say that  two simultaneous reactions 
are occurring: react ion A (~he hydrogen evolution 
react ion),  and react ion B (hydrogen permeat ion) .  
According to the data, react ion B is 1% of the total. 
It seems unreasonable  that f rom the characterist ics of 
this ve ry  minor  react ion one can make definite con- 
clusions about the mechanism of the major  reaction, as 
the authors have done. 

Complicating mat ters  is the fact that  they have 
taken no account of the complex nature  of their  m e m -  
brane;  that  is, a- i ron was t reated as a perfect  m e m -  
brane for hydrogen permeation.  It is the hydrogen 
that  has permeated  the iron that  is measured,  and 
these measurements  are used to make  conclusions 
about the hydrogen that  has not even entered the iron; 
no account at all is taken of the hydrogen that  has 
entered the iron and has not  come out (i.e., the hydro-  
gen atoms might  combine at in ternal  discontinuities, 
and so for th) .  It  is feasible that  the amount  of internal  
hydrogen is far greater  than that  which is measured.  

The fact that  the single crystal  data are similar  to 
the polycrystal l ine data does not inval idate  this cri t i-  
cism, since atoms can be rendered  immobile  inside the 
iron at sites other  than crystal  boundaries.  

J. O'M. Bockris, J. McBreen, and L. Nanis: In Eq. [3] 
and [9] of our paper, we give the relat ionship be- 
tween the H permeat ion rate, the coverage (e), and 
the rate  of H evolution. The only major  assumption 
here is that  the adsorbed H in termedia te  is the same 
for H entry into the metal  and for H gas evolution. 
The fraction of H which passes through the  meta l  is 
related to the diffusion coefficient, the membrane  
thickness, and the ratio of the rate  constants of the 
surface to bulk reactions. For  the membrane  thick-  
ness used, the potential  range covered, and the tem-  
pera ture  of the investigation, it turns out that  the 
rates are such that  the H which permeates  the meta l  
is of the order 1% of the total  H which is discharged 
per uni t  time. Variat ion in the permeat ion rate  with 
potential  for constant inhibitor  concentrat ion reflects 
changes in 0, i.e., of the adsorbed in termedia te  concen- 
tration. However ,  0o/0~] is a function if the mechanism 
assumed for the evolut ion react ion and theoret ical  
relat ions are known which principal  mechanisms. 
Hence the permeat ion-poten t ia l  relat ion gives evi-  
dence concerning the mechanism of the evolut ion 
react ion which runs paral le l  to the permeation.  

The consistence of our results support  the assump- 
tion of identical  in termediates  for both reactions. The 
fact tha't the permeat ion rate happens to be about 1% 
of the total discharge rate  in our system is not direct ly 
re levant  to a discussion of mechanism. 

The matters  concerning H in the metal  are dealt  
wi th  in detail  in a paper  by Beck, Bockris, McBreen, 
and Nanis* which wil l  be published shortly. In the 
potential  region re fe r red  to for mechanism indica- 
tions, it was found that  no t rapping of H occurred in 
the metal. Such t rapping did occur if the potential  
was made more negat ive  than a certain value. Data 
obtained in this region were  not used to deduce mech-  

95 Corrosion Research Laboratory ,  Continental  Can Company,  In-  
corporated,  7622 South Racine Avenue ,  Chicago, Illinois. 

W. Beck, J.  O'M. Bockris, J.  McBreen, and L. Nanis, Proc. Roy. 
Sot., in  press .  

anism: hence the terminat ion of the permeat ion po- 
tential  plots at about --0.5v with  respect  to NHE. 

U. It. Evans9V: The research provides valuable  infor- 
mation about the ent ry  and movemen t  of hydrogen, 
and is great ly  to be welcomed. The picture of the 
mechanism in absence of "poisons" appears acceptable, 
par t icular ly  the idea that  the adsorbed state assumed 
before entry into metal  as atoms is the same as that  
assumed before evolut ion as molecular  gas (p. 1027). 
I am not equal ly  happy about the idea (p. 1030) that  
poisons direct ly  favor  ent ry  by loosening the H-meta l  
bond; most ear l ier  theories have  pictured the poison 
as in ter fer ing with  H2 gas formation, and thus indi-  
rect ly  favoring the a l te rna t ive  reaction, the entry into 
the metal  as atoms. Such a v iew appears to me more 
probable. 

If adsorbed anions loosen the M-Hads bond, then 
doubtless, provided that  nothing else happens, the 
number  of H atoms passing f rom an external  (ad- 
sorbed) site to an in ternal  (absorbed) site wi l l  be 
increased, say f rom n to n + An, so that  the propor-  
t ionate increase in hydrogen ent ry  would be ~n/n. 
But the same loosening wil l  surely increase the num-  
ber of hydrogen pairs joining to form molecular  
( g a s e o u s )  H2,  say f rom N to N + AN; since we are  
now deal ing with  pairs, the difference be tween squares 
must  be taken and, if nothing else happens, the pro-  
port ionate outward movement  as H2 gas wi l l  be 

(N + AN)2--  N 2 2AN 
- - - ,  approximate ly  

N 2 N 

Unless there  is reason to think that  An/n is greater  
than 2AN/N, there  is no reason to expect, on these 
grounds, that  adsorption of CN or I wil l  increase the 
ent ry  of atomic hydrogen into the metal.  

A more probable explanat ion,  involving no ad hoc 
assumptions about bond loosening, is based on the fact 
that  where  a process involves two adjacent  atoms, it 
wil l  be more affected by coverage with  a poison than 
a process involving only one atom. If ~ is the fract ion 
of the surface not covered wi th  poison (CN or I ) ,  
then the rate  of entry of atomic hydrogen (in absence 
of r ival  process) would be kl~, where  kl is a constant, 
but the rate of evolut ion of molecular hydrogen would 
be 

k2aP~c 
where  Pac is the probabil i ty  that  a neighboring site is 
uncovered wi th  a poison atom, which depends, not  
only on a, but also on c, the coordination number  de-  
fining the number  of "neighbors." Since two sites are 
involved in the H2-evolution, it may be expected that  

En t ry  of atomic H kla 2kl/k2 

Evolut ion of molecular  H2 1/2 k2ap~c Pac 

If c were  known, Pac could be calculated from simple 
probabil i ty  theory. However ,  wha teve r  the value  of 
c, P~c must  decline as a declines, and immedia te ly  we 
reach the conclusion that, in absence of fur ther  com- 
plications, an increase of contaminat ion with  CN or 
I wil l  diminish the fract ion of hydrogen evolved as 
gas and increase that  enter ing the metal  as atoms. 

This is only t rue of substances adsorbed as small  
ions or atomic groups. If the substance adsorbed con- 
sists of large molecules of i r regular  shape, there  wi l l  
be i r regular  gaps be tween the covered areas which, 
being left  uncovered,  wil l  offer the same facilities for 
H -en t ry  and H2-evolution as a surface which is com- 
pletely uncontaminated.  Since the coverage of a large 
fraction of the area will,  at constant potential,  reduce 
the total current  flowing, it follows that  both H-en t ry  
and H2-evolution wil l  be reduced. 

This seems to explain why  CN and I favor  the en t ry  
of hydrogen into metal, whi le  organic nitr i les diminish 
it. The effect of naphthalene  is not so easily explained. 
It  may be that  single H atoms can enter  the metal  

19 Manor Court, Grange Road, Cambridge. England, 
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t h r o u g h  the  cen te r s  of the  h e x a g o n a l  r ings,  bu t  t ha t  
t h e  points  of e n t r y  a re  too m u c h  i so la ted  f r o m  one 
a n o t h e r  to a l low un ion  a s  H 2 ;  this p i c tu re  m a y  seem 
r a t h e r  fanci fu l ,  bu t  i t  is difficult  to t h ink  of an a l t e r -  
na t ive .  

J .  O'M. Bockris ,  J. McBreen,  and L. Nanis:  Dr. E v a n s '  
v i e w  tha t  add i t ives  effect  the  p e r m e a t i o n  ra te  of H 
t h r o u g h  Fe  by r e d u c t i o n  of the  r a t e  of c o m b i n a t i o n  of 
H to H2 is ce r t a in ly  a possible  sugges t ion  for  such 
phenomena .  H o w e v e r ,  i t  w o u l d  only  be  t enab l e  if  the  
r a t e - d e t e m i n i n g  step (r. d. s.) in the  h y d r o g e n  e v o l u -  
t ion r eac t ion  w e r e  combina t ion ;  or  is, in the  sequence  
2H + + 2e --> 2Hads --~ H2, the  l a t t e r  step w e r e  in e q u i -  
l ib r ium.  In  fact,  t h e  r e l a t i on  of the  p e r m e a t i o n  r a t e  to 
c u r r e n t  dens i ty  on the  po la r i za t ion  side of the  m e m -  
b rane  

OP/O in  J = 4 R T / F  

suggests  s t rong ly  tha t  H + + e --> Hads is the  r. d. s. 
and is coupled  to the  f o l l o w i n g  H c o m b i n a t i o n  react ion ,  
w i t h  the  r eac t ion  ve loc i ty  H2 --> 2Hads be ing  negl ig ib le .  

The  most  i m p o r t a n t  of t he  points  of e x p e r i m e n t a l  
ev idence  in f a v o r  of this concerns  t he  change  of r e -  
ac t ion  ra te  associa ted  w i t h  a change  of p e r m e a t i o n  
rate.  As the  r. d. s. for  the  o v e r - a l l  e v o l u t i o n  reac t ion  
is no t  combina t ion ,  the  c h a n g e  reac t ion  ra te  f o l l o w i n g  
add i t ive  addi t ions  (w i th  cons tan t  m e c h a n i s m )  m u s t  
ar ise  f r o m  the  effect  of the  adsorbed  add i t ive  on bond  
s t rength .  Thus,  a dec rease  of the  M - H  bond  s t r eng th  
w o u l d  be cons is ten t  w i t h  an inc rease  in o v e r p o t e n t i a l  
fo r  t he  same to ta l  c u r r e n t  densi ty,~ bu t  this  w o u l d  
also l ead  to a co r r e spond ing  inc rease  of the  p e r m e a t i o n  
ra te ,  as obse rved  w i t h  C N -  and  I - .  

We do not  t h i n k  tha t  Dr. E v a n s '  hypo thes i s  is con-  
s i s tent  w i t h  bo th  the  l i n k e d  inc rease  of o v e r - p o t e n t i a l  
and p e r m e a t i o n  and  w i t h  the  r. d. s. cons is ten t  w i t h  
the  V / l o g  J re la t ion .  

In  addi t ion,  the  obse rva t ions  on the  change  of /~ 
w i t h  addi t ions  of add i t ives  has  to be  i n t e rp re t ed .  
Qua l i t a t i ve ly ,  this ar ises  f r o m  our  model ,  for  /~ de -  
pends  on OU/Ox, the  s lope of the  po ten t i a l  e n e r g y -  
d i s tance  r e l a t ion  in s t r e t ch ing  of t he  m e t a l - h y d r o g e n  
bond. I t  is easy  to show tha t  this coefficient  is p r o -  
po r t iona l  to the  bond s t rength .  F ina l ly ,  i t  m a y  be 
no ted  tha t  the  i n t e r p r e t a t i o n  g iven  h e r e  to t h e  p e r m e -  
a t ion resu l t s  in  no t  a specia l  t h e o r y  bu t  an  app l ica t ion  
of i n d e p e n d e n t  i n t e rp r e t a t i ons  p r e v i o u s l y  m a d e  in r e -  
spect  to so -ca l l ed  "poisons"  on the  ve loc i ty  of the  h y -  
d rogen  e v o l u t i o n  reac t ion .  

Electrode Potentials in Fused Systems, IX. 
Liquid Junction Potentials in the AgCI-AgBr System 

K. Stern (pp. 1049-1050, Vol. 112, No. 10) 
A. J. Easteal98: F o r  the  e x p e r i m e n t a l  cel l  

A g  A g C l ( x l ) , A g B r ( x 2 ) i  i A g C l ( x l ' ) , A g B r ( x 2 ' )  Ag  
( e l ec t ro ly t e  I) i i ( e l ec t ro ly t e  I I )  

w h e r e  ii r ep r e sen t s  a l iqu id  junc t ion ,  S t e r n  states:  
" In  this cel l  any  nonzero  e m f  is a l i qu id  j unc t i on  p o -  
t en t i a l  and  m u s t  ar ise  f r o m  di f ferences  in the  an ion  
mobi l i t i e s  and t r anspo r t  n u m b e r s . "  

I t  is not  t rue  h o w e v e r  tha t  ( E t  - -  e) = 0, w h e r e  Et 
is t he  cell  emf  and  e the  l iqu id  j u n c t i o n  potent ia l ,  e x -  
cept  in ce r t a in  l im i t i ng  condi t ions.  A s s u m i n g  tha t  t he  
e l ec t ro ly te s  I and  II  a re  c o m p l e t e l y  d issocia ted  in to  
the  s imple  ions Ag  +, C I - ,  and  B r - ,  and  se t t ing  zi 
equa l  to the  e l e c t r o v a l e n c y  of the  ions (zi > 0 for  ca t -  
ions, z i <  0 for  an ions ) ,  t he  emf  of the  cel l  is g iven  
by  the  relat ionship99 

t We refer  to  " the  s ame"  cur ren t  densi ty  for  hydrogen  evolut ion 
b e c a u s e  the f rac t ion  of H wh ich  passes th rough  the m e m b r a n e  is 
about  1% of the total H d i s c h a r g e d ,  so  that ,  if  the  total cu r ren t  
dens i ty  is  cons tant ,  the  current  u s e d  b y  h y d r o g e n  evolut ion is 
constant  to bet ter  than  1%. 

9s Chemis t ry  Depar tmen t ,  Un ive r s i t y  of Auckland,  Auckland,  N e w  
Z e a l a n d .  

This  equat ion is readi ly  de r ived  by  the me thod  of E. A. Gug-  
genheim,  " T h e r m o d y n a m i c s , "  p. 396 et seq., North-Hol land Pub-  
l i sh ing Co., A m s t e r d a m  (1959). 

Et =--(RT/F) t~ -- dlnai 
I i Z~ 

+ d InaAg+ [i] 
ZAg + 

and the liquid junction potential by 

( 1 ) 
e = - - ( R T / F )  I t~ - -  d l n a i  [2] 

�9 Xi 

I : f  d In aAg + 

= - -  ( R T / F )  In (aAg+II/aAg+ I) [3] 

w h e r e  aAg+ r and aAg+ n deno te  t he  ac t iv i t ies  of Ag  + 
ions in e l ec t ro ly tes  I and  II, r e spec t ive ly .  A c c o r d i n g  
to Eq. [3], E t =  e on ly  if t he  ac t iv i ty  of Ag  + ions is 
the  same  in the  t w o  e lec t ro ly tes .  T h e  fac t  t ha t  the  
concen t r a t i on  of Ag  + is the  s a m e  in the  two  e l ec t ro -  
lytes  does no t  necessa r i ly  i m p l y  tha t  no d i f fe rence  in 
aAg+ exists.  If  the  sys tem AgC1 -{- A g B r  w e r e  t h e r m o -  
d y n a m i c a l l y  idea l  in t h e  sense 

7AgC1 = ' Y A g B r  ~ 1, for  a l l  v a l u e s  of x '~ [4] 
such tha t  x l  ~ XAgCl ~-- Xl'  J 

( w h e r e  7 denotes  ac t iv i ty  coefficient)  then  it  w o u l d  
be  r ea sonab le  to a s sume  tha t  

TAg+ = 1 "[ [5] 
Xl ~ XAgC1 ~ Xl  t f 

H o w e v e r  p ropos i t ion  [4] is not  val id ,  1~176 at  leas t  
for  m i x t u r e s  w h o s e  compos i t ion  is such tha t  

0.60 --~ XAgCl ~ 0.30 

I t  is t h e r e f o r e  not  poss ible  to assess the  d i f fe rence  
in the  ac t iv i ty  of Ag  + ions in t he  two  e lec t ro ly tes .  
C o n s e q u e n t l y  i t  m a y  no t  be  t rue  tha t  the  w h o l e  of 
the  cel l  e m f  ar ises  f r o m  the  l iqu id  j unc t i on  p o t e n -  
tial.  

S t e r n  also s tates  tha t  the  cel l  e m f  can be zero  on ly  
if t c l -  ~ x~, tBr-- ~ X2. T h a t  this  is not  a necessa ry  
condi t ion  for  v a n i s h i n g  cel l  emf,  is s h o w n  by  the  
fo l l owing  cons idera t ions :  Et is zero if and  on ly  if  

- - ( R T / F )  I : ~  { (]~CI-- "XAgBr-- tBr-- "XAgC1)/XAgBr} 

d lnaAgc l  = 0 [6] 

S ince  d In aAgcl ~ 0, a sufficient  condi t ion  for  Et  ~ 0 
is, t h e r e f o r e  

tCl--/tBr-- : XAgC1/XAgBr 
for  al l  va lues  of x such t h a t ~  [7] 
Xl ~ XAgC1 ~ X l '  ) 

A p a r t i c u l a r  c i r cums t ance  for  w h i c h  this condi t ion  
is fu l f i l led  is 

t c l -  -~ XAgC1 
tBr-- = XAg~r ~ [8] 
Xl ~ XAgC1 =~ Xl '  

The  condi t ions  exp re s sed  by  Eq. [7] (and  its specia l  
case, Eq. [8]) ,  a re  no t  h o w e v e r ,  necessa ry  condi t ions  
for  Et  = O. 

K. It .  S te rn :  Dr.  Eas t ea l  has  ra i sed  two  points.  The  
first of these  is the  old ques t ion  of s i ng l e - ion  a c t i v -  
i ty  again.  In  essence t h e  ques t ion  is: " w h a t  is t he  
s ingle  ion  ac t iv i ty  of Ag  + in a A g C 1 - A g B r  m i x t u r e , "  
or  "is the  ac t iv i ty  of A g  + in AgC1 and A g B r  the  
s a m e ? "  

N o w  w e  ce r t a in ly  k n o w  the  ac t iv i t i es  of the  t h e r m o -  
d y n a m i c  componen t s  AgC1 and  A g B r  in A g C 1 - A g B r  

10o I. G. M u r g u l e s c u  and  D. I. Marchidan ,  Zh. Fiz. Khim,  84, 2534 
(1960). 

By Eq. [1] and [2] 

Et  . . . .  ( R T / F )  
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mixtures.  The activities of the pure components are 
unity if a Raoult 's  law standard state is used. But the 
difficulty is that we do not know how to split up aAgct 

aAg + ac1- into single ion activities ei ther for the 
pure compound or for AgC1 in the mixture.  

For  example,  Dr. Easteal 's  Eq. [3] contains two un-  
knowns, the liquid junct ion potential  e and the ratio 
(aAg+]I/aAg+I). In order to evaluate  one we must  

make some assumption about the other. The usual 
way out of this d i lemma is to assign a value of unity 
to the act ivi ty  ratio and to in terpre t  the cell emf only 
in terms of events at the l iquid junctions. TM If Dr. 
Easteal has a bet ter  suggestion it does not appear  in 
his comments. 

His second point concerns Eq. [6]. Since d In aAgc] 
0 and X A g B r  -/= 0 Et ---- 0 if and only if t c l - - Z A g B r  - -  

tB r - - X A g Cl  ~- 0. 
Now, since tc t -  and t~r-  are t ransport  numbers  re l -  

at ive to tag + , (tcl-- + tBr--) = 1 and also XAgB~ + 
XAgci ~ 1 from which his Eq. [7] and [8] follow 
immediately .  Thus these equations are not only suf- 
ficient but also necessary. 

The Voltage Sweep Method--Electronic Device for 
Producing Triangle Pulse and Ramps 

F. G. Will (pp. 1157-1159, Vol. 112, No. 11) 
N. S. Clayton~02: The paper by Will  deals wi th  a cir-  
cuit to produce a slow l inear voltage sweep. A solid- 
state circuit  Fig. 1, which has ident ical  functions is in 

" I  + 

I \  
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use here in conjunction with work  on meta l -ox ide -  
silicon capacitors. Two operat ional  amplifiers are used 
for  integrat ion and comparison, respectively.  This al-  
lows the circuit  to be constructed and modified simply 
and quickly. 

Consider first the case wi th  clamp switch open 
circuited. When the constant input to the integrator  
is positive, the output  V(R)  ramps negat ive at a rate  
var ied by the 5M12 pot. R1/Ro of V(R)  is fed to the 
comparator.  

The comparator  operates in the noninver t ing  mode 
in the sense that  when  the reference  vol tage V(ref )  
is reached the comparator  switches to the same polar-  
ity. as the input. ~~ The sign of the feedback to the 
in tegrator  V(S)  changes polar i ty  causing the ramp to 
change direction. Note, V(S)  is a lways locked in posi- 
t ive or negat ive  saturat ion due to posit ive feedback 
and thus provides a we l l - r egu la ted  input  vol tage to 
the integrator,  whi le  V( re f )  is a lways clamped at the 
appropriate  reference  voltage. 

V(R)m = (Re~R1) V(re f ) ,  the height  of wave  form, 
is independent ly  var iable  in each direction, provided 
the back biased diode on R0 does not have significant 
leakage to the summing point. 

lol K. H. Stern,  J. Phys.  Chem., 63, 741 (1959). 

lo~ Molecular  Electronics,  Research and Deve lopmen t  Labora tor ies ,  
Canadian West inghouse  Company,  L imi ted ,  P.O. Box 510, Hami l -  
ton, Ontario,  Canada. 

lo~ Opera t ional  Ampli f iers  and Their  Applicat ions,  Te t ron ix  Man-  
ual. 
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It is now a simple mat te r  to obtain single pulses or 
ramps start ing f rom a prefixed voltage. A selection of 
back to back reference  diodes may  be switched in 
across the in tegrat ing capacitor which wil l  clamp 
V(R) ,  i.e., if V(C) < (Re~R1) V(re f ) .  To unclamp 
or commence, a push but ton switch momentar i ly  in-  
creases R1 to change the state of the comparator.  

The system is re la t ive ly  insensit ive to modifications: 
for example,  the integrator  feedback and intercon-  
nect ing ne twork  have been var ied by one or more 
orders of magni tude  with  no noticeable deteriorat ion 
Jn performance.  The integrat ing amplifier should be 
high quality, and the feedback ne twork  should allow 
litt le leakage current.  The  comparator  amplifier is less 
critical. A high current  amplifier (10 ma) is used to 
signal a stepping re lay  which automat ical ly  selects 
the next  sample after one or half  a cycle, as required.  
F. G. Wil l :  It is readi ly  agreed that  there  are a l ternate  
methods of producing t r iangle  pulses and ramps. It  
is the purpose of the original  note to show how this 
can be done by a simple modification of commercial  
function generators  that  produce periodic waveforms.  
Dr. Clayton describes how operational amplifiers can 
be used to build a function genera tor  as out l ined in 
Text ron ix  Manual  070-323. The addition of the back-  
to-back Zener diodes to clamp the integrator  to sev-  
eral  selected vol tage levels is indeed a simple way of 
producing single pulses and ramps. It can be applied 
in cases where  a continuous var ia t ion of clamping 
voltage levels  is not required.  

Logarithmic Oxidation Kinetics of Zinc 

v. o. Nwoko and H. H. Uhlig (pp. 1181-1185, Vol. 112, No. 12) 

F. E. DeBoer l~  At the beginning of the paper, the 
authors say that  the kinetics of this react ion have  
been described as parabolic as wel l  as logarithmic.  
However ,  subsequently,  they do not again refer  to the 
possibility of parabolic behavior.  On the contrary,  
they assert posi t ively that  they have proved that  a 
two-s tage  logari thmic equat ion is obeyed. This is 
faul ty  on two counts: (i) the fact that  a few points 
on semilog paper  fit reasonably wel l  on a s traight  
line does not prove a logari thmic kinet ic  law. This is 
especially t rue when these points are closely bunched. 
Further ,  when  it takes two straight lines to describe 
the form of these points, the possibility that  this is 
indeed not a logari thmic relat ionship is high. (ii) The 
authors apparent ly  did not  test the parabolic law. In 
order  to t ry  this roughly, I used the curve  labeled 
206 ~ of Fig. 2 and found that  there  was almost a per -  
fect fit to a straight line described by d = 2.35 t t/2 
(where  d is oxide thickness in angstroms and t is t ime 
in minutes) .  Admit tedly ,  it is difficult to de termine  
data f rom a plot of the size presented (the other  
curves of Fig. 2 would be even harder  to work  wi th) ,  
but  the fit was very  good. Before  assuming a two-  
stage logari thmic process, the authors should, at the 
least, show how wel l  their  original  data fit when  
plotted in other  ways, especially parabolical ly in this 
case. 

A. Winterbot tom in a discussion fol lowing Vernon's  
paper ~05 pointed out that  some of his l ow- t empera tu re  
data would fit wel l  on a parabolic plot. These were  in 
the lower  half  of the t empera tu re  range discussed in 
the present  paper. In v iew of this and the distinct pos- 
sibility that  the data discussed here  conform to a pa r -  
abolic law, it is probable that  the oxidation is para-  
bolic below 225 ~ and logari thmic above 225 ~ (see 
Vernon) .  
U. R. Evans1~ The authors have done a service in 
showing that  the oxidat ion of zinc shows the same 

lc4 Corrosion Research  Labora tory ,  Cont inenta l  Can Company,  In-  
corporated,  7622 S. Racine Avenue ,  Chicago, I l l inois 60620. 

10~ W. Vernon,  E. Akeroyd ,  and E. Stroud,  J. Inst. Metals, 65, 301 
(1939). 

1(~ 19 Manor  Court,  Grange  Road, Cambridge ,  England.  
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sudden breaks as does that of copper, nickel, cobalt, 
and iron. If the act ivation energy is almost the same 
for the two stages, that  would suggest that  the oxida-  
t ion-mechanism is similar. 

Figure  3 and Table I may  convey the idea that oxi-  
dation is more  rapid in the second stage than in the 
first. This is due to the fact that  the t ime-scale  in Fig. 
3 is much more "open" for the first stage than for the 
second. The following table gives rough measure-  
ments  of the t ime tl needed to produce the thickness 
L at which the second stage starts, and the additional 
t ime t2 needed to produce an addit ional  thickness 
equal  to L (making 2L in all) .  Accurate  measure-  
ments are impossible on any small-scale  diagram, and 
the authors may  care to provide a more  accurate 
table. If they confirm that  t2 is greater  than tt, the 
conclusion wi l l  be that  the second stage is the slower.* 

Temperature ,  ~ L t l  t2 

125 4.5 95 245 
157 (0.763mm) 11 105 290 
175 12 95 145 
206 24 130 275 

"Breakdowns,"  leading to spurts of renewed oxida-  
tion, are not confined to meta l  obeying the logari thmic 
law. Often there  are several  successive breakdowns;  
about 40 years ago, Pil l ing and Bedworth,  ~~ studying 
copper, published curves wi th  about four breakdowns.  
Curves showing repeated breakdowns have  also been 
published by Vernon, ~~ by Tylecote, l~ and by Caplan 
and Cohen, 110 s tudying aluminum, copper, and i ron-  
chromium alloys, respectively.  

The rat ional  explanat ion of b reakdown is springing 
a leak of the film where  it has become unsupported 
through the outward movemen t  of cations, leaving 
vacancies. The same outward  movemen t  provides a 
simple explanat ion of the logari thmic growth law. At  
high temperature ,  these vacancies general ly  coalesce 
to form cavities, which are visible under  the micro-  
scope, so that  their  existence is not  in doubt. That, 
however ,  involves  diffusion of vacancies over  con- 
siderable distances; Dunnington,  Beck, and Fontana TM 

record cases where  vacancies have diffused r ight  
through a sheet, so that  its scale has become loose 
on one side whi le  remaining  adherent  to the other 
side. Where  there  is coalescence of many  vacancies 
into a few big cavities, the area where  oxide is out 
of contact wi th  metal  is small, and the oxida t ion-ra te  
wil l  not be great ly  effected. At  low temperatures ,  dif-  
fusion of vacancies can only occur over  small dis- 
tances; some vacancies are doubtless annihi la ted at 
dislocations or other "sinks," others by atoms subsid- 
ing into them f rom the film, but  some wil l  remain  at 
the interface. The effect wil l  be to impede movemen t  
across the interface. When the gap be tween  metal  and 
oxide becomes at some places sufficiently broad to 
p reven t  crossing altogether,  the area avai lable for the 
passage of meta l  into oxide wil l  diminish with  time.~ 

* The  reason  w h y  Tab le  I shows  a h i g h e r  v a l u e  for  the  ra te  con-  
s t a n t  (k ' l)  of the  second  s tage  t h a n  fo r  t h a t  of the  f a s t  s tage  (kl) 
is  t h a t  T" is  m u c h  l a r g e r  (110-140 ra in)  t h a n  "r (5.5-7 ra in) .  T h e  
e q u a t i o n s  are y = k l  log  ( t / r  + 1) and  y = k ' l  log  ( t /r"  + 1). 
C l ea r l y  a t i m e  of, say, 10 ra in  w i l l  on ly  s l i g h t l y  inc rease  ( t /~ '  + 1) 
a b o v e  u n i t y ,  b u t  w i l l  g r e a t l y  inc rease  ( t /~ + 1). Thus ,  e v e n  sup-  
p o s i n g  t h a t  t he  o x i d a t i o n  ra tes  we re  the  s ame  in  b o t h  s tages ,  k ' l  
w o u l d  need  to be  m u c h  l a r g e r  t h a n  kl,  i f  the  same  v a l u e  of t (1O 
rain)  is to p r o d u c e  t he  same  inc rease  of t h i ckness ,  y. 

t A sma l l  a m o u n t  of o x i d a t i o n  can d e v e l o p  g r a d u a l l y  e v e n  a t  t he  
a reas  of " n o  c o n t a c t "  b y  the  m e c h a n i s m  p roposed  by  D r a v n i e k s  
and  M e D o n a l d . ~  

1~ N. B. P i l l i n g  a n d  R. E. B e d w o r t h ,  J.  Ins t .  Meta l s ,  ~-9, 529 
(1923). 

los W. H. J .  Vernon ,  Trans .  F a r a d a y  Soc., 23, 152 (1927). 

1~ R. F.  Tylecote ,  J .  Ins t .  Me ta l s ,  81, 681 (1952). 

110 D. C a p l a n  and  M. Cohen,  J.  Me ta l s ,  4, 1057 (1952); Corros ion ,  
15, 141 (1959). 

~u B. W. D u n n i n g t o n ,  F .  H. Beck,  a n d  M. G.  F o n t a n a ,  Corros ion ,  
8, 2 (1952). 

It has been shown 112 that  this leads, according to the 
assumption made regarding the growth law which 
would be obeyed if the whole area  remained available 
for passage, e i ther  to the classical logari thmic equa-  
tion 

W-- - -k log  ( a t §  

or to a "new" logari thmic equat ion 

W = k log (at 1/'~ + 1) 

There are, of course, numerous examples  of conform- 
ity to the classical equation, but  when  first I arr ived 
at the "new" equation, 118 no exper imenta l ly  estab- 
lished example  was available. Shor t ly  afterwards,  T. 
Mills, s tudying the oxidation of copper, brought  me 
results which failed to accord with  the classical equa-  
tion. I suggested that  he tr ied the new equation, wi th  
which he was then unacquainted;  the results fitted./14 

If the fall ing off, .much faster  than the parabolic 
law would predict, is due to an increasing area of "no 
contact" be tween meta l  and oxide, a t ime wil l  come 
when the "roof" will  collapse or start  to leak, and 
oxidat ion wil l  be resumed, over  the areas in question, 
at roughly the original  pace. If the breakdown does 
not occur unti l  conditions of "no contact" have spread 
over the whole area, the scale wil l  flake off intact. If 
it remains adherent  (as on zinc), that  is proof that  
the "no contact" condition has not been established 
everywhere ,  and the renewed  oxida t ion-ra te  of the 
specimen as a whole  wi l l  be less than at the start  of 
the first s tage- -which  appears to be the case. 

The discussion be tween the authors and Fromhold  
shows that  they are strongly attached to in terpre ta-  
tions based on space charges. This comment  is ad- 
dressed to those who prefer  an explanat ion which, 
wi thout  ad hoc assumptions, offers an in terpre ta t ion  
of the known facts up to the breakdown;  after  the 
breakdown, the geometry  becomes complicated and 
the kinetics difficult. The simplicity of the in te rpre ta -  
tion may be an advantage,  since, if there  is a flaw in 
the argument ,  no reader  can fail  to detect it. 
H. H. UhUg: To prove  whe ther  a single equation 
fits a given set of data requires  exper imenta l  
points over  a sufficient t ime interval ;  otherwise 
more than one equat ion may  fit the points. One 
of the tradit ional  difficulties of t reat ing thin film oxi-  
dation data is that  the t ime in terva l  over  which thin 
films exist is re la t ive ly  limited. Therefore,  the sug- 
gestion has sometimes been made, as F. De Boer men-  
tions, that  the parabolic as wel l  as the logari thmic 
equat ion applies. If still fewer  points than those pre-  
sented in our Fig. 2 had been taken, it could also be 
demonst ra ted  that  the l inear  equat ion fits the data. 
However ,  several  invest igators  have  previously de- 
monstra ted that  the logari thmic equat ion is commonly 
the only equation which fits thin film oxidation data 
when the data are carr ied out over  a sufficient length 
of t ime so as to leave no doubt about the matter .  Lust-  
man and MehP TM showed that  the data they obtained 
on oxidation of copper single crystals could be repre -  
sented only by the logari thmic equation and the same 
conclusion is reached f rom low- tempera tu re  data by 
Tylcote, 117 and f rom our own measurements  on cop- 
per. Kubaschewski  and Hopkins 11s conclude that  most 
thin film oxidation data for metals  conform to the 
logari thmic equat ion or inverse logari thmic equation, 
wi th  distinction be tween  the two being difficult. 

l m U .  R. E v a n s ,  " I n t r o d u c t i o n  to  M e t a l l i c  Co r ro s ion , "  2 n d  Ed.,  
pp.  192-195. A r n o l d  (1963). 

n ~ U .  R. E v a n s ,  " R e v i e w s  of P u r e  a n d  A p p l i e d  C h e m i s t r y , "  5, 
1 (1955). 

114 T. Mi l l s  a n d  U.  R. E v a n s ,  J.  C h e m .  Soc. ,  p.  2182 (1956). 

11~ A. D r a v n i e k s  a n d  H. J .  McDona ld ,  This  Journa l ,  94, 139 (1948). 

n~ B. L u s t m a n  a n d  R.  MehI ,  Trans .  A I M E ,  148, 246 (1941). 

11~ R. Tylecote ,  J.  Ins t .  Meta l s ,  78, 327 (1950-1951). 

11s O. K u b a s c h e w s k i  a n d  B. Hopk ins ,  " O x i d a t i o n  of Me ta l s  and  
A l loys , "  p. 37-39, A c a d e m i c  Press ,  N e w  York  (1962), 
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It was our intent, therefore,  to show that  our data 
for zinc obtained over  a l imited t ime in terval  are con- 
sistent wi th  the logari thmic equat ion in accord with  
most thin film oxidation data. This we have done. In 
particular,  our data are consistent with two-s tage 
logari thmic kinetics, also found by other  investigators,  
the theoretical  significance of which is outlined. 

Dr. Evans '  comments  deal first wi th  the character is-  
tics of any logari thmic relation. It is, of course, true 
that growth of oxides fol lowing the logari thmic equa-  
tion decreases marked ly  as t ime proceeds. In fact, 
early invest igators  suggested that  the oxide com- 
pletely stopped growing after  a given time, whereas  
it is now considered more l ikely that  the oxide con- 
tinues growing and that  it is only the peculiar  relat ion 
of oxide thickness to logar i thm of t ime which makes 
it appear as if oxide growth ceases. In the two-s tage  
logari thmic oxidation process, the impor tant  consider-  
ation is that  the value of the react ion rate  constant kh 
in the relat ion y --  L _ kh log( t /~ '  + 1) for second- 
stage oxidation is demonst rably  greater  than the cor- 
responding value of kl dur ing first-stage oxidation. 
The greater  value of kh compared to kl means that  
the corresponding thickness of oxide at any t ime be- 
yond L is grea ter  than it would otherwise have  been 
had oxidation continued in accord with first-stage 
kinetics. This conclusion is clearly evident  by examin-  
ing our Fig. 3. 

Dr. Evans is correct, of course, in pointing out that  
discontinuities in the oxidation rate  have various 
causes. Most of the instances he cites are for re la t ive ly  
thick films where  spalling and cracking of the oxide 
is the common cause. An example  of discontinuous 
oxidation rate can also be seen in the data of Heindl-  
hofer and Larsen for oxidat ion of iron at 700~ re-  
produced in the "Corrosion Handbook" on p. 633. 
However ,  spalling, bl is tering and cracking are not as 
l ikely  to occur in thin film oxidat ion (100-10,000A), 
and in fact we have never  observed evidence for it in 
any of our numerous  exper iments  on oxidat ion of 
copper, nickel, and chromium- i ron  alloys. Considera-  
tion should also be given to the fact  that  the begin-  
ning of second-stage logari thmic oxidation tends to be 
more reproducible  than one would  expect  if accidental 
spalling and cracking, caused in par t  by the rmal  fluc- 
tuations, were  the cause. The fact that  second-stage 
logari thmic oxidation begins at about the same t ime 
and thickness for  a given tempera tu re  of oxidation 
suggests that  its cause lies in a different source. Our 
work on Volta potentials  of growing thin oxide films 
suggested to us that  space charge may enter  as the 
impor tant  factor, and subsequent  explorat ion of this 
possibility led to the conclusions that  are outl ined in 
our present  and previous papers. 

It  is of some interest  that  Tylecote 's  data on oxida-  
tion of copper, cited as reference  by Dr. Evans, lends 
support  to our viewpoint.  Tylecote  found that  the 
parabolic equation fitted his data only at high t emper -  
atures (615~176 whereas  the logari thmic equat ion 
fitted his data in the lower t empera tu re  range (350 ~ 
550~ especially dur ing the first stages of oxidation 
(thin films). The transi t ion be tween logari thmic and 
parabolic kinetics is not sharply defined, but signifi- 
cantly Tylecote points out that  the thickness at which 
the transi t ion occurs is in the order  of 105A which he 
states is " the same order as the 'barr ier  layer '  on cop- 
pe r / copper  oxide rectifiers as de termined  by meas-  
urements  of electrical capacity; this correspondence 
appears to support  the contention of Campbel l  and 
Thomas n9 that  the depar ture  f rom the parabolic re-  
lationship at low tempera tures  is a consequence of the 
peculiar  electr ical  conditions in these thin films." The 
max imum thickness of oxide, equal  to 10~A, for which 
logari thmic oxidation kinetics apply, corresponds to 
our m a x i m u m  thickness of space charge including 
both the constant density and diffuse space charge 
layers. Tylecote goes on to say that  " the logari thmic 

n ~ W .  C a m p b e l l  and  D'. Thomas ,  Trans. Electrochem. Soc., 91, 
623 (19~7). 

curve  appears to be in two portions" corresponding, 
of course, to our described first- and second-stage 
logari thmic kinetics. 

I think it unl ikely that  any model  of thin film oxi-  
dation based on movement  of atoms or ions through 
an oxide lattice as the control l ing mechanism can 
hope for much success in describing the facts as we 
now know them. For  example,  there  is a marked  ef-  
fect of Curie temperature ,  crystal  face and latt ice 
type on the thin film oxidation rate. In general,  any 
of these factors wi th in  the meta l  would not be ex-  
pected to have  an effect on rate  of migrat ion of spe- 
cies such as ions or vacancies in the oxide phase. For  
this reason, I believe that  the work  function of the 
meta l  which is affected by Curie temperature ,  crystal  
face and latt ice type, plus a growing space charge in 
the thickening oxide (confirmed by Volta potential  
measurements)  enter  as the more  impor tant  de ter -  
mining factors accounting for observed logari thmic 
oxidation kinetics. 

On the Use of Galvanostatic Transients for the Study 
of Fuel Adsorption on Platinum 

M. W. Breiter (pp. 1244-1245, Vol. 112, No. 12) 

S. B. Brummer120: In a previous paper TM a novel  cur-  
r en t - reversa l  method of est imating fuel  adsorption on 
Pt  was described. In this method, which was used 
both for HCOOH adsorption 121 and CO adsorpt ion? 22 
an anodic pulse is applied to strip the adsorbate pa r -  
t ial ly (charge Q). Then a cathodic pulse is applied 
to determine  how much of Q has gone toward elec- 
trode oxidation (Qo, eath in Brei ter ' s  terminology)  and 
how much has gone toward cleaning the adsorbate 
off the electrode. The lat ter  is de termined as the f rac-  
tion of the electrode avai lable  for H-a tom deposition 
(0H). In the paper  under  discussion, the general  point 
about this method is made that  it has rare ly  been 
found that Qo, an (charge in oxidizing Pt)  is ~he same 
as the charge found in reducing the oxide (Qo, cath). 
This point was appreciated in the application of the 
cu r ren t - r eve r sa l  method and was ful ly discussed both 
for HCOOH 123 and for CO. 122 In the la t ter  case, Qo, cath/ 
Qo, an ( =  0H) was found to be unity. This would  
remove  the substance of the objection. For  HCOOH, 
as indicated by Breiter ,  the extent  of electrode oxi-  
dation is small  unti l  almost  all the adsorbate has 
been oxidized. (However  it is not zero; the impor-  
tance of which wil l  be shown later.) 

In the case of other  adsorbates, one would cer ta inly 
have  to know the value  of 0o. In this connection, one 
may note that  in two ra ther  careful  recent  studies by 
Bold and Brei ter  t24 and Gi lman t25 8o has been found 
to be unity ai though the reduct ion of the P t (O)  is 
ra ther  i r reversible .  125 This i r revers ib i l i ty  could pose 
a problem since it might  mean that  some oxide reduc-  
tion is pushed into the H-a tom deposition region. Since 
the oxide reduct ion is much more  revers ib le  when  
electrode oxidation is small, as it is in ~he application 
of the cur ren t - reversa l  technique, there  is no in ter -  
ference due to oxide reduct ion in the H-a tom deposi-  
t ion region. It  is ve ry  l ikely that  the reason oo is often 
found as ~ 1126,127 is due to the presence of impuri t ies  
in the solution. These impuri t ies  would adsorb on the  
Pt  and their  oxidation during the anodic pulse makes  

z~o Tyco Labora to r i e s ,  I n c o r p o r a t e d ,  Bea r  Hi l l ,  W a l t h a m ,  M a s s a -  
c h u s e t t s .  

i~ S. B. Brummer, J. Phys. Chem., 69, 562 (1965). 

~ S. B. Brummer and J. I. Ford, J. Phys. Chem., 69, 1355 (1965). 

r~ Tech. memo. no. 13 on Contract Nonr-3765(OO), Aug. 1964. 

1~ W. Bo ld  a n d  M. Bre i t e r ,  Electrochim. Acta,  5, 145 (1961). 

1~ S. G i l m a n ,  Electrochim. Acta,  9, I025 (1964). 

~:~ K. J .  Ve t t e r  a n d  D. Be rnd t ,  Z. Electrochem.,  62, 378 (1958). 

z~ S. W. F e l d b e r g ,  C. G.  Enke ,  a n d  C. E. B r i c k e r ,  This Journal,  
l lO ,  826 (1963). 
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an addit ional  contr ibution to Qo, an. If this were  se, 
oo would always be uni ty  when  a s t rongly adsorbing 
fuel  is avai lable to adsorb on the electrode since this 
would  prevent  the adsorption of the impurities.  This 
was found for CO adsorption. 122 

The paper  also makes a number  of specific points 
about the comparison be tween  ear l ier  results for 
HCOOH adsorption ~2s and those obtained with  the 
cu r ren t - r eve r sa l  method. It was repor ted  128 that  OH de- 
creases l inear ly  with increase of OF dur ing adsorption 
of HCOOH up to about 0.5 in OF (OF ~ HCOOHads 
c o v e r a g e / m a x i m u m  HCOOHaas coverage) .  Thereaf ter ,  
a curva ture  convex to the OF axis (curve b of Fig. 1) 
was found. Using the cu r ren t - r eve r sa l  method,  OH and 
OF were  found to be completely  l inear  (curve a of 
Fig. 1). Bre i te r  claims that  there  is in fact curva ture  
at high 0H in Fig. 5 and 6 of ref. (121). This is most 
evident  he says in Fig. 6. No curvature ,  wi thin  
the significance of the data, is evident  to me in 
Fig. 5 of ref. (121). In Fig. 6, it should be noted 
that  the data is uncorrected for electrode oxida-  
tion and for oxidation of mater ia l  in the solu- 
tion dur ing the anodic transient.  Both of these are 
discussed in ref. (121) (p. 569). The former  is the more 
impor tant  in this case, and the dotted region of curve  
a at high o H in Fig. 1 is just  the region when elec-  
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Fig. 1. Curve a, based on data of ref. (121) such that QHCOOH max 
285 #coul/real cm 2 and OH goes from 1.0 to ~0.28. Dotted 

region at low OH is omitted as described in ref. (121). Curve b, 
from paper under discussion, based on ref. (1"28). Curve c, based on 
ref. ( I) .  Includes curvature suggested in paper under discussion, 
QHCOOH max is taken as 356 #coul/real cm 2. 

t rode oxidation is not zero. When this correction is 
made, the points at high 0H of Fig. 6 of ref. (121) fal l  
r ight  on the line and 8H is completely  l inear  in 0 F over  
the whole range of coverage. There is another  im-  
por tant  point in this connection. Brei ter  appears to 
assume that  curva ture  at high OH in Fig. 5 and 6 of ref. 
(121) would improve  the agreement  be tween curves 
a and b of Fig. 1. This is not so. If this curva ture  were  
real, it would  lead to curve  c in Fig. 1. This is con- 
cave to the 0F axis and curved at the low OF end. 

The paper  at tempts to show that  the estimate of 
QHCOOH max in ref. (121) is too low, to improve  agree-  

128 NL W. Bre i t e r ,  E[eetroehim. Acta,  8, 447 (1963). 

J u n e  1966 

ment  wi th  data of ref. (128). Actual ly  this would lead 
to fur ther  d isagreement  since the value of ref. (121) 
(285 ~coul/210 #coul of H-a tom charge, i.e., per  real  
cm 2) is a l ready higher  than that  of (128) (260 ~coul/  
real  cm2). The agreement  be tween these two values 
determined by two methods (10%) is a l ready excel lent  
considering that  the comparison is based on 4 or 3 
separate charge determinations,  respectively,  none of 
which is bet ter  than • 1-2%. 

The disagreement  between curves a and b of Fig. 1 
could arise as follows: Curve a represents  the de- 
sorption of mater ia l  adsorbed at a single potential :  
the slope gives the number  of electrons released per 
site on oxidation of the adsorbate [ ~  2, see ref  (121)]. 
Curve b, on the other  hand, represents  the re la t ion-  
ship be tween eF and eH when the HCOOH is adsorbed 
at various petentials.  Specifically, the high 0 F end 
refers to mater ia l  adsorbed at the lowest potentials.  
There is a considerable v iew growing that  HCOOHar 
is not HCOOH itself but some other species. 121A29,13~ 
If this were  so, we might  not be surprised to find a 
more reduced species tending to accumulate  on Pt  
during the last stages of HCOOH adsorption at low 
potentials. The slope of curve b at low 0H is about 
4 electrons per site, and this may represent  evidence 
that  some of the adsorbate at low potentials differs 
f rom that  at h igher  potentials.  132 

M. W. B r e i t e r :  As stated in my paper, it was not  men-  
t ioned in the fundamenta l  paper 1~3 that  the applica- 
bil i ty of the technique depends upon the fulf i l lment 
of the condition Qo, an/Qo, cath ~-- 1. Af te r  this r equ i re -  
ment  was pointed out by me in the oral discussions at 
the Washington Meeting of the Electrochemical  Soci- 
ety, it was dealt  wi th  in a subsequent  paper  TM sent in 
for publication af ter  the meeting. Reference (123) in 
Brummer ' s  comments  is not a publication. It is not 
clear why the above condition which represents  a 
restr ict ion of the technique was not discussed in the 
first paper 138 if it was known to its author. In the ab- 
sence of fuel, the exper imenta l  resul t  Qo, an/qo, cath ~ 1 
is due to a superposit ion of several  effects: oxidation 
of adsorbed organic impurit ies,  diffusion of oxygen 
atoms into the plat inum, and 02 evolution. It is not 
possible at present  to separate the contributions of 
these processes. 

With respect to the shape of the curves a and b in 
Fig. 1 of my paper, it should be pointed out that  a 
s traight  curve implies that  all the  sites used for 
adsorption of H atoms are also used for the adsorp-  
tion of HCOOH molecules or in termediates  (COOH 
for instance).  This assumption is not very  likely. The 
specific points raised in Brummer ' s  comments  involve 
small corrections and extrapolations.  The val idi ty  of 
the arguments  falls in the rea lm of subject ive judg-  
ment. The question of the nature  of the adsorbed spe- 
cies has not been settled. 

L~ S. B. B r u m m e r  a n d  A. C. Makr ides ,  J .  Phys.  Chem.,  68, 1448 
(1964). 

1so j .  G i n e r ,  Electrochim. Acta,  8, 857 (1963). 

~1 j .  G ine r ,  Electrochim. Acta,  9, 63 (1964). 

~:r-, Da ta  p r e s e n t e d  fo r  a d s o r p t i o n  of H C O O H  a t  0.2v [M. W. Bre i -  
ter ,  Electrochim. Acta, 10, 503 (1965)] show a h i g h e r  v a l u e  f o r  
QHCOOH t h a n  t h a t  f o u n d  i n  ref .  (12S). Th i s  m a y  also be  e v i d e n c e  
for  t h i s  po in t .  
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over Ag20-Ag at Various Temperatures 
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ABSTRACT 

Although earlier investigators showed the dissociation of Ag20 to be 
reversible and equilibrium points had been obtained, there was a range 
from 191 ~ to 203~ that had not been studied. This region has now been 
studied. From all the data available and heat capacity data -~H~ ~S~ and 
AGo29S h a v e  b e e n  ca l cu l a t ed  to be  14.69 kcal ,  31.92 kcal ,  and  5.17 kca l  pe r  
mo l  O2, r e spec t ive ly ,  for  t he  d issocia t ion  r eac t i on  2AgzO --> 4Ag + 02. 

As ea r ly  as 1887 L e C h a t e l i e r  (1) showed  tha t  the  
d issocia t ion  of A g 2 0  into  Ag and  02 is r eve r s ib l e .  
Lewis  (2) ob ta ined  t h r ee  e q u i l i b r i u m  points  in the  
t e m p e r a t u r e  r a n g e  of 302~176 K e y e s  and H a r a  (3) 
w o r k i n g  in  the  r a n g e  of  374~176 d e t e r m i n e d  six 
e q u i l i b r i u m  values ,  five of w h i c h  w e r e  a p p r o a c h e d  
bo th  by  decompos i t i on  and by  combina t ion .  No t  un t i l  
1932 was  this  r e v e r s i b l e  r eac t ion  s tud ied  at 1 a t m  and  
lower .  B e n t o n  and D r a k e  (4) es tab l i shed  e q u i l i b r i u m  
v a l u e s  at f ive t e m p e r a t u r e s  f r o m  173 ~ to 191~ s im-  
i l a r ly  by c o m b i n a t i o n  as w e l l  as decompos i t ion .  

S ince  t h e r e  was  an i n t e r m e d i a t e  r a n g e  of 110~ tha t  
r e m a i n e d  un inves t i ga t ed ,  and since t he r e  had  b e e n  no 
o v e r l a p p i n g  of inves t iga t ions  at  t he  l o w e r  t e m p e r a -  
tures ,  i t  s e e m e d  a d v i s a b l e  to m a k e  a f u r t h e r  s~udy of 
the  reac t ion .  An  e x a m i n a t i o n  of a l l  the  da ta  of a l l  f o u r  
inves t iga t ions  shou ld  r e su l t  in be t t e r  ca l cu la t ed  v a l u e s  
for  AH ~ AS ~ and AG ~ 

Experimental 
The  a p p a r a t u s  used was  essen t ia l ly  ~that desc r ibed  

p r e v i o u s l y  by  the  a u t h o r  (5).  S i l ica  gel  des iccan t  was  

i nc luded  in the  sys tem,  loca ted  in the  ho r i zon ta l  glass 
sec t ion  b e t w e e n  the  r eac t i on  bu lb  and  the  first m a -  
nomete r .  W h e n  the  o x y g e n  p re s su re  was  b e t w e e n  2 and  
3 a t m  i t  was  necessa ry  to e m p l o y  two  m a n o m e t e r s  in 
series,  ou t s ide  the  cons tan t  t e m p e r a t u r e  cabinet .  A t  
h i g h e r  p ressures  a n icke l  b o m b  w i t h  a V y c o r  inse r t  
was  used  to con ta in  t he  sample ,  and  the  p r e s s u r e  was  
m e a s u r e d  by  a gauge,  connec t ions  t he re to  h a v i n g  been  
m a d e  by  m e a n s  of s ta inless  s tee l  c a p i l l a r y  tubing.  

T h e  e x p e r i m e n t a l  w o r k  cons is ted  essen t i a l ly  in 
m a i n t a i n i n g  a s a m p l e  of Merck ' s  r e a g e n t  g r ade  A g 2 0  
at a cons tan t  t e m p e r a t u r e  un t i l  the  pO2 ceased  to i n -  
crease,  or  in m a i n t a i n i n g  a m o r e  or  less d issocia ted  
A g 2 0  at a cons tan t  t e m p e r a t u r e  w h i l e  a sma l l  q u a n -  
t i ty  of o x y g e n  f r o m  an ou t s ide  source  was  be ing  con-  
s u m e d  by  the  s i l v e r  and  was  r e a c h i n g  a s t eady  p re s -  
sure.  T e m p e r a t u r e s  w e r e  k e p t  cons tan t  for  100 h r  or  
more .  A p p r o x i m a t e l y  fou r  days  w e r e  r e q u i r e d  for  
e q u i l i b r i u m  p res su res  to be es tab l i shed  f r o m  points  2 
to 5% a w a y  f r o m  the  e q u i l i b r i u m  p res su res  and,  in 
each  case, bo th  t e m p e r a t u r e  and p re s su re  had  to be 
s teady  for  about  t h r ee  days  be fo re  e q u i l i b r i u m  was  as-  

Table I. Dissociation of Ag~O data and calculated results 

aaAg AG~ 

T e m p e r -  O b s e r v e d  C o m p r e s s i -  - -  R l n  - -  
a t u r e ,  * K  p r e s s u r e ,  a r m *  b i l i t y  f a c t o r  R l n  F u g a c i t y  a~A~uo T 

A y  ~ 
A H  ~ 

T k e a l  

P r e s e n t i n v e s t i g a t i o n  

5 5 4 . 1 5  13 .3 3  1 . 0 0 3 2  --  5 . 1 5 3 2  + 0 . 0 1 2 2  --  5 . 1 4 1 0  
5 2 4 . 1 5  7 . 0 0 7  1 . 0 0 1 7  - - 3 . 8 7 2 2  + 0 . 0 0 6 3  - - 3 . 8 6 5 9  
4 9 4 . 1 5  2 , 7 6 7  1 . 0 0 0 6  - - 2 , 0 2 3 6  + 0 . 0 0 2 0  - - 2 . 0 2 1 7  
4 7 6 . 1 5  1 . 5 6 6  1 . 0 0 0 3  - - 0 . 8 9 1 8  + 0 . 0 0 0 6  - - 0 . 8 9 1 !  
4 7 4 . 1 5  1 , 5 2 6  1 . 0 0 0 3  - - 0 . 8 4 0 4  + 0 . 0 0 0 6  -- 0 . 8 3 9 8  
4 7 1 . 1 5  1 .3 0 5  1 . 0 0 0 2  - - 0 . 5 2 9 4  + 0 . 0 0 0 4  --  0 . 5 2 9 1  
4 6 9 . 6 5  1 . 3 1 8  1 . 0 0 0 2  - - 0 . 5 4 9 2  + 0 . 0 0 0 4  - - 0 . 5 4 8 8  
4 5 3 . 3 5  0 , 7 1 7  1 . 0 0 0 1  + 0 . 6 6 0 8  - - 0 . 0 0 0 3  + 0 . 6 6 0 5  
4 4 7 . 1 5  0 . 5 9 6  1 . 0 0 0 1  + 1 . 0 2 8 0  - - 0 . 0 0 0 5  + 1 . 0 2 7 6  

L e w i s i n v e s t i g a t i o n  

7 1 8 . 1 5  2 0 7 . 0  1 . 0 6 5 0  - - 1 0 . 7 2 2 1  + 0 . 1 5 7 0  - - 1 0 , 5 6 5 2  
5 9 8 . 1 5  3 1 , 8 " *  1 , 0 0 9 7  - - 6 . 8 9 3 6  + 0 , 0 2 8 2  --  6 . 8 6 5 5  
5 7 5 . 1 5  2 0 . 5  1.0060 - - 6 . 0 1 3 7  + 0.0186 --5.9951 

K e y e s  a n d H a r a  i n v e s t i g a t i o n  

7 7 3 . 3 5  3 8 8 , 3  1 . 1 2 7 4  --  1 2 . 0 8 5 3  § 0 , 2 7 4 ~  - - 1 1 . 8 1 1 2  
7 5 7 . 1 5  3 2 3 . 5  1 . 1 0 7 2  --  1 1 . 6 8 6 5  + 0 . 2 3 3 1  --  1 1 . 4 5 3 5  
7 4 0 . 8 5  2 5 7 . 8  1 . 0 8 5 4  --  1 1 . 1 9 5 9  + 0 . 1 8 9 7  --  1 1 . 0 0 6 2  
7 2 5 , 1 5  2 1 3 . 5  1 . 0 7 0 7  --  1 0 . 7 9 4 2  + 0 . 1 6 0 4  --  1 0 . 6 3 3 8  
6 7 6 . 1 5  1 1 4 . 5  1 . 0 3 7 6  - - 9 . 4 9 3 0  + 0 . 0 9 1 8  - - 9 . 4 0 1 2  
6 4 7 . 1 5  74 .3  1 . 0 2 4 0  --  8 . 6 0 8 0  + 0 . 0 6 2 0  - - 8 . 5 4 6 0  

B e n t o n  a n d  D r a k e  i n v e s t i g a t i o n  

4 6 4 . 3 5  1 .0 3 9  1 . 0 0 0 2  - - 0 . 0 7 6 4  0 . 0 0 0 0  --  0 . 0 7 6 4  
4 6 1 . 3 5  0 , 9 4 3  1 . 0 0 0 2  + 0 . 1 1 6 4  --  0 . 0 0 0 1  + 0 . 1 1 6 3  
4 5 6 . 2 5  0 . 7 9 6  1 . 0 0 0 1  + 0 . 4 5 3 1  --  0 . 0 0 0 2  + 0 . 4 5 2 9  
4 5 1 . 1 5  0 , 6 7 0  1 . 0 0 0 1  + 0 . 7 9 5 5  - - 0 . 0 0 0 4  + 0 . 7 9 5 1  
4 4 6 . 1 5  0 , 5 5 5  1 . 0 0 0 1  + 1 , 1 7 0 0  --  0 , 0 0 0 6  + 1 , 1 6 9 5  

- - 5 . 1 6 6 7  1 4 . 5 3 7  
- - 3 . 9 3 6 5  1 4 . 4 7 9  
- - 2 . 1 6 3 0  1 4 . 6 4 8  
- -  1.0886 14.867 
-- 1.0428 14.639 
-- 0,7441 14.683 
--0.7593 14.628 
§ 0 , 3 7 5 4  1 4 . 6 7 6  
+ 0 . 7 1 5 2  1 4 . 6 5 0  

A v e r a g e  1 4 . 6 2 3  

- -  1 0 , 6 8 8 8  1 4 . 4 8 3  
--  6 . 8 6 5 6  1 4 . 6 0 1  
- - 6 . 0 0 3 0  1 4 . 5 0 9  

A v e r a g e  1 4 . 5 3 2  

-- 12.0600 14.532 
-- II,6657 14.626 
-- 11.1790 14.615 
- -  10.7719 14.668 

-- 9.4538 14.603 
--  8 . 5 6 6 1  1 4 . 5 8 9  

A v e r a g e  1 4 . 6 0 6  

- -  0 . 3 1 6 8  1 4 . 6 8 6  
- - 0 . 1 3 5 8  1 4 , 6 8 1  
+ 0 . 1 8 0 0  1 4 . 6 6 9  
+ 0 . 5 0 0 5  1 4 . 6 7 2  
+ 0 , 8 5 2 6  1 4 . 6 6 9  

A v e r a g e  1 4 , 6 7 5  

G r a n d  a v e r a g e  o f  23  v a l u e s  1 4 . 6 1 8  

* 1 a r m  = 1 0 1 3 2 5  n e w t o n s / s q u a r e  m e t e r  ( N / m f ) .  
** Fr -- " a m  , . e w l s ' s  d i s s o c i a t i o n  d a t a .  B e t t e r  t o  d i s r e g a r d  h i s  s h o r t  d u r a t i o n  s l o w  r e c o m b i n a t i o n  a t t e m p t .  
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TEMPERATURE ~ K 
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Fig. l .  Dissociation of Ag20. The curve (lower line) is a graph of 
all available data, given in Table I, columns 1 and 2. The straight 
line (upper) is obtained by application of the method of least 
squares to the data in Table I, columns 1 and 7. 

sumed. (Since the decomposition of Ag20 is hard to 
initiate, it was found most  satisfactory to preheat  each 
new sample to about 325~ unti l  5 to 10% decomposed 
and then to reduce the tempera ture  to that  at which 
equi l ibr ium was to be sought.) 

T r e a t m e n t  o f  D a t a  

The data obtained are  presented in columns 1 and 
2 of Table I and on Fig. 1 along with  the data reported 
by the three previous investigators.  It is to be noted 
that  the line d rawn through the equi l ibr ium points is 
not straight. The t rea tment  of data is, in part, s imilar  
to that  used by the author  for the study of Mn203 (5) 
and MnO2 (6), with the addition that  molar  volumes 
of Ag20 and Ag were  taken into consideration. 

For the reaction 2Ag20 ~ 4Ag + O2 

a4Ag x a 02 
K 

a2Ag20 

where  K is the equi l ibr ium constant and a represents  
activity. 

R l n a O 2  = R l n ( p 0 2 x Z )  

where  Z = p v / R T .  The values for Z, the compressi-  
bil i ty factor, were  obtained f rom NBS Circular  564 
(7) by interpolations and by log log extrapolat ions 
(straight  lines) for pressures in excess of 100 atm. 
These values, shown in column 3 of Table I, are mul t i -  
plied by the corresponding pressures (column 2) to 
get the fugacities. 

The method used by Pi tzer  and Smith  (8) for cal- 
culating Rln (aAg20/a2Ag) was adopted. 

P 
Rln aAg2o/a2Ag = 1 / T  ~1 (VAg2O --2VAg) dp 

VAg2O --2VAg is considered constant and equal to 11.3 
cm 3. By integrat ion be tween P and 1 arm one obtains 

Rln (aAg2o/a2Ag) : 

1.98717 ca l /mol  
1 / T  x x 11.3 cm 3 (p - l )  

82.056 cmS atm 

The result ing values, mult ipl ied by --2, give Rln 
(a4Ag/a2Ag2 O) and these are shown in column 5. 

The  calculated a G ~  values gotten by adding col- 
umns 4 and 5 appear  in column 6. By the use of the 
Cp equations given by Kel ley  (9) for Ag20, Ag, and 
O2 the values in column 6 were  projected to points 
(column 7) which would determine  a straight line at 
600~ approximate ly  the midpoint  of the range of 
t empera tu re  over  which the Ag20-Ag-O2 system has 
been studied. (The heat  capacity of Ag20 has been de- 
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termined only up to 500~ but it is assumed here  that  
the equat ion applies to 773~ 

This port ion of the method of t r ea tment  of the data 
has previously been given in detail  by the author  (5). 
The TAr in the present  case is 600~ and for the re-  
action 2Ag20 ~ 4Ag ~ 02 

aCp o = 5.26 .-- 21.80 x 10-aT W 1.04 x 10ST -2 

From the relations 

A y o / T  = (aHO6oo/T) - -  hSO60o 
and 

A Y ~  = ~G%oo/T ~ C 

where  the correction 

C = --  A (HOT --  H~ -}- A (S~ --  So600) 

= - - 1 / T f  ~C% dT  + f ( A C % / T ) d T  

one can obtain the correction to obtain h Y ~  for each 
tempera ture  in column 1 of Table I. 

The straight line obtained by the method of least 
squares for the data in Table I, columns 1 and 7, is 
shown in Fig. 1, and it has the fol lowing characterist ics 
~H%00 (the slope) = 13.524 kcal; 1 

s.d. : 0.042 kcal  

~So600 (the intercept)  = 29.502 cal /deg;  
s.d. : 0.080 ca l /deg  

Standard deviat ion for the fit of the A Y ~  points to 
the equation 

AGo600 ~-~ AHo600- TaSo6oo is 0.06994. 

Again using the Cp e equations of Kel ley  

AH~ ~ 14.69 kca l /mol  02 
AS~ ~ 31.92 ca l /deg  reel O2 

Then AG%9s.~ = 5.17 kca l /mol  02 

In another  t rea tment  of the combined sets of data 
the heat  of dissociation (hHO29s) of 2Ag20 (numer-  
ically equal  to the heat  of formation,  but wi th  opposite 
sign) is calculated f rom the equi l ibr ium tempera tu re -  
pressure data, the entropy (~So29s), the A ( S ~  S%98) 
and the h(H~ , -  H~ using the equat ion 

AHo298 ~ AG~ -- A ( H o T -  Ho298) 
-{- TASO29s -}- TA(SoT--S~  

hG~ is gotten by mul t ip lying the values given in 
column 6 of Table I by the corresponding temper -  
atures of column I. The heat  content  and entropy 
changes are based on data given by Kel ley  for Ag20 
up to 500~ Ag and 02. For Ag20 above 500~ the 
equations of Kobayashi  (10) are used, adjust ing the 
results so that the data of Kobayashi  agreed wi th  the 
Kel ley data at 500~ The entropy of format ion at 
298~ of Ag20 is taken as --15.9 ca l /deg  ( l l ) .  For  all 
of the 23 equi l ibr ium points the AH~ values are cal- 
culated and they appear  in the last column of Table  I. 
The average values of AHo29s shown for the four  in-  
vestigations are in good agreement.  The grand average 
value of 14.62 kcal  of the second method compares 
very  favorably  wi th  the 14.69 kcal obtained by the 
first method. It is safe to assume that  t rue  equil ibria  
were  obtained in the exper imenta l  work. A word of 
caution should be given here. Al though a plot of the 
( H T -  H29s) for A g 2 0  looks much l ike a s t raight  line, 
a s traight  l ine extrapolat ion to high tempera tures  re-  
sults in AH~ values in the neighborhood of 13.6 kcal. 
The curvature  of the line has to be mainta ined above 
500~ just  l ike it obviously has to be for ( S T - -  $298). 

For calculation of the dependence of pO2 on the 
tempera ture  of the sample, wi thout  regard to the 
compressibil i ty of the oxygen and the activities of the 
substances, the fol lowing empir ical  equations have 
been derived. Standard deviations are given for the 
fit of actually observed points to the equations. It  

z O n e  c a l o r i e  = 4 . 1 8 4 0  j o u l e s .  
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would appear  that  Eq. [3] or [4] may be used to 
give fair ly precise pressures for given tempera tures  

log PO2 ~--- 6.48773-- 2996.83/T; s.d. ~ 0.02731 [1] 

log pO2 = --  2493.13/T -b 2.02688 log T; 
s.d. ~ 0.03709 [2] 

log pO2 ~ 94.6148 - -  7438.44/T + 0.00991043T 
- - 3 1 . 1 8 5 5  log T; s.d. ~ 0.01281 [3] 

log pO2 ~-~ - -  292.9857 + 5301.69/T - -  0.102885T 
-p 120.944 log T -~ 0.000031697T2; s.d. ~ 0.01278 [4] 

The least squares analyses in this paper  were  carr ied 
out on the National  Bureau  of Standards electronic 
computer,  using the appropr ia te  OMNITAB Program 
(12). 

Conclusions 
A study of the Ag20-Ag-O2 system has been com- 

pleted, over lapping the work  of Benton and Drake, 
and closing the gap which existed be tween the t em-  
pera ture  ranges used by Benton and Drake, and 
Lewis. It  can now be said that  the system has been 
studied f rom 446~ the lowest t empera tu re  used by 
Benton and Drake, to 773~ the highest  t empera tu re  
used by Keyes and Hara. All  data have  been included 
in the present  determinat ion of the thermodynamic  
constants. 

Acknowledgment 
The author  wishes to express his grat i tude to Dr. 

W. J. Hamer  for his continued interest  in the invest i -  
gation. 

Manuscript  received Feb. 8, 1966. This paper  was 
presented at the Buffalo Meeting, Oct. 10-14, 1965. 

Any discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 

REFERENCES 
1. H. LeChatel ier ,  Z. physik. Chem., 1, 516 (1887). 
2. G. N. Lewis, J. Am. Chem. Soc., 28, 139 (1906). 
3. F. G. Keyes and H. Hara, ibid., 44, 479 (1922). 
4. A. F. Benton and L. C. Drake, ibid., 54, 2186 (1932). 
5. E. M. Otto, This Journal, 111, 88 (1964). 
6. E. M. Otto, ibid., 112, 367 (1965). 
7. J. Hilsenrath,  U. S. Nat'l .  Bur. Standards Circular 

564 (1955). 
8. K. S. Pi tzer  and W. V. Smith, J. Am. Chem. Soc., 

59, 2633 (1937). 
9. K. K. Kelley, U. S. Bur. Mines Bull., 584 (1960). 

10. K. Kobayashi,  Sci. Rep. Tohoku Univ., (I) 35, 173 
(1951). 

11. D. D. Wagman, U. S. Nat ' l  Bur. Standards Techni-  
cal Note, 270-1 (1965). 

12. J. Hilsenrath,  G. G. Ziegler, C. G. Messina, P. J. 
Walsh, and R. J. Herbold, U. S. Nat ' l  Bur. Stand-  
ards Handbook 101 (in press).  

Studies of Hydrocarbon Fuel Cell Anodes by the Multipulse 
Potentiodynamic Method 

II. Behavior of Methane on Conducting Porous Teflon Electrodes 

L. W. Niedrach 
General Electric Company, Research and Development Center, Schenectady, New York 

ABSTRACT 

Rates of adsorption of methane  on semimicro Teflon-bonded, pla t inum 
black fuel  cell electrodes in the presence  of a perchloric  acid electrolyte  
are about an order of magni tude  lower  than those previously observed with  
ethane. At  65~ the measured rate  of adsorption on a clean surface correlates 
well  wi th  the max imum anodic current  that  can be drawn from the elec-  
trode. The ad- layer  on the surface of the electrode consists of C1 species, 
some of which are  par t ia l ly  oxidized. Similar  C1 species which form upon 
the adsorption of higher  molecular  weight  hydrocarbons appear to play an 
impor tant  role in the over -a l l  anodic oxidation of hydrocarbons.  This im-  
plies that  an efficient catalyst  for hydrocarbon anodes should promote  the 
cracking of higher  molecular  weight  hydrocarbons to form C1 radicals and 
also promote the reaction of these f ragments  wi th  water.  

The behavior  of ethane and related hydrocarbons on 
smooth pla t inum electrodes in the presence of a per -  
chloric acid electrolyte  has been invest igated with  the 
mul t ipulse  potent iodynamic (MPP) method in this 
laboratory (1, 2). Recent ly  the method has been ex-  
tended to porous fuel  cell anodes of more complex 
s t ructure  wi th  which the behavior  of ethane was ex-  
amined in detail;  a few pre l iminary  exper iments  were  
per formed with  methane  and propane (3). For  this 
purpose a minia ture  vers ion of a previously described 
(4) conduct ing-porous-Tef lon fuel  cell electrode (con- 
taining pla t inum black as catalyst) was employed. 

This work  showed that  the behavior  of ethane on 
the Tef lon-bonded electrodes is both mechanis t ical ly  
and kinet ical ly  similar to that  on smooth pla t inum (3). 
It  also indicated that  ethane and propane are similar  
in that  their  ad- layers  on the electrode surface show 
two oxidat ion waves  when a l inear anodic sweep 
(1.a.s.) is applied. The first wave  occurs at potentials 
below which (approximate ly  0.8v) the electrode sur-  
face is itself oxidized. This first wave  general ly  ex-  
hibits a wel l -def ined peak. The second wave  is more 
diffuse and extends all  the way  from approximate ly  

0.8v to oxygen-evolu t ion  potentials. Methane was 
found to differ markedly,  however ,  in that  only one 
wave  could be detected dur ing oxidation of its ad- 
layer. Because this wave  corresponded to that  of the 
more readi ly  oxidized species f rom ethane and pro-  
pane, it was felt  desirable to invest igate  the behavior  
of methane  in greater  detail. 

As in the previous study of ethane, a perchloric acid 
electrolyte  was employed over  a range of t empera -  
tures. Par t icular  at tent ion was given to the rates of 
adsorption and the nature  of the species that  form on 
the surface of the electrode. In addition data were  
again obtained to relate  these propert ies  to the over -a l l  
polarization curve for the fuel  electrode. 

Experimental 
The equipment  and general  procedures utilized in 

these investigations have been described previously 
(3). In brief, the  0.2-cm diameter  Teflon-bonded,  plat-  
inum black electrode was mounted  in a th ree -com-  
par tment ,  Teflon cell. Plat inized pla t inum flags served 
as the hydrogen reference and counter electrodes. The 
former  communicated with  the working anode through 
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Fig. 1. Potential sequences applied to the test electrode 

a Luggin capillary. The cell was operated in an air 
thermosta t  enabling control of the t empera tu re  to 
wi thin  0.1~ 

The 4.3N perchloric acid electrolyte  solution used 
for this work  was prepared  f rom reagent  grade per -  
chloric acid and quartz distil led water .  Electrolyt ic  
grade hydrogen was used in the reference  electrode 
chamber,  and Phil l ips research grade methane  was 
used as the fuel. Tank argon, deoxygenated  by passage 
over  heated copper turnings, was used as the "fuel"  
for obtaining solvent blanks. Tank argon was also used 
for degassing the solution. 

The electronic ins t rumenta t ion  and circuit  have been 
described previously  (5). 

The potent ia l - t ime sequence applied to the anode 
for adsorption studies at constant potent ial  is shown 
in Fig. 1. The rat ionale behind the various steps has 
been discussed in detail  e lsewhere  (1-3, 5). Briefly, 
however ,  steps A through C serve to precondit ion the 
electrode and re tu rn  it to a reproducible  state before 
each equilibration. Fol lowing oxidat ion of impuri t ies  
dur ing step A, the electrode is taken to step B to al low 
the system to become quiescent  while  adsorption of 
fuel  is prevented  by an "adsorbed oxygen"  layer  on 
the electrode. In step C the oxygen layer  is reduced 
at a potent ial  sufficiently low that  fuel  adsorption is 
still  prevented.  Upon shift ing to the potent ial  of step 
D fuel  adsorption occurs for the al lot ted time, TD. 
Anodic sweep E is then applied to de termine  the 
charge requi red  for the oxidation of the fuel  ad- layer .  
The a l te rna t ive  cathodic sweep E'  is used to de te rmine  
the " rea l"  surface area of the electrode f rom the 
charge corresponding to hydrogen deposition. In this 
case, argon is substi tuted for the fuel. 

For  the present  electrode the useful range of sweep 
speed v for oxidation of the ad- layer  was previous ly  
established by adsorbing a fixed amount  of e thane 
(corresponding to TD ~ 600  s e c )  and measur ing the 
charge requi red  for its oxidation over  a range of sweep 
speeds (3). The useful range was found to extend 
f rom approximate ly  0.1 to 0.4 v/sec.  Lower  sweep rates 
resul ted in addit ional  charge f rom the oxidation of 
fuel  that  adsorbed during the sweep. At higher  sweep 
rates the traces tended to lose definition, because of 
the diffuse s tructure of the electrode. A sweep speed 
of v = 0.1 v / sec  was used rout inely  in the present  
work. 

S teady-s ta te  polarization curves such as that  in Fig. 
7 were  obtained in two ways. The first method in-  
volved application of steps (A-D) of Fig. 1 before each 
measurement  of current  at a par t icular  potent ial  U. 
Ten-minu te  equi l ibrat ions were  al lowed on each point 
before the final value of current  was recorded. In the 
second method, steps (A-D)  of Fig. 1 were  applied 
only once, at the lowest value  of U. The potent ial  was 
then changed in increments  and the current  recorded 
for each potent ial  af ter  an apparent  constant  value  
was established. The two methods gave essentially 
identical  results. 

Results 
The general  form of the cur ren t -vo l tage  trace ob- 

tained dur ing oxidation of adsorbed methane  wi th  a 

o 
E 
I 

I,-,4 

(ME-IS) J 

l 
F-.. B 
E... '~ C 

D 
D'~ ~ E 

�9 F 
"~  ~I B G 

.9 1.3 1.7 
POTENTIAL , VOLTS 

.3 .7 

ADS. TIME, TO 
15" ( Ar ONLY) 
15" METHANE 
l'* I I  

2 1 n 

5 1 II 

10', . 
30. ,, 
60 . 

Fig. 2. Current-potential (time) traces for methane after different 
adsorption times. 
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Fig. 3. Current-potential (time) traces for methane adsorbed at 
several potentials. 4.3N HCIO4; 65~ V ~ 0.1 v/sec; TD ~ 10 
rain; 1, Ar blank; 2, methane; ME-16. 

l inear anodic sweep is shown for a range of equi l ibra-  
tion times, potentials,  and tempera tures  in Fig. 2-4. 
For each exper imenta l  condition a trace corresponding 
to the background solvent blank is also presented. 
Figure  2 shows a series of traces for adsorbed methane  
at 65~ for various equi l ibrat ion t imes at a potent ia l  
of 0.3v. The effect of the equi l ibrat ion potential  at 65~ 
appears in Fig. 3. Similar  data showing the effect of 
t empera ture  appear  in Fig. 4. In obtaining the data for 
the lat ter  two figures 10-min equil ibrat ions were  used 
throughout.  

It  is clear f rom Fig. 2-4 that  the amount  of methane  
adsorbed is a strong funct ion of the time, potential ,  
and temperature .  However ,  for all conditions of poten-  
tial and tempera tu re  and for equi l ibrat ion t imes as 
long as an hour only the single wave  is obtained dur-  
ing oxidation of the ad-layer .  This wave, l ike wave  
1 for e thane (3), becomes more  prominent  as the tern- 
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pera ture  is increased. Because the mater ia l  is so 
readi ly  oxidized it is no longer  seen when  equi l ibra-  
tions are per formed as potentials greater  than 0.5v. 

The magni tude  of the charge, QE1,1 associated with  
the oxidation of the mater ia l  adsorbed after  any time, 
TD, was obtained by integrat ing the area enclosed by 
the solvent  (blank) curve  and the methane  curve. 
This is indicated by the shaded areas in the figures. It  
is to be noted that  hydrogen formed by dissociation 
dur ing the initial adsorption step is not included in 
these measurements .  

Variations in QE1 with t ime at different potentials 
are shown in Fig. 5 for equil ibrat ions per formed at 
65~ The data have  been normal ized to charge per  
unit  of "real"  surface area as de termined  by cathodic 
deposition of hydrogen on the electrode. A conversion 
factor of 0.21 mcou l / cm 2 was used in calculat ing the 
" rea l"  area  (6). 

As in the case of ethane (3) the ra te  of adsorption 
is ini t ia l ly  constant and then follows an empir ical  
Elovich relat ionship over  a modera te  range. Ul t i -  
mate ly  a s teady-s ta te  coverage is achieved when  the 
ra te  of adsorption equil ibrates  wi th  the rate of oxida-  
tion. At 65~ the m a x i m u m  (initial) adsorption ra te  
for  methane  in terms of ~QE1/At is approximate ly  
0.00030 mcou l / s ec / cm 2 of real  area. 

z QE z is u s e d  to  de s igna t e  th i s  cha rge  because  the  ox idat ion  occurs 
i n  t he  s ame  p o t e n t i a l  r e g i o n  as  t h a t  of w a v e  1 fo r  e t h a n e  a n d  p ro-  
pane .  I n  c o n t r a s t  to  e t h a n e  a n d  p ropane ,  h o w e v e r ,  QE 1 : O~tot  :[or 
m e t h a n e ;  he re  Q~tot  is the  charge  required to ox id ize  al l  of the  
adsorbed surface  species  der ived  from the  hydrocarbon  ~uel. 
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Because of the low rate, even at 65~ detailed 
measurements  of this type were  not made at other  
temperatures .  However ,  at 25~ Q~I -~ 0.0088 
mcou l / cm ~ of  reaI area after  a 10-min equil ibration.  
At  this low coverage it is to be expected that  the 
adsorption would still be in the l inear  region. Using 
such an assumption one calculates a rate  of 0.000015 
mcou l / s ec / cm 2 of real  area, or a magni tude  less than 
that  at 65~ This corresponds to an act ivat ion energy 
of about 15 kcal /mole .  For  ethane a similar  t emper -  
a ture  effect was found by direct  measurement  of the 
ini t ial  rates at 25 ~ and 60~ (3). The observed rates 
at the two temperatures ,  which were  0.0010 and 0.010 
mcouI / sec / cm 2 of real  area, respectively,  correspond 
to an act ivation energy of 13 kcal /mole .  

The single wave  for methane  occurs in the same 
potential  range as wave  1 for ethane and propane, as 
wel l  as such par t ia l ly  oxygenated species as CO, 
formic acid and "reduced CO2" (3). I t  therefore  ap-  
pears that  similar  surface species are  involved in 
these cases. To de termine  whe ther  some of the species 
of this wave  for methane  are  removable  by cathodic 
hydrogenat ion and there fore  probably unoxygenated,  
cathodic hydrogenat ions were  per formed after  equil i -  
brations of the electrode wi th  methane  at 0.3 and 0.4v. 
In these experiments ,  sequence A-D of Fig. 1 was 
first followed. After  adsorption for  time, TD, the po- 
tent ial  was again stepped down to 0.06v for  2 to 5 
min before  application of the l inear  anodic sweep. 
Similar  exper iments  were  also per formed  wi th  ethane 
for  comparison. The  results of these exper iments  are 
summarized in Fig. 6 and Table  I. It  is clear that  in 
each case a port ion of the surface species was removed  
by this t reatment .  The amount  removed decreased 
wi th  increasing equi l ibrat ion potential.  In the case of 
e thane  all  of w a v e  2 was r emoved  by the hydrogen-  
ation t reatment .  The present  results  for e thane differ 

Table I. Effect of cathodic hydrogenation on wave 1 (TD = 5 rain; 
THyd = 5 min) 

M e t h a n e  65~ E t h a n e  60~ 
0.3v 0.4v 0.3v 0.4v 

4.0 2.8 10.1 8.0 QE 1 ---- i n i t i a l ;  m c o u l  
Q~z a f t e r  h y d r o g e n -  

a t i o n :  m c o u l  
AQE 1 mcoUl 
P e r  cen t  r e m o v e d  

2.5 2.3 3.8 5.5 
1.5 0.5 6.3 2.5 

38 18 62 31 



648 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  July  1966 

0 E- mcouls/r 2 'REAL'AREA 
0,05 0 I0 

i I 

1.6 

r I 

0.4 

q 
0 5  I 
I "  mo/crn Z GEOM AREA 

I 
' 0!2 0!4 0.6 

I -/~o/cm 2 "REAL" AREA 

Fig. 7. Polarization and surface charge curves for methane. 4.3N 
HCIO4; T =65~ ME-16. 

f rom those of Gi lman (1) who per formed similar  hy-  
drogenations wi th  the  wire  microelectrode after  equi l i -  
brations at 0.4v. In that case no desorption of wave  1 
species was observed after  hydrogenat ion at 0.06v. 
The diffuse s t ructure  of the Teflon electrode as well  
as small  differences in the catalytic behavior  may ac- 
count for the observed differences. 

One additional point for considerat ion is the re la-  
tionship be tween the adsorption data and the polar i -  
zation curve  for the electrode operat ing on methane.  
Such a polarizat ion curve  obtained at 65~ is shown 
in Fig. 7. The abscissa is expressed in terms of the 
current  density per uni t  of real  and geometr ical  area 
of the electrode. Therefore  the data may  be related 
to the adsorption studies as wel l  as per formance  curves 
for fuel cells. Also shown in the figure is the measured 
surface coverage, QE I a s  determined f rom linear an- 
odic sweep measurements .  The forms of the polar iza-  
tion and surface coverage curves are similar  to those 
previously  reported for ethane (3); however ,  the am-  
plitudes of both are considerably less than for ethane. 

Similar  bell  shaped curves relat ing surface coverage 
to potential  have also been observed by others with 
p la t inum electrodes and a var ie ty  of fuels and electro-  
lytes. For  example  such curves have  been obtained 
electrochemical ly  for ethane (1), e thylene (2) and 
acetylene (2) wi th  a perchloric  acid electrolyte,  for 
methane  (7), e thane (7), propane (7, 8) and butane 
(7) wi th  a phosphoric acid electrolyte,  and for ethane 
wi th  a hydrofluoric acid electrolyte  (7). Radiochem-  
ical t racer  techniques have also given s imilar  results 
for e thylene with a sodium hydroxide  electrolyte  (9) 
and a sulfuric acid electrolyte  (10) and for butane 
with a sulfuric acid electrolyte  (11). 

Discussion 

In considering the results for methane,  it wil l  be 
most useful  to re la te  them to the previous observations 
wi th  other fuels. As a l ready noted, a most significant 
difference lies in the fact that  but  a single oxidation 
wave  is obtained for the ad- layer  f rom methane  in 
contrast  to the two waves from the ethane and pro-  
pane. Gilman, af ter  studies of e thane (1), e thylene  
(2), and acetylene (2) has concluded that  wave  2 
f rom ethane is associated with the oxidation of pa r -  
t ially dehydrogenated  C2 species on the electrode sur-  
face. It  is reasonable to conclude that  similar  mul t ip le  
carbon species are associated with  the second wave  
f rom propane and that a corresponding analogy will  
hold for higher  hydrocarbons.  With these higher  mo-  
lecular weight  mater ia ls  it is l ikely that  a var ie ty  of 

species of different chain length wil l  be present  and 
contr ibute to the second wave.  These would  result  
f rom cracking and polymerizat ion reactions which 
have been demonstrated to occur even at 25~ (12). 

It has also been noted in past work that  C1 species 
are among the cracking products obtained f rom the 
higher  hydrocarbons at 25 ~ (12) and at 65~ (13). 
Fur thermore ,  the cracking of propane on pla t inum in 
the absence of electrolyte  has been observed to form 
methane  and ethane and to have a pronounced tem-  
pera ture  coefficient (14). In v iew of these observations 
and the fact that  only wave  1 is observed with  
methane,  it seems clear that  the more readi ly  oxidized 
surface mater ia l  corresponds to C1 species. Previous 
observations (1, 12) as wel l  as the data in Table I and 
Fig. 6 indicate fur ther  that  these species are par t ia l ly  
oxygenated.  

The adsorption rates and s teady-s ta te  coverages for 
methane  are considerably lower  than those previously 
observed with ethane;  howeve r  the var ia t ion in cover-  
age with potential  parallels  that  for ethane. With re-  
gard to the lower  rate  of adsorption for methane,  this 
may relate  to the somewhat  h igher  dissociation energy 
requi red  to break the first C-H bond t h a n  is requi red  
for ethane, 101-102 kcal vs. 97 kcal, respect ively (15). 
Al ternat ively ,  it may reflect a weaker  physical  adsorp-  
tion prior  to dissociation on the surface to form the 
chemisorbed species. Sufficient detailed data are, how-  
ever,  unavai lable  at the present  t ime to reach a defin- 
i t ive conclusion concerning the reason for the pro-  
nounced differences. 

The shape of the curve re la t ing surface coverage to 
potent ial  reflects the influence of competing reactions. 
At low potentials ( <  0.3v) adsorption is h indered be- 
cause the required dissociation of the adsorbing hy-  
drocarbon is repressed by the presence of atomic hy-  
drogen on the electrode surface. At potentials above 
0.3v the surface coverage again declines in order to 
permit  the rate of adsorption to keep pace with  the 
increasing rate  of oxidation of the ad-layer .  It is pos- 
sible that  the shape of the curve  is fur ther  influenced 
by a potent ia l -dependent ,  compet i t ive  adsorption with  
water  which has been used in the in terpre ta t ion  of the 
effect of potent ial  on the adsorption of e thylene  (10). 

The low adsorption rates for methane  are reflected 
in the low current  densities obtained with  methane  as 
seen in the polarizat ion curve of Fig. 7. The max imum 
current  density, at 0.5v, is about one tenth that  ob- 
tained with ethane. In this connection it is of interest  
to relate the m a x i m u m  current  density to the adsorp-  
tion rates on the clean surface, e.g. the init ial  rates 
at 0.3 and 0.4v. 

To convert  the adsorption rates to equiva len t  cur -  
rent  densities, it must  be recal led that  the former  are  
expressed in terms of the change in surface charge 
with time, AQE~/At. Allowance  must  therefore  be made 
for any oxidation that  occurred dur ing the adsorption 
step itself, e.g., immedia te  oxidat ion of dissociated h y -  
drogen. This may  be done by mul t ip ly ing  AQE1/At by 
the ratio of the charge associated with oxidation of the 
hydrocarbon fuel  molecule  to that  requi red  for oxi-  
dation of the adsorbed species. 

While the precise composition of the ad- layer  has 
not been established for e i ther  methane  or ethane, 
especially after short equil ibrations,  it is possible to 
calculate a range of l imit ing currents  f rom the initial 
adsorption data at 0.3 and 0.4v. In the case of methane,  
depending on whe the r  the ad- layer  is assumed to have 
an average composition approaching that  of methyl  
radicals or that  of a highly oxygenated species, such 
as CO, the observed ra te  of adsorption would  be equ iv-  
alent to a steady state current  density of f rom 0.30 
to 1.2 t ,a/cm 2 of real  area. The observed value  of 0.3 
t~a/cm 2 is in good agreement  in v iew of the evidence 
for a mix ture  of C1 radicals and par t ia l ly  oxygen-  
ated species. 

A similar  calculat ion has been made for ethane (3). 
In this case the calculated m ax im um  current  density 
fel l  in a range f rom 14 to 35 t ,a/cm 2 and the ob- 
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served value  was 2.5 ~a/cm 2 of real  area. For  
comparison, Rhodes (16) obtained adsorption rates 
equivalent  to 22 ~a/cm 2 (1013 molecules /cmf /sec)  for 
ethane on a rotated pla t inum electrode (,600 rpm) at 
80~ wi th  a 1N H2SO4 electrolyte.  While this value  is 
in excel lent  agreement  wi th  the results wi th  the Tef-  
lon bonded electrode, no data were  obtained for the 
s teady-sta te  max imum current  obtainable wi th  the 
rotat ing electrode. 

The discrepancy between the calculated and ob- 
served max imum current  densities for ethane on the 
Teflon-bonded electrode undoubtedly  reflects the fact 
that  at the potential  of the max imum steady-sta te  cur-  
rent  some of the more ref rac tory  species are present  
on the surface and lower the adsorption rate relative 
to that on the "clean" surface at 0.3v. The decline in 
the current density that occurs at higher potentials 
appears to reflect further reductions in adsorption rate 
as a result of such processes as surface oxidation, anion 
adsorption, and stronger bonding of water to the sur- 
face. These processes would also contribute to the 
similar decline in methane performance at potentials 
above 0.5v. 

At low potentials, the effect of the adsorption rate 
on the polarization curve is minimal. Here it is clear 
that the overvoltage required for the further oxida- 
tion of surface intermediates to CO2 is limiting. This 
is true, of course, under potentiostatic conditions as 
well as with the resistive loads of practical fuel cells. 

The pronounced temperature coefficients for both 
the methane and ethane adsorptions (activation en- 
ergy of about 14 kcal/mole) are reflected in the ob- 
served improvement in the performance of hydro- 
carbon fuel cells with increasing temperature. In 
particular, they relate to the regions of "unstable" 
performance observed with saturated hydrocarbon fuel 
cells operating on resistive load (17-19). Under these 
conditions, it will be recalled that at low current den- 
sities steady performance is obtained while at higher 
current densities the performance decays with time 
or, under certain conditions, oscillations set in (19, 20). 
As a result of the increasing adsorption rates with 
increasing temperature, the region of instability oc- 
curs at continuously higher current densities as the 
operating temperature is increased. When polarization 
curves are obtained potentiostatically, as in the pre- 
sent work, maximum currents are observed in place 
of the instability associated with resistive loads. 

While it would be premature to discuss the mecha- 
nisms of the electrode reactions in any detail at this 
time, it is appropriate to consider briefly some of 
the possible paths suggested by the available informa- 
tion. In par t icular  it is per t inent  to speculate about the 
meaning of the two separate 1.a.s. waves seen with 
ethane and propane, the single wave  seen with me-  
thane, and the evidence for the par t ia l ly  oxidized sur-  
face species. In the discussion that  follows, ethane 
will  be used as the model  wi th  the expectat ion that  
h igher  molecular  weight  hydrocarbons wil l  behave 
similarly.  The behavior  of methane,  in turn, wi l l  be 
somewhat  simpler. 

The init ial  step must  cer tainly involve adsorption 
of the fuel  on the electrode surface. On the basis of 
careful  kinetic studies wi th  ethane on wire microelec-  
trodes, Gi lman has concluded (1, 2) that  this p r imary  
adsorption step corresponds to the format ion of an 
ethyl  radical on the surface. This may be represented 
by 

C2H6 (gas) s q- S--> S- -C2H5 q- H + q -e  [2] 

at potentials at which appreciable currents  are  drawn 
from the electrode. He points out that  an equiva len t  
route is given by 

C 2 H 6  (gas) 3- 2S -~ S -- C2H5 -{- S - -  H [2a] 
~" M o r e  p r e c i s e l y ,  t h e  g a s  wi l l  f l rs t  d i s s o l v e  i n  t h e  e l e c t r o l y t e  a n d  

be  t r a n s p o r t e d  b y  d i f f u s i o n a l  p r o c e s s e s  to  t h e  e l e c t r o d e  w h e r e  it  
w i l l  a d s o r b  f r o r a  so lu t ion .  W h i l e  m a s s  t r a n s p o r t  p r o c e s s e s  a r e  n o t  
l i m i t i n g  in  t h e  w o r k  u n d e r  d i scuss ion ,  i t  is o b v i o u s  t h a t  t h e y  c a n  
b e c o m e  i m p o r t a n t  u n d e r  s o m e  c o n d i t i o n s  of  o p e r a t i o n .  F o r  p r a c t i c a l  
f u e l  cell  e l e c t r o d e s  i t  is  i m p o r t a n t  t h a t  m a s s  t r a n s p o r t  l i m i t a t i o n s  
be  m i n i m i z e d .  

in which case the adsorbed hydrogen is rapidly  con- 
sumed by the Volmer  reaction: 

S--H-> S -l- H + + e [2b] 

At low potentials, of course, some of the hydrogen will 
remain adsorbed on the surface. 

Gilman then reasons that the ethyl radical follows 
two paths. The first results in the formation of four 
surface bonds to the surface without rupture of the 
C-C linkage 

S -- C2H5 -[- 38--> S4 -- C2H2 -~ 3H + ~- 3e [3] 

This species is associated with wave 2 obtained 'with 
a 1.a.s. and is identical with the single adsorbed species 
obtained when ethylene and acetylene are adsorbed 
(2). The present work is in accord with this interpre- 
tation, and cathodic hydrogenations of adsorbed ethane 
at 25~ have shown that the major material on the 
surface at that temperature corresponds to C2 species 
while that for propane corresponds to Cs species (12). 

The second reaction path of the ethyl radical results 
in the formation of the material associated with wave 
I, which Gilman also obtained for ethane on the plat- 
inum wire microelectrode. In the absence of detailed 
kinetic data for the species associated with wave 1 
Gilman did not speculate in detail on its identity. 

The new data obtained with the Teflon-bonded elec- 
trodes are helpful in this area. The similarities be- 
tween the single wave for methane and wave 1 for 
ethane, as well as other evidence noted above, strongly 
suggest that the second reaction path of the ethyl rad- 
ical involves C-C bond fission as indicated in the 
following general equation 

S --C2H5 ~- S--> 2S-- CHa q- (5 --2a) H + 
q- ( 5 - - 2 a )  e [4] 

(The methy lene  radical wi th  two carbon bonds to the 
surface may represent  the principal  species in parallel  
with the C 2 H 2  of wave  2 which also has two surface 
bonds per carbon atom.) 

The C1 species in turn appear to react  readily wi th  
water  to form a part ial ly oxygenated mater ia l  which 
corresponds to the previously proposed "CO-l ike"  
species of Niedrach (12) and the "reduced CO2" of 
Giner (21), and which Giner has also more recent ly 
found to be formed during the oxidation of hydro-  
carbons in the presence of a sulfuric acid electrolyte 
(22). B r u m m e r  and Turner  (8) have  also obtained 
evidence for the presence of par t ia l ly  oxygenated sur-  
face species in their  studies of propane at higher  
tempera tures  wi th  a phosphoric acid electrolyte,  as 
have Niedraeh and Toehner  (7). 

The specific ident i ty  of the oxygenated species is 
as yet  unknown and the reaction can therefore  best 
be represented by 

S -  C H a  -{- b H 2 0  q -  c a - - >  S ( c + l )  - - C I - I d O b  
q- (aq-  2 b - - d )  H + q- ( a q - 2 b - - d )  e [5] 

That  both the C1 species and the par t ia l ly  oxygenated  
species are present  on the surface and oxidize over  
the same potent ial  range is indicated by the new hy-  
drogenat ion exper iments  with methane  and ethane. 
Since Eq. [4] represents  a "cracking" reaction and 
Eq. [5] a " re forming"  reaction, these observations 
suggest that  it would be profitable to direct  at tention 
toward the study of the behavior  of a l te rna t ive  cata-  
lysts in promot ing such reactions. 

With regard to the more ref rac tory  species of wave  
2, which oxidize only at h igher  potentials,  it is l ikely 
that  an ent i re ly  different mechanism of oxidation 
prevails.  This conclusion is based on Gilman's  obser-  
vat ion that  conversion to the species of wave  1 is 
slow (2). It is therefore  l ikely that  oxidat ive  attack 
occurs before the C-C bonds are ruptured.  This could 
resul t  in the format ion of a lcohol- l ike  species as in-  
termediates.  It should be emphasized, however ,  that  
such intermediates  wil l  undoubtedly  be quite  distinct 
f rom those involved  in the direct oxidation of alcohol-  
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type fuels at moderate temperatures.  The alcohol-l ike 
species derived from hydrocarbons would be strongly 
bound to the surface by mult iple  carbon-meta l  l ink-  
ages, and hence complete oxidation to CO2 would be 
assured. With alcohol fuels it is more likely that  
weaker bonds between the oxygen and the metal  are 
involved. This is suggested by the incomplete oxidation 
to organic acids that  is often observed with alcohols 
(23) at moderate temperatures.  It  is fur ther  supported 
by the behavior of alcohols towards deuter ium ex- 
change, where it is found that  the hydroxylic  hydro-  
gen undergoes exchange most readily (24). 

Relating to the oxidation of these mul t ip le -carbon  
species is the work of Bockris and co-workers (25- 
27) dealing with the oxidation of e thylene and acety- 
lene. They in terpre t  Tafel plots and other evidence in 
terms of a slow step invo lv ing  the product ion of hy-  
droxyl  radicals from water. Such a route would not 
be in conflict with the present  results. 

Summary and Conclusions 
The behavior of methane  on Teflon-bonded fuel 

cell electrodes parallels that  of ethane in that adsorp- 
tion at in termediate  potentials varies l inear ly  with 
t ime at low coverages, and a semilogari thmic re la t ion-  
ship applies at higher coverages. Rates of adsorption 
of methane  are, however, over an order of magni tude  
lower than  those previously observed with ethane. At 
65~ the measured rate of adsorption of methane  on a 
"clean" surface correlates well with the ma x i mum 
anodic cur ren t  that can be drawn from the electrode. 
This is in marked contrast  to the behavior of ethane 
where the observed m a x i m u m  cur ren t  is almost an 
order of magni tude  lower than that  calculated from 
the adsorption rate. The difference in behavior  of the 
two fuels is related to the ad-layers  formed dur ing 
adsorption. In  the case of methane  only readily oxi- 
dized C1 species, some of which are part ial ly oxy- 
genated, form. The ad- layer  from ethane also contains 
relat ively refractory C2 species which block the sur-  
face and limit the adsorption rate at the potential  of 
the max imum current.  

On the basis of the behavior of methane  and ethane 
it is possible to construct  a tentat ive picture of the 
steps involved in the anodic oxidation of hydrocarbons 
on p la t inum catalyzed fuel cell electrodes. After  a 
p r imary  adsorption step, at least two distinct reaction 
paths are followed by ethane and higher hydrocar-  
bons. One path results in the formation of the re la-  
t ively refractory species. The most desirable path re-  
sults in "cracking" of the carbon chain to form the 
more reactive C1 radicals and the par t ia l ly  oxygen-  
ated species. At low current  densities the overvoltage 
associated with oxidation of the ad-species to CO,, 
limits performance. As the current  density is increased 
the adsorption rate eventua l ly  becomes the l imit ing 
factor. 

In  view of the m a n y  species present  on the elec- 
trode surface and the changes in coverage and com- 
position with temperature,  potential,  and time, much 
at tent ion to analyt ic  detail will be required before a 
definitive mechanism can be derived. It  seems unl ike ly  
that  electrochemical measurements  alone will  be suf- 
ficient to unrave l  all of the steps. Instead, much sup- 
p lementary  informat ion must  be sought, par t icular ly  
with regard to the identification of surface species 
and their  roles as active intermediates  or passive by-  
products. Radiotracer, infrared,  chromatographic, and 

other related techniques should prove invaluable  in 
ident i fying such species, in measur ing " turnover"  
rates on the electrode surface, and in providing addi- 
tional support ing information.  
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Anodic Oxidation of Cadmium and Reduction of Cadmium 
Hydroxide and Oxide in Alkaline Solutions 

M. W. Breiter and J. L.. Weininger 
General Electric Company, Research and Develop~nent Center, Schenectady, New York 

ABSTRACT 

The anodic oxidation of smooth cadmium and the subsequent  reduct ion 
of cadmium hydroxide  and oxide were  studied by vol tammetr ic  methods with  
and wi thout  superimposed a-c voltage. Under  vol tammetr ic  conditions a layer 
of Cd(OH)2 appears to be formed at potentials below the passivation poten-  
tial. Passivat ion results f rom a continuous thin film which forms at poten-  
tials between 0.05 and 0.1v. The small  capacitance and the large resistance 
of the interface e lect rode/solut ion are due to this film. On reduct ion the thin 
film is reduced first. A pseudocapacitance which is a t t r ibuted to the adsorp- 
tion of OH radicals is observed during the anodic sweep in a potential  range 
where  format ion of Cd(OH)2 or CdO is not ye t  possible. 

The study of the electrochemical  oxidation of cad- 
mium and reduct ion of cadmium hydroxide  and oxide 
in a lkal ine electrolytes has been of interest  because of 
the use of Cd-electrodes as the negat ive  plates in Ni-  
Cd batteries.  Casey and Lake (1, 2) concluded that  the 
anodic oxidation occurs by a two-step mechanism in 
the absence of carbonate 

electrochemical  chemical  
Cd > CdO > Cd(OH)~_ [I] 

The primary reaction product, CdO, is converted to 
Cd(OH)2 through a soluble intermediate. The conver- 
sion product, Cd(OH)2, is porous. A film consisting 
of a dark, tightly adherent layer next to the metal 
and an outer layer of a loose, scaly or powdery yellow 
material was produced anodieally. X-ray diffraction 
patterns showed the presence of crystalline Cd(OH)2. 
The inner layer was assumed to be CdO since it has 
the dark color of CdO and since the observations of 
the composition of the outer layer were parallel to 
those of Huber (3). Huber had stated (3) that electron 
diffraction photographs of very thin coatings formed 
anodically on cadmium appeared to indicate tha t  the 
init ial  oxidation product  is CdO. Conclusions on the 
electrical propert ies  of the film were  d rawn on the 
basis of potential  decay curves after  current  in te r rup-  
tion and of capacity measurements  (2). The work  of 
Huber  (3) and Casey and Lake (1, 2) has received 
general  recognit ion because it pointed out the impor-  
tance of a soluble in termedia te  in the format ion of 
Cd (OH)2. However ,  the sequence of the two reactions 
in Eq. [1] has been open to question. 

No evidence of CdO was found by Croft (4) who 
studied the oxidation of cadmium by cyclic vo l tam-  
me t ry  and by oxidation at constant potential.  Again  
the existence of crystal l ine Cd(OH)e  was established 
by x - r a y  diffraction. However ,  it should be pointed 
out that  the absence of CdO-lines in the diffraction 
pa t te rn  excludes only the presence of crystal l ine CdO, 
not of amorphous CdO. The oxidation was a t t r ibuted 
(4) to the react ion 

Cd + 2 O H -  = Cd(OH)2 -5 2e -  [2] 

The ra te  depended in a similar way on the potent ial  
for both techniques. It has maxima at two potentials 
differing by 22 mv. After  sufficient t ime had elapsed 
the rate  of oxidation at constant potent ial  fol lowed a 
parabolic growth law. It  was suggested that  the 
growth of a film is control led by the t ransport  of mass 
and charge through the layer  and that  the process in 
the electrolyte  is not relevant .  A general  formulat ion 
of this concept was given by Croft and Tuomi (5). 
The passivation of react ion [2] at more anodic poten-  

tials was at t r ibuted to propert ies of the semiconduct-  
ing Cd(OH)2 film. 

Lange and Ohse (6, 7) pointed out that  the p r imary  
format ion of CdO is improbable  on thermodynamic  
grounds. The s tandard affinity of react ion [2] is less 
negat ive  with --1.04 kcal than that  of the react ion 

Cd -5 2 O H -  = CdO -5 H20 -5 2e -  [3] 

wi th  --2.9 kcal. Their  reasoning involves the assump- 
tion that  with anodic polarization the overvol tages  of 
reactions [2] and [3] are such that  reaction [3] is not  
favored. The close agreement  be tween exper imenta l  
and theoret ical  values of the potentials for each of 
the two plateaus which appeared after current  in ter -  
rupt ion dur ing in te rmi t ten t  anodic charging curves 
seems to confirm this assumption. However ,  it is not 
quite  sure f rom the figures in ref. (7) that  the poten-  
tials measured at a certain t ime after  current  in ter-  
rupt ion represent  equi l ibr ium values corresponding to 
react ion [2] or [3], respectively.  It was suggested (7) 
that  cadmium hydroxide which is formed ini t ial ly de- 
hydrates  par t ia l ly  on the metal  surface 

Cd(OH)2 = CdO -5 H20 [4] 

Thus the local a r rangement  C d / C d O / C d ( O H ) 2 / O H  is 
produced in agreement  wi th  the results on the com- 
position of the films. The occurrence of reaction [4] 
is a t t r ibuted to a local decrease of the chemical  poten-  
tial of water  toward the metal  inside the Cd(OH)2 
film. 

Other  contributions to the elucidat ion of the mech-  
anism of the cadmium oxidation ei ther general ly  fol-  
low (8-10) the reaction scheme of Eq. [1] or assume 
(11, 12) that  Cd (OH)2 is the pr imary  react ion product. 

Thus the proposed mechanisms of the anodization 
of Cd ei ther include or exclude CdO as p r imary  reac-  
tion product. Each of the above interpretat ions ex-  
plains certain exper imenta l  observations of the elec- 
t rode reactions. It is the purpose of this communica-  
tion to supply new exper imenta l  evidence which 
allows a more  detailed description of the mechanism. 
The exper iments  were  per formed to invest igate  espe- 
cially the possible role of CdO. Vol tammetr ic  meas-  
urements  had proved useful in previous studies (13) 
of the anodic oxidation of nickel  electrodes in alkal ine 
solutions. Similar  techniques were  applied to examine  
the anodic oxidation of cadmium. 

Experimental 
Measurements  were  made in a Teflon vessel of 

s tandard design at room tempera tu re  in solutions bub-  
bled vigorously wi th  purified hydrogen. The solutions 
(0.2N KOH, 1N KOH, 5N KOH) were  prepared  f rom 
AR reagent  chemicals and double-dis t i l led water .  P re -  
electrolysis of the electrolyte  had no effect on the ex-  
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per imenta l  results. This may be due to the removal  of 
impuri t ies  by adsorption on the large plat inized coun- 
ter electrode (about 20 cm 2 geometr ic  area) in a small  
vo lume (about 100 cm ~) of electrolyte. The potential  
U was measured vs. a hydrogen electrode in the same 
elect rolyte  as the test electrode. All  potent ial  meas-  
urements  are re fer red  to this reference electrode. 

The Cd electrodes were  prepared as follows. Pieces 
with a length of about 1 cm were  cut from a rod 
(diameter  1 cm) of high puri ty (99.99%) supplied 
by Belmont  Smelt ing and Refining Company. The cy- 
l indrical  walls of these pieces were  masked with Tef-  
lon sleeves which fitted tightly. P t -wi res  were  spot-  
welded as leads to the one end of the short Cd-rod 
inside the hol low Teflon rod. The other end was ma-  
chined such that  it formed a flat surface with  the 
Teflon sleeve. It served as a test electrode. 

The fol lowing p re t rea tment  gave reproducible  re-  
suits. The new Cd-elect rode was etched in concen- 
t rated nitric acid (50%) at room temperature .  In 
preparat ion for each exper iment  the Cd electrode was 
chemical ly polished in a solution consisting of equal 
parts of glaciaI acetic acid and 30% H202 at room 
temperature .  The electrode was washed thoroughly in 
distil led water  saturated with hydrogen. The elec- 
tr ical  connections were  made before insert ing the 
electrode at a potential  of --0.8v in the vessel. The 
contact with air was minimized by the short  durat ion 
of the insert ion (2 sec) and by the water  film on the 
electrode. The electrode was kept  for 5 rain at --0.8v 
to reduce cathodically traces of oxide or hydroxide.  
The reduct ion of traces of oxide is indicated by the 
decrease of the current  wi th  time. The cathodic cur-  
rent  approaches a constant value within  5 rain af ter  
the insertion. It was found that  the shape of I-U 
curves is pract ical ly independent  of the t ime of cath-  
odic polarization after  5 rain. Then the potent ial  was 
rapidly  changed potentiostat ical ly to a less cathodic 
value ( b e t w e e n - - 0 . 5  and --0.25v), and a periodic 
sweep of t r iangular  shape was started by t r igger ing 
manual ly  the function generator.  The capacity Cs 
measured by vo l t ammet ry  with superimposed a-c cur-  
rent  at 10,000 cps had values which are at t r ibuted to 
the capacitance of the Helmholtz  layer  at the start ing 
potential  of the sweeps (see subsequent  discussion). 
Thus the surface is essentially free of oxides. The an- 
odic sweep extended to a given potential;  the subse- 
quent  cathodic sweep was reversed at about --0.Tv. 
Measurements  were  made at sweep rates of 3 and 30 
mv/sec .  Results obtained at the slower sweep rate wil l  
be discussed here  since certain features  of the oxida- 
tion are  more clear ly  observed at these slow rates. 
Measurements  of the current  I and the ohmic (Rs) 
and capacit ive component  (1/,~Cs) of the impedance of 
the interface e lect rode/solut ion at a given f requency 
were  made only during the first cycle. Before fur ther  
measurements ,  the above procedure start ing with 
chemical  polishing was repeated. It was found that  
the electrode could be polished about 70 times before 
any deformation due to repeated use became notice- 
able. Then the electrode was machined and etched in 
nitric acid before continuing the exper iments  in the 
above way. 

The exper imenta l  setup for the measurement  of I-U 
curves, Rs-U curves, and 1/,,Cs-U curves was de- 
scribed previously (14). The large counter electrode 
was not appreciably polarized by cathodic currents  up 
to several  hundred  ma and anodic currents  up to 20 
ma. The function generator  type 250 of Exact  Electron-  
ics was used. Data were  recorded by the analog to dig- 
ital recording equipment  (14), and processed by the 
G. E. 235 computer  in conjunction with  the G. E. paper  
tape reader.  During the a-c measurements  the I-U 
curves were  s imultaneously recorded by the X-Y re-  
corder  F 80 Varian Associates. This served as a check 
of the reproducibi l i ty  which was good. Impedance 
measurements  were  made and are subsequent ly dis- 
cussed in a series analog circuit  at 10,000, 1000, and 
100 cps. 

*1.2| 
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Fig. 1. Current-potential  curves at  3 my/see on smooth Cd-  
electrodes. - - 0 .2N  KOH S ~ 0.2; - - ~  1N KOH S ~ I ;  -.-.- 5N 
KOH S ~ 2. 

Some exper iments  were  carr ied out in the assembly 
described in ref. (13) to study the oxidation of cad- 
mium at constant potential  in KOH by fol lowing the 
d-c current  and the ohmic and capaci t ive component  
of the interfacial  impedance at 1000 cps as functions 
of time. Again the freshly polished electrode was 
mainta ined for 5 min at --0.8v. Then the potent ial  was 
switched rapidly by the Wenking potentiostat  to a de-  
sired value in the vicini ty  of the revers ible  potent ial  
of react ion [2]. Readings were  taken be tween  10 sec 
and 10 min after  the change of potential.  

R e s u l t s  

Typical  I -U  curves are shown in Fig. 1. The curves 
are reproductions of the actual traces on the chart  of 
the X - Y  recorder.  The start  of the cycle (anodic 
sweep) is marked  by ver t ical  arrows. In order to ac- 
commodate  current  densities obtained in three differ- 
ent solutions the ordinate has different units for each 
curve. The curves are  self-explanatory except  for the 
fol lowing points: The large anodic peak was observed 
by Croft  (4). With increasing concentrat ion of KOH, 
its vol tage at m ax im um  current  shifts toward less 
positive potentials,  and the m a x i m u m  anodic current  
increases. At potentials  above about 0.3v, the current  
is near ly  independent  of potential  dur ing the anodic 
sweep. A small  wave  appears be tween 0.1v and 0 in 
0.2N KOH and 1N KOH at U ~ 0.1v. The height  of 
the small  wave  decreases wi th  the KOH concentra-  
tion. It is absent in 5N KOH. The width of the big re -  
duction wave  between 0 and about --0.4v increases 
wi th  decreasing KOH concentration. Simul taneously  
its height  becomes smaller.  

The I-U curves in Fig. 2 were  measured in 1N KOH. 
Curves a and b demonstra te  the effect of different po-  

-0.6 -0.4 

~'.EE~ ~ § I 

+1.28 

-012 0.2 
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T ~ 1 . 2 8  

Fig. 2. I-U curves at  3 mv/sec in 1N KOH 
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Fig. 3. Capacitance-potent ia l  curves in 5 N  KOH:  curve a, 10,000 
cps; curve b, 1000 cps; curve c, 100 cps; - -  anodie sweep; 
- - -  cathodic sweep. 
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t e n t i a l s  of r e v e r s a l  a t  t h e  e n d  of t h e  a n o d i c  s w e e p  o n  
t h e  s h a p e  of c u r r e n t - p o t e n t i a l  cu rves .  S i m i l a r  r e s u l t s  
w e r e  o b t a i n e d  in  0.2N a n d  5N KOH.  T h e  r e d u c t i o n  of 
t h e  l a y e r  f o r m e d  d u r i n g  t h e  p r e c e d i n g  a n o d i c  s w e e p  
occu r s  a t  U < 0.02v. T h e  c a t h o d i c  w a v e  is a l w a y s  
w i d e r  t h a n  t h e  m a i n  a n o d i c  w a v e  w h i c h  a p p e a r s  b e -  
t w e e n  0.02 a n d  0.15v. T h e  r a t e  of l a y e r  f o r m a t i o n  is 
n e a r l y  t h e  s a m e  a t  a g i v e n  p o t e n t i a l  d u r i n g  t h e  a n o d i c  
a n d  c a t h o d i c  s w e e p  fo r  c u r v e  b. T h e  I-U c u r v e s  a t  30 
m v / s e c  a r e  no t  s h o w n  he re .  T h e y  e x h i b i t  t h e  s a m e  
w a v e s  as t h e  c o r r e s p o n d i n g  c u r v e s  in  Fig. 1 a n d  2. 
H o w e v e r ,  t h e  w a v e s  a r e  w i d e r  a t  l a r g e r  c u r r e n t s .  T h e  
de t a i l s  of t h e  p a s s i v a t i o n  of t h e  l a y e r  f o r m a t i o n  d u r -  
i ng  t h e  a n o d i c  s w e e p  a b o v e  U > 0.1v a n d  of t h e  l a y e r  

r e d u c t i o n  d u r i n g  t h e  c a t h o d i c  s w e e p  a r e  b e t t e r  p r o -  
n o u n c e d  a t  t h e  s m a l l  s w e e p  r a t e  of 3 m v / s e c .  

T h e  r e s u l t s  of t h e  i m p e d a n c e  m e a s u r e m e n t s  in  5N 
K O H  b y  v o l t a m m e t r y  w i t h  s u p e r i m p o s e d  a - c  v o l t a g e  
a r e  p l o t t e d  in  Fig.  3 a n d  4. T h e  s w e e p  r a t e  w a s  3 
m v / s e c .  T h e  s t a r t  of t h e  m e a s u r e m e n t s  is m a r k e d  b y  
v e r t i c a l  a r r o w s .  A s e m i l o g a r i t h m i c  p lo t  was  u sed  to 
a c c o m m o d a t e  t h e  c u r v e s  m e a s u r e d  a t  10,000, 1000, a n d  
100 cps. T h e  g e n e r a l  s h a p e  of t he  Cs-U c u r v e s  a n d  
Rs-U c u r v e s  of t h e  a n o d i c  s w e e p s  a t  U > 0 is s i m i l a r  
to t hose  of L ' v o v a  a n d  F o r t u n a t o v  (10) o b t a i n e d  u n -  
d e r  c o n d i t i o n s  of q u a s i - e q u i l i b r i u m .  T h e  r e m a r k a b l e  
f e a t u r e  of t h e  C~-U c u r v e s  a a n d  b in  Fig. 3 is t h e  
r a p i d  d e c r e a s e  of Cs w i t h  p o t e n t i a l  b e t w e e n  0.05 a n d  
0.1v d u r i n g  t h e  a n o d i c  s w e e p  a n d  t h e  i n c r e a s e  of Cs 
b e t w e e n  0.05 a n d - - 0 . 0 5 v  d u r i n g  t h e  c a t h o d i c  sweep.  
T h e  p o t e n t i a l  r a n g e  of t h e  r a p i d  d e c r e a s e  of Cs (10,000 
cps)  co inc ides  w i t h  t h a t  of t h e  d e c r e a s e  of I (Fig.  1 
a n d  2) for  e a c h  of t he  t h r e e  so lu t ions .  T h e  s a m e  b e -  
h a v i o r  is r e f l e c t ed  b y  t h e  r a p i d  i n c r e a s e  of Rs b e t w e e n  
0.05 a n d  0.1v d u r i n g  t h e  a n o d i c  s w e e p  a n d  t h e  d e -  
c r e a s e  b e t w e e n  0.05 a n d - - 0 . 0 5 v  d u r i n g  t h e  c a t h o d i c  
s w e e p  (see  c u r v e s  a a n d  b in  Fig. 4) .  T h e  Cs-U c u r v e s  
a n d  R~-U c u r v e s  in  0.2N a n d  1N K O H  look  s i m i l a r  to  
t h e  c o r r e s p o n d i n g  c u r v e s  in  Fig. 3 a n d  4. 

T h e  i n f l u e n c e  of t h e  c o n c e n t r a t i o n  of K O H  is s h o w n  
b y  t h e  Cs-U c u r v e s  of Fig. 5. T h e s e  c u r v e s  w e r e  ob -  
t a i n e d  in  0.2N KOH.  T h e y  d i f fe r  o n l y  s l i g h t l y  f r o m  
t h e  c o r r e s p o n d i n g  c u r v e s  in  1N KOH.  G e n e r a l l y  t h e  
c a p a c i t a n c e  is l a r g e r  a t  a g i v e n  p o t e n t i a l  a n d  f r e -  
q u e n c y  in  5N K O H  t h a n  in  0.2N K O H  a n d  1N K O H  at  
p o t e n t i a l s  U < 0v. A t  t h e  s m a l ] e r  f r e q u e n c i e s  of 1000 
a n d  100 cps t h e  Cs-U c u r v e s  e x h i b i t  a n  i n c r e a s e  of C~ 
w i t h  U b e t w e e n  a b o u t - - 0 . 3  a n d  a b o u t  0v. T h i s  i n -  
c r e a s e  occu r s  for  t h e  t h r e e  so lu t i ons  in  a p o t e n t i a l  
r a n g e  w h e r e  l a y e r s  of p h a s e  c a d m i u m  h y d r o x i d e  or  
o x i d e  c a n n o t  y e t  be  f o r m e d  on t h e r m o d y n a m i c  
g r o u n d s .  

I f  t h e  s w e e p  is r e v e r s e d  a t  t h e  e n d  of t h e  a n o d i c  cy -  
cle a t  p o t e n t i a l s  s m a l l e r  t h a n  t h e  p o t e n t i a l  of t he  p e a k  
of t h e  r e s p e c t i v e  I-U cu rve ,  Cs-U c u r v e s  of t h e  t y p e  in  
Fig. 6 a r e  o b t a i n e d .  T h e  c u r v e  w h i c h  is r e p r e s e n t e d  in  
a l i n e a r  p lo t  of Cs vs. U w a s  m e a s u r e d  a t  1000 cps in  
0.2N KOH.  T h e  Cs v a l u e s  n e a r l y  co inc ide  d u r i n g  t h e  
a n o d i c  a n d  c a t h o d i c  sweep .  T h e  i n c r e a s e  of Cs w i t h  U, 
s t a r t i n g  a t  a b o u t - - 0 . 3 %  is c l e a r l y  p r o n o u n c e d .  
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Some of the results on the oxidation of cadmium at 
constant potent ia l  in 1N KOH are shown in Fig. 7. 
The capacity and the current  density are plotted vs. 
the logari thm of time. At  0.02v the oxidation is 
very  slow. At potentials be tween 0.02 and 0.1v, the 
/ - log  t curves  have  a m a x i m u m  which is shifted to- 
ward  shorter  t imes with  potential.  A t race  on the 
Varian F80 X-Y recorder  showed that  the max im um  
appeared after about 0.5 sec at 0.1v. The current  de- 
crease is l inear with log t af ter  10 sec at 0.1v. The 
va lue  of Cs after  10 see is 550 ~F/cm 2 dur ing the oxi-  
dation at 0.02v. Then Cs decreases slowly with  time. 
The Cs values at 10 sec become smaller  wi th  increas-  
ing potential. A marked  decrease of Cs wi th  t ime is 
observable be tween  10 and 500 sec for U ~ 0.1v. Above 
0.1v the capacitance has values below 10 ~F /cm 2 al-  
ready af ter  10 sec. The subsequent  decrease of Cs wi th  
t ime is small. 

Discussion 
Oxidation and reduction mechanism on the basis of 

I-U curves . - -From the  results shown in Fig. 1 and 2, 
it is suggested that  cadmium hydroxide  is formed un-  
der the present  exper imenta l  conditions as the p r imary  
product,  fol lowed by the format ion of a thin film wi th  
different physical propert ies  at more anodic potentials.  
This conclusion is based on the fol lowing reasons: 
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Fig. 6. Capacitance potential curve at 1000 cps in 0.2N KOH; 
anodic sweep; - - -  cathodic sweep. 
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Fig. 7. Capacity and current density as a function of time during 
the oxidation at constant potential: 1-1, 0.02v; e, 0.035v; C), 0.1v. 

1. Dur ing the anodic sweep the current  which is in-  
i t ia l ly cathodic becomes anodic at potentials  which are 
close to the theoret ical  value  (0.019v) of react ion [2]. 
Reaction [3] cannot occur (6, 7) at these small  poten-  
tials since the equi l ibr ium potential  of the respect ive 
reaction is s lowly approached f rom the cathodic direc-  
tion. 

2. The rate of layer  format ion increases with po- 
tential, passes through a maximum,  and then de- 
creases. It  is suggested that  the passivation is due to 
the thin film located probably be tween the meta l  and 
the thick layer. 

A distinction is made  between a thick and a thin 
layer of oxidation products. It is suggested that  the 
thick layer  which begins to form below the passiva-  
tion potent ia l  consists of Cd(OH)2. Strong passivation 
is due to a continuous thin layer, probably CdO. The 
thick layer  which continues to grow on top of the thin 
layer  at more  anodic potent ial  need not have  the same 
composition as the layer  below the passivation poten-  
tial. The integrat ion of the I -U curves in 0.2N, 1N, and 
5N KOH yields 2.2, 16, and 40 m C / c m  2, respectively,  
at 0.065v. This represents  a substantial  coverage of the 
Cd electrode with  Cd(OH)2 or CdO in concentrated 
solutions. 

The thick layer  continues to grow on top of the thin 
film. The dr iv ing  force for the layer  format ion re-  
mains near ly  constant during the anodic sweep above 
0.3v. During the subsequent  cathodic sweep the cur-  
rent  decreases near ly  l inear ly  be tween 0.7 and 0.1v. 
This suggests that  the rate  of layer  format ion on top 
of the thin film is largely  controlled by the resistance 
of this layer  which remains  near ly  constant. The small 
cathodic waves at the foot of the big reduction wave  
(Fig. 1) appear  in 1N KOH at potentials which are too 
anodic (6,7) for the reduct ion of Cd(OH)2. The small 
waves  are a t t r ibuted to the cathodic reduct ion of the 
thin layer. Ohse (7) s imilar ly concluded on the basis 
of three  potent ial  plateaus dur ing in te rmi t ten t  catho- 
dic charging curves that CdO is reduced. The reduc-  
tion of the thin film and the anodic format ion of the 
thick layer  overlap between 0.065 and 0.02v dur ing the 
cathodic sweep. The height  of the small  w a v e  de- 
creases wi th  increasing KOH concentrat ion because 
the production of the thick layer  becomes more favor -  
able. The small wave  is absent in the I -U curve  of 
Fig. 2 because the thickness of the layer  was not yet  
close to the l imit ing thickness at the moment  of the 
sweep reversal .  F ina l ly  the thick layer  is reduced in 
the range 0 to --0.4v during the cathodic sweep. 

The anodic charge Qan for the format ion of the thick 
layer  was obtained by integrat ion of the I -U curves 
between about 0.02v and the potential  of reversa l  dur-  
ing the anodic sweep and between the potent ial  of 
reversa l  and about 0.1v during the cathodic sweep. 
The charge Qs for the reduct ion of the CdO film was 
determined approximate ly  by integrat ing the I -U 
curves in 0.2N and IN KOH between  about 0.07 and 
0v. The over lapping of the reduct ion of the thin film 
and of the thick layer  at U ~ 0 prevents  an exact 
de terminat ion  of Qs. It  is difficult to find the charge 
Qcath corresponding to the reduct ion of the thick layer 
dur ing the cathodic sweep. The upper  l imit  of the in-  
tegrat ion is uncertain because of a residual  cathodic 
current  of H2 evolution. The presence of the la t te r  is 
apparent  f rom the anodic sweep between --0.6 and 0v. 
The integrations were  done by the computer.  The 
values of Qan and Qs are compiled for the same po- 
tential  of reversa l  at the end of the anodic sweep in 
Table I. 

The data in Table I demonstra te  an increase of Q a n  

with the KOH concentration. The increase f rom 0.2N 

Table 1. Charges Qan and Qs for a potential of reversal of 0.6v 

0.2N K 0 H  1N K O I I  5N K 0 H  

Qan fn m C / c m ~  44.10 156 215 
Q, in  mC/r  0.88 0.91 - -  
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to 1N KOH is la rger  than that  f rom 1N to 5N KOH. 
It  is not proport ional  to the solubili ty (15) of 
Cd(OH)2 in KOH. The dependence of Qan on the KOH 
concentrat ion is in agreement  with the general  as- 
sumption that  a soluble in termedia te  is involved in 
the format ion of the thick layer. The charge equivalent  
Qs is re la t ive ly  small  and nearly the same in 0.2N and 
1N KOH. It  is est imated on the assumption of a small 
wave  with symmet ry  to the / -ax i s  that  the actual Qs 
values may  be up to twice as large as those in Table 
I. The assumption of the symmet ry  is supported by the 
Cs-U curves a in Fig. 3 and 5 (see next  section). The 
Q~ values correspond to CdO films which consist of 
only a few atomic layers. 

Properties of films on the bas~s of impedance meas- 
urements at 10,000 cps.--The mechanism which was 
proposed on the basis of I-U curves in the preceding 
section is substantiated by the results of the impedance 
measurements  which give informat ion on the semi-  
conducting propert ies of the films and the potent ial  
range of format ion and reduct ion of the CdO layer. 
The capacitance Cs (10,000 cps) in Fig. 3 is near ly  in-  
dependent  of potential  be tween --0.55 and --0.2v. It  is 
a t t r ibuted to the Helmhol tz  double layer  in the solu- 
tion. During the anodic sweep the capacitance de- 
creases in 5N KOH from about 20 to about 3 ~F/cm 2 
be tween 0.06 and 0.1v. This rapid decrease is due to the 
format ion of the thin film whose capacitance is in 
series wi th  and smaller  than the capacitance of the 
Helmhol tz  layer.  Since the capacitance does not 
change much during both the anodic and cathodic 
sweep, it is concluded that  the thin film does not grow 
at U > 0.2v anymore.  The I-U curves demonstra te  a 
considerable increase of the thickness of the total layer  
in the same potential  range. This increase is not re-  
flected by the Cs (10,000 cps ) -U  curve. During the 
cathodic sweep the capacitance Cs (10,000 cps) in-  
creases rapidly be tween  0.05 and --0.05v in Fig. 3 and 
5. This is in the potential  range where  the thin film is 
reduced. The Cs values between --0.05 and --0.3v dif-  
fer only slightly f rom those be tween --0.3 and --0.7v 
(curve a in Fig. 3 and 5). It may be concluded again 
that  the thick layer  does not affect C~ (10,000 cps) 
much since its reduct ion occurs be tween 0 and --0.3v 
during the cathodic sweep. This can be explained by a 
porous or more highly conducting structure. Similar  
conclusions fol low from curve a in Fig. 4. The fo rma-  
tion of the thin layer  is reflected by a tenfold increase 
of Rs be tween 0.05 and 0.1v during the anodic sweep, 
resul t ing f rom its semiconducting properties.  The con- 
t inued format ion of the thick layer  be tween 0.1 and 
0.6v has only a slight influence on Rs (10,000 cps). 
The ohmic component  drops to a small va lue  be tween 
0.05 and --0.05v where  the thin film is reduced during 
the cathodic sweep. The reduct ion of the thick layer  
between 0 and --0.3v during the cathodic sweep does 
not affect Rs (10,000 cps). The flat min imum of curve  
a between --0.4v and 0 is a t t r ibuted to an additional 
effect discussed below. 

Faradaic pseudocapacitance.--The conclusions in the 
preceding section were  drawn on the basis of im-  
pedance measurements  at 10,000 cps. The Cs-U curves 
at 1000 and 100 cps in Fig. 3 and 5 and the correspond-  
ing Rs-U curves in Fig. 4 confirm the previous deduc-  
tions in general. However ,  they do not allow the de- 
terminat ion of the potential  ranges o f  formation and 
reduct ion of the thin layer  because of the presence of 
pseudocapacitances originat ing f rom electrochemical  
processes. 

The Cs-U curves b and c in Fig. 3 and 5 and the 
curve in Fig. 6 demonstra te  an increase of Cs with U 
between a b o u t - - 0 . 3 v  and 0 during the anodic sweep. 
This increase is too large to result  f rom changes in the 

s t ructure  of the Helmholtz  layer. It becomes larger  
wi th  the KOH concentrat ion and depends on f re-  
quency. Since the format ion of phase hydroxide  or 
oxide is not possible in the said potential  range, the 
capacitance increase is a t t r ibuted to the reaction: 

O H -  : OHad Jr e [5] 

Here OHad represents  adsorbed OH radicals. The ad- 
sorption of OH radicals was postulated in the oxida-  
tion mechanism given in ref. (10). It had been as- 
sumed (16) to be the p r imary  process in the oxidation 
of several metals. 

It is conceivable that the pseudocapacitance be- 
tween 0 and 0.7v during the anodic sweep (curves c 
in Fig. 3 and 5) is also due to reaction [5] which may 
constitute the first step in the Cd(OH)2 formation. 
Reaction [5] may be responsible for the arrest ob- 
served by Ohse (7) in potential decay curves after 
cathodic polarization. A more detailed study of the 
frequency dependence of reaction [5] is planned. 

Oxidation at constant petential.--The large value  of 
Cs after  10 sec dur ing the oxidation at 0.02v in Fig. 7 
is a t t r ibuted to the faradaic pseudocapacitance of re-  
action [5]. The pseudocapacitance decreases slowly 
with t ime because parts of the surface become blocked 
with patches of Cd(OH)2.  The inhomogeneous growth 
of the layer formed at U < 0.1v could be confirmed 
by visual  observations of the surface of electrodes 
which were  removed from the electrolyte  at constant 
potentials af ter  some t ime of oxidation. The lat ter  ob- 
servation is in agreement  wi th  the corresponding re -  
sults in ref. (9). The Cs values after  10 sec of oxida-  
tion become smaller  with increasing potent ial  because 
the initial ra te  of oxidation at constant potential  in-  
creases, leading to a rapid blocking of the surface. At  
U --~ 0.1v, the values of Cs after  10 sec are close to 
those of the thin layer  observed dur ing the anodic 
sweep (see Fig. 3 and 5). The above results are in 
agreement  wi th  the preceding results obtained by 
vol tammetr ic  measurements .  
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The Kinetics and Mechanism of Oxidation of 
Superpurity Aluminum in Dry Oxygen 

I. Apparatus Description and the Growth of "Amorphous" Oxide 

M. J. Dignam, W. R. Fawcett, 1 and H. Bi~hni 2 

Department of Chemistry, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

A vacuum microbalance and furnace assembly was constructed and em-  
ployed to determine  the growth kinetics of oxide films on aluminum. Using 
electropolished foil samples of geometr ic  area 80 cm 2, and making  corrections 
for spurious weight  changes arising f rom the rmal  diffusion effects, film 
thickness changes as small  as 0.3A could be re l iably detected. In addit ion to 
kinetic data, the s t ructure  of representa t ive  oxide films was examined by 
electron microscopy. It  was found that  only "amorphous"  oxide grew for 
about the first 10 hr at 454~ and for shorter  periods at  478 ~ and 505~ the 
weight  gain data being in good accord with  an equat ion similar to that  pro-  
posed by Mort and Cabrera  for the growth of ve ry  thin oxide films, an ap- 
proximate  integrated form of which is sometimes re fe r red  to as the inverse 
logar i thmic equation. The data could not be represented satisfactori ly by 
ei ther  a parabolic oxidat ion law or a direct  logari thmic law. 

The kinetics of the oxidation of a luminum at high 
tempera tures  has been the subject  of a number  of ex-  
per imenta l  investigations in the past twenty  years 
(1-6). In these exper iments  it has been common to 
fol low the react ion kinetics by measur ing the weight  
gain of a superpur i ty  meta l  sample. The re levance  of 
this type of dat~ depends on the method of surface 
prepara t ion (6), and indeed, mechanical  surface prep-  
arations have been shown to lead to anomalous re-  
sults in the case of a luminum (5). Other  invest igators  
have  studied the morphology of the growing oxide 
(6-11), the main observat ion being that  crystal l ine 
7-a lumina (defect spinel s t ructure)  nucleates  beneath 
the continuous "amorphous"  film at oxidation t emper -  
a ture  in excess of about 450~ 

In the present  invest igat ion weight  gain data were  
obtained in the t empera tu re  range 454~176 for 
superpur i ty  a luminum samples whose surfaces had 
been prepared  by electropolishing. This technique, 
ra ther  than chemical  polishing, was selected because 
of the excel lent  success obtained wi th  it  in this labo- 
ratory,  both in the fields of anodic and the rmal  oxi-  
dation. In addition, representa t ive  oxide films were  
removed from oxidized samples and examined by 
electron microscopy. In the present  paper  the appa-  
ratus and exper imenta l  technique are described. Re-  
sults for the growth of the continuous amorphous 
oxide film which forms exclusively for a period of 
about 10 hr  at 454~ and for shorter  periods at 478 ~ 
and 505~ are presented.  

The mechanism and kinetics of growth of the -y-alu- 
mina crystall i tes are considered in detail  in Pa r t  II 
of this paper. 

Experimental 
Apparatus.--The apparatus used consisted princi-  

pal ly of a recording vacuum microbalance,  Sartorius 
Model Electrono I, in conjunction with  a meta l  high 
vacuum system and quartz tubular  furnace (see Fig. 
1). The quartz  tube was sealed into the system wi th  
O'rings housed in the meta l  heads H2 and H3. The 
sample, ini t ia l ly  suspended f rom the end of rod R in 
a cooled section of the apparatus below the furnace, 
could be t ransferred into the furnace by raising R. 
The rod was sealed into the system by a double O' r ing  
seal effected with  specially constructed Teflon O'rings 
in housing H1, and thus the t ransfer  operat ion could 

1 Present  address:  Depa r tmen t  of Chemistry,  Univers i ty  of Bristol, 
Bristol, England.  

2 P r e s e n t  addres s :  EidgenSssische Technische I-Iochscule, Ztirich, 
Switzerland.  

be carr ied out ei ther under  vacuum or control led at-  
mosphere conditions. 

Two metal  bellows, B1 and B2, were  incorporated to 
help isolate the balance f rom vibrat ions and to faci l i tate 
horizontal  movement  of the balance, necessary in order 
to t ransfer  the sample from the rod to the balance arm. 
This operat ion was v iewed through a glass window in-  
corporated in the meta l  connector C. The sample w a s  
introduced by removing  plate  P2, which was nor-  
mal ly  sealed to plate P1 by an O'r ing seal. Gases 
could be introduced through valves  V2, V3, and V4. 
The pumping system consisted of a three-s tage  oil 
diffusion pump backed by a ro tary  pump. With this 
system an ul t imate  vacuum of l x l 0  -6 Torr  could be 
obtained. The section of meta l  tubing paral le l  to the 
furnace was included in the system to provide  a con- 
vect ive  cycling path in which gases could be rapidly 
mixed  during addition of one gas to another.  Valve  V1 
provided a means of closing this path  dur ing oxida-  

~CE 

TO DIFFUSII 
PUMI 

TO ROT 
PU~ 

P2 

Fig. I. Schematic diagram of vacuum microbalance and furnace 
assembly. 
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t i o n  e x p e r i m e n t s .  A n  i o n i z a t i o n  g a u g e  w i t h  a cold  
c a t h o d e  h e a d  (G1) w a s  u sed  to m e a s u r e  p r e s s u r e s  in  
t h e  r a n g e  l x l 0  -7  to  2.5x10 -2  Tor r .  P r e s s u r e s  in  t h e  
r a n g e  0-22 T o r r  w e r e  m e a s u r e d  on  g a u g e  G2. 

T h e  e l e c t r i c a l  t u b u l a r  f u r n a c e ,  a b o u t  2 f t  l ong  a n d  
2 in.  ID, c o n t a i n e d  t h r e e  w i n d i n g s ;  a c e n t r a l  w i n d i n g  
16 in. l ong  a n d  tw o  e n d  w i n d i n g s ,  e a c h  4 in.  long.  T h e  
p o w e r  i n p u t  to e a c h  w a s  d e l i v e r e d  b y  a s e p a r a t e  c o n -  
t r o l l e r  i n  o r d e r  to m i n i m i z e  t h e r m a l  e n d  effects.  T h e  
c e n t r a l  c o n t r o l l e r  w as  a t h y r a t r o n  p r o p o r t i o n a l  c o n -  
t r o l l e r  s i m i l a r  to one  d e s c r i b e d  b y  B e n e d i c t  (12) ,  
b u t  mod i f i ed  to d e l i v e r  l a r g e r  c u r r e n t s .  T h e  s e n s i n g  
e l e m e n t  was  a 100 o h m s  (0~ p l a t i n u m  re s i s t ance .  
T h e  e n d  w i n d i n g s  w e r e  c o n t r o l l e d  b y  t w o  " A c r o -  
R e l a y s "  ( M o d e l  301 b y  A c r o m a g  Inc . ) ,  also e m p l o y i n g  
a p l a t i n u m  r e s i s t a n c e  as s e n s i n g  e l e m e n t .  E a c h  r e l a y  
c o n t r o l l e d  o n l y  a p o r t i o n  of t h e  p o w e r ,  t h i s  p o r t i o n  
b e i n g  a d j u s t e d  to m i n i m i z e  t e m p e r a t u r e  f luc tua t ions .  
W i t h  t h e  a b o v e  s y s t em ,  t h e  t e m p e r a t u r e  in  t h e  s a m -  
p l e  r eg ion ,  a b o u t  6 in.  long,  w a s  u n i f o r m  to w i t h i n  
_ 0.I~ c o n t a i n e d  n o  m e a s u r a b l e  r ipp le ,  ( 2  0.01~ 
a n d  w a s  c o n s t a n t  to a f r a c t i o n  of a d e g r e e  fo r  l o n g  
p e r i o d s  of t ime .  T h e  t e m p e r a t u r e  c o n t r o l l e r s  h a v e  
b e e n  d e s c r i b e d  in  d e t a i l  e l s e w h e r e  (13) .  A r e s i s t a n c e  
t h e r m o m e t e r ,  m o u n t e d  in  a h o l l o w  t u b e  w h i c h  cou ld  
r e p l a c e  t h e  r o d  R, a l l o w e d  t h e  t e m p e r a t u r e  of t h e  
f u r n a c e  to be  m e a s u r e d  a t  v a r i o u s  pos i t i ons  u n d e r  
c o n t r o l l e d  a t m o s p h e r e  cond i t ions .  T h e  o p t i m u m  c o n -  
t r o l  c o n d i t i o n s  for  e a c h  t e m p e r a t u r e  a n d  t h e  r e s u l t -  
i ng  t e m p e r a t u r e  prof i le  w e r e  t h u s  o b t a i n e d .  

T h e  a u t o m a t i c  m i c r o b a l a n c e  w h e n  o p e r a t e d  on  i ts  
m o s t  s e n s i t i v e  sca le  h a d  a s e n s i t i v i t y  of b e t t e r  t h a n  
1 ~g a n d  a f u l l - s c a l e  de f l ec t ion  of 100 ~g. D i f f e r ences  
in  w e i g h t  of u p  to 5 m g  b e t w e e n  t h e  t w o  b a l a n c e  
a r m s  cou ld  b e  c o m p e n s a t e d  b y  c h a n g i n g  t h e  t e n s i o n  
on  t h e  t o r s i o n  w i r e  o n  w h i c h  t h e  b a l a n c e  b e a m  w a s  
s u s p e n d e d .  Thus ,  d u r i n g  a n  e x p e r i m e n t ,  c h a n g e s  in  
w e i g h t  cou ld  b e  f o l l o w e d  c o n t i n u o u s l y  on  t he  m o s t  
s e n s i t i v e  scale.  

Materials.--Specimens w e r e  p r e p a r e d  f r o m  99.996% 
a l u m i n u m  foi l  ( R e p u b l i c  A l u m i n u m  Foi l  C o m p a n y )  
of t h i c k n e s s  7.6 x 10 -3  cm. S t r i p s  of fo i l  33 x 1.6 cm 
w e r e  e l e c t r o p o l i s h e d  in  one  p a r t  b y  v o l u m e  of 70% 
p e r c h l o r i c  ac id  to f ive p a r t s  of e t h a n o l .  T h e  e l e c t r o -  
p o l i s h i n g  ce l l  w a s  d e s i g n e d  so t h a t ,  w h e n  t h e  foi l  
s a m p l e  w a s  c l a m p e d  in to  pos i t ion ,  i ts  s u r f a c e s  w e r e  
p a r a l l e l  to  t h o s e  of t w o  n i c k e l  ca thodes .  T h e  e l ec -  
t r o l y t e  was  c i r c u l a t e d  t h r o u g h  t h e  ce l l  a n d  a h e a t  
e x c h a n g e r  in  series ,  t h e  l a t t e r  m a i n t a i n i n g  t h e  e l ec -  
t r o l y t e  t e m p e r a t u r e  b e t w e e n  18 ~ a n d  22~ T h e  spec i -  
m e n s  w e r e  e l e c t r o p o l i s h e d  for  3 m i n  a t  23v, t h e  c u r -  
r e n t  d e n s i t y  b e i n g  i n i t i a l l y  1.5 a m p  cm - 2  b u t  f a l l i n g  
to a b o u t  0.6 a m p  cm -2  w i t h i n  a m i n u t e .  A f t e r  p o l i s h -  
ing,  t h e  s a m p l e  w a s  g i v e n  a n  i m m e d i a t e  p r e l i m i n a r y  
r i n s e  in  a b s o l u t e  e t h a n o l ,  t h e n  r i n s e d  t h o r o u g h l y  u n -  
d e r  a s t r e a m  of d i s t i l l ed  w a t e r  fo r  3 min ,  a n d  f ina l ly  
d r i e d  i n  a b l a s t  of a i r .  I t  w as  t h e n  r e m o v e d  f r o m  t h e  
ce l l  c l a m p i n g  device ,  a n d  t h e  s e v e r a l  c e n t i m e t e r s  a t  
e a c h  e n d  w h e r e  i t  h a d  b e e n  c l a m p e d  w e r e  cu t  off, 
l e a v i n g  a s p e c i m e n  w i t h  a g e o m e t r i c  s u r f a c e  a r e a  of 
a b o u t  80 c m  2. T h e  p o l i s h e d  s a m p l e s  w e r e  s t o r e d  in  
a d e s i c c a t o r  o v e r  a n h y d r o u s  c a l c i u m  su l fa te .  

C o m m e r c i a l  t a n k  g r a d e  o x y g e n  (99.6% p u r i t y )  w a s  
pu r i f i ed  b y  d i s t i l l a t i o n  f r o m  a l i q u i d  n i t r o g e n  t r ap ,  
t h e  i n i t i a l  a n d  f ina l  f r a c t i o n s  b e i n g  d i sca rded .  T h e  
m i d d l e  f r a c t i o n  w a s  s t o r e d  in  a g lass  b u l b  c o n n e c t e d  
to t h e  h i g h  v a c u u m  s y s t e m .  

A r g o n  (99.998% p u r e ,  f r o m  M a t h e s o n  C o m p a n y  of 
C a n a d a )  w h i c h  w a s  u s e d  to i n h i b i t  o x i d a t i o n  of t h e  
s p e c i m e n  as  i t  w a s  b e i n g  h e a t e d  to t h e  d e s i r e d  ox i -  
d a t i o n  t e m p e r a t u r e  w as  f u r t h e r  pu r i f i ed  b y  b u b b l i n g  
i t  t h r o u g h  m o l t e n  s o d i u m  a n d  w a s  s t o r e d  as above .  

Experimental procedure.--An e l e c t r o p o l i s h e d  s a m p l e  
was  p l a c e d  o n  a p l a t i n u m  f r a m e  s u s p e n d e d  b y  a p l a t -  
i n u m  w i r e  f r o m  t h e  e n d  of r o d  R a n d  t h e n  d r a w n  
in to  t h e  w a t e r - c o o l e d  c o m p a r t m e n t  b e l o w  t h e  f u r -  
nace.  T h e  s y s t e m  w a s  e v a c u a t e d  fo r  a b o u t  8 h r  w i t h  
t h e  f u r n a c e  a t  t h e  d e s i r e d  t e m p e r a t u r e ,  t h e  u l t i m a t e  
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Fig. 2. Apparent weight gain data for "blank" oxidation run at 
454~ 

v a c u u m  a c h i e v e d  b e i n g  b e t t e r  t h a n  10 -5  Tor r .  P u r i f i e d  
a r g o n  w a s  t h e n  i n t r o d u c e d  to a p r e s s u r e  of 9 Tor r ,  
t h e  s p e c i m e n  was  r a i s e d  in to  t h e  f u r n a c e ,  a n d  t he  
s a m p l e  s u s p e n s i o n  s y s t e m  was  t r a n s f e r r e d  to t h e  a r m  
of t h e  m i c r o b a l a n c e .  T h e  b a l a n c e  w a s  t h e n  t u r n e d  on, 
a n d  t h e  t o r s i o n  w i r e  a d j u s t e d  to g ive  a s m a l l  d i s p l a c e -  
m e n t  f r o m  ze ro  on  t h e  m o s t  s e n s i t i v e  scale.  A f t e r  
a l l o w i n g  10 m i n  for  t he  s a m p l e  to a c h i e v e  t h e r m a l  
e q u i l i b r i u m ,  o x y g e n  was  i n t r o d u c e d  u n t i l  t h e  t o t a l  
p r e s s u r e  was  10 Tor r .  D u r i n g  t h i s  o p e r a t i o n ,  v a l v e  
V1 w a s  o p e n e d  in  o r d e r  to g u a r a n t e e  t h o r o u g h  m i x i n g  
of t h e  gases.  A f t e r  c los ing  v a l v e  V1, a b o u t  30 sec w e r e  
r e q u i r e d  fo r  t h e  b a l a n c e  to s e t t l e  down.  A c o n t i n u o u s  
r e c o r d  of w e i g h t  w a s  t h e n  o b t a i n e d .  T h e  w e i g h t  
c h a n g e s  w e r e  r e a d  f r o m  t h e  r e c o r d e r  c h a r t  to  t he  
n e a r e s t  0.2 ~g. 

W h e n  t h e  r a t e  of w e i g h t  g a i n  h a d  f a l l e n  to a 
n e g l i g i b l y  s m a l l  va lue ,  t h e  s y s t e m  w a s  e v a c u a t e d  a n d  
a r g o n  a n d  o x y g e n  i n t r o d u c e d  as before .  S u c h  " b l a n k "  
o x i d a t i o n  r u n s  p r o v i d e d  t h e  d a t a  n e c e s s a r y  to c o r r e c t  
for  c h a n g e s  i n  c o n v e c t i v e  a n d  b u o y a n c y  fo rces  a r i s i n g  
in  t h e  f i rs t  i n s t a n c e  w h e n  o x y g e n  was  i n t r o d u c e d ,  a n d  
t h e n  as a r e s u l t  of t h e  d i f fus ive  s e p a r a t i o n  of t h e  
gases  in  t h e  t h e r m a l  g r a d i e n t s  a t  t h e  f u r n a c e  e n d s  
( S o r e t  e f fec t ) .  A t  454~ (see  Fig.  2) t h e  b l a n k  r u n s  
i n d i c a t e  a n  a p p a r e n t  w e i g h t  i n c r e a s e  of  0.036 ~g 
c m  -2  a t  50 sec, i n c r e a s i n g  to a m a x i m u m  of 0.048 
~g c m  -2  a t  200 sec, a n d  t h e n  f a l l i n g  to a l i m i t i n g  
v a l u e  of 0.022 ~g cm -2  for  t i m e s  of 1200 sec or  g r ea t e r .  
T h e  effect,  a l t h o u g h  s i m i l a r  a t  t h e  o t h e r  t e m p e r a t u r e s ,  
d i f f e red  in  de ta i l ,  t h e  m a x i m u m  a p p a r e n t  w e i g h t  i n -  
c r ease  o c c u r r i n g  a t  601~ w h e r e  i t  r e a c h e d  a v a l u e  
of 0.077 ~g c m  -2. P r e l i m i n a r y  r u n s  u s i n g  h e l i u m  as 
t h e  i n e r t  gas  g a v e  r i se  to  v e r y  m u c h  l a r g e r  a p p a r e n t  
w e i g h t  i nc reases ,  as e x p e c t e d ,  s ince  t h e  d i f f e r e n c e  in  
d i f fus ion  r a t e  b e t w e e n  h e l i u m  a n d  o x y g e n  is v e r y  
m u c h  l a r g e r  t h a n  t h a t  b e t w e e n  a r g o n  a n d  oxygen .  To 
k e e p  t h i s  a p p a r e n t  w e i g h t  effect  s m a l l  a n d  r e p r o d u c -  
i b l e  i t  w a s  n e c e s s a r y  to h a v e  a v e r y  u n i f o r m  t e m p e r a -  
t u r e  zone  in  t h e  n e i g h b o r h o o d  of t h e  s p e c i m e n ,  w o r k  
a t  low t o t a l  p r e s s u r e s ,  u se  a n  i n e r t  gas  close in  m o -  
l e c u l a r  w e i g h t  to  t h a t  of oxygen ,  a n d  h a v e  one  of 
t h e  c o m p o n e n t  gases  p r e s e n t  in  c o n s i d e r a b l e  excess.  
O n  t h e  o t h e r  h a n d ,  too low a t o t a l  p r e s s u r e  l eads  to 
insu f f i c i en t  d a m p i n g  of t h e  p e n d u l u m  m o t i o n  o f  t h e  
s p e c i m e n  s u s p e n s i o n  s y s t e m  a n d  h e n c e  to e r r a t i c  b a l -  
a n c e  p e r f o r m a n c e .  T h e  p r o c e d u r e  d e s c r i b e d  was  
e v o l v e d  w i t h  t h e s e  c o n s i d e r a t i o n s  in  m i n d .  

T h e  q u e s t i o n  a r i s e s  as to  w h e t h e r  or  no t  t h e  p r o -  
c e d u r e  o u t l i n e d  a b o v e  r e p r e s e n t s  a s a t i s f a c t o r y  one  
in relation to sorbed impurities present prior "to ini- 
tiating oxidation. The surface was, of course, far 
from clean, in that at the very least there was an 
oxide film some 25A in thickness. In a number of 
previous studies, however, extensive outgassing of 
the sample at the oxidation temperature was carried 
out before initiating oxidation. It is in this connection 
that we raise the issue. 

The outgassing of the sample at room temperature 
should remove loosely bound or physically adsorbed 



658 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

surface impurities,  the most important  of these being 
water.  On bringing the sample to temperature ,  the 
remaining  sorbed water  and oxygen will  e i ther  desorb 
f rom the surface or react  wi th  the metal  to form new 
film. This process will  probably be completed within 
a few seconds, and cer ta inly in far  less than 10 min. 
Clear ly  no amount  of vacuum outgassing will  remove 
this newly formed film. Prolonged t rea tment  in vacua 
at high tempera tures  would therefore  appear to be 
ineffective against react ive contaminants.  On the other 
hand, such t rea tment  will  provide ample opportuni ty  
for extensive reaction with residual gases, and at a 
t empera ture  where  the reaction rates will  be high. 
To be effective, therefore,  outgassing must  be carried 
out in ul t rahigh vacuum (~10 -1~ Torr) .  The present  
procedure of introducing the sample into the hot 
furnace in purified argon, ra ther  than in vacua, was 
used in order to minimize surface contaminat ion by 
reducing the rate  of diffusion of the residual  gases 
to the sample. Using this procedure,  there  was no 
observable change in weight  during the several  min-  
utes prior  to introducing oxygen. 

The extensive outgassing observed in the case of 
metal lographical ly  polished meta l  (2) is to be ex-  
pected since the mechanical  polishing action is bound 
to lead to the formation of pockets of air and /o r  
polishing lubricant  in the surface region of the metal.  

An electron micrographic  examinat ion of the oxide 
films formed was under taken  for selected specimens. 
The films were  isolated by dissolving the meta l  in a 
solution of 2% bromine in methanol.  

Experimental results.--The apparent  weight  of a 
superpur i ty  a luminum specimen as a function of t ime 
was read f rom the recorder  chart, the initial weight  
being taken as the recorded weight  in argon prior 
to introducing the oxygen. Then the correction due to 
thermal  diffusion and change in buoyancy was sub- 
tracted from the apparent  weight  gain readings. The 
resul t ing corrected weight  gain data for typical runs 
at 454 ~ 478 ~ 505 ~ and 530~ are presented in Fig. 3. 
The geometric area was used in calculating the weight  
gain per unit  area. 

Typical  e lectron micrographs and diffraction pat-  
terns for films formed at different tempera tures  and 
after different periods of t ime are shown in Fig. 4. 
The results, which are in accord with previous studies, 
may be summarized as follows. At 454~ for oxida-  
tion periods below about 10 hr  the film consists pr i -  
mar i ly  of amorphous alumina, the diffraction pat tern  
being similar to that  found for anodically formed 
oxide on aluminum. Af ter  prolonged oxidation at 
454~ and following re la t ive ly  short oxidation periods 
at the higher  temperatures,  a diffraction pat tern char-  
acteristic of a cubic s t ructure  of lattice constant 7.9A 
is evident, presumably  indicating the presence of 
crystal l ine -y-alumina. At the same time, the t rans-  
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Fig. 4. Typical electron microgmphs and diffraction patterns. 
(Magnification 24500 before reduction for publication) Top, oxidized 
at 454~ for 6 and 16 hr, respectively; center, oxidized at 454~ 
for 24 hr; bottom, oxidized at 601~ for about 2 hr. 

mission micrographs show dark areas of the order of 
a few thousand angstroms across, presumably  crys- 
talli tes of -y-alumina much thicker  than the back-  
ground amorphous film, ve ry  similar to that  reported 
previously by one of us (6). The diameter  of the 
crystall i tes is observed to increase wi th  oxidation 
period until  the entire film consists of close packed 
crystallites. Al though dependent  on metal  grain ori-  
entation, the number  density of these crystall i tes does 
not appear to change appreciably ei ther wi th  oxida-  
tion tempera ture  or oxidation period. 

Discussion of  Results 
From Fig. 3 it is seen that the kinetic characterist ics 

of the oxidation process at 454~ change at about 
10.5 hr. In the initial period the rate  of weight  gain 
steadily decreases with time, whereas  in the second 
period it begins to increase slowly. The kinetic data 
in the initial period are characteris t ic  of the growth 
of a protect ive oxide film and correspond to the th ick-  
ening of the init ial ly present  "amorphous"  film. The 
point of inflection is no doubt re la ted to the onset of 
appreciable growth of crystal l ine oxide. Doher ty  and 
Davis (11) observed that  crystall i tes of w-alumina 
were  nucleated at the surface between meta l  and 
amorphous oxide and grew down into the meta l  by 
diffusion of oxygen from the ox ide-oxygen  interface. 
Thus the onset of this process should be accompanied 
by an increase in the rate  of oxidation over  that  due 
to the growth of the amorphous film alone, as ob- 
served. 

The weight  gain data for 478 ~ and 505~ (Fig. 3) 
show the same features as those for 454~ the onset 
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of growth of crystal l ine oxide, however ,  occurring 
very  much sooner. At 530~ and above, the growth 
of crystal l ine oxide appears to commence at essentially 
t ime zero. An analysis of the kinetics of the growth 
of the amorphous film by the method of weight  gain 
is therefore  not possible for tempera tures  much in 
excess of 500~ Data for the growth of the amor-  
phous film at tempera tures  of 450~ and below have  
been presented  previously (6) and wil l  u l t imately  be 
discussed wi th  the present  data. 

The growth  of crystal l ine oxide commences at a 
lower value  for the total  weight  gain as the t emper -  
a ture  is increased above 450~ The data at 450~ 
accordingly represents  the most extensive data insofar 
as the growth of the amorphous film is concerned. 
These data  were  therefore  used to de termine  the 
funct ional  form of the kinetics, i.e., parabolic, log- 
arithmic, etc. The data for the higher  tempera tures  
enable an act ivat ion energy to be calculated once the 
funct ional  form is known, and provide a somewhat  
insensi t ive test of the funct ional  form itself. We shall 
proceed first wi th  an analysis of the data for 454~ 

Data for 454~ electron micrographic  data in-  
dicate that  the amorphous film grows as a compact, 
adherent  film of uniform thickness, we shall l imit  our 
considerat ion to the fol lowing ra te  laws: the parabolic 
law; the direct  logari thmic law; and the Mot t -Cabrera  
ra te  law for the growth of thin oxide films (14), an 
approximate  in tegrated form of which is commonly 
re fe r red  to as the inverse  logari thmic law. 

Al though other  forms of rate  law have been justified 
on theoret ical  grounds, they are for one reason or 
another  clearly not re levant  to the present  case and 
hence wilI  not be considered. As the data are ul t i -  
mate ly  shown to be in accord with  an equation of 
the form of that  proposed by Mott and Cabrera, their  
theory and the resul t ing rate  law wil l  be considered 
first. 

Mort and Cabrera  assumed that, for oxide films of 
thickness substantial ly less than the characterist ic 
space charge length for the oxide, the rate  would be 
controlled by ion t ransport  across the film under  the 
influence of a homogeneous field established by the 
equi l ibrat ion of electrons be tween the meta l  and sur-  
face levels  associated wi th  chemisorbed oxygen mol-  
cules or atoms. They fur ther  assumed that  the 
potential,  V, across the film, giving rise to the homo-  
geneous field, was independent  of both film thickness 
and temperature .  Al though Grimley 's  (15) theoret ical  
t rea tment  does indicate an insignificant dependence 
of V on film thickness, the val idi ty  of the assumption 
regarding the t empera tu re  dependence is somewhat  
less certain. We shall  proceed, nevertheless,  on this 
assumption. Mott and Cabrera  fur ther  assumed that  
the ra te-cont ro l l ing  process for ve ry  thin films, for 
which the homogeneous field would be very  large, 
was the t ransport  of cations across the meta l -ox ide  
interface. However ,  the same form of equat ion is 
obtained regardless  of where  the ra te-cont ro l l ing  ion 
t ransport  step occurs. As the thickness of the amor-  
phous oxide film on a lumina has been shown prev i -  
ously to be independent  of the crystalographic ori-  
entation of the meta l  surface (6), we shall assume, 
in the present  instance, the ra te-cont ro l l ing  ion t rans-  
port  process to be t ransport  wi th in  the film. This 
assumption has the fur ther  advantage that  a single 
equation will  represent  both the " thin film," and the 
"very  thin film" cases discussed by Mott and Cabrera  
(14). 

Employing the above assumptions, the ra te  equa-  
tion is der ived in the fol lowing manner .  According to 
Mott and Gurney 's  theory of conduction in solids (16) 
the most general  expression for the velocity, v, of a 
charged mobile  point defect due to an electrostatic 
field, E, is the fol lowing 

v = 2~a exp (--U/kT) sinh ( /z*E �9 - - k - ~  / [ 1 ]  k 
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where  U is the zero field act ivat ion energy associated 
with movemen t  of the species, ~* the corresponding 
activation distance times the effective charge on the 
species, or the act ivat ion dipole, v is the usual f re-  
quency term, and ~ the distance t rave l led  per act iva-  
tion or the jump distance. Assuming that  the field 
s t rength is sufficiently large that  the contribution to 
ion flux arising f rom concentrat ion gradients  may be 
neglected, the rate  of growth of a film is g iven by 

dX 
- -  = 2A sinh (B/X)  [2] 
dt 

A ~ 9van exp ( - -U/kT) ,  B = (~*EX/kT) = (;~*V/kT) 

where  X is the film thickness at t ime t, n the concen- 
t ra t ion of the mobile  species, 9 the vo lume of oxide 
per cation or anion (depending on whe ther  t ransport  
is cationic or anionic),  and V the potential  drop across 
the film. For  films sufficiently thin such that  X<<B,  
2 sinh (B/X)  may be replaced by exp (B /X)  lead- 
ing to an equat ion identical  in form to that  proposed 
by Mott and Cabrera  for "very  thin films." For  some- 
what  thicker  films such that  X>>B,  but  still th inner  
than the characterist ic space charge length, sinh (B/X)  
may be replaced by B / X  leading to an equat ion iden-  
tical to that  proposed by Mott and Cabrera  for "thin 
films." 

To convert  weight  gain data per unit  area to change 
in film thickness, Bernard  and Cook's (17) value for 
the density of anodieally grown amorphous oxide, 3.17 
g cm -2 was used and the surface roughness factor 
assumed to be unity. On this basis a weight  gain of 
1 ~g cm -2 corresponds to a film thickness increase 
of 66.4A. 

In order to i l lustrate  the calculation procedure  used 
to de termine  the values of A and B in Eq. [2] which 
give the best fit to the data, Eq. [2] is r ewr i t t en  be-  
low in in tegrated form 

f B/x~ 1/2 csch u A 
du = ~ t [3] 

u 2 B 
q~" B/X 

where  Xo is the film thickness at t ime zero, that  is the 
thickness of the film ini t ial ly present  prior to oxida-  
tion. As the precise value of the init ial  film thickness 
is unknown, tr ial  values for Xo were  assumed. Hav-  
ing chosen Xo, the data were  fitted to Eq. [3] by a 
7094 IBM computer  using a nonl inear  least squares 
program. For  each trial  value of Xo, values of A and 
B which minimized S (the root mean square deviat ion 
of the exper imenta l  points f rom the calculated curve) 
and the va lue  of S itself were  determined.  

Values for parameters  A and B were  determined in 
this way for three values of Xo, 20, 25, and 30A. 
These values were  chosen in consideration of exper i -  
menta l  studies of the room tempera tu re  oxidation 
of a luminum (8, 18-20) where  it has been found that  
the l imit ing film thickness achieved in about a day 
is less than 50A and probably lies wi thin  the range 
20-30A. These values, averaged for 5 runs, are given 
in Table I. 

It  can be seen that  B and A vary  considerably more 
rapidly wi th  Xo than does S; that  is the agreement  
be tween the theory and the data is ra ther  insensit ive 
to the choice of Xo. Since a rel iable  exper imenta l  
value  of Xo is not available, the parameters  calculated 
assuming an init ial  thickness of 25A are accepted as 
this value of Xo minimizes S. The choice of this value  

Table I. Kinetic parameters for oxidation of aluminum at 454~ 

- -  1 0 g l o  A ,  
N o ,  A B ,  A A i n  A . s e c - 1  S ,  A 

2 0  9 5 . 2  • 3 . 4  4 . 3 1 0  4-  0 . 0 3 4  0 .27  ~ 0 . 0 8  
25  1 2 9 . 4  ~ 4 . 4  4 , 5 0 9  • 0 . 0 4 5  0 . 2 4  ~ 0 . 0 4  
30  1 6 7 . 4  -~ 5 .9  4 . 7 0 2  ____. 0 . 0 4 9  0 .27  ~ 0 ,07  
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Fig. 5. Weight gain data at 450~ plotted according to the 
parabolic oxidation law for two choices of the parameter to. 

for Xo is, however ,  fur ther  justified later. The solid 
curve  shown in Fig. 3 was calculated using this set 
of parameters .  As can be seen the agreement  be tween 
the data and calculated curve is excellent.  In fact, the 
average standard deviat ion of the exper imenta l  data 
f rom the calculated curve, 0.24A, corresponds to a 
standard deviat ion in the weight  measurements  of only 
0.3 ~g for a sample wi th  an area of 80 cm 2. Since this 
is of the order of the sensit ivity of the balance, we 
may conclude that  no detectable discrepancy exists 
between the data at 454~ and Eq. [2]. 

In Fig. 5, the data for 454~ have been plotted in 
accord wi th  the most general  form of the parabolic 
oxidation law [weight gain vs. (t  -~ to) 1/2] for two 
values of the parameter  to. It is apparent  that  no 
value  for to will  lead to a l inear relat ionship over  
the entire range of the data. It is interest ing to note, 
that  for to = 0.2 hr, the data fall  ve ry  near ly  on two in- 
tersect ing straight  lines. An at tempt  to explain the 
kinetic data in this manner  (i.e., by two independent  
rate  laws with a total of five disposable constants) 
is clearly far  less satisfactory than that  based on 
Eq. [2] and i l lustrates the danger  of applying more  
than one rate  equat ion to a single set of data. The 
l inear  region for  large oxidat ion periods is expected, 
since Eq. [2] reduces to a parabolic law for sufficiently 
large film thickness. 

In Fig. 6, the data for 454~ have been plotted in 
accord wi th  the direct logari thmic oxidation law 
(curve a). Choosing the opt imum value for the pa-  
rameter  to, the data fall  on a good straight  l ine over  
about 3~ of the full  range of weight  increments.  As it  
stands, this fit is substantial ly inferior  to that  obtained 
with  Eq. [2]. The question remains, however ,  as to 

Log ( t + t  o) - Curve b 
- I  

, I 4 ,  0 

| 
- o 
~ o "~ 
~-4  o y  8 ~ 

u o .~ 
- :  ~  o ~ 

"E 3 o.o I ~ -I ~ 

l- A 

e,:_~ I ( ~  I I I I I I I 
---:2 0 "<2 -4 - 6 . 8 F 0  1:2 ):4 1:6 

Log ( t + t , )  - Curve a 

Fig. 6. Weight gain data platted in accord with direct logarithmic 
law: curve a, present data for 454~ curve b, previous data (6) 
for the oxidation of AI -~- 0 .24% Si at 450~ 
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whether  the deviat ion f rom l inear i ty  apparent  for 
high oxidation times (Fig. 6, curve  a) might  not pos- 
sibly arise as a result  of ini t iat ion of growth of crys-  
talli tes of v-alumina.  To test this possibility, weight  
gain data published previously  (6) for the oxidation 
at 450~ of a luminum with  0.24% Si added have  also 
been plotted according to the direct  logari thmic equa-  
tion (Fig. 6, curve  b).  These data were  selected since 
l i t t le or no crystal l ine oxide was found on this alloy 
fol lowing oxidation for 64 hr  at 450~ (6). Fu r the r -  
more, data for this alloy were  indist inguishable f rom 
those for superpur i ty  a luminum in so far  as the ki-  
netics of growth of the amorphous film were  con- 
cerned (6). We see that  these data as we l l  deviate 
f rom the direct logari thmic law, the deviat ion com- 
mencing at about the same value  for (t ~ to) and 
becoming very  large indeed at 64 hr. It  should be 
noted that  Eq. [2] predicts  adherence to a direct  log- 
ar i thmic law to a good approximat ion for a range of 
data corresponding to an increase of about a factor 
of two in the film thickness. 

It  appears that  the fai lure of the direct logari thmic 
law to represent  the full  range of the data cannot be 
a t t r ibuted to growth of crystal l ine film so that  we 
may  conclude not only that  Eq. [2] fits the data at 
454~ with  no deviat ion beyond exper imenta l  scatter, 
but that  no other single rate  law yet  formula ted  does. 

Data Jar 478 ~ and 505~ these temperatures ,  
the fol lowing procedure  was adopted in analyzing the 
data for the growth of the amorphous film. Equat ion 
[3] may  be wr i t ten  in the form 

] ( B / X )  = ( A / B )  (t  + to) [4] 
where  

to = ( B / A )  I ( B / X o )  [5] 
and 

F ~  du [6] 
1/2 cscU u 

I ( z )  = % u2 

or a l te rna t ive ly  as 

l o g [ ] ( B / X )  ] = log( t  + to) + l o g ( A / B )  [7] 

If the data are in accord with  Eq. [2], then B at 
478 ~ and 505~ (or for that  mat te r  any other  t em-  
pera ture)  may be calculated given B at 454~ and 
assuming ~*V independent  of temperature .  Thus B / X  
may be calculated as a function of time, and the re -  
sults plot ted in accord with Eq. [7], i.e., Iog [ f ( B / X ) ]  
vs. log ( t  + to). If the data are in accord wi th  [2], 
then the resul t ing graph wil l  be l inear and of uni t  
slope. The intercept  will  yield an exper imenta l  value  
for A. In plott ing the data according to Eq. [7], an 
est imate of to is used initially, u l t imate ly  being ad-  
justed in accord wi th  Eq. [5] so that  the final plot 
represents  a single pa ramete r  fit, A being the only 
unknown parameter .  Despite the inconvenience asso- 
ciated with Eq. [7] arising f rom the necessity for 
t r ial  and error  ad jus tment  of to, it is p referable  to 
plot the data according to this equat ion ra ther  than 
[4], as the lat ter  leads to crowding of most of the 
points close to the t ime zero intercept.  

The relat ion be tween  Eq. [7] and the so-cal led in-  
verse logari thmic law can easily be found for the case 
B / X  > >  1, since for z > >  1, f (z )  ~ [ e x p ( - - z ) ] / z  2 
so that  Eq. [7] becomes 

- -B  
~- l o g X  2 ~ log (t + to) + l o g ( A . B )  

2.303 X 

For  the present  results, however ,  this equat ion repre-  
sents a poor approximat ion  to Eq. [7]. Accordingly,  ta-  
bles of values of log [f(z)]  were  calculated as follows. 
Noting that  1~ csch u = e - u [ 1 - - e  -~u] - I  = ( e - u  ~ e-3u 

e -5~ . . . .  ) for u > 0, the expression for ] (z )  may  
be wr i t ten  

](z)  = ( l / z )  [E2(z) + E2(3z) + E2(5z) + . . . . . . .  ] [8] 

where  E2 (y) is the second degree exponent ia l  integral,  
tabulated values for which are avai lable (21), and is 
defined as follows 
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Fig. 7. Weight gain data for 478 ~ and 505~ plotted according 
to Eq. [7] ,  i.e., according to the generalized Mott-Cabrera law. 

~1 S~176 e-u ~o~e-yu d~  ~ y 42 du E2 (y) = u~ y 

For z > 1, the series representat ion for f (z )  converges 
very  rapidly, no more than the first few terms being 
required.  Thus tables of the function log [ f (z ) ]  may  
be readi ly  calculated using [8]. 

The data for the ini t ial  period of oxidation at 478 ~ 
and 505~ are plotted in Fig. 7 according to [7] using 
the values of Xo and B(454 ~ giving the best fit at 
454~ (i.e., Xo = 25A, B ---- 129.4 x 727/T). The 
straight lines on the graph are d rawn  with  slope 
unity. It is clear that  all the points shown fall  on 
these lines well  wi th in  exper imenta l  scatter. As one 
goes to oxidation periods greater  than those shown 
in Fig. 7, however ,  the points lie increasingly above 
the line, a resul t  expected fol lowing the onset of 
growth of crystal l ine oxide. 

Analysis of previous data far 250 ~ 350 ~ and 450~ 
- - I n  order to test fur ther  the val idi ty  of Eq. [2] wi th  
regard  to the growth of amorphous oxide on a lumi -  
num, previous data (6) covering the t empera tu re  
range 250~176 was analyzed in the same manner  
as the data at 478 ~ and 505~ Before proceeding with 
the analysis, however ,  a brief discussion of the ex-  
per imenta l  method used to obtain these data is in 
order. A luminum samples were  electropolished, using 
essentially the same procedure as that  employed for 
this investigation, oxidized for the desired period of 
time, then removed from the furnace and their  film 
thickness de termined  by an electrometr ic  method. The 
method involved placing the sample in an electrolytic 
cell and determining the min imum cell overpotential ,  
Vb, requi red  to cause significant ion cur ren t  to flow 
through the oxide film. Provided  tha t  the conduction 
propert ies of all the films are the same, this potential,  
f requent ly  re fe r red  to as the "barr ier  voltage," should 
be a l inear funct ion of the film thickness. In the p re -  
vious paper, evidence was presented which showed 
that  films formed in oxygen at 450 ~ 350 ~ and 250~ 
all had the same conduction properties. A r e - e x a m i n a -  
tion of the data has indicated, however ,  that  this con- 
clusion should be qualified in that  it only applies to 
samples which have been oxidized for  a sufficient 
period of t ime at the tempera ture  in question. Speci-  
fically, it appears that  the oxidation period must  be 
greater  than approximate ly  to before the conduction 
propert ies  become independent  of t empera tu re  and 
time, where  to is given by [5] and is the t ime re-  
quired to form a film of the init ial  thickness at the 
oxidation t empera tu re  in question. This is an interest-  
ing, al though not ent i re ly  surprising, observat ion 
which we shall pursue no fur ther  as a discussion of 
the effect does not bear direct ly on the subject mat te r  
of this paper. 

For  the present  analysis, values of Vb were  obtained 
from Table I of (6) by averaging the results of su- 
perpur i ty  a luminum and superpur i ty  a luminum con- 
taining respect ively  0.2% Ga, 0.01% Fe, 0.53% Mn, 
0.011% Cu, as these alloys gave results indist inguish-  
able f rom those of superpuri ty.  Since all the alloys 
studied previously,  except  the superpur i ty  plus 0.24% 
Si alloy, had formed w-alumina crystal l i tes fo l low- 
ing 16 hr  oxidation at 450~ only the data for this al- 
loy were  used for 16 and 64 hr  at 450~ Except  for 
oxidation periods < to, this alloy also appears to give 
values of Vb indist inguishable f rom those for the 
above ment ioned alloys. 

In Fig. 8, values for Vb for oxidation at 450~ are 
plotted against film thickness values calculated from 
the values for A and B for Xo = 25A deduced f rom the 
present  results. The data  fal l  wi th in  exper imenta l  
error  on a s traight  line, the equat ion for which is 
given by 

X = 15.6 Vb -- 6.9A [9] 

The value of the conversion factor, 15.6 A/v ,  is sub- 
s tant ial ly larger  than that  used previously  (6). For  
the most recent  data re la t ing to the anodic oxidation 
of a luminum (22) and an analysis of the shape of 
the polarization curves used to obtain Vb, a conver-  
sion factor of about 14.4 A / v  may be estimated. This 
would be in accord with the above value  if the elec- 
tropolished samples used for the present  study had a 
roughness factor of (15.6/14.4) ---- 1.08, which is in-  
deed about the expected roughness factor. 

Using Eq. [9], the barr ie r  vol tage data for 350~ 
were  conver ted to film thickness values and the results 
plotted in accord with  Eq. [7], using precisely the 
same procedure as was used in processing the data 
for 478 ~ and 505~ As can be seen in Fig. 9, the 
points lie almost precisely on the straight  line of 
unit  slope. It  should be emphasized again that  this 
represents  a one parameter  fit. If  the ent ire  calcula-  
t ion involved in Fig. 8 and 9 is repeated assuming 
Xo = 20 or 30A, ra ther  than 25A, a significantly poorer  
fit is obtained, lending fur ther  support  to the choice 
Xo ---- 25A. 

k I I i i I I 
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i 30 40 50 60 7O 80 90 ~90 

Fig. 8. Barrier voltage data for oxidation at 450~ reported pre- 
viously (6), plotted against film thickness calculated using the 
oxidation parameters determined in the present investigation. 
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05 I0 1"5 2.0 25 
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Fig. 9. Data reported previously (6) for oxidation at 350~ plotted 
according to Eq. [7] ,  i.e., according to the generalized Mott- 
Cabrera law. 
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Table II. Previously published barrier voltage data (6) converted 
to film thickness using [9] 

(t + to )  
t, h r  h r  Vb, v X, A 

0 0.18~ 25.0 
450~ 0.25 0.43e 2.27 28.3 

1 1.18z 2.46 31.3 
4 4.18 3.25 43.8 

16 16.18 4.44 62.3 
64 64.18 6.09 88.1 

0 6.6 25.0 
350~ 16 22.6 2.03 29.6 

64 70.6 2.70 35.3 
256 262.6 3.31 44.6 

250~ 0 181 25.0 
600 781 2.35 29.7 

Unfortunately,  at 250~ only a single barr ier  voltage 
value corresponds to an oxidation period in excess of 
to, namely  that  for 600 hr. A value for A can never -  
theless be de termined from this single thickness (in 
addition to the t ime zero thickness of 25A) using Eq. 
[7] or [4] as before. The value so determined cannot 
be considered very accurate, however, as the increase 
in film thickness from time zero amounts  to only 
about 5A. 

The re levant  barr ier  voltage values and film thick- 
nesses calculated from [9] are presented in Table II 
along with the actual oxidation period, t, and the ox- 
idation period from bare metal,  t + to. 

Values of log A obtained from Fig. 7 and 9 are 
plotted against reciprocal absolute temperature  in 
Fig. 10, along with the value obtained at 454~ and 
the somewhat questionable value for 250~ The points 
appear to be colinear wi th in  exper imental  error, the 
equation for the l ine being represented by 

A = 2.5x106 exp ( - -1 .60/kT)  A/sec [10] 

Summary 
A careful analysis of precise weight gain data for 

the oxidation of electropolished a luminum foil at 
454~ in dry oxygen shows that the growth of the 
continuous amorphous oxide film may be represented 
accurately (i.e., within  a s tandard deviation of 1/4A) 
by an equation of the form d X / d t  ~ 2Asinh ( B / X )  
where A and B are constants under  isothermal condi- 
tions. The same data cannot be represented even ap- 
proximately  by a parabolic law except in the final 
stages of growth when the above equation reduces ap- 
proximately  to parabolic form. A direct logarithmic 
equation represents the data well for the ini t ial  period 
of oxidation, but  for long oxidation periods significant 
deviation from this law is apparent.  Once again such 
behavior  is expected for data in  accord with the 
above equation since for a l imited range of film thick- 
ness, and for B / X  > >  1, it reduces approximately to 
a direct logarithmic equation. 

Analysis of data for 478 ~ and 505~ along with 
previously published data for 250 ~ and 350~ showed 
agreement  with the above equation with the temper-  
ature dependence of A and B given by 

B = ~ * V / k T ,  ~*V ~ 8.2 e A V  

A = Aoexp ( - - Q / k T )  , Ao = 2.5x 10~ A.sec -1 
Q = 1.6ev 

The extent  of the data at temperatures  other than  
454~ was insufficient to verify the inverse temper-  
ature dependence of B. 

Significant growth of crystallites of v -a lumina  ox- 
ide, as evidenced by the init ial  inflection point in the 

I I I I I I I 

1"2 1'3 I-4 I-5 1'6 1"7 I-S 1'9 2'0 

Fig. 10. Temperature dependence of the parameter A 

weight gain curve, began after oxidation periods of 
about 12 hr at 454~ 2 hr  at 478~ 1 hr at 505~ 
and wi th in  less than 0.1 hr at 530~ The induct ion 
period for growth of crystal l ine oxide is undoubtedly  
a function of the ini t ial  film thickness, Xo, as well as 
oxidation temperature  (1). 

Manuscript  received Nov. 12, 1965; revised m a n u -  
script received Apri l  18, 1966. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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The Kinetics and Mechanism of Oxidation of 
Superpurity Aluminum in Dry Oxygen 

II. The Growth of Crystallites of ~-Alumina 

M. J. Dignam and W. R. Fawcett ~ 
Department of Chemistry, University of Toronto, To~onto, Ontario, Canada 

ABSTRACT 

Weight  gain data for the oxidation of electropolished a luminum in the 
tempera ture  range 475 ~ to 600~ are presented and analyzed in terms of the 
fol lowing model. The 7-a lumina  crystallites, which nucleate  beneath the 
amorphous oxide film, are assumed to achieve a te rminal  thickness rapidly, 
fol lowing which only radial  growth takes place. This growth  proceeds at  a 
constant velocity, unti l  the crystall i tes impinge on one another.  The nega-  
t ive tempera ture  coefficient, observed for the te rminal  thickness, and the 
te rminal  thickness itself fol low from the proposed growth mechanism for 
the crystallites, which is given in sufficient detai l  to permit  comparison of 
values of the exper imenta l  and theoret ical  p re -exponent ia l  factors. The pro-  
posed model  is in complete accord with electron micrographic  and other  data 
for the system, the kinetic parameters  also being in agreement  wi th  inde-  
pendent  estimates. 

Al though a very  considerable amount  of in forma-  
tion has been published on the h igh- t empera tu re  ox-  
idation of aluminum in dry oxygen (I-8), only one 
quantitative treatment (9) of the oxidation kinetics 
in the temperature range 450~176 has been given 
which is reasonably consistent with the known mor- 
phology of the growing oxide (10, 7, 6). 

In connection with the morphological features, the 
excellent data of Doherty and Davis (10) deserve 
special mention. The principal observations of these 
authors are that the crystallites of 7-alumina (spinel 
structure) nucleate beneath the amorphous film above 
450~ and grow down into the metal substrate, and 
that the growth of the crystallites occurs by oxygen 
migration through the amorphous film. 

The purpose of the present investigation was first 
to obtain weight gain data relating to the growth of 
the crystalline oxide for aluminum samples prepared 
by electropolishing, and second to provide a quan- 
titative analysis of the data so obtained. Mechanical 
surface preparations were not used since such treat- 
ments are likely to lead to anomalous results, as 
pointed out previously by one of us (8). 

The picture which emerges from the present study 
is that of oxygen species diffusing along a boundary 
between crystalline and amorphous oxides, the growth 
kinetics being controlled by the diffusion rate and 
the oxide "recrystallization" rate. Activation energies 
for both the diffusion and recrystallization processes 
are obtained, with the pre-exponential factors in ex- 
cellent accord with those predicated on the basis of 
the model. 

The kinetics of growth of the amorphous film have 
been treated in Part I of this paper (11). 

E x p e r i m e n t a l  
The apparatus and procedure used have been de-  

scribed previously (11). 
The weight  gain data for typical  oxidation runs 

at 478 ~ 505 ~ 530 ~ 549 ~ and 601~ are i l lustrated in 
Fig. 1 to 5. Reproducibi l i ty  f rom run to run was about 
_ 3%. It  is interest ing to observe that  the l imit ing 
film thickness decreases wi th  increasing t empera tu re  
f rom 478 ~ to 601~ a result  which has been noted 
by others (2-5). 

The results of the present  electron micrographic 
study are in accord with  previous studies, wi th  the 
main observations being presented in Par t  I of this 

Pre sen t  address :  D e p a r t m e n t  of Chemis t ry ,  Un ive r s i ty  of Bristol ,  
Bristol ,  Eng land .  

paper (11). The per t inent  points are summarized in 
the development  of the model. 

Discussion of  Results 
At 454~ for oxidation periods less than about 10 

hr and for shorter periods at 478 ~ and 505~ the 
growth of the amorphous film has been shown pre-  
viously (11) to be in accord with  an equat ion of the 
form of that  proposed on theoret ical  grounds by Mott  
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Fig. 1. Weight gain data (open circles) for 478~ A reduced time 
scale, T ~ ~ - 1 / 2  (t - - to ) ,  is included for future reference, as is 
the calculated solid line. 
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Fig. 2. Weight gain data (open circles) for 505~ A reduced time 
scale, �9 ~ ~ - 1 / 2  (t - -  to), is included for future reference, as is 
the calculated solid line. 
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Fig. 3. Weight gain data (open circles) for 530~ A reduced time 
scale, T = ~ - 1 / 2  (t  - -  to),  is included for future reference, as is 
the calculated solid line. 
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Fig. 4. Weight gain data (open circles) for 549~ A reduced time 
scale, T = ~ -1 /2  (t - -  to),  is included for future reference, as ore 
the calculated lines. 
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Fig. 5. Weight gain data (open circles) for 601~ A reduced 
time scale, T = f l -1 /2  ( t - - to ) ,  is included for future reference, 
as is the calculated solid line. 

and Cabrera  (12), an approximate  integrated form 
of which is general ly  re fe r red  to as the inverse log- 
ar i thmic law. The present  analysis is concerned solely 
wi th  the mechanism and kinetics of the format ion 
and growth of the crystal l i tes of v-alumina.  

M o d e l  
The model  proposed in this section is based in large 

measure  on the results repor ted  by Doher ty  and Davis 
(10) from their  excel lent  electron micrographic study 
of the format ion of crystall i tes of -y-alumina on a lu-  
minum. The independent  exper imenta l  results, i .e . ,  
results apart  f rom the kinetic data repor ted  herein, 

on which the present  model  is to be based are sum- 
marized below. 

1. The crystall i tes grow down into the meta l  ra ther  
than prot rude f rom the surface and do not extend to 
the surface. 

2. The crystall i tes grow as a result  of t ransport  of 
oxygen species, r a the r  than meta l  species, through 
the amorphous film. 

3. The crystall i tes form over  a short period of t ime 
re la t ive  to their  period of growth, in that  the num-  
ber density of crystallites, once formed, is indepen-  
dent of oxidation t ime within  the limits of observa-  
tion. It is also independent  of oxidat ion t empera tu re  
in the range 450~176 

4. The local number  densi ty of crystal l i tes varies 
somewhat  within the boundaries  of a single meta l  
grain and very  significantly f rom grain to grain. 

5. As far  as it is possible to tel l  by examinat ion of 
the micrographs,  the breadth  of a crystal l i te  increases 
approximate ly  l inearly wi th  time, unti l  coalescence 
occurs. The var ia t ion in shape of crystal l i tes f rom one 
metal  grain to another,  however ,  makes size com- 
parison difficult. 

6. The amorphous film lying be tween the crystal l i tes  
continues to grow. Thus contact between the amor-  
phous film and the metal  in these regions is main-  
tained. 

7. The amorphous film lying on top of the crystal-  
lites does not continue to grow. 

Points 1 and 2 result  f rom the work  of Doher ty  
and Davis, points 3 to 5 f rom the present  and a pre-  
vious electron micrographic  examinat ion (11, 7) and 
points 6 to 7 f rom data published previously by one 
of us (7, 8). Discussion of these lat ter  two points 
follows. 

In one of the previous papers (8) data for the oxi-  
dation of a luminum and a luminum containing 0.24% 
Si are presented. Of significance to the present  paper 
are the fol lowing points. The growth of the oxide film 
on the two alloys was indist inguishable at t emper -  
atures of 350~ and below, and for oxidation periods 
less than about 7 hr  at 450~ For  oxidation periods 
greater  than about 7 hr at 450~ crystal l i tes of 
v -a lumina  formed on superpur i ty  aluminum, but  did 
not form on the alloy doped wi th  silicon even after  
64-hr oxidation. F i lm conductance measurements  were  
obtained for samples of the two alloys oxidized various 
lengths of t ime at 450~ by applying to the specimens 
immersed in an aqueous borate  electrolyte an anodic 
potential  which increased l inear ly  with time. The r e -  
sult ing polarization curve (current  density vs .  anodic 
overpotent ial)  for superpur i ty  a luminum oxidized 16 
hr at 450~ is shown in Fig. 6 as the solid line. This 

I I I I 
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ANODIC OVERPOTENTIAL - VOLTS 
Fig. 6. Polarization curve for superpurity aluminum oxidized 16 

hr at 450~ (solid line) (7). The polarization curve may be re- 
solved into the sum of the two curves shown as broken lines. 
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Fig. 7. Schematic representation of cross section of growing 

crystallite. 

curve may be resolved into the sum of two curves 
(shown as broken lines) which resemble  remarkab ly  
closely polarization curves for samples of the silicon 
doped alloy oxidized for about 9 and 16 hr, respec-  
t ively (7), the current  density values, however,  being 
in both cases reduced by about a factor of 2. In other 
words, as far as the polarization measurement  is con- 
cerned, the superpur i ty  sample oxidized 16 hr at 450~ 
behaved as if half  of its surface were  covered with 
amorphous film of one thickness (corresponding to 
~9  hr oxidation at 450~ and the other half  of an- 
other thickness (corresponding to ~16 hr  oxidation 
at 450~ As electron micrographs for such a sample 
indicated that  roughly half  of the surface was cov- 
ered wi th  crystal]ites of v-alumina,  the conclusion that  
the amorphous film lying on top of the crystall i tes does 
not continue to grow is strongly indicated. The same 
evidence, of course, indicates the continued growth 
of the amorphous film lying be tween  the crystallites. 
Fur ther  discussion of these ra ther  interest ing conduc- 
tion data is presented later. 

Before proceeding with  a development  of the model  
we note that  the above interpreta t ion implies that  the 
amorphous oxide be tween  the crystall i tes remains in 
contact wi th  the under ly ing metal. Since the growth 
of the crystall i tes into the metal  is accompanied by 
about a 40% increase in volume, we must  conclude 
that  the stresses set up in the meta l  phase are  re-  
l ieved by the diffusion of metal  f rom the regions of 
compressional stress to those of tensional stress. As 
the tempera tures  in question are close to the mel t ing 
point of aluminum, rapid diffusion of a luminum 
along the phase boundary be tween  the metal  and the 
oxide is to be expected. Fur thermore ,  as the number  
'density of crystall i tes is about 109 cm -2, the m a x i m u m  
diffusion length wil l  be no more  than a few thousand 
angstroms. The above mechanism for the rel ief  of 
strain wi th in  the meta l  therefore  appears ent i re ly  
reasonable. 

A cross section of a growing crystal l i te  is r epre -  
sented schematical ly in Fig. 7. Certain detai led fea-  
tures of this diagram must  await  discussion unti l  
complet ion of the analysis; some, however ,  may  be 
ment ioned now. The var ia t ion of the thickness of the 
amorphous film on top of the crystal l i te  f rom the 
central  to per ipheral  regions follows f rom points 5, 
6, and 7 above. Since the weight  gain v i r tua l ly  ceases 
once the surface of the sample is completely covered 
wi th  crystal l ine oxide, we conclude that, once formed, 
the crystal l ine oxide does not thicken appreciably. 
The pic ture  which emerges, therefore,  is that  of nu-  
cleation of crystall i tes which rapidly achieve a l im- 
iting thickness and subsequent ly  grow only la tera l ly  
across the surface unt i l  they impinge on adjacent  crys-  
tallites. Such a growth law would  be expected if a 
growing crystal l i te  is fed with oxygen at the per iph-  
ery, the l imit ing thickness of the crystal l i te  being 
determined by the ra te  at which oxygen can be 
supplied. A thin layer  of amorphous film is shown 
on the per ipheral  surface of the schematic diagram 
of  the growing crystall i tes (Fig. 3), the a rgument  
for this being that  the initial product  formed on 
contact of oxygen wi th  bare meta l  is, in all probabi l -  
ity, amorphous oxide. Since rapid migrat ion of oxygen 
through the amorphous film is necessary for the 

growth of the crystallites, we  are obliged to assume 
the existence of some sort of fault  boundary through 
the amorphous oxide close to the per iphery  of the 
crystallites. Such faults might  wel l  be genera ted  as a 
result  of the volume expansion dur ing format ion of 
the crystal l ine oxide. 

The picture which emerges, therefore,  is one in 
which oxygen diffuses along the faul t  boundary in 
the amorphous film and the phase boundary  be tween  
the amorphous and crystal l ine oxides. The  la tera l  
growth rate  of the crystall i tes is controlled by the 
rate  of recrystal l izat ion of the amorphous film to form 
the crystal l ine film, a s teady-sta te  thickness of 
amorphous film being mainta ined between the meta l  
and the crystallite. The thickness of the crystal l i te  
is de termined in par t  by the rate  of oxygen  diffusion 
along the fault  and phase boundaries.  

The detailed analysis of the model  follows: In a 
region of the phase boundary  where  free oxygen is 
available, the advance of the crystal l ine boundary 
will  be accompanied by consumption of the oxygen to 
form more amorphous film. The rate  of consumption 
of oxygen wil l  therefore  be control led by the " re -  
crystal l izat ion" rate, a s teady-sta te  thickness of amor-  
phous oxide being established between the meta l  and 
the growing faces of the crystal l ine oxide. At x 
XL, the concentrat ion of oxygen  species per uni t  area, 
n, wil l  be zero, the thickness of the crystal l ine oxide 
therefore  being controlled by the diffusion rate  of 
the oxygen species and the recrystal l izat ion rate. For  
the diffusion process, the flux per uni t  length at po-  
sition x, J (x),  is re la ted to the diffusion constant, D, 
and the interracial  concentrat ion gradient  by the fol-  
lowing equat ion 

J ( x )  -~ - - D d n / d x  [1] 

Since the oxygen species are being consumed at a 
rate controlled by the rate  of recrystall ization,  K2 
units of length  per  unit time, the var ia t ion  of J ( x )  
with x is given by 

dJ  ( x ) / d x  = - - K 2 / e  for n > 0, x > Xa 

= 0 for n = 0 

= 0 for Xa ~ x ~ 0 [2] 

where  ~ is the vo lume per oxygen species in the 
crystal l ine oxide. For  XL > x > Xa, the equation to 
be solved is therefore  

d2n/  d x  2 = K 2 / g D  [3] 

Applying the boundary conditions d n / d x  ---- 0 = n 
at x = XL,  the solution of [3] becomes 

n = (K2/2eD) ( X L - -  x) 2 [4] 

so that  at x = Xa, where  n ~- n" 

n'  =- ( K J 2 e D )  ( X L - -  Xa)  2 [5] 

For  X a  > x > 0, the equat ion to be solved is 

d 2 n / d x 2 - =  0 [6] 

AppIying the boundary conditions that  J (x) is con- 
tinuous at x ---- Xa, and n ~ no at x ---- 0, the solution 
of [6] becomes 

n = no - -  ( K 2 / e D )  ( X L  - -  X a ) X  [7] 

SO that  at x = Xa 

n' = no - -  (K2/~D) ( X L  - -  Xa)  X a  [8] 

In  der iving [7] and [8] it is assumed t h a t  to a satis- 
factory approximat ion the same value  for the diffu- 
sion constant may be used in the two regions, (0, Xa)  
and (Xa, XL). 

El iminat ing n' f rom [5] and [8] leads to the fol-  
lowing equation 

X L  2 - -  X a  2 ~- 2 e D n o / K 2  [9] 
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As the t ransformat ion of A1 to its oxide takes 
place with  an increase in volume, there  should exist 
no actual crack at the crystal l ine oxide-amorphous  
oxide phase boundary, so that  oxygen would not 
l ikely diffuse as molecular  oxygen but  ra ther  as 
chemisorbed oxygen atoms or possibly ions. As the heat  
of chemisorpt ion of oxygen at the phase boundary will  
almost cer tainly be large compared with  kT, no 
should correspond very  near ly  to saturat ion conditions 
and hence be essentially independent  of t empera tu re  
and pressure and of the order  of p-2/3. In accord with  
e lementary  kinetic theory, the expressions for D and 
K2 are given below 

D = vDa 2 exp (--UD/kT) [10] 

K2 -~ v2 ns ~ exp (--U2/kT) [11] 

where  a is the diffusion on " jump"  distance, UD the 
act ivat ion energy for diffusion, ns the surface con- 
centrat ion of oxygen ions at the phase boundary,  
U2 the act ivat ion energy for recrystall ization,  VD the 
vibrat ional  f requency associated with a diffusing ox-  
ygen species, and v2 that  associated with an oxygen 
ion in the amorphous oxide at the interface. In wr i t -  
ing the expression for  K2 it  has been assumed that  
the transport  of oxygen ions, ra ther  than meta l  ions, 
across the phase boundary is the ra te-cont ro l l ing  step 
for the recrystal l izat ion process. No significant change 
in the present  t rea tment  is required,  however ,  if 
meta l  ions are involved. 

Proceeding now with Eq. [9], on substi tut ing for 
K2 and D, one obtains 

XL 2 -- Xa 2 = 2 (VD/V2) ( no/ns) a 2 exp 
[ (U2 - -  UD)/kT] [12] 

or since ~'D --~ v2, no ~-- ns, and from the exper imenta l  
results XL > >  Xa, this becomes 

XL ~ V~2 a exp [ (U2 --  Up)~2 kT] [13] 

In relat ion to the schematic diagram of Fig. 7, two 
points should be mentioned.  Within the approxima-  
tions made in obtaining [13], the total  l imit ing film 
thickness, XL, is a constant, as shown in Fig. 7. F rom 
[12], however ,  it is clear that  some var ia t ion of XL 
with  Xa is to be expected. Examining  a typical  case 
in which XL ~ 300A and Xa varies f rom say 25 to 
100A as one moves f rom the central  to per ipheral  r e -  
gions of a crystalli te,  f rom [12] the corresponding 
change in XL would be only 14A, or less than 5% of 
XL. On this basis, the approximat ion of constant l im-  
iting film thickness is seen to be a satisfactory one. 

The second point concerns the shape of the g row-  
ing face of a crystalli te.  In Fig. 7, the face is shown 
normal  to the surface of the specimen. One would 
expect  instead a var ia t ion of this angle wi th  the crys-  
tal lographic orientat ion of the substrate meta l  grain. 
In itself, this would not a l ter  the la teral  growth rate, 
but  would lead to a range of values of XL. Thus in-  
te rpre t ing  XL as the mean l imit ing film thickness, the 
r ight  hand side of [13] should be mul t ip l ied  by the 
mean  value of ]sinr where  r is the angle be tween  
the growing crystal l i te  face and the surface of the 
specimen. Taking as one ex t reme the case where  all 
angles are equal ly  probable,  we conclude that  this 
correct ion factor should lie be tween 0.64 (i.e., 2/~) 
and unity. Again, neglect  of this factor, whose value  is 
unknown, lies wi th in  the approximat ion contained in 
the pre -exponent ia l  factor of [13]. 

In summary,  for this model, apar t  f rom the nu-  
cleation and init ial  stages of growth of a crystall i te,  
where  a more detailed analysis than that  given here  
is required,  we see that  wi th in  the approximat ions  
contained in [13], the film thickness XL does not 
va ry  with time. The sign of the t empera tu re  coeffi- 
cient of the l imit ing film thickness wil l  be de termined  
by the re la t ive  magni tudes  of U2 and Up. As Up cor- 

responds to the act ivat ion energy for t ransport  of 
oxygen along the phase boundary,  and U2 that  for ox-  
ygen transport  across the phase boundary,  U2 should 
be somewhat  greater  than UD sO that  the l imit ing 
film thickness, XL, is predicted to have a negat ive 
t empera tu re  coefficient, which is in agreement  wi th  
the exper imenta l  observations (Fig. 1 to 5). 

F rom the above model, we see that  the oxidation 
kinetics (weight  gain as a funct ion of t ime) wil l  be 
determined by the number  densi ty of crystal  nuclea-  
tion sites N, the nucleat ion probabi l i ty  KI, the lateral  
growth rate  Kf, and the l imit ing film thickness XL. 
The analysis of the present  nucleat ion problem differs 
only in a ra ther  minor  way f rom that  presented by 
Avrami  (13) for the kinetics of random volume nu-  
cleation associated with  the thermal  decomposition of 
a solid. The mathemat ica l  deve lopment  of the fol-  
lowing equat ion wil l  therefore  not  be given. The re-  
sult is recorded below. 

- -  in (1 -- (~) ---- 2~N (K22/K12) [1 --  exp( - -Kl t ' )  
- -  Kit'  -~ K12t'2/2] [14] 

where  ~ is the fract ion of the surface covered with  
crystal l ine oxide and t' the t ime elapsed f rom the 
onset of the nucleat ion process. Equat ion [14] is de- 
r ived by assuming the nucleat ion sites to be com- 
pletely randomly  distr ibuted and their  concentrat ion 
independent  of their  position on the surface. Fu r the r -  
more, the crystall i tes are assumed to be disk-shaped. 
Choosing a different crystal l i te  shape wil l  mere ly  re-  
place 2~ by a constant of the same order. F rom the 
electron micrographs , ' a l l  of the nuclei  appear to form 
over a t ime period short  compared with  that  requi red  
for the la teral  growth of the crystallites. For  such 
conditions we may  set Kit'  ~ >  1 for t' not too small. 
Equat ion [14] then becomes 

- - l n  ( l - - o )  ~,~N~K22 ( t - - t o )  2 for t > t o  [15] 

where  t' has been replaced by t - - t o ,  t being the oxi-  
dation period and to the induct ion period for fo rma-  
tion of crystal  nuclei. Equat ion [15] may be wr i t ten  
a l ternat ive ly  as 

~ ---- 1 -- exp [ - - ~ ( t - -  to)2], t > t o  [16] 
where  

[3 -~- N~K22 

Equat ion [16] is only valid, as ment ioned previously,  
if N is independent  of position on the surface. By 
direct electron micrographic  observation, N was found 
to vary  considerably f rom one region of the surface 
of a sample to another. If we assume N, and hence ~, 
to be distr ibuted according to a distr ibution func-  
tion, P (~) ,  then a wil l  be given not by [16] but  in-  
stead by the fol lowing equat ion 

a ---- 1 --  [ f o  [exp (--fl[t  --  to] 2) ]P  (fl) d ~ ] l [ f : P  (~) d[~] 
[17] 

Al though one might  assume the nuclei  number  den-  
sity, N, to be distr ibuted according to a Gaussian dis- 
tribution, a Pearson type III distr ibution law (14) is 
preferable  f rom the physical  standpoint,  as the prob-  
abil i ty density for this distr ibution goes to zero at 
N -~ 0. Fur thermore ,  this law leads to a ma themat i -  
cally more t ractable  result. The most general  form of 
the Pearson type l I I  distr ibution law can be wr i t ten  

P (fl) = Kfl, exp (--pfl/a') [18] 

where  P(fl) is the probabi l i ty  density for a given 
value  of ~, and K, p, and a' are constants which  can 
readi ly  be related to more  famil iar  parameters .  

F r o m  [17] and [18] above, we obtain the fol lowing 
expression for ~ (see Appendix) .  

a = l - - [ 1  + fl-e2 (t --  to) 2 ] - l / e  2, $ > t o  [19] 
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where  ~-is the mean value  of ~ (and is simply re la ted 
to the mean value  of N, N; ~ = N~K22) and ~ is the 
s tandard deviat ion of the distr ibution of ~ (or N) 
expressed as a f ract ion o f ~  (or N---). 

We may re la te  the weight  gain to ~ as follows. The 
total oxide weight  per unit  area associated with  crys-  
tal l ine regions of the specimen, gc(t) ,  and that  as- 
sociated with  in tercrys ta l l ine  regions, ga( t ) ,  are given 
by 

gc (t) = pXLce 

ga(t) = p X a ( t )  ( l - - a )  [20] 

where  p is the crystal l ine oxide density and XL and 
X a ( t )  the l imit ing and amorphous film thickness re-  
spectively, as defined previously  (Fig. 7). 

For  simplicity, the density of the amorphous oxide 
has been set equal  to that  for the crystal l ine oxide. 
The error  introduced by this approximat ion is small  
and such as to compensate for the approximat ion 
made in obtaining [13] f rom [12]. 

The weight  gain per uni t  area at t ime t, W( t ) ,  is 
given by 

W (t)  = (Mo/Mox) p[aXL § (1 - - a ) X a ( t )  - - X a ( 0 ) ]  
[21] 

where  Mox and Mo are the formula  weight  of oxide 
and the weight  of oxygen per formula  weight  of 
oxide, respectively.  F rom [21], the weight  gain at 
t = to, corresponding to the ini t iat ion of nucleation, 
Wo, is given by 

Wo = (Mo/Mox)p[Xa( to)  --  Xa(O) ] [22] 

and the l imit ing weight  gain, WL, achieved after  com- 
plete coverage of the surface with  crystallites, by 

WL = (Mo/Mox)p[XL --  Xa(O) ] [23] 

El iminat ing XL and Xa(O) f rom [21], [22], and [23] 
we obtain 

W ( t )  = Wo § ~(WL--  Wo) 
§ (Mo/Mox)p(1 --  a) [Xa( t )  - -  Xa( to ) ]  [24] 

The final te rm in [24] represents  the contr ibution to 
the weight  gain made by the continued growth of the 
amorphous film fol lowing crystal  nucleation. It is evi-  
dent f rom the data, say for 504~ that  the contr ibu-  
tion made by this final t e rm is small, par t ly  be-  
cause Xa( t )  is small  compared with  XL, and part ly 
because of the factor ( 1 - - , )  which approaches zero 
for large times. 

Before proceeding with  an analysis of the data, equa-  
tions for XL and ~ are g iven below. They were  ob- 
tained f rom [23], and f rom [11] and ~ = NnK22, re-  
spectively. 

X L  = X a ( O )  § ( M o x / M o p ) ' V V  L [ 2 5 ]  

f l  = ( N--nv22ns2~ 2 ) exp [ - -2U2/kT]  [26] 

Since, as ment ioned previously,  the evidence indicates 
no appreciable t empera tu re  dependence of the number  
density of nuclei, we may  presume that  both N and 
are essential ly independent  of temperature ,  al though 
they might  va ry  somewhat  f rom sample to sample. 

Compar i so~  of Data w i t h  Model  
In Fig. 1-5 the weight  gain data have  been plot ted 

on a reduced t ime scale T = ( t - - t o ) ~  1/~, in order to 
i l lustrate  clearly the fact that  the l imit ing weight  
gain per  uni t  area decreases wi th  increasing t em-  
perature.  The solid lines represent  curves calculated 
in the manner  outl ined below. 

Combining Eq. [19] and [24], neglect ing the final 
te rm in [24], we obtain 

W ( t )  = W~. - -  ( W L -  Wo) [1 + ~-~2 ( t - -  to)S]-1/~ 2, t > to 
[27] 
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Set t ing aside for the moment  the small  correction 
terms Wo and to, the principle parameters  to be de-  
te rmined are WL, "~, and e. Using a digital computer,  
the most probable values of WL and ~ were  deter -  
mined independent ly  for each oxidation run, calcu- 
lations being repeated for a number  of t r ial  values for 
e. It was found that  a value for ~ of 0.7 ___ 0.1 g a v e  the 
best fit wi th  the data at all temperatures ,  indicating 
that  e is independent  of temperature ,  as it should be. 

The pair  of parameters  (to, Wo) correspond to the 
t ime of crystal  nucleat ion and the corresponding 
weight  gain at that  time. For the runs at tempera tures  
of 530~ and above, the induct ion period for crystal  
nucleat ion appears to be very  near ly  zero (i.e., to ~ O) 
so that  for these runs to, Wo were  set equal  to zero. 
At 478 ~ and 505~ however ,  the induction period is 
appreciable (11) and may not be neglected. For  
runs at these temperatures ,  therefore,  to was chosen 
to give the best fit wi th  the data, the corresponding 
value of Wo being read from the oxidation curve. 

An examinat ion of Fig. 1 to 5 will  show that  the 
agreement  be tween  the curves calculated in the above 
manner  and the exper imenta l  data is ex t remely  good 
at 505 ~ 530 ~ and 549~ At 601~ a significant de- 
viat ion for large t imes is apparent,  a point we shall 
re turn  to later. The agreement  at 478~ al though not 
excellent,  is quite good. The assumption of "instant 
nucleat ion" (i.e., K~t' > >  1) is perhaps only a fair  
approximat ion at this tempera ture ,  the small  discrep- 
ancy arising therefore  as a resul t  of format ion of the 
crystal  nuclei  over  an appreciable period of time. On 
the whole, the agreement  must  be regarded  as quite 
satisfactory. 

In Fig. 4, the best fit with the data which can be 
obtained neglect ing the var ia t ion  of the number  den-  
sity of crystal  nucleat ion sites wi th  position, is shown 
as a broken line. The broken line was calculated as 
before, but using [16] ra ther  than [19] for a (i.e., 
setting e = 0). The importance of a l lowing for the dis- 
t r ibut ion is evident.  

Table I gives the values of the parameters  cal-  
culated for the various runs along with  the standard 
deviat ions of the exper imenta l  points f rom the com- 
puted curves. In the worst  case, the s tandard devia-  
tion amounts  to only 2.3% of the l imit ing weight  gain. 

Before proceeding with  an analysis of the tempera-  
ture dependents  of ~ and WL, independent  exper i -  
menta l  justification for the choice of the distr ibution 
funct ion and for the value  of the distr ibut ion param-  
eter, e = 0.7___ 0.1, will  be given. Seventeen  micro-  
graphs, obtained by random sampling of specimens 
oxidized at 601~ and ten micrographs of specimens 
oxidized at 549~ were  analyzed in the fol lowing 
manner .  A circular  area, corresponding to about 10 -8 
cm 2 in the original  sample, was selected at random 
with in  each micrograph and the number  of crystal l i tes 
lying in this area noted. F rom these measurements ,  
the values of N and e were  calculated to be 1.27 x 109 
cm -2 and 0.79, respectively,  at 549~ and 1.43 x 109 
cm -2 and 0.60, respectively,  at 601~ Since nei ther  
the mean value  of the number  density of nuclei, N, 

Table I. Parameters obtained by computer fit of the data to 
Eq. [28] ,  for e ~ 0.7 

Std .  
T e m p ,  W f, d e v i a t i o n ,  Wo, 

~ ~,  h r  -2 #g/cm'-' ~,g/cm 2 ]~g/cm ~" to, hr  

478 1.72 • 1 0 ~  6.96 0.16 0.32 2.23 

505 1.45 x 16 -'~ 6.05 0.065 0.24 0.94 
1.31 • 10-2 5.80 0.056 0.42 1.92 
1.65 • l 0  -~ 6 .00 0.083 0.30 1.07 

530 1.39 • 10 -I  5.35 0.039 0 0 
1.54 • 10-2 5.60 0.040 0 0 

549 10.1 x 10-I 5.00 0.043 0 0 
7.50 • 10 -I 4.93 0.035 0 0 

601 23.1 3.96 0.070 0 0 
23.4 3.50 0.055 0 0 
27.1 3.52 0.045 O O 
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Fig. 8. Comparison of the histogram for the measurements of the 
number of crystallites per 10 - 8  cm 2, with the Pearson type III 
distribution curve, P ( N / I ~ ) ,  for ~ = 0.7. (N and t~  are the local 
and mean number density of crystallites, respectively.) 

nor the re la t ive  standard deviation, e, show any sig- 
nificant t empera ture  dependence, the data for 549 ~ 
and 601~ were  combined and a his togram con- 
structed for comparison with  the Pearson type III dis- 
t r ibution curve. Both the histogram, and the Pearson 
type III distr ibution function for ~ = 0.7, are plotted 
in Fig. 8. The rec tangular  area at the ex t reme lef t -  
hand end has a height  proport ional  to the number  of 
samples having between 0 and 5 crystall i tes wi th in  the 
chosen area; the next  rectangular  area has a height  
proport ional  to the number  of samples having be- 
tween 5 and 10 crystall i tes wi thin  the chosen area, 
etc. To facili tate comparison with  the distr ibution 
curve, the his togram has been plotted against N/N and 
a scaling factor applied to the height  of the rectangles 
so that  the total  area under  the histogram would be 
unity. The mean and the standard deviat ion for the 
ent ire  27 samples are given by N ---- 1.3 x 109 cm -2, 
e : 0.66. 

F rom the above we see that  the value of the re la t ive  
standard deviation, e, deduced from the kinetic anal-  
ysis is in excel lent  agreement  wi th  that  measured by 
direct  electron micrographic  observation. Fu r the r -  
more, the his togram obtained f rom the direct obser-  
vat ion is in good accord with the Pearson type III  
distr ibution curve. This being the case, ~ need not be 
regarded as a pa ramete r  adjusted to give agreement  
wi th  the kinetic data, but  ra ther  as one determined by 
direct electron micrographic examination.  

Thus the calculated curves for the oxidation runs at 
530~ and above involve  only two disposable con- 
stants, ~ and WL. At the lower tempera tures  an addi-  
t ional parameter  to is required.  

At  a sufficiently high temperature ,  we might  expect  
that fol lowing complete coverage of the surface with 
crystallites, fur ther  oxidat ion could proceed by oxygen 
migrat ion along the surfaces of impingement  of the 
individual  crystallites. Examinat ion  of Fig. 4 shows 
that, if such an effect exists, it makes a negligible 
contribution during oxidation at 549~ The data of 
Fig. 5, however,  indicate that  such a contribution 
might  be important  during the final stages of oxidation 
at 601~ If oxidation were  taking place by oxygen 
diffusion along the surfaces of impingement  o f  the 
crystallites, we would expect  a direct  logari thmic oxi-  
dation law in accord with the mechanism proposed by 
Evans (15, 16) in which it is assumed that  a decrease 
in the number  of diffusion paths wi th  t ime results 
f rom blockage of paths due both to oxide growth  
at the bottom and also to compressional forces rising 
from the volume increase accompanying oxidation. To 
test this postulate, the exper imenta l  weight  increase 
less the calculated weight  increase for a typical  run  at 
601~ is plotted against the logari thm of the oxidat ion 
period in Fig. 9. The major i ty  of the points lie on a 
straight line, lending support  to this hypothesis. P re -  
sumably a similar effect would be observed for o x i -  
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Fig. 9. Excess weight gain AW (experimental less calculated 
weight gain) plotted against the logarithm of the oxidation period, 
for oxidation data at 601~ 

dation at 549~ if the run  were  continued for a 
sufficiently long period of time. 

Temperature Dependence of Kz and XL 

In Fig. 10, the values of ~ given in Table I are 
plotted in the form log ~ against  1/kT. The results 
lie on a s traight  line, in accord with [26], the equa-  
tion for the least squares regression line being repre-  
sented by 

~ =  1027.16 exp (--4.46/kT) hr -2 [28] 

when kT is expressed in electron volts. Comparing 
Eq. [28] and [26], and sett ing ~ = 1.56 x 10 -23 cm 3 
for -~-A1203 of density 3.6 g cm -3, ns ~-~ ~-2/3 and/V = 
1.3 x 109 cm -2, we obtain U2 = 2.23 ev, ~2 ~'~ 6.7 x 10 TM 

sec -z. The calculated value  for ~2 is clearly of the 
correct magnitude,  indicating that  the pre-exponent ia l  
factor is in accord wi th  that  predicted on the basis of 
the proposed mechanism. It  is not real ly  possible to 
predict  the value  of U2. However ,  we note that  U2, 
the activation energy for ion t ransfer  across the 
amorphous oxide-crys ta l l ine  oxide phase boundary,  is 
very  near ly  equal  to the act ivat ion energy for the 
s teady-state  anodic oxidation of a luminum in a gly-  
col-borate  electrolyte,  2.1T ev (17). According to a 

I 

0 

- r  

_J  

13 14 15 

I / k T ,  ev  "1 

Fig. 10. Temperature dependence of the kinetic parameter, ~ 
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Fig. 11. Temperature dependence of the limiting film thickness, XL 

recent  theory for the anodic oxidat ion of a luminum 
and tan ta lum (18, 19), the amorphous oxide film is 
assumed to consist of a mosaic of microcrystal l i tes,  
or polymeric  units, the act ivat ion energy being asso- 
ciated with  ion t ransfer  across the boundaries. On 
the basis of these two theories, therefore,  the act iva-  
tion energies should in fact be the same, or very  
near ly  the same. 

Again, frorh the values of WL in Table I and using 
Eq. [25], values of XL have been calculated and 
plotted in the form log XL against 1/kT in Fig. 11. 
A value  of 25A was used for Xa(0) ,  in accord with 
the results presented in Par t  I of this paper (11). 
The results presented in Fig. 11 lie on a s traight  line, 
wi thin  exper imenta l  scatter, in accord with [13]. The 
equation for the least squares regression line is repre-  
sented by 

XL = 6.6 exp (0.27/kT) A [29] 

when  kT is expressed in electron volts. Comparing 
Eq. [29] and [13], we have 

(U2--  Up) = 0.54 ev, a ~ 4.7A 

Once again we see that  the value for a, the " jump 
distance," is of the correct  magnitude,  the value  of 
U2 -- UD also being reasonable. Combining the above 
value  for U2 -- UD with the value  for U2 gives UD = 
1.6~ ev. 

General Discussion 
Before summariz ing the results, there  remain  sev- 

eral  points, each of some importance,  to discuss. The 
first concerns the we l l - known  fact that amorphous 
oxide formed on a luminum by anodic oxidat ion or 
air oxidation at low temperature ,  wil l  not  "crysta l -  
lize" to form v-a lumina  in the absence of ei ther oxy-  
gen or meta l  except  at ve ry  high tempera tures  

( ~  1000~ In the presence of oxygen and metal, 
v -a lumina  does, of course, form, but  at the expense 
of metal,  not by t ransformat ion  of the amorphous 
film present.  

Contrast ing these findings wi th  the postulated 
model, according to which the thin layer  of amor-  
phous film which separates the growing faces of the 
crystall i tes of v -a lumina  f rom the meta l  is cont inu-  
ously being t ransformed to v-alumina,  we see that  
an objection to the present  in terpre ta t ion arises 
which must  be resolved in some fashion. Al though a 
ful ly  satisfactory justification is not possible at pres-  
ent, it appears to the authors not unreasonable that  
t ransformat ion of amorphous to crystal l ine oxide 
could occur under  the ex t raord inary  conditions which 
obtain according to the proposed model. It  wil l  be 

recal led that  this ve ry  thin layer  of amorphous oxide, 
in addition to t ransforming to crystal l ine oxide, is 
also continuously growing at the expense of the meta l  
phase, the net  effect being the maintenance  of a 
constant thickness of amorphous film. Thus the ox-  
ide t ransformat ion is assumed to occur under  ex t reme 
nonequi l ibr ium conditions in which very  high elec-  
t rochemical  potent ial  gradients (~10 ~ e v / c m  mol-  
ecule) are present  in the amorphous film. Such con- 
ditions are ve ry  l ikely to assist any sort of atomic 
reorganization.  

A second point concerns the detailed in terpre ta t ion 
of the conduction measurements  presented in Fig. 6. 
We shall examine  various possible explanat ions for 
these data, and compare the consequences of each 
wi th  other data, and wi th  the model. Because of the 
remarkable  s imilar i ty  be tween the resolved polar iza-  
tion curves of Fig. 6 and curves obtained in a s im- 
ilar manner  for samples covered solely wi th  amor -  
phous oxide (7), it is assumed that  the conduction 
processes involved are the same in all kinet ical ly  im-  
portant  aspects as those occurr ing dur ing measure-  
ments involving only amorphous oxide. That  such an 
assumption may  not be val id  need hardly  be stated. 
With the informat ion  available,  however ,  it appears 
to be the only assumption justifiable at present.  

The immedia te  consequence of the above assump- 
tion is that  dur ing this polarization measurement ,  the 
crystal l ine oxide must  have been acting as an ionic 
conductor of substant ial ly lower resistance than the 
amorphous film. If the crystall i tes had been acting 
as good electronic conductors, there  would have been 
no mechanism for increasing the thickness of the 
amorphous film lying on top of the crystalli te,  and 
hence nothing to check the increase in the current  
wi th  increasing potential. The resul t ing polarization 
curve  would therefore  have  been very  different from 
that  observed. Fur thermore ,  oxygen evolut ion would 
have occurred, whereas  the absence of such was spe- 
cifically noted (7).u 

We now examine  the quest ion of whether ,  during 
the polarization measurement ,  conduction through the 
crystall i tes was predominant ly  anionic or cationic. 
If anionic, the anodizing current  would  lead to the 
format ion of new amorphous oxide beneath the crys-  
tallites, ra ther  than to thickening of the thermal ly  
formed amorphous film lying on top of the crystallites. 

Transport  through this thermal ly  formed amorphous 
film would therefore  take place only through the th in-  
nest portions of it, wi th  the new amorphous oxide 
being formed, however ,  under  the ent ire  crystallite. 
The resul t ing polarization curve would  therefore  re-  
semble closely that  for an a luminum sample covered 
wi th  an amorphous film of thickness approximate ly  
equal  to that  of the thinnest  regions on top of the 
crystallites, and of area approximate ly  equal  to that  
covered by the crystallites. Such a conclusion is not 
only in agreement  with the conduction data (Fig. 6), 
but  also consistent with the model  proposed herein. 
It should perhaps be noted that  "effective t ranspor t"  
of oxygen ions through the amorphous film can take 
place by high field ionic conduction regardless  of the 
conduction mechanism, in that  per Faraday  of charge 
passed one electrochemical  equivalent  of oxygen wil l  
be removed  from the electrolyte,  and the same quan-  
t i ty of oxygen ions made avai lable  at the amorphous 
oxide-crys ta l l ine  oxide interface. 

If, during the polarizat ion measurement ,  ionic con- 
duction through the crystall i tes were  cationic, the 
oxide formed during polarizat ion would lead to th ick-  
ening of the thermal ly  formed amorphous film lying 
on top of the crystallites. According to the model  
presented here in  (Fig. 7), the amorphous film lying 
on top of a crystal l i te  is thinnest  in the central  re -  
gion and increases steadily as one proceeds toward 

T h e  s t a t e m e n t  a p p e a r i n g  i n  r e f .  (7)  " E l e c t r o n i c  c o n t r i b u t i o n  t o  
t h e  m e a s u r e d  c u r r e n t  w a s  s h o w n  e x p e r i m e n t a l l y  t o  b e  s m a l l "  r e f e r s  
m a i n l y  t o  t h e  f a c t  t h a t  n o  o x y g e n  w a s  e v o l v e d  e v e n  a f t e r  p r o l o n g e d  
a n o d i c  o x i d a t i o n .  
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the periphery,  unti l  at the per iphery  it is equal  in 
thickness to the film lying be tween the crystallites. 
Such a distr ibution of film thickness would definitely 
not give rise to a polarizat ion curve  in accord with 
Fig. 6. The polarization curve, a l though broadened 
compared with  that  for a sample of near ly  uniform ox-  
ide thickness, would  not show two distinct peaks. Thus 
ei ther the model  must be incorrect,  or the crystal]ites 
were acting as anionic rather than cationic conduc- 
tors during the conduction measurement. 

Assuming, tentatively, that the model is incorrect 
and that conduction through the crystallites is ca- 
tionic, it follows from the polarization measurement 
that the crystallites are covered with an amorphous 
film of approximately uniform thickness somewhat 
less than that of the film between the crystallites. 
Revising the analytical treatment presented herein in 
accord with such a modified model in fact leads to 
no change in any of the final expressions, the minor 
alteration in the model being in effect eliminated in 
the approximations made in obtaining Eq. [13]. How- 
ever, a serious objection to this revised model exists. 
If the amorphous film on top of the crystallites is 
uniform in thickness and thinner than that lying be- 
tween the crystallites, then, as the crystallites grow 
laterally during thermal oxidation, they must also 
grow into the amorphous film above the crystallites 
by recrystallization. However, once one accepts this 
proposition, there appears to be no reason for the 
process to stop until the crystallites emerge at the 
oxygen-oxide interface. This, however, is contrary 
to the observations of Doherty and Davis (I0). 

On the basis of the assumption stated at the outset 
of this discussion, we conclude, therefore, that during 
the polarization measurement the crystallites acted 
as good anionic conductors, and further that the 
conduction data are consistent with the model illus- 
trated in Fig. 7. The question arises, however, as to 
whether or not these crystallites act as good ionic 
conductors during thermal oxidation. If they do, then 
it is difficult to understand why the crystallites would 
not continue to increase in thickness once formed. 
The present kinetic evidence indicates that they do 
not. More direct evidence in this regard is provided, 
however, by the data of Hunter and Fowle (20). 
These authors studied the growth of oxide films on 
a luminum by measur ing "barr ier  vol tages" for oxide 
covered specimens prepared  by the rmal  oxidat ion in 
dry oxygen. The barr ie r  voltages were  measured at 
room tempera ture  by polarizing the specimens anod- 
ically in an electrolyte  and noting the min imum vol t -  
age requi red  to cause significant ion current  to flow. 
The feature  of these results to which we wish to re fer  
is that  as a specimen approaches complete coverage 
with  crystall i tes of 7-alumina,  the barr ie r  vol tage in- 
creases rapidly by a factor of three to four and then 
remains  constant. Thus, for example,  at 475~ the 
barr ier  vol tage remains constant at about 4v for ox-  
idation periods vary ing  f rom 1 to 9 hr. Fol lowing 21 
hr  oxidation, however ,  the barr ie r  vol tage value is 
near ly  12v. A similar  rapid increase in the barr ier  
vol tage occurs for oxidat ion at 500~ At  higher  t em-  
peratures,  the first readings taken correspond already 
to high barr ie r  vol tage values. 

Hunter  and Fowle 's  results, coupled with  the pres-  
ent weight  gain data, indicate that  the crystal l i tes 
do not have a high conductivi ty,  but instead a specific 
conduct ivi ty  ra ther  close to that  for the amorphous 
film. We are faced, therefore,  wi th  an apparent  con- 
tradiction, since the data of Fig. 6 indicate otherwise.  
There  is, however ,  a fair ly obvious explanat ion for 
these results. The coefficient of thermal  expansion of 
a luminum is much larger  than that  for alumina. On 
quenching a thermal ly  oxidized sample f rom 450~ 
or above to room temperature ,  compressional  stresses 
will  be applied to the crystallites, par t icular ly  since 
these are imbedded in the meta l  matrix.  In addition, a 
shear stress will  develop in the plane defined by the 

base of the crystallites. For  specimens in which most 
of the surface is covered with  crystalli tes,  one would 
expect  the stress to be re l ieved pr imar i ly  by slippage 
in this shear plane. If, on the other  hand, only a por-  
tion of the surface is so covered, the compressional 
stress could easily lead to s t ructural  damage of the 
crysta]lites. The high anionic conduct ivi ty  of the 
crystallites, evidenced in the results of Fig. 6, could 
have arisen, therefore,  as a resul t  of thermal  quench-  
ing, the compressional stresses leading to the fo rma-  
tion of "short  circuit"  diffusion paths in the crystal-  
lites. Indeed, we have  been unable  to reconcile these 
data wi th  those of Hunter  and Fowle  on any other 
satisfactory basis. 

Before leaving this question, it is impor tan t  to 
point out that  the oxidation mechanism proposed 
herein is not dependent  on the val idi ty  of the fore-  
going conclusion concerning the conduction proper-  
ties of the crystallites. It is ent i re ly  possible that  
other  interpretat ions of the conduction data can be 
found which are consistent wi th  all avai lable data. 
The interpreta t ion given, however ,  is in ternal ly  con- 
sistent, and consistent wi th  avai lable  data, in addi- 
tion to being in accord with  the proposed oxidation 
mechanism. 

Finally,  the model  presented herein, whi le  some- 
what  similar to that  proposed by Bar t le t t  (9), differs 
from it considerably in detail. The present  t rea tment  
provides very  substant ial ly bet ter  agreement  wi th  the 
data, while  employing essentially the same number  
of disposable constants. Fur thermore ,  the present  
t rea tment  is more specific in its predictions, giving 
as it does theoret ical  values for the pre- r  
factor for ~ and XL in agreement  wi th  the exper i -  
menta l ly  deduced values, as well  as predict ing a 
negat ive tempera ture  coefficient for the l imit ing film 
thickness. 

Summary and Conclusions 
Data for the growth of crystal l ine ~-a lumina have  

been obtained for the oxidation of electropolished 
superpur i ty  a luminum in the t empera tu re  range 475 ~ 
600~ These data have  been quant i ta t ive ly  in ter -  
preted in terms of a model  in which the ~-a lumina 
crystall i tes nucleate beneath the amorphous film, 
rapidly achieve a te rminal  thickness, and grow radi-  
ally at a l inear  veloci ty  unti l  they impinge on ad ja-  
cent crystallites. The te rminal  thickness of the crys-  
talli tes arises as a consequence of the mechanism by 
which oxygen is fed to the growing faces of the crys-  
tallites. It is proposed that  this occurs by oxygen 
diffusion along the phase boundary at the per iphery  
of the growing crystal l i te  formed by the crystal l i te  
and a thin amorphous oxide layer  next  to the metal  
phase. The radial  growth constant is de te rmined  by 
the rate  of t ransformat ion of the thin amorphous 
oxide layer  to crystal l ine oxide. The values for the 
pre-exponent ia l  factors and act ivat ion energies ob- 
tained f rom the analyses are in complete  accord with  
the model. 

The expressions for both the diffusion constant, D, 
for the diffusion of oxygen along the in te r -ox ide  
phase boundary, and the radial  growth constant, K2, 
for the t ransformat ion of the amorphous oxide layer 
to crystal l ine oxide, are given below 

D = 2 x 105 exp (--1.69/kT) cm2/sec [31] 

K2 = 1.5 x 10-~ exp (--2.2JkT) cm/sec  [32] 

when kT is expressed in electron volts. Equat ions 
[31] and [32] were  obtained f rom [10] and [11] and 
the exper imenta l ly  de termined  parameters ,  assum- 
ing as before 
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A P P E N D I X  

Modification o3r Law of Expanding Cylinders 
to Al low for a Nonuni form Distribution of Sites 

The law of expanding cylinders, assuming a uni-  
form number  per uni t  area of cylinders, takes the 
form given in [16], viz, 

~ 1 - - e x p [ - - ~ ( t - - t o ) 2 ] ,  t > t o  [A1] 

where  a is the fract ion of the surface covered by the 
cylinders, to the t ime of commencement  of their  lateral  
growth, and /3 = ~ N K 2  2 where  N is the number  den-  
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sity or surface concentrat ion of the cylinders, and K2 
their  radial  growth rate, assumed independent  of t ime 
and radius. If N (and hence /3) is not a constant, in-  
dependent  of posit ion on the surface, but instead varies 
in accord wi th  a Pearson type III distr ibution law (14) 

P (/3) = K/3~ exp (--p/3/a') [A2] 

(where  K, p, and a' are constants of the distr ibution) 
then a is not given by [A1] but  instead by 

= 1-- fo[eXp(- - /3[ t - - to]2)]P( /3)d /3  [A3] 

for P(t~) normalized. The normalizat ion condition 
gives 

f o  K~3, exp (--p/3/a') d/3 
= K i t ( p - 4 -  1 ) ] / ( p / a , ) p + z =  1 [A4J 

where  r represents  the usual gamma function (gen-  
eralized factorial  funct ion) .  The mean  vaiue  of t~, /3, 
is given by the fol lowing integral  

= f o  Kt~" + 1 exp (--p~/a') d~ 
= K [ r ( p - f - 2 ) ] / ( p / a ' ) v  +2 [A5] 

so that  f rom [A4] and [A5] K =  ( p / a ' ) , + l / r ( p  A-1) 
and ~ = (a ' /p)  (p -k 1). 

The s tandard deviat ion for the distr ibut ion of/3 values, 
z, is given by 

~2 = f ~  ( /3_ ~)2Kflp exp(- -p~/a ' )d f l  = (a ' /p )2(p  + 1) 
o [A6] 

Thus 
e2 = ~Zl~2 = l l ( p  + 1) 

so that  
p = e - 2 ~ l ,  a ' =  (1.--e2)~ 

The distr ibution function can now be rewr i t t en  

(l/e2 ~) e-z 
P(fl) -- /3~-2-1 exp(-- /3/~e 2) [A7] 

r (~-2)  

Subst i tut ing [A7] in [A3] gives the fol lowing ex-  
pression for a 

- -  1 / r  

~ = 1 - -  [1 A- ~ 2 ( t - - t o ) 2 J  , t > t o  [A7] 

which is identical  to [19] in the body of the paper. 
Since ~ represents  the standard deviat ion of the dis- 
t r ibut ion of N, expressed as a fraction of N, Eq. [A7] 
should reduce to [A1] in the l imit  as r -> O. It is readi ly  
shown that this is the case. 

The Oxidation of Oxygen-Deficient Zirconia and 
Its Relationship to the Oxidation of Zirconium 

D. L. Douglass 
Vallecitos Atomic Laboratory, General Electric Company, Pleasanton, California 

and Carl Wagner 
Max-Planck-Znsti tut  fiir physikalische Chemie, G6ttingen, Germany 

ABSTRACT 

Upon heat ing black oxygen-def ic ient  zirconia in oxygen of atmospheric 
pressure to 450 ~ to 900~ oxygen is taken up. The increase in the thickness 
A~w of a white  layer  of v i r tua l ly  ideal composit ion with  t ime t follows a 
parabolic rate  law, A~w2/2t = k,. The rate  constant k~ is about two orders of 
magni tude  higher  than Tammann ' s  rate  constant k T  ~ ( A ~ o x i d e ) 2 / 2 t  for the 
increase in thickness A~oxide of a ZrO2 layer  during the oxidation of zir-  
conium metal. Equations for the concentrations of ionic and electronic 
defects in zirconia as functions of the oxygen part ial  pressure are presented 
in order to der ive  theoret ical  equations for the rates of oxidation of oxygen-  
deficient zirconia and of z i rconium metal.  

According to various invest igators  (1-12) the oxi-  esses, viz., format ion of a ZrO2 layer  and diffusion 
dation of unal loyed zirconium conforms only in part  of oxygen dissolved in the metal.  Even  under  these 
to the parabolic rate  law. It must  be noticed that  the conditions, however ,  the parabolic ra te  first deduced 
weight  gain of a sample is de termined by two proc-  by Tammann  (13) for diffusion as the r a t e -de t e r -  



672 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1966 

mining step should apply (8, 11, 12) if the oxide 
layer  is dense, local equi l ibr ium at the phase bound-  
aries gas /oxide  and ox ide /meta l  is established, the 
thickness of the electrical  double layers is small in 
comparison to the thickness of the ZrO2 layer, and 
the oxygen concentrat ion at the center  of the metal  
is much less than the oxygen concentrat ion in the 
meta l  in equi l ibr ium with  the oxide. Hussey and 
Smel tzer  (9) have observed that the rate of oxida-  
tion depends on the kind of surface preparation.  
Chemical ly  polished samples were  found to oxidize 
more  slowly than abraded samples. Moreover,  it was 
observed that  the oxidat ion rate  is affected by a 
previous anneal  of the sample. In v iew of these ob- 
servat ions it is not surprising that  results obtained in 
different laboratories differ to some extent.  Some in- 
vestigators (3, 6) have reported that  their  results 
conform to a cubic ra ther  than a parabolic rate law. 
The dependence on surface prepara t ion  and deviations 
f rom the parabolic rate  law indicate that  in addition 
to diffusion there  must  be other  factors which deter -  
mine  the rate  of oxidation. In part icular ,  local de- 
tachment  of the scale f rom the meta l  may be an im-  
por tant  factor. Thus diffusion studies in ZrO2 free of 
complications due to processes occurring at the ox-  
ide /meta l  interface, especially spalling off of the ox-  
ide, are desirable. For this reason, in what  follows 
results for the diffusion of oxygen into oxygen-de-  
ficient zirconia are repor ted  and analyzed. 

Experimental 
Oxygen-def ic ient  zirconia is black, whereas  ZrO2 of 

v i r tua l ly  ideal composition is white. Upon heat ing 
black oxygen-def ic ient  zirconia in oxygen of atmos-  
pheric  pressure, one observes the format ion  of a 
whi te  zone which thickens in accord wi th  the para-  
bolic law 

~w2/2t = kp [1] 

where  hSw is the thickness of the whi te  zone at t ime 
t, and kp is a constant. Details of the exper imenta l  
technique and the determinat ion  of the extent  of ox-  
ygen deficiency of the start ing mater ia l  wi th  the help 
of gravimet r ic  and manomet r ic  measurements  have  
been described previously  (14, 15). Measurements  
have been made with  both samples free of foreign 
cations and samples containing additions such as 
Y203, Cr203, NiO, and Fe304. Data for oxygen diffu- 
sion into ZRO1.994 between 450 ~ and 900~ are repre -  
sented by the Arrhenius  equat ion 

kp = 0.055 �9 exp(--33,400/RT)cm2/sec  

and data for oxygen diffusion into Zro.gslV0.01901.9s0 by 

kp = 0.27 �9 exp (~27,200/RT) cme/sec 

Theoretical Analysis 
The following analysis aims at an unders tanding of 

the salient features. Numerous  approximat ions  are 
introduced and, therefore,  the final equations have 
only semi-quant i ta t ive  significance. The finite th ick-  
ness of space charge regions is neglected since the 
concentra t ion of charged defects in black zirconia 
ZrO2-0.006 is fa i r ly  high and, therefore,  the effective 
thickness of a space charge layer  is only about three  
t imes the d iameter  of an oxygen  ion. The ideal law of 
mass action is used as an approximation,  i.e., in te r -  
action among charged defects is neglected. 

Defect equilibria.--The electr ical  conductivi ty K of 
zirconia wi thout  fore ign cations has been measured  
as a funct ion of oxygen part ial  pressure Poe by Ru-  
dolph (16), by Kofstad and Ruzicka (17), and most 
recent ly  by Vest, Tallan, and Tripp (18). At  990~ 
rises wi th  increasing values of Po2 if Po2 > 10 -6 arm 
in accord with  prevai l ing  p - type  electronic conduc- 
tion. In CO2-CO and HeO-H2 mixtures  involving 
values of Poe less than 10 -~~ atm, K rises wi th  decreas-  
ing values of Po2 in accord with prevai l ing  n- type  

electronic conduction. In an in termedia te  range of Po2 
with  very  small  deviations f rom the ideal stoichiom- 
etry, ionic conduction prevails  according to results of 
emf measurements  on the cell  ZrIZrO21Pt,O2 con- 
ducted by Dalgaard (19). 

Since the latt ice of ZrO2 is a distorted CaF2 lattice, 
one may assume the same type of ionic defects in 
ZrO2 as in CaF2 found by Ure  (20), i.e., interst i t ial  
anions and anion vacancies. Thus the fol lowing lattice 
defects in zirconia are considered: interst i t ial  oxygen 
ions, oxygen ion vacancies, excess electrons, and elec- 
t ron holes, whose concentrat ions expressed as ratios 
of the number  of defects to the number  of Zr atoms 
are denoted by x o, x[:], Xn and Xp, respectively.  

The oxygen deficiency 5 in a sample represented by 
the formula  ZRO2-6 is equal  to the difference x - - x  [] o 

8 = x - -  x [2] 
E] o 

In order to satisfy the condition of electr ical  neu-  
trality, the number  of posit ive excess charges must 
equal the number  of negat ive excess charges. Thus 

2 x o +  xp = 2x o + xn [3] 

From Eq. [2] and [3] it  follows that  

1 
-- --2 (xn - -  x , )  [4] 

For the internal  react ion 

oxygen anion on a regular  latt ice site 
= interst i t ial  oxygen ion + anion vacancy [5] 

one has the equi l ibr ium condit ion 

x x = K1 [6] 
o [ ]  

Similarly,  for the in ternal  react ion 

valence electron = excess electron + electron hole [7] 

one has the equi l ibr ium condition 

xnxp = K2 [8] 

For  the oxygen uptake from the gas phase 

1 
- - O 2 ( g )  + 2 excess electrons 
2 

---- inters t i t ia l  oxygen ion [9] 

one has the equi l ibr ium condition 

X 
o 

= K3 [10] 
Po21/2Xn 2 

Defect concentrations as functions of oxygen par- 
tial pressure.--Equations [2], [4], [6], [8], and [10] 
are sufficient in order  to calculate the defect concen- 
trations x o, x[:], xn, and xp and fu r ther  the oxygen 

deficit 5 as functions of Po2 provided the constants 
K1, K2, and Kz are known. 

The fol lowing l imit ing cases involving two major i ty  
defects each are noted. 

1. For  near ly  ideal  stoichiometric composition 

x o  _~. x � 9  > >  ~ [11] 

one has in view of Eq. [6] 

X ~ X ~--- K l i / 2  [12] 
o O 

(a) If  
xp > >  Xn [13] 

one has in v iew of Eq. [4] 
1 

- -  5 ~ - - x ,  [14]  
2 

where  a negat ive  value  of 5 indicates an excess of 
oxygen with  respect  to the ideal  formula  ZrO2. 
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From Eq. [8], [10], [12], and [14] it follows that  

K2K31/2 
Xp ~-- --25 ~-- K~ ~/~ P.o21/4 [15] 

(b) If 
Xn > >  Xp [16] 

one has in view of Eq. [4] 
1 

_~_--x.  [17] 
2 

From Eq. [10], [12], and [17] it follows that 

K1~/4 
xn----- 25 --~ K31/2 P02 -1/4 [18] 

OXIDATION OF OXYGEN-DEFICIENT ZIRCONIA 

2. For zirconia with a substant ia l  excess of oxygen 

1 
- - ~ x  -------xp > >  x[] [19] 

v 2 

it follows from Eq. [8], [10], and [19] that  

1 f 1 ~1/3 
x -------Xp~ L [20] o 2 --4 K22Ka ) P021/6 

Subst i tut ing Eq. [20] in Eq. [6], one obtains 

K1 K1 
x [ ] =  x [ 1 ,~l/a PO2-1/6 [21] 

o t, 

In view of Eq. [20] and [21], one may replace con- 
dition [19] by 

16K~ 3 
P02 > >  -- Po21 [22] 

K2~K~ 2 

where Po21 is amid the oxygen part ial  pressure range 
in which the t ransi t ion from l imit ing case 1 to l imi t -  
ing case 2 takes place. 

3. For zirconia with a substant ial  deficiency of oxy- 
gen 

1 
~ -  x ~-- - -xn>> x [23] 

[] 2 o 

it follows from Eq. [6], [10], and [23] 

1 ( K 1 ~ / 3  
x[5 --~ -- xn --~-- [24] 2 \ - ~ 3  / P~ 

Subst i tu t ing Eq. [24] in Eq. [6], one obtains 

K1 
x ---- = (4KI~Ks) 1/~ Po21/8 [25] 

O X 
[] 

In  view of Eq. [24] and [25], one may replace con- 
dition [23] by 

1 
PO2 < <  ---= po~ v [26] 

16KIK32 

where po2 v is amid the oxygen partial pressure range 
in which the transition from limiting case 1 to limit- 
ing case 3 takes place. 

Figure 1 shows schematically the various defect 
concentrations as functions of the oxygen partial 
pressures in accord with analogous diagrams pre- 
sented by KrSger and Vink (21) for other systems. 
The pressures Po21 and Po2 V differ by many orders of 
magnitude, whereas the corresponding change in 5 
is much less than unity. 

Ionic and electronic conductivity of zirconia.-- 
The part ial  electrical conductivity,  Kion, due to the 
motion of oxygen ions either as interst i t ial  ions or 
via vacancies may be wri t ten  as 

Kion - - - -  2F(u x + u_x_) /Vm [27] 
O O u [2] 

where u and u are the electrochemical mobilit ies o [] 
of interst i t ial  oxygen ions and anion vacancies, re-  
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o 
E 

x S 
X a = Xo 

log PO 2 

Fig. 1. Dependence of defect concentrations on oxygen partial 
pressure Po2. 

spectively, F is the Faraday constant, and Vm is the 
molar  volume. 

Similarly,  the part ial  electronic conductivity, Ke is 

~e = F(unxn + UpXp) /Vm [28] 

where Un and up are the mobili t ies of excess electrons 
and electron holes, respectively. 

The mobil i ty of an electron is in  general  much 
greater than that  of an ion. Fur thermore,  in view of 
results obtained for CaF2 (20) one may assume that 
the mobil i ty of anion vacancies in zirconia is much 
greater than that  of interst i t ial  anions. Thus 

Un > >  u[] > >  u ~ [29] 

For the three l imit ing cases involving different 
major i ty  defects, one obtains the following special 
relations. 

1. If x - - x  and according to Eq. [22] and [26] 
o [] 

Po2 v < <  Po2 < <  Po21 [30] 

it follows on subst i tut ion of Eq. [12] in Eq. [27] that 

Kion ~ 2F (Uo + u �9  [31] 

(a) If upxp > >  unxn, one obtains from Eq. [15] and 
[28] 

Fup K2K31/2 
Ke ~- - -  P02 I/4 [32] 

Vm K11/4 

(b) If conversely unx,>>UpXp, one obtains from 
Eq. [18] and [28] 

Fun K11/4 
Ke ~ -  - -  - -  P o ~  - 1 / 4  [33] 

V m K 3 1 / 2  

2. For zirconia wi th  a substant ial  excess of oxygen 

Po2 > >  Po21 [34] 

it follows from Eq. [19], [20], [21], [27], and [28] 
that  

2F 
Kion ~ ~ I Uo ( 1 K a 2 K s  )1/'3 po21/6 

K1 Po2-1/6 1 
§ u[~ [ 1 \ l / a  

J 
[35] 

2Fup (1K22Ka )l/apo21/6 if UpXp ~ UnXn [36] 
Ke ~ V ~  

3. For zirconia with a substant ial  deficiency of ox- 
ygen 

Po~ < <  Po2 V [37] 

it  follows from Eq. [23], [24], [25], [27], [28], and 
[29] that  

2Fu [] ( KI ~ 1`~ 
Kion ~- Y - - - ' ~ \ ' ~ 3 /  P~ [38] 
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Fig. 2. Dependence of portia[ ionic and electronic conductivities 
on oxygen portiol pressure Po2. 

2Fun ( K1 ~1/~ 
Ke Vm \ ' ~ - ~ 3 /  po2-1/8, i f u n x ~ > > u p x p  [39] 

Variations of the par t ia l  conductivit ies for ions and 
electrons are schematical ly shown in Fig. 2. The fol-  
lowing characteris t ie  oxygen part iat  pressure are 
marked:  (a) po2 n at which the ionic conduct ivi ty  
equals the p- type  electronic conductivi ty [ ~  10 -7 atm 
at 990~ (18)];  (b) po2 m for equal  par t ia l  n - type  
and p- type  conductivit ies corresponding to a min i -  
mum of the par t ia l  electronic conduct ivi ty  K~.; (C) 
Po2 ~v at which the ionic conduct ivi ty  equals the n - type  
electronic conduct ivi ty  [~10 -21 atm at 990~ (18)]. 

Equations for oxygen digusion.--Assuming ambi-  
polar diffusion of oxygen ions and electrons for dif-  
fusion of oxygen in zirconia, one may wri te  for the 
inward flux, j, of oxygen in equivalents  per uni t  area 
per uni t  t ime for one-dimensional  conditions (22) 

RT KionKe d In Po2 
j = [40] 

4F 2 Kion AV Ice d~ 

where  Kion and Ke are the part ial  conductivit ies for 
oxygen  ions and electrons, respectively,  Po2 is the 
local oxygen equi l ibr ium part ial  pressure, and ~ is 
the distance f rom the outer  surface. 

On the other  hand, according to Fick's  first law 

j = Dd (25/Vm)/d~ [41] 

where  D is the phenomenological  diffusion coefficient, 
5 is the local oxygen deficit, Vm is the molar  vo lume 
of ZrO2, and accordingly, 26/Vm is the local oxygen 
deficit in equivalents  of oxygen per uni t  volume. From 
Eq. [40] and [41] it follows that  

D = --VmRT KionKe ( d l n p o 2  ) [42] 

8F26 Kion -~ ~e d In 6 

The dependence of D on Po2 calculated f rom Eq. 
[42] and the foregoing equations for Kion, Ke, and b 
as functions of Po2 is shown schematical ly in Fig. 3. 
The diffusion coefficient is high if ionic conduction 
prevails  and low if electronic conduction prevai ls  
because the defect wi th  the lower mobi l i ty  de ter -  

c~ 

D=3D 0 if 
t 
IV 

Po v Poz 

D=D e 

Ioq P02 

Fig. 3. Dependence of diffusion coefficient D on oxygen partial 
pressure po~. 
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diffusion coefficient D as is mines the ambipolar  
shown in what  follows for special situations. 

If 
PO2 III ~ PO2 ~ PO2 II [43] 

one has in view of Eq. [28] 

Ke ~ rUpXp/Vm ~ ~ Kion 

The mobil i ty up of defect electrons is related to 
their  diffusivity D,  by the Nerns t -Eins te in  equation 

Dp = u , R T / F  

whereupon  in v iew of Eq. [14], [15], and [42] for 
Ke ~ Kion 

D = Dp [44] 
If 

PO2 IV ~ (  PO2 ~ PO2 III [45] 

one obtains s imilar ly 
D = Dn [46] 

If 
PO2 ~ PO2 v [47] 

one has in view of Eq. [23] and [27] 

Kion = 2Fuox[]/Vm < <  Ke [48] 

The diffusion coefficient of anion vacancies with a 
double change is according to the Nerns t -Eins te in  
equation 

D = u RT/2F [49] [] [] 

Upon substi tution of Eq. [23], [24], [48], and [49] 
in Eq. [42], it follows that  

D = 3D [50] 
[] 

In this case the ambipolar  diffusion coefficient D is 
three times the diffusion coefficient D of anion va-  [] 
cancies because the movement  of the anions is sup- 
ported by a diffusion potent ial  due to the tendency of 
the faster electrons to move ahead. 

In the in termedia te  range 

Po2 v < <  Po2 < <  Po2 Iv [51] 

zirconia has a slight oxygen deficiency with  prevai l ing 
n - type  electronic conduction. (Kion ~ Ke). Upon sub- 
sti tution of Eq. [12] [17], [18], [29], [31], and [4.9] 
in Eq. [42] it follows that  

D = 4DDKll/4K31/2Po21/4 [52] 

Diffusion o] oxygen into oxygen-deficient zirconia 
without dope.--Let us now consider diffusion of oxy-  
gen into zirconia which has ini t ial ly a un i form oxygen 
deficit 5o, e.g., 6o = 0.006. When the thickness of the 
diffusion zone represents  a small  f ract ion of the whole 
sample, one may  use the conditions for one-d imen-  
sional diffusion into semi-infini te space. 

Fick's second law reads 

08 0j 0 [ J { D 0 5 " ~  
o---F [53] 

The init ial  condition is 

6 = 5 o a t ~ > 0 ,  t = 0  [54] 

The deviat ion f rom the ideal stoichiometric com- 
position at the outer  surface in oxygen is denoted by 
5s. Thus 

= S s  at ~ = 0 ,  t > 0  [55] 

As an approximat ion let  us use the relations for 
the four  above l imit ing cases and let us disregard 
t ransient  conditions. Denoting the oxygen deficit at the 
oxygen part ial  pressures pou I, Po2 II, etc., by 5 ~, 5 H, etc., 
respectively,  one has in v iew of Eq. [44], [46], [50], 
and [52] 
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D = Dp if 5 II --< 5 <-- 5 III 

D = Dn if 5 III ~_ 5 ~ 5 TM 

Dcc po~1/4 cc 8-~ if 8 TM --< 5 -- 5 v 

D = 3 D  if 5 v ~  
[] 

Wri t ing all expressions in terms of that  for the 
range 5 v --< 5, one obtains 

D = 3(Dp/Dn)DFl (Sv / s Iv  ) if 8 H = < 5 =< 8 nI [56a] 

D = 3D (8v/8 TM) if 5m =< 5 --< 8 TM [56b] 
[] 

D = 3 %  (5v/5) if 8 TM _--< 8 ~ 5 v [56c] 

D = 3 D  if 5 v-<_5 [56d] 
[] 

If 5o > >  5 v, the dependence of D on 5 has to be 
considered only if 8 < <  50. Under  these conditions 
the flux is v i r tua l ly  independent  of 4. Thus 

08 
D ----- constant if 5 < <  5o [57] 

04 

Integra t ion of Eq. [67] yields 

4(5) = Af t%D(5)  �9 d5 if 5 < <  8o [58] 

where  A is a pa ramete r  which is propor t ional  to t ~/~ 
as is calculated below in Eq. [62]. 

Conduct ivi ty  data (16,18) indicate that  Po2 : 1 
atm is in the range be tween  Po2 H and p~2 IH. Subst i tu t -  
ing Eq. [56~i] to [56c] in Eq. [58], one obtains 

f [ 5111 - - 5  s Dp 5111 
4(5) = 3 A D  8v 

[] 5 Iv Dn 5IV 

+ l n ( S V / 8 I V ) ]  + 8 ) i f S v - - < _ _ 8 < < 5 o  [59a] 

The mobil i ty  of a defect  e lectron is in general  less 
than that  of an excess electron and, therefore,  Dp < Dn. 
Moreover,  it can be assumed that  5 III and 5111 - -  5~ 
< <  5 TM. Then the first and the second te rm in brackets 
may be neglected and Eq. [59a] becomes 

~(5) ---- 3AD [SVln (5v/5 TM) + 5] if 8 v <  5 < <  5o 
[] 

[59b] 

On the other  hand, if 5 > 5 v and D = 3D , differ- 

ential  Eq. [53] wi th  the init ial  condition in Eq. [54] 
has the solution 

6 ---- 5o{B erf  [~/2 (3D[]t) 1/2] _ (B --  1) } [60] 

where  B is a constant. 

Using the first t e rm of a series expansion for small  
values of the error  function, one obtains 

[61] 

Equat ing the expressions for 5 and the fluxes, i.e., 
D(OS/a}) at 5 = 5 v according to Eq. [59] and [61], 
one obtains two equations f rom which the parameters  
A and B may  be calculated. Thus 

(3nDDt) 1/2 

A = [62] 
3D[315o + 5 v In (5v/8 TM) ] 

B = 1 + [ (5V/5o) In (5v/5 TM) ] [63] 

Subst i tut ion of Eq. [62] in Eq. [59] yields for the 
distance at which 5 = 5 v 
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Fig. 4. Oxygen deficit vs.  distance 4 during oxidation of oxygen- 
deficient zirconia. 

5v[1 + In (5v/5 TM) ] 
5 v ) 

80 + 8Vln (8v/8 TM) ( 3 ~ [ 5 t )  I / 2 n  

--~ 80 l + I n ~  (3~%t) I/2if8 v < < 5  ~ [64] 

The variation of 5 with 4 according to Eq. [58] and 
[60] is shown schematically in Fig. 4. A rapid change 
in composition occurs if 4 ~ 4(5 = 5v). This may ac- 
count for the observation of the sharp boundary be- 
tween the white and the black zone of oxygen-defi- 
cient samples oxidized in oxygen. Consequently, for 
the sake of an approximation, one may equate 
}(5 = 5 v) to the observed thickness A4w of the white 
zone. Thus, on combining Eq. [i] and [64] the para- 
bolic rate constant for the oxidation of oxygen- 
deficient zirconia is found to be 

3~D 
k p ~  (A4w)2_ ~ - - - . . . ~  D [ 5v ( 

2t 2 -~o l + l n  6v "'28IV/.l 

[65] 
Discussion 

The ra te  of diffusion of oxygen into oxygen-de -  
ficient zirconia may  be compared with the rate  of oxi-  
dation of zirconium. For  this purpose, it is especially 
appropr ia te  to use the rate  constant kT introduced by 
T am m ann  (13), which has the same dimension as 
kp (cm2/sec) 

1 (A4oxide) 2 
= kr  [66] 

2 t 

where  A4oxide is the thickness of the oxide layer at 
t ime t. F rom the foregoing analysis especially Eq. 
[56a] to [56c] and [57] it can be concluded that  dur-  
ing the oxidat ion of zirconium most of the oxide layer  
is oxygen-def ic ient  zircorda with  v i r tua l ly  equiva len t  
concentrat ions of anion vacancies and excess electrons 
in accord with Eq. [23]. Under  these conditions the 
rate  of oxygen diffusion is de te rmined  by D----3D [] 
according to Eq. [50]. Accordingly,  the rat ional  rate  
kr constant defined by Wagner  (22) as the flux of 
equivalents  of oxygen per  uni t  area and unit  t ime for 
uni t  thickness of the oxygen layer  is 

6DD 8eq 
2 (Seq - -  8s) 

kr = 3DID �9 Vm - -  Vm [67] 

where  5eq is the equi l ibr ium oxygen deficit of zirconia 
coexisting with  the metal,  5s --~ 0 is the oxygen deficit 
at  the surface, and 2 (Seq--5s) /Vm is the concentrat ion 
difference in terms of equivalents  per  uni t  volume.  

For  the sake of an approximation,  diffusion of oxy-  
gen into zirconium may be disregarded. Then the 
constants kT  and kr are in ter re la ted  by the formula  
(22) 

kr  = 4 k r / V m  [68] 
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Table I. Comparison of rate constants kp for the diffusion of oxygen 
into oxygen-deficlent zirconia with 5o ~ 0.006 according to 
Douglass (14, 15) and rate constants kT for the oxidation of 

zirconium metal according to Hussey and Smeltzer (9) for 
chemically polished samples with anneal 

k p  E q .  [ 1 ] ,  /r E q .  [ 6 9 ] ,  
T e m p ,  ~  c m a / s e c  c m Z / s e e  

4 0 0  0 .7  • 1 0  -1~ 0 .6  • 10  - l t  
4 5 0  4 .4  • 10-1o 4 . 0  • 1 0  - l i  
5 0 0  18 X I 0  - Iz  I I  • i O  -I~ 
5 5 0  70  x 10  - ~  3 7  • 10  - l t  
6 0 0  2 3 0  • 10  -1~ 160  x 10 -1~ 

and the rate constant  kT may be calculated from 
measurements  of the weight gain per uni t  area 
(~m/A)  with the help of the formula (22) 

1 (~m/A)2 ( Vm ~2 
kT ~-~ 2 t \ 2.16 / [69] 

On combining Eq. [67] and [68], one obtains 

3 
kT ---- -~- D[Seq [70] 

According to Eq. [65] and [70] the ratio of the rate 
constants kp and kT is found to be 

--~ 1 -t- In [71] 
kT 5eq 

These equations can be applied only to data which 
conform approximately to the parabolic ra te  law, e.g., 
data reported by Hussey and Smeltzer (9). Numerical  
values for k p  and kT a r e  compiled in Table I. The 
ratio kp/kr is of the order of 102. Since in Eq. [71] 
only 5o = 0.006 is known but  numerica l  values of 
5 Iv, 5 v, and 5eq a re  lacking, it is not possible to check 
Eq. [71] and the under ly ing  assumptions at the pres- 
ent. Data for the oxygen deficit 5eq in zirconia co- 
existing with zirconium have been reported (23) only 
for temperatures  above 800~ and cannot be extrapo- 
lated to lower temperatures  with sufficient confidence. 
Future  research is desirable especially in order to ob- 
ta in  reliable values for 5 Iv, 5 v, and 5eq and to check 
whether  the rate constant  kp is inversely proportional 
to the ini t ial  oxygen deficit as predicted by Eq. [65]. 

Analogous calculations can be made for diffusion 
in zirconia doped with CaO or Y203 where the anion 
vacancy concentrat ion at Po2 = 1 atm is much greater  
than in ZrO2 without  dope. Thus in ZrO2 doped with 
CaO or Y203, the characteristic values b IV and 5 v are 
greater than in ZrO2 without  dope, where in this con- 
text 5 v is the oxygen deficit at which the excess elec- 

t ron concentrat ion is equivalent  to the anion vacancy 
concentrat ion at Po2 = 1 atm, which is in essence 
given by the concentrat ion of the dope. If the oxygen 
deficit characteristic of the boundary  between the 
white and the black zone in a sample subject to diffu- 
sion, is greater than 8 v in  doped ZrO2, it follows from 
Eq. [65] that  the parabolic rate constant  kp defined in 
Eq. [1] in doped ZrO2 is greater than in ZrO2 without 
dope. This is in accord with observations. 

Manuscript  received June  21, 1965; revised m a n u -  
script received March 16, 1966. This work was per-  
formed under  the Joint  USAC-EURATOM Research 
Development Program, Contract AT (04-3)-189: Pro j -  
ect Agreement  24. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1967 JOURNAL. 
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ABSTRACT 

The effects of inorganic anions, organic compounds, and combinations of 
the two on corrosion of mild steel in various acids were  determined.  From 
corrosion rates of steel in acids the order of the degree of adsorption of 
anions was concluded to be 

I -  ~ B r -  ~ C1- ~ SO4 = ~ C104- 

The largest  effects on corrosion mit igat ion were  observed for I -  and I -  in 
combination with amines. The specificity of effects a t t r ibutable  to I -  sug- 
gests a strong interact ion with  the steel surface possibly through chemi-  
sorption. The enhancement  of inhibitor  efficiency by I -  is dependent  on 
molecular  s t ructure  of the inhibitor. The extent  of synergism between I -  
and organic amines was observed to be in the order:  oc t ame thy lene imine~  
d i -n -bu ty l amine~n-oc ty l amine .  Synergist ic effects of anions and organic 
cations is greater  than can be expected by a shift in the meta l  surface po-  
tent ial  by anion adsorption and must  be a t t r ibuted in par t  to stabilization of 
the adsorbed anion layer  by organic cations, possibly by covalent  bonding. 

Isolated examples  of corrosion inhibit ion by sim- 
ple anions have been noted for some time. In 1930, 
Walper t  (1) showed that  the addition of HC1 slowed 
the corrosion rate of mild steel in H2804 by 78%. 
Put i lova  (2) gives numerous  examples of corrosion 
inhibit ion by anions, e.g., 90% inhibit ion efficiency 
of the corrosion of mild  steel in N nitr ic  acid by addi- 
t ion of KI, KBr, or KC1. The presence of certain 
anionic species often complements  the efficiency of 
an organic inhibitor  resul t ing in greater  inhibit ion 
than achieved by ei ther addit ive alone, e.g., Malowan 
(3) patented the use of mixtures  of iodide ion and 
organic amines for inhibit ion of the corrosion of steel 
in phosphoric acid. 

Inhibit ion by anions and the synergistic effect of 
some anions and organic compounds ( there is also an 
antagonistic effect) is a complex 'phenomena, and it is 
doubtful  if one mechanism accounts for all the obser-  
vations. Passivat ing potentials imposed by redox 
couples (4) accounts for the mechanism of ions in 
some systems. Mixed oxide format ion (5) also is a 
plausible mechanism for other  systems. A third 
mechanism is the strong adsorption of anions on 
meta l  surfaces; this is the one which best explains 
synergistic effects be tween anions and organic in-  
hibitors and inhibit ion in the absence of a l ternate  
redox couples and /or  bulk oxide formation. 

The adsorption of anions on meta l  surfaces has been 
invest igated by Conway (6), Hackerman  (7), Schmid 
(8), F rumk in  (9), and Kolotyrkin  (10) by electr ical  
double layer  capacity measurements  using a-c bridges 
and single-pulse techniques. For example,  Murakawa 
and Hackerman  (7) show the re la t ive  degree of ad- 
sorption of C1- and C104- ions by means of capaci ty-  
potential  curves. The capaci ty-potent ia l  curve for 
zone-refined iron in HCIO4 alone shows a peak due 
to adsorption of C104-. As C1- is added to HC104, 
the C104- peak disappears, and a decrease in capacity 
occurs over  the ent ire  potential  range investigated. 
These results indicate that  C1- is more strongly ad- 
sorbed than is C104- on steel and can displace the 
latter. F rom similar  work  it is seen that  the order of 
adsorption of anions on steel is shown as follows 

F -  
I -  ~ B r -  ~ C 1 -  ~ R C O 2 -  ~C104-  

SO4 = 

The relat ionship of the type of ion adsorbed to the 
zero point of charge and corrosion potentials  of meta l  
has been developed to a high degree by Antropov 
(11). F rom the above, one would  expect  the order of 
inhibit ion to be in the same order as the order of 
adsorption; however ,  no systematic survey of a wide 
range of anions in a single system is available.  The 
purpose of this paper  was to de termine  the inhibitor 
efficiencies of anions in various acids and the syner-  
gistic effects wi th  organic cations in re la t ion to the 
order of adsorption predicted by electrochemical  
methods. 

Experimental 
Mild steel coupons, u x 2 in., were  cut from the 

same cold rol led sheet 0.065 in. thick. The coupons 
were  abraided, polished, and degreased immedia te ly  
before use. The steel analysis gave 0.09C, 0.40Mn, 
0.02P, 0.037S, 0.03Si, and remainder  Fe. 

All  solutions were  made f rom reagen t -g rade  chem- 
icals used as-received,  except  for the HI which was 
distil led under  iner t  a tmosphere  to remove  preserva-  
tive. Solutions containing I -  were  stored for only 
short periods, under  N2, and in the dark. 

Corrosion rates were  calculated f rom slopes of 
curves giving total hydrogen evolved as a function of 
time. The data were  p rogrammed for a CDC 3200 
computer  which corrected hydrogen volume to stand- 
ard t empera tu re  and pressure and calculated corrosion 
rates f rom root mean square fit of the data. Weight  
losses of the coupons were  also measured,  and these 
were  used to check stoichiometry of the corrosion 
reaction and to val idate  the total volume of hydrogen 
observed. Duplicate runs were  made of all  exper i -  
ments;  reproducibi l i ty  was wi th in  4% for low rates 
of attack, but  at high rates (~50% inhibi t ion) ,  re -  
sults were  only within 10%. Inhibi tor  efficiencies were  
calculated as follows 

R o  - -  R 
% Inhibit ion ---- ~ x 100 

Ro 

where  Ro is the corrosion rate in the absence of in-  
hibitor and R is the corrosion ra te  in the presence of 
inhibitor.  

Results 
Uninhibi ted corrosion rates of mild steel were  ob- 

tained in 3M solutions of HI, HBr, HC1, HC104, H2SO4, 
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Fig. 1. Corrosion of mild steel in 3.0M H3P04 containing 6.4 X 
IO-~M of various anions; coupon area, 14.2 cm2; temperature, :t5~ 
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Fig. 3. Corrosion of mild steel in 3.0M H3P04 containing 6.4 X 
|O -3M n-decylamine and 6.4 X 10-2M of various anions; coupon 
urea, 14.2 cm2; temperature, 35~ 
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Fig. 2. Corrosion of mild steel in 3.0M H3PO4 containing 6.4 X 
10-3M di-n-amylamine and 6.4 X 10-2M of various anions; coupon 
area, 14.2 cme; temperature, 35~ 

and H3PO4. These exper iments  were  repeated using 
3M acids containing 6.4 x 10-SM diamylamine,  n - d e -  
cylamine, and propargyl  alcohol. The effects of added 
anions were  determined by adding sufficient quan-  
tities of acid to five of the above 3M acids, both with  
and wi thout  the organic inhibitor, to make  solutions 
6.4 x 10-~M in the desired anion. 

Hydrogen evolut ion as a function of t ime is g iven 
in Fig. 1 for the corrosion of mild steel in 3.0M H3PO.~ 
and 3.0M HsPO4 + 6.4 x 10-2M additions of various 
anions. Note that  in the absence of organic additives, 
bromide ion has only a small  effect on the corrosion 
reaction, and the slope for chloride ion is the same 
as for the pure acid. The addit ion of 6.4 x 10-3M 
(1000 ppm) d i -n -amylamine  to 3.0M H3PO4 has no 
effect on the corrosion of mild steel as shown in 
Fig. 2. In this system, however ,  chloride and bromide 
ions show a strong synergism with d i -n -amylamine  
in mit igat ing the corrosion of steel. The same strong 
inhibit ion effect of I - ,  B r - ,  and C1- is evident  in 
solutions of n -decylamine  and propargyl  alcohol in 
3.0M HaPO4 as shown in Fig. 3 and 4. 

Data for the corrosion of mild steel in 3.0M solu- 
tions of pure acids containing 6.4 x 10-"M additions 
of various inorganic anions are summarized in Table 
I. In general, the only effects on corrosion by added 
anions occur in halogen-conta ining acids or by ad- 
dition of halogen ions to other acids which may or 
may  not be halogen acids. More specifically, all the 
anions studied inhibi ted corrosion of steel in 3.0M 
HI, and the addition of HI inhibited corrosion in all 
the acids studied. The dissolution rate  of mild steel 
in 3.0M HI without  the addit ives is about the same 
as in HC1, i.e., 3700 mdd. Bromide ion has the next  
most f requen t  effect, showing some inhibit ion effect 
in all the acids except  HC1. It is significant to note 

25.0 [ [ I I ~ 
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Fig. 4. Corrosion of mild steel in 3,0M H3PO4 containing 6.4 X 
10-3M propargyl alcohol and 6.4 X 10-2M of various anions; 
coupon area, 14.2 cm~; temperature, 35~ 

that  the order of inhibit ion of the halogen anions 
concurs with the observed order of adsorption, viz., 
I - ~ B r - > C I - ,  except  in HI where  the order  is r e -  
versed. The absence of inhibit ion by C l -  in 3.0M 
H2SO4 does not contradict  the results of Walper t  (1) 
since he used much higher  concentrat ions of HCI in 
H2SO4. Also HI is the only acid in which inhibit ing 
effects of C l - ,  CIO4-, SO4 =, and PO.~: were  noted 
at the concentrat ions employed. 

Results obtained in solutions containing 6.4 x 10-:~M 
d i -n -amylamine  and inorganic anions are shown in 
Table  II. D i -n -amylamine  is a corrosion inhibitor  

Table I. Per cent corrosion inhibition by added anions 
Acid concentration, 3.0M; anion concentration, 6.4 • 10-2M;  

temperature, 35~ 

A n i o n s  
A c i d s  I -  B r -  C I -  C I 0 4  S O t =  P O , - :  

H I  67  78 85 16 68  
H B r  39 0 0 0 0 
H C 1  81 0 0 0 0 
H C 1 O t  89  55  0 0 0 
H~SO~ 82 70 0 0 0 
H3PO~ 80 2 3  0 0 0 

Table II. Per cent corrosion inhibition by di-n-amylamine 
plus various anions 

Acid concentration, 3.0M; anion concentration, 6.4 • 10-2M;  
di-n-amylamine concentration, 6.4 • I 0 - 3 M ;  temperature, 35~ 

A n i o n s  
A c i d s  I -  B r -  C l -  CIO1-  S O l  = P O ~  

H I  95 97  97  99  67 95 
H B r  70 0 0 0 0 0 
HC1  93 2 9  0 5 0  3 4  17 
H C 1 0 ~  100 82 41 0 62  72 
H~SO~ 99 90  q l  43  --  65  40  
H~PO~ 94  85  77  0 0 - - 3 5  
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Table III. Per cent corrosion inhibition by n-decylamine 
plus various anions 

Acid concentration, 3.0M; anion concentration, 6.4 • I 0 -2M;  
n-decylamine concentration, 6.4 • 10-3M; temperature, 35~ 

A n i o n s  
A c i d s  I -  B r -  CI-  CI04-  SO~ = PO~ = 

H I  100 99 99 98 94 98 
H B r  93 94 94 96 99 97 
HC1 96 92 92 95 92 97 
HC104 99 93 91 71 89 84 
H2SO~ 99 96 95 72 96 58 
/-IsPO, 98 96 98 61 53 0 

Table IV. Per cent corrosion inhibition by propargyl alcohol 
plus various onions 

Acid concentration, 3.0M; anion concentration, 6.4 X 10-2M; 
propargyl alcohol concentration, 6.4 • 10-3M; temperature, 35~C 

A n i o n s  
A c i d s  I -  B r  CI- C104-  SO4:  PO,=  

HI 99 99 98 100 97 99 
t-IBr 98 95 98 98 98 94 
HC1 98 98 99 96 98 95 
HC10r 97 98 100 94 92 83 
H~SO4 99 97 97 45 97 94 
H3POr 99 86 98 39 0 0 

only in 3.0M HI at the concentrat ion employed. No 
significant effect was noted in 3.0M HBr, HCI, or 
HC104, and an accelerat ing effect occurred in 3.0M 
H2SO4 and H3PO4. In these exper iments  all the added 
ions had an inhibi t ing effect in the presence of d i -n-  
amylamine,  and numerous  examples of synergism 
were  observed. Notable examples are inhibit ion by 
B r -  and C] -  in H3PO4, PO4 ~, and SO4 = in HC104, 
and B r -  and SO4 = in HI where  little, if any, effects 
were  obtained in the absence of  d i -n -amylamine .  

Inhibi t ion by n-decylamine  was greater  than 90% 
in all the acids invest igated except  HC104 (71%) and 
H~PO4 (0). In these two acids inhibit ion was in- 
creased to over  90% by added halogen ions and was 
increased to a lesser degree  by addition of C104-, 
SO4 =, and PO4 ~. Instances of antagonism are also 
evident  in Table III;  inhibit ion of 96% by n-decy l -  
amine in H2SO4 was decreased to 72% and 58% by 
C104- and PO4-= ions, respectively.  

Propargyl  alcohol inhibited all acids greater  than 
90%, except  for H3PO4 in which it had no effect as 
shown in Table IV. The high inhibi t ion achieved by 
propargyl  alcohol alone makes the effects of added 
anions less evident. The only anion effects are the 
increased inhibit ion by C l -  and B r -  in H3PO4 solu- 
tions containing propargyl  alcohol and the antagonism 
of C104- ion in H2804 which was also evident  in the 
presence of n -decylamine  as shown previously in Ta-  
ble I I I .  

Structura l  Effects of  Amines 
Comparisons were  made of the effects of various 

concentrat ions of I -  (as HI) on enhancing corrosion 
inhibit ion of mild steel in 3.0M HC1 by octamethyl -  
eneimine, d i -n-buty lamine ,  and n-octylamine.  The 
oc tamethyleneimine  was synthesized here. The s tar t -  
ing material ,  cyclooctanone, was converted to the lac- 
tam by the Schmidt  react ion (12). The lactam was 
reduced to the cyclic imine by reduct ion with  l i th-  
ium a luminum hydride.  The resul t ing impure  imine 
was purified by gas chromatographic  trapping. Its 
s t ructure  and pur i ty  were  verified by nuclear  mag-  
netic resonance spectra. D i -n -bu ty l amine  was pur-  
chased and purified by recrystal l izat ion as the hy-  
drochloride;  n -oc ty lamine  was also purchased, but 
requi red  no purification as shown by gas chromato-  
graphic analysis. 

The greatest  synergistic effect be tween I -  and the 
organics was observed for oc tamethyleneimine  as 
shown in Fig. 5. This chart  shows the observed inhibi-  
tor efficiencies (in parentheses)  of various concentra-  

I 000  [ 86 ~ , ~ . ( s s  ) ~ , _ ( s , 6  } ~ ( 9 r 5 . ~  .,~ = - ~ - ~ - - -  (96 | 

, 

J 
1101 1~)  ~1-  | ~(62?1- ~ 1 8 4 1  (8.q} 
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CONCENTRATION OCTAMETHYLENEIMINE,PPM 

Fig. 5. lsocorrosion curves of mild steel in 3N HCl at 35~ iodide 
and octamethyleneimine inhibitors. (Figures in parentheses ore ob- 
served per cent inhibition.) 

tions of I -  and octamethyleneimine  alone and in 
mixtures  of concentrat ions up to 1000 ppm. The re-  
sults are also given as isocorrosion curves which were  
plotted by interpolat ion of the exper imenta l  data. The 
molecular  weight  of oc tamethyleneimine  and the 
atomic weight  of iodine are approximate ly  equal, 
therefore  equal  ppm's of the two also correspond to 
equal molar  concentrations. This is approximate ly  
t rue for the other two amines. The enhancing effect 
of I -  is shown by noting that  the inhibitor  efficiency 
of 1000 ppm I -  alone is 86%, 1000 ppm octamethyl -  
eneimine alone is 89%, and a mix tu re  of only 10 ppm 
of each is 85%. 

The synergism of oc tamethyleneimine  and iodide 
ion is shown more clearly by the isocorrosion curves 
in Fig. 5. The dashed curve represents  the shape of 
curve  one would expect  in the absence of synergistic 
effects be tween the iodide and octamethyleneimine.  
For  example,  the intersection of the dashed curve 
and the 100 ppm octamethyleneimine  line represents  
the concentrat ion of iodide requi red  to give 86% in- 
hibitor efficiency if the mix tu re  behaved as ei ther 
iodide or oc tamethyleneimine  alone. The observed 
90% curve occurs at concentrat ions far less than one 
would expect  if  iodide and oc tamethyleneimine  be- 
haved independently.  

The cooperat ive effects of iodide and d i -n -bu ty l -  
amine occur most ly at lower concentrations, at 100 
ppm and below, and are negligible or ent i re ly  absent 
at higher  concentrat ions as shown by the observed 
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Fig. 6. Isocorrosion curves of mild steel in 3N HCI at 35~ iodide 
and dl-n-butylomine inbibitors. (Figures in parentheses are observed 
per cent inhibition.) 
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Fig. 7. Isocorrosion curves of mild steel in 3N HCI at 35~ iodide 
and n-octylamine inhibitors. (Figures in parentheses are observed 
per cent inhibition.) 

inhibitor  efficiencies in Fig. 6. Corrosion inhibit ion by 
1000 ppm iodide is not improved by the addit ion of 
1000 ppm d i -n -bu ty lamine ;  however ,  41% inhibitor  
efficiency is obtained by a mix ture  of 1O ppm of each 
addit ive al though no inhibition occurs on the addi- 
t ion of 20 ppm of ei ther species alone. The absence 
of synergistic effects at higher  concentrations is also 
reflected in the isocorrosion curves of Fig. 6. The 
slopes of the isocorrosion curves become negat ive  at 
increasingly lower amine concentrations as the con- 
centrat ion of iodide is decreased. 

Lit t le  or no synergism is observed in the n-oc ty l -  
amine- iodide  system. Both addit ives are essentially 
inert  in combination or alone for concentrat ions of up 
to 100 ppm n-oc ty lamine  and 10 ppm I -  as shown in 
Fig. 7. The isocorrosion curves for this system (Fig. 
7) have essentially the shape one would expect  for a 
nonsynergist ic  system as shown previously in Fig. 5. 

Discussion 
In the absence of organic addit ives anionic effects 

were  noted only in halogen acids or by the addition 
of halogen ions to other  acids. The anionic effects in 
all acids except  HI are in the order I - > B r - ~ C 1 -  as 
predicted f rom electrochemical  methods. The effects 
of C104-, SO4 =, and PO4= were  small and within  ex-  
per imenta l  e r ror  so that  no conclusion can be drawn 
concerning their  order of adsorption under  the con- 
ditions employed. The only instances of inhibit ion by 
the lat ter  ions are noted in HI, where  one would not 
expect  any effects by other  ions in the presence of 
3.0M strongly adsorbed I - .  

In the absence of a preservat ive,  solutions of HI 
are unstable so traces of free iodine are inevitable.  
It is l ikely that  results in 3.0M HI are influenced by 
the presence of the I3-  ~ 3 I -  couple. In this case a 
shift of the corrosion potential  to more  posit ive values 
wi th  respect to the zero point of charge must  be as- 
sumed to account for inhibit ion by foreign anions. 
This can be accomplished by depolarization of the 
cathode react ion or increased polarizat ion of the 
anode reaction. These effects appear reasonable for 
all the added anions including C1- which is usually 
considered an anodic depolarizer,  but  has been 
shown by Lorenz (13) to polarize the anodic reaction 
of steel in H2SO4 solutions. The specificity of halogen 
ions in general,  and especially iodide, suggests chemi-  
sorption as the means of inhibit ion of steel. 

The effects of all the anions studied are amplified 
by the addition of organic amines. Synergism of 
amine and foreign anions is noted most in acids con- 
taining d i -n -amylamine  which does not have much 
effect alone. Iofa (14) shows that  iodide and sulfide 

Table V. Effect of iodide and octamethyleneimine on the 
corrosion potential of mild steel in 3N HCI 

(Figures are mV negative with respect to SCE) 

P p m I -  
i000 475 477 475 474 467 

i 0 0  475 476 471 467 481 
10 476 475 474 471 469 

1 478 471 471 469 463 
0 476 473 467 464 463 

0 1 I0  I00  I000  
P p m o c t a m e t h y l e n e i m i n e  

ions increase the polarizat ion of both the anodic and 
cathodic reactions on corroding steel in the presence 
of t r ibenzylammonium ion. This effect is a t t r ibuted 
to an increased negat ive charge on the metal  surface 
caused by adsorption of anions which then promote  
the adsorption of organic cations. If anions are ad- 
sorbed sufficiently to promote  the adsorption of ca- 
tions, one would expect  the anions themselves  to ex-  
hibit a part ial  inhibit ing effect. This is not the case, 
however,  as shown by the increase in inhibit ion from 
0 to 70% for C1- in H2804 and H3PO4 in the presence 
of d i -n-amylamine .  The adsorption of the organic 
cation appears to stabilize the anion layer  on the 
metal, possibly by displacement of the equi l ibr ium 
between solution and adsorbed ions toward  surface 
positions on the metal.  

Simple measurements  of the corrosion potential  of 
steel in 3.0M HC1 were  made to aid in in terpre t ing  
the mechanism of synergism by iodide with  amines. 
Potentials  were  measured wi th  respect to a saturated 
calomel electrode in n i t rogen-s t i r red  solutions. 

Results of the measurements  for additions of iodide 
and octamethyleneimine and combinations of the two 
are given in Table V. The corrosion potential  of 
mild  steel in 3.0M HC1 shifts in a positive direction 
with additions of oc tamethyleneimine;  however ,  the 
magni tude  of the changes are  small  being only 13 mv 
for addition of 100 ppm of imine. These observations 
are in accord with  those observed previously (15) 
for steel in HC1 containing nonamethyleneimine.  In 
this work it was observed that  both the anodic and 
cathodic reactions are polar ized by the addit ion of 
nonamethyleneimine.  Additions of iodide have little, 
if any, effect on the corrosion potent ial  as shown in 
Table V. This resul t  is a t t r ibuted also to polarization 
of both the anodic and cathodic reactions as observed 
by Iofa (14) for corrosion inhibi t ion by KI in H2SO4. 

The shift in corrosion potential  to a more posit ive 
value affords a greater  tendency for the meta l  to ab- 
sorb anions. However ,  the additional observations in 
Table V that  mix tures  of iodide and oc tamethylene i -  
mine, e.g., 10 ppm of each, do not shift the corrosion 
potent ial  yet inhibit  corrosion to a greater  extent  
than ei ther addit ive alone indicate that  covalent  
bonding of the halide also plays a part  in the mech-  
anism of synergistic inhibition. 

Solution chemist ry  of the organic addit ive is, of 
course, a factor as shown by a comparison of results 
for d i -n-amylamine ,  n-decylamine,  and propargyl  al-  
cohol. Acetylenic  compounds l ike propargyl  alcohol 
form cationic complexes.  Thus, in this respect, they are 
similar  to ni t rogen compounds (16). Mechanisms to 
account for the antagonism of C104- in the lat ter  
systems are not known. It is not feasible to assume 
that  C104- would be adsorbed sufficiently to displace 
adsorbed amine or alcohol because C104- has no 
effect on the corrosion of steel in the absence of the 
organics. A complete  explanat ion of the results  must  
take into account the chemist ry  of the systems in- 
volved. For example,  propargyl  alcohol may undergo 
reduct ion or addit ion of halogen acids across the 
tr iple bond. 

Molecular s t ructure  of the organic compounds is 
impor tant  in synergistic inhibit ion as shown by the 
results for octamethyleneimine,  d i -n-buty lamine ,  and 
n-octy lamine  in HC1 containing additions of iodide 
ion. I t  has been shown that, in the absence of foreign 
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anions, those organic cations that  have the greatest 
tendency toward covalent bonding give the best cor- 
rosion inhibition. Covalent  bonding of organic ni t ro-  
gen compounds to iron has been discussed previously 
(15). Specifically, it was shown that, of the amines 
investigated, nonamethylene imine  had both the high- 
est p character of the electron pair on N and the 
highest inhibi t ion (15). Iofa (14) has shown that I -  
alone polarizes both the anodic and cathodic reac- 
tion of i ron over a wide potential  range. It is ap- 
parent  then that the  effects of I -  are not due to elec- 
trostatic effects alone, but  some covalent bonding to 
the metal  must  be involved. The large size and ease 
of polarizabil i ty of I -  facilitate electron pair bonding. 
The greatest synergistic inhibi t ion is to be expected 
for an anion-cat ion pair, in which both ions have an 
appreciable tendency toward covalent bonding. For 
example, in the case of octamethyleneimine and I -  
in HC1, the chemisorbed iodine serves as a link, or 
bridge, between the metal  surface and the imine, as 
would an anion associated with the surface by purely  
electrostatic forces. However, the former is more ef- 
fective, for reasons not yet fully apparent.  

Conclusions 
Of the ions studied, I - ,  B r - ,  CI - ,  C104-, SO4 =, and 

PO( ,  the order of adsorption based on corrosion in-  
hibit ion efficiency is I - ~ B r - ~ C I - ,  while insufficient 
effects were noted for the others on which to base an 
order of adsorption. The specificity of effects at-  
t r ibutable  to I -  suggests a strong interact ion with the 
steel surface possibly through chemisorption. 

Synergism of inhibi tor  efficiency between anions 
and organic cations is greater than can be expected 
by a shift in the metal  surface potential  by anion 
adsorption and must  be at t r ibuted in par t  to stabiliza- 
tion of the adsorbed anion layer by organic cations. 

Molecular s t ructure  of the organic compound may 
play a dominant  role in the degree of enhancement  
of inhibi t ion by a foreign anion, with the greatest 
enhancement  occurring when  both the anion and ca- 
tion show a tendency toward electron pair bonding. 
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Some Aspects of the Mechanism of Hydrogen Evolution 
at a Mild Steel Electrode 

J. S. LI. Leach and S. R. J. Saunders 
Department of Metallurgy, Imperial College of Science & Technology, London, England 

ABSTRACT 

The hydrogen evolution reaction on mild steel has been studied in both 
acid and alkal ine solutions. The associated overvoltage at constant current  
increased under  some conditions dur ing the hydrogen permeat ion process 
through a foil electrode. This increase has been in terpre ted  as resul t ing from 
an increase in the hydrogen content  of the metal. The results suggest that  
the hydrogen evolution reaction in acid solution takes place on the surface 
of the electrode, whereas in alkal ine solutions the evolution process involves 
dissolution of hydrogen in  the metal. 

The hydrogen evolution overvoltage at an iron elec- 
trode being cathodically charged under  galvanostatic 
conditions has been observed to increase wi th  time. 
The following interpretat ions have been proposed to 
account for this effect: (a) The adsorption of impur -  
ities in  the system which may poison the electrode for 
the recombinat ion of hydrogen atoms (1);  (b) the 
adsorption of hydrogen atoms on the electrode sur-  
face (2); (c), the formation of i ron hydride (3); (d) 
an increase in the hydrogen content  of the metal  (4). 
This last explanat ion is perhaps the most general ly 
favored. 

The na ture  of the electrode interface is impor tant  
in de termining both the hydrogen adsorption and de- 

sorption rates on a metal. The rate of adsorption of 
electrolytic hydrogen at an iron electrode is dependent  
on the pH and the imposed current  density. Berg (5) 
has shown that  the rate of hydrogen desorption in 
the presence of water  is greater than the correspond- 
ing rate in  air. 

In  view of the importance of hydrogen in corrosion 
processes (6-8), it was decided to re-examine,  as a 
funct ion of the environment ,  the hydrogen overvolt-  
age at a mild steel electrode dur ing  the permeation 
process. 

The observations reported here appear to lend sup- 
port to the idea that  the overvoltage increase arises 
from a change in hydrogen content  of the electrode 
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Fig. 1. Hydrogen pick-up test cell 

and that  under  certain circumstances dissolution in 
the electrode may be a necessary step in the hydrogen 
evolution process. 

Experimental Procedure 
Simultaneous measurement  was made of the hy-  

drogen overvoltage,  the hydrogen permeat ion  rate  
through the foil, and the hydrogen  evolut ion rate. 
The presence of an oxide on the surface of the 
electrode would be expected to produce complica-  
tions; in the present  work  the pH of the solutions 
and the potent ial  of the electrodes were  such that  
oxides of iron were  thermodynamica l ly  unstable and 
that  no corrosion of the electrode occurred. 

The cells employed for this work  are shown dia- 
grammat ica l ly  in Fig. 1 and 2. Figure  1 i l lustrates the 
cell used to measure  the hydrogen permeat ion rate. 
The position of the gas bubbler  was chosen to mini -  
mize the diffusion of oxygen from the anode compar t -  
ment  to the cathode compartment .  The permeat ion  
rate  was measured by observing the movemen t  of a 
mercury  column in a capi l lary of known bore. The 
mercury  was displaced f rom behind the electrode at 
the nonpolarized interface by the hydrogen  pe rmea t -  
ing through the electrode. The capi l lary was placed 
at the same level  as the electrode so that  the per -  
meat ing gas had only to overcome atmospheric  pres-  
sure before moving  the mercury.  I t  was difficult to 
be certain exact ly  how much hydrogen  must  leave 
the electrode before the mercury  begins to move;  
provided that  the system is clean it is thought  to be 
only a ve ry  small  amount. However ,  the discussion is 
p r imar i ly  concerned with s teady-state  conditions, and 
therefore  this uncer ta in ty  becomes re la t ive ly  un im-  
portant. By changing the size of capillary, permeat ion 
rates f rom 0.0001 to 0.01 cc /cm2/min  could be meas-  
ured. The hydrogen evolut ion rate  was measured by 
placing a thistle funnel  above the cathode and col- 
lecting the gas in a graduated buret  by displacement  
of the solution inside. The volume was corrected to 
S.T.P. The potent ia l  of the electrode was measured  
with  respect  to a calomel half  cell. A Luggin capil lary 
was placed approximate ly  1/s in. f rom the specimens, 
connection being made to the half  cell  by means of 
a polythene tube containing the solution. All  poten-  
tials quoted in this paper  are expressed on the stand- 
ard hydrogen scale and are designated EH. 

I RECORDER J 
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Fig. 2. Apparatus for measurement of transferred overvoltage. 
Fig. 2a. Electrical circuit; Fig. 2b. cell (diagrammatically). 

Figure  2 i l lustrates the cell  used to invest igate  the 
permeat ion-poten t ia l  characterist ics of the electrode 
when the nonpolarized interface  was sol id/aqueous.  
The permeat ion rate  was not measured in this case, 
but  an estimate of the t ime taken for hydrogen to 
reach the nonpolarized interface could be obtained 
f rom an observation of the potent ia l  at this interface. 
A change in potent ia l  toward  more  negat ive  values 
at this interface can be associated with the arr ival  
of hydrogen.  

The solutions used were  made f rom Analar  reagents  
and disti l led water.  The distil led water  was "equi-  
l ibr ium wate r"  wi th  a conduct ivi ty  of 10 -6 mho/cm.  
The pH of the water  was 6.5 which was due to the 
presence of a low concentrat ion of sulfurous impur -  
ities. The solutions used, which were  degassed both 
before and during the exper iments  with oxygen- f ree  
ni t rogen to reduce the oxygen  concentration, had the 
fol lowing compositions: (i) carbonate /b icarbonate  
buffer (0.2N NaHCO3 + 0.2N Na2CO3) pH 9.7; (ii) so- 
dium sulfate of var iable  pH. (The pH was adjusted 
with  sodium hydroxide  or sulfuric acid.) 

The presence of sulfurous impuri t ies  in the system 
was desirable since these increased the hydrogen 
permeat ion  rate which  otherwise would  have been 
very  slow under  the exper imenta l  conditions. To con- 
firm that  these impuri t ies  only increased the permea-  
t ion rate  and did not change the mechanism of the 
process, some exper iments  were  repeated wi th  solu- 
tions prepared  f rom the disti l led water  purified by a 
fu r the r  dist i l lat ion in the presence of a lkal ine per -  
manganate.  In order  to p reven t  possible contaminat ion 
of the solutions by impuri t ies  f rom the electrode, 
h igh-pur i ty  iron (analysis below) was used in these 
tests. 

The electrode mater ia ls  used in this invest igat ion 
were  cold rolled and wet  ground with  successively 
finer carborundum papers up to 600 grade and then 
careful ly  washed in disti l led water .  This t r ea tment  
was chosen because it has been shown (9) that  both 
cold roll ing and a rough surface increase the pe rmea-  
tion rate. The foil thickness was 0.0127 cm unless 
otherwise stated. The  analysis of the electrode ma-  
terials is as follows: 

Mild steel: (w/o,  weight  per  cent) carbon 0.15- 
0.25 w / o ;  manganese 0.4-0.9 w / o ;  sulfur 0.06 w/o ;  
phosphorus 0.06 w / o ;  silicon 0.05 w / o ;  remainder  iron. 

Pure  iron: carbon 0.00034 w/o ;  manganese  0.005 
w/o ;  sulfur 0.004 w/o ;  phosphorus 0.01 w / o ;  silicon 
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0.006 w/o;  oxygen 0.0006 w/o;  ni t rogen 0.0001 w/o;  
remainder  iron. 

The glass cells were cleaned with chromic acid, con- 
centrated nitr ic acid, distilled water, and finally ab- 
solute alcohol. The silicone rubber  washers were de- 
greased with acetone and absolute alcohol. 

Various constant current  values were obtained by 
placing sui tably large resistors in series with the d-c 
mains. The current  was monitored and found to be 
constant  within _+ 1%. 

The valve vol tmeter  (E.I.L. Model 23A) used for the 
potential  measurements  was of the differential ampl i -  
fier design with high input  impedance and high 
stabili ty over long time periods. The electrode po- 
tential  and polarizing current  were automatical ly 
recorded. 

The system was tested by measur ing the current  
efficiency for the hydrogen evolution reaction. The 
number  of coulombs passed agreed to wi th in  1% with 
the number  required to l iberate the amount  of hydro-  
gen evolved plus that which permeated through the 
foil. 

Results 

The effect of current  density and pH on the hydro-  
gen permeat ion rate is shown in Fig. 3 and 4. Figure 
3 shows that  in  acid solution the permeat ion rate is 
independent  of the imposed current  density, while in 
alkaline solution at high current  density change in  
the imposed current  changes the permeat ion rate. 
The low current  density range shows a threshold ef- 
fect which has been interpreted (10) in terms of the 
need for a m i n i m u m  cur ren t  density before permea-  
t ion begins. 

Fur ther  experiments  were conducted in solutions of 
selected pH so that  the t ransi t ion between these two 
types of behavior could be observed (Fig. 4). At  low 
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cur ren t  densities the permeat ion  rate is independent  
of the imposed current ,  bu t  at higher currents ,  the 
permeat ion  rate  becomes dependent  on the current  
density. In  these experiments  foil thickness of 0.0076 
and 0.01 cm were used. 

A change in  the hydrogen evolution kinetics in acid 
solutions takes place on increasing the current  den-  
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interfaces during hydrogen permeation through mild steel into an 
aqueous environment (solution pH 9.7); current density 12.8 ma/cm 2. 
Full lines polarized interface pH 1.0; broken lines polarized inter- 
face pH 9,7. 

sity, which is i l lustrated by the Tafel  curves obtained 
by Stern  (11) for mild  steel (Fig. 5). In Fig. 6 re-  
sults obtained in the present  work  show the same 
effect. These results are plotted in a different way  to 
show that  a change of one pH unit results in a ten-  
fold change in the current  density at which a t ransi-  
tion in the hydrogen evolut ion mechanism takes place. 

Overvol tage  changes observed at the polarized in-  
terface dur ing the permeat ion  of hydrogen through 
the mild steel foils under  various conditions are shown 
in Fig. 7, 8, and 9. For  the case of a mild  steel elec-  
trode in alkal ine solution with  mercury  ini t ial ly mak-  
ing contact wi th  the nonpolarized interface the re-  
sults are shown in Fig. 7. The overvo]tage increases 
during the first 10 min of the exper iment ;  having 
changed by 0.1v, it then remains constant for approx-  
imately  an hour. Af ter  this the overvol tage  again in-  
creases and becomes constant when  the permeat ion 
rate  has at tained a steady value. This second increase 
in the overvol tage  appears to coincide with  the evolu-  
tion of hydrogen from the back of the foil. However ,  
in acid solutions under  otherwise similar conditions, 
the overvol tage  increases gradual ly  f rom the start  
of the exper iment  (Fig. 8), the total  increase being 
smaller  than the corresponding case in alkal ine so- 
lution. The evolut ion of the hydrogen f rom the back 
of the foil starts about 40 min f rom the beginning of 
the exper iment .  

Using doubly distil led water  for solutions and the 
pure i ron electrode the same general  t rends are ob- 
served as in the impure  system, but on a reduced 
scale and at longer times. These results suggest that  
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Fig. 10. Overvoltage changes at a mild steel electrode in pH 
9.7 solution during permeation into an environment initially inert 
subsequently changed ta aqueous. 

the additional impuri t ies  do not change the mechan-  
ism but only the rate  of the permeat ion process. 

Results of overvol tage  measurements  made during 
the permeat ion of hydrogen into an aqueous envi ron-  
ment  (solution pH 9.7) appear  in Fig. 9. Changes in 
potent ial  at the nonpolarized interface are in terpre ted  
as corresponding to changes in the hydrogen  per-  
meation rate. The exact origin of these potential  
changes is considered in more  detail  in the discussion. 
With an alkal ine solution at the polarized interface 
the overvol tage  there increased by 0.1v in the first 
10 min  of the exper iment  (compare with  Fig. 7); 
thereaf te r  it remains  constant. The overvol tage  at 
the nonpolarized interface also increases but  only 
after the overvol tage at the polarized interface has 
reached a constant value. With  an acid solution at 
the polarized interface, the overvol tage  there  remains 
constant throughout  the exper iment  while  that  at the 
nonpolarized interface increases soon after  the ex-  
per iment  has commenced. 

It wil l  be noticed f rom Fig. 7, 8, and 9 that the en- 
v i ronment  of the nonpolarized interface influences 
both the t ime for breakthrough of hydrogen and the 
overvol tage  at the polarized interface. This suggested 
an exper iment  in which an aqueous envi ronment  
could be substi tuted for an iner t  env i ronment  at the 
nonpolarized interface. Results are shown in Fig. 10 
where  it wil l  be seen that changing the envi ronment  
after  the second overvol tage  change has occurred at 
the polarized interface causes the potential  to rise 
rapidly to the value obtained after the first over-  
voltage increase. 

This large increase in overvol tage  in alkal ine solu- 
tions was invest igated fur ther  by measur ing the Tafel  
slopes for mild steel during the permeat ion process 
with an inert  env i ronment  behind the electrode. The 
results i l lustrated in Fig. 11 were  obtained at var i -  
ous stages in the exper iment  as the overvol tage  in- 
creases, and indicate that  the slope remains  approx-  
imately at 0.2 in all the overvol tage  ranges. 

Discussion 

The mechanism of the hydrogen evolut ion reaction 
is bel ieved (12) to be governed by the pH of the so- 
lution and the imposed current  density. At  low current  
densities in acid solution the react ion takes place by 
the reduction of hydronium ions. Increasing the pH 
causes the concentrat ion of hydronium ions to de- 
crease. For any given pH there  is a m ax im um cur-  
rent  which can be carried by the reduction of hydro-  
nium ions; imposing greater  currents  than this l im-  
i t ing value  results in an increase in the overvol tage  
sufficient to allow the reduct ion of water  by the fol-  
lowing reaction 

H20 + e-->OH- + M--H [1] 

where  M--H represents  a hydrogen atom adsorbed 
on the metal  surface. The adsorbed hydrogen  atoms 
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may then recombine to form a molecule.  Hydroxy l  
ions are produced at the electrode as a by-product  of 
this react ion causing a local increase in the pI-I of the 
solution. It has been suggested (2, 12) that  under  
these conditions the local pH near  the electrode is 
constant regardless  of the pH in the bulk solution. 
This may  provide an explanat ion of the effect seen 
in Fig. 5 where  the overvo l t age -cur ren t  re la t ion is 
the same for solutions of different pH once the t ran-  
sition in the evolut ion kinetics has occurred. In the 
remainder  of the discussion the differences observed 
between the evolut ion behavior  in acid and in a lka-  
line solution are in te rpre ted  as being associated with  
the change in the discharging species. 

F rom Fig. 3 and 4 it may be seen that  the pe rmea-  
tion rate  is independent  of the imposed current  den-  
sity in acid solutions. In alkal ine solutions, however ,  
the permeat ion rate  varies wi th  the current  density, 
and this has been plotted as a square root dependence 
after the work  of Bar rer  (10). No significance is 
at tached to the square root relat ion as an equal ly  
good line may be obtained for the present  results by 
plot t ing a l inear dependence on the current  density. 
The exact  form of the relat ionship is not considered in 
the subsequent  discussion; only the fact  that  there  is 
a change f rom current  independent  permeat ion rates 
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in acid solutions to rates dependent  on current  den-  
sity in alkal ine solutions. 

The values of pH and cur ren t  density at which the 
hydrogen permeat ion kinetics change may  be der ived 
f rom Fig. 4. The relat ion be tween  the current  density 
and the solution pH at which the hydrogen evolut ion 
kinetics change may be deduced f rom Fig. 6. All  
these values are shown in Fig. 12, and it wi l l  be seen 
that  the transit ions in both processes show the same 
cur ren t  dens i ty /pH relationship.  

Before examining  the way in which the hydrogen 
permeat ion and hydrogen evolut ion processes may be 
related it is re levant  to consider the exper imenta l  
observations shown in Fig. 7-10. These are concerned 
with the effects on the overvol tage  for hydrogen evo-  
lut ion of the nature  of the unpolarized interface of 
the electrode. 

The overvol tage  changes shown in Fig. 7 and 8, 
with the exception of the first change in the alkal ine 
solutions (Fig. 7), do not arise f rom the presence of 
impurities.  This is deduced f rom results  shown in 
Fig. 9 where  no such changes occur when an aqueous 
envi ronment  is at the back of the foil. This deduction 
is also supported by results shown in Fig. 10. Here  
the exper imenta l  conditions were  s imilar  to those 
pertaining to the results shown in Fig. 7, but  after a 
steady state had been achieved at about --2.0v EH an 
aqueous envi ronment  was substi tuted for the iner t  
env i ronment  at the back of the foil electrode. The 
potent ial  rose rapidly  wi thout  fur ther  change in the 
conditions. These changes in overvol tage  might  arise 
f rom changes in the hydrogen evolut ion mechanism, 
but  in general  this should resul t  in changes in the 
Tafel  slope such as those seen in Fig. 5. Measurements  
made during the observed overvol tage  increase in 
alkal ine solution show the Tafel  slope to be essen- 
t ial ly constant (Fig. 11) suggesting that  no change in 
the mechanism occurs. 

If it can be shown that  the large overvol tage  in- 
crease is associated with  increased hydrogen content 
of the electrode, then a satisfactory explanat ion for 
both the overvol tage  behavior  and the permeat ion 
kinetics may be proposed. 

An aqueous envi ronment  has been shown (5) to 
assist the r emova l  of hydrogen  f rom the meta l  to a 
greater  extent  than an iner t  env i ronment  such as 
ni t rogen or hydrogen. For  a given rate  of hydrogen 
remova l  f rom the meta l  at the nonpolar ized interface, 
the concentrat ion of hydrogen in the meta l  would be 
higher  when the surface of the meta l  forms an in ter -  
face wi th  an iner t  env i ronment  ra ther  than an 
aqueous environment .  This increased concentrat ion at 
the nonpolarized interface results in an increased con- 
centrat ion in the meta l  at the polarized interface. 

Consider the effect on the hydrogen evolut ion reac-  
tion of the permeat ion  process into an iner t  envi ron-  
ment. Under  these conditions it has been shown that  
an increased hydrogen concentrat ion in the meta l  may 
be expected when  compared with  the  permeat ion  
process into an aqueous environment .  Figures  7 and 8 
i l lustrate  the overvol tage  changes that  occur at the 
polarized interface dur ing the hydrogen  evolut ion 
process when  hydrogen is being genera ted  from acid 
and from alkaline solutions, respect ively.  It can be 
seen that  the overvol tage  change at the polarized 
interface is considerably greater  for alkal ine solutions 
than for acid solutions. 

Any  mechanism proposed for the hydrogen evolu-  
tion react ion should take into account the fol lowing 
observations: (A) In acid solution (i) the permeat ion  
rate is independent  of the imposed cur ren t  density, 
and (it) the hydrogen  evolut ion process is not m a r k -  
edly dependent  on the hydrogen content  of the elec-  
trode, as reflected by a small  change in the overvol tage  
during the permeat ion process into an iner t  envi ron-  
ment. (B) In  alkal ine solution (i) the permeat ion 
rate  is dependent  on the current  density, and (it) the 
evolut ion process is dependent  on the hydrogen con- 
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tent  of the metal,  as reflected by a substantial  change 
in the overvol tage  during the permeat ion process into 
an inert  environment .  

The suggested differences be tween the mechanisms 
for hydrogen evolut ion in acid and in alkal ine solu- 
tions which are described below afford an explanat ion 
of the exper imenta l  observations. 

In acid solutions it is proposed that  the evolut ion 
process takes place ent i re ly  on the surface of the elec-  
trode. Electrons would be removed  from the meta l  by 
the field arising f rom the posit ively charged ionic 
species H30 + adjacent  to the meta l  surface so dis- 
charging the hydron ium ion to form a water  molecule  
and a hydrogen atom which may then combine with  
another.  Any  hydrogen enter ing the meta l  does so 
under  exist ing potential  and concentrat ion gradients 
and not as a necessary step in the evolut ion reaction. 

In alkal ine solutions, on the other  hand, it is pro-  
posed that  the evolut ion react ion takes place via 
hydrogen dissolution in the metal.  Due to the high 
concentrat ion of hydroxyl  ions at the electrode surface 
created as a by-produc t  in the reduct ion of water,  
some hydroxyl  ions should be adsorbed on the elec-  
trode. The hydroxyl  ion is polar and would align 
itself wi th  the hydrogen closer to the electrode. Since 
the net charge on the electrode is negat ive the re -  
moval  of an electron f rom the meta l  would not be 
favored. It  is suggested, therefore,  that  the fol lowing 
react ion may  take place 

[OH]ads -{- H~O--> 2 O H -  -}- [H+]inFe [2] 

The undoubtedly large energy required to r emove  H + 
from O H -  might  be supplied in part  by the heat  of 
solution of the proton in iron. This is of the order of 
--40 kca l /g  atom for atomic hydrogen (13). The pro-  
ton in metal l ic  solution loses its charge and may ei ther  
diffuse into the meta l  under  a concentrat ion gradient  
or recross the phase boundary,  combine with  another  
atom, and finally be evolved as molecular  hydrogen. 
It is difficult to see how a react ion which takes place 
ent i re ly  on the surface of the electrode, as in the acid 
case, could explain both the dependence of the per-  
meat ion ra te  on the current  density and the depend-  
ence of the evolut ion react ion on the hydrogen con- 
tent  of the electrode. 

There  are some aspects of these results which, al-  
though not direct ly re la ted to the hydrogen evolut ion 
process, requi re  an explanat ion:  (a) the nature  of the 
first increase in overvol tage  at the polarized interface 
during permeat ion  f rom an alkal ine solution into an 
iner t  env i ronment  (Fig. 7); (b) the t ime taken  for hy-  
drogen permeat ion  into the different environments .  

The first increase in the overvol tage  at the polarized 
interface is bel ieved to be associated with  the cathodic 
reduct ion of an oxygen-conta in ing  species adsorbed 
on the electrode in alkal ine solutions. P re l iminary  
impedance measurements  support  this interpretat ion.  

The t ime taken ini t ia l ly  for hydrogen permeat ion 
through the foil apparent ly  varies for different en-  
vironments.  However  the t ime taken for hydrogen to 
diffuse through the meta l  is re la t ive ly  short as shown 
by measurements  in which a s teady-s ta te  permeat ion 
process into an aqueous env i ronment  is distr ibuted by 
changing the current  density at the polarized in te r -  
face. The resul t ing change in the potential  at the non- 
polarized interface occurs wi th in  one minute  (see 
Table I).  Fur the r  evidence for rapid diffusion appears  
in Fig. 10 where  the recovery  of overvol tage  also 
occurs in about  1 rain. 

At the start  of an exper iment  the drop in potent ial  
at the nonpolarized interface, in the presence of an 
aqueous solution which indicates the ar r iva l  of hy-  
drogen at this interface, can occur in about  1O min or 
less. Evidence of the permeat ion  of hydrogen into a 
gaseous env i ronment  as shown by the movement  of 
the mercury  takes under  otherwise  similar  conditions 
approximate ly  1 hr. These differences in the t ime 
taken for hydrogen to be observed at the nonpolarized 

Table I. Time required for hydrogen to diffuse through the metal foil 

T i m e  fo r  c h a n g e  
in  p o t e n t i a l  fo r  

C u r r e n t  d e n s i t y  p H  p o l a r i z e d  fo i l  0 .0127 cm 
c h a n g e s ,  m a / c m  2 i n t e r f a c e  t h i c k ,  sec 

i 0  --> 30 1.0 62 
30 --> 90 1.0 57 
i 0  --> 30 9.7 65 
30 ---> 90 9.7 53 

interface may be re la ted to the presence of an oxygen 
containing layer. In the case of an inert  environment ,  
the reduction of this layer  may be favored compared 
with diffusion out of the interface. For an aqueous 
environment ,  however ,  the potent ial  which is reached 
at the nonpolarized interface is such that  the reduct ion 
process would not occur and therefore  the hydrogen 
leaves the surface immediately.  

Summary 
Of the mechanisms put forward  to explain the in-  

crease in hydrogen overvoltage,  the adsorption of 
impuri t ies  (1) or of hydrogen atoms (2) is not in 
itself sufficient to account for all the effects observed 
in the present  experiments .  The most  probable  cause 
appears to be the increase in the hydrogen content  of 
the metal.  Other measurements  to be repor ted  in a 
later  paper indicate that  a revers ible  react ion which 
might  involve the format ion of a hydr ide  may  be oc- 
curr ing at the most negat ive  potentials.  It  is believed, 
however ,  that  this is the result  of the high concentra-  
tion of hydrogen in the meta l  and is not in i tself  the 
cause of the increase in overvoltage.  The observations 
support  the mechanism for the hydrogen evolution 
react ion proposed by McGraw and co-workers  (14). 

The hydrogen permeat ion process has been shown to 
be related to the hydrogen evolut ion mechanism. In 
alkal ine solutions the permeat ion rate  depends on the 
evolut ion rate  whereas  in acid solution no such de- 
pendence is observed. This is in terpreted in terms of 
a change in the evolut ion mechanism;  it is suggested 
that  in alkal ine solutions this takes place via hydro-  
gen dissolution in the metal  whereas  in acid solution 
the react ion occurs in the meta l  surface. 

A possible consequence of the concepts developed in 
the present  work  lies in the field of hydrogen pick-up. 
The absorption of hydrogen by a specimen depends on 
the mechanisms of proton discharge. In particular,  the 
ease with which the electrons can be t ransfer red  
across the phase boundary to permit  discharge of 
protons wi thout  thei r  en t ry  into the surface layers  of 
the mater ia l  implies a dependence on such parameters  
as the work  function of the interface as well  as the 
avai labi l i ty of electrons in the electrode surface layers. 
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ABSTRACT 

The ammonia  general ly  used as a buffer in alkal ine electroless nickel  and 
cobalt plat ing baths has been shown to have a significant effect on both the 
rate  of deposition of thin metal  films and the magnet ic  and physical  p roper -  
ties of such films. These effects have been studied on both metal l ic  and 
nonmetal l ic  substrates, using both ammonia  and nonammine  buffer systems, 
and at tempts  have been made to correlate  them with spectral  and polaro- 
graphic observations. 

General ly,  ammonia  is used as the buffer (1, 2) in 
alkal ine electroless nickel and cobalt plating. How-  
ever, f rom a control and reproducibi l i ty  standpoint,  
the use of ammonia  has several  disadvantages.  Among 
these are its volat i l i ty  and, especially in the c o b a l t  
system, the format ion of very  stable cobal t ( I I I )  com-  
pounds, at least  at room temperature .  Fur thermore ,  
the effect of ammonia  on the plat ing rate  of alkal ine 
cobalt and nickel  electroless baths has not been de- 
fined clear ly  in the l i terature,  and some disagreement  
exists. For instance, Brenner  (3) states that  " A m m o -  
nium salts increase the rate  of deposition of nickel  
f rom the alkal ine baths," but that  "In the cobalt so- 
lut ion ammonium salts decrease the ra te  of deposi-  
tion to a considerable extent  . . . "  (4). However ,  var i -  
ous Russian authors (5, 6) state that  in alkal ine co- 
balt  solutions the rate  increases sl ightly be tween  0 
and 75 g/1 NH4C1 and then decreases rapidly,  while  
in alkal ine nickel solutions the rate  increases be tween 
0 and 50 g/1 NH4C1 and is level  thereafter .  

For  the purpose of control  and reproducibi l i ty  the 
use of a different buffer system, sodium tetraborate,  
was investigated. In so doing, it was observed that  
there were  some start l ing changes in the rate  and 
deposit characterist ics which appeared inconsistent 
wi th  previous observations. This resul ted in a more 
careful  study of the effect of ammonia  on the plat ing 
rate  of baths of certain compositions and in the col- 
lection of  spectral  and polarographic  data to t ry  to 
explain these results. 

The experiment--Plat ing samples for all of the 
work to be repor ted  were  prepared  on polyethylene  

Table I. Effect of ammonia on the rate of electroless deposition of 
cobalt on polyethylene terephthalate 

Bath :  35 g/1 CoSO4.TI-I~O (0.12~r ; 35 g/1 NaaC~I~O~-2I-I20 (0.12M) ; 
20 g/1 NaH~PO2.HeO (0.19MI; X g/1 (NH4)2SO{; pH ad jus t ed  w i t h  
NaOH 

A v e r a g e  p la t ing  rate,  ~g coba l t /cm2/min  
g / l  (NHD~SO~ pH 8.0 pH 8.5 pH  9 Temp,  ~ 

I00 150 157 162 180 
50 123 107 105 180 
25 67 58 23 160 

(135) (116) (46) 
0 29 32 25 180 

te rephthala te  or copper substrates. The polyethylene  
terephthala te  was prepared for plat ing by t rea tment  
in the normal  caustic etch, t in presensitization, pal la-  
dium sensitization sequence described by numerous 
authors (7, 8) to produce the init ial  catalytic surface. 
The copper substrate was simply cleaned in potassium 
dichromate-sul fur ic  acid solution and then t rea ted  in 
the pal ladium solution. Al l  of the data to be presented 
on rate, magnetics,  etc., are the average  or range ob- 
tained f rom at least six samples plated for at least 
three different times, normal ly  wi th  a thickness of 
deposit  be tween 300 and 10,000A. When ammonia  was 
present in the plat ing baths, the samples were  plated 
f rom a semiclosed system, open to the a tmosphere  
only through a reflux condenser. Ammonia  analyses 
were  run  before and after  the plates were  made. In 
general,  the total  ammonia  in the bath var ied less 
than 3% over a 2-hr  period. The metal  and phosphor-  
ous content  of the deposited films were  measured by 
x - r ay  emission spectroscopy. A vibra t ing  sample mag-  
netometer  was used to measure  the magnet ic  charac-  
teristics of the films. 

Results and Discussion 
Table I shows some of the results of the electroless 

deposition of cobalt on polyethylene  terephthalate ,  
both as a function of pH and ammonia  concentration. 
The composition of the bath is similar  to baths re-  
por ted in the l i te ra ture  (1-6). The plat ing ra te  is 
calculated by taking the amount  of meta l  plated per 
uni t  area and dividing this by the plat ing time. The 
rate  is repor ted  as micrograms of meta l  deposited per  
square cent imeter  per minute.  The data at 25 g/1 
(NH4)2SO4 were  taken at a different temperature ,  
160~ because bath stabil i ty appeared to be an over -  
r iding problem at this concentration,  even  worse here 
apparent ly  than at 0 g/1 (NH4)2SO4. The numbers  in 
parentheses shown at this ammonia  concentrat ion are 
calculated to give a rough approximat ion of the ra te  
at 180~ assuming a doubling of rate for a 20 ~ t em-  
pera ture  change. 

The impor tant  fact to be obtained f rom Table I is 
the re la t ive ly  large increase in ra te  as the ammonia  
concentrat ion is increased, even  up to 10O g/1 
(NH4)2S04. It should also be pointed out that  for the 
points on this ma t r ix  that  were  checked using copper 
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Table II. Effect of ammonia on the rate of electroless deposition of 
nickel on polyethylene terephthalate 

B a t h :  33 g/1 NiSO~.6I-I20 (0.12M) ; 35 g/1 Na3C~H~OT.2H~O (0.12M) ; 
20 g/1 NaHePOe .H~O (0.19M); X g/1 (NH.~)~SO4; p i t  a d j u s t e d  w i t h  
N a O H ,  160~ 
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Table IV. Plating rate and coercivity range of borate-buffered 
electroless cobalt bath 

B a t h :  10 g/1 C o S O i . 7 H e O ;  150 g/1 Na~C6H~O~.2HeO; 10 g/1 NaH~PO2. 
H~O; 150 g/1 NaeBtOT.10H~O; p H  a d j u s t e d  w i t h  HeSO4, 180~ 

A v e r a g e  p l a t i n g  r a t e ,  #g  nickel/cm2/min 
g/1 (NHD2SO~ p i t  8.0 p H  8.5 p H  9 

100 237 250 286 
50 268 340 305 
25 272 279 202 

0 225 224 182 

as the substrate the rates were  almost identical  to that  
on the plastic substrate. For example,  at pH 9.0 
and 100 g/1 (NH4)2SO4, the rate  was 170 ~g/min  on 
copper as compared to 162 on polyethylene  te reph-  
thalate. At pH 8.0 and 0 g/1 (NH4)2SO4 it was 33 
compared to 29. 

Table II shows the results of nickel plated f rom an 
electroless bath of the same composition as that  used 
for the cobalt  except  that  for this study, the t emper -  
a ture  was kept  at 160~ In spite of this lower  t em-  
perature,  the rate is consistently higher  than with  
cobalt and does not show any drastic change with  
ammonia concentration. It  is possible that, if infinite 
accuracy is assigned to the data presented, one could 
see a change in rate  with ammonia  and might  even 
predict  max imum rates at different pH values as a 
funct ion of ammonia  concentration. However ,  the im-  
portant point is that  cer ta inly the ammonia  does not 
affect the ra te  of nickel plat ing as much as it did the 
cobalt. 

Using copper substrates for the nickel deposition, 
the rate decreased somewhat,  being about 2/3 of that  
observed with  polyethylene  terephthala te  substrates. 

Table III  shows the range of coercivit ies obtained 
on the samples used to measure  the plat ing rates of 
the electroless cobalt and nickel  baths. As might  be 
expected, the coercivit ies at a given bath composition 
are not  constant, but  appear to vary  with  the per cent 
phosphorus and /o r  thickness of the films. No real  
correlat ion wi th  ei ther of these var iables  could be 
made, however ,  f rom the data taken. 

For  all the cobalt samples, the amount  of phos-  
phorus was in the range 1-6%, even with those sam- 
ples which show very  low coercivities. In general,  
especially at pH 8.5 and 9.0, the coercivities of the 
films tend toward lower  values as the ammonia  con- 
centrat ion is decreased through 25 g/1 (NH4)2SO4. 
However ,  at 0 g/1 (NH4)2SO4 the coercivit ies are  
again as high as at 100 g/1. This is an unexpla ined and 
unexpected result  which warrants  fur ther  invest iga-  
tion. 

For  the alkal ine electroless nickel samples, the co- 
ercivit ies at all of the ammonia  concentrat ions except  
0 g/1 are in the range of 10-80 oe, and the per cent 
phosphorus in the films varies  be tween  3 and 6%. 
However ,  as seen f rom Table III, at 0 g/1 (NH4)2SO~ 
the coercivi ty dropped to zero and, as might  be ex-  
pected f rom the low magnetics  (9), the per cent phos- 
phorus increased to be tween 10 and 17%. 

Table III. Range of Hc observed on samples used in the plating 
rate studies (Tables I and II) 

E / L  coba l t  on  p o l y e t h y l e n e  terephthalate 

g/1 (NH~)2SO~ p H  8.0 p H  8.5 p H  9.0 T e m p ,  ~ 

i00  300-900 400-800 400-700 180 
50 450-1100 400-600 50-200 180 
25 300-1000 50-70 30-50 160 

0 400-1100 500-800 500-1000 180 

E / L n i c k e l o n  p o l y e t h y l e n e  t e r e p h t h a i a t e  
i00 10-20 30-80 30-50 160 

50 10-20 30-70 40-60 160 
25 10-20 10-40 50-80 160 

0 0 0 0 160 

pit  8.7 p H  9.2 
R a t e  Hc R a t e  Hc 

2 70o180 2 60-150 

Another  interest ing point observed from the mag-  
netics measurements ,  especially wi th  the cobalt sam- 
ples, was that  the range of coercivit ies obtained from 
a given bath using the copper substrate  was much 
smaller  than observed with the polyethylene  te reph-  
thalate  substrate, even though approximate ly  the 
same variat ions in thickness, per cent phosphorus, etc., 
existed on both substrates. For example,  at 100 g/1 
(NH4)2SO4 and pH 8.0, where  a range of 300-900 oe 
was observed on polyethylene  terephthalate ,  a range 
of only 500-550 oe was observed on copper. 

As ment ioned previously,  a t tempts  were  made to 
use a buffer system other than ammonia  for the al-  
kal ine electroless nickel or cobalt plating. However ,  
it was found that  one could not simply replace the 
(NH4)2SO~ wi th  sodium te t rabora te  and obtain a 
stable bath. Severa l  adjustments  had to be made in 
the bath to make  it useful. For  example,  meta l  ion 
solubili ty in the presence of borate appeared to be a 
problem, and the concentrat ion of citrate had to be 
increased. However ,  a bath buffered with  borate and 
with  some of the other  parameters  adjusted can be 
used for electroless deposition. 

Table IV shows the composition of the borate-  
buffered cobalt bath used in this invest igat ion and 
some of the results obtained. Again, the rates are in 
micrograms of meta l  per  square cent imeter  per min-  
ute. F rom the data in Table IV one can see that  the 
rate of deposition from the borate baths is consider-  
ably less than even that  for the 0 g/1 (NH4)2SO4 
baths. Al though some of this difference may be 
ascribed to the different bath composition (owing to 
different amounts of citrate, cobalt, hypophosphite,  
etc.), some of it probably is also due to the different 
buffer system. It is also noticeable that  the magnetics 
from the borate-buffered cobalt  bath are re la t ive ly  
low. 

However ,  a more interest ing result  was obtained 
when  the per cent phosphorus was measured on some 
of these samples. For  samples prepared  at pH 8.7 in 
the borate-buffered cobalt bath, the amount  of phos- 
phorus var ied around a ra ther  normal  4%. In the bath 
at pH 9.2, the amount  of phosphorus var ied  up to an 
astonishing and almost unbel ievable  60 w / o  (weight  
per cent).  Results on some of these films are suspect 
because of the thinness of the films and associated 
analysis problems, but quite definitely the films from 
some of these bora te-buffered  baths have exceedingly 
high phosphorus contents. 

Table V shows the results obtained in the electro-  
less nickel  deposition f rom borate-buffered baths. 
The bath composition is the same as that  used for 
cobalt. Once again, the plat ing rate  for the borate-  
buffered bath is considerably less than that  observed 
in even the 0 g/1 (NH4)2SO4 bath. Fur thermore ,  the 
films are paramagnetic ,  and the amount  of phosphorus 
was in the range of 15-18%. The magnet ics  and per 

Table V. Plating rate and coercivity range of borate-buffered 
nickel bath 

B a t h :  9.3 g/1 NiSO4 .6H20 ;  150 g/1 Na~CoHsO~.2HzO; 10 g/1 NaH2PO=," 
H.~O; 150 g/1 Na2B~OT.10H20; p H  a d j u s t e d  w i t h  H2SO4, 180~ 

p H  8.7 p H  9.2 
R a t e  Hc R a t e  He 

42 0 45 0 
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Fig. i. Visible spectra of the cobalt-citrate and cobalt-citrate- 
ammonia (air-free) systems. 

cen t  of p h o s p h o r u s  a r e  s i m i l a r  to t h o s e  in  t h e  0 g/1 
(NH4) 2SO4 b a t h .  

A f u r t h e r  e x p e r i m e n t  w i t h  s o m e  of  t h e  b o r a t e - b u f -  
f e r e d  c o b a l t  b a t h s  i n v o l v e d  a d d i n g  (NH4)2SO4 to  
t h e m  a n d  a g a i n  c h e c k i n g  t h e i r  r a t e  a n d  m a g n e t i c s .  
I t  was  f o u n d  t h a t  e v e n  w i t h  r e l a t i v e l y  s m a l l  a m o u n t s  
of a d d e d  a m m o n i a ,  I0 g/1 or  less, t h e  r a t e  of depos i -  
t i o n  i n c r e a s e d  m a r k e d l y ,  a n d  t h e  m a g n e t i c s  w e n t  u p  
to t h e  r a n g e  o b s e r v e d  in  a m m i n e - b u f f e r e d  b a t h s .  

F r o m  t h e  d a t a  p r e s e n t e d ,  one  c a n  see  t h a t  t h e  e f -  
fec t  of a m m o n i a  in  t h e  e l ec t ro l e s s  d e p o s i t i o n  of c o b a l t  
is s o m e w h a t  d i f f e r e n t  f r o m  t h a t  in  n i c k e l  depos i t i on .  
T h e  d a t a  i n d i c a t e  t h a t  a m m o n i a  i n c r e a s e s  t h e  r a t e  
of c o b a l t  d e p o s i t i o n  w i t h  a s o m e w h a t  i n c o n s i s t e n t  
effect  on  t h e  m a g n e t i c  c h a r a c t e r i s t i c s  of t h e  film. On  
t h e  o t h e r  h a n d ,  a m m o n i a  does  no t  af fec t  t h e  r a t e  of 
n i c k e l  d e p o s i t i o n  as g r e a t l y  a n d  on ly  affects  t h e  m a g -  
ne t i c s  b y  i ts  a b s e n c e ;  t h a t  is to say,  one  o b s e r v e s  
p a r a m a g n e t i c  f i lms w i t h  no  a m m o n i a .  I n  o r d e r  to t r y  
to e x p l a i n  some  of t h e s e  r e su l t s ,  s p e c t r a l  a n d  p o l a r o -  
g r a p h i c  s tud ie s  of t h e s e  b a t h s  w e r e  u n d e r t a k e n .  

B a s e d  o n  t h e  effect  of a m m o n i a  on  t h e  c o b a l t  r a t e ,  
one  m i g h t  e x p e c t  to  see  a l a r g e  i n t e r a c t i o n  of a m -  
m o n i a  w i t h  t h e  c o b a l t - c i t r a t e  c o m p l e x e s  u s i n g  spec -  
t r a l  m e a s u r e m e n t s .  H o w e v e r ,  s u c h  is n o t  t h e  case,  
as s h o w n  in  Fig. 1. 

C u r v e  I i n  Fig. 1 s h o w s  t h e  v i s i b l e  s p e c t r a  of co-  
b a i t - c i t r a t e ,  a n d  c u r v e  II  is t h a t  of c o b a l t - c i t r a t e -  
a m m o n i a .  Of  course ,  t h e  s a m p l e s  w i t h  a m m o n i a  p r e s -  
en t  w e r e  r u n  u n d e r  a i r - f r e e  c o n d i t i o n s  i n  o r d e r  to  
p r e v e n t  t h e  f o r m a t i o n  of C o ( I I I ) .  F i g u r e  1 s h o w s  
t h a t  t h e  s p e c t r a  w i t h  a n d  w i t h o u t  a m m o n i a  a r e  q u i t e  
s i m i l a r  a n d  no  g r e a t  s p e c t r a l  c h a n g e s  c a n  b e  a s c r i b e d  
to a m m o n i a  in  t h e  v i s i b l e  reg ion .  T h i s  r e s u l t  is s o m e -  
w h a t  d i s c o u r a g i n g  if  one  is to  t r y  to  s t u d y  t h e  ef fec t  
of a m m o n i a  on  t h e  e l ec t ro l e s s  p l a t i n g  ra te .  H o w e v e r ,  
on  f u r t h e r  c o n s i d e r a t i o n ,  t h i s  l ack  of s p e c t r a l  c h a n g e  
d u e  to a m m o n i a  c a n  b e  r a t i o n a l i z e d  b y  t h e  f ac t  t h a t  
a s m a l l  i n t e r a c t i o n  of a m m o n i a  w i t h  a c o b a l t - c i t r a t e  
complex ,  s u c h  as o c c u p y i n g  o n e  or  t w o  of t h e  c o b a l t  
c o o r d i n a t i o n  pos i t i ons  w i t h  NH3 groups ,  m i g h t  n o t  
af fec t  t h e  s p e c t r a  g r ea t l y .  T h i s  is m a d e  e v e n  m o r e  
p l a u s i b l e  w h e n  o ne  r ea l i z e s  t h a t  t h e  C o ( I I )  a m m o n i a  
c o m p l e x  h a s  a b o u t  t h e  s a m e  e x t i n c t i o n  coeff ic ient  as 
t h e  c o b a l t - c i t r a t e ,  a n d  a b s o r b s  in  t h e  s a m e  reg ion ,  
h a v i n g  i ts  a b s o r p t i o n  m a x i m u m  at  a b o u t  490 m~. 

P r e d i c t i n g  f r o m  t h e  a p p a r e n t  s m a l l  effect  of a m -  
m o n i a  on  t h e  p l a t i n g  r a t e  of t h e  a l k a l i n e  e l ec t ro l e s s  
n i c k e l  so lu t ions ,  o n e  m i g h t  a lso e x p e c t  to see  l i t t le ,  
if any ,  ef fec t  o n  t h e  s p e c t r a  of t h e  n i c k e l  so lu t ions .  
H o w e v e r ,  t h i s  is n o t  t h e  case;  l a r g e  sh i f t s  i n  t h e  spec -  
t r a  c a n  b e  o b s e r v e d  e v e n  w i t h  t h e  n a k e d  eye.  W i t h  no  
a m m o n i a  in  t he  so lu t ion ,  t h e  n i c k e l - c i t r a t e  is a b r i g h t  
g reen .  W h e n  a m m o n i a  is added ,  h o w e v e r ,  t h e  s o l u t i o n  
c h a n g e s  to t h e  t y p i c a l  d e e p  b l u e  n i c k e l - a m m o n i a  
color .  

BOTH 1 0 - 3 M  CO~H',O.IM_ CITRATE pH = 9 . 5  

I 0  I = NO AMMONIA 

n =O.IO__M (NH4)2SO 4 
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Fig. 2. Polarographic behavior of the cobalt-citrate solutions with 
and without ammonia present. 

Thus ,  t he  s p e c t r a l  effects  of a m m o n i a  o n  t h e  co-  
b a l t  a n d  n i c k e l  so lu t i ons  a p p e a r  to b e  t h e  oppos i t e  of 
t h e  effects  o b s e r v e d  on  t h e  p l a t i n g  ra t e s .  T h a t  is, 
l i t t l e  s p e c t r a l  v a r i a t i o n  due  to a m m o n i a  is o b s e r v e d  
for  cobal t ,  w h i l e  a l a r g e  r a t e  c h a n g e  is o b s e r v e d .  O n  
t h e  o t h e r  h a n d ,  a l a r g e  s p e c t r a l  effect  is o b s e r v e d  
w i t h  n icke l ,  w h i c h  does  n o t  s h o w  a l a r g e  r a t e  change .  
F o r  t h i s  r eason ,  a n o t h e r  t e c h n i q u e ,  p o l a r o g r a p h y ,  w a s  
u s e d  to look  a t  t h e  s y s t e m s  i n v o l v e d .  

T h e  q u a l i t a t i v e  p o l a r o g r a p h i c  b e h a v i o r  of t h e  e l ec -  
t ro l e s s  c o b a l t  b a t h  u n d e r  d i f f e r e n t  c o n d i t i o n s  is s h o w n  
in  Fig. 2. C u r v e  I is t y p i c a l  of t h e  b e h a v i o r  w i t h o u t  
a m m o n i a  p r e s e n t ,  a n d  i t  c an  be  s een  t h a t  t h e  n o r m a l  
c o b a l t  w a v e  e x p e c t e d  a r o u n d - - l v  h a s  s h i f t e d  c a t h o d i -  
ca l ly  u n t i l  i t  c a n  j u s t  b e  s e e n  b e f o r e  t h e  h y d r o g e n  w a v e .  
In  fact ,  u n d e r  some  cond i t ions ,  t h i s  w a v e  sh i f t s  b e -  
y o n d  h y d r o g e n  r e d u c t i o n  a n d  c a n  no  l o n g e r  b e  seen.  
H o w e v e r ,  w h e n  a m m o n i a  is a d d e d  to t h e s e  so lu t ions ,  
t h e  c o b a l t  w a v e  is a g a i n  o b s e r v e d  a t  a b o u t  - -1 .3v  
as s h o w n  b y  c u r v e  II. F u r t h e r m o r e ,  a t  v e r y  low a m -  
m o n i a  c o n c e n t r a t i o n s ,  t he  h e i g h t  of th i s  w a v e  is a 
f u n c t i o n  of t i m e  a f t e r  t h e  a m m o n i a  add i t i on .  Here ,  
a t  last ,  w o u l d  a p p e a r  to b e  a n  i n d e p e n d e n t  m e a s u r e -  
m e n t  of t he  effect  of a m m o n i a  on  t h e  e l e c t ro l e s s  co-  
b a l t  p l a t i n g  r a t e  if i t  w e r e  n o t  fo r  t h e  f o l l o w i n g  o b -  
s e r v a t i o n s .  

F i g u r e  3 s h o w s  t h e  q u a l i t a t i v e  p o l a r o g r a p h i c  b e -  
h a v i o r  of t h e  n i c k e l  sys t em.  A g a i n ,  one  o b s e r v e s  t h a t  
w i t h o u t  a m m o n i a  p r e s e n t  ( c u r v e  1) t h e  w a v e  h a s  
s h i f t e d  b e y o n d  t h e  h y d r o g e n  r e d u c t i o n  w a v e .  H o w -  
ever ,  w h e n  a m m o n i a  is a d d e d  to t h e  s y s t e m  ( c u r v e  
I I )  one  o b s e r v e s  t h e  s a m e  so r t  of s h i f t  as is s een  in  
t he  c o b a l t  sy s t em.  T h a t  is, t h e  a m m o n i a  a p p e a r s  to  
affect  t h e  n i c k e l  w a v e  in  t h e  s a m e  m a n n e r  i t  d id  t h e  
c o b a l t  w a v e ,  a n d  i t  is a p p a r e n t  t h a t  t h e  s i m p l e  p o l a r o -  
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Fig. 3. Polarograpbic behavior of the nickel-cltrate solutions 
with and without ammonia present. 



690 JOURNAL OF THE ELECTROCHEMICAL SOCIETY J u l y  1966 

graphic behavior  cannot be used to explain the dif-  
ference in plat ing rate of the two solutions. 

Conclusions 
In summary,  several  facts appear evident  for the 

bath compositions and conditions used for these 
studies. 

1. Ammonia  increases the rate of a lkal ine electro-  
less cobalt deposition. 

2. Ammonia  has l i t t le effect on the ra te  of alkal ine 
electroless nickel  deposition. 

3. Rela t ive ly  hard magnet ic  films are produced in 
alkal ine electroless cobalt deposition and ammonia  
does not seem to be the pr imary  var iable  influencing 
these magnetics.  

4. In alkal ine electroless nickel deposition, the ab- 
sence of ammonia  produces paramagnet ic  films and 
the presence of ammonia  gives a soft magnet ic  ma-  
terial. 

5. Spectral  observations cannot be used at this t ime 
to explain the different effects of ammonia  on alkal ine 
electroless cobalt and nickel  deposition. 

6. The polarographic behavior  of the cobalt and 
nickel systems is s imilar  and to date has offered no 
evidence to explain the rate  and magnet ic  differences 
observed. 

7. New or modified techniques wil l  have to be used 
to study the rate  and magnet ic  variat ions caused by 

ammonia  and to improve  the unders tanding of the 
deposition processes. 
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Ohmic Electrical Contacts to High-Resistivity ZnS Crystals 
George H. Blount, Mark W. Fisher, Robert G. Morrison, and Richard H. Bube 
Department of Materials Science, Stanford University, Stanford, California 

ABSTRACT 

Ohmic electrical  contacts to high-res is t iv i ty  ZnS single crystals can be 
made by anneal ing crystals at 400~176 with  In-Ga contacts in an iner t  
atmosphere.  Opt imum contacts are obtained by anneal ing first at about 475~ 
and then at 400~ The fol lowing four stages are indicated in contact fo rma-  
tion through anneal ing at progressively higher  temperatures :  (i) poor qual i ty 
contact de termined pr imar i ly  by the propert ies of an impur i ty  transit ion layer 
on the surface, insensit ive to t empera tu re  to 300~ (ii) a deter iorat ion in 
contact qual i ty  as this impur i ty  layer  is penetra ted by the electrode meta l  
and before diffusion of the meta l  into ZnS; (iii) a rapid improvement  in the 
contact propert ies  wi th  increasing tempera ture  as electrode meta l  diffuses 
into exist ing zinc vacancies in the crystal, te rminated  by an independence of 
electrode quali ty on increasing t empera tu re  when all zinc vacancies are oc- 
cupied near the meta l -semiconductor  interface;  and (iv) deter iorat ion in 
contact qual i ty  as more vacancies are thermal ly  formed and the electrode 
metal  diffuses extens ive ly  into the crystal. 

An ohmic contact is one that is able to provide a 
reservoir  of carriers in an insulator or semiconductor  
sufficient to supply carr iers  as needed to mainta in  
charge neutral i ty.  In seeking to provide ohmic con- 
tacts for I I -VI  mater ia ls  in general, the fol lowing 
three guidelines have been helpful. (i) Choose a 
meta l  for the contact electrode that  has a smaller  
work  function than the electron affinity of the semi-  
conductor. If there are no surface layer  or surface 
state effects of importance,  then this cr i ter ion should 
be both necessary and sufficient for an ohmic contact. 
(ii) Within the requi rements  of the first guideline, 
choose a meta l  that, if diffused into the semiconductor,  
wil l  provide major i ty  carriers,  i.e., as an impur i ty  in 
the semiconductor,  the metal  should be a donor if 
the conduct ivi ty  is n-type,  or an acceptor if it is 
p-type. (iii) Use some method of heat ing the con- 
tact -semiconductor  interface to allow the meta l  to 
diffuse into the semiconductor.  

In the case of CdS, satisfactory ohmic contacts can 
be produced fol lowing these guidelines, using In or 
Ga as the contact meta l  (1), and with  only modera te  
hea t - t rea tment ,  usually no more than that  requi red  
to mel t  the meta l  in forming the contact. Mead (2) 

has shown that meta l -semiconductor  barr iers  for 
nonohmic contact va ry  with  the work  function of 
the metal  on CdS, thus indicating that  the work  func-  
tion cri terion is meaningful .  In addit ion it is a simple 
mat ter  to produce h igh-conduct iv i ty  CdS by diffusion 
of In or Ga, both of which are donors in n - type  CdS. 
The work of KrSger  et al. (3) has shown that  diffu- 
sion of donor impur i ty  from the electrode metal  can 
play an important  role in achieving ohmic contacts to 
n - type  crystals. 

Ohmic contacts to ZnS crystals, on the other  hand, 
have been more difficult to obtain. ZnS has at least 
two distinctive propert ies  that  make  ohmic contact 
format ion difficult. First, it has a low electron affinity, 
about 1 ev less than that  of CdS (4). Second, unless 
special precautions are taken, se l f -compensat ion of 
donor and acceptor imperfect ions is t he rmodynam-  
ically favored (5) so that h igh-conduct iv i ty  ZnS is 
not easily prepared by simple impur i ty  diffusion. 
The first proper ty  of ZnS suggests that  metals  like 
In and Ga with sufficiently low work  function to pro-  
vide ohmic contacts on CdS may  not meet  the requ i re -  
ment  that  the work  function be less than the electron 
affinity in ZnS. The use of these metals,  then, re-  
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quires that  their  diffusion into ZnS be the dominant  
factor in de termining the nature  of the contact, and 
the second proper ty  of ZnS indicates that  se l f -com- 
pensation phenomena wil l  act to prevent  the easy for-  
mation of a region of graded conductivity.  

Recently,  Aven  and Mead (4) have  succeeded in 
making good, but  not  quite ohmic, contacts to highly 
conducting ZnS crystals. In general,  the more  in- 
sulating the crystal  the more difficult is the forming 
of ohmic contacts, in spite of the fact  that  the density 
of carr iers  requi red  of the contact  is lower for in-  
sulating than for conducting crystals. Will iams (6) 
has described a method for making useful t ransparent  
electr ical  contacts to ZnS crystals using In203 with  
Sn impurity.  

It is the purpose of this paper to offer an explana-  
tion for some of the common problems encountered in 
making ohmic contacts to h igh-res is t iv i ty  ZnS crys-  
tals, based on an invest igation of contact qual i ty  con- 
trol by anneal ing in an iner t  atmosphere.  It is found 
that ohmic contacts can be produced in h igh-res is t iv-  
ity photosensi t ive ZnS crystals wi th  proper  anneal -  
ing of the e lect rode-semiconductor  interface. 

Exper imental  

A simple s t r ip-heater  furnace with  a flat molyb-  
denum r ibbon heater  e lement  was used for t empera -  
ture anneal ing of contacts. Cooling f rom a higher  
to a lower  kinet ical ly  stable t empera tu re  could be 
accomplished in a period of about a second, and the 
t empera tu re  could be mainta ined for hours to wi thin  
less than a degree of a specified value.  For  the study of 
contact formation, crystals wi th  their  contacts were  
annealed at succes s i ve l y  increasing temperatures ,  wi th  
quenching to room tempera tu re  and measurement  of 
contact qual i ty  af ter  each annealing. For such meas-  
urements,  the anneal ing t ime was held fixed for each 
t rea tment  at 3 or 4 min. 

The contact alloy used was a mix tu re  of In and Ga 
in the proport ions of 50-50% or 25-75%. These m i x -  
tures are l iquid at room tempera tu re  and show good 
wet t ing  of the ZnS crystal, thus making  a mechanical  
bond be tween  electrode and crystal  re la t ively  easy to 
achieve. 

Air  was excluded during the annealing, and an at-  
mosphere of dry hydrogen or ni t rogen was ma in -  
tained. No differences were  observed be tween  the two 
atmospheres,  indicating that  the possible format ion 
of nitrides had no detectable effect. Because of the 
massive nature  of the meta l  contacts it would  be 
expected that  any ni tr ide format ion would be re-  
stricted to the outer  surfaces and would  not affect 
the meta l -semiconductor  interface. 

The crystals of ZnS used were  grown by a chemical  
t ransport  method with  HC1 as the t ransport  agent. 
In the dark they had very  high resis t ivi ty  grea ter  
than 10 TM ohm-cm,  and they showed considerable pho- 
tosensitivity. 

Contact  qual i ty  was judged in three  ways. (i) The 
potent ia l  drop at each contact was measured  when 
current  was flowing in the crystal. (it) The current  vs.  
voltage characterist ic of the crystal  and its contacts 
was measured.  (ii i)  The absolute magni tude  of the 
photocurrent  passed through the crystal  for a fixed 
l ight intensi ty was measured.  In every  case where  all 
three  types of measurements  were  made, it was found 
that  the lowest potential  drops at the electrodes and the 
most near ly  l inear  cur ren t -vo l tage  curves were  al-  
ways accompanied by the highest photocurrents.  Be-  
cause of its simplicity, the magni tude  of the photo-  
current  was therefore  f requent ly  used as a measure of 
the contact quality. 1 Other tests for ohmic contacts, 
such as the absence of photovoltaic effects and noise 
instabilities, were  made only qual i ta t ively.  

Results 
Typical  dependence of photocurrent ,  measured  at 

room tempera tu re  for fixed exci tat ion intensity, on 
anneal ing t empera tu re  for two ZnS crystals is given 
in Fig. 1. The results on many  such crystals can be 
described in terms of four t empera ture  ranges for 
annealing. (A) Contacts applied at room tempera ture  
and subjected to no anneal ing are  found to be grossly 
nonohmic. No improvement  in contact qual i ty  is ob- 
tained by anneal ing  below 300~ (B) Annea l ing  jus t  
below the t empera tu re  threshold at which contact 
qual i ty improves general ly  causes a small  decrease in 
contact qual i ty  below that  found for no anneal ing at 
all. This proved to be the case for every  measure-  
ment  of sufficient detail  to revea l  the effect. (C) Be-  
yond the tempera ture  threshold, contact qual i ty  
increases as the t empera tu re  of anneal ing is in-  
creased, unti l  a m a x i m u m  is reached. Typical ly  
contact quality, as measured quant i ta t ive ly  by the 
magni tude  of the photocurrent ,  increases exponen-  
t ial ly wi th  l I T  in this range. (D) Anneal ing  at still  
h igher  tempera tures  beyond the m a x i m u m  results in 
poorer contact properties.  The basic features  of the 
dependence of contact qual i ty  on anneal ing t emper -  
a ture  are summar ized  in Fig. 2. 

A potent ial  distr ibution typical  of an unannealed  
contact is shown in Fig. 3a. 90% of the applied vol t -  
age is found across the meta l - semiconductor  cathode 
junction. The corresponding var ia t ion of current  wi th  
vol tage is shown in Fig. 3b. The potent ial  profile of a 
crystal  subjected to opt imum anneal ing is shown in 
Fig. 3c. Small  inhomogeneit ies  in the crystal are 

1 This  is c l ea r ly  no t  an  abso lu t e  measu re ,  s ince i t s  sens i t iv i ' ty ,  
i .e. ,  the  m a g n i t u d e  of  t he  inc rease  in  p h o t o c u r r e n t  a c c o m p a n y i n g  
p rope r  a n n e a l i n g ,  is g o v e r n e d  by  the  p h o t o s e n s i t i v i t y  of t he  crys ta l .  
The  p h o t o c u r r e n t  o b t a i n e d  w i t h  u n a n n e a l e d  con tac t s  is  d e t e r m i n e d  
p r i m a r i l y  by the  con tac t  res i s tance .  B u t  w h e n  the  contac ts  are  
n e a r l y  ohmic ,  t he  p h o t o e u r r e n t  is d e t e r m i n e d  by  t h e  cr:~stal r e s i s t -  
ance,  w h i c h  is a f u n c t i o n  of i ts  p h o t o s e n s i t i v i t y  and  i t s  g e o m e t r y .  
T h u s  the  d i f fe rence  b e t w e e n  the  p h o t o c u r r e n t s  o b t a i n e d  w i t h o u t  
a n n e a l i n g  a n d  those  o b t a i n e d  w i t h  p r o p e r  a n n e a l i n g  w i l l  v a r y  f r o m  
c rys t a l  to c rys ta l .  
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Fig. 3. Comparison of the quality of unannealed contacts, (a) 
and (b), and properly annealed contacts, (c), on ZnS:CI:Ag crystals. 
The data of (a) and (b) are for the same crystal, and the data of 
(c) are for a similar crystal. 

probably responsible for the depar tures  f rom l inear i ty  
in the potent ial  profile of this crystal.  

A comparison of contact qual i ty for opt imum and 
above opt imum anneal ing is given in Fig. 4. It is 
evident  that  the contact qual i ty is degraded by the 
higher  t empera ture  annealing. There  is some dis- 
agreement  here wi th  the repor t  of Al f rey  and Cooke 
(7) that  anneal ing contacts to 600~ was necessary 
for making ohmic contacts to h igh-res is t iv i ty  ZnS 
crystals. 

The dynamics of the anneal ing effects on contact 
qual i ty  are quite  different at tempera tures  above and 
below the opt imum temperature .  For lower t empera -  
tures the changes produced by anneal ing are i r re -  
versible, whereas  for higher  tempera tures  the changes 
produced are reversible.  At the opt imum tempera ture  
or above, the propert ies of the contact are established 
by the final anneal ing regardless of the previous his- 
tory. A convenient  operat ing procedure  for obtaining 
opt imum contacts has been to anneal  first for a period 
at about 475~ fol lowed by anneal ing at about 400~ 

Measurements  of dark conduct ivi ty  revea l  no effect 
of anneal ing except  for long anneal ing t imes at high 
anneal ing temperatures .  In the dark the resistance of 
the crystal  is much grea ter  than the resistance of 
even poor contacts, and the qual i ty  of the contacts 
does not  introduce significant effects. 
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Fig. 4. Comparison of the quality of contacts annealed at op- 
timum and above optimum temperature. 
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Fig. 5. Contact potential energy diagrams and typical measured 
potential profiles for the four principal regions found in annealing 
contacts. (a) Contact to the crystal through a surface layer transi- 
tion region at low temperatures; (b) penetration of the electrode 
metal through the surface layer but without diffusion into the crys- 
tal, just below the threshold temperature for contact improvement; 
(c) ohmic contacts obtained by diffusion of metal donors without 
formation of new zinc vacancies; (d) result of annealing at a tem- 
p~erature above the optimum, showing wider barrier at the contact 
6ecause of vacancy compensation of diffused metal donors near the 
surface, with high conductivity region due to uncompensated metal 
donors which hove diffused further into the crystal. 

Cooling to l iquid ni t rogen tempera tu re  does not 
great ly  affect the contact qual i ty  provided that  the 
contacts have been annealed to provide good ohmic 
contacts at room temperature .  The greater  the de-  
par ture  from ohmic behavior  at room temperature ,  
the greater  is the deter iorat ion of contact qual i ty 
caused by cooling. 

Discussion 
The four t empera tu re  ranges for anneal ing effects 

summarized at the beginning of the previous section 
and i l lustrated in Fig. 2 may be correlated with  the 
nature  of the e lect rode-semiconductor  bar r ie r  and 
with  measured potential  profiles along the crystal, as 
indicated in Fig. 5. 

In the low- tempera tu re  anneal ing range, the con- 
tacts be tween metal  and semiconductor  can be con- 
sidered as simply the junct ion of different materials.  
An explanat ion for the nonohmic character  of this 
junct ion can be sought ei ther in the presence of an 
insulat ing surface layer on the ZnS that  is penet ra ted  
only after the tempera ture  is made  sufficiently high, 
or in an intrinsic mismatch of meta l  work  function 
and ZnS electron affinity that  prevents  an approach 
to ohmic behavior  unless the crystal  becomes highly 
doped with  the electrode mater ia l .  That  the lat ter  
condition exists is indicated by the work  of Aven  and 
Mead (4). Nei ther  of these possibilities by itself, how-  
ever, explains the decrease in contact qual i ty  just  
below the threshold t empera tu re  for contact improve-  
ment.  

The observed decrease can be explained in terms of 
both a mismatch of work functions and a surface 
layer. If  a surface layer  exists on the ZnS crystal  
with a larger  electron affinity than ZnS, the junct ion 
barr ier  height  be tween  meta l  and surface layer  wil l  
be less than be tween  meta l  and ZnS. The surface 
layer  can therefore  provide  a t ransi t ion region be- 
tween metal  and ZnS, giving a slightly bet ter  contact 
than would be obtained by meta l -ZnS contact di-  
rectly. At  the threshold tempera ture ,  the surface layer  
is penetra ted or removed,  and therefore  the contact 
qual i ty  deteriorates  unti l  the electrode meta l  can 
diffuse into the ZnS at h igher  anneal ing temperatures .  
The transit ion at the threshold is be tween  the situa- 
tion pictured in Fig. 5a and that  in 5b. 

The increase in contact qual i ty  beyond the thresh-  
old tempera ture  can be explained in terms of diffu- 
sion of the electrode meta l  into the ZnS where  it 
acts as a donor impuri ty,  thus increasing the conduc- 
t ivi ty of the ZnS and creat ing a bulk transi t ion re-  
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gion. The situation is pictured in Fig. 5c; the re-  
maining barr ie r  at the surface has been reduced to a 
sufficiently narrow width  to permi t  tunneling.  The 
importance of tunnel ing through such a barr ier  at 
the surface is probably the reason that  it is easier 
to make  ohmic contacts to h igh-conduct iv i ty  ZnS than 
to h igh-res is t iv i ty  ZnS crystals. 

As long as the anneal ing tempera ture  is sufficiently 
low, zinc vacancies present  in the crystal  are immo-  
bile and new zinc vacancies cannot be thermal ly  cre-  
ated. Since the vacancies present  are immobile,  dif-  
fusion of the meta l  donors will  be restr ic ted to a 
narrow region near the contact interface. The qual i ty  
of contact formation should not increase wi th  lengthy 
annealing, and this is found to be the case. Since new 
zinc vacancies cannot be thermal ly  created, the dif-  
fusing metal  ions occupy those vacancies a l ready 
present  and compensated by donors in the crystal. The 
occupation of such zinc vacancies by metal  donors 
frees electrons to increase the conduct ivi ty  of the 
transit ion region. Since new vacancies cannot be 
formed, the self-compensat ion tendency in ZnS is 
inhibited. 

The importance of exist ing zinc vacancies is indi-  
cated by the exper imenta l  observat ion that  the op- 
t imum anneal ing tempera ture  is a funct ion of the his- 
tory of the crystal, as well  as of the composition 
of the electrode material .  If zinc is added to the con- 
tact alloy, the opt imum tempera ture  is reduced, but  
the ohmic character  of this contact is not as good as 
that  made with  the z inc-free  alloy. It  is reasonable 
to propose that  the zinc diffuses into the crystal  to 
occupy zinc vacancies, thus decreasing the density of 
vacancies avai lable for occupancy by metal  donors. 

Contacts that  are annealed above about 480~ are 
general ly  not as good as those annealed at a lower 
temperature .  When the tempera ture  exceeds 480~ it 
is proposed both that  vacancies present  in the ZnS 
become mobile  and that  new vacancies are thermal ly  
created. The increased mobil i ty  of vacancies present  
in the crystal  makes it possible for uncompensated 
metal  donors to diffuse fur ther  into the crystal, thus 
creating a h igh-conduct iv i ty  region well  r emoved  
from the contact interface. The creation of new va-  
cancies begins at the surface of the crystal. The result  
is that  between the contact interface and the high- 
conductivi ty region in the volume of the crystal  there  
is a region where  newly  created zinc vacancies have  

compensated diffusing meta l  donors. The contact is 
now no longer be tween the electrode meta l  and a 
h igh-conduct iv i ty  transit ion region in the ZnS, but  
between the electrode meta l  and a h igh-res is t iv i ty  
region in the ZnS. The resul t  is the observed deter i -  
oration in contact qual i ty as pictured in Fig. 5d. 

The exper imenta l  observations are in agreement  
wi th  the proposals just  made. Crystals whose contacts 
are annealed above 480~ show changes in electronic 
propert ies  in macroscopic regions near,  but  separate 
from, the contacts. In such regions the crystals be-  
come visibly cloudy, fluorescence becomes green, and 
electrical  conduct ivi ty  becomes very  high. There is 
still a large potent ial  drop at the contact interface, 
however,  which indicates the inferior  na ture  of these 
h igh- t empera tu re  annealed electrodes. 

Independent  confirmation of the probabi l i ty  of zinc 
vacancy mobil i ty  and creation at these tempera tures  
may be obtained from the work of Mande] (5), and of 
Aven  and Halsted (8), who noted that  heat ing ZnSe to 
about 600~ produces rapid changes in stoichiometry. 
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ABSTRACT 

This paper describes insulat ing films of silicon ni tr ide as deposited on 
silicon substrates by pyrolyt ic  reaction and react ive  sputtering. The fol low- 
ing physical propert ies  were  invest igated:  amorphism, surface electron mi -  
crography, S i -N atomic distance, inf rared adsorption spectrum, index of 
refraction,  dielectric constant, electrical  resistivity, ionic conduct ivi ty  and 
polarization, breakdown voltage, MIS CV characterist ics and silicon surface 
charge, and related phenomena.  

Surface films of silicon dioxide have been a con- 
venient  and excel lent  mater ia l  for passivating silicon 
e lec t ron ic  devices. Nevertheless,  there  is room for 
improvement ,  such as increased resistance to impur i ty  
diffusion, e.g., sodium ions, and more inertness to elec-  
t rode reaction. Materials  such as silicon nitr ide there-  
fore deserve some at tent ion as a substitute for silicon 
dioxide under certain specific or s t r ingent  conditions. 
Some physical  propert ies of crystal l ine silicon ni tr ide 
have been compiled by Popper  and Ruddlesdon (1) 

and Rabenau (2). There are recent  publications con- 
cerning silicon ni tr ide films. However ,  close examina-  
tion of these published data, as compared to data 
obtained in this laboratory,  indicates that  these films 
repor ted  are rea l ly  something other than silicon n i -  
tride. It  appears that  the first published successful 
a t tempt  to prepare  films of s i l icon-ni tr ide is the re-  
cent work  of Ster l ing and Swann (3). Silicon ni tr ide 
films have also been prepared  in the laboratories of 
Doo (4), Pennebaker  (5), and the author. This work  
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summarizes  the p re l iminary  results of ex tens ive  
evaluations of a wide range of physical  and electr ical  
propert ies of silicon ni tr ide films and a discussion of 
their  implications. Emphasis of the silicon ni t r ide 
studies is made f rom the point of v iew of its applica-  
tion to the semiconductor device industry. 

The films studied were  prepared by the pyrolyt ic  
deposition method from a react ion of anhydrous NH3 
and Sill4 and by r.f. and d-c react ive sput ter ing of a 
silicon cathode in pure nitrogen, respectively.  Eva lua-  
tions discussed per ta in  to films formed on silicon 
substrates wi th  resis t ivi ty of 2-5 ohm-cm, both p-  
and n-type,  al though films have also been prepared  
on quartz and on vi treous silica substrates. 

Structure o~ Films of Silicon Nitride 

Amorphis~n.--In most applications for electr ical  in-  
sulation, surface passivation, and masking, it is gen-  
eral ly bet ter  to have the film in an amorphous form 
because of the reduced interfacial  strain and greater  
continuity. There  are exceptions as in the case of 
semiconductor  device isolation where  an epi taxial  
growth of another  layer  of s ingle-crysta l l ine  semicon- 
ductor on the insulat ing film is desired. All  silicon 
nitr ide films studied in this work  are essentially 
amorphous. This is not surprising when one considers 
the complexi ty  of the crystal l ine s t ructure  of both 
the a- and the S-silicon nitride, and the re la t ive ly  low 
temperatures ,  20~176 at which the films were  pre-  
pared. At tempts  have been made in our laboratories 
to prepare  films of silicon ni tr ide at h igher  t em pe r -  
atures. Direct  ni t r idat ion of substrate silicon wafers  
at 1300~ ~ and pyrolyt ic  decomposition at l l00~  
invar iably  yielded crystal l ine silicon ni t r ide in the 
fo}m of ei ther  small crystals or microcrystal l i tes  
ra ther  than a continuous film. Besides the reason of 
re la t ive ly  high vapor  pressure of silicon ni tr ide at 
these tempera tures  to faci l i tate  the growth in the 
third dimension, one has to consider the character -  
istic difference be tween the crystal  s t ructure  of sil-  
icon and that  of silicon nitride. Assuming the [0001] 
direction of silicon ni tr ide crystal  is paral le l  to the 
[111] direction of the substrate silicon, one may note 
that  the latt ice parameter  of the former,  a = b : 
7,75A (~-Si.~N4), is approximate ly  equal  to the face-  
diagonal period [110] of a unit  cell of the la t ter  
(7.67A). Unfor tunately ,  a l though both are axes of 
threefold symmetry,  there  are screw axes in the sil- 
icon nitr ide which causes an elevat ion mismatch of 
silicon atoms in one-hal f  of the uni t  cell in the basal 
plane. The actual atomic positions are also different. 
Thus, the feasibil i ty of epi taxial  growth is doubtful,  
unless a new phase of crystal l ine silicon ni t r ide could 
be formed. 

X - r a y  diffraction pat terns were  made of the silicon 
ni tr ide films by first etching a hole in the silicon sub- 

strate, leaving the film over  the window. X - r a y  dif-  
fract ion did not reveal  any pa t te rn  and exhibits only 
a uni formly dark exposure, indicating a completely  
amorphous structure.  However ,  electron diffraction 
did show pat terns of diffused rings, indicat ing the 
existence of ex t remely  short range order, Fig. 1. The 
electron beam wavelength  was 0.0385A. The outer  
r ing corresponds to a spacing of approximate ly  1.4-1.5A. 
It is considered to be the distance be tween neighbor-  
ing silicon and ni t rogen atoms. It is interest ing to 
compare this bond length of 1.4-1.5A with  the pub-  
lished values of 1.72-1.75A (6). If the published struc- 
ture is correct, the a-sil icon ni tr ide should have a 
density of 7.18 g cm -3. The actual density of a-silicon 
ni tr ide is 3.44 g cm -'~. Of course, one must  note the 
flexibility of an amorphous s t ructure  as compared to 
the rigid s t ructure  of a crystal l ine phase. A high 
degree of covalent  nature  is indicated here. The i l l-  
defined inner r ing may actual ly be a mix ture  of a 
large var ie ty  of spacings, ranging f rom 2.2 to 4.7A. 

Surface topography oJ films.--The surface tex ture  of 
films of silicon ni t r ide varies great ly  according to the 
method and the conditions of preparat ion.  Figures  2-4 
show various surface topographies on the electron mi-  
croscopic scale. The e]ectron micrographs were  taken 
of collodion surface replicas shadowed with a carbon-  
p la t inum mixture.  The magnification is 54,000X for all 
pictures. 

Figure  2 shows the surface topography of a film 
formed by the pyroli t ic deposition method at 800~ 
The surface tex ture  is seen to be featureless down to 
the lirnit of resolut ion of the collodion replica. Al-  
though microscopic var ia t ion of film thickness over  the 
entire wafer  were  observed, there  was no observable 
electron microscopic variation.  Figure  3 shows the 
surface texture  of a film prepared  by r.f. sputtering. 
Blis ter l ike spots, about 500A in diameter,  are seen 
over the entire wafer.  This type of surface roughness, 
however ,  is not peculiar  to sput tered films of silicon 
nitride. Occasionally, it is observed in other types of 
sput tered films, such as silicon dioxide, al though the 
degree of roughness varies (18). The origin of these 
raised spots is not understood, but it is doubtful  that  
they are blisters in the usual sense because of the 
small  size of the spots (~0.05~) compared to the 
thickness of the film (~1.4~). If these were  real  blis-  
ters, there  would exist a t remendous amount  of ve r -  
tical slippage of the film, because it is impossible for 

Fig. 2. Surface topography of pyrolytic Si3N4 films. Magnification 
Fig. 1. Electron diffraction of films of Si3N4 (k : 0.0368A) 54,000X. 
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Fig. 5. Sa (top) and b (bottom). Infrared spectra of various films 
of silicon nitride. 

Fig. 3. Surface topography of a sputtered Si3N4 film. Magnifica- 
tion 54,000X. 

a rigid beam with such a thickness to undergo a de- 
flection of such magni tude  of curva ture  wi thout  
breaking. Frequent ly ,  one also obtains r.f. reac t ive ly  
sput tered films with  surface smoothness comparable  
to pyrolyt ic  films (see Fig. 4). Typical  films prepared  
by means of d-c reac t ive  sput ter ing are usual ly 
rougher.  Since films with  this type of surface tex ture  
were  found to be leaky in moderate  electric field, it is 
assumed that  submicroscopic cracks exist in these d-c 
sput tered films. The grain texture  became finer and 
less pronounced as the d-c voltage decreased. Thus, 
it is thought  that high intensi ty electron and perhaps 
negat ive ion bombardment  together  wi th  the evolut ion 
of gases are the causes of this surface roughness. The 
surface topography of the silicon substrate after  the 
format ion of the sput tered film is revea led  in an 
electron micrograph taken after the silicon ni tr ide 

Fig. 4. Surface topography of a sputtered Si3N4 film. Magnifica- 
tion S0,000X. 

film has just  been removed by dissolution in hydro-  
fluoric acid. The silicon substrate surface underneath  
the ni tr ide film appeared to be smooth down to the 
resolution of collodion replica. Electron bombardment  
was minimized by confining the plasma in a magnetic 
field and placing the substrate outside the plasma 
confinement. Rela t ive ly  p in-hole - f ree  films were  ob- 
tained this way. It  is not certain whe ther  an appre-  
ciable concentrat ion of negat ive  ions could exist in 
the plasma because of the small probabil i ty  of electron 
at tachment.  It was found that  the deposition rate was 
an order of magni tude  greater  when the substrate was 
outside than when  it was inside the plasma. 

Infrared spectra oy films of silicon nitride.--Infrared 
spectra were  taken for all samples prepared.  For the 
purpose of comparison, an infrared spectrum of 
~-Si3N4 is included here. This spectrum was taken 
with  potassium bromide disk method by Pliskin (7). 
Finely  divided E-silicon nitr ide powder  was dispersed 
in the KBr disk. The absorption peak occurs at 10.7~ 
in the KBr  disk sample. This is identified as the Si-N 
stretching band, see curve I in Fig. 5a. Amorphous  
films of silicon nitr ide deposited on silicon by both 
methods ment ioned show a considerable amount  of 
shift toward longer  wave leng th  of the Si-N stretching 
band. This is expected because of the looser s t ructure 
of the amorphous film. Pl iskin has observed similar 
phenomenon in the case of films of silicon dioxide (8). 
Curve  III  of Fig. 5a is a typical  spectrum for a film 
prepared by the pyrolyt ic  process. The Si-N stretching 
band has been shifted to a wave  length of 12.0~, and 
has been considerably broadened. The broadening is 
not unexpected  because of the distr ibut ion of the in-  
teratomic distances. This is consistent wi th  the de- 
crease of the density and of the index of refraction.  A 
typical  reac t ive ly  sput tered silicon film has an I.R. 
spectrum as shown in curve  II of Fig. 5a. 

The Si -N stretching band is seen to be shifted to 
~11.3~, an in termedia te  position be tween the crystal-  
l ine phase and pyrolyt ic  films. Curves 1-4 in Fig. 5b 
are arbi t rar i ly  selected infrared spectra taken of films 
prepared  by d-c react ive sputtering. In addition, 
under  certain conditions there  exists an absorption 
peak at 4.7~, which is absent in films of crystal l ine 
phase as wel l  as films f rom the pyrolyt ic  process. 
The peak at 4.7~ is seen to increase wi th  the d-c vol t -  
age in the sput ter ing process and may  become very  
pronounced when  the d-c voltage is 3-4 kv. It  is 
thought  that  this peak is probably due to t r iply 
bonded Si_----N. This occurs when the sput ter ing rate is 
high and the diffusion t ime is short for the sputtered 
ions and atoms, causing insufficient chemical  reaction 
wi th  the exci ted ni t rogen and leading to the formation 
of unsa tura ted  bonds. Thus, a slow rate  is prefer red  
for closer s toichiometry to the normal  silicon nitride. 
Oxidat ion at l l00~ for 30 rain in an oxygen stream 
did not change the characterist ics of the infrared 
spectrum. This may not necessari ly indicate the re-  
sistance of the Si - -N group toward oxidation, for one 
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m u s t  n o t e  t h a t  d i f fus ion  of o x y g e n  t h r o u g h  f i lms of 
s i l i con  n i t r i d e  w i l l  e n c o u n t e r  f a r  g r e a t e r  r e s i s t a n c e  
t h a n  t h e  c h e m i c a l  r e a c t i o n ,  a n d  b e c o m e s  t h e  c o n -  
t r o l l i n g  s tep.  A b s o r p t i o n  b a n d s  c o r r e s p o n d i n g  to e i t h e r  
S i - O  (9.4~) or  N - H  (2.9~) w e r e  n o t  o b s e r v e d .  

Index of Re~raction, Dielectric Constant, and Electric 
Resistivity of Amorphous Fil~r~s of Silicon Nitride 

T h e  i n d e x  of r e f r a c t i o n  of t h e s e  n i t r i d e  f i lms w e r e  
d e t e r m i n e d  b o t h  b y  m u l t i p l e - b e a m  i n t e r f e r o m e t r y  
a n d  b y  t h e  V a m f o  t e c h n i q u e  (9, 10). T h e  V a m f o  t e c h -  
n i q u e  is b e l i e v e d  to g ive  m o r e  a c c u r a t e  resu l t s .  B o t h  
m e t h o d s ,  h o w e v e r ,  a g r e e  q u i t e  wel l .  A t  k = 5460A, 
t h e  i n d e x  of r e f r a c t i o n  is 1.98-2.05, w i t h  s m a l l  v a r i a -  
t i ons  f r o m  fi lm to film. T h e  v a l u e  2.05 is fo r  r e a c t i v e l y  
s p u t t e r e d  films. P u b l i s h e d  v a l u e  fo r  ~-Si3N4 is 2.1. T h e  
d i e l ec t r i c  c o n s t a n t  w as  m e a s u r e d  u s i n g  a n  M I S  
( M e t a l - I n s u l a t o r - S e m i c o n d u c t o r )  v a r a c t o r  s t r u c t u r e .  
T h e  de t a i l s  of  t h e  s t r u c t u r e  a n d  i ts  m e a s u r e m e n t  a r e  
d e s c r i b e d  be low.  W h e n  t h e  n i t r i d e  f i lms a r e  f o r m e d  on  
n - t y p e  s i l i con  s u b s t r a t e ,  t h e  d i e l ec t r i c  c o n s t a n t  c an  b e  
m e a s u r e d  d i rec t ly .  W h e n  t h e  f i lms a r e  f o r m e d  o n  
p - t y p e  s u b s t r a t e s ,  t h e r e  w i l l  be  a n  n - t y p e  i n v e r s i o n  
l a y e r  on  t h e  s u r f a c e  of t h e  s u b s t r a t e  w h i c h  is r e m o v e d  
b y  a p p l y i n g  a s m a l l  n e g a t i v e  b ias  v o l t a g e  (a  n e g a t i v e  
b ias  is de f ined  as one  u n d e r  w h i c h  t he  m e t a l  e l e c t r o d e  
is n e g a t i v e  w i t h  r e s p e c t  to t he  s e m i c o n d u c t o r  e l ec -  
t r o d e ) .  F o r  r e a c t i v e l y  s p u t t e r e d  s i l i con  n i t r i d e  films, 
t h e  a v e r a g e  d i e l ec t r i c  c o n s t a n t  m e a s u r e d  a t  10 kc  is 
6.5; f o r  p y r o l y t i c  fi lms, t h e  a v e r a g e  v a l u e  is 6.2. D e v i -  
a t i ons  f r o m  t h e s e  v a l u e s  w e r e  o b s e r v e d ,  b u t  w e r e  
v e r y  smal l .  

T h e  e l e c t r i c a l  r e s i s t i v i t y  w as  d e t e r m i n e d  f r o m  a n  
a n a l y s i s  of I - V  loop c h a r a c t e r i s t i c s .  D e t a i l s  of th i s  
e x p e r i m e n t  a r e  a lso  d e s c r i b e d  be low.  E l e c t r i c a l  r e -  
s i s t i v i t y  d a t a  for  c r y s t a l l i n e  s i l i con  n i t r i d e  r e p o r t e d  
in  t h e  l i t e r a t u r e  a re  q u i t e  i n c o n s i s t e n t  a n d  m a y  d i f fe r  
b y  s e v e r a l  o r d e r s  of m a g n i t u d e  f r o m  e a c h  o the r .  Th i s  
is p r o b a b l y  due  to i m p u r i t y  i n c o r p o r a t i o n  in  t he  m a -  
t e r ia l s .  A v a l u e  of 1013-1014 o h m - c m  as r e p o r t e d  by  
S a m s o n o v  a n d  T s e k u l y a  (11) is p e r h a p s  c lose r  to t h e  
i n t r i n s i c  r e s i s t i v i t y  of s i l i con  n i t r i de ,  a l t h o u g h  i t  s t i l l  
m a y  b e  s o m e w h a t  low. A m o r p h o u s  f i lms s t u d i e d  s h o w  
t h e  r e s i s t i v i t y  to be  too h i g h  a t  r o o m  t e m p e r a t u r e  to 
b e  m e a s u r e d  a c c u r a t e l y  as r e p o r t e d  in t h e  s ec t ion  on  
ion  m i g r a t i o n .  A t  400~ t he  f i lm r e s i s t i v i t y  w a s  
~ 1  x 1015 o h m - c m .  A t  500~ t he  r e s i s t i v i t y  d e c r e a s e d  
to 2 x 1013 o h m - c m .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  I - V  
c h a r a c t e r i s t i c  is n o n o h m i c  a n d  d e p e n d s  g r e a t l y  on  t h e  
n a t u r e  a n d  c o n d i t i o n  of p r e p a r a t i o n .  T h e  b r e a k d o w n  
v o l t a g e  is ~ 1  x I07 v cm -1. 

Interracial Properties o] Silicon Nitride Films 
on Silicon Substrates 

T h e  effec t  of a s i l i con  n i t r i d e  f i lm on  s u r f a c e  p r o p -  
e r t i e s  of  s i l i con  s u b s t r a t e s  is of p r i m e  s ign i f i cance  to 
s e m i c o n d u c t o r  devices ,  as t h e  w o r d  p a s s i v a t i o n  i m -  
pl ies .  S ince  m o s t  s e m i c o n d u c t o r  dev ices  a r e  b a s e d  on  
a p o t e n t i a l  b a r r i e r  con f i gu r a t i on ,  i t  is i m p o r t a n t  t h a t  
t h e  p o t e n t i a l  n e a r  t h e  s u r f a c e  no t  be  a l t e r e d  or  b e -  
c o m e  u n s t a b l e  due  to v a r i o u s  s u r f a c e  processes .  T h e  
s u r f a c e  p o t e n t i a l  is a l w a y s  a l t e r e d  w h e n  t h e r e  a r e  
t r a p p e d  c h a r g e s  or  a d s o r b e d  d ipo les  or  p i l e - u p  of ions  
a t  or  n e a r  t h e  i n t e r f a c e .  T h e  s u r f a c e  p o t e n t i a l ,  w h i c h  
is de f ined  as t h e  d i f f e r e n c e  in  p o t e n t i a l  b e t w e e n  t h e  
s u r f a c e  a n d  t h e  bu lk ,  c a n  b e  d e t e r m i n e d  in  t e r m s  of 
c h a r g e  r e m o v a l  f r o m  t h e  s u r f a c e  to b r i n g  a b o u t  a zero  
s u r f a c e  p o t e n t i a l .  A n  MOS,  or  m o r e  p e r t i n e n t l y  h e r e  
MIS,  v a r a c t o r  d e v i c e  is c o n v e n i e n t  fo r  t h i s  m e a s u r e -  
m e n t .  

A l u m i n u m  of  b e t t e r  t h a n  99.999% p u r i t y  w as  v a c -  
u u m  d e p o s i t e d  o n  t h e  s i l i con  n i t r i d e  f i lm a t  r o o m  t e m -  
p e r a t u r e  t h r o u g h  a t a n t a l u m  m a s k ,  g i v i n g  c i r c u l a r  
d i sk  e l e c t r o d e s  20 mi l s  in  d i a m e t e r  a n d  b e t w e e n  2500 
to 3000A in  t h i c k n e s s .  T h e  C - V  ( c a p a c i t a n c e  vs. v o l t -  
age )  c h a r a c t e r i s t i c s  w e r e  t r a c e d  o u t  b y  a p p l y i n g  a 
s m a l l  a -c  s i g n a l  of 10 kc  f r e q u e n c y  fo r  c a p a c i t a n c e  
m e a s u r e m e n t ,  a n d  a s low t r i a n g u l a r  w a v e  of 2 v / s e c  
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fo r  d - c  bias .  T h e  a n a l y s i s  of t he  C - V  c h a r a c t e r i s t i c s  
ha s  b e e n  d e s c r i b e d  in  t he  l i t e r a t u r e  (13, I4)  f o r  t h i s  
t y p e  of s u r f a c e  v a r a c t o r .  T h e  t e r m  s u r f a c e  c h a r g e  or  
t r a p p e d  c h a r g e  u s e d  h e r e  r e f e r s  to t h e  a m o u n t  of 
c h a r g e  ( e i t h e r  p o s i t i v e  or  n e g a t i v e )  r e m o v e d  to b r i n g  
a b o u t  a zero  s u r f a c e  p o t e n t i a l .  A s u r f a c e  c h a r g e  d e n -  
s i ty  of 1.2-1.4 x 1012 c m - 2  w a s  f o u n d  for  r.f. r e a c t i v e l y  
s p u t t e r e d  f i lms;  a m o r e  u n c e r t a i n  v a l u e  was  f o u n d  for  
d - c  r e a c t i v e l y  s p u t t e r e d  fi lms. P y r o l y t i c  f i lms of s i l i -  
con  n i t r i d e  s e e m  to h a v e  a h i g h e r  s u r f a c e  c h a r g e  
d e n s i t y  (15) of 3-5 x 1012 cm -2  (see  Fig.  6) .  

T h e  s u r f a c e  c h a r g e  d e n s i t i e s  m e n t i o n e d  a b o v e  w e r e  
o r i g i n a l  v a l u e s  for  f r e s h  samples .  T h e  s ign  of t h e  
c h a r g e  i n d i c a t e s  a n  n - s h i f t  of t h e  s i l i con  s u r f a c e  u n d e r  
t he  s i l i con  n i t r i d e  film. T h e  s u r f a c e  n - s h i f t  is  de f ined  
as t h e  i n c r e a s e  of p o t e n t i a l  in  t h e  pos i t i ve  d i r e c t i o n  
a t  t h e  s u r f a c e  w i t h  r e s p e c t  to  t h e  bu lk .  U n d e r  c o n -  
t i n u e d  a p p l i c a t i o n  of a p o s i t i v e  bias ,  t h e  n - s h i f t  of t h e  
s i l i con  s u r f a c e  c o n t i n u e d  to dec rease ,  u n t i l  f ina l ly  t h e  
s u r f a c e  p o t e n t i a l  b e c a m e  s l i g h t l y  pos i t ive .  I t  is i n t e r -  
e s t i ng  to no t e  t h a t  t h e  d i r e c t i o n  in w h i c h  t h e  s u r f a c e  
p o t e n t i a l  s h i f t e d  is oppos i t e  to t h a t  o b s e r v e d  in  t h e  
S t -S lOe  i n t e r f a c i a l  s y s t e m  w h e r e  t h e  n - s h i f t  of t he  
s u r f a c e  p o t e n t i a l  c an  b e  e x p l a i n e d  in  t e r m s  of ion  m i -  
g r a t i o n  t h r o u g h  t he  SlOe fi lm in  t h e  a p p l i e d  f ield r e -  
s u l t i n g  i n  p o s i t i v e  ion  p i l e - u p  a t  t h e  S i -S iO2 i n t e r f a c e .  
Thus ,  t h e  d r i f t i n g  of t he  s u r f a c e  p o t e n t i a l  u n d e r  a 
s i l i con  n i t r i d e  f i lm m u s t  b e  e x p l a i n e d  as s o m e t h i n g  
o t h e r  t h a n  ion  m i g r a t i o n .  T h e  d r i f t i n g  o c c u r r e d  a t  
r o o m  t e m p e r a t u r e  a n d  a p p e a r e d  to r e q u i r e  a t h r e s h o l d  
field. F o r  p y r o l y t i c  s i l i con  n i t r i d e  films, a t h r e s h o l d  
field of a b o u t  2-4  x 106 v c m  -1 was  r e q u i r e d  (15).  I t  
m a y  be  n o t e d  t h a t  t h i s  is a r a t h e r  h i g h  field a n d  close 
to t h e  b r e a k d o w n  field of a t y p i c a l  t h e r m a l  SiO2 film. 

T h e  s u r f a c e  p o t e n t i a l  d r i f t  a t  r o o m  t e m p e r a t u r e  a p -  
p e a r e d  to b e  l a r g e l y  i r r e v e r s i b l e .  A c o n t i n u e d  n e g a t i v e  
b ias  c a u s e d  a s m a l l  a m o u n t  of n - s h i f t  of t h e  su r f ace  
p o t e n t i a l  f r o m  t h a t  a f t e r  p o s i t i v e  bias.  H o w e v e r ,  t h e  
" r e c o v e r y "  was  less  t h a n  o n e - t h i r d  t h e  m a g n i t u d e  of 
t h e  p - s h i f t  u n d e r  p o s i t i v e  bias .  T h e  t e r m  r e c o v e r y  is 

Table I. Physical properties of films of silicon nitride 

F o r m  F i l m s  C r y s t a l l i t e s  

S t r u c t u r e  A m o r p h o u s  w i t h  e x t r e m e l y  fl-Si3N~ 
s h o r t  r a n g e  o r d e r  

S i - N  a t o m i c  d i s t a n c e  1 .4-1 .5A r d i f f r . )  
S i - N  IR  b a n d  11.3~ ( s p u t t e r e d )  10.7~ 

12.0]z ( p y r o l y t i c )  
I n d e x  of r e f r a c t i o n  2.05 2.1 
D i e l e c t r i c  c o n s t a n t  6.5 ( s p u t t e r e d )  9.4 

6.2 ( p y r o l y t i c )  
B r e a k d o w n  v o l t a g e  ~107  v c m  -1 
E l e c t r i c  r e s i s t i v i t y  ~ 1  x 101~ o h m - e r a  (400~ 101~-1014 o h m -  

~ 2  • 101~ o h m - c m  (500~ c m  (?) 
( r o o m  t emp . )  

I o n i c  c o n d u c t i v i t y  N o t  d e t e c t a b l e  b e l o w  400~ 
S u r f a c e  c h a r g e  1.2-1.4 • 10 m cm-~ 

( s p u t t e r e d )  
3-5 • 10 I~ c m  -'2 

(py ro ly t i c )  
T h r e s h o l d  fo r  r o o m  2-4 • 10 ~ v c m  -I  

t e m p .  d r i f t i n g  
P o l a r i z a t i o n  i on  don-  3 • 10 I'~ c m  -'~ (500~ 

c e n t r a t i o n  
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ra ther  arb i t rary  since it is thought  that  the original  
surface potent ial  of the fresh sample was not real ly  
the equi l ibr ium value. Thus, the posit ive and negat ive  
bias cycle is mere ly  a process of an electric stress an-  
nealing. Since, as discussed before, and as is to be 
elaborated on later, the ion migra t ion  process must be 
ruled out, it is proposed that  two processes may  occur 
dur ing the electr ical  bias, i.e., the reduct ion of hole 
traps inside the silicon ni tr ide phase close to the in te r -  
face via minor  s t ructura l  change or the high field an- 
nealing of the surface states at the sil icon-silicon ni-  
tr ide interface. 

The postulate of hole traps to account for this pe-  
culiar phenomenon in silicon ni tr ide film necessitates 
models that  can explain minor  s t ructural  changes in 
a high electrical  field. One interest ing postulate specu- 
lated is as follows: normally,  three silicon atoms are 
hinged together  with a ni t rogen atom. If there  is a 
ni trogen atom vacancy, then the three unpaired elec-  
trons might  become quite unstable and a th ree -cen-  
tered two-e lec t ron  bond could be formed to bridge 
the three silicon atoms together  directly. The extra  
electron would then be expelled;  in other  words, the 
uni t  t rapped a hole. If this occurred in the vicini ty 
of the Si3N4-Si interface, it would  cause a surface 
N-shift .  When a sufficiently high electr ical  field of the 
order of 2-4 x 106 v - c m  -~ is applied, i r revers ible  
polarization takes place through minor  s t ructural  
change, and the th ree -cen te red  electron pair is 
shifted to two of the silicon atoms to make  a regular  
bond bridging the two atoms. The remaining silicon 
atom could now regain  an unpaired electron, or it 
could serve as an electron t rap for an ext ra  electron. 
This would  cause the surface to become neut ra l  or 
negative.  

This is only one of the possible mechanisms. There 
are insufficient data at present  for any definite as- 
sertion of a par t icular  model. 

If the postulated anneal ing process was ful ly i r -  
reversible,  one would expect  the surface to be stable 
under  vol tage stress at e levated tempera tures  up to 
at least  400~176 since the usual cause of an un-  
stable surface of the system Si-SiO2 is regarded as ion 
migra t ion  and is excluded in this case. It appeared 
that, af ter  init ial  room tempera ture  bias t reatment ,  
the surface became more  stable and drif ted only a 
small amount  under  later  vol tage stress t r ea tment  at 
e levated temperatures .  This observat ion is only ex-  
ploratory,  and more extensive invest igat ion of this 
subject is being carr ied out (15). Some pre l iminary  

FILMS OF SILICON NITRIDE (3000.~1 _ ~ t  4 
LOOP I 398aC - 
LOOP E SOO~ FIRST TRACING ~o 
LOOP ~ 500~ SECOND TRACING ~ . ~ 

I 

/ / 

- - / - , / / ~ /  Z 3 4 
VOLTAGE, VOLTS 

tV = 0,195 volt/see 
- 3  

- 4  

Fig. 7. I-V loop for a pyrolytic silicon nitride film at elevated 
temperatures. 
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/ 
- 4  - 2  - I  

E t - - -7 
? 3 4 

VOLTAGE, VOLTS 

- • - t  = 195 volt/sec O 

T = 517~ 

Fig. 8. I-V loop of an ordinary thermal Si02 film 

results show that  under  a voltage stress of 1 x 106 v 
cm 1 at a t empera tu re  of 500~ a surface p-shif t  of 
+10v  (for the film thickness of 3000-3600A) Was 
produced, apparent ly  as a resul t  of fur ther  annealing. 
Compared to the far larger  n-shif t  (opposite direc-  
tion) at lower tempera tures  in a sl ightly lower field 
usual ly observed in SiO2 passivated silicon surface, 
the results are remarkable .  

I~n Migration and Polarization 
Since ion migra t ion  and re la ted polarizat ion are two 

important  causes affecting surface stability, pre l imi-  
nary experiments have been done on the nitride film. 
The I-V loop method employed by Yamin (16, 17) for 
the study of SiO2 films was used for this investigation. 
The method consisted of placing an MIS type of de- 
vice, similar to that used in the surface varactor meas- 
urement, in a thermostat chamber, and applying a 
slow d-e triangular wave at a speed of 0.195 v/sec. 
The current flux to the electrodes was recorded 
against voltage. One or more complete loops were 
traced for each sample at each temperature level; a 
typical result is shown in Fig. 7. 

Loop I is essentially a rectangle, indicating that the 
MIS structure with silicon nitride film is a simple 
capacitive element. At a constant rate of voltage 
change, dv/dt, the electrode current is simply 
i ~ c(dv/dt). This loop was traced at 398~ No de- 
tectable amount of ionic polarization was observed. 
However, precise analysis could separate a conduc- 
tive element also in the MIS structure, which is the 
slope of the slight inclination, giving an electrode 
current of 

i = --+0.195 C -~ GV amp 

where  C is the capacitance in farad, G the conduct-  
ance in mho, and V the vol tage in volt. At  500~ ionic 
migra t ion  and polar izat ion became appreciable.  This 
is seen in loop II and III of Fig. 7. 

The humps in both the upper  part  (dv/dt  ~ 0) and 
the lower part  (dv/dt  < 0) of the loop represent  the 
polarization of some unknown species of ions in the 
film. Each hump consists of a depolarizat ion and 
polarizat ion of half  the complete  cycle, and the area 
bounded by the hump and the dotted line, mul t ip l ied  
by a factor convert ing voltage to t ime scale (the vol t -  
age used was a l inear  funct ion of t ime) ,  gives the 
total  amount  of ions polarizable at the temperature .  
Thus, the polar izable ions at 500~ is about 3 x 1016 
charges /cm 3. It  was also observed that  the conduc- 
t iv i ty  of the film seemed to be modified under  the 
vol tage stress at the re la t ive ly  high t empe ra tu r e  of 
500~ Sufficient data have not been obtained as to 
whe ther  there  exists any correlat ion be tween this 
conduct ivi ty  modification and trap reduction. 

For comparison, an I -V loop of a typical  the rmal  
SiO2 is shown in Fig. 8. Notice that  the current  scale 
has been increased 20 t imes in this case, and that  the 
tempera ture  is 317~ 
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Barrier vs. DiJ~usion Impurities 
A silicon ni tr ide film of 1000A was shown to block 

completely  diffusion of gallium, oxygen, steam, and 
phosphorus into the under ly ing silicon substrate, at a 
t empera ture  of 1050~ for 40 rain. However ,  quan-  
t i ta t ive data regarding diffusivity are not avai lable at 
this time. 

Conclusion 
From the evaluated characteristics, silicon ni t r ide 

appears to be an excel lent  mater ia l  for semiconductor 
surface passivation, especially for its resistance to ion 
migration. Improvements  remain  to be made in the 
direction of reducing the surface charge density in the 
silicon-silicon nitr ide system. 
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Diffusion of Arsenic in Germanium from a Germanium 
Arsenide Source 

Prediffusion and Diffusion 

G. F. Foxhall and L. E. Miller 
Bell Telephone Laboratories, Incorporated, Laureldale, Pennsylvania 

ABSTRACT 

This paper reports  on the diffusion of arsenic in ge rmanium from a ger-  
manium arsenide source. This versat i le  source is suitable for prediffusion 
over a t empera ture  range of 475 ~ to 725~ and produces sheet resistances 
varying f rom 3000 to 0.5 ohms/[] .  Techniques for diffusion at tempera tures  
up to 900~ have also been developed. Loss of dopant through outdiffusion 
has been el iminated even for h igh-res is t iv i ty  layers. Background resis t ivi ty 
is mainta ined by rigorous cleaning prior  to diffusion and anneal ing af ter  
diffusion. The closed box technique is used in both cases. 

This paper  presents results  of an invest igat ion of 
diffusion of arsenic in germanium. The closed box 
technique is used for both prediffusion and diffusion. 

A germanium arsenide alloy (1) is used as a dif-  
fusant  source for prediffusion. This compound has 
proved to be quite  versat i le  in that  it is suitable for 
use over  a t empera tu re  range of 475 ~ to 725~ Layers  
vary ing  in sheet resistance f rom 3000 to 0.5 ohms/[~ 
are obtained. 

Techniques have been developed for diffusion at 
tempera tures  as high as 900~ Loss of dopant through 
outdiffusion, even in h igh-res is t iv i ty  layers, has been 
el iminated by the use of a t ight ly  closed diffusion boat. 
Background resist ivi ty is controlled by rigorous 
cleaning prior  to diffusion and an anneal ing process 
after  diffusion. 

Predigusion 
The diffusion boat assembly, shown in Fig. 1, is of 

h igh-pur i ty ,  optical grade quartz. The mat ing surfaces 
be tween boat and lid are ground flat to effect a t ight  
seal. Three  shelves are fitted into the boat to provide 
space for 18 slices. The source lies in the bot tom of 
the boat. 

To minimize thermal  conversion effects (2), a 
rigorous cleaning procedure is followed. Purified hy-  
drogen is used for the diffusion ambient.  

The var ia t ion of prediffusion sheet resistance with 
t ime and tempera tu re  is shown in Fig. 2. Control  is 
good as indicated by the 36 limits shown for the 1-hr 
runs. These vary  f rom 30% at 500~ to 2% at 725~ 
At a given temperature ,  the sheet resistance varies 
reasonably in accordance with  the inverse  square root 
of t ime except  at the lower temperatures .  Also in this 
low- tempera tu re  region, the sheet resistance begins to 
increase rapidly as t empera tu re  is decreased. Severa l  
effects combine to cause this d ivergence f rom square 
law dependence. First, the thermal  iner t ia  of the dif- 
fusion assembly is sufficient to introduce uncer ta in ty  
into the diffusion t imes; second, at these low tem-  
peratures,  t empera ture  dependent  surface rate  l imi-  
tation may be expected. Berman,  for example,  has re-  
ported a surface ra te  l imitat ion on the diffusion of 
ant imony into germanium in this t empera tu re  range. 

The dependence of junct ion depth on t empera tu re  
and t ime is shown in Fig. 3. These curves exhibi t  two 
dist inctive slopes, the smaller  of which is associated 
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Fig. 1. Diffusion assembly 
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Fig. 2. Prediffusion sheet resistance for Ge-As source 

with long time and high temperature,  and the larger 
with short t ime and low temperatures.  One notes that  
in the former region the depth varies nicely with the 
square root of t ime, whereas in  the lat ter  region it 
does not. Again one can explain this behavior  by ther-  
mal  inert ia  and surface rate l imitation, which tend to 
reduce junct ion  depth disproport ionately for short 
times and low temperatures.  

Variat ion of surface carrier concentrat ion with pre-  
diffusion tempera ture  is shown in Fig. 4. These values 
were measured by successively etching and measur ing 
sheet resistance to give a differential conductance and 
subsequent ly  the effective resist ivity of the layer  
which had been removed. It will  be seen later  that  the 
actual concentrat ion of arsenic atoms may be consid- 
erably in  excess of the values shown here. 

In  connection with this, a typical  profile for a pre-  
diffused layer  is shown in Fig. 5. The dis tr ibut ion is 
non-F ick ian  in  a m a n n e r  typical of prediffused layers 
as has been reported elsewhere (4). The dip in  meas-  
ured concentrat ion adjacent  to the surface is common 
to these prediffused layers over the whole tempera-  
ture range. This cannot be due to outdiffusion and 
ra ther  is believed to be due to the formation of a 
germanium arsenic compound at the surface. The 
values of surface concentrat ion are taken by extrapo- 
lat ing the profile to the surface as indicated by the 
dashed line. 
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peroture for Ge-As source. 

Diffusion 
Prior  to diffusion, the slices are cleaned again. Here 

the procedure serves to remove a small  amount  of 
arsenic which condenses on the surface during the 
cooling cycle of the prediffusion. Fai lure  to remove 
this condensate will  result  in  uncontrol lably  low sheet 
resistance. At  the end of the designated diffusion time, 
the furnace is reset to progressively lower tempera-  
tures wi thout  removing the boat  from the furnace. 
This process has been named step annealing.  

Success of these diffusions depends on the control 
of two fundamenta l  factors. The first of these is out-  
diffusion. For high-resis t ivi ty  diffused layers, u n -  
l imited outdlffusion as in  the case of open tube dif-  
fusion, for example, would result  in  an unconver ted  
surface with perhaps a band  of n - type  in  the bulk. 

The closely fitted lid traps arsenic which outdiffuses 
ini t ia l ly  in the box. When the surface concentrat ion is 
high from the prediffused layer, the arsenic outdif-  
fuses unt i l  its vapor pressure rises to the point  where 
it is in equi l ibr ium with the concentrat ion of arsenic 
in  the slice. Data by Lee and  Speeney (5) indicate 
that  this is on the order of 10 -6 m m  Hg. A simple cal- 
culat ion shows that  there is abundan t  arsenic in the 
prediffused slice to provide this pressure. 
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As the arsenic in the bulk diffuses into the slice, 
thereby dropping the surface concentration, arsenic in 
the gaseous state is taken back into the slice to main-  
tain equi l ibr ium be tween  gaseous and solid phases. 
Prediffusion sheet resistance of 3000 ohms/ [ ]  has been 
observed to drop to about 100 ohms/[~ during a 22-hr 
diffusion at 900~ This indicates that: (A) Loss of 
dopant through outdiffusion has been significantly 
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limited. (B) There  is a large amount  of arsenic in or 
on the prediffused slice which is not ionized. This is 
indicated by the fact that, when  the prediffused sam- 
ples are diffused, a significant reduct ion in sheet re-  
sistance occurs. A factor of eight reduction in sheet 
resistance is predicted as a resul t  of d r ive - in  diffusion 
heeause of the change in mobi l i ty  which results f rom 
a decrease in impur i ty  concentrat ion (6). The  ob- 
served reduct ion is significantly greater  than that  
predicted, equal ing as much as thirty. This effect is 
typical of non-Fickian  diffusions, and has been re-  
ported for the si l icon-phosphorus system (4). 

The ratio of diffusion sheet resistance, RSD, to pre-  
diffusion sheet resistance, Rsp, is shown in Fig. 6 as a 
function of t ime with  t empera tu re  as a parameter .  All  
prediffusion sheet resistances were  170 ohms/[:]. An 
init ial  rapid drop in sheet resistance, represent ing the 
effects of redis tr ibut ion of the impurities,  is fol lowed 
by a gradual  increase in sheet resistance. This increase 
represents  a loss of impur i ty  atoms from the diffusion 
boat assembly and is seen to be independent  of t em-  
perature,  being limited, apparently,  by the leakage 
rate  f rom the diffusion boat. This being so, one would 
expect  that  at the higher diffusion temperatures ,  
where  diffusion into the slice is more rapid, a lower 
net loss of impurity,  and consequent ly lower sheet 
resistance, would result.  The curves ver i fy  this tem-  
pera ture  dependence of diffusion sheet resistance. 

A similar system of curves is shown in Fig. 7, the 
difference being that  all prediffusions were  in this 
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case 10 ohms/[:]. In  the presence of the higher con- 
centrations, the rate  of loss of impuri t ies  is more 
rapid. I t  is still independent  of temperature,  however. 
Sheet resistance also decreases with diffusion tem- 
perature  as before. 

In Fig. 6 the same type of curves is shown with 
prediffusion sheet resistance now down to 1.0 ohm/D.  
Under  the influence of these very high concentrations, 
the rate of loss is now tempera ture  dependent  and 
considerably greater. The behavior of sheet resistance 
with tempera ture  is also changed. 

A profile typical of the diffused layers is shown in  
Fig. 9. Of part icular  note is the absence of a dip in 
concentrat ion at the surface, indicat ing that  out-  
diffusion has been reduced significantly. Also of im-  
portance is the fact that  the profile very near ly  
matches the Gaussian dis tr ibut ion d rawn for the same 
junct ion depth and sheet resistance. 

In  calculating the diffusion coefficient, the diffused 
layers were assumed to be Gaussian. Values are 
shown in Fig. 10. On all the samples measured, pre-  
diffused layers had sheet resistance of 170 ohms/[]  
and junct ion  depth of about 1300A. Diffusion times 
of four and sixteen hours were used at each tempera-  
ture. The results obtained are seen to be considerably 
smaller than those of Dunlap (7). The values from 
this work are believed to represent  the concentrat ion 
independent  diffusion coefficient, while the values 
given by Dunlap are in the concentrat ion dependent  
range. Diffusion coefficients calculated from the pre-  
diffusion data do, in fact, agree general ly with Dun-  
lap's work. This work may represent  the first data on 
the diffusion coefficient of arsenic in germanium wi th-  
out concentrat ion enhancement  effects. 

The second factor which must  be controlled is ther-  
mal  conversion. This is achieved by the step anneal ing 
process described above. In  spite of rigorous cleaning, 
some thermal  conversion appears to be inevitable.  
Tweet (8) showed that copper precipitates from the 
germanium lattice on dislocations according to the 
relationship 

~ e - - t / v p ( T )  

where ~ is the fraction of copper remaining  after t ime 
t and ~p is the temperature  (T) dependent  re laxat ion 
t ime for precipitation. Since ~p decreases with increas- 
ing temperature,  it is possible to remove most of the 
added acceptors at a rapid rate  at the higher tem-  
peratures of the annea l ing  cycle, while  only small 
amounts  are left to be removed at the lower tempera-  
tures where the precipi tat ion rate is low. The step 
anneal  reduces the added acceptor level to less than 
2 x 1014 cm -3 after diffusion at 900~ 

Conclusion 
A closed box, two-step system for the diffusion of 

arsenic into germanium has been developed. P re -  
diffusions have been done over a temperature  range 
of 475~176 producing sheet resistances from 3000 
to 0.5 ohms/[~. Prediffused slices can be diffused at 
temperatures  as high as 900~ with layer depths of 2.5 
mils and surface concentrat ions of 2 x 10 TM cm -3. The 
system offers the advantages of simplicity, flexibility, 
and controllabil i ty.  

This work was motivated by demand in the Bell  
System for high breakdown voltage germanium 
diodes. The diffusion assembly is cur rent ly  being used 
by the Western  Electric Company for rout ine diffusion 
at 900~ This produces diodes having breakdown 
voltages of 350-400v. 
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ABSTRACT 

Samples of single crystal cuprous oxide prepared by quenching after equi- 
libration at various oxygen pressures at high temperature were subjected 
to bombardment by argon ions and hydrogen ions, and the photoelectric 
emission was then measured. The curves for the photoelectric quantum 
yield Y vs. the photon energy E were characterized by the presence of a 
double shoulder indicating the presence of two thresholds. The data could 
be fitted to the equation y1/n ~ k (E--Eo) with n usually having the value 
of 2, and this was used to evaluate the threshold energy Eo. The high energy 
threshold was relatively constant at 5.1 ev regardless of the amount of ion 
bombardment, but the low energy threshold was much more variable, often 
starting at ~4.0 ev and increasing to 4.6 ev with bombardment. It is proposed 
that the high energy threshold represents the process of direct excitation 
with scattering from the valence band. The lower values of the low energy 
threshold are presumed to represent excitation from surface impurities which 
are gradually removed by bombardment. The limiting value of the low en- 
ergy threshold is assigned to excitation from states similar to the bulk ac- 
ceptor states usually found in Cu20 at 0.4 ev above the valence band. 

The semiconducting propert ies of cuprous oxide 
have been known and studied for several  decades, 
notably by Wagner  and co-workers  (1). Recent ly  wi th  
the development  of methods in this laboratory (2) 
and e lsewhere  (3) for the production of single crys-  
tals of the material ,  it has been possible to provide 
more  definitive informat ion on the electr ical  prop-  
erties. Recent  investigations on the high t empera tu re  
(600~176 thermoelectr ic  effect (4) and the low 
tempera ture  Hall  effect (5) have confirmed that  
cuprous oxide is a p - type  semiconductor  under  all at-  
ta inable  conditions of t empera ture  and envi ronmenta l  
oxygen pressure. The results of these exper iments  to-  
gether  wi th  measurements  of the electr ical  conduc- 
t iv i ty  at high tempera tures  (6, 7) and a study of the 
weight  var ia t ion (8) wi th  changes in the envi ron-  
menta l  oxygen pressure have substantiated a modi-  
fied Wagner  model  in which an excess of oxygen in 
the crystal  la t t ice produces copper atom vacancies 
which can act as e lectron acceptors. The excess oxy-  
gen is in equi l ibr ium at high t empera tu re  wi th  the 
oxygen gas surrounding the crystal. 

However  the results of measurements  on quenched 
samples at low temperatures  are ra ther  complex (5) 
so that  the Wagner  model  can be applied only in  a 
grossly qual i ta t ive  fashion. Also in the vicini ty  of 
room temperature ,  one can observe progressive 
changes in the electrical  conduct ivi ty  and Hall  effect 
if the samples are al lowed to stand at sl ightly ele-  
vated tempera tures  (40~176 These changes may 
be due to changes in the character  of certain bulk ac- 
ceptor states or may be due to changes in surface 
states. One possible approach to the study of states 
at or near  the surface is by means of photoelectr ic  
emission, and this paper is an init ial  repor t  of such 
measurements  on cuprous oxide. 

The photoelectr ic  emission f rom compound semi- 
conductors has been measured by several  workers.  
Apker  and Taft  (9) have  carr ied out an extensive 
series of investigations on alkali  halides. The work  by 
Smi th  and Dutton (10) on lead sulfide and that  by 
Spicer (11) on alkali  ant imonides indicate that  the 
major i ty  of photoemit ted electrons comes from the 
valence band of the material .  Using a set of theo-  
retical  predictions by Kane (12) on the nature  of the 

quantum yield relat ion as a guide, Al len  and Gobeli 
(13) have made a detailed study of the excitat ion 
mechanisms and surface states present  in clean sili- 
con. 

Al len  and Gobeli have also studied the effects of 
posit ive ion bombardment  and subsequent anneal ing 
on silicon surfaces (14). These t reatments  were  de- 
veloped by Farnswor th  (15) and others as a cleaning 
technique and have been extens ive ly  employed to 
produce clean, wel l  ordered surfaces, notably on 
silicon and germanium. Al though sufficient ion bom- 
bardment  wil l  remove  adsorbed impur i ty  atoms, the 
t rea tment  leaves a large amount  of disarray and some 
implanted bombardment  atoms which may  be re-  
moved by heating the sample. Cuprous oxide cannot 
be heated to high tempera tures  wi thout  changing the 
amount  of excess oxygen present  in the crystal, so 
that  anneal ing cannot be used in this case. However ,  
the changes in the photoelectr ic  emission of surfaces 
upon anneal ing are not usual ly found to be as large 
as those produced by bombardment  of a contaminated 
surface. 

In the present  invest igat ion most of the ion bom- 
bardment  was done using argon, but  the work  was ex-  
tended to bombardment  by hydrogen ions since some 
interest ing special effects might  be expected. Muller  
(16) sputtered copper onto cuprous oxide in a hydro-  
gen atmosphere  and produced rect i fying and photo- 
voltaic junctions on the top surface of the sample. 
Waibel  (17) also subjected cuprous oxide to a hydro-  
gen glow discharge and produced similar effects. Some 
pre l iminary  work  in our laboratory  indicated that  
proton bombardment  causes reduct ion of the top sur-  
face of the cuprous oxide to copper. 

Experimental 
Sample preparation.--Polycrystalline cuprous oxide 

sheets were  prepared by the oxidation of 99.999-4-% 
pure copper plates (purchased f rom Johnson Mat they 
and Company Ltd., England)  at 1020~ in air. Large 
crystals of cuprous oxide were  then produced in the 
plates by a grain growth method developed in this 
laboratory  (2). 

Portions of the Cu20 plates were  equi l ibrated at 
high tempera tures  and known oxygen pressures to es- 
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Table I. Summary of values of photoelectric threshold obtained 
for various cuprous oxide samples and equilibration conditions used 

to prepare samples. 

E q u i l i b r a t i o n  c o n d i t i o n s  
P h o t o e l e c t r i c  

t h r e s h o l d s  (ev)  
S a m -  T e m p e r -  O x y g e n  

p le  a t u r e  T i m e  p r e s s u r e  H i g h  L o w  L i m i t -  
No.  (~ (hr )  (Tor r )  e n e r g y  ene rgy~  i n g  r 

D 1020 1.9 120 a 5,12 4.66 4.33 
G 1020 2.2 15.3 a 5.01 4.65 4.05 
H 1020 7.0 1.04 b 5.15 4.63 4.08 
I 1020 15.0 0.11 b 5.13 4.65 3.95 
Ia  C u t  f r o m  s a m e  s a m p l e  p l a t e  as I 5.03 4.25 3.95 
E 1020 4.0 9.48 • 1 0 - ~  5.01 4.55 4.22 
J 750 18.0 0.120 5 1 3  4.63 4.42 
K 750 19.0 9.12 • 10 ~a 5.10 4.57 4.18 
L 750 47.0 6.3 x I 0  -~b 5.06 4.67 4.31 
N 750 71.0 2.4 • 1 0 - ~  5,14 4.46 4.10 

a F l o w i n g  gas  m i x t u r e  a t  a t m o s p h e r i c  p r e s s u r e .  
b F l o w i n g  gas  m i x t u r e  a t  l o w  p r e s s u r e .  

P u m p e d  c lo sed  s y s t e m .  
a H i g h e s t  v a l u e  o b s e r v e d  fo r  s amp le .  
e L o w e s t  v a l u e  o b s e r v e d  fo r  s a m p l e .  

tablish the equi l ibr ium concentrat ion of copper atom 
vacancies in the crystal. This process was carr ied out 
in an apparatus designed by Wright  (5). The  samples 
were  hung in the center  of a 12 in. long tube furnace 
by a long pla t inum wire. The desired part ial  pressures 
of oxygen were  obtained by flowing calibrated mix -  
tures of oxygen and ni t rogen through the system, 
usual ly at atmospheric pressure, but  sometimes at 
modera te ly  reduced pressures. The lowest  oxygen  
pressure used, 2.4 x 10 -7 Torr, was obtained by 
pumping the closed system and assuming that  oxy-  
gen comprised 20% of the u l t imate  pressure.  Table I 
gives a summary  of the equi l ibrat ion conditions for 
the samples studied. 

After  the sample had come to equi l ibr ium with  the 
surrounding atmosphere  and temperature ,  the com- 
position was frozen by dropping the sample out of 
the furnace  and quickly cooling the sample wi th  a 
s t ream of hel ium at l iquid ni t rogen temperature .  The 
resul t ing samples showed no trace of cupric oxide on 
their  surfaces. 

The crystals were  then ground on one side using No. 
400 a lundum abrasive unt i l  one half  of the thickness 
was removed,  assuring that  the disordered region in 
the center  of the crystal  was not present  in the final 
sample. The other  side was ground l ightly to remove  
the top surface and both sides were  then ground using 
No. 305 emery  to remove  pits and scratches. The sam- 
ples were  then cut into squares 1 cm on a side, etched 
in 0.5N sodium cyanide for 5 min, washed in dis- 
t i l led water ,  and air dried. A gold contact was applied 
on the back of the sample by vacuum evaporat ion and 
the sample was left  in the metal l iz ing chamber  under  
vacuum unti l  it was to be placed into the measur ing 
system. 

Measurement system.--During the bombardment  of 
the sample and the measurement  of the photoemis-  
sion the sample was kept  in a bakable, u l t rahigh 
vacuum system, capable of reaching 5 x 10 -10 Torr. 
During most of the photoemission measurements  the 
pressure was mainta ined below 10 - s  Torr.  Because cu- 
prous oxide cannot be heated much  above room t em-  
pera ture  wi thout  causing changes in its properties,  the 
system could not be baked with  the sample in place. 
To avoid this difficulty, the clean system was back-  
filled with  purified he l ium and quickly opened. The 
sample was inserted into the holder  while  a slight 
posit ive pressure in the system kept  he l ium st reaming 
out the open flange. After  the system was once more  
sealed t ight  and pumped  down, the molecular  sieve 
t rap was baked. This procedure  usual ly  resul ted in the 
a t ta inment  of a pressure  of 10 -9 Torr  af ter  pumping  
overnight.  

The samples were  bombarded with  posit ive ions 
from an ion source similar  to that  designed by Moak, 
Reese, and Good (18). The ion source was separated 

f rom the main system by a small  capil lary tube, and 
this a r rangement  al lowed the pressure around the 
sample to remain  at 10 -5 Torr  during the bombard-  
men t  in addit ion to producing a control lable  low cur-  
rent  density. The gas used for bombardment  was fed 
into the ion gun by means of a bakable var iable  leak 
and was ionized by a 25 mc rf field produced by an 
externa l  coil. An  accelerat ing voltage of 1500v was 
applied be tween  a tungsten rear  electrode and the 
source exit  nozzle, which was grounded. The sample 
was kept  at ground potential.  The ion currents  used 
were  usual ly 0.07 ~a/cm 2 for argon and 2 ~a/cm 2 for 
hydrogen. 

The l ight source used for the photoemission exper i -  
ments  was a Hanovia  Model 7606 med ium high pres-  
sure mercury  lamp i l luminat ing a Bausch and Lomb 
250 mm effective focal length monochromator  wi th  
ent rance  and exit  slits set at 0.5 ram. An image of 
the square ruled port ion of the monochromator  grat-  
ing was focused by means of an auxi l iary  quartz lens 
through a 4 mm square hole in the collecting anode 
to i l luminate  the sample. The spectral  output  of the 
ent ire  optical system was measured  using a sodium 
salicylate fluorescent plate and a 1P28 photomult i -  
pl ier  detector (19). An  absolute cal ibrat ion of the 
output  of the system was per formed using an Eppley 
thermopi le  and National Bureau of Standards stand- 
ard lamp, and the absolute output  of the optical sys- 
tem is est imated to be known to ___10%. A quartz win-  
dow in the vacuum system al lowed measurements  to 
be made down to 2000A. 

The photoemit ted electrons escaping from the sam- 
ple were  collected by a p la t inum plate anode placed 
paral le l  to the sample and 3 mm from its front  sur-  
face. The current  produced was measured  with a 
Beckman Ins t ruments  RXG-2 Micromicroammeter .  To 
reduce electron emission f rom sources other  than the 
sample, only the sample and sample holder  were  
biased ( a t - - 9 0 v  with  respect to the anode).  All  other 
parts of the vacuum system were  grounded. All  meas-  
urements  were  made at room temperature .  

The photoemission f rom the samples was measured  
before any bombardment  and remeasured  after each 
bombardment  period. These periods ranged f rom 1 
min  to 1 hr  wi th  most samples being subjected to a 
series of bombardments  of 15 min duration. Af te r  
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Fig. 1. Variation of photoemission yield of sample I with photon 
energy after various bombardment treatments (cf. Table II for ex- 
perimental conditions). 
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Table II. Experimental conditions used to obtain results in Fig. 1 
and values of photoelectric thresholds obtained from these results. 
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T i m e  o f  T i m e  Y i e l d  T h r e s h o l d s  (ev)  
R u n  B o m b a r d -  b o m b a r d -  a f t e r  b o m -  a t  2 1 0 0 A  

n u m b e r  m e r i t  g a s  m e r i t  ( m i n )  b a r d m e n t  ( x  10-~) H i g h  L o w  

164  - -  - -  - -  7 .0 5 .13  3 .95  
165 A r  1 5 m  7 .8  5 .14  3 . 9 6  
166 A r  5 2 . 5 m  6.3 5 .13  4 .25  
167 A r  15 4 m  3.3 5 .12  4 . 4 0  
168 - -  - -  l d  5 .9  5 .14  4 .25  
169 A r  20  2 m  3.3 5 .14  4 .40  
170  A r  30 4 r a  3 .5  5 .15  4 .45  
171 - -  - -  1 0 m  2 .4  5 ,14  4 .55  
172 - -  - -  1 6 m  2 .3  5 .14  4 .41  
173"  - -  - -  2 3 m  2 .25  5 , 1 4  4 , 5 0  
174 - -  - -  S ,5h  3.1 5 .14  4 . 4 0  
175 H,., 15  5 . 5 m  4 .3  5 ,14  4 . 1 8  
176 H,_, 15 2 m  4 .2  5 .11  4 .41  
177 - -  - -  8 m  4 .6  5 .11 4 . 2 5  
178  H,., 15  3 m  3 .2  5 . 1 4  4 . 3 g  
179 H,: 15 1 . 5 m  2 .4  5 .13  4 .55  
180 - -  - -  7 . 5 m  2 .9  5 .13  4 . 4 0  
181 - -  - -  5 d  5 .9  5 .11  4 . 3 8  
182 H,, 1 5  3 m  4 .9  5 .10  4 .40  
183 H~ 15 5 h  1 .17 4 .87  4 .66  
186 H~ 15 2 d  1.7 4 .83  4 . 6 4  (?) 

* A r g o n  g a s  w a s  i n t r o d u c e d  a t  10 -2 T o r r  f o r  30  s e c  b e f o r e  173.  

s e v e r a l  p e r i o d s  of a r g o n  ion  b o m b a r d m e n t  p r o d u c e d  
no  f u r t h e r  c h a n g e  in  t h e  p h o t o e m i s s i o n  s p e c t r a l  r e -  
sponse ,  t h e  s a m p l e  w as  b o m b a r d e d  w i t h  p r o t o n s  fo r  
s e v e r a l  pe r iods .  

Experi~nental  r e s u l t s . - - T y p i c a l  r e s u l t s  of p h o t o -  
emi s s ion  q u a n t u m  y i e ld  ( e l e c t r o n s  p e r  i n c i d e n t  p h o -  
t o n )  vs. p h o t o n  e n e r g y  a r e  s h o w n  in  Fig. 1. T h e  e x -  
p e r i m e n t a l  c o n d i t i o n s  u s e d  to o b t a i n  t h e s e  r e s u l t s  a r e  
g i v e n  in  T a b l e  II. t h e  v a r i o u s  c u r v e s  a r e  for  m e a s -  
u r e m e n t s  on  a s ing le  s a m p l e  a f t e r  d i f f e r e n t  a m o u n t s  
of ion b o m b a r d m e n t  a n d  v a r i o u s  t i m e s  b e t w e e n  b o m -  
b a r d m e n t  a n d  m e a s u r e m e n t .  A p r o m i n e n t  f e a t u r e  of 
t h e  r e s u l t s  is t h e  p r e s e n c e  of a d o u b l e  s h o u l d e r  in  t he  
p h o t o e m i s s i o n  y ie ld  c u r v e s  t h u s  i n d i c a t i n g  t he  e x -  
i s t ence  of two  e n e r g y  t h r e s h o l d s .  F i g u r e  2, w h i c h  is a 
co l l ec t i on  of c u r v e s  f r o m  s e v e r a l  s a m p l e s  a f t e r  s i m i -  
l a r  t r e a t m e n t s ,  i n d i c a t e s  t h a t  t h e s e  f e a t u r e s  a re  a 
n o r m a l  r e s u l t  fo r  s u c h  s a m p l e s  of c u p r o u s  oxide .  

T h e  d e p e n d e n c e  of t h e  y i e ld  on  p h o t o n  e n e r g y  a b o v e  
t h e  h i g h  e n e r g y  t h r e s h o l d  obeys  a r e l a t i o n  of t h e  f o r m  
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Fig. 2. Variation of photoemission yield with photon energy for 
all samples after comparable amounts of argon ion bombardment. 
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Fig. 3. Plots of the square root of the photoemission yield vs. 
photon energy for all samples treated with argon. 

w h e r e  Y is t he  y ie ld ,  E is t h e  p h o t o n  ene rgy ,  Eo is t h e  
t h r e s h o l d  ene rgy ,  a n d  k is a c o n s t a n t .  T h e  e x p o n e n t ,  
n, w a s  f o u n d  to h a v e  a v a l u e  of 2 fo r  a l m o s t  a l l  of 
t h e  s a m p l e s  t e s t e d  as c an  b e  s e e n  in  t h e  p lo t s  of t h e  
s q u a r e  roo t  of t h e  y i e ld  vs. p h o t o n  e n e r g y  s h o w n  in 
Fig.  3. T h e s e  c u r v e s  a r e  f o r  a l l  t h e  s a m p l e s  u n d e r  
e q u i v a l e n t  c o n d i t i o n s  a n d  a r e  r e p r e s e n t a t i v e  of t h o s e  
u sed  in  t h e  e x t r a p o l a t i o n s  to d e t e r m i n e  t h e  t h r e s h o l d  
ene rg ie s .  T h e  d a t a  for  two  of t h e  s a m p l e s  cou ld  b e  
f i t ted w i t h  y i e ld  r e l a t i o n s  w i t h  n ~ 1 w h i l e  a t h i r d  
is b e s t  r e p r e s e n t e d  b y  n ~ 3/2,  b u t  fo r  a l l  o t h e r  s a m -  
ples  n is v e r y  c lose  to 2. T h e  h i g h  e n e r g y  t h r e s h o l d  
w a s  n o r m a l l y  c a l c u l a t e d  b y  p l o t t i n g  t h e  s q u a r e  roo t  
of t h e  p h o t o e l e c t r i c  y i e ld  vs. t h e  p h o t o n  e n e r g y  a n d  
e x t r a p o l a t i n g  to ze ro  y i e ld  to  o b t a i n  t h e  t h r e s h o l d .  

T h e  h i g h  e n e r g y  t h r e s h o l d  v a l u e s  w e r e  r e m a r k a b l y  
s t a b l e  for  a n y  p a r t i c u l a r  s a m p l e  a n d  cou ld  b e  r e p r o -  
d u c e d  to w i t h i n  0.02 e v  e v e n  a f t e r  t r e a t m e n t  of t he  
s a m p l e  h a d  g r e a t l y  mod i f i ed  t h e  a p p a r e n t  f o r m  of t h e  
y i e ld  cu rves .  F o r  t h e  v a r i o u s  s a m p l e s  m e a s u r e d ,  t h e s e  
v a l u e s  for  t h e  h i g h  e n e r g y  t h r e s h o l d  r a n g e d  f r o m  5.01 
to 5.15 ev. T h e  a b s o l u t e  m a g n i t u d e  of t h e  y i e l d  a t  
e n e r g i e s  a b o v e  t h e  h i g h  e n e r g y  t h r e s h o l d  v a r i e d  b y  
as m u c h  as a f a c t o r  of t h r e e  w i t h  c h a n g e s  in  t h e  s u r -  
face  c o n d i t i o n  of t h e  s amp le ,  e v e n  w h e n  t h e  c o n t r i -  
b u t i o n  due  to t he  low e n e r g y  s h o u l d e r  w a s  s u b t r a c t e d .  
T h e  y i e l d  d e c r e a s e d  as a r e s u l t  of b o m b a r d m e n t  a n d  
i n c r e a s e d  s l o w l y  w i t h  t i m e  of s t a n d i n g  a f t e r  b o m b a r d -  
m e n t .  

I n  c o n t r a s t  to t h e  b e h a v i o r  a b o v e  t h e  h i g h  e n e r g y  
t h r e s h o l d ,  t h e  r e s u l t s  in  t h e  low e n e r g y  r e g i o n  v a r i e d  
w i d e l y  b o t h  in  t h e  v a l u e  of t h e  t h r e s h o l d  a n d  in  t h e  
a b s o l u t e  y ie ld .  T h e  v a r i a t i o n  in  r e s u l t s  f r o m  one  s a m -  
p le  to a n o t h e r  w a s  l a r g e  b u t  a lso  t h e  c h a n g e  in  t h e  
b e h a v i o r  of a n y  one  s a m p l e  w i t h  e v e n  a s l i g h t  a m o u n t  
of t r e a t m e n t  was  g rea t .  H o w e v e r ,  t h e  s a m p l e s  s h o w e d  
a c h a r a c t e r i s t i c  g e n e r a l  b e h a v i o r .  I n  sp i t e  of t h e  l a r g e  
v a r i a t i o n  in  t h e  r e s u l t s  of t h e  m e a s u r e m e n t s  o n  t h e  
s a m p l e s  b e f o r e  a n y  b o m b a r d m e n t ,  t h e  c u r v e s  fo r  t h e  
d i f f e r e n t  s a m p l e s  h a d  t h e  s a m e  g e n e r a l  a p p e a r a n c e  
a f t e r  o n l y  15 m i c r o c o u l o m b s  of a r g o n  b o m b a r d m e n t .  
A s  can  b e  s e e n  in  Fig.  1, a d d i t i o n a l  b o m b a r d m e n t  
r a i s e d  t h e  l o w - e n e r g y  t h r e s h o l d  a n d  d e c r e a s e d  t h e  
y i e l d  u n t i l  w i t h  suff ic ient  a r g o n  b o m b a r d m e n t  t h e  
p o r t i o n  of t h e  y i e l d  d u e  to t h e  low e n e r g y  s h o u l d e r  
a l m o s t  c o m p l e t e l y  d i s a p p e a r e d  a n d  a l i m i t  w a s  
r e a c h e d  in  t h e  t h r e s h o l d .  T h i s  l i m i t i n g  v a l u e  of t h e  
l o w  e n e r g y  t h r e s h o l d  was  a p p r o x i m a t e l y  0.4 e v  b e l o w  
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t h e  h i g h  e n e r g y  t h r e s h o l d  a n d  w as  t h e  s a m e  for  a l l  
s amples .  I f  t h e  s a m p l e s  w e r e  a l l o w e d  to s t a n d  u n -  
d i s t u r b e d  in  t h e  v a c u u m  sys t em,  t h e  l ow  e n e r g y  t h r e s h -  
old  s l o w l y  d e c r e a s e d  a n d  t h e  y i e ld  i n c r e a s e d  co r -  
r e s p o n d i n g l y .  T h e  s a m e  effect  w a s  o b s e r v e d  b u t  a f t e r  
a m u c h  s h o r t e r  t i m e  if  h y d r o g e n  gas  w a s  i n t r o d u c e d  
in to  t h e  s y s t e m  to r a i s e  t h e  p r e s s u r e  to a p p r o x i m a t e l y  
10 -4  Tor r .  F r o m  th i s  e v i d e n c e  i t  w a s  c o n c l u d e d  t h a t  
t h e  v a r i a t i o n  in  low e n e r g y  t h r e s h o l d  w a s  a n  effect  
a s soc i a t ed  w i t h  s u r f a c e  i m p u r i t y  a toms .  

P r o t o n  b o m b a r d m e n t  h a d  a m u c h  g r e a t e r  effect  on  
c u p r o u s  o x i d e  t h a n  d id  a r g o n  b o m b a r d m e n t ,  b u t  t h i s  
effect  w a s  n o t  a p p a r e n t  u n t i l  a f t e r  c o n s i d e r a b l e  t o t a l  
b o m b a r d m e n t .  A t  first,  as c an  b e  s e e n  f r o m  T a b l e  II  
a n d  Fig.  1, t h e  low e n e r g y  t h r e s h o l d  b e h a v e d  as i t  d id  
for  a r g o n  a n d  t h e  h i g h  e n e r g y  t h r e s h o l d  r e m a i n e d  
u n c h a n g e d ;  bu t ,  a f t e r  a p p r o x i m a t e l y  0.015 c o u l o m b s  
of p r o t o n  b o m b a r d m e n t ,  a s u d d e n  c h a n g e  o c c u r r e d  in  
t h e  y i e ld  r e l a t i on .  T h e  low e n e r g y  t h r e s h o l d  u s u a l l y  
d i s a p p e a r e d  c o m p l e t e l y  a n d  t h e  h i g h  e n e r g y  t h r e s h -  
o ld  s h i f t e d  to  4.85 ev. 

A r g o n  b o m b a r d m e n t  h a d  no  a p p a r e n t  effect  on  t h e  
a p p e a r a n c e  of t h e  s a m p l e  su r face ,  b u t  p r o t o n  b o m -  
b a r d m e n t  p r o d u c e d  a gold  s h e e n  on  t h e  sa rnp le  w h i c h  
f u r t h e r  b o m b a r d m e n t  d e v e l o p e d  in to  a de f in i t e  c o p p e r  
color.  A f t e r  r e m o v a l  f r o m  t h e  v a c u u m  sys t em,  t h e  
s a m p l e s  w e r e  f o u n d  to h a v e  w h a t  a p p e a r e d  to be  a 
t h i n  depos i t  of c o p p e r  on  t h e  b o m b a r d e d  sur face .  

N e i t h e r  t h e  t e m p e r a t u r e  n o r  t h e  o x y g e n  p r e s s u r e  
s u r r o u n d i n g  t he  s a m p l e  d u r i n g  t he  h i g h  t e m p e r a t u r e  
e q u i l i b r a t i o n  h a d  a n y  o b v i o u s  effect  on  t h e  o b s e r v e d  
t h r e s h o l d  va lues .  I f  a n  effect  does  in  f ac t  exis t ,  t h e  
v a r i a t i o n s  in  t h e  t h r e s h o l d s  a n d  y i e ld s  due  to o t h e r  
f a c to r s  m a k e  i t  i m p o s s i b l e  a t  t h e  p r e s e n t  t i m e  to 
d i scuss  i t s  n a t u r e .  

Discussion 

T h e  e x p e r i m e n t a l  r e s u l t s  s h o w  t h e  p r e s e n c e  of t w o  
t h r e s h o l d s ,  a r e l a t i v e l y  c o n s t a n t  one  l y i n g  a t  a b o u t  
5.1 ev  a n d  a n o t h e r  one  a t  l o w e r  e n e r g y  w h i c h  can  
v a r y  f r o m  3.95 to 4.66 ev  d e p e n d i n g  on  t he  i n i t i a l  c o n -  
d i t i ons  a n d  t h e  a m o u n t  of b o m b a r d m e n t .  W h i l e  t h e  
p r e s e n t  m e a s u r e m e n t s  a r e  a p p a r e n t l y  t he  f irst  to be  
d o n e  on  s ing le  c r y s t a l  c u p r o u s  oxide ,  e v e n  t h e  l i t e r a -  
t u r e  o n  p o l y c r y s t a l l i n e  C u 2 0  is r e l a t i v e l y  s c a n t y  in  
r e g a r d  to p h o t o e m i s s i o n  m e a s u r e m e n t s  a n d  m o s t  of 
t h e  s t ud i e s  p r e c e d e  t h e  t i m e  of a c l ea r  u n d e r s t a n d i n g  
of t h e  d i f f e r e n c e  b e t w e e n  w o r k  f u n c t i o n  a n d  p h o t o -  
e l ec t r i c  t h r e s h o l d  fo r  s e m i c o n d u c t o r s .  T h e s e  e a r l i e r  
s t ud i e s  dea l  w i t h  o n l y  a s ing le  t h r e s h o l d  w h i c h  is t h e  
m o r e  o b v i o u s  h i g h e r  e n e r g y  t h r e s h o l d .  Ioffe (20) 
q u o t e s  w i t h o u t  r e f e r e n c e  a v a l u e  of 5.15 ev, w h i c h  
m a y  h a v e  b e e n  d e r i v e d  f r o m  t h e  d a t a  of F l e i s c h m a n n  
(21) .  A m o r e  r e c e n t  s u b s t a n t i a l  w o r k  by  W a s s e r  (22) 
y i e ld s  a v a l u e  of 4.80 ev. A b r i e f  c o m m u n i c a t i o n  b y  
C a s h m a n  (23) g ives  a v a l u e  of 5.34 e v  a n d  m e n t i o n s  
t h e  e x i s t e n c e  of a s m a l l  " t a i l "  in  t h e  r e s u l t s  a t  l ow 
ene rg i e s ,  w h i c h  w a s  a s s i g n e d  to i m p u r i t y  leve ls .  O t h e r  
e a r l i e r  l i t e r a t u r e  is r e v i e w e d  in  G m e l i n  (24) .  

T h e  s i m p l e s t  w a y  to e x p l a i n  s e v e r a l  f e a t u r e s  of 
t he  p r e s e n t  r e s u l t s  is w i t h  a m o d e l  h a v i n g  a t  l e a s t  t w o  
s i m u l t a n e o u s  b u t  i n d e p e n d e n t  m e c h a n i s m s  p r o d u c i n g  
t h e  p h o t o e m i s s i o n  a n d  y i e l d i n g  t h e  t w o  t h r e s h o l d s  
o b s e r v e d  e x p e r i m e n t a l l y .  B e c a u s e  of t h e  l a r g e  y i e l d  
a s soc i a t ed  w i t h  t h e  h i g h  e n e r g y  t h r e s h o l d  a n d  b e c a u s e  
of i ts  r e l a t i v e  c o n s t a n c y ,  t h i s  t h r e s h o l d  m o s t  l i k e l y  
r e p r e s e n t s  e x c i t a t i o n  of e l e c t r o n s  f r o m  t h e  v a l e n c e  
b a n d .  A c c o r d i n g  to t h e  g e n e r a l  t h e o r e t i c a l  t r e a t m e n t  
b y  K a n e  (12) ,  t h e  poss ib l e  m e c h a n i s m s  fo r  t h e  e scape  
of a n  e l e c t r o n  f r o m  t h e  v a l e n c e  b a n d  a re  d i r e c t  e x -  
c i t a t ion ,  d i r e c t  e x c i t a t i o n  w i t h  s ca t t e r i ng ,  a n d  i n d i -  
r e c t  exc i t a t i on .  D i r e c t  e x c i t a t i o n  e i t h e r  w i t h  or  w i t h -  
ou t  s c a t t e r i n g  a p p a r e n t l y  is t h e  m o s t  l i k e l y  m e c h a n -  
i sm  i n  t h e  case  of c u p r o u s  o x i d e  b e c a u s e  of t h e  m a g -  
n i t u d e  of t h e  y ie ld ,  b u t  a lso b e c a u s e  t h e  y i e l d  v a r i e s  
as t h e  f i rs t  or  s e c o n d  p o w e r  of t h e  p h o t o n  e n e r g y  
a b o v e  t h e  t h r e s h o l d  in  a c c o r d a n c e  w i t h  t h e  r e l a t i o n s  
d e r i v e d  b y  K a n e .  S i n c e  fo r  m o s t  of ou r  s a m p l e s  t h e  
y i e l d  r e l a t i o n  h a s  a v a l u e  of n ---- 2, i t  is l i k e l y  t h a t  
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t h e  u s u a l  p roce s s  r e s p o n s i b l e  for  t h e  h i g h  e n e r g y  
t h r e s h o l d  in  C u 2 0  is one  of d i r e c t  e x c i t a t i o n  w i t h  
s c a t t e r i n g .  S a m p l e  H w h i c h  obeys  a y i e l d  r e l a t i o n  w i t h  
n ~ 1 m a y  r e p r e s e n t  t h e  case  of d i r e c t  e x c i t a t i o n  
w i t h  no  s c a t t e r i n g .  S a m p l e  I, fo r  w h i c h  n = 3/2,  m a y  
r e p r e s e n t  a n  i n t e r m e d i a t e  case  w i t h  some  s c a t t e r i n g  
of t he  e x c i t e d  e l e c t r o n s  so t h a t  t he  t o t a l  p rocess  in  
t h e  case  of th i s  s a m p l e  is a c o m p o s i t e  of t h e  two  
m e c h a n i s m s .  T h e  t h r e s h o l d  e n e r g y  for  a d i r e c t  e x -  
c i t a t i o n  p roces s  w i t h o u t  s c a t t e r i n g  s h o u l d  be  g r e a t e r  
t h a n  t h a t  fo r  t h e  p roce s s  w i t h  s ca t t e r i ng .  S a m p l e  H 
does  h a v e  t h e  l a r g e s t  v a l u e  o b s e r v e d ,  5.15 ev, in  a 
c o m p a r i s o n  of a l l  s a m p l e s  u n d e r  s i m i l a r  cond i t ions .  
T h e  t h r e s h o l d s  for  t h e  r e m a i n i n g  s a m p l e s  t e n d  to be  
s o m e w h a t  lower ,  a v e r a g i n g  5.05 ev. T a k i n g  t h e  v a l u e  
for  t h e  b a n d  gap  in  C u 2 0  to be  2.3 ev, i t  is e s t i m a t e d  
t h a t  t h e  e l e c t r o n  aff in i ty  of Cu~O is a b o u t  2.8 ev. I f  
b a n d  b e n d i n g  d u e  to s u r f a c e  s t a t e s  is p r e s e n t ,  t h i s  
m a y  affec t  t h e  h i g h  e n e r g y  to a c e r t a i n  e x t e n t .  H o w -  
ever ,  i n  v i e w  of t h e  r e l a t i v e  c o n s t a n c y  of t h e  h i g h  
e n e r g y  t h r e s h o l d ,  a t  l e a s t  as c o m p a r e d  w i t h  t h e  l a r g e  
v a r i a t i o n s  in  t h e  l ow  e n e r g y  t h r e s h o l d ,  i t  h a s  b e e n  
a s s u m e d  i n  t h e  p r e c e d i n g  d i s c u s s i o n  t h a t  t h e  e l ec -  
t r o n s  e m i t t e d  a f t e r  e x c i t a t i o n  f r o m  t h e  v a l e n c e  b a n d  
c o m e  f r o m  d e p t h s  b e l o w  t h e  s u r f a c e  w h i c h  a re  s m a l l  
c o m p a r e d  w i t h  t h e  space  c h a r g e  reg ion .  

In  t he  case  of t h e  low e n e r g y  t h r e s h o l d ,  i t  b e c o m e s  
n e c e s s a r y  to d e a l  w i t h  s u r f a c e  s t a t e s  m o r e  e x -  
p l ic i t ly .  B e c a u s e  of t h e  l a r g e  v a r i a t i o n  i n  t h e  l ow  
e n e r g y  t h r e s h o l d  a n d  its d e p e n d e n c e  on  s u r f a c e  c o n d i -  
t ions  as a f fec ted  b y  ion  b o m b a r d m e n t ,  i t  is p r o b a b l e  
t h a t  t h e  low e n e r g y  t h r e s h o l d  is s t r o n g l y  a f fec ted  b y  
t he  p r e s e n c e  of s u r f a c e  s ta tes .  T h e  fac t  t h a t  t he  e x -  
p e r i m e n t a l  v a l u e  for  t he  e x p o n e n t  n in  t h e  y ie ld  
r e l a t i o n  is n o r m a l l y  2 i n d i c a t e s  a m e c h a n i s m  s i m i l a r  
to K a n e ' s  case  of s u r f a c e  i m p e r f e c t i o n s  w i t h  a c o n -  
t i n u o u s  d i s t r i b u t i o n  in  e n e r g y  in t he  v i c i n i t y  of t h e  
F e r m i  level .  T h e  v a r i a t i o n  of t h e  t h r e s h o l d  e n e r g y  
w i t h  s u r f a c e  c o n d i t i o n s  i n d i c a t e s  t h a t  t he  F e r m i  l eve l  
a t  t h e  s u r f a c e  c a n  v a r y  r e l a t i v e  to t h e  v a c u u m  leve l  
a n d  t h u s  l e ad  to b e n d i n g  of t h e  b a n d s  a t  t h e  s u r f a c e  
as i l l u s t r a t e d  in  Fig.  4. I t  is a s s u m e d  t h a t  w h e n  b a n d  
b e n d i n g  occu r s  t he  b a n d s  a re  b e n t  d o w n w a r d  a t  t h e  
s u r f a c e  as s h o w n .  

F r o m  t h e  mode l ,  one  c a n  i n f e r  t h a t  t h e  ef fec t  of ion  
b o m b a r d m e n t  is to r e m o v e  g r a d u a l l y  s o m e  of t he  
s u r f a c e  i m p u r i t y  species  a n d  t h a t  t h i s  causes  t h e  
d r a s t i c  l o w e r i n g  of  t h e  y i e l d  w i t h  i n c r e a s e d  a m o u n t s  
of ion  b o m b a r d m e n t .  As  t h e  s u r f a c e  spec ies  a r e  r e -  
m o v e d ,  t h e  a m o u n t  of t h e  b a n d  b e n d i n g  d e c r e a s e s  so 
t h a t  t h e  v a l u e  of t h e  low e n e r g y  t h r e s h o l d  inc reases .  

W i t h  l a r g e  a m o u n t s  of b o m b a r d m e n t ,  t h e  e n e r g y  
t h r e s h o l d  i n c r e a s e s  to a l i m i t i n g  v a l u e  of 4.66 ev, 
w h i c h  d i f fe rs  f r o m  t h e  h i g h  e n e r g y  t h r e s h o l d  b y  
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Fig. 4. Diagram of the energy levels at the surface of cuprous 
oxide indicating the effects of band bending an the photoemission 
threshold. 
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about 0.45 ev. This approaches the value of 0.4 ev ob- 
served f rom the t empera tu re  coefficient of the Hall  
effect (5) and which can be assigned to the energy 
separat ion be tween the valence band and the bulk ac- 
ceptor levels. The photoemission for this l imit ing case 
can be assigned to exci tat ion f rom bulk acceptor 
levels  under  conditions where  very  l i t t le band bend-  
ing is present. 

Manuscript  received Jan. 31, 1966. 

Any discussion of this paper  will  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Kinetics of Thermal Growth of Silicon Dioxide Films in 
Water Vapor-Oxygen-Argon Mixtures 

Takashi Nakayama and F. C. Collins 
Department 05 Chemistry, Polytechnic Institute o~ Brooklyn, Brooklyn, New York 

ABSTRACT 

The kinetics of growth of silicon dioxide films in mixtures  of water  vapor, 
oxygen, and argon have been studied in the range of water  part ial  pressures 
f rom 4.6 to 355 Torr  and the t empera tu re  range 850 ~ to 1217~ A combined 
l inear-parabol ic  law of growth adequate ly  represents  the data over  the  com- 
plete region of tempera tures  and part ial  pressures studied. In the absence of 
oxygen, the l inear and parabolic growth constants have first order dependence 
on the water  vapor  pressure at low pressures. In the case of the parabolic 
constant a saturat ion effect is evidenced by strong negat ive deviations f rom 
the first order  law at higher  water  vapor  pressures. This deviat ion is ex-  
plained in terms of an adsorption isotherm at the oxide surface. The adsorp-  
tion calculated f rom the growth behavior  accurately fits the Langmuir  ad- 
sorption isotherm. The apparent  act ivat ion enthalpies of the parabolic and 
l inear ra te  constants are 1.1 ev and approximate ly  3.3 ev, respectively,  over  
the region of l inear dependence upon the water  vapor pressure. The en- 
thalpy change calculated from the t empera tu re  dependence of the Langmui r  
adsorption isotherm is near zero. The measured  enthalpies correspond to a 
superposit ion of the enthalpies of adsorption, desorption, generat ion of ac- 
t ive sites for adsorption, and diffusion through the oxide film. The data do 
not enable the resolution of these several  enthalpies. In the mixed  water ,  
oxygen argon ambient,  the effect of introducing small  vapor  pressures of 
water  at fixed oxygen par t ia l  pressure is to catalyze that  par t  of the total  
growth rate due to the presence of oxygen. Higher  vapor pressures of wa te r  
repress the oxygen contr ibut ion to the growth rate  at 850 ~ . The lat ter  effect 
was not observed at 1000~ over  the part ial  pressure range investigated. 

The kinetics of growth of the rmal ly  grown silicon 
dioxide films on silicon in both dry and wet  oxygen 
and in steam ambients  have  been intensively invest i -  
gated (1-24). The process is, at least in part, diffusion 
controlled as is shown by the genera l ly  parabolic 
form of the law of growth. Departures  f rom the para-  
bolic law which have been observed at tempera tures  
below 1000~ have been in terpre ted  on the basis of 
the Wagner  (25) and Mott (26,27) theories which 
predict  l inear or logari thmic behavior  in the initial 
stage of oxide film growth depending on conditions. 
The observed values of the act ivat ion energy for 
growth quoted in the cited l i te ra ture  vary  widely.  
There is a small  t rend in the l i tera ture  to lower values 
in the case of wet  oxygen as has been pointed out by 
Lieberman and Averk ion  (22), but  it is not conclu- 

sive in v iew of the large discrepancies in the published 
values. Because of the fair ly high permeabi l i ty  (28) 
and solubility (29) of water  in fused quartz, the exist-  
ence of a water  catalyzed growth process in the case 
of growth in oxygen presumed dry can not be ruled 
out where  growth is carried out by convent ional  tech- 
niques in a fused quartz  furnace tube. 

The present  detailed invest igat ion of the kinetics of 
the thermal  oxidation of silicon in w a t e r -ox ygen -  
argon ambients  was under taken  in order  to assess the 
separate roles of water  and of oxygen in the oxidation 
process. 

Experimental 
The oxidations were  carr ied out on a quartz  boat 

in a 2.6 cm ID quartz  tube wi th  2 mm wal l  thickness 
in a three zone diffusion type furnace with the central  
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zone tempera ture  mainta ined wi th in  _ I ~  The fixed 
water  vapor  pressures were  provided by a quartz  
humidiostat  using deionized water  mainta ined at a 
constant temperature .  The argon gas used as the in-  
ert  di luent  was 99.998% pure. Tank oxygen of a pur i ty  
of 99.60% was used in those runs in which oxidat ion 
in wa te r -oxygen  ambients  was studied. The ambient  
flow rate  was mainta ined at a constant ra te  of 150 m l /  
min corresponding to a l inear veloci ty  of 1.25 cm/sec  
within  the furnace tube. The exi t  port  of the furnace 
tube was closed by a silicone oil bubbler  to prevent  
entrance of atmospheric mois ture  in the runs at low 
humidities.  

The oxide films were  grown on single crystal  sili- 
con slices doped to 5x1013/cm3 wi th  phosphorus. The 
oxidation studies of Deal and Sklar  (21) indicate that  
phosphorus doping below 1019/cm a has no effect on 
the oxidation rate. The ingots were  grown by the 

6 0 0 0  

o~ 

=, 

~ .' .' ." ~ ,'.o OPTIG~L D~NSlTY 
Fig. 1. Calibration curve for thickness X of thermally grown 

silicon dioxide films relative to optical density at 9.25/~. 

Czochralski method, sliced along the (111) planes, 
lapped, and polished to mi r ro r  smoothness by a vapor  
etching method (31). Immedia te ly  before being placed 
in the furnace, the slices were  t reated wi th  HF to re-  
move any oxide film and then successively rinsed in 
deionized wate r  and methy l  alcohol. 

The determinat ions  of oxide film thickness were  
made by infrared absorbance measurements ,  a method 
suggested by Pliskin (30). The measurements  were  
made at 9.25~, the absorbance peak of the Si-O bond 
in the rmal ly  grown amorphous silica. A Pe rk in -E lmer  
Model 21 double beam recording spectrophotometer  
was used with  two sample holders exposing equal  
0.197 cm 2 areas to the two beams. An unoxidized 
port ion of the same silicon slice which had received 
the same pre l iminary  t reatments  was used as a b lank 
in the reference beam. The optical density measure-  
ments  of film thickness were  found to be rapid and 
quite  reproducible.  They w e r e  cal ibrated against  the 
Vamfo in ter ference  method (32). A l inear in terpola-  
tion was employed between 2400A and zero. The 
val idi ty  of the interpolat ion was invest igated by com- 
paring the optical density at 9.25~ of a slice thinly 
oxidized on both sides wi th  the optical density of the 
slice having the oxide f rom one side removed.  Lam-  
bert 's  law was obeyed down t o  at least  400A wi th in  
an er ror  of ___30A. The calibration curve  for optical 
density vs. oxide film thickness is shown in Fig. 1. At  
the humidi ty  levels  studied in the present  invest iga-  
tion, there  were  no significant differences in the struc- 
ture  of the band in the 9.25~ region f rom that  obtained 
for specimens the rmal ly  g rown in pure  oxygen. The 
same calibration curve was found to hold for the 
lowest and highest  humidit ies  studied here. 

D a t a  and  Discussion 

The pr imary  data obtained for growth  in water  
vapor and argon are presented in Fig. 2, 3, and 4. I t  
wilI  be observed that  the data fit the pure ly  parabolic 
law of growth only at t empera tures  of 1000~ and 
above. At the lower tempera tures  the data are con- 
sistent with a combined l inear-parabol ic  law of the 
form 

A X  + BXZ = t [1] 

where  X is the thickness of the oxide film at the t ime  
t and A and B are constants. The combined l inear-  
parabolic law of the growth of silicon dioxide on sili- 
con has been previously observed (17, 18, 24). The use 

4000 
355 / 285 

3000 / /112 
2000 / / / 4 6  

4.6 
I OOC 

//2/o.. 
,o.o, 

t 1/2 (mini/2) 
Fig. 2. Thickness X of silicon dioxide films vs. square root of 

the growth time t 1/~ at 850~ at various pressures of water vapor 
as indicated in Torr. 

4000, 171 "~ 
85 45 ooot ll/ 

~~176176 /o ~' /L, /  o.o, 

1 / / 

0 I0 20 30 40 50 60 
t I/2 (mini/2) 

Fig. 3. Thickness X of silicon dioxide films vs. square root of the 
growth time t 1/~ at 1000~ at various pressures of water vapor as 
indicated in Torr. 
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Fig. 4. Thickness X of silicon dioxide films vs. square root of the PH2 0 (tort) 
growth time t 1/2 at a water vapor pressure of 4.6 Torr at various Fig. 6. Dependence of the calculated parabolic rate constant 
temperatures as indicated in ~ ks(A2/min) on the partial pressure of water vapor PHSO at 850 o 

and 1000~ 

of this growth law is discussed theoret ical ly  in a sub- 
sequent  section of this paper  where  it is shown that  A plained by existence of an equi l ibr ium for the ad-  
and B are the reciprocals of ra te  constants for surface sorption of water  vapor  on the surface of the growing 
controlled and diffusion controlled reactions. Numer i -  oxide. The adsorption isotherm is clearly of the Lang-  
cal values of these constants are found from the in ter -  muir  type as shown in Fig. 7 in which the exper i -  
cept and slopes of l inear plots of t / X  vs. X, as in menta l  points PHso/k2 are wel l  represented by a curve 
Fig. 5. l inear  in PHso. 

The data i l lustrat ing the dependence of the para-  The l inear rate  constant kz is first order  in the 
bolic rate  constant kS on the par t ia l  pressure of water  water  vapor  pressure PHsO over  the full  range of 
vapor  at 850 ~ and 1000~ are shown in Fig. 6. The water  vapor  pressures studied as is shown in Fig. 8. 
ra te  law is first order  in water  vapor  pressure, as This is an expected result  f rom the Langmui r  adsorp- 
expected, over  the lower  vapor  pressure range but tion behavior  as wil l  be later  shown in detail. 
displays a marked  depar ture  f rom law at h igher  wa te r  Figure  9 presents a plot of the logar i thm of the 
vapor  pressures. 1 This saturat ion effect is to be ex-  parabolic rate  constant ks at wa te r  vapor  pressure of 

4.6 Torr  against the reciprocal  of the absolute tem-  
1 This  obse rva t ion  is no t  in a g r e e m e n t  w i t h  the  conclus ions  d r a w n  perature  1/T. The act ivat ion enthalpy for the diffusion 

b y  Deal  a n d  Grove  (23) f r o m  the  da t a  of F l in t  (11) t ha t  the  r a t e  
l aw  is first  o rde r  in pa r t i a l  p re s su re  of w a t e r  v a p o r  u p  to 760 Torr .  process calculated by least squares f rom the plot is 
However ,  e x a m i n a t i o n  of the  e x p e r i m e n t a l  poin ts  g iven  in t he i r  1.14 ev (26.3 kcal) .  It  wil l  be later  shown that  the 
Fig. 8 indica tes  a sys temat ic  nega t ive  dev ia t ion  a t  h ighe r  pa r t i a l  
p ressures  f r o m  a s t r a igh t  l ine d r a w n  t h r o u g h  the  poin ts  a t  low 
v a p o r  pressures ,  

3.0 BSOOC 

2,0 

.~. 
f E 

~ x ~ Sl2"C OO g 

I 
I000 2000 

x(1) 

Fig. 5. Plot  of  t / X  ( m i n / ~ . )  vs. X(~,) for  typical  determinat ion  of 
the constants A and B for the combined linear-parabolic law. 

act ivat ion enthalpy is necessari ly independent  of the 
water  vapor  pressure over  the range in which the 
parabolic rate  constant is first order in the water  
vapor  pressure. In the region in which the parabolic 
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Fig. 7. Plot of k2/PH2o vs. PH2O confirming t.angmuir-type adsorp- 
tion of water in growth mechanism. 
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Fig. 8. Dependence of the calculated linear rate constant kl (A /  

rain) on the partial pressure of water vapor PI-I2O at 850~ 
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Fig. 9. Calculation of activation energy associated with parabolic 
growth pressure from plot of the logarithm of the parabolic 
growth rate constant k2 vs 1/T. 

ra te  constant departs  f rom this law, it is apparent  
f rom Fig. 6 that  the calculated var iable  act ivat ion en- 
thalpy wil l  be lower than that  in the l inear  region 
of the curves of Fig. 6. The numer ica l  values of the 
vary ing  activation enthalpy which might  be calcu-  
lated in the nonl inear  region of the water  vapor  pres-  
sure dependence are not par t icular ly  revea l ing  of the 
under ly ing processes. A more  definitive quant i ty  is the 
over -a l l  enthalpy change involved  in the Langmui r  
adsorption process. This is found from Fig. 7 and is 
zero within  the precision of the measurements .  

The act ivat ion enthalpy for the l inear growth  rate  
constant calculated f rom the l inear  growth rate  con- 
stants at 850 o and 912~ is 3.3 ev. As this value rests 
upon only two points, it is probably not of high accu- 
racy, but  it is apparent ly  much larger  than that  for 
the parabolic ra te  constant. 

The dependence of the parabolic growth ra te  con- 
stants on the part ial  pressure of water  vapor  for three 
oxygen isobars are given in Fig. 10 and 11 at tem-  
peratures  of 850 ~ and 1000~ The behavior  is ob- 
viously quite  complex. For  the purpose of detailed 
study, we shall here  assume that  the gross parabolic 
rate constant may  be wr i t t en  as a superposit ion of two 
terms 

k2 -~- k'2 PH20 + k"2 (P02; PH20) [2] 

§ 

i 

' o  

I I I I I I 
20  40  60 80 iO0 IZO 

PH;~O ( tact ] 

Fig. 10. Dependence of the calculated parabolic growth rate 
constant k2 at 850~ on the water vapor pressure PH2o at vari- 
ous fixed oxygen partial pressures as indicated in Torr in water- 
oxygen-argon ambients. + Po2 ~ 500 Torr; ~ Po2 ~ 200 Torr; 
• Po2 = 100 Torr; Q Po2 ~ 0 Tort. 
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Fig. 11. Dependence of the calculated parabolic growth rate 
constant k2 at 1000~ on the water vapor pressure PH20 at vari- 
ous fixed oxygen partial pressures as indicated in Torr in water- 
oxygen-argon ambients. 

where  k'2 is the parabolic rate  constant in the absence 
of oxygen and k"2 is a new parabolic rate  constant 
which depends on both the part ial  pressure of oxygen 
and that  of the water  vapor. The behavior  of the in-  
cremental  ra te  constant k"2 with respect  to the part ial  
pressures of oxygen and water  is quite different at 
850 ~ and 1000~ 

Figures 12 and 13 show the dependence of the incre-  
menta l  parabolic rate  constant k"2 on the water  vapor  
pressure at fixed oxygen par t ia l  pressure at 850 ~ and 
1000~ It wil l  be seen f rom these figures at both 
these tempera tures  that  the presence of small  amounts 
of water  vapor  strongly catalyzes the oxidation of sili- 
con by oxygen. This effect is well  known in the oxida-  
tion of cer ta in  metals. At 850~ however ,  addit ional 
par t ia l  pressure of water  vapor, beyond a certain 
point, inhibits  the contr ibution of oxygen to the oxi-  
dation of silicon. This inhibit ion at h igher  water  vapor  
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Fig. 12. Dependence of the incremental parabolic rate constant 
k"2 at 850~ on the water vapor pressure PH2o at various fixed ox- 
ygen pressures as indicated in Torr. 
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Table I. Graphical values of moo and adsorption equilibrium 
constant K 
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Fig. 13. Dependence of the incremental parabolic rate constant 
k"2 at 1000~ on the water vapor pressure PH2O at various fixed 
oxygen partial pressures as indicated in Tort. 

pressures is not apparent  at 1000~ at least over  the 
range of vapor  pressures invest igated in this research. 

Chemisorpt ion  of  O x i d a n t s  

The saturat ion effect at high wate r  vapor  par t ia l  
pressures suggests that  the water  vapor  is taken up 
only at certain active sites at the surface of the grow-  
ing oxide film. Applying the reasoning of the Lang-  
mui r  adsorption isotherm, we have  

c ---- Co0 [3] 

where  co is the concentrat ion of act ive sites at the 
surface and 0 is the fract ion of these sites which are 
occupied by adsorbate. For convenience Co is here  ex-  
pressed as a vo lume concentration. The fraction of 
occupancy is given by the we l l -known equation 

K PH2o 
o -~ [4] 

t § K PH2O 

where  K is the equi l ibr ium constant for the adsorp- 
t ion process. As wil l  be later  discussed in more  de-  
tail, the parabolic rate  constant may be assumed to be 
proport ional  to the concentrat ion of the adsorbed oxi-  
dant species 

k2 ~ m c  [5] 

where  the proport ional i ty  constant m contains the 
mobi l i ty  of the diffusing species. Combining the last 
three  equations, we have 

KPH2o 
k2 = mco . [6] 

1 + KPH2o 

T e m p e r a t u r e ,  ~ mco,  A2/sec  K .  T o r r  -1 

850 8.3 • I0 �9 0.93 x i0-~ 
I000 7.7 x I04 4.3 x I0 -a 

which may be put into the form 

PH20 1 PH20 
- -  + - ~  [ 7 ]  

k2 m c o K  me,, 

The last equation is the basis of the l inear plots of 
Fig. 7 and establishes the observed adsorption process 
to be of the Langmuir  type. The quanti t ies  mCo and K 
may be evaluated f rom Fig. 7 and are given in Table I. 

The increase with t empera tu re  of the adsorption 
equi l ibr ium constant per site corresponds to an endo- 
thermic  process wi th  AH ~ = 0.78 ev. This is ra ther  un-  
expected, but it does not necessari ly lead to the con- 
clusion that  the total adsorption process is endo-  
thermic.  The adsorption equi l ibr ium also involves the 
format ion of act ive sites. The lack of t empera tu re  de- 
pendence of the quant i ty  mco indicates that  the forma-  
tion of act ive sites is an exothermic  process in v iew of 
the cer ta inly endothermic act ivat ion energy of the 
diffusion coefficient contained in the constant m. The 
present  data are not sufficient to calculate separately 
the lat ter  two energies. Two firm conclusions which 
can be drawn from the region in which the parabolic 
rate  constant is l inear in the water  vapor pressure. 

1. The act ivat ion energy for  film growth must  be 
independent  of the water  vapor  pressure in this l inear 
region. In this region, the parabolic rate  constant as- 
sumes the l imit ing form 

k2 = m (T) Co (T) K (T) PH2O [ 6a] 

so that  at any two tempera tures  

k~(T2) m ( T 2 ) c o ( T 2 ) K ( T 2 )  
[8] 

k2(T1) m ( T ~ ) c o ( T 1 ) K ( T 1 )  

which is independent  of the water  vapor  pressure. It  
follows that  the act ivat ion energy must  l ikewise be 
independent  of the water  vapor  pressure in the l inear 
region. The product  m c o K  at 850 ~ and 1000~ may  be 
de termined  from the slopes of the l inear portions of 
the curves in Fig. 6. The act ivat ion energy calculated 
f rom the ratio of Eq. [8] is 1.12 ev in close agreement  
with that  calculated from Fig. 9. 

2. The activation energy for growth is not uniquely  
de termined  by the act ivation energy for diffusion of 
the migra t ing  species al though the growth process is 
clearly diffusion-controlled in the parabolic growth 
law region. The t empera tu re  dependence of the para-  
bolic ra te  constant and its apparent  act ivat ion energy 
is de termined by the separate t empera tu re  depend-  
encies of the three quanti t ies in Eq. [6a]. It may  be 
r emarked  that  the separate factors tabulated in Table 
I enable a third independent  de terminat ion  of the 
act ivat ion energy connected with  the parabolic rate  
constant k2. The activation energy so determined from 
the ratio m c o K  at 850 ~ and 1000~ calculated f rom 
Table I is 1.15 ev in agreement  wi th  the values more 
direct ly obtained f rom the growth data in the fore-  
going. It provides a fur ther  indication of the gen-  
eral consistency of the data with the in terpreta t ion in 
terms of the Langmui r  adsorption isotherm. 

The growth rate  data at 1000~ do not indicate any 
inhibit ion of the oxygen contr ibution to the parabolic 
growth ra te  constant by h igher  water  vapor  pres-  
sures. It is l ikely that  an inhibit ion effect would  have 
become evident  if the present  invest igat ion had been 
extended to still higher  water  vapor  pressures. Deal 
and Grove (23) find that  the substi tution of oxygen 
by argon produces no change in the growth rate  when 
the par t ia l  pressure of the water  vapor  is ca. 640 Torr. 
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Table II. Representative values of activation energy in ev for 
parabolic rate growth constant calculated between 850 ~ and 

1000~ in water-oxygen-argon mixtures at various partial 
pressures of water vapor and oxygen 

W a t e r ,  T o r r  4.6 10 25 50 100 150 
O x y g e n ,  T o r r  

0 1.12 1.12 1.12 1.12 0.93 0.86 
100 0.57 0.93 1.23 1.12 0.97 0.87 
200 0.41 0.74 1.13 1.24 1.05 0.92 
500 0.86 1.11 1.39 1.44 1.20 1.08 

The upward  t rend of the incrementa l  parabolic rate 
c o n s t a n t  k ' 2  in the higher water  vapor pressure region 
of Fig. 13 may be due to enhancement  of the water  
contr ibut ion to the parabolic rate constant. This would 
be contrary to the assumption embodied in  Eq. [2] 
which states that  the water  vapor contr ibut ion is 
quite independent  of the oxygen part ial  pressure. The 
possible enhancement  of the water  vapor contr ibut ion 
by oxygen has some plausibi l i ty as indicated in  the 
next  section of this paper. 

The i r regular  behavior  of the incremental  rate con- 
stant k"2 at 850 ~ and 1000~ prevents  the calculation 
of significant activation energies connected with the 
variat ion of this rate constant between these two 
temperatures.  Table II gives a few representat ive 
values of the activation energy for the combined para-  
bolic rate constant at various part ial  pressure of water  
vapor and oxygen. The calculated values of the acti- 
vation energy are possibly not of high accuracy but  
there do appear to be significant t rends  with respect 
to the ratios of water  vapor to oxygen. 

Chemical Species Involved in Film Growth 

The Wagner-Mat t  electrochemical theory of oxide 
film growth (25-27) implies an ionic diffusing species. 
Jorgensen (14) has demonstrated that  this is indeed 
the case by showing that the growth could be stopped 
by applying an external  electrical potential  counter  
to that  of the postulated electrochemical cell. Marker  
experiments  (7, 14, 33) show that  the oxidant  is the 
diffusing species. Jorgensen (14) concluded that  the 
diffusing species is an oxygen anion. Seraphim and 
co-workers (34) have suggested that  the oxide ion 
vacancies could be mobile species in amorphous sili- 
con dioxide films. 

The data existing at the present  t ime do not enable 
a firm conclusion to be reached as to the ident i ty  of 
the diffusing species. However, all of the data are 
consistent with the hypothesis that  the diffusing 
species is hydroxyl  ion. If this hypothesis is correct, 
the following reactions presumably  take place on the 
opposite sides of the film: At  the outer  surface 

2H20 ~ 2 O H -  ~ 2H + [R- l ]  

and at the Si-SiO2 interface 

2 O H -  ~ Si ~ SiO2 -~ 2H + ~- 4e [R-2] 

The protons and electrons could combine either at 
both faces or at the outer surface only. This process 
may be represented by 

4H + ~ 4e ~ 2H2 [R-3] 

In  any event, the t ransport  of an equivalent  number  
of electrons across the oxide film is required in order 
to balance the charge carried by the diffusing anions. 
The mechanism of the electron t ransport  across the 
silicon dioxide film is not known  at present. 

The strong catalysis by water  of the oxygen oxida- 
tion of silicon as evident  from Fig. 10, 11, 12, and 13 
lends support  to the hypothesis that  the hydroxyl  ion 
is also the diffusing species in the oxidation by oxygen. 
This suggests that  the adsorption of oxygen is a t tended 
by the react ion 

O2 -~ 2H + q- 4e ~-- 2 O H -  [R-4] 
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the protons being furnished by the adsorbed water. 
As the reaction at the silicon-silicon interface [R-2] 
will remain  unchanged,  it provides a source of pro- 
tons for the reaction [R-4] thus establishing a chain 
process. Accordingly, the presence of only a very  
small  amount  of water  may be sufficient to set up the 
hydroxyl  ion diffusion mechanism. 

Christie (28) has found appreciable amounts  of 
water in  the gas effiux from conventional  fused quartz 
furnace tubes under  ordinary operating conditions. In  
the present  investigation, a non-zero growth rate was 
found in  pure argon which had been dried by passage 
through a cold trap refrigerated with dry ice and 
acetone, see Fig. 2 and 3. The growth rate under  these 
conditions implies the presence of 0.22 Torr  of water  
vapor at 850~ and 0.35 Torr at 1000~ For the oxi- 
dation behavior of silicon in  very dry oxygen, refer-  
ence may be had to the forthcoming paper of Burk-  
hardt  and Gregor (24). 

The suggested role of protons in facil i tat ing the ad- 
sorption of oxygen and catalyzing the oxidation of 
silicon by oxygen also provides a possibility that  it 
also facilitates the adsorption of water  in  that  it  re-  
moves one of the products of the lat ter  adsorption, 
i.e., protons. This could account for the anomalies in 
the behavior of the incrementa l  parabolic constant  
k'2 at 1000~ as it would inval idate  the superposition 
relation, Eq. [2], upon which the significance of the 
k"2 depends. 

Electrochemistry of Film Growth 

In  a companion paper (36), the basic electrochem- 
istry of film growth is formulated in  a way somewhat 
different f rom that  originally presented by Wagner  
(25). The effective electrostatic potential  difference 
AV across the film is given by 

~ V = - - E  ~ + ~  [9] 

where E ~ is the potential  of the electrochemical cell 
represent ing the oxidation process, and A~b is the 
Fermi  potent ial  difference across the film. The lat ter  
quant i ty  is shown to be 2 

4qp k2 
~ = [10] 

M C~e 

where M/4 is the equivalent  weight of SiO2, p its den-  
sity, ~e the purely  electronic (or hole) conductivity 
of the oxide, k2 the parabolic rate constant, and No 
Avogadro's number .  

Where space charge is absent from the film, the 
ionic flux J may be put into the form 

D q~V [c (X)  e-qAV/kT __ C (0 )  ] 
J _~ [11] 

k T X  [e-q AV/kT --  1] 

The value of the electrostatic potent ial  difference ~V 
depends on the value of the electronic conductivi ty ae 
in Eq. [10] and the electrochemical cell potential  E ~ 

Table III gives the calculated cell potentials for the 
two oxidation reactions re levant  to the present  work 

Si + 02-~ SiO2 [R-5] 

Si ~ 2H20--> SiO2 :-F 2H~ [R-6] 

The data for the free energies of formation of quartz 
silicon dioxide and water  were taken from the JANAF 

2 T h e  d e r i v a t i o n s  of  Eq.  [10] a n d  [11] a r e  g i v e n  in  t h e  c o m p a n i o n  
p a p e r  (35).  

Table III. Standard free energy changes and cell potentials 
for oxidation of silicon by oxygen and by water at various 

temperatures 

T e m p e r -  O x y g e n  W a t e r  
a t t t r e , ~  AG ~  E ~ V q EO/kT AG ~  E ~ V q E ~  

8 5 0  - -  1 6 9 . 3 5  1 .84  19 .0  - -  8 8 . 8 1  0 . 8 7  9 .0  
1 0 0 0  - -  1 6 3 . 1 5  1 .77  16 .1  - -  84 . " /7  0 . 8 5  7 .7  
1 1 5 0  - -  1 5 6 . 9 9  1 .70  13 .9  - -  8 0 . 7 0  0 . 8 2  6 .7  
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Where q 2 V > >  kT, Eq. [11] assumes the l imit ing 
form 

Dq P,V 
J = c ( X )  ~ [13] 

kT  X 

where the concentrat ion of the diffusing species c ( X )  
is proport ional  to the concentrat ion of the ions ad- 
sorbed at the outer surface. The growth rate may then 
be cast into the form 

dx M k' c 
. . . .  J = ~ [14] 

dt p X 

where c is the concentrat ion of the adsorbed ions. 
Equat ion [14] is applicable in both the l inear  and the 
parabolic regions of film growth as may be readily 
demonstrated by combining the adsorption and diffu- 
sion equations. 

The time dependence of the concentrat ion c in the 
zone of thickness ~ at the surface of the oxide film is 

dc k' 
b = ka (co --  c)P --  kdC --  C [15] 

dt X 

where  ka and kd are the specific rate constants for ad- 
sorption and desorption, respectively, Co is the concen- 
t rat ion of active sites, and P is the part ial  pressure of 
the oxidizing species. We now introduce the usual  
steady state hypothesis of chemical reaction kinetics 

dc 
- -  = 0 [ 1 6 ]  
dt 

Upon solving Eq. [19] for c and introducing it into 
Eq. [14] we obtain 

( kaP kd ) d X  dX  
. 4- X + kacoP [17] 

In t roducing the boundary  condition X = Xo at t ---- 0 
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l ( kaP ka ) 
- ~ \ - - ~ -  + ~ ( X 2 - - X o  2) + ( X - - X o )  = kacoPt [18] 
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treated with HF. As Xo < <  X for the region of the 
measurements  of this investigation, it has been 
dropped in the present  analysis. 
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kl = kacoP [19] 
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process at small values of X. 
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( ka ) 
k2 = k" kaP + k-r coP [20] 
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m = k' [21] 

ka 
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kd -~ ka 
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GaSb Prepared from Nonstoichiometric Melts 
F. J. Reid, R. D. Baxter, and S. E. Miller 

Columbus Laboratories, Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Gall ium ant imonide single crystals have been prepared  from melts rang-  
ing in composition from near ly  stoichiometric to Sb /Ga  atom ratios of about 
3/1. P - type  GaSb and, by suitable impur i ty  additions, n - type  GaSb have  
been produced with  superior electrical  properties.  The residual  acceptor con- 
centrat ion has been reduced to the order of 2 x 1016/cm ~ by the growth of 
crystals f rom ant imony-r ich  melts. Hole mobili t ies at 78~ of 6000 cm2/vol t  - 
sec and electron mobili t ies of over  10,000 cm'-'/volt-sec have been realized. 

Gal l ium ant imonide is a I I I -V compound semicon- 
ductor with a mel t ing point of 706~ and a for-  
bidden band gap of about 0.7 ev at 300~ The com- 
pound is not difficult to prepare  in s ingle-crysta l  form, 
but it has been a par t icular ly  t rying mater ia l  f rom the 
standpoint  of obtaining low carr ier  concentrations. 
Studies on GaSb (1-5) had revealed the highest puri ty 
mater ia l  to be p-type,  containing 1 to 2 x 101T free 
holes /cm 3. Analysis for chemical  impuri t ies  (6) indi-  
cated that  there were  none present,  wi th  the possible 
exception of carbon and oxygen, in sufficiently high 
concentrations to account for the residual acceptor 
concentration. In addition, studies by the authors (7), 
using l i th ium additions to produce ion pairs be tween  
l i thium and the residual acceptor and also using addi- 
tions of donor impuri t ies  to produce compensated p- 
type GaSb, have fair ly well  established the residual 
acceptor to be at least a doubly ionizable defect. 
Therefore,  many possible chemical  impurities,  includ-  
ing carbon and oxygen, can be ruled out as the 
t roublesome residual acceptor, leaving only elements,  
such as copper, silver, and gold and the alkali  metals, 
which, wi th  the possible exception of sodium, would 
readily be detected by spark-source mass spectro- 
graphic analysis. Thus, the possibility of the residual 
acceptor in GaSb being a stoichiometric or latt ice 
defect received substantial  support. In view of Effer 
and Etter 's  first repor t  (5) of success in reducing the 
residual acceptor concentrat ion in GaSb by a prepara-  
tion from an antimony-rich melt, the investigation 
which forms the basis of this paper was undertaken. 

Experimental Techniques 
Crystals of GaSb were  grown from melts ranging in 

composition f rom near ly  stoichiometric to S b / G a  atom 
ratios of about 3/1. High-pur i ty  gal l ium (99.9999%) 
and ant imony (99.9999%) or zone refined GaSb were  
used as the start ing materials.  Two crystal  growing 
techniques were  used: zone freezing in which the 
mol ten zone contained the excess antimony, and crys- 
ta l -pul l ing  in which a GaSh seed was dipped into a 
nonstoichiometric,  an t imony-r ich  melt. In the first 
case (zone freezing) the composit ion of the an t imony-  
rich mel t  remained constant because near ly  stoichio- 
metr ic  GaSb was added by the mel t ing  of the crystal  
at one end of the zone and was removed  at the same 
rate  at the other end of the zone by crystallization. In 
the crystal  pul l ing case, the mel t  composition changed 
as the near ly  stoichiometric crystal  of GaSb grew; 
however ,  crystal  pulls were  concluded after  only a 
small  port ion of the mel t  was crystallized, corre-  

sponding to about 1/3 of the gal l ium content. The cal-  
culated m a x i m u m  gradient  of hole concentrat ion 
along the length of our pul led crystals is about 1/4 of 
1% per mm of crystal  pulled. Most of the electr ical  
data per ta in  to the pul led s ingle-crysta l  samples. 

The electr ical  propert ies  of interest  are the Hall  co- 
efficient R and the conduct ivi ty  ~. The carr ier  density 
n was calculated f rom the equat ion R ~ • ~/ne, 
where  e is the electronic charge and _ indicates the 
presence of posit ive carr iers  (holes) or negat ive  car-  
r iers (electrons).  The factor 7 was taken to be unity;  
however ,  the magni tude  of the er ror  int roduced by 
this procedure  at 78~ wil l  be discussed for p- type  
GaSb in the section on "Results  and Discussion." A n -  
other proper ty  of interest  is the mobi l i ty  of the 
charged carriers, which can be specified as a conduc- 
t ivi ty mobil i ty  ~ [--- ~o/ne ~ R w , ~  ~o] or as a Hall  

mobil i ty  ~H [~  Ro ~o] (8), where  ~o is the zero mag-  
netic field conductivi ty and Ro and R are, respec-  

tively, the weak-  and strong-field Hall  coefficients. 
Current  and potent ial  leads were  attached to the 

Hall  samples wi th  indium solder after  the surfaces 
had been etched in a 10:1:90 mix ture  of HNO3:HF: 
H20. The samples were  placed in a Py rex  tube and 
measured in an ambient  of he l ium gas or a vacuum. 
Hall  coefficient and conductivi ty measurements  were  
made at tempera tures  in the range 25~176 using 
a L&N type K-3 potent iometer .  In making  electrical  
measurements ,  the sample current  and magnet ic  
field were  reversed  independent ly  and vol tage read :  
ings averaged to e l iminate  thermomagnet ic  and 
thermoelectr ic  voltages. 

Results and Discussion 
Figure  1 shows the hole concentrat ions at 298 ~ and 

78~ for GaSb samples prepared f rom ant imony-r ich  
melts. The mel t  compositions are shown on the 
abscissa in terms of the ant imony content  in atomic 
per cent. The circles represent  data for GaSb prepared 
by zone freezing and crystal  pul l ing techniques in 
which the freezing rate was 0.16 cm/hr .  The tr iangles 
represent  data for crystals pul led at a ra te  of 0.72 
cm/hr .  For  all pul l ing exper iments  the seed and mel t  
were  rotated in opposite directions, giving a net ro ta-  
tion rate  of 12 rpm. 

In the case of the growth of GaSb from an t imony-  
rich melts, the control l ing feature  regula t ing the mel t  
composit ion at the freezing sol id / l iquid  interface is the 
segregation of excess ant imony at this interface. In 
most  e lementary  t reatments  of segregation in a freez-  
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Fig. I .  Hole concentration in GaSb as a function of gal l ium- 
antimony melt  composition. 

ing process, it is assumed that  no diffusion occurs in 
the solid and that  the l iquid remains  completely  
mixed. Al though solid-state diffusion genera l ly  can be 
neglected, complete mixing in the l iquid is an idealized 
condition that  is at tained only in the l imit  as a zero 
freezing ra te  is approached or as an infinitely rapid 
rotation rate, and hence thorough stirring, is realized. 
The boundary- laye r  t r ea tment  of Bur ton  e t  al. (9) 
for predict ion of segregat ion in crystal  growth from 
the mel t  has been extended recent ly  by Wilcox (10). 
Our results a re  in qual i ta t ive  agreement  wi th  this 
work, i .e. ,  a finite boundary  layer  having  a l a rger  
ant imony content  than the average  of the mel t  ap- 
pears to be present  par t icular ly  at the larger  f reezing 
rate. Hence, the data for samples prepared at the two 
freezing rates could be made to coincide if one as- 
sumed the hole concentrat ion to be de termined  by the 
composit ion of a boundary layer, which is more anti-  
mony rich than the bulk of the melt. 

The dashed port ion of the curves in Fig. 1 represent  
extrapolat ions between nominal  values of hole concen- 
trations for GaSb prepared  f rom near ly  stoichiometric 
mel ts  and data for melts  containing grea ter  than 60 
a /o  antimony. It is to be noted that  i t  is not wor th -  

20.000 
p at 3CO = K, Melt, 

Symbol crfi ~ at .% Sb 

o :~.3 xlO le >72 
10.00(3 ~ 4 . 6 X 1 0  Is 7 0  

8 0 0 0  o 6 . 4 x 1 0  Is 6 7  

eooo  v I. 3 x IO'Z 5 0  

400C j -  

..o 20~ 

o -I- 
I00[ 

600 

40(2, 1 [ I i I I 
2 4 6 8 I0 20 4 0  

i03 
T,~ 

Fig. 2. Hal l  mobil ity as a function of temperature for several 
specimens of p-type GaSb. 

,~ooo ~ \ 

,2,ooo ~/'~('~r ~L : 20'000' \ \ 
\ \ ', 

�9 ~, \ \ c \ ,  \ 

z,ooo 0 0 o 

0 I I I , ,L ,  & I I I I 
1015 2 4 6 B 1016 2 4 6 8 Io [7 

Carrier Concentration, crn -~ 

Fig. 3. Mobi l i ty  at  7 8 ~  as a function of carrier concentrat ion 
for p-type GaSb. A ,  / ~ H [ ~ O R O ] ;  V ,  ~ [ ~ - ~ o R H ~ o o ] ;  O, 
o'ORH = 5.7kg. 

epoo 

while to make a "ha l f -hear ted"  at tempt  in invest igat-  
ing an t imony-r ich  melts because even at 60% anti-  
mony only a small reduct ion in hole concentrat ion is 
observed. This small reduct ion could easily be over-  
looked without  the support ing data at larger  Sb /Ga  
ratios. 

F igure  2 shows the hole mobil i ty  of four  p- type  
GaSb samples as a funct ion of temperature .  The hole 
concentration, p, and mel t  composition f rom which 
the crystal  was prepared are  shown. It is noted that 
the mobility, which is sensitive to the density of ion- 
ized defects, becomes progressively la rger  as hole 
concentrat ion is reduced by growing from melts con- 
taining progressively larger  ant imony excesses. These 
data ver i fy  that  the reduct ion which has been 
achieved in hole concentrat ion is t ruly a decrease in 
ionized defect concentrat ion and not the result  of in-  
creased compensation. Hole mobili t ies repor ted  for 
GaSb prepared f rom near ly  stoichiometric melts have 
been in the range 2.000-4000 cm2/v-sec at 78~ Effer 
and Et ter  (5) obtained inabilit ies of about 5000 cma/ 
v-sec, and the present  work has realized mobili t ies of 
about 6000 cmf /v - sec  at 78~ with  a value of about 
12,000 cm2/v-sec at 30~ 

Figure  3 presents some data on the hole mobi l i ty  in 
p- type  GaSb as a funct ion of the hole concentrat ion 
at 78~ Some idea of the magnet ic  field dependence 
of the Hall  coefficient in p- type  GaSb is revea led  f rom 
the points indicat ive of the lowest  carr ier  concentra-  
t ion sample. It is seen that  ~H/~ is about 1.2 for this 
sample, which is much the same as for p - type  ger-  
manium (11). The open circles represent  inabilit ies 
f rom Hall  measurements  done at 5700 gauss and are 
about 7% higher  than the strong field l imit  (H > 15 
kilogauss) in the worst  case. Theoret ical  curves were  
obtained, using appropr ia te  equations in the r e fe r -  
ences cited, for an ionized- impur i ty  scattering mobi l -  
i ty ~I (12, 13), a neu t ra l - impur i ty  scattering mobil i ty  
~N (14), a combination of m and ~N ( 1 5 ) ,  and a com- 
bination of ~i and ~L (16), the acoustic mode lat t ice 
scat ter ing mobility. A dielectr ic  constant of 15 and a 
hole effective mass m* of 0.5 m o  were  assumed for all 
cases. Values in the l i te ra ture  for m* range f rom 0.23 
to 0.5 too. Use of the smaller  effective mass increases 
the theoret ical  mobil i ty  for the combination of ~ and 
~L and decreases it sl ightly for the combination of ~i 
and ~N. 
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Fig. 4. Hall coefficient as a function of temperature for three 
different specimens of p-type GaSh. 

It appears that  neu t ra l - impur i ty  effects are signifi- 
cant, par t icular ly  at large carr ier  concentrations, be-  
cause the combinat ion of ~i and ~L predicts much 
larger  mobili t ies than are observed at large carr ier  
concentrations. In t roducing polar mode latt ice scat ter-  
ing only makes this si tuation worse. The neutral  im-  
purit ies are seen to arise f rom the deionization of ac- 
ceptors as the t empera tu re  is lowered. One may ap- 
preciate this by considering the t empera tu re  depend-  
ence of the Hall  effect as shown in Fig. 4. Of course, 
the combination of ~l and ~N becomes unrealist ic at 
the smaller  carr ier  concentrat ions because lattice 
scattering becomes controll ing in this range. An inte-  
gral  form to combine all three  scattering processes is 
available;  however,  the effort to evaluate  this integral  
is hardly  justified for present  purposes. 

F igure  5a shows the phase diagram for the gal l ium- 
ant imony system after Greenfield and Smith  (17). The 
solidus is, of course, so nar row in this i l lustrat ion tha t  
it appears as a solid line. What  one accomplishes by 
using nonstoichiometric  melts is to lower the freezing 
point of GaSb by going out on the l iquidus to high 
ant imony concentrations. Hence, since the reduct ion in 
the residual  acceptor concentrat ion was shown to re-  
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Fig. 5. (a) Ordinary phase diagram for the Ga-Sb system. (b) 
Greatly expanded abscissa scale revealing fine structure in the 
solidus aa'. Due to the narrowness in over-all composition now 
covered by the expanded abscissa, the deviations in the liquidus 
from horizontal are too small to be seen. The data sensitive enough 
to delineate the fine structure were obtained by analysis of elec- 
trical measurements. 

sult f rom a reduct ion in a latt ice defect  concentration, 
it follows that  the defect in question is characteris t ic  of 
ga l l ium-r ich  mater ia l  as shown in Fig. 5b, where  the 
abscissa scale is great ly  magnified and the solidus 
curve  was obtained f rom a detailed analysis of Hal l  
effect as a funct ion of t empera tu re  on the basis of a 
doubly ionizable defect model  (7). 

Now, with  the m a x i m u m  mel t ing point of GaSb lying 
on the ga l l ium-r ich  side, and because of the existence 
of at least a doubly ionizable type of lat t ice defect, it 
appears l ikely that  the nature  of the defect  is a gal l ium 
atom subst i tuted on an ant imony site. This follows, 
inasmuch as a gal l ium inters t i t ia l  would  be expected 
to be a donor. Also, i t  is unl ike ly  that  a simple anti-  
mony vacancy could act as an acceptor, especially one 
capable of double ionization. Actual ly  the ant is t ruc-  
ture  defect ment ioned above might  involve  other re -  
a r rangements  of the latt ice in the vic ini ty  of the sug-  
gested ant is t ructure  defect  and be quite complex in 
reali ty.  

One of the more  interest ing avenues that  this in-  
vestigation has opened is the possibility of obtaining 
re la t ive ly  low carr ier  concentrat ion n - type  GaSb that  
does not contain a large concentrat ion of compensat-  
ing acceptors, par t icular ly  doubly ionized acceptors. 
Theoret ical  predictions (18) indicate that  the electron 
mobil i ty  should be considerably higher  than has thus 
far  been realized exper imental ly .  Figure  6 shows the 
electron mobil i ty  of some Te-doped samples of GaSb 
prepared  f rom an t imony- r ich  melts. The lowest  curve  
( inver ted t r iangular  data points) is for a sample 
f rom a mel t  containing 68% ant imony and the open- 
circle data points for a sample, f rom the same melt ,  
when it contained 73% antimony. The increase in car-  
r ier  concentrat ion f rom 2.0 to 3.7 x 1017 per cm 3 r e -  
sults par t ly  from an increase in te l lur ium content and 
par t ly  f rom a reduced concentrat ion of the doubly 
ionized acceptor defect. The observed increase in mo-  
bil i ty is considerably greater  than has been observed 
for samples of comparable  carr ier  concentrations but 
with no reduct ion in the concentrat ion of compensat-  
ing defects} 

The two curves wi th  t r iangular  data points are i l-  
lus t ra t ive  of results before ( inver ted tr iangles) and 
after  l i th ium diffusion into a sample of n - type  GaSh. 
The higher  carr ier  concentration, h igher  mobil i ty  
sample contains l i thium, which apparent ly  pairs wi th  
acceptor defects, resul t ing in reduced compensation 
and less ionized impuri ty  scattering (7, 20-22). Finally,  
the top curve is for a l i thium-diffused sample which 
was prepared  f rom a mel t  containing about  66% anti-  
mony with a smaller  addit ion of te l lur ium than was 
used for doping the other  crystals. 

1 Fo r  n - t y p e  G a S b  i n  t h i s  ca r r i e r  c o n c e n t r a t i o n  range ,  t he  e l ec t ron  
m o b i l i t y  is  o b s e r v e d  to  inc rease  w i t h  i n c r e a s i n g  ca r r i e r  concen t r a -  
t i on  ( l g ) .  
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Fig. 6. Hall mobility as a function of temperature for several 
specimens of n-type GaSh. 
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Summary 
It has been shown that  a reduct ion in the residual  

acceptor concentration, with a corresponding increase 
in the hole mobility, can be effected by growing GaSb 
crystals from an t imony- r ich  melts. In  the improved 
material ,  with carrier densities of 2 x 1016/cm 3, it ap- 
pears that  the residual acceptor is still the dominant  
source of free carriers. Fur ther  reduct ion by the 
present techniques will be hampered by the existence 
of a ga l l ium-an t imony  eutectic which has a Sb /Ga  
atom ratio composition of about 87/13. The max imum 
melt ing point of GaSb has been found to be on the 
gal l ium-r ich side of the exact 1 to 1 composition. It 
appears that the dominant  stoichiometric defect pres-  
ent in mater ial  prepared at the max imum melt ing 
point  is not a simple vacancy defect. The most 
s t raightforward model suggested for the defect con- 
sists of gal l ium atoms subst i tuted for an t imony atoms 
on the an t imony sublattice. The actual defect may be 
considerably more complicated involving other re-  
a r rangements  of the lattice in the vicini ty of the ant i -  
s t ructure defect. However, the ant is t ructure  defect 
model is in  good agreement  with exper imental  obser- 
vations. 

The findings of this work have made it possible to 
produce p- and n- type  GaSb with electrical properties 
superior to those previously attainable.  The avai labi l -  
ity of such materials should permit  investigations in 
the areas of fundamenta l  t ransport  properties under  
conditions of decreased impur i ty  scattering, and 
studies of impur i ty  behavior  and device feasibili ty 
under  conditions of decreased contributions from re-  
sidual acceptors. An important  feature of the work 
in growing GaSb from nonstoichiometric melts is that  
this is the first I I I -V compound in which fairly com- 
plete and convincing evidence of the importance of 
stoichiometric defects has been developed. It is in ter -  
esting to note that, because of the very nar row width 
of the apparent  solidus region of GaSb, analyses of 
electrical properties is the only method sensitive 
enough to delineate this region. 
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The Epitaxial Growth of Silicon on Silicon Webs 
and Silicon Slices 

T. L. Chu 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Silicon webs with fiat principal faces of {iii} orientation are ideal sub- 
strates for the epitaxial growth of silicon, and this growth has been carried 
out by the pyrolysis of silane and the thermal reduction of triehlorosilane in 
a flow system. Epitaxial layers of good structural perfection have been grown 
on web substrates and accurately oriented {iii} substrates at relatively low 
temperatures (I080~ and high growth rates (1.5 ~/min). The exact {1117 
surface of the substrate has no effect on the macroscopic perfection of the 
epitaxial layer, in contrast with the commonly observed growth pyramids. 
The thermal reduction of trichlorosilane has been used for the epitaxial 
growth of silicon on individual silicon slices with main faces of various crys- 
tallographic orientations. The growth rate has been found to be independent of 
the crystallographic orientation of the substrate surface, due to the fact that 
the diffusion of reactants to the substrate surface is the rate-determining 
step of the growth process. However, when a substrate has two or more 
adjacent faces of different crystallographic orientations, the growth rate on 
these faces becomes or ienta t ion-dependent .  

Sil icon web consists of an extended sheet wi th  flat 
faces of {111} orientat ion bounded by two dendri tes;  
the sheet port ion is usual ly much wider  and th inner  
than the support ing dendri tes (1-3). The web grows 
along a <211> direction, and the sheet and dendri tes  
are of the same crystal lographic orientation. Al though 
the presence of twin planes in dendri tes is essential 
for their  growth, the twin s t ructure  of dendri tes may or 
may not continue through the sheet. Twin  planes in the 
sheet do not impair  its usefulness for device purposes 
since {111} twin boundaries in silicon have been 
shown to have no unusual  diffusion propert ies  and no 
influence on p -n  junct ion characterist ics (4), and twin 
structures in ge rmanium have been shown to have  no 
detectable effects on the recombinat ion of minor i ty  
charge carriers (5). Fur thermore ,  in contrast  to den-  
drites, microsegregat ion of dopants is not observed in 
the sheet even  in highly doped materials .  Both n-  and 
p- type  webs of good crystal l ine perfect ion and of re-  
sistivities over  a wide range have been prepared  in 
long lengths. When desirable, the support ing den-  
drites in the web can be removed  readi ly  by using 
aqueous sodium hydroxide  as a preferent ia l  e tchant  
(6) or by mechanical  str ipping processes (7). These 
facts indicate that  silicon webs are ideal substrates 
for the prepara t ion of epitaxial  devices, offering many  
advantages.  For  example,  the mechanical  and chem-  
ical operat ions involved in the prepara t ion  of sub- 
strates f rom conventional  ingots are eliminated, and 
the preparat ion of ve ry  large area devices or cont inu-  
ous processing is also possible. Large area solar cells 
have been prepared by the epitaxial  growth technique 
using web substrates (8). 

The epi taxial  growth of silicon on web substrates 
has been carr ied out to study the s t ructural  perfec-  
tion and morphology of these epi taxial  layers. Silicon 
slices with main faces of various low- index  or ienta-  
tions, prepared  f rom convent ional  crystals, were  also 
used as substrates for comparison. The use of the 
thermal  reduct ion of t r ichlorosi lane or the pyrolysis 
of silane in a flow system has produced epitaxial  lay-  
ers of good crystal l ine perfect ion at rates of 0.5-1.5~/ 
min on silicon webs, the same as the growth of silicon 
on convent ional  substrates. The fact that  the surface 
of the silicon sheet is of exact ly  {111} orientat ion has 
no observable influence on the s t ructural  perfect ion 
of the grown layer.  Fur thermore ,  the growth ra te  
has been found to be independent  of the crysta l -  
lographic orientat ion of the substrate surface under  

conditions used in this work. These results are dis- 
cussed in this paper. 

Experimental 
The epi taxial  growth of silicon was carr ied out in 

a flow system using the the rmal  reduct ion of t r ichlo-  
rosilane with  hydrogen or the pyrolysis of silane in 
a hydrogen atmosphere.  Doping of the grown layer 
was accomplished by using diborane or phosphine as 
a dopant. Semiconductor  grade trichlorosilane, pur-  
chased f rom the Union Carbide Corporation, was pur -  
ified by fract ional  disti l lation through a quartz  col- 
umn. Semiconductor  grade silane, purchased f rom 
Gray Chemical  Company, was used wi thout  fur ther  
purification. Commercia l  grade hydrogen was purified 
by diffusion through a pa l lad ium-s i lver  alloy. 

Silicon webs used in this work, grown at the 
Westinghouse Research Laborator ies  and the West-  
inghouse Semiconductor  Division (1,2), had disloca- 
tion densities of 0-102 cm -2 and 102-104 cm -2 on the 
main faces and across sections, respectively.  When the 
webs had been exposed to the laboratory a tmosphere  
over  a period of time, they were  cleaned successfully 
with organic solvents, hydrofluoric acid, and deion- 
ized water,  or etched briefly in a hydrofluoric acid- 
nitric acid mixture .  In some cases, the dendri tes  were  
removed  by using a 30% sodium hydroxide  solution 
at 95~ as a preferent ia l  e tchant  (6) in which the 
dendri tes exhibi ted considerably faster  dissolution 
rate  than the sheet portion. The silicon substrates pre-  
pared f rom Czochralski crystals were  of {111}, {110}, 
{100}, and {211) orientations;  x - r ay  goniometric  meas-  
urements  indicated that  the surfaces of {111} oriented 
substrates deviated no more than 15 rain f rom a {111} 
orientation. They were  mechanical ly  lapped with 
Amer ican  Optical Company No. 305 abrasive and 
chemical ly polished with CP4. To minimize  foreign 
contaminants  on the substrate surface, the subsequent  
operations such as rinsing, drying, assembly, etc., were  
carr ied out in a laminar  flow ul t raclean bench where  
the air was filtered with  Cambridge absolute filters. 

The growth process was carr ied out in a horizontal  
fused silica tube, and the substrates were  placed on 
a silicon or si l icon-coated graphi te  heater  in this tube. 
To de termine  the dependence of growth rate  on the 
crystal lographic orientat ion of substrate surfaces, sil- 
icon webs and convent ional  substrates of various ori-  
entations were  used in the same exper iment  so that  
the growth on each substrate proceeded under  almost 
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identical  conditions of temperature ,  reactant  compo- 
sition, etc. The tempera ture  var ia t ion among all sub- 
strates in a given exper iment  was less than 10~ 
Prior  to the growth process, the substrates were  fur -  
ther etched in the reaction tube with  anhydrous hy-  
drogen chloride (9) or water  vapor (10). Both tech-  
niques were  found to yield the same results. Dur ing 
the growth process, the substrate t empera ture  was 
var ied  from 1050 ~ to 1180~ and the reactant  con- 
tained 0.07-0.5% silane or 0.5-2% trichlorosilane. The 
deposition ra te  was 0.5-1.5 ~/min. The thickness var i -  
ation of the epitaxial  layer  among substrates in a run 
was usually less than 10%, 

The s tructural  perfect ion of epitaxial  silicon layers 
was evaluated by chemical  etching using the Sir t l  
etch 1 (11). The thickness of the grown layer  was de- 
te rmined ei ther by cross-sectioning technique or f rom 
the dimensions of the etch figures of stacking faults 
on the as-grown surface (12). The growth thicknesses 
determined by these techniques were  in good agree-  
ment. 

Results and Discussion 

Growth  on silicon webs .~Ep i tax ia l  silicon layers 
were  deposited on silicon webs at 1080~ by the pyro l -  
ysis of silane in a flow system using hydrogen as a 
diluent. The reactant  mix ture  contained 0.07-0.5% 
silane, yielding deposition rates in the range of 0.5- 
1.5 ~/min. Similar  deposition rates were  obtained by 
the thermal  reduct ion of t r ichlorosi lane on silicon webs 
at 1170~176 In these experiments ,  accurately 
oriented {111} silicon slices were  also used as sub- 
strates for comparison. The as-grown surfaces of all 
epitaxial  layers prepared under  proper  cleanness con- 
ditions were  planar and followed the topography of 
the substrate. 

The absence of t r iangular  pyramida l  defects on 
these epi taxial  layers is in contrast  wi th  the commonly 
observed effects of accurately oriented {111} substrates 
on the surface morphology of epi taxial  germanium 
and silicon. For example,  t r iangular  growth pyramids 
were  observed invar iably  on epitaxial  ge rmanium de- 
posited on accurately oriented {111} substrates by the 
t ransport  technique in a closed or an open system 
(13, 14). However ,  the growth on substrates mis-  
oriented f rom a ~111~ direction appeared to be free 
of pyramids.  Pyramids  were  also observed f requent ly  
on {111} oriented epitaxiat  silicon layers prepared  by 
the thermal  reduct ion of silicon tetrachloride,  depend-  
ing on the deposition rate  and the degree of misor ien-  
tation of the substrate surface (15). At a given tem-  
perature,  pyramids were  found to form when  the 
deposition rate  for a par t icular  substrate orientat ion 
exceeded a certain value, about 1 ~ /min  at 1200~ for 
a substrate wi th  a 0.5 ~ misorientat ion f rom the ~111~  
direction. Thus, the pyramidal  growth has been a t t r ib-  
uted to the effects of the substrate orientation, and the 
use of substrates misoriented 0.5 ~ or more  f rom a 
( 1 1 1 ~  direction has long been a general  practice. On 
the other hand, it was found in this work that  the 
grown layer  on webs or on {111} or iented substrates 
always had high concentrat ions of growth pyramids  
over  the ent ire  surface when  foreign impuri t ies  were  
present  on the substrate surface or in the growth sys- 
tem. Since planar  growth was achieved at re la t ive ly  
low tempera ture  (1080~ and high growth rates (1.5 
~/min)  by using proper  in  situ etching and growth 
techniques, foreign impuri t ies  must  be one of the fac-  
tors governing the pyramidal  growth. Other  growth 
parameters  such as the substrate t empera ture  and the 
nature  of the chemical  react ion also play impor tant  
roles. I t  is believed, however ,  that  the growth on webs 
and accurately oriented {111} substrates is more sus- 
ceptible to the effect of impuri t ies  than that  on sub- 
strates sl ightly off f rom a {111} orientation. A mis-  
oriented {111} plane may  be considered as consisting 
of many  steps with nominal  {111} faces, and the re-  

1 100g a n h y d r o u s  CrOa, 200 m l  H20,  a n d  200 m l  49% H F .  

Fig. I. Portion of the cross section of a specimen perpendicular 
to the long dimension of the silicon web showing the epitaxial 
growth of silicon on the web, Sirtl etch, 1 rain. 

gion along these steps will  facil i tate the nucleat ion 
process thus minimizing the effects of impurit ies.  

The morphology of the cross section of epi taxial  
silicon deposited on silicon webs is of interest.  F igure  
1 shows a port ion of the cross section of a specimen 
with an epi taxial  layer  of approximate ly  120~ in 
thickness prepared  by the the rmal  reduct ion of t r i -  
chlorosilane. This cross section was made perpendicu-  
lar to the long dimension of the web; its surface is 
therefore  of {211} orientation. The substrate-deposi t  
interface and the twin plane in the web and support-  
ing dendri te  were  brought  out by chemical etching. 
The growth on the bot tom surface of the web was due 
mainly  to the t ransfer  of silicon f rom the heater  sur-  
face. It is noted that  the grown mater ia l  has a hex-  
agonal cross section. This hexagonal  geometry  is a re -  
sult of the dependence of growth rate on the crysta l -  
lographic orientat ion of the substrate  surface. Since, 
on the ver t ica l ly  cross-sectioned surface, the side faces 
make  an angle of approximate ly  118 ~ and the angle 
be tween a side face and a grown surface is approxi-  
mate ly  121 ~ , these side faces are therefore  of (311} 
orientation. The {311} side faces were  also found in 
the silicon ribbon prepared by the iodine t ransport  of 
silicon in a closed tube containing impuri t ies  (16). 
Fur thermore ,  when a single crystal  silicon fi lament 
wi th  its axis oriented in a ~211~  direction was used 
as the substrate, the crystal  developed to a sl ightly 
i r regular  hexagon with  two sets of adjacent  {311} faces 
separated by {111) faces (17, 18). The development  of 
the {311} faces presumably  arises f rom the fact that  
the {311} planes are the lowest  energy planes perpen-  
dicular to the {211}. 

Epi taxial  silicon was also grown on silicon sheets 
after the supporting dendri tes were  removed  f rom the 
web. Figure  2 shows the cross section of a specimen 
consisting of four  epi taxial  layers of different res is t iv-  
ities deposited on a silicon sheet by the thermal  re-  
duction of trichlorosilane. The le f t -hand photograph 
shows the growth near  the edge of the sheet, and the 
r igh t -hand  photograph shows the growth at the center  
of the sheet. Al though the cross section of the speci- 
men still has a hexagonal  geometry,  the growth  thick-  
ness along the thickness direction of the sheet is 
highly uniform. 

S t ruc tura l  imperfect ions in epi taxial  silicon layers 
on silicon webs were  most ly inheri ted f rom the web. 
The imperfect ions in the web are mainly  the twin 
lamella  and dislocations. The twin lamella  have no ef-  
fect on the perfect ion of the epi taxial  layer  except  

Fig. 2. Two regions of the cross section of a specimen perpendicu- 
lar to the long dimension of the silicon sheet, showing the uniform 
growth of silicon on the sheet, Sirtl etch, 30 sec. The regions of 
different resistivity in the grown layer are delineated by chemical 
etching. 
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when the twin plane terminates  at the principal  sur-  
face of the web. Under  this condition, random growth 
always occurred at this region. Silicon webs may have 
dislocations wi th  axes perpendicular  and paral lel  to 
the ma in  face; only the former propagated into the 
epitaxial  layer. Under  proper growth conditions, the 
epitaxial layers were essentially free from process- 
induced imperfections such as stacking faults, growth 
pyramids,  polycrystal l ine inclusions, etc. Results indi-  
cate that p - n  junct ions prepared by depositing n -  or 
p- type silicon on webs of opposite conductivi ty type 
exhibited good electrical characteristics (19). 

Dependence of growth rate on crystallographic ori- 
entations o~ substrates.--The dependence of the 
growth rate of epitaxial  ge rmanium and  silicon on 
the crystallographic orientat ion of the substrate sur-  
face has been of general  interest. In  the epitaxial  
growth of germanium on a {110} oriented germanium 
substrate by the closed-tube t ransport  technique, the 
var iat ion in the growth thickness around the per iph-  
ery of the substrate indicated that  the growth rate 
increased with crystallographic direction in the fol- 
lowing order <100>,  <111>,  <110> (20). During the 
epitaxial  growth of silicon on a silicon rod with its 
axis in a <111> direction, {110} and {311} faces were 
developed ini t ia l ly (17, 18). A near ly  regular  hexag-  
onal  habi t  with six (211} faces resul ted after pro- 
longed growth, indicat ing a higher growth rate along 
the <110> directions. When individual  silicon slices 
of various crystallographic orientations were used as 
substrates for the growth of silicon by the thermal  
reduct ion of silicon tetrachloride at 1200~ the dep- 
osition rate was found to increase as the substrate 
surface deviated from the {111} orientation, and the 
growth rate  on the {110} oriented substrates, about 1.3 
;~/min, was more than twice of that on the {111} ori-  
ented substrates (15). 

In  this work, the growth rate of silicon on in-  
dividual  slices with main  faces of {111}, {110}, {100}, 
and {211} orientat ions and on silicon webs was com- 
pared using the thermal  reduct ion of tr ichlorosilane 
at 1170~ The growth rate  was in the range of 0.5-1.5 
~/min,  and the dura t ion of each exper iment  was ad- 
justed to yield epitaxial  layers of approximately 100;~ 
in thickness to minimize measurement  errors. The 
results of many  exper iments  under  these conditions 
indicated that  the growth rate was independent  of the 
crystallographic orientat ion of the substrate surface. 
These results are in contrast to those obtained by the 
tetrachloride process (15) and will  be discussed in 
relat ion with the growth process. 

In  the growth process under  consideration, the for- 
mat ion  of silicon by the chemical reaction takes place 
predominate ly  on the heated substrate surface since 
no silicon is deposited on the cooler walls of the re-  
action tube. Most probably, the growth process in -  
volves the following consecutive steps: the diffusion 
of reactant  molecules to the substrate surface, the 
adsorption of one or more reactant  species on the sur-  
face, the chemical react ion on the surface and  the 
incorporat ion of silicon atoms into the crystal lattice, 
the desorption of by-products  and their diffusion away 
from the surface. The over-al l  rate of the growth 
process is controlled by the slowest of these steps. If 
epitaxial  layers of good perfection are to be obtained, 
the rate of chemical reaction mus t  be equal to or 
slower than the rate of incorporat ion of silicon atoms 
into the crystal lattice. Otherwise, silicon atoms not 
incorporated into the crystal would yield polycrystal-  
line deposits since they cannot  evaporate at appre-  
ciable rates at temperatures  used in the growth proc- 
ess. Thus, the addition of silicon atoms to the crystal  
lattice is not  the ra te -de te rmin ing  step of the growth 
process. Fur thermore ,  under  growth conditions used 
in  this work, the growth rate was found to be inde-  
pendent  of substrate tempera ture  in  the temperature  
range 1150~176 similar to the findings of Glang 
and Wajda  concerning the tr ichlorosilane process (21). 

Since the chemisorption of reactants on the substrate 
surface and their  subsequent  reaction have appre-  
ciable activation energies, these processes cannot, 
therefore, be the ra te -de te rmin ing  steps of the growth 
process. Thus, the rate of the growth process must  be 
l imited by the rate of diffusion of the reactant  mole- 
cules to the substrate surface, and the diffusional re- 
sistance is concentrated predominate ly  in a laminar  
layer in  the immediate  vicini ty of the substrate sur-  
face. When individual  silicon slices are used as sub-  
strafes in the epitaxial  growth process, each substrate 
has a ma in  face of one crystallographic orientat ion 
exposed to the reactant  mixture.  All  substrate surfaces 
are main ta ined  at the same tempera ture  and are 
subjected to the same flux of reactants. Since the dif- 
fusion of reactants  is the ra te -de te rmin ing  step in the 
tr ichlorosilane process, the diffusion, adsorption, and 
chemical reaction at all substrate  surfaces takes place 
at the same rate irrespective of the crystallographic 
orientat ion of the substrate surface. Consequently,  
the same number  of silicon atoms deposit on a un i t  
area of each substrate surface, and the growth thick- 
ness or growth rate is the same. It  should be noted 
that, although the n u m b e r  of atomic layers grown on 
substrate surfaces of various orientat ions and the den-  
sity of atoms on these crystallographic planes are 
different, their product is a constant. For example, 
the average spacings of atomic layers parallel  to {111}, 
{110}, {100}, and {211} planes are of the ratio 

3V2 
l :  2 : T :  ~ '  and the average density of 

atoms on these planes also have the same ratio. 
The kinetics of the epitaxial  growth of silicon by 

the tetrachloride process has been studied by several 
authors; however, their  results on the variat ion of 
growth rate with substrate tempera ture  have not been 
consistent. While a l inear  re la t ion be tween the loga- 
r i thm of the growth rate and the reciprocal of the ab- 
solute tempera ture  was observed over the tempera ture  
range 900~176 by Theuerer  (22), the growth rate 
was found by Bylander  to be relat ively t empera ture -  
independent  at substrate temperatures  higher t h a n  
l l00~ (23). When the growth rate is tempera ture-  
dependent,  the surface processes, chemisorption, and 
chemical reaction, become the ra te -de te rmin ing  steps 
of the growth process. Since substrate surfaces of 
various crystallographic orientat ions possess different 
s t ructure and consequently different chemical re-  
activity, the growth rate may depend on the or ienta-  
tion of the individual  substrate as reported by Tung 
(15). 

When a substrate  with two or more adjacent  faces 
of different crystallographic orientat ions is used for 
epitaxial  growth, the growth rate could become ori-  
en ta t ion-dependent  even when the growth process is 
governed by the diffusion process. The difference in  
the growth rate of silicon on adjacent  {111} and {311} 
planes of the web by the tr ichlorosilane process is 
shown in Fig. 1 and 2. This is again related to the dif-  
ferent  chemical reactivi ty associated with surfaces of 
different orientation. After the reactant  molecules 
diffused through the laminar  layer, the various faces 
of the substrate compete for these molecules resul t ing 
in the orientat ion dependence of the growth rate. 

Summary and Conclusions 
Epitaxial  silicon layers of good s t ructural  perfec- 

t ion have been deposited, at rates of 0.5-1.5 ~/min,  on 
silicon webs at 1080~176 by the pyrolysis of silane 
and the thermal  reduct ion of tr ichlorosilane in a flow 
system. Contrary  to the common belief, the use of 
substrates of exactly {111} orientation,  such as the 
ma in  faces of the web, had no observable influence on 
the s t ructural  perfection of the epitaxial  layer when 
the layer was grown at relat ively low temperatures  
(1080~ and high deposition rates (1.5 ; j m i n ) .  How- 
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ever, good in situ etching and growth techniques were 
found to be necessary for obtaining p lanar  surfaces. 
Dislocations with axes perpendicular  to the ma in  face 
of the web were cont inued into the web, and twin 
planes te rmina t ing  at the principal  face of the web 
promoted the random growth. However, these imper-  
fections in the web are easily eliminated,  and silicon 
webs are ideal substrates for the preparat ion of epi- 
taxial  devices. 

When individual  silicon slices of various low-index 
orientat ions were used as substrates, the growth rate 
of silicon at 1170~ obtained by the thermal  reduc-  
t ion of tr ichlorosilane at rates up to 1.5 ~/min, was 
found to be independent  of the crystallographic ori- 
entat ion of the substrate surface. This is due to the 
fact that  the diffusion of reactant  molecules to the 
substrate  surface ra ther  than the incorporat ion of 
silicon atoms into the crystal lattice is the ra te -de te r -  
min ing  step of the growth process. However, when  
a substrate has two or more adjacent  faces of differ- 
ent crystallographic orientations, the growth rate on 
these faces is or ienta t ion-dependent  because of their  
difference in s tructure and bonding requirements .  
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Effect of Dry Oxygen on Conductivity of 
Fluoridated Silicon Surfaces 

M. Yamin and R. Lieberman 
Bell Telephor~e Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

When high resist ivity silicon surfaces are heated in dry ni t rogen at t em-  
peratures below 350~ a marked rise in surface conductivi ty may occur. 
When the surface is subsequent ly  exposed to dry oxygen at room temperature,  
a rapid decrease in surface conductivi ty occurs. The magni tude  of the effect 
was found to depend on the chemical t rea tment  of the surface prior to heat ing 
and on the subsequent  thermal  history of the surface. The greatest effect was 
found on surfaces which had been exposed to HF vapor. Exposure of the 
surface to water  tended to decrease the magni tude  of the conductivi ty changes. 

This paper describes a study of changes in surface 
conductivi ty which occur on gas baking of unpassi -  
ra ted  silicon surfaces. The mater ial  used was 700 
ohm-cm n- type  silicon, cut into bars about 0.015 x 
0.060 x 3/4 in. Ohmic gold-ant imony contacts were 
alloyed to either end, and the bars were etched 
bright  in  10 HNO~:I HF. The resistance of the bars 
was about  102 ohms and was essentially constant  at 
measur ing voltages from --10 to -bl0v. The samples 
were mounted  by their gold leads in a glass cell 
through which dry gases could be passed. The cell, 
which also contained an i ron-cons tan tan  thermo-  
couple, could be surrounded by either a small  re-  
sistance furnace for heat ing or a thermostated water  

jacket for measurement .  All  resistance measurements  
were taken in this cell at 30 ~ -4- 0.1~ in the dark, us-  
ing a General  Radio No. 650A impedance bridge, the 
measur ing  voltage being lv  d.c. The gases used were 
dry ni t rogen and dry oxygen. The oxygen was passed 
through a freshly regenerated Lectrodryer;  the ni t ro-  
gen came from a dry ni t rogen l ine whose moisture 
content  was general ly  less than  5 ppm. The gas han -  
dling system was all metal, except for a short length 
of polyethylene tubing. A flow rate of 0.5 to 1.0 1/min 
was used through the 150 ml  glass cell. 

The fundamenta l  effect wi th  which this paper is 
concerned will be referred to as the "oxygen effect." 
The oxygen effect of a typical specimen is i l lustrated 
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where  L is the distance between the gold contacts and 
P ~ 2t ~- 2w, where  t is the thickness of the sample 
and w its width. 

Effect of Surface Fluoridation 
The first r equ i rement  for invest igat ion of the effect 

was to determine  a chemical  t rea tment  which would 
invar iably  produce a react ive surface as a start ing 
point for fur ther  investigations. It  was observed that  
re -e tch ing  an unreact ive  surface in HNO3-HF mix -  
tures restored its reactivity,  but  considerable variat ion 
was introduced as a result  of the necessary r insing op- 
erations which fol lowed etching. Eventua l ly  it was 
found that  exposure of the specimen for 15 min  to the 
vapor  over  48% aqueous HF solution at room t em-  
pera ture  would produce surfaces which were  most 
react ive to the hot n i t rogen-cold  oxygen cycle, and 

Fig. 1. Oxygen effect. Conductance ( I /R) is initially 0.81x10 -5  
mho. After heating in dry nitrogen and cooling to 30~ the con- 
ductance is 1.03 x 10 -5  mho. Exposure to dry oxygen causes a 
rapid decrease in conductance. Changing of the gas back 
to nitrogen halts this decrease, but it resumes on restoring oxygen. 
This cycle can be repeated by reheating the specimen in dry ni- 
trogen. The values of Ar (decrease in surface conductivity) are 
referred to the value immediately before the exposure to oxygen. 

in Fig. 1. The scale at the left  is measured I /R ;  that  
on the r ight  is the surface conduct ivi ty  re la t ive  to 
that when the oxygen was first applied to the speci- 
men. The conductance 1/R of the specimen is meas-  
ured at 30~ in dry nitrogen. The specimen is then 
heated in dry ni t rogen in the 150~176 range. On 
cooling to 30~ a significantly higher  value of con- 
ductance than that  prior  to the heat ing cycle may be 
observed. This value of conductance wil l  show only 
a slow downward  drift  in nitrogen. If the ambient  is 
now changed to oxygen, a rapid decrease in con- 
ductance will  occur. If, whi le  the conductance is de- 
creasing in oxygen, the ambient  is switched back to 
dry nitrogen, the rapid drop in conductance wil l  be 
interrupted,  and the conductance may  even rise a 
little. Restoring oxygen will  cause the drop in con- 
ductance to resume, eventua l ly  level ing off, usual ly 
at a value  sl ightly lower  than that  before the hot 
ni t rogen-cold oxygen cycle. Reheat ing the sample in 
dry ni t rogen will  restore the high conductance value,  
and the oxygen effect can then be repeated. No such 
effect is observed if the heat ing phase is conducted in 
oxygen; in fact, this t r ea tment  destroys the subsequent  
react iv i ty  of the sample. The conductance changes can 
correspond to a rise in surface conduct ivi ty  af ter  n i -  
t rogen baking, and a subsequent  drop on exposure to 
cold oxygen, as high as 20 ~mho/[] ;  the measured re -  
sistance of the specimens used can actual ly double in 
a few minutes on exposure to oxygen. 

This effect is not obtained invar iably  on a given 
silicon surface, and its magni tude  is subject to con- 
siderable variation. In this work, the magni tude of 
the oxygen effect is used to measure  the react iv i ty  of 
the surface to the hot ni trogenzcold oxygen cycle 
after various chemical  and the rmal  t reatments.  A 
standard measurement  routine was used. The sample 
was dried at room tempera ture  for 30 min in flowing 
dry ni t rogen after a chemical  t reatment ,  then heated 
in dry ni t rogen for 30 min at the desired temperature .  
The cycling cell was next  surrounded by the 30~ 
wate r  jacket  and let stand with  ni t rogen flowing for 
20 min. At this point the resistance was measured,  
giving a value R~, and the gas flow was changed to 
dry oxygen. Resistance measurements  were  made for 
30 rain, at which t ime the resistance chad v i r tua l ly  
ceased to rise. This final resistance was R2. Resistance 
measurements  were  re la ted to the surface conduct ivi ty  
change, on the assumption that  the bulk resist ivi ty 
remained unchanged, by the fol lowing equation 

that  this t r ea tment  would  regenera te  the react ivi ty  
of a surface whose react iv i ty  had been destroyed as 
described below. For  example,  one specimen showed 
a value of A~ (determined as defined in Eq. [1], fol-  
lowing ni t rogen baking at 267~ of 5.22 ~mho/[:] 
when  freshly etched; subsequently,  its A~ was reduced 
to 0.20 ~mho/[~ by thermal  t rea tment  as described 
below, but  exposure to HF vapor  restored a A~ of 5.89 
~mho/V]. 

E~fect of Temperature of Heating 
The oxygen effect obtained is a funct ion of the 

tempera ture  at which the hot ni t rogen phase of the 
cycle is carried out, and also of the thermal  history 
of the sample. The behavior  of a specimen on many 
repeti t ions of the hot ni t rogen-cold oxygen cycle is 
i l lustrated in Fig. 2, in which ~ for each of 26 con- 
secutive hot ni t rogen-cold oxygen cycles is repre-  
sented by a ver t ical  line. The init ial  ~ for this speci- 
men after  I-IF act ivation was 8.3 ~mho/ [ ]  with a hea t -  
ing temperature ,  Tm of 150~ On subsequent  cycles, 
wi th  TH = 150~ A~ declined to about 4 to 5 ~mho/77, 
but after the 5th cycle remained re la t ive ly  constant. 
Increasing TH to 200~ again produced a z,a in this 
range, and so did going to 250~ (cycle 15) and to 
300~ (cycle 18). Cycle 19, wi th  T H  ~ 200~ how-  
ever,  produced a much lower  A~ of 1.1, and cycle 21, 
with TH ---- 250~ produced a Ar of 2.0. The in ter -  
spersed cycles, 20 and 22, wi th  TH : 300~ never the-  
less produced A~'s of 3.7 and 3.6, near ly  as high as the 
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Fig. 2. Reactivity of o specimen as measured by standard oxygen 
effect A~ on many repetitions of the hot N2-cald 02 cycle. Upper 
diagram shows that final conductance, (1/R2), in oxygen tends to 
decrease with many repetitions of the cycle. 
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previous 200 ~ and 250~ results. Going to TH ~- 350~ 
on cycle 23, we see that  we destroy the subsequent  
react iv i ty  of the specimen at 300 ~ and also at 350~ 
Some apparent  increase in the react iv i ty  on 400~ 
cycling is observed, but since this is above the eu-  
tectic t empera tu re  of the gold-si l icon alloy contact, 
other  influences than that  of t empera tu re  on the sili- 
con surface may  be present.  

This pat tern  of behavior,  which is typical  of that  
observed with a number  of specimens, seems to lead 
to the fol lowing generalization.  Af te r  the init ial  de-  
cline of ~ on the first few cycles, a re la t ive ly  con- 
stant value  wil l  be observed for TH between  150 ~ and 
300~ so long as any cycle is per formed at a t em-  
pera ture  equal  to or grea ter  than all previous T~. 
However ,  heat ing to any t empera tu re  in this range 
destroys react iv i ty  at any lower temperature .  Heat ing 
at 350~ destroys react iv i ty  at any tempera tu re  in-  
cluding 350~ 

Also plotted in Fig. 2 is 1/R2 for the specimen, 
that  is, its final stable value  of conductance in dry 
oxygen subsequent  to each cycle. It wil l  be observed 
that  this value creeps slowly downward  during the 
experiment .  

As ment ioned earlier,  the react iv i ty  of this speci- 
men is ent i re ly  restored by exposure to HF vapor. 

Effect of Water  Soaking 
In order to invest igate  the effects of chemical  t rea t -  

ments  on the react iv i ty  of silicon surfaces to the  hot 
n i t rogen-cold  oxygen cycle, the values of ~ were  
compared for two silicon specimens which were  given 
identical  t rea tment  except  for the chemical  process 
under  investigation. The two specimens were  mounted  
together  in the glass cycling cell, act ivated together  
by exposure to HF vapor, heated together  to a s tand- 
ard t empera tu re  (which was fixed at 250~ for such 
invest igat ions) ,  and exposed to dry oxygen after cool- 
ing to 30~ The chemical  t rea tment  being inves t i -  
gated was applied to one of the specimens prior to the 
heat ing cycle. As Fig. 2 shows, the magni tude  of • 
changes f rom one heat ing cycle to the next, p resum-  
ably as a result  of variat ions in t empera tu re  and t ime 
of heat ing as wel l  as of changes in the silicon surface. 
It  is assumed that  for two s imilar ly  t reated specimens 
essentially the same cycle- to-cycle  var ia t ion of ~r 
wil l  occur, and that  therefore  the ratio of Azt (for 
the t reated specimen) to A~c (for the control speci- 
men)  wil l  be constant. If one of the specimens is 
subjected to a chemical  t reatment ,  any change in the 
rat io Y ~ Azt/Ar must  reflect this t rea tment ;  even  
if random variat ions of Y occur, repea ted  chemical  
t r ea tment  of one specimen should produce a constant 
var ia t ion in Y which is dist inguishable f rom random 
change. 
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Fig. 3. Experiment showing effect of soaking in boiled deionized 
water at room temperature. Y = (-~J~crc) is plotted against 
total time of soaking of the test specimen in water; test and 
control specimens are subjected to identical hot N2-cold 02 cycle 
after each period of water treatment. 
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The part icular  t rea tment  invest igated was water  
soaking at 30~ The test specimen would be im-  
mersed in water  for a measured interval ,  usual ly 1 or 
2 min, and dried; the hot n i t rogen-cold  oxygen cycle 
would then be performed on both test and control 
specimens; then the water  t rea tment  would be re-  
peated. Figures 3 and 4 show the results of such an 
experiment .  In Fig. 3, the ratio Y is plotted against  
total  minutes of soaking of the test specimen at room 
tempera tu re  in deionized wa te r  which had been boiled 
and cooled in flowing ni t rogen to remove  dissolved 
oxygen and carbon dioxide. It  is seen that  the ef- 
fect of water  is to reduce the react iv i ty  of the t reated 
specimen far  below that  of the control  specimen; after  
about 7 min, the ratio Y has been found to level  off 
at some value general ly  be tween 0.1 and 0.4. (In some 
cases, the init ial  va lue  of Y is not 1.0, as a result,  p re-  
sumably, of variat ions in the HF activation proce-  
dures.) The presence or absence of oxygen in the 
water  does not seem to be significant. In Fig. 4, s im- 
i lar  plots are shown for three samples of water :  one, 
as obtained f rom the deionizing system, whose pH 
was measured with  a Beckman pH mete r  as 5.5-6.0 
(this acidity probably resul t ing f rom dissolved car-  
bon dioxide) ;  one whose pH had been adjusted to 
5.0 with HC1; and one whose pH had been adjusted 
to 9.0 with NaOH. The basic solution is seen to have 
a different initial effect on the react iv i ty  of the silicon 
surface than the acidic ones. 

Discussion 
It  appears f rom the exper imenta l  results described 

above that  five reactions occur on silicon surfaces, 
all  of which affect the surface conductivity.  They are: 

1. The react ion of HF with  the surface (act ivat ion 
react ion) .  

2. The reaction of the act ivated surface on heat ing 
in nitrogen, which produces a large increase in sur-  
face conductivity.  

3. The react ion of the above conductive surface 
wi th  oxygen at room temperature .  

4. The react ion that  causes the act ivated surface to 
lose its react ivi ty  on heat ing to e levated tempera tures  
in nitrogen. 

5. The reaction that  causes the act ivated surface to 
lose its react iv i ty  on exposure to water  at room tem-  
perature.  

Buck and McKim (1) have studied the effects of 
chemical  t rea tments  on the surface conduct ivi ty  of 
silicon. Figure  5, in which surface conduct ivi ty  is 
plotted against the position of the Fe rmi  level  at the 
surface, Us, for 425 ohm-cm n- type  silicon, is adapted 
from their  Fig. 1. This figure was constructed using 
the data of Kingston and Neustadter  (2). The curve 
for 700 ohm-cm mater ia l  would not be significantly 
different for the purposes of this discussion. Buck 
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Fig. 5. Surface conductivity (referred to flat band condition) of 
425 ohm-cm n-type silicon vs. surface potential. Adapted from 
ref. 1, Fig. 1 by courtesy of the authors. 

and McKim (1) found that  soaking in HF produced 
a ve ry  strong n-shif t ;  Bra t t a in -Bardeen  cycling of 
this surface resulted in a decrease in surface conduc- 
t ivi ty in dry oxygen and an increase in wet  nitrogen, 
but this was superimposed on a steady downward  
trend in surface conductivity.  Etching in HNO3-HF 
also produced an n - type  surface as shown. It  is l ikely 
that  react ion 1 in our listing above produces a sur-  
face similar  to that  resul t ing f rom HF soaking; we 
may  assume that the effect of HF t rea tment  is to 
remove  any oxide present  and to produce a surface 
on which many  of the free valence bonds of surface 
silicon atoms are satisfied with  fluorine. It  is also 
l ikely that  react ion 5 is the hydrolysis  of S i -F  surface 
groups to Si -OH by water ;  this would be similar  to 
the i r revers ib le  decrease in surface conduct ivi ty  
found by Buck and McKim on repeated we t -d ry  cy-  
cling. We may  fu r ther  speculate that  reaction 4 also 
results in the el iminat ion of fluoride f rom the silicon 
surface, in this case perhaps by the condensation of 
a number  of surface fluorine atoms on a single silicon 
atom causing eventual  bond rupture  and volat i l iza-  
tion as silicon tetrafluoride. It is seen f rom Fig. 2 
that  this react ion also causes an i r revers ible  decrease 
in surface conductivity.  Thus, our hypothesis is that  
the act ivat ion react ion is fluoridation; the deact iva-  
tion reactions resul t  f rom the remova l  of fluoride and 
the conversion of the silicon surface to its normal  
oxidized (or hydroxyla ted)  condition. 

This leaves reactions 2 and 3: those which consti tute 
the oxygen effect. Reaction 2, which occurs on ni t ro-  
gen baking, raises the surface conductivi ty;  we may 
assume that  this t rea tment  produces an n-shif t  in 
surface potential,  and that  react ion 3, on exposure to 
dry oxygen, reduces the potent ia l  in the p-direction.  

(If the effect of ni t rogen baking were  to t ransfer  the 
potent ial  to the p-branch,  we might  expect  a min-  
imum in conductivi ty with t ime during exposure to 
oxygen;  this is not observed.) The simplest  way  to 
discuss these reactions is to assume that  a fluoridated 
silicon surface which has been exposed to air is cov- 
ered with a layer  of adsorbed oxygen; reaction 2 
would then be the desorption of the oxygen layer  and 
reaction 3 its readsorption. Hall,  Baird, and Will iams 
(3) have observed, by gas chromatography,  an en-  
hancement  of oxygen adsorption on an HF treated 
surface. 

It  is interest ing that  a fluoridated silicon surface 
revers ib ly  adsorbs oxygen;  if the surface were  not 
fluoridated, it would  of course immedia te ly  and i r re -  
versibly react  with the oxygen to form the first layer  
of oxide; in fact, par t  of the loss of react iv i ty  to the 
hot ni t rogen-cold oxygen cycle on repeated cycling 
may result  f rom some of the adsorbed oxygen pene-  
t ra t ing the fluoride layer  to form such oxide. The ease 
of desorption, probably indicates that  the adsorbed 
species is molecular  oxygen. The binding force may  
be of a van der Waals type, but  it is interest ing to 
speculate whe ther  there  may be some sharing of elec- 
trons in the conduction band of the n - type  silicon 
wi th  orbital  levels  in the oxygen molecule, producing 
a weak binding. Such a mechanism would help to 
account for the p - type  shift  of the surface potent ial  
on adsorption of oxygen. 

The effects observed have impor tant  implications 
regarding the stability of silicon semiconductor de- 
vices which have not been passivated by the growth 
or deposition of insulating films. Many devices re-  
ceive, in the final stages of manufacture,  an etch 
which leaves their  surfaces part ly fluoridated; they 
are subsequent ly baked and encapsulated in vacuum 
or in dry inert  gas. This work  shows that  the bakeout  
may result  in a shift of surface potent ial  comparable  
wi th  that  observed on we t -d ry  cycling, and that  sub- 
sequent ly  the surface wil l  be sensitive to traces of 
oxygen. Such instabilit ies could easily be e l iminated 
(a) by assuring that  the device surface is effectively 
freed of fluoride, prior to encapsulation, by water  
soaking or by baking at a t empera ture  of 350~ and 
(b) by encapsulation in an ambient  containing suf-  
ficient oxygen that  the desorption leading to n- type  
surface potential  shifts cannot occur. The lat ter  tech- 
nique was successfully used by Buck et al. for surface 
stabilization of p-n  junct ion radiat ion detectors (4). 

Manuscript  received Nov. 29, 1965; revised manu-  
script received March 25, 1966. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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The Preparation and Properties of Vapor-Deposited Epitaxial 
GaAsl_ Px Using Arsine and Phosphine 

James J. Tietjen and James A. Amick 
RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

ABSTRACT 

Single crystal GaAsl -zPx layers have been grown epitaxially from the 
vapor phase in a novel apparatus, using gaseous arsine and phosphine as 
sources of arsenic and phosphorus. These layers exhibit  the highest quality, 
and the widest range of controlled resist ivity yet reported for solid solutions 
in this system. Vegard's law is obeyed over the entire composition range. At 
room temperature,  the change from a direct to an indirect t ransi t ion across 
the band gap occurs at the value, x = 0.44. Electron mobilit ies in these layers 
are high; a sample containing 27% GaP, for instance, had a room temper-  
ature mobil i ty of 4900 cm2/v-sec, and a 69% gall ium phosphide alloy had a 
mobil i ty of 700 cm2/v-sec at room temperature.  Both n -  and p- type doping 
have been obtained, with hydrogen selenide gas and zinc vapor as the sources 
of donor and acceptor impurities,  respectively. In this apparatus it is also 
easy to prepare mul t i layered structures incorporat ing layers of different 
resistivity and /or  composition. 

The preparat ion of homogeneous solid solutions of 
gal l ium arsenide-gal l ium phosphide, GaAsl-xPx, is 
of both fundamenta l  and practical importance. 
Throughout  most of the composition range, the band 
gap for this system corresponds to energies associ- 
ated with the visible region of the spectrum. These 
materials  are therefore potential ly useful for the fab-  
rication of luminescent  devices, such as electrolu- 
minescent  diodes and inject ion lasers. This system also 
affords opportuni ty to study changes in band struc-  
ture with composition, especially in the region of the 
cross-over from a direct to an indirect (phonon-as-  
sisted) band-gap  transition. Further ,  it is desirable to 
control the electrical characteristics of these crystals 
by the controlled addition of donor or acceptor im-  
purities. Although it is possible to prepare these com- 
positions from the melt  (1), vapor deposition tech- 
niques have been more commonly employed (2-6). 
In  both sealed tube and continuous gas flow apparatus, 
epitaxial  growth has been obtained by means of a 
single t ranspor t ing agent, such as water  vapor or a 
hydrogen halide. Such techniques, however, do not 
allow for the independent ,  precise control of the par-  
tial pressure of two volatile species, such as arsenic 
and phosphorus. Furthermore,  if one provides l iquid 
or solid sources of arsenic and phosphorus, their  va-  
por pressures are exponent ial ly  dependent  on the 
tempera ture  of the reservoirs. While this dependence 
may not  be critical for the growth of the pure  com- 
pounds, it  becomes extremely critical for the prepa-  
ra t ion of homogeneous solid solutions. 

The epitaxial  growth of gall ium arsenide layers by 
direct synthesis from arsenic vapor and gall ium chlo- 
ride was recently reported (7). The apparatus has 
been redesigned to permit  the introduct ion of arsenic 
and phosphorus independent ly  in  the form of their 
gaseous hydrides, arsine (AsHa) and phosphine 
(PHa). On heating, these hydrides decompose to form 
the respective elements, with hydrogen as a by-  
product. As in the earlier apparatus, gal l ium is t rans-  
ported as its subchloride, prepared by passing hydro-  
gen chloride over gallium. Since the epitaxial growth 
is carried out in an excess of hydrogen, the subst i tu-  
t ion of arsine and phosphine for the elements does 
not substant ia l ly  alter the chemistry of the growth. 
This subst i tut ion offers the following advantages, 
however:  (i) The part ial  pressure of arsenic and of 
phosphorus in  the growth region is determined by 
the rate of introduct ion of arsine and phosphine, re-  
spectively. Since both of these compounds are gases 
at room temperature,  their  vapor pressure is not a 

strong function of the temperature.  (if) These gases 
can convenient ly  be obtained commercially, diluted 
in hydrogen to any desired concentration, and stored 
in pressurized cylinders for indefinite periods of time. 
(iii) T2ney can be metered into the apparatus through 
flowmeters, al lowing the in t roduct ion rate to be held 
constant  and measured with precision. (iv) The rates 
of introduct ion of arsine and phosphine can be 
changed independent ly,  permit t ing gradual  or rapid 
changes in  the composition of the growing layer. 
(v) Since no tempera ture  control of these gases is 
necessary, the apparatus is simplified; only three 
critically controlled temperature  zones are required. 

Still  another feature of the new apparatus is that  
n -  and p- type doping over a wide range of resist iv- 
ities can be obtained easily. Selenium is added as the 
n - type  dopant by int roducing gaseous hydrogen sel- 
enide;  zinc is introduced directly in  the vapor form 
to provide p- type doping. Because of the character-  
istics of the flow apparatus, doping can be in i t i a ted  
and discontinued at any time, at almost any rate, 
and dur ing  any stage of the crystal growth. 

These features have made possible the epitaxial  
growth of single crystal GaAsl -xPz  solid solution 
layers of unusua l ly  high pur i ty  and homogeneity over 
the entire compositional range. In  addition, crystals 
having a wide variety of resistivities, both p-  and 
n-type,  have been prepared. Finally,  mul t i layer  struc- 
tures have been prepared sequential ly wi th in  the 
growth apparatus, the samples not being removed 
from the apparatus unt i l  all growth operations are 
completed. 

Experimental 
Apparatus.--The apparatus consists pr incipal ly  of a 

single 2.5 cm ID quartz tube 80 cm long; it  is shown 
schematically in  Fig. 1. The three heated zones are 
surrounded by conventional  temperature  controlled, 
resistance heated furnaces. A large bore (35 ram) 
stopcock separates the growth portion of the appa- 
ratus from a forechamber. As described previously 
(7), substrates mounted  at the end of a precision 
ground (Trubore)  rod can be inserted into the fore- 
chamber. This chamber  can then be purged wi th  hy-  
drogen before the samples are inserted through the 
stopcock into the growth portion of the apparatus. 
In  this manner ,  contaminat ion of the growth region 
dur ing  insert ion and wi thdrawal  of the samples is 
minimized. Fur thermore,  the substrates may be etched 
or heat - t rea ted in this forechamber prior to their 
insert ion into the growth region. Final ly,  following 
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Fig. 1. Schematic representation of vapor-deposition apparatus 

deposition, the substrates can cool to room temper-  
ature in this chamber in a controlled atmosphere 
before being wi thdrawn into the laboratory. 

Arsine, phosphine, and hydrogen selenide are in-  
troduced through flow meters into a 2-liter ballast  
vessel which empties into the hydrogen carrier gas 
stream. This permits  these reagents to be thoroughly 
mixed before they enter the reaction zone, and helps 
to smooth out small  sporadic fluctuations in the in-  
dividual  gas flows. If desired, the hydrogen selenide 
can be made to by-pass the mixing  bulb  if abrupt  
gradients in donor impur i ty  concentrat ions are re-  
quired. As shown in Fig. 1, the a rs ine-phosphine-hy-  
drogen mixture  is introduced into the reaction zone 
through a long quartz  tube which extends beyond 
the gallium. Through a shorter quartz tube a mixture  
of hydrogen chloride and hydrogen is injected. This 
mixture,  passing over gal l ium in a quartz boat, pro-  
vides the gal l ium subchloride. It  is a significant fea-  
ture of this method of in t roducing the different vapor 
phase consti tuents that  at the gas stream velocities 
used in this investigation only the hydrogen chloride 
and hydrogen come into contact with the gallium. 
Since the equi l ibr ium for the reaction between gal- 
l ium and hydrogen chloride is rapidly attained, and 
since the contents of the boat are essentially pure 
gall ium throughout  the entire deposition, the composi- 
t ion of the gas phase components can be main ta ined  
constant  dur ing the entire growth cycle. In  addition, 
abrupt  changes in the crystal composition can be in-  
troduced dur ing  the growth period, since the crystal 
growth at any t ime does not  depend on the previous 
history of the growth apparatus. In  contrast, when  
arsenic trichloride and phosphorus trichloride are 
used as t ransport  agents, the contents of the gall ium 
boat change as the run  proceeds. As a result, it is diffi- 
cult, with these t ransport  agents, to start  and stop 
the growth abruptly.  P - type  doping is obtained from a 
small  amount  of metall ic zinc held in a quartz 
"bucket" attached to a Trubore  rod. This zinc can be 
inserted into a heated side arm adjacent  to the growth 
region of the apparatus, and the zinc is t ransported 
into the growth region in  hydrogen carrier gas. The 
temperatures  of the three zones shown in  Fig. 1 are 
selected so that  deposition is emphasized in the vi-  
cinity of the substrate and minimized on the long 
quartz tube through which the ars ine-phosphine mix-  
ture passes. The concentrat ions of the reactant  species 
are controlled by adjust ing the flow rates of the 
gaseous species enter ing the apparatus. 

Materials.--The gases employed in this work were 
obtained commercial ly and used without  fur ther  pu-  
rification. Typical ly the arsine is obtained diluted in 
H2 to a concentrat ion of 10%, 1 the PH3 as a 5% 
dilut ion in H2,1 and the H2Se diluted to 500 ppm in 
H2.1 A typical mass spectrometric analysis of the 

1 M a t h e s e n  C o m p a n y ,  R u t h e r f o r d ,  N e w  J e r s e y .  

Table I. Mass spectrometric analysis of arsine impurities 
Average of five analyses 

E l e m e n t  de t ec t ed  Concen t r a t i on ,  p p m  

N i t r o g e n  46 
A r g o n  :36 
C a r b o n  dioxide 15 
O x y g e n  6 

impurit ies present  in the arsine is presented in Table 
I. It  should be noted that, at the levels present  here, 
the three p r imary  impuri t ies  apparent ly  do not  affect 
the growth characteristics or electrical properties of 
the layers. The hydrogen chloride is obtained in  
s tandard cylinders. 2 The hydrogen employed as the 
carrier gas is purified by passage through a s tand-  
ard pa l lad ium-a l loy  diffuser. The manufac turers  re-  
ported pur i ty  for the gal l ium ~ and zinc 4 is 99.9999 
and 99.9998%, respectively. 

Both germanium and gall ium arsenide substrates 
were  employed in  this study. Ge rman ium substrates 
nominal ly  had {111} surfaces, while  gal l ium arsenide 
wafers having {111}, {llO}, and {100} surfaces were 
used. Although it was demonstrated that  epitaxial 
layers of GaAsl-xPx can be successfully deposited on 
{111} germanium surfaces or on gal l ium arsenide sur-  
faces oriented normal  to the <110> and <111> di- 
rections, gal l ium arsenide wafers having {100} sur-  
faces, about 1 cm ~ in area and 0.5 m m  thick, were 
almost exclusively used in this work. These were 
mechanical ly polished to a flat, mir ror -smooth  finish 
and then chemically polished in a mix ture  of sulfuric 
acid, hydrogen peroxide, and water in the ratio, 4: 1:1 
(Caro's acid). As substrates, a wide var ie ty  of n- type,  
gall ium arsenide wafers oriented normal  to the <100> 
direction were employed, having electron carrier con- 
centrat ions in the range, 1 x 10 TM to 2 X 101S/era 3, with 
the major  impurit ies including silicon, selenium, t e n  
lur ium, and tin. 

Procedure.~Freshly etched substrates are first 
mounted  on the substrate support. Since growth is 
usual ly required on only one surface of a substrate 
wafer, two wafers are usual ly  mounted  in a common 
slot, back to back. In this manner ,  two substrates 
having essentially identical  growth history can be 
obtained in one run. When inserted into the apparatus,  
the surfaces of these substrates are paral lel  to the di-  
rection of gas flow. With no fur ther  t reatment ,  the 
substrates are introduced into the growth region of 
the apparatus, the entire apparatus being at room 
temperature.  After  purging the system with hydrogen, 
the furnaces are tu rned  on, and the tempera ture  rises 
at about 20~ per minute.  When the substrate tem-  
perature  reaches 600~ the arsine flow is started in  
order to establish an arsenic atmosphere in the dep- 
osition zone and to prevent  decomposition of the sub-  
strate. When all three zones have reached the operat-  
ing temperature,  the hydrogen chloride flow over the 
gal l ium is started; at this time, gal l ium arsenide be-  
gins to deposit epitaxially on the substrate. The phos- 
phine flow is then ini t iated to produce a gas phase 
mix ture  of arsine and phosphine appropriate to the 
desired gall ium arsenide-phosphide composition. Be- 
cause of the 2-li ter  ballast  vessel in the gas in t ro-  
duction system, the composition of the epitaxial  
growth on the substrate changes slowly from pure  
gal l ium arsenide to the selected alloy composition. 
It  is bel ieved that this gradual  t ransi t ion aids in min i -  
mizing strain arising from differences between the 
lattice constants of the substrate and of the de- 
posited alloy. 

Typically, the sum of the flow rates of pure arsine 
and pure  phosphine are about 15 ce/min.  The hydro-  
gen chloride flow rate is approximately 5 cc/min. An 
addit ional  2.5 l i t e r s /min  of hydrogen is employed as a 
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carrier. With these flow rates, wi th  a substrate t em-  
pera ture  in the range 725~176 a react ion zone t em-  
pera ture  of 850~176 and a gal l ium zone t empera -  
ture  of 775~176 growth rates of approximate ly  
Vz ~ /min  are obtained under  s teady-sta te  conditions. 
With these growth conditions, the contents of any of 
the gas cylinders permits  at least 60 hr  of continuous 
crystal  growth. 

To de termine  the electron carr ier  concentrat ions and 
mobili t ies in the deposited layers, a technique was de-  
veloped which permits  Hall  coefficient and resis t ivi ty 
measurements  to be made on layers as thin as 50#. 
Ind ium contacts are alloyed to the grown layer  in a 
hydrogen atmosphere.  The tempera ture  requi red  to 
alloy ohmic contacts ranges f rom 450~ for GaAs to 
850~ for GaP. The sample is then fastened to a quartz  
lapping plate  wi th  glycolphthalate  and the substrate 
is lapped off. Final  contacts and measurements  are 
made  while  the sample remains supported on the 
quar tz  lapping plate. In this way the measurements  
are made  on layers that  have been complete ly  re-  
moved from the substrate but  are otherwise unaltered.  
To test this procedure,  several  bulk samples of gal-  
l ium arsenide were  measured  first by convent ional  
techniques and then, using this procedure, after being 
lapped to about 100~ thickness. In all cases, the second 
set of measurements  produced identical  results to the 
first. 

Results and Discussion 
Crystallinity and Homogeneity 

X - r a y  analysis by the Debye-Scher re r  technique 
shows that  these layers are single phase, cubic, solid 
solutions which have  a very  high degree of homo-  
geneity, as revea led  by the sharpness of the diffraction 
lines. The width  of the diffraction lines, for 15 speci- 
mens of different alloy compositions, is identical to 
those for pure  gal l ium arsenide and pure gal l ium 
phosphide. Thus, any var ia t ion  in composition was be-  
low the detection limit. This result  is in agreement  
wi th  e lectroluminescent  data obtained f rom diodes 
fabricated from selenium-doped alloys containing up 
to 30% gal l ium phosphide. For  these diodes, the wid th  
of the incoherent  emission peak at 770K is equal  to 
that  of pure  gal l ium arsenide. Since the max imum 
exper imenta l  er ror  associated with  this measure-  
ment  is approximate ly  5%, this result  indicates that  
compositional variat ions are less than 0.1 mole  %. 
Also, the threshold current  densities of laser diodes 
fabricated f rom specimens containing as much as 20% 
gall ium phosphide is the  same as that  for pure  gal l ium 
arsenide (8). In addition, there  is no drop in electron 
mobil i ty  wi th  alloying up to 30% gal l ium phosphide 
(9). Moreover,  the room tempera tu re  electron mobit i -  
ties of undoped layers, presented in Table II, are high 
for all alloy compositions. Note especially the values 
of 4900 and 700 cm2/v-sec for alloys containing 27 
and 69% gal l ium phosphide, respectively.  These r e -  
sults are also a t t r ibuted to the high degree of homo-  
geneity of these materials.  

X - r a y  analysis by the Laue back-reflect ion tech-  
n ique reveals  that  the layers are epitaxial.  In Fig. 2 
the latt ice constant is presented as a function of alloy 
composition showing that  Vegard 's  law of solid solu- 

Table II. Room temperature electron mobility of GaAsl-xPx alloys 
having electron carrier concentrations in the range, 

5x10 TM to lx1016 cm -3  (9) 

z ~, cm2/v_sec 
0 5 1 0 0  
0 .06  5 0 0 0  
0 . 0 9  ~OOO 
0 .12  5 2 0 0  
0 .22  4 8 0 0  
0 . 2 7  4 9 0 0  
0 . 3 7  3 8 0 0  
0 .42  1 4 0 0  
0 . 6 9  7 0 0  
1 120  
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Fig. 2, Dependence of the lattice constant on alloy composition 
in the system, GaAsl-xPx. The dependence observed by Rubenstein 
(6) and Pizzarello (4) is also included: ~ Rubenstein; - - - - - -  
Pizzarello; I this paper. 

tions is obeyed in this system. This resul t  is in agree-  
ment  wi th  those of Pizzarel lo (4) and Rubenste in  (6). 
The compositions were  de termined  by chemical  anal-  
ysis (10) wi th  an accuracy of ___0.5%. It was also dem-  
onstrated by chemical  analysis that  compositions can 
be reproduced in sequent ial  runs to wi thin  --+1%. 

Growth Morphology 
As a result  of a novel  e tchant  (11) developed by 

Abrahams and Buiocchi of the RCA Laboratories,  it 
is now possible to observe dislocation densities on the 
major  low index faces of GaAs , -xPz  alloys. Etch pit  
densities were  obtained (12) using this etchant,  which 
reveal  that  the density of dislocations in  the grown 
layers are de termined  almost exclusively  by the dis- 
location densities of the substrates. Pract ica l ly  all dis-  
locations which lie in the substrate, and intersect  
the plane of the subs t ra te -g rown- layer  interface, 
propagate into the grown layer.  The addit ional  dis- 
locations which originate  in the grown layer  are much 
smaller  in number  by at least an order  of magni tude  
than those originat ing in the substrate. Typical  dis- 
location densities for the substrates employed in this 
study, and therefore  for the grown layers, are usual ly 
of the order of 108/cm 2, but have  ranged up to 106/ 
cm 2. 

Electrical Properties 
The epitaxiaI layers were  examined  by Hall  coef- 

ficient measurements .  Typical  e lectron carr ier  con-  
centrat ions for undoped specimens are in the range, 
5 x 1015 to 1 x 1016/cm ~. The high values of the elec- 
t ron mobil i ty  at 77~ of alloys containing up to 20% 
gall ium phosphide, as shown in Fig. 3, attest  to the 
high qual i ty  of the undoped samples and demonstra te  
that  this mater ia l  is noncompensated.  
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Fig. 3. Dependence of the electron mobility on electron carrier 
concentration in selenium-doped GaAsl-xPx at 77~ �9 X = 0; 
@,0 < X  <0 .2 .  
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Fig. 4. Dependence of the electron mobility on electron carrier 
concentration in selenium-doped GoAst-xPx at 300~ symbols are 
the same as in Fig. 3. 

Doping 

Attempts  were  made to dope the layers using hy-  
drides of various donor impuri t ies  as the source of the 
n - type  dopant. These included hydrogen sulfide, hy-  
drogen selenide, germane,  and silane. However ,  it was 
found that  the best results  were  obtained with  hydro-  
gen selenide, and it was, therefore,  used almost ex-  
clusively. The p r imary  advantage of hydrogen sele- 
nide is that  a lower gas phase concentrat ion of this 
hydr ide  is required.  Apparent ly ,  se lenium is incorp-  
orated into the growing layer  much more efficiently 
than the other  doping agents. As compared wi th  the 
other hydrides, as much as 100 times less hydrogen 
selenide is needed to produce a given electron carr ier  
concentrat ion in the deposited crystal. This has the 
inherent  advantage of introducing Iess unknown con- 
taminat ion to the growth system. Using hydrogen 
selenide diluted in hydrogen in the concentrat ion 
range 5-5000 ppm allows for doping f rom 5 x 1016 to 
2 x 10 TM e lec t rons /cm 3 with a reproducibi l i ty  of ___25%. 

Selenium-doped samples containing up to 20% gal-  
l ium phosphide were  prepared  having electron carr ier  
concentrat ions as high as 2 x 1019/cm 3. The depend-  
ence of the electron mobil i ty  on the carr ier  concentra-  
tion is shown in Fig. 3 and 4 for 77~ and room tem-  
perature,  respectively.  The re la t ive ly  high values for 
the electron mobil i ty  of heav i ly  doped samples imply 
that  the crystals are ex t remely  homogeneous and con- 
tain few defects. In addition, the dependence of the 
mobi l i ty  on electron carr ier  concentrat ion is the same 
for the alloy specimens as for pure gal l ium arsenide. 
It is concluded that  doping to these high donor levels  
does not in ter fere  wi th  the preparat ion of homogene-  
ous material .  

The invest igat ion of acceptor doping with zinc has 
been carr ied out to a lesser extent.  However ,  it has 
been demonstrated that  hole concentrations in the 
range 2 x 10 TM to 4 x 1019/cm3 can easily be at tained 
with  mobil i t ies  vary ing  f rom 120 to 60 cm2/v-sec for 
this doping range. 

In addit ion to the prepara t ion of single epi taxial  
layers doped with  donor or acceptor impurit ies,  mul t i -  
layered structures have been fabricated by vary ing  
the introduction of the doping agents at different t imes 
dur ing crystal  growth. Figure  5 shows a section of a 
gal l ium arsenide mul t i layered  s t ructure  in which  an 
N +, N, P+ a r rangement  has been grown on a {100} 
surface of a gal l ium arsenide substrate. The P + region 
has a hole concentrat ion of about 2 x 1019/cm 3 whi le  
the N + and N regions have electron concentrat ions of 
about 4 x 10 TM and 5 x 101~/cm 3, respect ively.  Because 
of the low growth rates that  can be real ized in this 
system, the thickness of the individual  layers can be 
controlled to about 1~. This method of prepar ing 
mul t i layered  structures during the growth  of the alloy 
crystal  has been used to fabr icate  several  types of 
semiconductor  devices having superior electr ical  char-  
acteristics (13). 

Fig. 5. Cress section of a P+, N, N + GaAs structure, angle- 
lapped at 3 ~ and chemically stained to reveal the individual re- 
gions. The geometric magnification introduced by angle-lapping 
increases the vertical dimension by a factor of approximately 20. 
Therefore, the actual thickness of each layer is about 10#. 

Optical Band Gaps 
Optical absorption measurements  were  made in a 

Cary model  14R spectrophotometer  on the same epi-  
taxial  films used for the Hall  coefficient measurements .  
These measurements  revea led  that, on the high energy 
side of the absorption edge the absorption coefficient, 
~, obeys the relat ionship 

. . . .  (E --  Eo) ~ 

where  E is the photon energy and Eo is the energy of 
the band gap (14). For alloys containing greater  than 
50% gall ium phosphide n is equal  to 2, whi le  for al-  
loys containing less than 45% gal l ium phosphide n is 
approximate ly  unity. A value of n equal  to 2 is in-  
dicat ive of an indirect  (phonon assisted) band gap 
transi t ion while  values of n less than uni ty  have been 
associated with a direct band gap transi t ion (15). The 
dependence of Eo on alloy composition at room tem-  
pera ture  and 77~ is presented in Fig. 6. It  is ap- 
parent  that  a distinct t ransi t ion occurs at x = 0.44 
(at room tempera ture)  as the slope of the curve 
changes abruptly.  This is undoubtedly  due to the 
change from a direct  to an indirect  band gap t ransi-  
tion. These data are in excel lent  agreement  with the 
results of P i lkuhn and Rupprecht  (16), Fenner  (17) 
and Cusano, Fenner,  and Carlson (18), but  are in par -  
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Fig. 6. Dependence of the energy band gap on alloy composition 
in the system, GaAsl--xPx. 
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tial disagreement with the results of Pizzarello (4) 
and Ku (3). 

Conclusions 
The superiori ty of this vapor-growth method for 

the preparat ion of homogeneous GaAsl-xPx alloys has 
been demonstrated. Fur thermore,  very homogeneous 
alloys are obtained for a wide range of doping con- 
centrat ions as both p- and n - type  material.  In  addi-  
tion, the versati l i ty of this method has been explored 
in terms of growing a mul t i layer  s tructure incorpo- 
ra t ing this h igh-qual i ty  material .  

Measurements on the mater ia l  prepared by this 
technique reveals that very high mobili t ies can be at-  
tained in this alloy system. It is especially s tr iking 
that  an alloy containing 27% gall ium phosphide had a 
room tempera ture  mobil i ty  of 4900 cm2/v-sec, while a 
69% gall ium phosphide alloy had a mobil i ty  of 700 
cm2/v-sec at room temperature.  Vegard's law of solid 
solutions was found to be obeyed, and optical absorp-  
t ion data showed that the change from a direct to in-  
direct band  gap t ransi t ion occurs at x ~ 0.44 at room 
temperature.  

This technique should also be useful for the prep-  
arat ion of any semiconducting compound or alloy 
system where volatile halides and /o r  hydrides occur. 
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The Epitaxial Growth of Silicon Carbide 
V. J. Jennings, 1 A. Sommer, ~ and H. C. Chang 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, PenusyIvani~ 

ABSTRACT 

A method for growing SiC epitaxially on the (0001) plane of 6H SiC is 
described. The SiC is grown from the vapor phase by the reaction of hydro-  
gen with silicon and carbon tetrachlorides. Cubic SiC grows at temperatures  
between 1600 ~ and 1775~ In order to grow hexagonal  SiC, the substrate 
surface must  be polished mechanical ly and the tempera ture  must  be greater  
than 1725~ 

This work was under taken  as par t  of a program for 
the development  of a SiC active device. Hexagonal 
SiC crystals in the form of platelets, with basal plane 
areas up to 1 cm 2, may be prepared by the subl ima-  
t ion of polycrystal l ine SiC. However, it is dfficult to 
control the pur i ty  of the crystals obtained by this 
method. An epitaxial  growth technique, where SiC is 
formed by the hydrogen reduct ion of silicon and car- 
bon containing gases, would permit  a greater control 
of purity.  In  the present  work, an epitaxial  layer was 
grown by the hydrogen reduction of silicon and car- 
bon tetrachlorides. 

Apparatus and Substrate Preparation 
Apparatus.--Figure 1 shows a schematic diagram of 

the epitaxial  growth reactor. This was a water*cooled 
1-in. ID quartz tube. The heater was a graphite ped- 
estal, which was heated with a 450 k /c  generator. 

The brightness tempera ture  of the SiC substrate was 

1Presen t  address: Lanches ter  College of Technology,  Coventry,  
Warwickshire ,  England.  

2Presen t  address: State Univers i ty  College at Brockport ,  Brock- 
port ,  New York. 

measured with a "Pyro" micro~optical pyrometer.  The 
true crystal temperature  is estimated to be 100~176 
higher than the brightness temperature,  by making  
corrections for the absorption of radiat ion by the 
quartz water  jacket and the emissivity of SiC. 

Tank  hydrogen (Ul t rapure-Matheson Company, 
East Rutherford, New Jersey) was purified by passing 
it through a liquid ni t rogen cold trap containing 
Linde 5A molecular sieves, and was filtered through a 
0.22~ mill ipore filter. The purified hydrogen was 
metered into two saturators held at 0~ which con- 
tained silicon tetrachloride (Electronic Grade, Ander -  
son Chemical Division, Stauffer Chemical Company) 
and carbon tetrachloride (Analyzed Reagent, Baker 
Chemical Company) ,  respectively. The saturat ion ob- 
tained was 30% at 0~ In experiments,  the normal  
hydrogen flow through each saturator  was fixed to 
give a 0.1% mole concentrat ion of both silicon and 
carbon tetrachlorides to the hydrogen. The total hy-  
drogen flow was 4 x 10 -~ g moles/min.  

Substrate preparation.--The substrates were 6H SiC 
and were grown in these laboratories. Prior to growth, 
most substrates were etched for 2 rain in a 3:1 mix ture  
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Fig. 1. Schematic diagram of epitaxial growth reactor 

of sodium hydroxide to sodium peroxide at 700~ 
After etching, one basal plane face of the substrate 
was shiny [the (0001) face], and the other was dull  
[the (000i-) face] (1, 2). Sometimes after the (0001) 
face was identified, it was then mechanical ly lapped 
successively on 600, 800, and 1000 grit  boron carbide 
and polished with 1 and 0.25~ diamond paste. 

All substrates were cleaned by immersion for 15 
rain in 48 % hydrofluoric acid and washed in  deionized 
water. They were then washed ul trasonical ly in t r i -  
chloroethylene followed by methanol  and dried. 

Experimental Results 
Figures 2 and 3 are the surfaces of layers grown at 

1650~ on na tura l  s (0001) and (0001) faces of SiC 
substrates. A similar result  was obtained for each 
face in the temperature  range 1600~ to 1775~ Below 
1600~ growth on the (0001) face became polycrys-  
talline. Above 1775~ the growth rate was much re-  

s A n a t u r a l  c r y s t a l  f a c e  is  de f i ned  h e r e  as t h e  c o n d i t i o n  of the 
crystal  f ace  a f t e r  g r o w t h  in  t h e  s u b l i m a t i o n  furnace.  

Fig. 3. Growth at 1650~ on natural (0001) SiC surface 

duced and by 1800~ the substrate was etched. There 
was no significant difference in the type of mosaic l ine 
pat terned growth obtained on either a na tu ra l  or an 
etched na tura l  (0001) surface. When  the mole ratio of 
tetrachloride gases to hydrogen was increased from 
0.1 to 0.3% the layer consisted of many  intergrown 
yellow crystals, f requent ly  with t r iangular  ~acets 
growing paral lel  to the (0001) face of the substrate, as 
may be seen in Fig. 4. When growth occurred on a 
mechanical ly polished substrate at a tempera ture  be-  
tween 1725 ~ and 1775~ the layer  was colorless and 
showed no mosaic lines. Below 1725~ the layer was 
yellow in color. 

Layer  Eva luat ion  
Temperature dependence of growth ra te . - -The  

growth rate was determined by growing a layer for 
a period of 1 hr at a known temperature.  The thick- 
ness of the layer was obtained by cross-sectioning 
the specimen either by scribing and breaking or by 
bevel l ing at an angle of a few degrees. The growth 
rate as a function of tempera ture  is plotted in Fig. 5. 
The reaction to produce SiC was too complex to per-  

Fig. 2. Growth at 1650~ on natural (0001) SiC surface, showing Fig. 4. Growth at 1700~ on etched, natural (0001) SiC surface 
mosaic, when mole ratio was 0.3%. 
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Fig..5. Temperature dependence of SiC growth rate 

mit the determinat ion  of its t rue  act ivat ion energy.  
The apparent  value  was 20 kcal /mole .  

Structure of SiC layer.--The st ructure  of the layer  
was examined by molten salt etching. All  ye l low 
colored layers gave t r iangular  shaped etch pits. Al -  
though these layers seemed homogeneous, after e tch-  
ing, colorless lamellae could be seen in te rgrown wi th  
the yel low material .  Figure  6 shows the etched sur-  
face of the yel low material .  It  may be seen that  
there  was a twin relat ionship be tween the orientat ion 
of the etch pits on each side of the mosaic line. Color-  
less layers, af ter  etching gave a surface showing hexa-  
gonal etch pits (see Fig. 7). 

Some substrate 6H crystals were  subjected to Laue 
transmission x - r a y  analysis in order to confirm the 
polytype (3, 4). Transmission photographs of colorless 
layers after  growth were  found to be identical  wi th  
those before growth, thus showing that  the layer  was 
also of the 6H polytype. 

Purity of the SiC layer.--The puri ty  of the colorless 
layers was evaluated by the capacitance method in 
which the room tempera ture  capacity of a t an ta lum-  
SiC epi taxial  layer  rectifier was measured as a func-  
tion of d-c voltage. It  was found that  the layer  was 
not doped uniformly.  The method of Anderson  and 
O'Rourke  (5) was used to calculate the impur i ty  den-  
sity distr ibution in the layer.  The results showed that  
the purest  SiC layers contained 10 ~4 to 1015 ionized ac- 
ceptors per cubic cent imeter  at room temperature .  

Discussion 
The yel low colored layer  grown on the (0001) face 

of a 6H SiC substrate was predominant ly  cubic SiC, 
since t r iangular  etch pits were  obtained on etching. 

Fig. 6. Etched mosaic cubic layer grown on a (0001) SiC surface 
showing twinning by means of the orientation of trigonal etch pits. 

Fig. 7. Etched hexagonal layer grown on 0.25~ diamond polished 
(0001) SiC surface. 

However ,  the colorless lamel lae  revea led  by etching 
suggested that  a mixed  cubic and hexagonal  layer  had 
been grown, s imilar  to those grown by Knippenberg  
using a subl imation process (6). Such yel low layers 
could be grown at tempera tures  be tween 1600 ~ and 
1775~ At  tempera tures  higher  than 1800~ the sub- 
strate was etched. At  the la t ter  temperature ,  SiC has 
an appreciable dissociation pressure (7), and the hy-  
drogen gas used may act as an etchant. 

An  epitaxial  6H SiC layer  could be grown on a 
mechanical ly  polished substrate at tempera tures  be-  
tween 1725 ~ and 1775~ The layer  was p - type  in con- 
duct ivi ty  when  grown on a p - type  substrate.  Elec-  
tr ical  measurements  of the layer  showed it to be 
of high puri ty a l though inhomogeneously  doped. The  
inhomogenei ty  was due probably  to diffusion and /or  
vapor  t ransport  of impuri t ies  f rom the substrate into 
the growing layer.  

The fact that  cubic SiC grows over  a wide range of 
tempera tures  and substrate conditions, whereas  hexa-  
gonal SiC does not, may be explained by Knippen-  
berg 's  theory on the stabil i ty of SiC polytypes (8). 
According to this theory, cubic SiC is an unstable 
modification at all  t empera tures  and not just  at low 
temperatures .  Thus, random crystal lographic im-  
perfections on na tura l  and etched natura l  substrates 
could act as favored  nucleat ion sites for init ial  deposi-  
tion of cubic SiC. 
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Absorption, Degassing, and Solution Equilibrium in the 
Nitrogen-Niobium System at Ultrahigh Vacuum and High 

Temperature 
R. A. Pasternak, B. Evans, and B. Bergsnov-Hansen 

Stanford Research Institute, Menlo Park, California 

ABSTRACT 

In the n i t rogen-n iobium system, sorption at high constant t empera tu re  
and low pressure follows approximate ly  the parabolic rate  law 

So 

where  S is the sticking probabi l i ty  at the n i t rogen concentrat ion c in the 
metal,  So the init ial  sticking probabili ty,  and ce the saturat ion concentration. 
This rate  law can be explained by a revers ible  react ion mechanism: Nit rogen 
is adsorbed atomical ly on the essentially clean meta l  surface at a rate  which 
is proport ional  to pressure but independent  of tempera ture ;  it then t rans-  
fers rapidly  into the bulk and distributes itself un i formly  by fast diffusion. 
In the reverse  react ion ni t rogen recombines on the surface at a ra te  which 
is proport ional  to the square of the ni t rogen atom concentrat ion in the bulk. 
The observed degassing rates at both constant and var iable  pressure can be 
explained by the same mechanism. 

The ref rac tory  metals  of group 5a and 6a of the 
periodic table show low resistance to corrosion and 
embr i t t l ement  at e leva ted  tempera tures  because they 
dissolve oxygen, nitrogen, and hydrogen easily. Ex-  
tensive  research has been carried out to elucidate the 
solution mechanisms involving oxygen. In most of 
these studies the pressures and tempera tures  em-  
ployed were  such that  oxide layers were  formed on 
the meta l  surface; only rare ly  were  exper imenta l  
conditions approached which permi t ted  studying the 
p r imary  react ion step be tween the gas and the es- 
sential ly clean meta l  surface (1-3). The kinetics of 
solution of ni t rogen in re f rac tory  metals  has been 
studied less extensively;  again, data on the p r imary  
surface react ion are meager  (4, 5). 

In a recent  paper  the mechanisms of adsorption and 
of the ear ly  stages of absorption at ve ry  low pres-  
sures were  discussed for the n i t rogen-n iob ium system 
(6). The  present  investigation,  which extends that 
study, is concerned with  the solution equi l ibr ium and 
with  the kinetics of absorption and of degassing at 
such low pressures and high tempera tures  that  only 
the p r imary  react ion be tween  the gas and the es- 
sential ly clean meta l  surface occurs. A similar  study 
of the low pressure interact ion of ni t rogen wi th  nio- 
b i u m - l %  zirconium alloy is in progress e lsewhere  (7). 
(7). 

Experimental 
The sorption kinetics was invest igated in an u l t ra -  

high vacuum flow system by a constant pressure tech-  
nique which has been described in detail  e l sewhere  
(6,8). In this approach, the pressure in the sorption 
cell is kept  constant by vary ing  the gas flow into the 
cell; the flow rate  is adjusted by means of a servo-  
controlled, mo to r -d r iven  va lve  to compensate for gas 
pumping  or release by the sample. This flow rate, 
which is recorded continuously, is a measure  of the 
sorption rate  and can be conver ted to the la t ter  by 
simple ar i thmetic  manipulations.  

The solubility of n i t rogen in niobium was deter -  
mined by a modification of this approach: Nit rogen 
was dissolved in amounts wel l  defined by absorption 
runs; then, at a controlled pressure in the cell the 
sample t empera tu re  was adjusted to a va lue  at which 
gas was nei ther  absorbed nor released. Such steady- 
state points in the solubili ty diagram were  de termined  
over  a wide  range of the three parameters ,  pressure, 
temperature ,  and concentration. The re la t ive  change 
in solute concentrat ion dur ing the adjus tment  of pres-  
sure and t empera tu re  was negligible, since steady 
state was established v i r tua l ly  instantaneously.  Also, 
the same s teady-s ta te  t empera tu re -p ressure  pair was 
observed, wi th in  the precision of the measurements ,  
f rom whichever  direction it was approached. Since 
throughout  this study the gas phase was at ambient  
t empera tu re  (300~ the measured  pressures p were  
mul t ip l ied  by the factor ~/T/300; the resul t ing equiv-  
alent pressures P at t empera ture  T of the sample are 
assumed to be equal  to the t rue equi l ibr ium pressure 
(9). 

Informat ion on the sorption mechanism was also ob- 
tained by degassing the sample wi thout  admit t ing gas; 
the pressure p in the system then decreased wi th  t ime 
t. If the volume te rm V(dp/d t )  is small  compared 
wi th  the gas flow out of the cell, the degassing rate  is 
given by (dM/dt) =--fo~p, where  ]o is the effective 
area of the va lve  opening to the pump. 

The samples used were  ribbons, about 0.004 x 0.1 x 
25 cm, rolled f rom a zone-mel ted  ingot wi th  a total  
impur i ty  level  of less than 50 ppm. The samples were  
chemical ly  cleaned and, after mount ing in the unit, 
degassed thoroughly  in u l t rahigh vacuum at about 
2200~ At these temperatures ,  dissolved oxygen is 
removed  as a volat i le  unsatura ted  oxide (10). A more 
detailed description of the prepara t ion and propert ies 
of such samples has been given e lsewhere  (6). The gas 
used was Research Grade ni t rogen (total  impur i ty  less 
than 50 ppm) which was dried over  l iquid nitrogen. 
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The ribbons were  heated electr ical ly using lead 
storage batteries and h igh-wat tage  resistors in series. 
Brightness tempera tures  were  measured  with an op- 
tical micropyrometer ;  they were  corrected for ab- 
sorption by the walls, and for emissivi ty  which has 
been shown to be independent  of solute concentrat ion 
(11). No correction was applied for the t empera tu re  
var ia t ion along the sample (about __50~ at the h igh-  
est tempera tures) ,  or for end effects, which are, how-  
ever, ra ther  small  because of the length of the sample. 
Approx imate ly  constant t empera tu re  was mainta ined 
during sorption runs by applying a constant voltage. A 
small t empera tu re  correction, requi red  when a run  
covered a wide  concentrat ion range, was der ived f rom 
the correlat ion be tween  resistivity,  temperature ,  and 
ni t rogen concentrat ion established previously  in cali-  
brat ion runs (12). 

The data presented here  were  obtained mainly  wi th  
two samples; less extensive measurements  wi th  addi-  
t ional samples agreed wi th  the over -a l l  pattern. 

R e s u l t s  
E q u i l i b r i u m  m e a s u r e m e n t s . - - A  series of equi l ibr ium 

curves at concentrat ions be tween  0.05 and 0.5 a /o  
(atom per cent) are shown in Fig. 1; log P is plotted 
vs. 1 /T .  The data cover a pressure range of about 10 -5 
to 10 - s  Torr  and a t empera tu re  range of 1900~176 
The exper imenta l  points define a series of para l le l  
s traight  lines. The heat  of s o l u t i o n  ~Hsoz, c a l c u l a t e d  by 
a least-squares  t rea tment  of the data for each concen- 
tration, is 53.5 • 1.5 kca l /g  atom. No systematic va r i -  
ation in AHso] wi th  concentrat ion was found. 

Figure  2 is a plot  of log P vs. log Ce at 1600~ de-  
r ived . f rom the curves in Fig. 1. The points lie, wi th in  
the precision of the measurements ,  on a straight l ine 
d rawn with the slope 2; thus, Sieverts '  law is obeyed, 
and the solution equi l ibr ium can be described by the 
equation 

Ce ~ 1.2 x 10 -'~ exp [53 ,500/RT]p1/2  a/o  
The pre -exponent ia l  factor was der ived f rom the 

plot  in Fig. 2. Equi l ibr ium runs wi th  other  samples 
resulted in heats of adsorption agreeing within  2 
kca l /g  atom with  the value given here. However ,  va r i -  
ations by a factor of about three in the p re -exponen-  
tial factor were  found which u n d o u b t e d l y  arise f rom 
the systematic errors in pressure and tempera tu re  
measurements .  

A b s o r p t i o n  and  degass ing  at  c o n s t a n t  p r e s s u r e . - - I n  
the preceding low-pressure  study of ni t rogen adsorp-  
tion by niobium (6), the initial sticking probabil i ty  
So of n i t rogen on a thoroughly degassed sample was 
found to be approximate ly  constant over  a wide range 
of high tempera tures  and low pressures;  however ,  So 
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Fig. 1. Solution equilibrium of nitrogen in niobium; log P vs. 1 /T 
for six nitrogen concentrations ce 
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Fig. 2. Solution equilibrium of nitrogen in niobium; log P vs. log 
Ce at T ~ 1600~ A straight line with slope 2 is drawn through 
the points. At Ce ~ 1, log P = - -4 .68.  

varied for different samples be tween 0.05 and 0.09. In 
the present study the kinetics of solution of ni t rogen 
beyond this initial adsorption state was invest igated in 
detail. The rates of solution were  measured  at t em-  
peratures  f rom 1650 ~ to 2000~ and pressures from 
6 x 10 -7 to 6 x 10 -6 Torr. They all exhibi t  the same 
dependence on the ni t rogen concentrat ion in the sam- 
ple, as i l lustrated by the curves in Fig. 3 and 4(a) .  
These plots of sticking probabi l i ty  S vs. nitrogen con- 
centrat ion c in the sample have  an init ial  slope close 
to zero, then bend over  and exhibi t  an approximate ly  
l inear approach to the saturat ion concentrat ion Ce. 
The rate curves for all the exper iments  when nor-  
malized in terms of S / S o  and c/ce coincide within  the 
precision of the measurements .  

Rates of degassing were  de termined  at pressures 
of 9 x 10 -7 and 2 x 10 - ~  Torr, and tempera tures  of 
1640 ~ to 1830~ (a wider  range of the parameters  
was inaccessible for exper imenta l  reasons).  F igure  4 
shows the method used and the internal  consistency 
of the measurements .  Af te r  the sample absorbed ni-  
t rogen at 2 x 10 -6 Torr  almost to saturat ion (a),  a 
pressure increase to 4 x 10 -6 Torr  led to addit ional  
gas uptake (b) ;  reduct ion in pressure to 2 x 10 -6 
Torr  resul ted in degassing (c) which re turned  the 
sample to the same equi l ibr ium concentrat ion origi-  

0.06 
or) 

>_- 0.05 
i -  ra 

0 . 0 4  m 

m 
o 0.03 r~ 
13_ 

o 0 . 0 2  
z 
v. 
__o 0 .01  
I -  

0 

I I t I I I 

0 0.01 0 . 0 2  0 , 0 3  0 . 0 4  

ATOM % 

Fig. 3. Absorption at constant pressure and temperature; Nitro- 
gen concentration in atom per cent. The heavy line represents the 
experimental sticking probability curve; the thin line is a parabola; 
T = 1950~ p = 2 x 10 - 6  Torr. 
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Fig. 4. Absorption and degassing at constant pressure and tem- 
perature. Nitrogen concentration in atom per cent. (a) Absorption 
at 2 x 10 - 0  Torr; (b) absorption at 4 x 10 - 0  Torr; (c) degassing 
at 2 x 10 - 6  Torr; T = 1640~ The thin line is a parabola. 

n a l l y  a p p r o a c h e d  b y  a b s o r p t i o n  a t  t h i s  p r e s s u r e .  T h e  
e x p e r i m e n t a l  c o n d i t i o n s  fo r  o t h e r  d e g a s s i n g  r u n s  a n d  
t h e  s lopes  of t h e  r a t e  c u r v e s  e x p r e s s e d  as S / S o  vs.  
c /ce  a r e  l i s t ed  in  T a b l e  I. 

T h e  d a t a  p r e s e n t e d  so f a r  c o v e r  o n l y  h o m o g e n e o u s  
so lu t i ons  of n i t r o g e n  in  n i o b i u m .  W h e n  t h e  s o l u b i l i t y  
l i m i t  is exceeded ,  t h e  s o r p t i o n  p a t t e r n  is modi f ied .  
Th i s  is i l l u s t r a t e d  b y  t h e  a b s o r p t i o n  r u n  a t  2 x 10-~  
T o r r  a n d  1470~ in  Fig.  5. B o t h  t h e  s t i c k i n g  p r o b -  
a b i l i t y  a n d  t h e  s a m p l e  r e s i s t a n c e  a r e  p l o t t e d  vs. t o t a l  
c o n c e n t r a t i o n  in  t h e  s am p l e .  D u r i n g  t h e  e a r l i e r  s t ages  
of so rp t i on ,  t h e  s t i c k i n g  p r o b a b i l i t y  e x h i b i t s  a s i m i l a r  
c o n c e n t r a t i o n  d e p e n d e n c e  as in  r u n s  a t  h i g h e r  t e m -  
p e r a t u r e s ;  h o w e v e r ,  a t  a b o u t  0.8 a / o  i t  a p p r o a c h e s  a 
c o n s t a n t  v a l u e  i n s e n s i t i v e  to f u r t h e r  u p t a k e  of n i t r o -  
gen.  S i m i l a r l y ,  t he  l i n e a r  r e s i s t a n c e  c u r v e  c h a n g e s  i ts  
s lope  a t  a b o u t  t h e  s a m e  c o n c e n t r a t i o n .  B o t h  c u r v e s  
i n d i c a t e  f o r m a t i o n  of a n e w  phase .  T h i s  is s u g g e s t e d  
a lso  b y  t h e  e q u i l i b r i u m  p r e s s u r e  o v e r  t h e  s a m p l e  
w h i c h  was  m e a s u r e d  a t  t h e  e n d  of  t h e  a b s o r p t i o n  r u n ;  
th i s  p r e s s u r e  w a s  e q u a l  to t h a t  o v e r  a h o m o g e n e o u s  
s o l u t i o n  a t  a c o n c e n t r a t i o n  of a b o u t  0.6 a /o ,  a l t h o u g h  
t h e  o v e r - a l l  t o t a l  c o n c e n t r a t i o n  w a s  1.6 a /o .  

D e g a s s i n g  at  v a r i a b l e  p r e s s u r e . - - D e g a s s i n g  r a t e s  
w e r e  m e a s u r e d  as a f u n c t i o n  of t e m p e r a t u r e  a n d  of 
c o n d u c t a n c e  ~o to t h e  p u m p  w h e n  no  gas  w a s  l e a k e d  
in to  t h e  cell. In  s u c h  d e g a s s i n g  r u n s  t h e  p r e s s u r e  p 
d e c r e a s e d  w i t h  t i m e  a c c o r d i n g  to t h e  e q u a t i o n  p - ~ / 2  = 
a 4- bt, as i l l u s t r a t e d  in  Fig.  6. I t  w i l l  be  s h o w n  in  t h e  
D i s c u s s i o n  t h a t  t h i s  r e l a t i o n s h i p  is e q u i v a l e n t  to  a 
s econd  o r d e r  r a t e  l aw  in  r e s p e c t  to n i t r o g e n  c o n c e n -  
t r a t i o n ,  a n d  t he  s lope  b is a r a t e  c o n s t a n t  of d e g a s -  
sing. T h e  A r r h e n i u s  p lo t  of t he  r a t e  c o n s t a n t s  m e a s -  
u r e d  a t  d i f f e r e n t  t e m p e r a t u r e s  r e s u l t s  in  a s t r a i g h t  l i ne  
as s h o w n  in  Fig. 7. C u r v e  (a )  r e p r e s e n t s  t h e  d a t a  
of  Fig. 6 fo r  a c o n d u c t a n c e  fo = 0.1 cm 2, c u r v e  (b )  
d a t a  of  a n o t h e r  s e r i e s  f o r  fo = 0.18 em 2. F r o m  t h e  
s lopes  a n d  i n t e r c e p t s  of t h e s e  p lo ts ,  a c t i v a t i o n  e n -  
e rg ies  AHa of 56 a n d  54 k c a l / g  a t o m  a n d  p r e - e x -  
p o n e n t i a l  f a c t o r s  of 7 x 10~ a n d  1.2 x 106 T o r r  -1/2 sec -1  
a r e  d e r i v e d .  

Table I. Degassing at constant pressure and temperature 
concentration range and slopes of degassing curves 

P X 100, 
T o r r  T~ 

c 
i n i t i a l  equi l .*  c/c~ e x p , .  ea le ,  

2.0 1640 0 .46 0.37 1.24 2.28 2 .24 
0.9 1670 0 .20 0.17 1.18 2 .26  2.18 
2.0 1760 0.18 0.13 1.38 2.36 2.38 
0.9 1760 0.13 0.10 1.30 2.32 2.30 
2.0 1830 0.11 0.07 1.57 2.46 2.57 
0.9 1830 0.071 0.05 1.30 2.34 2.30 

* B y  e x t r a p o l a t i o n  to S = 0. 
** So = 0.05. 
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Fig. 5, Absorption at constant pressure and temperature. Resis- 
tance and sticking probability as function of nitrogen concentration. 
The change in slope of the curves at about 0.7 a/o indicates the 
appearance of a second solid phase. T ~ 1470~ p = 2 x 10 - 6  
Torr. 
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Fig. 6. Degassing at variable pressure as function of temperature. 
Plots of p - l ~ 2  vs. time. Conductance to the pump fo = 0.1 cm 2. 

F i n a l l y ,  t h e  d e p e n d e n c e  of t h e  d e g a s s i n g  r a t e s  o n  
c o n d u c t a n c e  is s h o w n  in  T a b l e  I I .  

Discussion 
S o l u ~ o n  e q u i l i b r i u m . - - T h e  close  /it  of  t h e  e x p e r i -  

m e n t a l  e q u i l i b r i u m  d a t a  to t h e  e q u a t i o n  

ce = K P  1/2 = Ko �9 exp  [ aHso l /RT]  �9 p1/2 [1] 

is c o n v i n c i n g  e v i d e n c e  t h a t  w i t h i n  t h e  t e m p e r a t u r e  
a n d  c o n c e n t r a t i o n  r a n g e  of t h i s  s t u d y  (1400 < T < 
1900~ ce < 0.5 a / o )  n i t r o g e n  d i s so lves  a t o m i c a l l y  
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Fig. 7. Activation energy for degasslng at variable pressure. Plots 
of log [ d ( p - l / 2 ) / d t ]  vs. 1/T.  (a) Conductance fo ~ 0.1 cm2; 
(b) fo ~ 0.18 cm 2. 
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Table II. Experimental slopes d (p-1/2)/dt (Torr - 1 / 2  sac - z )  for 
degassing curves at variable pressure as function of conductance. 

T = 1685~ 

fo, cm2 0.22 0.15 0 . i 0  0.05 

d (p-1/~) 
0.14 0 . I i  0 .08 0.04(5} 

d t  

1 d (p-X/~) 
- -  �9 - -  0.64 0.73 0.80 0.90 
fo dt 

in niobium to form a homogeneous, regular solution. 
This result is in agreement with two earlier studies 
(ii, 12) of the nitrogen-niobium system; close ad- 
herence to the same functional relationship had been 
found in a temperature range between 1800 ~ and 
2500~ The constants fitting these earlier data were 
Ko ~ 6.2 x 10 -4 and 7.7 x 10 -4 a/o Torr -I/2 and 
~Hsol ~ 46.0, and 42.4 kcal/g atom (ii, 13). A heat of 
solution of 51 kcal/g atom has been observed by 
Inouye (7) for low concentrations of nitrogen in nio- 
bium i% zirconium alloy. The values derived in the 
present  study are 1.2 x 10 _5 a /o  Torr  - i /2  and 53.5 
kca l /g  atom. Al though the repor ted  entropies and 
enthalpies found in these studies differ considerably, 
the free energies are ra ther  close. It  is not possible 
to ascertain on the basis of the present  data whe the r  
the observed differences have the rmodynamic  signifi- 
cance or are artifacts due to systematic  errors, par-  
t icular ly  in the determinat ion  of absolute temperature .  
The t an ta lum-n i t rogen  solution equi l ibr ium also obeys 
Sieverts '  l aw (4) as would  be expected in v iew of 
the general  s imilar i ty of the two metals.  

Absorpt ion and degassing at constant pressure . - -The  
over -a l l  sorption process can be logically separated 
into three reversible,  sequential  processes: dissociative 
adsorption, t ransfer  of adsorbed atoms f rom surface to 
bulk, and diffusion of atoms in the bulk. 1 

A clean surface is mainta ined at least dur ing the 
ear l ier  stages of absorption; this is indicated by the 
approximate  constancy of the sticking probabil i ty  
over  a wide pressure  and tempera tu re  range  and a 
significant concentrat ion range. Thus, t ransfer  of the 
adsorbate into the bulk must  be a much faster  process 
than adsorption. Fur thermore ,  an est imate based on 
the known diffusion coefficient of ni t rogen in niobium 
(15) showed that  for our exper imenta l  conditions the 
diffusion rates are sufficiently high to dis t r ibute  the 
dissolving ni t rogen v i r tua l ly  instantaneously and uni-  
formly  throughout  the bulk (6). Finally,  high rates 
of t ransfer  and diffusion re la t ive  to the rate  of de-  
sorption are  suggested by this observat ion:  on flash- 
heat ing a wel l -degassed sample which  is covered wi th  
a monolayer  of nitrogen, no gas burst  is observed;  
never theless  the sample, af ter  cooling, again adsorbs 
a monolayer  of nitrogen. 

For the formulation of a quantitative rate law we 
assume that the opposing surface reactions 

(N2) gas -~ 2 sites ~ 2 (N) ad [2] 

are the r a t e -de te rmin ing  steps, since diffusion is so 
fast that  surface and bulk are at all t imes in v i r tua l  
equi l ibr ium with  each other. If we in addit ion assume 
that  the surface concentrat ion is small  as is the bulk 
concentration, the two concentrat ions are proport ional  
to each other  

( N ) a d  = KDC [ 3 ]  

and K D ,  the distr ibution constant, is of the order  of 
uni ty  or smaller,  when  both concentrat ions are ex-  

P h y s i s o r p t i o n  h a s  b e e n  p r o p o s e d  as  t h e  s t ep  p r e c e d i n g  c h e m i -  
s o r p t i o n  e v e n  a t  h i g h  t e m p e r a t u r e s  (3) :  i t  h a s  l i t t l e  p h y s i c a l  m e a n -  
i n g  in  t h e  t e m p e r a t u r e  r a n g e  of i n t e r e s t  h e r e  f o r  t h e  f o l l o w i n g  
r e a s o n .  A n  a d s o r b e d  m o l e c u l e  h a s  a r e s i d e n c e  t i m e  on t h e  s u r f a c e  
o f  a b o u t  1 0 - ~  e x p  [AH~/RT] see,  w h e r e  AHd is t h e  h e a t  of  d e s o r p -  
t i on ,  a n d  t h e  a s s o c i a t e d  j u m p  f r e q u e n c y  f o r  s u r f a c e  d i f fu s ion  is 
a b o u t  10za e x p  - - [~ /aAHa/RT]  sec 1 (14).  F o r  e x a m p l e ,  a r a t h e r  h i g h  
h e a t  of  p h y s i s o r p t i o n  of 5 k e a l  a n d  a t e m p e r a t u r e  of 1500~  r e s u l t  
in  a r e s i d e n c e  t i m e  of a b o u t  10 - ~  sac,  a n d  t h e  m o l e c u l a r  u n d e r g o e s  
o n l y  3 s u r f a c e  j u m p s  in  th i s  t i m e  i n t e r v a l .  

pressed in comparable  units. 2 Consequently,  the ra te  
of adsorption is at all  t imes proport ional  to the im-  
p ingement  rate  of molecules on the surface, i.e., to 
the pressure, since the impinging molecules see always 
an essentially clean surface; and the ra te  of desorp-  
tion is proport ional  to the square of the bulk concen- 
tration. 

The resul t ing over -a l l  ra te  of sorption, per  unit  
area, is given by 

l ( d M )  
--a \ ~ ~pot -- Svp = So~p --  k (N) 2ad = S'ovp - -  k'c 2 

[4] 
where  S is the normalized net  rate  of sorption, and So 
the constant ra te  of adsorption; a is the sample area 
and ~ the incidence ra te  per  unit  area at unit  pressure. 
Since the net sorption rate  becomes zero at equi l ib-  
rium, the constant k' can be expressed in terms of So 
and the equi l ibr ium concentrat ion ca, and one obtains 
the simple parabolic rate  law, after  dividing by vp 

s 1 [5] 
So 

The observed sorption kinetics is described reason-  
ably wel l  by this rate  law. In part icular ,  the ra te  
curves expressed as S/So vs. c/ce are found to be in-  
dependent  of pressure and temperature ,  and their  
slopes at C/Ca : 0 are approximate ly  zero (Fig. 3, 4, 
5). Moreover  the degassing curves fit the parabola 
well, as i l lustrated in Fig. 4c. (The precision of the 
measurements  is not sufficient to detect the predicted 
slight curvature . )  This good fit is also shown in Table  
I; the slopes of the exper imenta l  degassing curves 
agree closely wi th  the calculated slopes of the para-  
bola at the mid-poin t  of the concentrat ion range of 
each degassing run. However ,  the sticking probabi l -  
ities for adsorption devia te  significantly f rom the 
parabola (Fig. 3, 4a). We suspect that  this deviat ion 
is an exper imenta l  art ifact;  this is suggested by the 
discontinuity in the slope of the exper imenta l  rate 
curves at saturat ion concentrat ion (Fig. 4a and c). 

The kinetics of gas uptake extending beyond the 
solubil i ty l imit  (Fig. 5) can be explained by the same 
basic mechanism. In the one-phase  region the stick- 
ing probabi l i ty  curve  again may  be fitted approx-  
imate ly  by a parabola which now passes through the 
hypothet ical  equi l ibr ium point for a homogeneous so- 
lution at the pressure and t empera tu re  of the par -  
t icular  experiment .  In the two-phase  region, where  
the concentrat ion of the solute in the metal l ic  phase 
remains  constant, the  sticking probabi l i ty  is constant 
also; apparent ly  the new phase, probably  Nb2N ( l l )  
does not  segregate as a surface layer. 

Degassing at variable pressure . - -When  no gas is 
admit ted  into the cell, the ra te  of degassing is equal  
to the ra te  at which the gas is leaving the cell, and 
the pressure is now a funct ion of t ime;  moreover ,  if 
we assume that  rate  Eq. [5] also applies in this case, 
the conditions hold 

dc 
- - ( ~ t  )T,,o = - - ~ ( - ~ - ) T , , o  =foVp [6a] 

and 

( )  dc = avpSo - -  1 [6b] 

where  ~ is a conversion factor  propor t ional  to the  
sample volume, a the area of the sample, and fo the 
conductance to the pump; c is the concentrat ion and 
p the pressure at t ime t, and Ce is the concentrat ion if 
the sample was in equi l ibr ium wi th  the gas phase at 
pressure p. At any t ime dur ing degassing ce ~ c. 

Equation [6b] can be expressed in terms of the 
exper imenta l  parameters  c and p by the substi tut ion 

A. l a r g e  v a l u e  of KD i m p l i e s  t h e  e x i s t e n c e  of a n  e n e r g y  b a r r i e r  
f o r  t h e  t r a n s f e r  of  a d s o r b a t e  in to  t h e  b u l k .  T h i s  i m p o r t a n t  ca se  w i l l  
n o t  be  t r e a t e d  h e r e ,  s i n c e  t h e  f o r m a l i s m  g i v e n  a p p e a r s  to  be  suffi-  
c i e n t  f o r  t h e  i n t e r p r e t a t i o n  of t h e  d a t a .  
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( T ~ : / 4  
Ce ~ K P  1/2 ~ K \ ~ - ~ /  p l / 2  

By el imination of p f rom Eq. [6a] and [6b] the sec- 
ond order rate  law is obtained 

- -  ~--- k '2c 2 [7a]  
/o,T 

The t ime dependence of the pressure is der ived f rom 
Eq. [7a] and [6a] by el iminat ion of c and dc/dt, and 
integrat ion 

p-1/e : po-~/z ~_ kft  [7b] 
where  

k2 = - ~  \---T-- ] Io fo + Soa 

and K : Ko exp [aHsol/RT] is the solubili ty constant. 

A second order rate  law would have  been arr ived 
at simply by assuming that  the rate  of degassing 
was proport ional  to the square of the solute concen- 
trat ion in the bulk. Our t reatment ,  however ,  corre-  
lates the degassing process with the solution equi l ib-  
r ium and wi th  the mechanism of sorption: The ra te  
constant is inversely  proport ional  to the solubil i ty 
constant K, and thus the act ivat ion energy of degas- 
sing is equal  to the heat  of solution (if one disre-  
gards the factor T-1/4). For Son ~ :o, degassing 
takes place at quasi -equi l ibr ium,  and 

v ( 300 ~1/4 

the rate  constant is proport ional  to :o, and is inde-  
pendent  of So. For Soa ~ fo, only an insignificant 
fract ion of the gas released in readsorbed, and 

( 300~1/4  a l / 2 S o l / 2 f o  1/2 

the ra te  is now proport ional  to the square root of 
both fo and of So. 

The derivat ion of the ra te  law for sorption con- 
tains the assumption that no significant energy bar-  
r ier  exists for the t ransfer  of adsorbate f rom the bulk 
to the surface. If, however ,  the energy barr ier  is 
significant, the observed activation energy of degas- 
sing becomes a function of fo: for small  values of fo 
(i.e., for degassing at quas i -equi l ibr ium) ,  it is equal  
to the heat  of solution, whereas  for large value of :o 
(i.e., for rapid degassing),  it approaches the t rue  ac- 
t ivat ion energy. 

The exper imenta l  degassing data support  the simple 
model. The l inear dependence of p-1/2 on t ime is 
closely obeyed over  a reasonably wide tempera ture  
and pressure range ('Fig. 6). Also, the exper imenta l  
slopes of the curves increase less than l inear ly  wi th  
the conductance fo (Table I I ) ;  however ,  the l imited 
range of conductance values achievable in these ex-  
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per iments  does not permit  a quant i ta t ive  test of the 
relat ionship given. Finally, the act ivation energies of 
degassing, 56 and 54 kca l /g  atom found for the two 
series at conductances of 0.1 and 0.18 cm ~ (Fig. 7) 
are, wi thin  the uncer ta in ty  of the measurements ,  
equal  to the heat  of solution (53.5 kcal) .  Also, the 
p re -exponent ia l  factors Ko of 3.4 and 3.2 x 10 ~5 a /o  
Torr  -1/2 calculated from the degassing exper iments  
and f rom the parameters  of the sample (~ ~ 2.0 x 
10 is molecules, a ~ 4.6 cm 2, So ~ 0.05) are close to 
the value of 1.2 x 10 -5 obtained direct ly f rom equi-  
l ibr ium measurements .  As satisfactory as this agree-  
ment  is, it does not rule  out an energy barr ier  for 
t ransport  of solute f rom surface to bulk, since the 
accessible pumping speeds were  too small  to displace 
the system far f rom equi l ibr ium;  only 30 and 44% 
of the released gas were  r emoved  in these runs. The 
data, however ,  show that  the solubili ty of gases in 
metals  can be determined f rom degassing exper iments  
alone, wi thout  informat ion about the actual solute 
concentrat ion in the sample. 

Manuscript  received Jan.  10, 1966; revised manu-  
script received March 21, 1966. This research was 
supported by the Fuels  and Materials  Development  
Branch Division of Reactor  Development  and by the 
Research Division of the United States Atomic Energy 
Commission. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 

REFERENCES 
1. H. Inouye, in "Columbium Metal lurgy,"  p. 649, 

Interscience Publishers,  New York (1960). 
2, E. Gebhard t  and R. Rothenbacher ,  Z. Meta~k., 54, 

689 (1963). 
3. P. Kofstad and S. Espevik, This Journal, 112, 153 

(1965). 
4. E. Gebhardt,  E. Fromm, and D. Jakob, Metals for 

the Space Age, Proceedings, 5. Plansee Seminar,  
1964, p. 421, Spr inger -Ver lag  (1965). 

5. K. Osterhagen and P. Kofstad, J. Less-Common 
Metals, 5, 7 (1963). 

6. R. A. Pas ternak  and R. Gibson, Acta Met, 13, 1031 
(1965) 

7. H. Inouye, Pr iva te  communication. 
8. R. A. Gibson, B. Bergsnov-Hansen,  N. Endow, and 

R. Pasternak,  "Sorpt ion Measurements  in Ul t ra -  
high Vacuum at Constant Pressure,"  the Tenth  
National Vacuum Symposium, Amer ican  Vac- 
uum Society, p. 88 (1963). 

9. P. Kisliuk, J. Chem. Phys., 30, 174 (1959). 
10. R. A. Pas ternak and B. Evans, To be published. 
11. J. R. Cost and C. A. Wert, Acta Met., U,  231 

(1963). 
12. R. A. Pas ternak  and B. Evans, Trans. AIME, 233, 

1194 (1965). 
13. E. Gebhardt,  E. Fromm, and D. Jakob, Z. Metallk., 

55, 423 (1964). 
14. G. Ehrlich, in "S t ruc ture  and Proper t ies  of Thin 

Films," p. 423, John  Wiley & Sons, New York 
(1959). 

15. R. W. Powers  and M. V. Doyle, J. AppL Phys., 30, 
514 (1959). 



Liquidus Curves for Aluminum Cell Electrolyte 
IV. Systems NA~AIF~ and Na~AIF~-AhO3 with MgF~, Li~AIF~, and K~AIF~ 

David A. Chin and E. A. Hollingshead 
Aluminium Laboratories Limited, Arvida, Quebec, Canada 

ABSTRACT 

Liquidus curves have been determined from cooling curves and by sam- 
pl ing melts saturated with alumina.  The lat ter  technique was used to re-  
determine the a lumina- r ich  l iquidus of the binary Na3A1F6-A1203 system and 
yielded a eutectic point at 10.0% A1203 and 962~ The b inary  systems of 
Na3A1F6 with Li3A1F6, MgF2, and K~A1F6 gave respectively: eutectic point  
at 62.0% Li3A1F6 and 716~ pseudobinary eutectic point  at 18.0% MgF2 and 
924 C; and a m i n i m u m  melt ing point at 40% K3A1F6 and 945~ (Compositions 
are given in weight per cent) .  Diagrams are given for Na3A1F6-Li3ALF6, 
Na3A1F6-K~A1F6, and the Na3A1F6-rich side of the systems Na3A1F~-A1203, 
Na~A1F6-MgF2, Na3A1F6-A1203-MgF2, Na3A1F6-A12Oa-Li3A1F6, and Na~A1F6- 
AI203-K~A1F6. 

Previous reports (1-3) from this laboratory have 
given l iquidus curves for a luminum cell electrolytes 
now employed industr ial ly.  This paper gives similar 
data for Na3A1F6-A120~ with MgF2, Li3A1F6, or K3A1F6, 
which are considered to be possible al ternate electro- 
lytes. 

The only previously reported l iquidus diagram of 
the te rnary  NaaA1F6-A1203-MgF2 system is that by 
Vatslavik and Belyaev (4). The te rnary  systems with 
Li3A1F6 and K3A1F6 were reported in the book by 
Belyaev et al. (5). Rolin and Muhlethaler  (6) more 
recent ly reported on the solubility of A1203 in 
Na3A1F6-Li3A1F6 melts and Mashovets and Petrov (7) 
on the Na3A1F6-Li3A1F6-A1203 system. Since other 
results by cooling curves for melts in  the a lumina  
phase field have been proven (1-3) to be in error, 
these te rnary  systems were redetermined.  

Materials 
Sodium cryolite was specially hand picked na tura l  

cryolite. The freezing point  by cooling curves was 
1009___1~ Aluminum fluoride (99~-% by difference) 
was the product of vacuum disti l lation of commercial 
grade (90%) A1F3. The major  impuri t ies  were A1203 
(0.12%), Fe (0.06%), and Si(0.05%). Alumina  was 
a special low-soda product produced experimental ly,  
and the impuri t ies  detected were 0.01% Na, 0.03% 
Fe, and 0.01% Si. Li thium fluoride was reagent  grade 
from J. T. Baker Chemical Company. Potassium fluo- 
ride (dried at 105~ before use) was reagent grade 
from General  Chemical Division of Allied Chemical 
and Dye Corporation. Magnesium fluoride (99%) was 
spectroscopic grade from A.D. MacKay Inc. 

Method 
Pr imary  freezing points were determined by cool- 

ing curves on melts from which the cryolites were 
the pr imary  crystal l ine phase. Cooling curves were 
determined on 150g samples weighed out, mixed, and 
heated to 1060~ The stirred melts  were held unt i l  
clear and then cooled at 1-3~ unt i l  the pr imary  
freezing point was registered. 

The visual  method (1), which consisted essentially 
of de termining the temperature  at which crystals 
could be first seen to separate from a slowly cooling 
melt, formerly  used for the points in the a lumina  
phase field has been replaced by a saturat ion method. 
For saturat ion measurements ,  melts containing an ex- 
cess of a lumina  were st irred at the saturat ion temper-  
ature for 20 rain, the a lumina  was allowed to settle 
out, and the superna tant  melt  was sampled with a 
preheated rhodium spoon. The quenched samples 
were analyzed for free Al~O3 by the AICI3 method 
(8). 

The Pt, 10% Rh-P t  thermocouples were guaranteed 
by the manufac turers  (Johnson Matthey and Mallory 
Ltd.) to be wi th in  1~ They were checked period- 
ically at the freezing point  of reagent  grade NaC1, 
801 ~176 

Accuracy 
The error in the cooling curve determinat ions  was 

not greater than  3~ (2), The analysis for free A1203 
was found to be accurate to -- 0.3% A12.O3, compared 
with ___0.25% reported by Henry  and Lafky (8) for 
values in the range of 0 to 12% alumina.  The pres-  
ence of MgF2 or Li3A1F6 did not affect the accuracy 
of the determinations.  However, in the presence of 
K3A1F6 or KF, the A1C13 method yielded very low 
values for the a lumina  content  of the melts. In  this 
case, analysis of the quenched melt  was made for 
total a luminum and the a lumina  content calculated 
after correcting the total a luminum figure for the 
weighed- in  K~A1F6 and Na3A1F6 proportions. The 
s tandard error of the mean  of duplicate analyses was 
calculated to be 0.5% A1~O8. 

Results and Discussion 
The eutectie point in the b inary  Na3A1F6-A1203 

system has been determined by the saturat ion method 
to be at 10.0% alumina  and 962~ (Compositions 
are given in weight per cent.) The values by Fener ty  
and Hollingshead (3) for p r imary  freezing points 
on the cryolite side of the eutectic were employed. 
The b inary  diagram together wi th  previous results 
(1, 3, 9) is given in  Fig. 1. The results of the present  
work for the solubili ty of A1203 agree with those at 
975 ~ and 1000~ reported by  Henry  and Lafky (7). 
They are as much as 1.0% lower than found previously 
by the visual method (1). Above 1030~ good agree- 
ment  was obtained with Foster 's results (9) by the 
quenching method; below this temperature,  a lumina  
solubilities lower by 0.3-0.6% were detected. 

The liquidus diagram of the Na~A1F6-MgF~ system 
which was determined up to 45% MgF2 is shown in 
Fig. 2 together with the reproduced diagram of pre-  
vious workers (5). It  was found that  this is not  a 
t rue b inary  system. X- ray  diffraction analysis  of crys- 
tals from a par t ia l ly  crystallized melt  original ly con- 
ta in ing 26% MgF2 yielded pat terns for both 2NaF. 
MgF2.A1F3 (weberite) and NaF-MgF2. It was n o t  
determined which of these two compounds was the 
pr imary  phase. 

In  the Na3A1F6-A1203-MgF2 system, sections were 
determined at 2, 5, 10, 14, 15, 16, and 20% MgF2 
(compositions expressed on A1203-free basis), and the 
results are shown in Fig. 3. (To avoid confusion in 
the diagram, the results for 14, 16, and 20% MgF2 
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were  not  p lo t t ed) .  The cryol i te  corner  of the  d iag ram 
(Fig. 4) is based on these resul ts  (Fig. 3) and  on the 
revised d iagrams for  Na3A1F6-MgF2 and NasA1F6- 
A1203. A pseudo te rnary  eutectic point  was found at  
3.0% A1203, 14.5% MgF2, 82.5% Na3A1F6, and 912~ 
Previous ly  a t e rna ry  eutectic at 4.5% A120~, 15.5% 

i i l i r i i I q i i i i i I i 

1 0 5 0  

o,o . / / /  ooot  / 
9 5 0 1  I I J I I I ~ I I I I I I I I I 

N a 3 A I F  6 5 10  15 
Wt ,~  A I 2 0  ~ 

Fig. i. Liquidus diagrams for sodium cryolite-alumina. 
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�9 Fenerty and Hollingshead Cooling Curve 
�9 Fenerty and Hollingshead Visual 

Singleton et al. Visual 
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Z~ Henry and Lafky Saturation 
�9 This work Saturation 

I I I ~ I I I I I J I 

. 1 0 0 9  

1 0 0 0  . 

u 
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i95~ o ~ _ 
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9 0 0 1  I I I I I ) I I I I I 
Na3AIF 6 1 0  2 0  3 0  4 0  5 0  

Wt.  ~ MgF 2 

Fig. 2. /iquidus diagrams for sodium cryolite-magnesium fluoride: 
O this work; A Beiyoev et ah 

1 0 0 0  , " 

o U 

9 5 0  2 Z  MgFz 

5X, MgF  2 

9 0 0  I 1 I I I I I I I I I I I I I I 
Na3AIF6 5 | 0  15  

W t  ~. A }203  

Fig. 3. Liquidus diagrams for sodium cryolite-alumina with 0, 2, 
5, 10, and 15% magnesium fluoride. Weight per cent MgF2 given 
on alumina-free basis. 
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1 0  ~ 6 2  
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Fig. 4. Liquidus diagram for sodium cryolite-alumina-magnesium 
fluoride: % Na3AIF6 -k- % AI203 -J- % MgF2 ,= 100. 
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1 0 0 0  

9 0 0  

= 

8 0 0  

7 0 0  
Na3A~F ~ 5 0  1 0 0  

W~, 7. L,3AIF 6 

Fig. 5. Liquidus diagram for sodium cryolite-lithium cryolite 

MgF2, 80.0% Na~A1F6, and 919~ was repor ted  by  
Vats lav ik  and Be lyaev  (4). 

The eutectic l ine separa t ing  the  crys ta l l iza t ion fields 
of cryol i te  and a lumina  and the i so thermal  contour 
indica t ing  the a lumina  solubi l i ty  (Fig. 4) show a 
fa i r ly  steep drop for the  addi t ion of the  first 5% 
MgF2 and then  a g radua l  decrease  up to 14.5% MgF2. 
The eutectic l ine f rom 18% MgF2 in Na3A1F6 to the  
pseudo te rna ry  eutectic point  separa tes  the  Na3A1F6 
field f rom a 2NaF-MgF2-A1F3 (or NaF-MgF2)  field. No 
a t t empt  has been made  to de te rmine  the  ex ten t  of this  
field. 

The b ina ry  system NasA1F6-Li~A1F6 (Fig.  5) has  
a eutectic point  at  62.0% Li~A1F6 and 716~ This 
agrees  wi th  the  work  of Mashovets  and Pe t rov  (7).  

In  the  t e rna ry  Na~A1F6-A!20~-Li3A1F6 system, sec- 
tions were  de te rmined  at  5, 10, 15, 20, 25, and 30% 
Li3A1F6 (composit ions expressed  on A1203-free basis)  
and are  shown in Fig. 6. The t e r n a r y  d i ag ram based  
on these and the  present  d iagrams  for  the  two b ina ry  
systems Na3A1F6-Li3A1F6 and Na3A1F6-A1203 is p lo t -  
ted in Fig. 7. The eutectic l ine separa t ing  the  fields of 
crys ta l l iza t ion of sodium cryol i te  and a lumina  shows 
a fa i r ly  steep decrease  for up to 10% LisA1F6, bu t  on 
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the other hand the isothermal contours indicat ing the 
a lumina solubilities show a gradual  reduction in 
a lumina content. Rolin and Muhlethaler  (6) reported 
larger A120~ solubilities in  Na~A1F6-Li~A1F6 melts, 
but  it must  be noted that their b inary  eutectic for 
Na3A]F6-AI203 at 11.2% A1203 is also high (see Fig. i) .  

The l iquidus diagram for Na~A1F6-K~A1F6 is de- 
picted in Fig. 8. With addition of increasing amounts  
of K~A1F~, the pr imary  freezing points decrease to 
945~ at 40% K~A1F~ and then rise to 955~ at 60- 
70%. This is in terpreted as the tendency toward the 

1 0 2 0  

1 0 0 0  

I 

9 8 0  

o u 9 6 0  o7. LI3A]F 6 

9 4 0  s 7. L,3AIF e 

= i~ ~,o~ ~, , 
92.0 

~AIF6 

:12, 
9 0 0  

8 8 0  

8 6 O  

8 4 0  I , , i I , , , , I ~ ~ , ~ I 
Na3 AIF6 5 10 15 

Wt .~  A1203 

Fig. 6. Liquidus diagrams for sodium cryolite-alumina with 0, 5, 
10, 15, 20, 25, and 30% lithium cryolite; weight per cent Li3AIF6 
given on alumina-free basis. 
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Fig. 7. Liquidus diagram for sodium cryolite-alumina-llthium 
cryolite: % Na.~AIF6 + % AI20z + % Li3AIF6 ~ 100. 
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Fig. 8. Liquidus diagram for sodium cryolite-potassium cryolite 
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Fig. 9. Liquidus diagrams for sodium cryolite-alumina with 0, 5, 
10, 15, and 20% potassium cryolite; weight per cent K3AIF6 given 
an alumina-free basis. 
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Fig. 10. Liquidus diagram for sodium cryolite-alumina-potassium 
cryolite: % Na3AIF6 + % AI203 + % K3AIF6 = 100. 

formation of the compound elpasolite (2KF.NaF.A1Fs) 
which can be shown by x - r ay  diffraction analysis to 
be present  in frozen Na3A1F6-K~A1F6 melts. The pres-  
ent Iiquidus diagram does not  agree with that  of 
Belyaev and Studenzov (10) in the range 30-70% 
K~A1F6; there is good agreement  with the form of the 
l iquidus diagram, i.e., a somewhat flat port ion be-  
tween 50 and 75% K3A1F6, a t t r ibuted to Lundina  (11). 

Figure 9 shows sections across the Na~A1F6-A12Os- 
K3A1F6 system, and the t e rnary  diagram (Fig. 10) 
was constructed from these and other sections deter-  
mined at 1, 2, and 3% A120~ (not shown).  Addit ion 
of K3A1F6 increases the A1203 solubility, as reported 
by Baimakov and Batashev (12). 

I t  is not clear why the A120~ in quenched melts 
containing potassium cryolite should be soluble in 
A1C13 solutions; possibly it is present  as some kind of 
oxyfluoride. Leach water  is not  alkaline to phenolph-  
thalein, showing the absence of aluminate,  and no un -  
usual  x - ray  diffraction pat tern  was obtained from a 
quenched melt  containing 10.5% A1208 in  K3A1F6 even 
though only 3.7% A1203 was insoluble in A1C13 solu- 
tion. Possibly there is a connection between the change 
in  form of the A1203 and the substant ia l ly  higher 
solubili ty in K3A1F6. 
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Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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ABSTRACT 

Cathodic and anodic Tafel  parameters ,  s toichiometric numbers,  and de-  
cay kinetics have been de termined  on rhodium, iridium, and p la t inum-rho-  
dium alloy electrodes. Two regions of constant 0 In ianodic/{gV for a given sub- 
strate were  observed. The catalytic act ivi ty of the substrates in acid solution 
above about 1.4v (vs. N.H.E.) was i p t  ~ iP t -ah  ~ iRh ~ iIr .  Oil the anodic side, 
the alloy substrate tends to behave as Rh, on the cathodic side as Pt. Time 
decay behavior  was convent ional  except  for the alloy surface, where  the de- 
cay f rom the anodic side behavior  resembled that  on Pt. The stoichiometric 
number  on Rh, Ir, and P t -Rh  was about 2. Ra te -de te rmin ing  steps have  been 
determined unambiguously  by the cri ter ia  ment ioned because of the existence 
and helpful  diagnostic na ture  of two distinct values for O In i/OV on the 
anodic side, and because of the avai labi l i ty  of stoichiometric numbers.  Af te r  
anodic polarization, P t -Rh  electrodes behave as if the substrate were  an in- 
dividual  area of Pt  and Rh oxides. A model  which rationalizes this deduction 
is suggested. 

Recently,  the situation concerning the mechanism 
of oxygen dissolution and evolut ion on pla t inum elec-  
trodes has been the subject  of increased study (1-30). 
The desire for enhanced electrocatalysis,  and hence 
efficiency and power  in e lectrochemical  converters,  is 
the origin of much  of this work, but  it cannot be 
fulfilled easily if there  is not comprehensive  knowl-  
edge of the mechanism of the react ion on a sufficient 
number  of electrode catalysts. Consequently,  in this 
paper, a study is repor ted  of the oxygen electrode re-  
actions on rhodium, iridium, and on a p l a t inum-rho-  
dium al loy in acid and in alkal ine solutions. Data on 
the kinetics of 02 react ion on these electrodes are 
scarce (30-32). 

Experimental 
Exper iments  were  carr ied out in highly purified 

acid and alkal ine solutions. Since the exper imenta l  
procedure in this work  was basically the same as de- 
scribed in a previous publication (10), it is given here 
only briefly. 

Cell, solution, and chemicals.--An all-glass cell wi th  
three compartments  separated by stopcocks used in 
these exper iments  was previously  described (1, 9, 10). 

Oxygen, which was bubbled through the test and 
the counter  electrode compar tments  of the cell, was 
purified by passing through a purification train (10). 

Solutions were  prepared  f rom conduct ivi ty  wate r  
direct ly redist i l led into the cell  which had a l ready 
been cleaned by acids and rinsed wi th  conduct ivi ty  
water  (see below).  A known amount  of perchloric  
acid, which was twice recrystal l ized in an auxi l iary  
vessel (10), was introduced along the closed glass 
tubing system (including the measur ing buret)  into 
the cell. Concentrat ion of the solution was adjusted 

Present  address:  Hooker  Chemical  Corporation, Niagara  Fails, 
New York. 

to 1N HC104 by redist i l l ing more  conduct ivi ty  water  
into the cell. The solution was fur ther  purified by 
anodic pre-elect rolysis  for about 20 hr or more  at a 
c.d. (current  density) of 1 m a / c m  2 on an auxi l iary 
electrode of 4 cm 2. 

Alkal ine solutions were  made f rom Baker  Analyzed 
Reagent  Grade potassium hydroxide.  Concentrat ion 
was adjusted to IN KOH. Alkal ine  solutions were  
anodically pre-e lec t ro lyzed  longer than the acid. 

Rh and Ir, and P t -Rh  alloy in the form of wires 
were  obtained f rom A. D. Mackay, Inc. Alloy com- 
position was 40 at. % Rh. 

Electrode treatment.--Wire electrodes (diameter  0.5 
mm)  of known geometr ical  area (,-~0.50 cm 2) were  
sealed to a t rue  bore ground glass tubing fitting the 
bore on the cap of the test electrode compar tment  of 
the cell. In order to ensure a leak-proof  seal, one end 
of the test wire  is spot welded to a na r row (,-~1 mm) ,  
thin (0.001 mm)  pla t inum foil ( length about 5 mm) ,  
the other  end of which was spot welded to a piece 
of p la t inum wire  (d ~ 0.5 mm or less) serving for 
contact. The p la t inum foil wi th  the welded portions of 
the test e lectrode and of the contact wire  are sealed 
into a glass bead which is then joined to a t rue bore 
ground glass tube. 

Electrode p re t rea tment  includes washing with or-  
ganic solvents, chromic-sulfur ic ,  and nitr ic  sulfuric 
acid, and finally thoroughly with  conduct ivi ty  water.  2 
Af te r  the electrode was introduced into the test e lec-  
trode compar tment  which i tself  was washed wi th  
acids and conduct ivi ty  water,  it was washed once 
again inside the cell in f reshly redist i l led conductivi ty 
water .  The cell was all the t ime under  slight (~5  
-10 mm of H20) overpressure  of purified O2 

2 Electrodes t rea ted  in different  ways  (10) yielded the same re-  
sults. 
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Measurements.--The electrical  circuits were  de-  
scribed e lsewhere  (33). 

Af ter  an electrode had been anodized with 10 -~ 
a m p / c m  2 for 20 rain, anodic Tafel  lines were  taken 
by reducing c.d. in steps of half  decade. Once the 
lowest  c.d. was reached, anodic lines were  re t raced by 
increasing c.d. In the range of the c.d. usual ly studied 
(10 - s  to 10 -~ amp/cm2) ,  bubbling of oxygen through 
the test e lectrode compar tment  had no effect on poten-  
tial. Bubbling caused the potent ial  to decrease (10) 
only at current  densities less than 10 - s  a m p / c m  ~, and 
for that  reason oxygen bubbling was disconnected for 
measurements  at lower (<10 -8 a m p / c m  2) c.d. Ca- 
thodic lines were  obtained on electrodes which had 
been first anodized, and then a constant cathodic cur-  
rent  was applied. Steady state was observed as a 
plateau on a recorder.  At  current  densi ty of 10 -4 
a m p / c m  2, the plateau established in about 1 sec, af ter  
which t ime the potent ial  changed less than 10 m v / m i n  
in the nex t  few minutes. Readings were  taken at the 
init ial  part  of the plateau (e.g., for this c.d. af ter  about 
5 sec). At  lower c.d., s teady-sta te  potentials are more  
stable, and readings are taken at correspondingly longer  
times. This change of the potent ia l  wi th  t ime at high 
cathodic c.d. was in terpre ted  as being due to the 
gradual  (but far  f rom complete)  reduct ion of oxides. 
It  is now established (34) that  when a Pt  electrode, 
for instance, is reduced, ~eduction of 02 proceeds 
along a path different f rom that  on the oxide covered 
electrode. Fast  measurements  at the highest  cathodic 
c.d. used in the present  work  (~10 -4 a m p / c m  2) are  
taken so that  the effect of the gradual  reduct ion of 
oxide (which at the potent ial  of the measurements  
proceeds at a far  lesser rate  than the reduct ion of 
O~) is minimized. 

Coverage with  oxygen-conta in ing films on poten-  
tiostated electrodes was determined by cathodic re -  
duction with  a constant current.  Electrodes were  po- 
tentiostated for 1 min at a given potential  af ter  which 
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the potentiostat ing circuit  was broken and a constant 
(~30 m a / c m  2) cathodic current  was applied immedi -  
ately (33) (~10 -5 sec). The change of potent ial  with 
t ime during the cathodic pulse was fol lowed on an 
oscilloscope. All  exper iments  were  carried out in the 
oxygen saturated solutions (10). 

Results 
Potential current density relations.--Rh and Ir, and 

P t -Rh  alloy electrodes, in acid and in alkal ine solu- 
tions, show two distinct l inear  V-log i anodic regions 
wi th  different slopes. Transi t ion f rom one region to 
another  is ra ther  sharp; it occurs in less than 1 uni t  
of log i. On the cathodic side, only one l inear  region 
on each of these electrodes was observed, except  for 
Rh in acid solution where,  at lower  c.d., another  l inear 
region appears  to exis t .  In Fig. 1 and 2, these relat ions 
are shown for 1N HC104 and 1N KOH solutions, re -  
spectively;  data are summarized in Table I. In these 
figures and in Table I data (10) for Pt  are  included 
for comparison. 

At  high anodic 0, both in acid and in alkaline, OV/O 
in i ~ 2RT/F for all electrodes. At  low ~, i t  is e i ther  
close to 2RT/3F, as for Ir in both solutions and for Rh 
and P t -Rh  in alkaline, or to RT/F, as for Rh and for 
P t -Rh  in acid (and for Pt  in alkaline) solutions. On 
the cathodic side, OV/O In i approach the ideal 2RT/F 
on all electrodes except  for Pt-Rh,  and Pt  in alkal ine 
solution (~RT/F) .  On Rh in acid solution, in addition 
to the 2RT/F slope, a second slope close to the ideal 
RT/F appears at lower  cathodic ~. 

The change of anodic slopes in acid solution s occurs 
at a constant current  density (~10 -4 a m p / c m  -2) 
ra ther  than at a constant 0. In alkaline, in contrast  
to the acid case, V- ln  i curves (almost) overlap for 
all electrodes except  for Pt, which behaves more  like 
Rh or P t -Rh  in acid solution. Ir  in acid and in alkal ine 
solution has the same n-in i relat ion in contrast  to 
all o ther  electrodes. 

3 I n c l u d i n g  a lso  P t  i n  K O H .  
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Table I. Observed diagnostic criteria 

O@ a n o d t c  O~ c a t h o d i c  [ O~ a n o d i c  
' '  ~ _ _ _  �9 ] 

O ln  i O ln  i O ln  t 

l o w  ~, h i g h  v, l o w  V, h i g h  ~, 
E l e c t r o d e  m v  m v  m y  m v  t > 1 s e c ,  r n v  

io �9 1011 
(amp/em-~) 

A n o d i c  
l o w  7) h i g h  ~) C a t h o d i c  v 

R h  ~ 6 0  125  (65)  ~ 1 0 0  
I r  ~ 4 0  1 2 0  ~ 1 0 5  - -  
P r - R h  6 5 - 7 0 ( 1 2 5 ) *  120  ~ 1 1 0  - -  
P t  110  - -  ~ 1 0 5  - -  

R h  ~ 4 2  115  ~ 1 0 0  
I r  ~ 4 0  ~ 1 2 0  ~ 1 0 0  
P t - R h  ~ 4 0  ~ 1 2 0  ~ 5 5  
P t  ~ 6 0  115  ~ 6 0  m 

1 N  PICIO~ 

62  3 3 .10a  6 0 ( 1 ) * *  ( 2 , 0 8 ) * *  2 . 5 * * *  
37  i 10  ~ 1 1 .9  

95  a v e r a g e  3 (10~) * 108 10 '~ 2 . 7  
115 a t  ~/ < 1 . 5 v  ~ 1 0  ~ - -  ~ 1 0 ~  3.6 

1 N  K O H  

43 6.10-1 ~ 1 0 ~  3 1,9 

4 0  i 0  -:I ~10 ,~  3 . 1 0  -:t 1 .5  
- -  3 , 10 -~  ~ I 0 8  3 ,10- : t  2 

* A t  c u r r e n t  d e n s i t i e s  b e l o w  10-v a m D / c m e .  
** F r o m  c a t h o d i c  T a f e l  s l o p e  a t  l o w  ~/, 

*** C a l c u l a t e d  w i t h  t h e  c a t h o d i c  s l o p e  a t  h i g h  ~/. 

A t  any  g i v e n  po t en t i a l  above  about  1.4v (vs.  H.E.) ,  
the  ac t i v i t y  in acid so lu t ion  is in the  o r d e r  

iPt ~ iPt-Rh ~ iRh ~ iIr [ 1 ] 

S imi l a r  t r end  holds  also in  a lka l ine ,  a l though ,  at  
h i g h e r  ~, a l loy  e l ec t rodes  a lmos t  ove r l ap  w i t h  Rh. 

A t  low c.d. ( < I 0  - s  a m p / c m 2 ) ,  T a f e l  l ines of  Rh  and  
I r  e l ec t rodes  of ten  t end  to dev ia t e  f r o m  l inear i ty ,  and 

app roaches  4 (not  shown  in Fig.  1 and  2) a res t  po -  
t en t i a l  b e t w e e n  1.25 and  1.45v (vs. H.E.) .  These  po-  
ten t ia l s  p r o b a b l y  co r re spond  to the  m i x e d  p o t e n t i a l  
of an  ox ide  r eac t ion  w i t h  the  r e v e r s i b l e  o x y g e n  r e -  
action.  

W h e n  the  e x p e r i m e n t s  w e r e  ca r r i ed  out  on P t - R h  
a l loy  e l ec t rodes  in h i g h l y  pur i f ied  acid so lu t ion  b e l o w  
about  10 -7  a m p / c m  2, the  Ta fe l  l ine  appea r s  to r e -  
a s sume  the  slope of 2 R T / F  (Fig.  3).  

R e p r o d u c i b i l i t y  o] r e s u l t s . - - A n o d i c  V - l n  i cu rves  
a re  w e l l  r e p r o d u c e d  at c u r r e n t  dens i t ies  above  abou t  
10 -7 a m p / c m  2. Pos i t ions  and  s lopes  of anodic  T a f e l  
l ines  a b o v e  10 -7  a m p / c m  2 w e r e  no t  affected by  t h e  
res t  po ten t ia l s  e s t ab l i shed  at zero  c.d. A t  l o w e r  c.d. 
( < 1 0 - s  a m p / c m  2) it  was  of ten  difficult  to r e p r o d u c e  
resul ts .  Ca thod ic  l ines  are,  in  genera l ,  less r e p r o d u c i -  
b le  t han  anodic  l ines.  T h e  d e g r e e  of r e p r o d u c i b i l i t y  

*This i s  p a r t i c u l a r l y  s o  if an electrode was anodized for longer 
(30 min) time at high (10 -~ amp/cme) c.d. 
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Fig. 3. V-log i plot for Pt-{40 at. %)  Rh alloy electrode in 
highly purified acid (1N HCI04) solution. At lowest current den- 
sity additional linear relationship appears wi~,h the slope close to 
2RT/F (compare with Fig. 1). 

depends  on the  t i m e  an e l ec t rode  was  k e p t  at a p o t e n -  
t ia l  be low  about  ] v  (vs. H.E.) .  T h e  l onge r  t he  t i m e  
and the  l o w e r  t h e  po ten t ia l ,  t he  p o o r e r  was  the  r e p r o -  
ducibi l i ty .  This  is a t t r i b u t e d  to the  change  on the  
e l ec t rode  su r face  due  to t he  pa r t i a l  r e d u c t i o n  of  t he  
sur face  oxides  be low  ce r t a in  potent ia l .  On  an  ox ide  
f r e e  e l ec t rode  surface,  the  m e c h a n i s m  and  ra tes  fo r  
O2 r e d u c t i o n  are,  in genera l ,  d i f fe ren t  t h a n  on ox ide  
cove red  e l ec t rode  su r face  (34). This  is i l l u s t r a t ed  in 
the  case of p r e r e d u c e d  and p r e a n o d i z e d  Rh  e lec t rodes  
in Fig.  4. W i t h  t he  p r e sen t  t e c h n i q u e  of m e a s u r e m e n t  
[ fas t  m e a s u r e m e n t  on p r eanod ized  e lec t rodes  (10)]  
d i sso lu t ion  was  ce r t a i n  to occur  on the  s a m e  t y p e  of  
e l ec t rode  su r f ace  as t he  evolu t ion ,  name ly ,  on ox ide  
c o v e r e d  e lec t rodes .  F o r  th is  reason,  c u r r e n t  dens i ty  
r a n g e  on the  ca thodic  s ide o v e r  w h i c h  a l inea r  r e l a -  
t ion was  es tab l i shed  is sho r t e r  t h a n  on the  anodic  side. 

E x c h a n g e  c u r r e n t  d e n s i t i e s . - - F o r  I r  ( and  P t ) ,  bo th  
in acid  and in a l k a l i n e  solut ion,  and  fo r  Rh  and P t - R h  
a l loy  in a lka l ine  solut ions,  ca thod ic  and anodic  (a t  l ow  
c.d.) Ta fe l  l ines  w h e n  e x t r a p o l a t e d  i n t e r c e p t  close to 
1.23v vs.  H.E. (_0 .035v) .  F o r  Rh  and  P t - R h  a l loy  in 
acid, h o w e v e r ,  ca thod ic  l ine  w i t h  OV/O in i ~ 2 R T / F  
i n t e rcep t s  ,1 = 0 axis  at io ~ 6 �9 10 -1~ and  10 -9  a m p /  
cm 2, r e spec t ive ly ,  w h i l e  t he  anodic  l ines  (a t  low n) 
in te rcep t s  this  axis  at  abou t  3 �9 10 -11 a m p / c m  2 for  
bo th  e lect rodes .  If  e x p e r i m e n t a l  po in t s  on Rh  at  l ow  
ca thodic  ~ a re  cons ide red  only,  ca thod ic  l ine  w i t h  
s lope co r r e spond ing  to R T / F  e x t r a p o l a t e s  to ~1 = 0 at  
io = 10 -11 a m p / c m  2, hence  close to t he  po in t  w h e r e  
the  anodic  b r a n c h  in t e rcep t s  t he  axis  (3.10-11 a m p /  
cm2).  This  appea r s  to j u s t i fy  t he  i n t e r p r e t a t i o n  of t h e  
e x p e r i m e n t a l  po in t s  on Rh  in  acid at l o w  ca thodic  

in t e rms  of a l inea r  V- log  i w i t h  OV/O In i ~ R T / F .  
Simi l a r ly ,  in  acid  so lu t ion  e x t r a p o l a t i o n  of t he  anodic  
Ta fe l  l ine  of  P t - R h  a l loy e l ec t rode  f r o m  the  lowes t  

> 0.9 
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Fig. 4. V-log i plot for 02 dissolution on Rh electrodes in ]N  
HCI04. (0):  preanodized electrode; (x) prereduced electrode by 
potentiostoting at 0.2v (vs. H.E.) for 20 sec. Different mechanisms 
are operative on these electrodes. 
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Table II. Idealized stoichiometric numbers and Tafel slopes 

July 1966 

E l e c t r o d e  

A n o d i c  C a t h o d i c  

l o w  ~ h i g h  ~ l o w  71 h i g h  ~7 

Stoiehiometric 
number 

A c i d  
t t h  A l k a l i n e  

A c i d  
I r  A l k a l i n e  

A c i d  R T / F  
P t - R h  A l k a l i n e  

A c i d  
P t  A l k a l i n e  

R T / F  2 R T / F  ( R T / F )  2 R T / F  
2 R T / 3 F  2 R T / F  2 R T / F  - -  

2 R T / 3 F  2 R T / F  2 R T / F  - -  
9 ,RT /3F  2 R T / F  2 R T / F  - -  

( 2 R T / F )  * 2 R T / F  2 R T / F  - -  
2 R T / 3 F  2 R T / F  R T / F  - -  

2 R T / F  - -  2 R T / F  - -  
R T / F  2 R T / F  R T / F  - -  

(2)** 
2 

2 
2 

3 
1-2 

4 
2 

2.5*** 

* A t  t h e  l o w e s t  m e a s u r e d  c u r r e n t  d e n s i t i e s .  
** On  t h e  bas i s  of  c a t h o d i c  s lope  a t  l o w  71 ( R T / F ) .  

*** On t h e  bas i s  of c a t h o d i c  s lope  a t  h i g h  V ( 2 R T / F ) .  

current  densities (Fig. 3) leads to the exchange c.d. 
of 10 -9 amp/cm 2, in agreement  with that extrapolated 
from the cathodic side. 

The exchange c.d. obtained by extrapolat ion of 
l inear  Tafel regions both at low and at high ~'s are 
given in Table I. 

Open-circuit potential decay.--Plots of potential  de-  
cay after anodic polarization in acid solution are 
shown in Fig. 5 for times longer than 1 sec. ~ Similar  
plots were obtained for alkaline. Data on 0~/0 In t are 
summarized in Table I. Decay potent ial  data agree 
with OV/O In i data, except for P t -Rh  alloy in acid 
solution with OV/~ In t being higher (average 95 mv)  
than aV/~ In i ( ~ R T / F ) .  However, at the lowest 
potentials, dV/d in t for the alloy corresponds closely 
to 2RT/F. 

Using these potential  decay data and those from 
V-ln  i curves, idealized diagnostic criteria are sum- 
marized in  Table II. 

Stoichiometric number.--The stoichiometric n u m -  
bers, calculated by the equat ion (35) 

n F  [ 1 _ _  1 ] - 2  

v : RT ba bc [2] 

B e c a u s e  of t h e  l o w  e x c h a n g e  c.d. ,  t h e  e l e c t r o d e s  a r e  s t i l l  in  t h e  
l i n e a r  r e g i o n .  

x 

L6C 

1.55 . . . .  o 

L40 
I _  ~2_ 

0 I 2 3 

log t [ see ]  

Fig. 5. Open-circuit potential decay for Rh (�9 Ir (-~),  and Pt- 
(40 at, %) Rh alloy (x) electrodes in | N  HCI04. On the Pt-Rh alloy 
electrode at low potentials slope increases to about 115 my. 

05 
z 1.50 

o 
c 

g 
1.45 

where ba and bc are anodic and cathodic Tafel slopes, 
respectively, are given in Table I. Only ba's at low 
anodic ~ were used. For Rh in acid, ~ was calculated 
with both cathodic slopes (RT/F at low, and 2RT/F 
at high n). 

Coverage by oxygen-containing film.--Galvanostatic 
cathodic t ransients  of Rh and Ir  electrodes, after 
potentiostating in acid solution at a potent ial  above lv  
(vs. H.E.), differ significantly between themselves 
(Fig. 6). Ir electrode shows a p rominent  "flat" region 
in the V-t t ransients  at re la t ively high potentials. 
In alkal ine solutions, t ransients  on Rh and Ir  are 
much alike and are similar to that  of Ir in acid solu- 
tion. 

A similar dependence exists of coverage by oxygen 
containing species on the potential  ( a t  which elec- 
trodes were potentiostated for 2 rain) for both Rh and 

TlU~ T lUE  

b 

Fig. 6. Typical constant current transients in reduction of oxides 
on Rh (a) and on Ir (b) electrodes. Electrodes were potentiostated 
at 1.4v (vs. H.E.) in I N  HCI04. Reduction current density 30 
ma/cm2; time scale 20 ms/em; potential scale 0.5 v/cm. 

4000 

5000  

o 

~ 2000 
g 

IOOO 

I I r_ .  f I J f 
1.0 I,I 1.2 1.3 1,4 1.5 1.6 

Poten f io l  vs. H.E. [ V ]  

Fig. 7. Coverage by oxygen containing film on Ir electrode poten- 
tiostated at various potentials in 1N HCIO.t. 
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Table Ill. Selected paths with diagnostic criteria 

OV/O i n  i 
A n o d i e  

l o w  V h i g h  ~ C a t h o d i c  ~ a c i d  

0 7 / 0  P H  
LOW ~ H i g h  

alk. acid alk. 

A .  " E l e c t r o c h e m i c a l  o x i d e "  p a t h  (36)  
S + H 2 0  --> S O H  + H +  + e -  2 R T / F  2 R T / 3 F  2 R T / F  - - R T / F  
S O H  + S + H~O---> S O  + SH_~O + H + + e -  2 R T / 3 F  2 R T / F  2 R T / F  2 R T / 3 F  - - R T / 3 F  R T / F  - - R T / F  
2 S O - ~  O~ + 2 S  R T / 4 F  co 1 

B .  ( I 0 )  
S + H 2 0  . - - ) S O H  + H +  4- e -  2 R T / F  2 R T / 3 F  2 R T / F  - - R T / F  
SOH + I.i20--~ SO - -H- - OH- + H + RT/F RT/F 2 0 --RT/F 
S O  - - - H - - - O H -  --> S O  - - H - - O H  + e -  2 R T / 3 F  2 R T / F  2 R T / F  2 - R T / 3 F  - - R T / 3 F  - - R T / F  - - R T / F  
S O  - - H - - O H  ~ S O  + H 'zO R T / 2 F  R T / F  co 2 0 
2 S O  -+ 2 S  + 0 2  R T / 4 F  ~v 1 

C .  K r a s i l s h c h i k o v  (37)  
S + H ~ O  -~ S O H  + H +  + e -  2 R T / F  2 R T / 3 F  2 R T / F  - - R T / F  
S O H - ~  S O -  + H +  R T / F  R T / F  2 O - - R T / F  
SO---> S O  + e -  2 R T / 3 F  2 R T / F  2 R T / F  2 - - R T / 3 F  - - R T / 3 F  - - R T / F  - - R T / F  
2 S O  --~ Oa  + 2S RT/4F oo 1 

D. 

E. 

S + H.~O--) SOH + H + + e- 
SOH + I'i20-~ SH~O~- + H + 
2SH20~-L) S + SO~ ~- + 2H,~O 
SO~--~ S + O~ + 2e- 

S + HIeO--) SOH + H+ + e- 
SOH + HI~O~ SO2H~- + H+ 
SO,2H~- --> SO.H2 + e- 
SO2H~-->  SO + H 2 0  
SO + I.i.-O -~ SHO~ + e -  
S I - I 0 2 - ~  S + O~ + I-I+ + e -  

2 R T / F  
R T / F  
R T / 2 F  
R T / 3 F  

RT/F 

2 R T / F  
R T / F  
2 R T / 3 F  2 R T / F  
R T / 2 F  R T / F  
2 R T / 5 F  2 R T / 3 F  
2 ~ T / 7 F  

2 R T / 3 F  2 R T / F  -- R T / F  
R T / F  2 0 - - R T / F  
R T / 2 F  1 ~ R T / F  -- R T / F  
R T / F  1 -- R T / 3 I  r -- R T / 3 F  

2 R T / 7 F  1 R T / F  -- R T / F  
R T / 3 F  1 0 -- R T / F  
2 R T  /5F  1 R T / 3 F  -- R T / 3 F  
R T / 2 F  1 0 
2 R T / 3 F  1 
2 R T / F  1 

-- R T / F  0 

-- R T / F  -- R T / F  

Ir electrodes in acid or in alkaline solutions. In Fig. 7, 
the relat ion for Ir electrode in }IC]O4 is shown. Two 
distinct and to a first approximat ion l inear  regions 
are apparent.  They intercept  at about 1.3v (vs. H.E.). 

Some i r reproducibi l i ty  in coverage measurements  
was observed, par t icular ly  if an electrode was used 
for some time, in which case, the electrode, for the 
same potential,  has a higher  coverage than it had 
initially. This was a t t r ibuted to gradual  roughening 
of the electrodes in successive anodic and cathodic 
pulsing. New electrodes were  used for these measure-  
ments. 

Discussion 
Mechanism on Ir in acid and alkaline s o l u t i o n s . -  

The intercepts of the extrapola ted cathodic and anodic 
Tafel l ine at low ~, which are close to 1.23v (vs. H.E.), 
show that  the mechanisms for the over -a l l  reaction 

2H20 --> O2 -5 4H + -5 4 e -  [3a] 
for acid, or 

4 O H -  --> 02 -5 2H~O -5 4e -  [3b] 

for alkal ine solution, are the same both in evolution 
and in dissolution..OV/O ]n i of 2RT/3F at low anodic, 
and 2 R T / F  at cathodic ~]'s, imply6 that  the ra te  of the 
over-a l l  react ion (3) is controlled by an e lect rochemi-  
cal step which occurs twice (v = 2) while  the over -  
all react ion occurs once. 7 For the anodic direct ion of 
the reaction, two charge transfers precede the ra te -  

0 L a n g m u i r i a n  t y p e  o f  a d s o r p t i o n  a s s u m e d  [ c f ,  r e f .  ( 1 0 ) ] .  

T h i s  c a n  b e  s h o w n  u s i n g  E q .  [ 4 ] .  

controll ing step. 7 Three  react ion paths, which satisfy 
this r equ i rement  are given in Table III. They are 
paths A, B, and C. Path  A is the "electrochemical 
oxide" path of Bockris (36), path B was recent ly  
suggested by the present  authors as a possible path 
for O2 react ion on Pt  electrodes in alkal ine solutions 
(10), and path C is that  given by Krasi lshchikov (37) 
for the same reaction on Ni electrodes. For  path A, 
the second step, and for paths B and C, the third step 
in the anodic direction would be rate-control l ing.  

High value of OV/O In i at high anodic ~fs ( ~ 2 R T / F )  
can be explained by ei ther  of these three paths. 
Two possibilities exist. First, at high anodic ~, cover -  
age by in termediates  becomes high, the resul t  of 
which is that  for the same path and the ra te -cont ro l -  
l ing step potent ia l  current  density relat ionship changes 
and second, higher  slope, appears at higher  ~]'s. This 
case was discussed first by Bockris (36) and more 
recent ly  by the present  authors (10). The second 
possibility is that  for the same path the ra te -cont ro l -  
ling step at high anodic n's changes, and the first step 
(in ei ther  of these paths) becomes ra te-contro l l ing  
(10). 

pH dependence of overpotent ia l  in acid solution 
could discr iminate  between the electrochemical  path 
(A) and the other two (B and C). 0~/O pH at low and 
at high n's is positive for the former  and negat ive for 
the lat ter  two (see Table I I I ) .  No such distinctions 
could be made in alkal ine solution. For  the electro-  
chemical  oxide path, the pH dependence of n for each 
step reverses  its sign when  the solution changes 
f rom acid to alkaline. This, and the fact that  for Ir, 

Table IV. Summary of the mechanisms of 02 reaction on various electrodes 

A n o d i c  C a t h o d i c  

l o w  ~ h i g h  @ l o w  ~/ h i g h  ~) 

A c i d  B ( 2 )  B ( 1 )  B ( 2 )  B ( 3 )  
R h  A l k a l i n e  A ( 2 )  A ( 2 )  o r  A ( 1 )  A ( 2 )  - -  

A c i d  A ( 2 )  A ( 2 )  o r  A ( 1 )  A ( 2 )  - -  
I r  A l k a l i n e  A (2) A (2) o r  A (1)  . 4  (2)  

A c i d  B ( 2 )  B ( 1 ) *  B ( 2 )  a n d / o r  i ( I )  - -  
P t - R h  3 ( 1 )  o r  4 ( 1 ) * *  

A l k a l i n e  A ( 2 )  A ( 2 )  o r  A ( 1 )  B ( 2 )  o r D ( 2 )  - -  

A c i d  I ( 1 ) ,  3 ( 1 )  o r  4 ( 1 ) * *  - -  1 ( 1 ) ,  3 ( 1 )  o r  4 ( 1 ) * *  
P t  (10)  A l k a l i n e  B ( 2 )  o r  I9(2) B ( 1 )  o r  D(1} B ( 2 }  o r  D ( 2 )  - -  

* A t  l o w e s t  o v e r p o t e n t i a l  t h e  m e c h a n i s m  i s  1 ( 1 ) ,  3 ( 1 )  o r  4 ( 1 ) .  
** T h e s e  a r e  t h e  " o x i d e "  p a t h ,  " h y d r o g e n  p e r o x i d e "  p a t h ,  o r  " m e t a l  p e r o x i d e "  p a t h ,  r e s p e c t i v e l y .  S y m b o l i s m  h e r e  c o r r e s p o n d s  

t o  t h a t  i n  r e f .  ( 1 0 ) .  
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V - l o g  i c u r v e s  o v e r l a p  in  ac id  a n d  in  a l k a l i n e  so lu -  
t ions  ( and ,  h e n c e ,  o v e r - a l l  0~ /0  p H  = 0) w o u l d  f a v o r  
t h e  e l e c t r o c h e m i c a l  o x i d e  p a t h  o v e r  t h e  o t h e r  two.  
H o w e v e r ,  i t  is pos s ib l e  t h a t  t h e  p a t h  i n  ac id  is d i f f e r -  
e n t  f r o m  t h e  p a t h  in  a l k a l i n e  so lu t ion ,  s 

Mechanism on R h  in alkaline solut ion.- -Rh i n  a l k a -  
l i ne  s o l u t i o n  b e h a v e s  in  t h e  s a m e  w a y  as t h e  I r  e l ec -  
t rode .  C o r r e s p o n d i n g l y ,  t h e  d i s cus s ion  fo r  I r  h o l d s  a lso  
for  Rh.  I n  T a b l e  IV, m e c h a n i s m s  f o r  e a c h  e l e c t r o d e  a r e  
t a b u l a t e d .  

Mechanisms on R h  electrode in acid solut ion.- -Ob-  
s e r v e d  OV/O In  i c lose to  R T / F  at  low a n o d i c  0 's  r e -  
q u i r e d  a c h e m i c a l  r a t e - c o n t r o l l i n g  s t ep  w h i c h  fo l l ows  
a n  e l e c t r o c h e m i c a l  s t e p ( s ) .  Th i s  c a n  b e  s h o w n  w i t h  
t h e  Eq. [4] (10, 18, 39, 40).  

k- -1  
OV _ R T  [ ~ ~ni  ] -1 

0 In i F flknk -t- [4] 
i = l  ~r 

w h e r e  v~ a n d  ~'k a r e  " s t o i c h i o m e t r i c  n u m b e r s "  (11) ,  9 
a n d  n~ a n d  nk a r e  t h e  n u m b e r s  of e l e c t r o n s  t r a n s f e r r e d  
in  t h e  s ing le  s tep  i, a n d  in  t he  r a t e - c o n t r o l l i n g  s t ep  k, 
r e s p e c t i v e l y .  Thus ,  TM is nk = 1 (a  r a t e - c o n t r o l l i n g  s t ep  
i n v o l v i n g  c h a r g e  t r a n s f e r ) ,  a n d  to s a t i s f y  t h e  c o n d i -  
t i o n  ~OV/O In  i = R T / F  a t  low a n o d i c  ~'s, ~ is 1/2. T w o  
poss ib i l i t i e s  m i g h t  b e  t h o u g h t  to s a t i s f y  t h i s  r e q u i r e -  
m e n t :  ~i ~ 2 a n d  Vk = 4; or  vi = 1 a n d  vk = 2. I f  
vi = 1 a n d  vk = 2, o n l y  one  e l e c t r o n  is t r a n s f e r r e d  b e -  
f o r e  t h e  r a t e - c o n t r o l l i n g  s tep,  b u t  t w o  a r e  n e e d e d  to 
f o r m  ( a t  l e a s t )  t w o  i d e n t i c a l  i n t e r m e d i a t e s  r e q u i r e d  
as r e a c t a n t s  fo r  t h e  r a t e - c o n t r o l l i n g  s t ep  (Vk = 2) .  If  
~i = 2 a n d  vk = 4, t h e n  s ix  e l e c t r o n s  w o u l d  b e  t r a n s -  
f e r r e d  in  t h e  o v e r - a l l  r e ac t i on .  In  g e n e r a l ,  a n  e l ec -  
t r o c h e m i c a l  r a t e - c o n t r o l l i n g  s tep  in  O2 e v o l u t i o n  w i t h  
t h e  p a r a m e t e r s  g i v e n  is t h e r e f o r e  n o t  poss ib le .  

W i t h  nk = 0 (a  c h e m i c a l  r a t e - c o n t r o l l i n g  s t e p ) ,  vk 
c o u l d  b e  a n y  i n t e g e r  f r o m  1 to 4, b u t  m u s t  b e  e q u a l  to 
t h e  t o t a l  n u m b e r  of e l e c t r o n s  t r a n s f e r r e d  b e f o r e  t h e  

k - - 1  
r a t e - c o n t r o l l i n g  s t ep  ( =  ~ vini).  F o u r  p a t h s  w h i c h  

sa t i s fy  th i s  cond i t i on ,  B, C, D, a n d  E, a r e  g i v e n  in  T a b l e  
III .  P a t h  D is t h e  a l k a l i n e  p a t h  of H o a r  (2) ,  a n d  E w a s  
i n t r o d u c e d  b y  t h e  p r e s e n t  a u t h o r s  in  a p r e v i o u s  p u b -  
l i ca t ion  (10) .  T h e  s e c o n d  s tep  in  t h i s  a n o d i c  d i r e c t i o n  
in  a l l  t h e s e  p a t h s  w o u l d  b e  r a t e - c o n t r o l l i n g  fo r  t h e  
r e a c t i o n .  

W i t h  t he  a n o d i c  OV/O In  i of R T / F  (and ,  h e n c e ,  
k - - 1  

nk = 0, a n d  z vzn~ = vk), and,  s ince  in  t h i s  case  (see  
i = 1  

k - - 1  

a b o v e )  ~ v~n~ is e q u a l  to t h e  n u m b e r  of  e l e c t r o n s  
/ = 1  

t r a n s f e r r e d  b e f o r e  t h e  ( c h e m i c a l )  r a t e - c o n t r o l l i n g  
s tep,  t h e  n u m b e r  of e l e c t r o n s  t r a n s f e r r e d  b e f o r e  t h e  
( s a m e )  r a t e - c o n t r o l l i n g  s tep  in  O2 d i s s o l u t i o n  is 
n - - v k ,  w h e r e  n is t h e  n u m b e r  of e l e c t r o n s  fo r  t h e  
o v e r - a l l  r e ac t i on .  I t  f o l lows  f r o m  Eq. [4] t ha t ,  fo r  t h i s  
c a t h o d i c  r eac t i on ,  n -  vk = vk acath., w h e r e  ~cath. is t h e  
t r a n s f e r  coeff ic ient  for  t h e  c a t h o d i c  d i r e c t i o n  of t h e  
r eac t i on .  C~cath" in  t h i s  r e l a t i o n s h i p  c a n n o t  h a v e  v a l u e  
of V2, and,  h e n c e ,  ( fo r  t h e  g i v e n  c o n d i t i o n s :  a n o d i c  
~V/8 In  i = R T / F )  c a t h o d i c  s lope  of 2 R T / F  at  low 0's 
m u s t  b e  e x c l u d e d .  

T h e  o b s e r v e d  v a l u e  of 2RT/F  on t h e  c a t h o d i c  s ide  
m u s t ,  t h e r e f o r e ,  re f lec t  t h e  c h a n g e  of t h e  Ta fe l  s lope  
in  t h e  c a t h o d i c  d i r e c t i o n  w i t h  i n c r e a s e d  n. T h i s  is 
s u p p o r t e d  b y  t h e  f ac t  t h a t  t he  o b s e r v e d  Ta fe l  l i ne  
w i t h  2 R T / F  i n t e r c e p t s  t h e  o ~ 0 ax is  a t  c.d. h i g h e r  
t h a n  does  t h e  a n o d i c  T a f e l  l ine.  S h o r t  a n d  a p p a r e n t l y  

s R e c e n t l y ,  W o n g  (38) has  s h o w n  t h a t  fo r  Oe e v o l u t i o n  on I r  e l ec -  
t r o d e s  in  a c i d  s o l u t i o n  (O~?/OpH)~ ~ + 20 m v  a t  l o w  ~'s, a n d  a b o u t  
+ 40 m v  a t  h i g h  V's. T h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  e l e c t r o -  

c h e m i c a l  p a t h .  

' m is t h e  n u m b e r  of t i m e s  t h e  s tep  i occu r s  fo r  one  ac t  of t h e  
o v e r - a l l  r e a c t i o n ;  i t  is h e r e  c a l l e d  a s t o i c h i o m e t r i c  n u m b e r  a l -  
t h o u g h ,  f o r m a l l y ,  t h i s  t e r m  a p p l i e s  o n l y  to t h e  r a t e - c o n t r o l l i n g  s tep .  

lo In  t h i s  ana ly s i s ,  i t  is t a k e n  t h a t  no  m o r e  t h a n  one  c h a r g e  can  
be  t r a n s f e r r e d  in  a n y  s i ng l e  r e a c t i o n  s tep .  

l i n e a r  r a n g e  of V vs. in  i o b s e r v e d  o n  t he  c a t h o d i c  
V - l o g  i c u r v e s  a t  low n 's  does  i n t e r c e p t  in  e x t r a p o -  
l a t i o n  t h e  a n o d i c  b r a n c h  c lose  to ~! = 0 axis .  Hence ,  
th i s  s h o r t  r e g i o n  of V - l n  i a t  l ow ~'s r e p r e s e n t s  a 
t r u e  l i n e a r  r e l a t i o n  of V vs. log i. I t s  s lope  is c lose to 
RT/F.  Thi s  is a p e r m i s s i b l e  c a t h o d i c  s lope  fo r  t he  
c o n d i t i o n  (OVIO In  i ) a n o d i c  ~ RT/F ,  t h e  o n l y  o t h e r  
p e r m i s s i b l e  s lope  b e i n g  RT/3F.  W i t h  t h e  l a t t e r  slope,  
t h e  e x t r a p o l a t e d  e x c h a n g e  c.d. w o u l d  be  f a r  less t h a n  
t h a t  o b t a i n e d  f r o m  t h e  a n o d i c  e x t r a p o l a t i o n ,  and ,  
hence ,  th i s  s lope  is imposs ib l e .  

W i t h  t h e  c a t h o d i c  s lope  a t  low o's of RT/F,  t h e  
s t o i c h i o m e t r i c  n u m b e r  ~k = 2 a n d  t h e  pos s ib l e  p a t h s  
r e d u c e  to B, C, a n d  D. I t  r e m a i n s ,  h o w e v e r ,  to e x -  
p l a i n  t h e  a p p e a r a n c e  of t h e  2 R T / F  s lope  of h i g h  ca -  
t h o d i c  n. T h e  c h a n g e  of t h e  s lope  f r o m  R T / F  a t  low ~'s, 
to  2RT/F  a t  h i g h  c a t h o d i c  ~'s, is m o s t  p r o b a b l y  due  to 
t h e  c h a n g e  in  t h e  r a t e - c o n t r o l l i n g  s tep  w i t h  po t en t i a l .  
P a t h  D c a n  n o w  b e  e l i m i n a t e d ,  as t h e r e  is no  2RT/F  
c a t h o d i c  s lope  r e q u i r e d  fo r  h i g h  0 (cf. T a b l e  I I I ) .  F o r  
t h e  r e m a i n i n g  t w o  pa ths ,  B a n d  C, t h e  t h i r d  s t eps  ( in  
t h e  a n o d i c  d i r e c t i o n )  a r e  t h e  o n l y  pos s ib l e  r a t e -  
c o n t r o l l i n g  s t eps  a t  h i g h  c a t h o d i c  ~. ( T h e  first  t h r e e  
s t eps  in  t h e s e  two  p a t h s  d i f fe r  o n l y  in  t h e  " h y d r a t i o n "  
of i n t e r m e d i a t e s  a n d  a r e  i n d i s t i n g u i s h a b l e  b y  p r e s e n t  
e l e c t r o c h e m i c a l  c r i t e r i a . )  

F i n a l l y ,  t h e  c h a n g e  of s lope  in  t he  a n o d i c  V - l n  i 
f r o m  a p p r o x i m a t e l y  R T / F  at  low n, to 2RT/F  a t  h i g h  
0, is d u e  e i t h e r  to a c h a n g e  in  m e c h a n i s m  f r o m  B (2)11 
to B ( 3 ) ,  or  f r o m  B ( 2 )  to B ( 1 )  12 (see  T a b l e  I I I ) .  One  
p o i n t  h e r e  f a v o r s  t h e  c h a n g e  in  m e c h a n i s m  f r o m  t h e  
s e c o n d  to t h e  f i rs t  s tep.  E x t r a p o l a t i o n  of t he  a n o d i c  
T a f e l  l i ne  a t  h i g h  *l g ives  t h e  e x c h a n g e  c u r r e n t  d e n -  
s i ty  of 3 �9 10 - s  a m p / c m k  E x t r a p o l a t i o n  fo r  t h e  ca-  
t h o d i c  s ide  a t  h i g h  ~ g ives  to t h e  e x c h a n g e  c u r r e n t  
d e n s i t y  of 6 �9 10 -10 a m p / c m  2. Th i s  s h o w s  d i f f e r e n t  
m e c h a n i s m s  a t  h i g h  a n o d i c  a n d  a t  h i g h  c a t h o d i c  0. 
S i n c e  o n  t h e  c a t h o d i c  s ide a t  h i g h  ~ t h e  m e c h a n i s m  
c a n  be  o n l y  B ( 3 ) ,  a t  h i g h  a n o d i c  n i t  is B ( 1 ) .  

Mechanism on P t - R h  alloy e lec t rodes . - -Pt -Rh  a l loy  
e l e c t r o d e s  b e h a v e  in  a p e c u l i a r  way .  I n  ac id  so lu t ion ,  
OV/O In i of R T / F  a t  low a n o d i c  0 e x c l u d e s  2RT/F  
as a s lope  on  t h e  c a t h o d i c  side. T h e  r e a s o n i n g  fo r  th i s  
c o n c l u s i o n  is g i v e n  in  t h e  d i s cus s ion  of R h  in  ac id  
so lu t ions .  H o w e v e r ,  in  c o n t r a s t  to t he  b e h a v i o r  fo r  
Rh,  p lo t  of V - l o g  i of t he  a l loy  does  no t  s h o w  or  i n -  
d i ca t e  a n o t h e r  c a t h o d i c  s lope  a t  low 0. T h e  c a t h o d i c  
T a f e l  l i ne  i n t e r s e c t s  t h e  0 = 0 ax is  a t  h i g h e r  v a l u e s  of 
( e x c h a n g e )  c u r r e n t  d e n s i t y  t h a n  does  t h e  a n o d i c  
b r a n c h ,  a n d  so i t  is pos s ib l e  t h a t  t he  l i n e a r  V - l n  i 
r e l a t i o n s h i p  w i t h  a s lope  of R T / F  ex is t s  a t  s t i l l  l o w e r  
c a t h o d i c  c u r r e n t  dens i t i e s .  I f  so, t he  a r g u m e n t s  a d -  
v a n c e d  for  t h e  case  of R h  in  ac id  s o l u t i o n  w o u l d  h o l d  
he re ,  too, a n d  t h e  m e c h a n i s m  w o u l d  be  (see  T a b l e  I I I )  
e i t h e r  B ( 2 )  [or  C ( 2 ) ] ,  a t  l ow  anodic ,  or  c a t h o d i c  o, 
B ( 1 )  [or  C ( 1 ) ]  a t  h i g h  a n o d i c  0, a n d B ( 3 )  [or  C ( 3 ) ]  
a t  h i g h  c a t h o d i c  n. 

I n  a l k a l i n e  so lu t ion ,  t he  a n o d i c  s lope  a t  low 0 of 
2RT/3F e x c l u d e s  ( t h e  o b s e r v e d )  c a t h o d i c  s lope  of 
RT/F.  T h e  o n l y  a c c e p t a b l e  s lopes  a re  2RT/hF a n d  
2RT/F.  A l m o s t  t h e  s a m e  e x c h a n g e  c u r r e n t  d e n s i t i e s  
a r e  e x t r a p o l a t e d  f r o m  t h e  a n o d i c  (10 -12 a m p / c m  2) 
a n d  t h e  ca thod i c  (3 �9 10 -12 a m p / c m  2) side.  W e r e  t h e  
c a t h o d i c  s lopes  to be  2RT/hF or  2RT/F,  t h e  e x t r a p o -  
l a t e d  e x c h a n g e  c u r r e n t  d e n s i t y  f r o m  t h e  c a t h o d i c  
s ide  w o u l d  be  e i t h e r  l o w e r  or  h i g h e r ,  r e s p e c t i v e l y ,  
t h a n  t h a t  e x t r a p o l a t e d  f r o m  the  a n o d i c  s ide  and ,  c o n -  
s e q u e n t l y ,  t he  l a t t e r  two  s lopes  a r e  a lso imposs ib l e .  
Th i s  a p p a r e n t  i n c o n s i s t e n c y  of t h e  e x p e r i m e n t a l  r e -  
su l t s  m a y  b e  r a t i o n a l i z e d  in  t h e  f o l l o w i n g  way .  

F r o m  Fig. 1 a n d  2, i t  c a n  be  s een  t h a t  t h e  r e a c -  
t ion,  b o t h  t h e  o x i d a t i o n  to 02  a n d  t he  r e d u c t i o n  to 
H20,  f o l l ows  t h e  k i n e t i c  c h a r a c t e r i s t i c s  c o r r e s p o n d i n g  
to t h e  i n d i v i d u a l  m e t a l s ,  w h i c h e v e r  h a s  t h e  f a s t e r  

n B ( 2 )  m e a n s  t h e  s econd  s tep  in  t h e  a n o d i c  d i r e c t i o n  of t h e  p a t h  
B is  r a t e - c o n t r o l l i n g .  

1~ S i n c e  t h e  f i r s t  t h r e e  s t eps  in  p a t h s  B a n d  C a r e  i n d i s t i n g u i s h -  
ab le  by  e l e c t r o c h e m i c a l  m e a n s  o n l y  p a t h  B is  c o n s i d e r e d  h e r e .  
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rate. The l ikely in terpre ta t ion  of this is that  the homo-  
geneous alloy substrate has become a heterogeneous 
mix ture  of a pla t inum oxide and a rhodium oxide. TM 

Although the react ion takes place on both oxides, the 
over -a l l  rate  is de termined by the rate  for that  oxide 
on which the reaction at the given potential  proceeds 
faster. Thus, on the anodic side, the react ion at higher  
potentials occurs predominant ly  on rhodium oxides. 
At lowest anodic ~'s in acid solution, Tafel l ine of the 
alloy (Fig. 3) deviates toward lower potentials. This 
is exact ly wha t  would be expected on the basis of the 
proposed hypothesis: the rate  of the over -a l l  react ion 
at these lowest overpotent ials  is de termined by the 
rate  on pla t inum oxides (cf. Fig. 1, 2, and 3). The 
cathodic reaction occurs in alkaline solution (Fig. 2) 
predominant ly  on Pt  oxides, on which the rate  is 
faster than on Rh oxides. In acid, in the potent ial  
range examined,  both oxides are equal ly  active, and 
the react ion occurs on both of them. At the lowest 
cathodic *l (in acid solution),  Tafel  l ine for alloy does 
not show addit ional  slope as does the l ine for Rh. This 
addit ional  slope on alloy electrodes is not expected 
since, according to the advanced hypothesis, the rate  
of the react ion at low cathodic n (in acid solutions) 
would be controlled by the rate with which the reac-  
tion occurs on a Pt  electrode. 

A reason for this situation may be suggested tenta-  
t ively  as follows. When a p la t inum-rhod ium alloy sur-  
face undergoes anodic oxidation, it is probable that  
the p la t inum and the rhodium atoms a l ternat ive ly  
(since there  is almost an equal  atomic composition of 
the alloy) leave the kink sites and diffuse across the 
surface of the metal. Nucleation at individual  patches 
containing pla t inum and oxygen and those containing 
rhodium and oxygen must  occur, respectively,  on the 
surface, to form pla t inum oxides and rhodium oxides 
effectively. On each of these oxides, the react ion 
mechanism and the rates of the react ion may be 
different. Such an electrode would behave as a mixed 
electrode, 14 and the over -a l l  rate  of the reaction 
would be given by 

ia = F nio A exp [ ~ ]  d -F~i~  [ ~aBF'~ 
aaArll  

where  io A and io B are the exchange current  densities 
for the corresponding oxide. FA and FB are the f rac-  
tional surface areas of these oxides. Subscript  a stands 
for anodic. Similar  equat ion would hold for the ca- 
thodic reaction. If ~ a  A ~- - -  a a  B : aa, the same l inear  
dependence of V on in i holds for both oxide phases, 
and the over -a l l  react ion proceeds with  the rate  

ia = [FAio A ~- FBio B] e x p  

~aF~ ] 
= (io)Apexp L ~  J [6] 

where  
(to) Ap = FAio A ~- FBioB [7] 

is the apparent  exchange current  density. In general,  
one t e rm in the sum (7) would  be expected to be 
larger  than the other, and the over -a l l  ra te  of the 
reaction wil l  be control led by the ra te  of the react ion 
corresponding to one oxide. If aaA• C~a B, the ra te  of 
the over -a l l  react ion in different potential  range may 
be controlled by the ra te  of different oxides. In gen-  
eral, if 

I 1 I 1 i~ L RT A > i ~  L'- 'R-~.J [8] 

the rate  is controlled by the phase A. 
Addit ional  support  for the hypothesis  advanced to 

account for the behavior  of P t -Rh  alloy electrode 

la T h e  e l e c t r o d e s  u n d e r  c o n d i t i o n s  a t  w h i c h  t h e  r e a c t i o n s  o c c u r  
a r e  c o v e r e d  w i t h  a l a y e r  of a f e w  a n g s t r o m s  of ox ide s  (10) ,  

�9 4 M i x e d  e l e c t r o d e s  h e r e  s h o u l d  n o t  he  c o n f u s e d  w i t h  p o l y e l e c -  
t r o d e s  a t  w h i c h  t w o  o r  m o r e  d i f f e r e n t  r e a c t i o n s  o c c u r  s i m u l t a n e -  
o u s l y  to e s t a b l i s h  a m i x e d  p o t e n t i a l .  

comes f rom the analysis of the open-circui t  potent ia l  
decay curve for the alloy. At lowest potentials,  this 
curve for acid solution has a slope corresponding to 
2RT/F (cf. Fig. 5), as expected for a pure Pt  elec- 
trode. 

Hence, the behavior  of P t - R h  alloy electrodes, both 
in acid and in alkaline solutions, is ful ly  accounted 
for by the advanced hypothesis. Appropr ia te  mech-  
anisms are given in Table IV. 

Nature 05 electrode surfaces.--Cathodic t ransients  
on an Ir electrode after  it was potentiostated at 1.4v 
for 2 min in acid solution show prominent  "fiat" 
region between two inflections at re la t ive ly  high po- 
teatials.  On Rh electrodes (acid solution) this region 
is far less prominent  and the reduct ion occurs at 
higher  overpotent ia l  than on Ir (Fig. 6). In alkal ine 
solutions, t ransients  of both Rh and Ir are almost 
identical  and are similar  to that  of Ir in acid solution. 
If the potential  at which an oxide is reduced is a 
measure  of the exchange current  density for oxide 
format ion (or reduct ion) ,  it appears that  the oxides 
on Rh in alkaline and on Ir both in acid and in alka-  
line solutions behave similarly,  but are different from 
that  on Rh in acid solution. There  is, hence, a cor-  
relat ion be tween the "type" of oxides on an electrode 
surface and the react ion mechanism for the oxygen 
evolution reaction. 

High coverage values (Fig. 7) on all these electrodes 
at potentials above about l v  can only be accounted for 
if phase oxides form. The existence of phase oxides has 
been proved unambiguously  by the el l ipsometric tech- 
nique on Pt  electrodes potentiostated above 1v (vs. 
H.E. in the same solution) in acid solution (11). Phase 
oxide also forms in alkal ine solution (41). It  is ex-  
pected, on this basis, that  on an alloy electrode oxides 
also form. 

At potentials below about l v  (vs. H.E.) oxides re -  
duce and, hence, O2 dissolution, in contrast  to the 
evolut ion which always occurs on oxide covered elec- 
trodes, may occur ei ther on oxide covered or oxide 
free electrode surfaces. Mechanisms, and hence ac- 
t iv i ty  at a given potential,  may  differ on oxide cov-  
ered and on oxide f ree  electrodes. This was already 
shown for Pt  electrodes (34), and here  it is i l lus- 
t ra ted on Rh electrodes in acid solutions (Fig. 4). In 
the present  experiments ,  measurements  have been 
conducted so that  electrodes remained oxide covered 
in 02 dissolution also. 

In contrast  to Pt  electrodes, where  oxide coverage 
increases l inear ly  with potent ial  up to about 1.7v with 
no change of slope (5, 10, 11) on Rh, and on Ir elec- 
trodes (Fig. 7), ini t ial ly ( f rom 1 to about 1.35v) oxide 
coverages increase slower wi th  potential,  but  above 
about 1.35v, the coverage increases sharply wi th  poten-  
tial. The change in the slope is not, however ,  re la ted 
to the change in the slope of V-In i curves. The 
lat ter  change occurs at potentials above 1.5v (at 
about 1.6v). 

Conclusions 
The present  paper is an example  of a situation in 

which the mechanism cri ter ia  of the s teady-state  Tafel  
l ine slope may  be applied to give mechanism informa-  
tion. The effectiveness of the cri ter ia  in this instance 
is associated with  the presence of knowledge  of the 
stoichiometric number  and the existence in the exper i -  
menta l  data of changes of slope at certain potentials. 
The slope values are in all  cases (a) constant and (b) 
simply related to RT/F.  

The mechanisms discussed in this paper  (sum- 
marized in Table IV) are der ived largely  f rom the 
cri teria:  Tafel  slopes in cathodic and anodic direction; 
stoichiometric numbers;  pH dependence of rate;  and 
some knowledge concerning the nature  of the sub- 
strate. Mechanism deductions in this manner  can be 
made only when  the exchange current  densities are 
sufficiently low and when the change of the substrate 
wi th  potent ial  and t ime is negligible in the potent ial  
region of the kinetic analysis. 
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Some recent  papers use the term "mechanism" to 
apply to knowledge of the number  of electrons used 
in  the over-al l  reaction. It is desired to stress that this 
is only a p re l iminary  stage of a mechanism analysis; the 
path and ra te -de te rmin ing  step are the goal. In  so far 
as they can be known, or at least number  of a l terna-  
tive paths and ra te -de te rmin ing  steps reduced, so is 
the contr ibut ion of the work to the electrocatalysis 
si tuation for the reaction increased. 
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The Application of Irreversible Thermodynamics 
to the Thermogalvanic Behavior of 

Copper-Copper Sulfate Systems 
Paul D. Miller, Arch B. Tripler, Jr., and J. J. Ward 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Experiments  with the thermocells Cu(T2)/CuSO4(T2)/CuSO4 Bridge/  
CuSO4 (25~ (25~ are described. The cell potentials were quite de- 
pendent  on the pH of the 0.01M solution. Exper imenta l  results were in  fair ly  
good agreement  with data obtained from a physicochemical model using pro- 
cedures of irreversible thermodynamics.  Procedures used to calculate ionic 
entropy values for copper are described. 

Thermogalvanic  corrosion is one form of metal  de- 
terioration of great practical importance which has 
not been extensively studied experimental ly.  The 
action is one in which an area of a metal  surface wet 
by an electrolyte becomes anodic (corrodes) while 
another  becomes cathodic as a result  of a temper-  
a ture  difference. Thus, the different electrode reac- 
tions resul t  in a potential  difference which can be 
measured. 

I t  is possible to treat  such nonequi l ib r ium systems 
by the techniques of the Onsager thermodynamics  of 
irreversible processes. The present  paper i l lustrates 

the use of i rreversible thermodynamics  to in terpret  
the exper imental  data obtained from a thermogal-  
vanic cell ( thermocell)  composed of copper immersed 
in 0.01M copper sulfate. The t rea tment  relies quite 
strongly on the theoretical approach suggested by two 
fairly recent papers by de Bethune (1, 2). 

The cold copper electrode is anodic in the cell be- 
ing discussed while the hot one is cathodic. On the 
other hand, copper, as well  as most other metals 
studied, is anodic when  it forms the hot section of a 
thermocell  with sodium chloride as electrolyte. Thus, 
it can be seen that  metal  dissolution can occur at 
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either hot or cold areas depending on the system. The 
t rea tment  which follows, however, is devoted en-  
t irely to the copper sulfate thermocell.  

Exper imenta l  W o r k  
Thermogalvanic cells and circuitry.--Figure 1 is a 

schematic diagram of the apparatus and circui try 
used in  this study. The basic port ion of the experi-  
menta l  setup consists of two indiv idual ly  isothermal 
electrolytic half-cells  operating at different temper-  
atures and connected by a l iquid bridge to form a 
thermal  cell. Each half-cel l  consists of copper dip-  
ping into a copper sulfate solution. The cells are 
kept at the desired temperatures  (left cell 25~176 
right  cell 25~ by suitable thermostatic equipment.  
The Pyrex  containers hold about 750 ml  of solution 
and are flanged at the top to fit covers containing f o u r  
24/40 s tandard taper openings. Electrodes, gas sparge 
tubes, connecting bridge, and thermometers  are in -  
troduced through these openings. The connect ing 
bridge is made from 14 m m  diameter  Pyrex  tubing.  

The metal  specimens are solid cylinders about 25 
cm 2 in  area which have been dril led out and tapped 
on the upper  end. A threaded rod of the same mate-  
rial  is screwed into the specimen and is protected 
from contact with the solution by a glass tube sur-  
rounding it. Leakage of the solution is prevented by 
a Teflon washer  placed between the glass tube and 
the top of the metal  cylinder.  Pressure  is applied on 
the seal by means of a nu t  at the top end of the  
metal  rod which extends beyond the glass tube. Cop- 
per wires were used in all connections and circuitry. 

High-pur i ty  copper, 99.999+, was used in most 
of the experiments.  Oxygen-free  h igh-conduct iv i ty  
(OFHC),  99.96% copper was used in  some instances. 
Reagent  grade copper sulfate was used for prepar ing 
the solutions. 

Cell potentials were read pr imar i ly  with a L&N 
type K-2 potent iometer  using an electronic ammete r -  
vol tmeter  having  a high input  resistance as a nu l l  
indicator. Some readings were made with an elec- 
t rometer  with an input  impedance of 1018 ohms. The 
zero resistance ammeter  was not used when  thermo-  
galvanic potentials were being read. That  is, cell cur-  
rents were measured in separate experiments.  

Hg-Hg2SO4 reference electrodes were prepared 
from tr iply distilled mercury  and mercurous sulfate. 
Hg2SO4 was wetted with the CuSO4 solution. The 
readings with reference electrodes were made pr i -  
mar i ly  to furnish  data under  isothermal conditions. 

Thermogalvanic potential measurements.--Thermo- 
galvanic potentials  of copper in 0.Ol, 0.1, and 1.0M 
copper sulfate solutions were measured over a AT of 
70 ~ C. I t  was found that  in the most di lute solution the 

potent ia ls  were dependent  on the solution pH. Results 

Specimen I I Speclllen 
', Celli 'L Cell 2 ' L 
L . . . . . . . . . .  J . . . . . . . . . . .  J I 

i Thermostotl T ~ ~  i 

__ D.PO.T sw ch J 

Fig. 1. Schematic drawing of apparatus used in the study of 
thermogalvanic potentials and currents. 
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Fig. 2. Effect of pH on the thermogalvanic potentials of copper 
in 0.01M CuS04. ~ and open points, experimental values; 
- - -  - -  a n d  solid points, calculated values. 

at three pH levels reached by additions of H2SO4 are 
i l lustrated in  Fig. 2 for 0.01M solutions. Note that the 
slope of the l ine decreases wi th  decreasing pH. The 
data obtained in 0.1 and 1.0M solutions at all pH val-  
ues could be expressed by lines somewhere in the area 
near  the l ine for pH" 4.65 in  Fig. 2. 

In  all instances the cold electrode was negative 
(anodic) in  these thermal  cells. The reproducibi l i ty  of 
voltage readings was sometimes good to only •  mv 
al though f requent ly  it was bet ter  than  •  my. Ac- 
cordingly, it was assumed that  the Soret effect in  
these cells was small. 

Application of irreversible thermodynamics to cop- 
per-copper sulfate thermal cells.--A mathemat ical  
t r ea tment  for in te rpre t ing  the data obtained from 
the exper iments  with thermogalvanic  cells is given 
in the fol lowing paragraphs.  The development  is 
based largely on that  presented by deBethune (1, 2). 
The thermal  cell can be expressed by: 

M (T1)/Electrode (T1)/Electrolyte  (T1) / 

Electrolyte (T2)/Electrode (372)/Electrode (T1)/M (T1) 
[1] 

The thermogalvanic  potential  of such a cell can be 
expressed by 

( d E * ~  = S* 
/ tu n~' [2] 

where  n F  = 46.12 mv/deg.  

According to de Bethune,  the t ransported entropy 
can be considered to be moved by a threefold mech-  
anism according to the following equat ion 

S* ~- S* E Jr S * M -  nS*(electrons) [3] 

where  the three terms on the r ight  are defined as 
follows: (i) S*~ ----- Q*~/T, called the entropy of elec- 
trochemical transport ,  results from the electrode re-  
actions. (it) S*M = Q*M/T, called the entropy of mi-  
grat ion transport .  This entropy comes from the mi-  
grat ion of non- revers ib le  ions which carry  heat. A 
consideration of this t e rm leads to the conclusion that  
it is required to satisfy the Onsager principle of mi-  
croscopic revers ibi l i ty  (6). (iii) nS*(electrons), called 
the entropy of electron transfer.  This entropy comes 
from the migra t ion of electrons from the anode to the 
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cathode in the external  circuit. Since this te rm is small  
it is neglected in all calculations. 

The thermal  t empera tu re  coefficient (dE/dT)tt, is 
defined as posit ive when the hot electrode is the ( + )  
te rminal  of the cell. 

Equat ion [2] was then ~,sed to calculate the thermal  
t empera ture  coefficients so that  a comparison could 
be made with  exper imenta l  values der ived f rom the 
slopes of the lines in Fig. 2 in the fol lowing manner.  

The te rm S 'E ,  entropy of e lectrochemical  transport,  
in Eq. [3] depends basically on the reaction which 
takes place at the hot electrode. The exper iments  in 
the copper-copper  sulfate system showed that  copper 
was plated out on the hot electrode and that  this elec- 
trode reads ( + )  on the electrometer .  Accordingly the 
hot -e lec t rode  reaction can be expressed as 

Cu + + + 2 e ~  Cu ~ [4] 

the reverse  reaction takes place at the cold electrode. 
The entropy of electrochemical  t ransport  can then be 
expressed as 

S * E  = S ~  - -  ( S c u +  + -~- 2 S ~  [ 5 ]  

where  S~ o = entropy of metal l ic  copper, S ca+ + = 
part ial  molal  entropy of t ransport  for Cu ++ ion, 
2S~ = standard ionic entropy of H + ion ( intro-  
duced to correct term to standard state).  

It can be seen that  the proper  placing (in hot or 
cold compartments)  of reaction [4] is quite important  
since it helps to de termine  the sign of S*. 

The second te rm S'M, entropy of migrat ion t rans-  
port, is sometimes related to t ransference numbers  for 
the ions involved as in 

S * M  = t - - S *  M ( 8 0 4 = )  --t+ S * . ~ / ( C u  + + ) [ 6 ]  

However ,  in the system under  discussion it was found 
exper imenta l ly  that  the H + was qui te  impor tant  in 
the cell potentials. Fu r the rmore  the ionic mobi l i ty  of 
this ion is much greater  than for the sulfate ion. The 
proposed model  therefore  was selected to permit  the 
t ransfer  of entropy by the H + moving in the opposite 
direction as the copper ion. It should be noted that  
this t ransfer  also satisfies the principle  of microscopic 
reversibil i ty.  The equat ion expressing this concept is 

S * M  : 2 S ' H +  [ 7 ]  

Three other possible explanations for the large ef- 
fect of pH on thermogalvanic  potential  were  also con- 
sidered. These were:  (i) ratio of H S O 4 - / S O 4 - - ,  (if) 

effect of Cu+; (iii) the reaction of the copper ion with  
water  to form a cupric oxide film and hydrogen ions. 

Calculations showed that  none of these explained 
the effect of pH on the potential.  Therefore,  the as- 
sumption that  the hydrogen ion-migra t ion  accounted 
for the change of thermogalvanic  potent ial  as the pH 
var ied is quite reasonable. 

It should also be ment ioned that  a model  assuming 
t ransference of the sulfate ion to satisfy microscopic 
revers ibi l i ty  does not provide agreement  between cal- 
culated and exper imenta l  values. 

The over-a l l  entropy summations can then be ex-  
pressed as 

S *  = S ~  o - -  ( S c u +  + -~ 2 S ~  

-}- 2 S ' H + -  2 S * ( e l e c t r o n )  [ 8 ]  

As was mentioned before, the entropy contr ibution 
f rom the electron flow is small  and is considered zero. 

In Tables I and II the individual  entropy contr ibu-  
tions in Eq. [8] are listed separately for the systems 
at 30 ~ and 60~ respectively.  Note in part icular  the 
large entropy contr ibution furnished by the H + ion. 
F rom these individual  entropy contributions, the Pel -  
t ier  heat  t ransferred f rom one compar tment  to the 
other  can be calculated. This calculation was made by 
mul t ip lying the t empera tu re  of the compar tment  by 
the entropy t ransferred to it, and the product  is listed 
as TS* in the table. The pH values and t empera tu re  
are chosen to agree with exper iments  so that  a direct 
comparison can be made be tween  calculated and ex-  
per imenta l  results. 

The entropy values for metal l ic  copper (Cu ~ were  
taken f rom Kel ley  (7). The tables also include the 
tempera ture  coefficients (dE/dT)t1~. 

The calculated results requi red  an entropy value 
for the part ial  molal  entropy of the copper ion at 
30 ~ and 60~ The values used are presented in Table 
III  and are based on exper imenta l  results f rom Wet-  
more and Gordon (3). Their  data were  confirmed in 
this laboratory by isothermal  cell measurements .  In 
these exper iments  the potentials be tween copper and 
a Hg-Hg2SO4 reference electrode were  measured un-  
der revers ible  conditions at 25 ~ and 60~ in 0.01, 0.05, 
0.1, and 1.0M solutions. 

The model  also requires  the entropy of t ransport  of 
H + at various pH values in 0.01M copper sulfate solu- 
tion. These data were  not available.  An approximat ion 
of these values was obtained by calculat ing the en-  
t ropy of t ransfer  of the H + ion by a method similar  to 

Table I. Entropy and thermal temperature coefficient values for the copper-0.01 M copper sulfate thermogalvanic cell at 30~ 

S*, entropy 
terms C o n t r i b u t i n g  r e a c t i o n  

S o l u t i o n  p H  4.65 ( in i t i a l )  S o l u t i o n  DH 1.80 ( in i t i a l )  
S*, 

en t ropy ,  TS*,  S*,  
c a l / g  (dE/ t iT )  th, P e l t i e r  heat ,  c a l / g  
i o n / K  m v / d e g  c a l / g  ion  i o n / K  

Solution pH 1.05 (initial) 

S*, 
( d E / d T )  tt,, TS*, c a l / g  ( d E / d T )  th, TS* ,  

m y / d o g  c a l / g  ion  i o n / K  m v / d e g  c a l / g  iozl 

S*E 
S*E 

S* (eleetron) 
S* 
S* 

Cu  ~  Cu ~ T I ~  T2 
Cu  ++ --~ Cu  ++ T~ --~ T1 
2H+ ~ 2H+ T I - ~  T2 
2e --> 2e T1 -~ T2 
Ne t  (ca lcula ted)  
E x p e r i m e n t a l  

+ S.l + 0.18 + 2,450 + 8.1 + 0.18 + 2,450 + 8.1 + 0.18 + 2,450 
+ 5.8 + 0.13 + 1,760 + 5.6 + 0.12 + 1,700 + 5.5 + 0.12 + 1,670 

+ 32.9 + 0.71 + 9,970 + 7.7 + 0.16 + 2,330 + 1.2 + 0.03 + 360 
A s s u m e d  zero O 0 0 0 O 0 
+ 46.8 + 1.01 + 14,180 + 21.4 + 0.46 + 6,480 + 14.8 + 0.32 + 4,480 
+ 47.3 + l.O0 + 14,330 + 18.6 + 0.40 + 5,640 + 14.8 + 0.32 + 4,480 
(Be tween  25~176 (Be tween  25~176 (Be tween  25~176 

Table II. Entropy and thermal temperature coefficient values for the copper-0.01M copper sulfate thermogalvanic cell at 60~ 

S*, e n t r o p y  
t e r m s  C o n t r i b u t i n g  r e a c t i o n  

S o l u t i o n  p H  4.65 ( in i t i a l )  
3.85 (final) S o l u t i o n  pH 1.80 ( in i t ia l )  S o l u t i o n  p H  1.05 ( ini t ial} 

S*, 
en t ropy ,  Ted *, S*, S*, 

c a l / g  (dE~tiT) th, P e l t i e r  heat ,  c a l / g  ( d E / d T )  th, TS*, c a l / g  ( d E / d T )  t~, TS* ,  
i o n / K  m v / d e g  c a l / g  ion  i o n / K  m v / d e g  c a l / g  ion  i o n / K  r a v / d e g  c a l / g  ion  

S*s 
S*M 

~*(e[ectron) 
S* 
S* 

Cu ~ --~ CU ~ T~ -> Ts 
CU++ -* Cu ++ T2 -~ TI 
2H+ --~ 2H + T1 --> T~ 
2e --> 2e T1 -~ T2 
Net  (ca lcula ted)  
E x p e r i m e n t a l  

+8 .6  +0 .19  +2,860 +8.6 +0 .19  + 2,860 +8.6  +0.19 +2,860 
+ 13.5 + 0.29 + 4,500 + 12.8 + 0.28 + 4,260 + 12.5 + 0.27 + 4,160 
+25.0 +0.54  +8,320 +6.2 +0.13 +2,065 --0.6 --0.01 --200 

A s s u m e d  zero 0 O 0 0 0 0 
+ 47.1 + 1.02 + 15,680 + 27.6 + 0.60 + 9,185 + 20.5 + 0.44 + 6,820 
+ 43.8 + 0.95 + 14,585 + 23.1 + 0.50 + 7,690 + 18.0 + 0.39 + 5,990 
( B e t w e e n  56~176 (Be tween  47~ (Be tween  47~176 
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Table III. Values of partial molal entropy Scu+ + for nominal 
concentrations as estimated from the work of Wetmore and 

Gordon (3) 

S c u  ++, e . u .  
Molality 3 0 ~  6 0 ~  

0 .01  + 3 .3  --  2 . 7 5  
0 . 0 5  + 2 . 1  --3.95 
0 . 1 0  + 0 .9  - -  4 . 8 0  
1 .00  --  2 . 7 5  --  7 . 3 0  

Table IV. Ionic entropy of electrochemical transport of hydrogen 
ion vs. pH of solution 

S * e ~ + ,  c a l / g  i o n / K  

pI-I 2 5 ~  3 0 ~  4 0 ~  6 0 ~  

0 --  4 . 4 8  + 4 . 6 0  - -  4 . 8 9  --  5 . 3 8  
1 .0  + 0 . 4 8  + 0 . 3 6  0 . 0 0  - - 0 . 4 5  
1 .5  + 2 . 6 0  + 2 . 4 6  + 2 . 3 0  + 1 .75  
2 . 0  + 4 . 8 0  + 4 . 6 7  + 4 . 5 0  + 4 . 0 0  
2 .5  + 7 .35  + 6 . 8 9  + 6 . 7 0  + 6 .37  
3 .0  + 9 .32  + 9 . 1 9  + 8 . 0 0  + 8 . 6 8  
5 . 0  + 1 8 . 4 3  + 1 8 .3 2  + 1 8 . 0 0  + 1 7 . 5 8  

one described by de Bethune  and co-workers  (1). The 
results of these calculations for the entropy t ransfer  
of H + in the absence of CU + + are given in Table IV. 
Results are based on the data presented by Bates and 
Bower  (4) and Fales and Mudge (5). 

Discussion of Results 
The implications of the results of the research just  

described are brought  out by a comparison of values 
calculated f rom theory with those obtained f rom ex-  
periment .  The individual  entropy terms, S*, ( d E / d T )  ~, 
and TS* can be compared in Tables I and II and also 
in Fig. 2. The solid points and dotted lines in this fig- 
ure were  obtained by calculat ing the thermogalvanic  
potentials assuming the hot  electrode was at 30 ~ or 
60~ while  the cold one was at 25~ and using Eq. 
[2]. The agreement  be tween  calculated and exper i -  
menta l  values is ve ry  good over  a range of t empera -  
ture and at several  pH values. Thus, the results con- 
firm that  the coupling of entropy terms as suggested 
by theory in Eq. [8] 

S* ~ S~ (Scu+ + + 2S~ *) 
-~- 2 S ' H +  - -  2 S * ( e l e c t r o n )  

is reasonable.  It is significant that  this agreement  has 

been reached for solutions great ly  removed from 
ideal i ty  and that  both cell polar i ty  as defined by 
de Bethune and cell potential  are essentially correct. 
Continuing studies have shown a similar  agreement  
be tween theory and exper iment  for 0.1 and 1.0M 
copper sulfate solutions. The hydrogen ion plays a 
much less significant role in these more  concentrated 
solutions. 

The electrochemical  model  on which Eq. [8] is 
based predicts that  copper is reduced at the hot elec- 
trode and oxidized at the cold one. Exper iments  car-  
r ied out separately under  conditions to permit  large 
thermogalvanic  currents  to develop showed that  me-  
tallic crystals of copper were  indeed deposited at the 
hot electrode. 

The work  has also been carr ied over  to the nickel-  
nickel  sulfate system where  the proper  cell polari ty 
was predicted by theory and fa i r  agreement  was ob- 
tained for the value  of the thermogalvanic  tempera-  
ture  coefficient for pure  nickel  electrodes in 0.1M 
nickel  sulfate. 

At tempts  are current ly  being made to carry this type 
of analysis to the zinc-zinc sulfate system as wel l  as 
to thermal  cells in high conduct ivi ty  water.  Some 
progress has been made along these lines and final re -  
sults could be the subject  of a future  paper. 
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Technical 

Charge-Discharge Mechanisms in Electrolytic Capacitors 
W a l t e r  J. Bernard 

Research and Development Center, Sprague Electric Compc~ny, North Adams, Massachusetts 

The use of a luminum wet  electrolytic capacitors as 
energy storage devices, as in the "photoflash" appli-  
cation, is dependent  on the abili ty of the capacitor to 
tolerate a ve ry  large number  of charge-discharge cy- 
cles wi thout  damage to its physical  and electr ical  
properties. Since the cur ren t  wi th in  the capacitor is 
carried by an electrolyte  subject to the laws of elec- 
t rochemical  change at the electrodes, some questions 
may be raised concerning the physical  and chemical 
mechanisms operat ing wi th in  the capacitor. 

The circuit  shown in Fig. 1 is applicable to the 
process under  discussion. The capacitor C is charged 

f rom the d-c source by closing $1; $1 is then opened 
and the capacitor is discharged through R by closing 
$2. It  is an observed fact that, for capacitors subject 
to this type of cycling, one must  use etched a luminum 
cathode foil of large effective surface area  or suffer 
loss of capacitance in the capacitor as a consequence 
of oxide format ion at the cathode. Evolut ion of gas, as 
evidenced by pressure increase, may be encountered 
as well.  

If  one considers the electrochemical  reactions which 
must  occur on charge-discharge  cycling, the conse- 
quences of nonetched foil use should be anticipated. 
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I I  

R 

Fig. 1. Circuit for capacitor energy storage applications 

During charging, a charge  q, equal  to CAV, where  CA 
is the anode capacitance and V the voltage, is buil t  up 
on the anode; an equiva len t  charge migrates  to the 
cathode and brings about  an electrochemical  change. 
If the cathodic react ion is the expected one of reduc-  
tion of hydrogen ion, then CAV/F  (F = 96,500 cou- 
lombs) equivalents  of hydrogen must  be genera ted  at 
the cathode surface. On discharge of the anode, elec-  
tron t ransfer  f rom the solution to the a luminum cath-  
ode, and thence to the ex te rna l  circuit, can be 
achieved by the discharge of hydroxyl  ion to produce 
ei ther molecular  oxygen or anodic a luminum oxide. 1 

These observations suggest that, under  any c i rcum-  
stance, one would  observe excessive gas evolution,  
cathode formation,  and eventua l  e lectrolyte  depletion. 
However ,  it is a fact that  with a wel l -cons t ruc ted  ca- 
paci'tor of etched cathode design, it is possible to get  
in excess of 106 cycles of service wi thout  the occur-  
rence  of these predicted modes of failure. The fo l low-  
ing explanat ion is advanced to account for this be-  
havior. 

On charging the anode, hydrogen ions are first dis- 
charged on the cathode surface as hydrogen atoms, 
and then undergo combination to form molecular  
hydrogen. Each hydrogen atom is bound to the meta l  
by surface valence forces and only combines wi th  
another  hydrogen atom when its concentrat ion be- 
comes too large for a given meta l  surface. Al-  
though it is not known what  the m a x i m u m  con- 
centrat ion of atomic hydrogen would be on a lumi-  
num under  any given set of conditions, it is not 
difficult to imagine that  incomplete  coverage could 
resul t  since a re la t ive ly  small  amount  of e lec t rochem- 
ical change occurs dur ing a single charging cycle of 
a capacitor. (For  example,  under  the conditions de- 
scribed in the exper imenta l  par t  of this paper, it may  
be calculated that  a full  charge on the anode corre-  
sponds to the deposition of 2.3 x 10 - s  equivalents  of 
hydrogen at the negat ive  electrode. For  smooth foil 
cathodes the average surface density of hydrogen 
would  then be approximate ly  one atom for each sev-  
enty square angstroms, but for etched foil the densi ty 
would  be at least one order  of magni tude  less than 
this.) Therefore,  if a capacitor plate  is charged and 
hydrogen ions are discharged at the cathode to form 
only hydrogen atoms, wi th  l i t t le or no combinat ion 
to give rise to molecular  hydrogen,  then on capacitor 
discharge the anions impinging on the a luminum 
surface wil l  have  avai lable  two modes of discharge: 
the usual anodic react ion which, for convenience and 
simplicity, may  be wri t ten:  

6 O H -  -~ 2 A l ~  A1203 -~ 3H20 + 6 e -  [1] 

leaving the previous ly  adsorbed H undisturbed;  or 

O H -  ~ H A d s o r b e d  -'~ H 2 0  "~- e -  [2] 

Reaction [2] would be expected to be favored  over  
[1] since [1] requires  that  a luminum atoms overcome 
barr ier  effects at the interface in order  to react, 
whereas  in [2] the hydrogen  atoms are a l ready on 

1 T h e  e l e c t r o l y t e  m u s t  o b v i o u s l y  c o n t a i n  n o t  o n l y  O H -  b u t  o t h e r  
a n i o n s  as  w e l l .  H o w e v e r ,  w i t h  c o n v e n t i o n a l  e l e c t r o l y t e s ,  t h e  o n l y  
i m p o r t a n t  a n o d i c  r e a c t i o n  is t h e  p r o d u c t i o n  of  o x y g e n .  

~LECTRONICI 
TIMER I . I  DC I 

.--.---T-.IPOWER~-- 
/ S U P P L Y /  

~OUNTER~ 

,S I 
O 

ELECTROLYTIC 
CELL 

Fig. 2. Experimental circuit to separate the electrochemical re- 
action occurring at the cathode of an electrolytic capacitor during 
charging and discharging. 
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Fig. 3. Capacitance and formation voltage of an etched aluminum 
cathode vs. the number of capacitor discharges. Platinum electrode 
used as cathode during charging. �9 Reciprocal capacitance; �9 
voltage. 

the surface of the meta l  and avai lable  for combinat ion 
with O H - .  

This approach would suggest that  all that  is re-  
quired for successful energy storage operat ion is an 
a luminum cathode, but  in fact  plane foil (nonetched) 
does not behave ideally, whereas  etched foil does. Ap-  
paren t ly  then, the etched surface enhances the effect 
of hydrogen adsorption, but  the question which is 
raised is whe ther  it is due to the greater  surface area 
or to some induced surface act ivi ty  brought  about by 
the etching process. 

Experimental 
In order  to choose be tween  these al ternatives,  the 

exper imenta l  a r rangement  shown in Fig. 2 was de- 
vised. The d-c source is a we l l - r egu la ted  constant 
vol tage power supply. Swi tching is control led by 
means of a re lay  connected to a var iab le  electronic 
t imer,  permi t t ing  be tween 30 and 200 charge-dis -  
charge cycles /min;  an electric counter  is connected 
in paral le l  with the relay. Dur ing charging $1 is closed 
and $2 is open; cathodic discharge of hydrogen occurs 
at the pla t inum electrode and the a luminum anode, 
CA, is charged. $1 is then opened and $2 is closed, dis- 
charging CA through Cc, the a luminum cathode. Since 
there  is no hydrogen at the a luminum cathode under  
these conditions, the only reactions which can occur 
there  are the evolut ion of oxygen and the format ion 
of A1203. Oxygen  is not expected to be a product  since 
the electrolyte  used was a bora te-glycol  solution 
known to have  a high current  efficiency of oxide for-  
mat ion (1). This a r rangement  effectively separates 
the two electrochemical  reactions which occur at the 
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Fig. 6. Capacitance and formation voltage of small area etched 
aluminum cathode vs. number of capacitor discharges. �9 Reciprocal 
capacitance; �9 voltage. 

cathode during the charge-discharge  cycIes and en- 
ables one to determine  the true effect of etched sur-  
faces. 

During discharge the two a luminum surfaces, CA 
and C(:, act as parallel  capacitors; when no hydrogen 
is on the surface we expect  Cc: to become charged to 
the max imum voltage which may be impressed be- 
fore ionic current  can flow. Charge from CA will  con- 
tinue to flow to Cc until  the voltages across the two 
capacitors are equal. If there is an oxide film on CO, 
a residual charge wil l  remain  on CA and thus, during 
subsequent  charging of CA, something less than the 
charge q (= CAV(:) will  be required for each cycle. 
As the cycling continues, the oxide film on Cc will  
continue to grow and its thickness will  approach a 
l imit ing value, at which point the two capacitors will 
be permanent ly  charged to V(:. Thereaf ter  no fur ther  
current  will  flow, assuming that  the tcakage currents  
are negligibIe. This effect should occur for both plain 
and etched foil; the only difference expected would 
be the t ime required to bring this about because of 
the greater  surface area of the etched metal. 

For  the exper iments  described here, etched foil 
anodes of I00 cm 2 area and anodized to 200v were  
used. The capacitance was 14.8 mfd and the charging 
voltage was 150v. The course of reaction was followed 
both by measur ing the cathode capacitance and by 
measur ing  the d-c vol tage which could be impressed 
on the cathode before causing a rapid rise in current  
(2). 

Resul ts  

Figure  3 shows the increase in reciprocal  capac- 
itance and vol tage on an etched a luminum specimen 
of 100 cm" (geometr ical)  area used as the "cathode" 
during the discharge port ion of the cycle. These 
curves clearly demonstra te  that  the oxide film on 
this electrode increases to a thickness that  will  even-  
tually accommodate  the charging voltage on the an- 
ooze. 2 Gas was also observed at the pla t inum electrode 
during the exper iment ,  in accord with prediction. 

The a luminum cathode was then replaced with a 
fresh etched specimen and the p la t inum electrode was 
removed from the circuit, giving essentially the cir-  
cuit of Fig. 1 (the energy storage applicat ion).  There 
was no discernible increase in the oxide film on the 
cathode by ei ther  of the two methods of measure-  
ment, even after  280,000 cycles. This effect is the 
same as that  observed in capacitor use, and corre-  
sponds to the explanat ion advanced above, i.e., hy-  
drogen adsorption on the a luminum surface and sub- 
sequent  reaction with  hydroxyl  ion. 

Some exper iments  with smooth a luminum foil also 
serve to demonstra te  this effect in a sl ightly different 
manner.  Figures 4 and 5 show the change in reciprocal 
capacitance and format ion voltage, respectively,  of 
specimens with and without  the presence of the p la t -  
inum electrode. Because of the much smaller  surface 
area, as compared to etched foil, oxidation of the 
aIuminum cathode occurs in both instances, but is 
markedly  faster when  a pla t inum electrode is avai l-  
able for the discharge of hydrogen.  It  should also be 
noted that  in the absence of the pla t inum electrode, 
formation of oxide on the cathode ceases well  below 
the total charging voltage. For  the specimens in Fig. 
4 and 5 no fur ther  growth in oxide thickness was ob- 
served by increasing the total number  of discharges 
to 160,000. The reason for this behavior  is s imply that, 
as the oxide layer  increases on the cathode, the 
amount  of charge t ransferred from the anode con- 
t inually decreases, unti l  the point  is reached where  
even a nonetched a luminum surface can accommodate  
the hydrogen atoms deposited dur ing the charging 
part  of the cycle. Subsequent  discharge of the anode 
then results in the usual depolarizing reaction ob- 
served on etched cathod~es. 

One addit ional  exper iment  was run to show tha~ 
the total surface area (and not the nature  of the 
etched surface) is responsible for the difference in 
beh:avior be tween etched a.nd nonetched cathodes. 
A specimen of etched a luminum with a geometr ical  
area of 5.0 cm 2 was used for the  cathode. Even though 
this foil was etched it would he expected to form an 
oxide film since the charge densi:ty during cycling would 
be approximate ly  the same as s:rnooth foil of 100 cm 2 
area. Figure  6 shows that, as expected, oxide forma-  
tion occurred, gas evolution at the cathode was also 
observed and, as in the case of  smooth foil, a l imit -  
ing thickness of oxide is reached.  
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Solubilities of GaAs in Metallic Solvents 

M. Rubenstein 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

Liquidus solubilities of GaAs in gal l ium have been 
reported for tempera tures  from 1237 ~ down to 450~ 
(1-3). The phase diagram for the GaAs-Ge  system 
has also been reported (4). Liquidus solubilities are 
reported here for GaAs in solvents gallium, tin, bis- 
muth, and lead. The l iquidus solubili ty data reported 
here were  obtained using a h igh- t empera tu re  filtra- 
t ion technique (5). 

This technique involves  a quartz tube which is 
divided into two compar tments  by a quartz disk 
which has 1 mm diameter  holes. GaAs f ragments  and 
the metal  in question are placed in the bottom com- 
par tment ;  the ampoule is sealed under  a pressure of 
less than 10 -3 Torr. A quartz  rod is at tached to the 
top of the ampoule. The ampoule  is placed in a fu r -  
nace with  the quartz rod project ing out of the furnace. 
The tempera ture  of the furnace is raised to the desired 
tempera ture  and mainta ined at t empera tu re  for 16 
hr. By means of the quartz rod the ampoule is 
turned 180~ about the axis of the quartz  rod, and, 
by gentle tapping, the solution is filtered so that  the 
solution of GaAs in a meta l  is separated f rom the un-  
dissolved GaAs. 

The furnace is then cut off so that the ampoule 
and contents are cooled to room temperature. In some 
cases the ampoules are air quenched after filtration. 

The ampoule is then opened and the filtrate and 
residue are quantitatively analyzed to ascertain how 
much GaAs and metal are in the filtrate and the res- 
idue. All of the solution (at the elevated tempera- 
ture) does not have to enter the filtrate. If one can 
assume that the solution of GaAs in the metallic sol- 
vent is at equilibrium after 16 hr at the elevated 
temperature, any portion of this solution which en- 
ters the fil trate is representa t ive  of the ent ire  solu- 
tion. The size of the solution should be large enough 
so that  weighing errors become unimpor tant  to the 
calculation of the solubility measurement .  

In the systems reported here, gallium, tin, bismuth, 
and lead were  separated f rom GaAs using three dif-  
ferent  techniques.  Gal l ium metal  was separated f rom 
GaAs by using concentrated hydrochlor ic  acid. Tin 
was separated f rom GaAs by using concentrated hy-  
drochloric acid wi th  a pla t inum wire  in contact with 
the tin. Bismuth and lead were  dissolved using 30% 
H20~ and glacial acetic acid in the ratio of 1:1. If 
the h igh- tempera tu re  fil tration samples were  cooled 
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Fig. 1. Solubilities of GaAs as a function of temperature. The 
solvents are gallium, tin, bismuth, lead and germanium. (3 Gallium 
as solvent; �9 gallium as solvent (3); �9 tin as solvent; �9 bismuth 
as solvent; A lead as solvent; [ ]  germanium as sMvent (4). 

slowly f rom the e levated temperatures ,  the crystal l i te  
size of the GaAs was much larger  than if the samples 
were  air quenched. The larger  crystal l i te  size al- 
lowed one to have a more quant i ta t ive  recovery of 
GaAs when the meta l  was being dissolved. 

X - r a y  diffraction studies on the GaAs recovered 
f rom the filtrates showed no change in latt ice con- 
stants (no change in the four th  significant figure of 
the lat t ice constant of GaAs) when the solvent  was 
gallium, tin, bismuth, or lead. Figure  1 shows the 
solubili ty data of GaAs in the four solvent systems: 
gallium, tin, bismuth, and lead. This figure also shows 
the solubili ty data of GaAs in germanium recalculated 
f rom ref. (4). The curves for lead and bismuth are 
v i r tua l ly  superimposable. The precision of the solu- 
bil i ty measurements  presented in this note is ___ 0.001 
for solubili ty measurements  for x > 0.010 and • 
0.0005 for x < 0.0100. Table I presents the solubili ty 
data f rom ref. (1) and (3), together  wi th  data pre-  
sented in this paper. The comparison demonstrates  
the rel iabil i ty of the data obtained by the h igh - t em-  
pera ture  filtration technique. 

Similar  measurements  were  made  on the systems 
GaAs-In,  GaAs-Te,  and GaAs-Se.  These three  sys- 
tems are not pseudobinaries.  They have been invest i -  
gated in ref. (6-9):  GaAs-InAs  (6,7),  GaAs-Ga2Tea 
(8), and GaAs-Ga2Sea (8, 9). 

In the case of GaAs-In,  the solid recovered f rom the 
filtrates indicated the format ion of GaAs-InAs  solid 
solutions f rom 22 mole % indium for the filtrations 
at 500~ to 7 mole % indium for the filtrations at 
1200~ The GaAs-Te  system is also not a pseudo- 
binary one, and there  is evidence to bel ieve that  some 
Ga2Te3 was formed. The same is t rue of the GaAs-Se  
system (some Ga2Se3 was formed) .  When  filtrations 
were  per formed on the GaAs-Se  system at 650~ 
crystals were  left  behind with the undissolved GaAs 
which were  analyzed as Ga2Se3 (by x - r ay  fluores- 
cence analysis).  Of two samples investigated, one 
had an arsenic concentrat ion less than 0.1 mole % 
and the other 2 mole %. These crystals were  red-  
brown in color and tetragonal  wi th  a ---- 5.47A, c 
5.41A (c/a = 0.989). X - r a y  diffraction showed the 
same tetragonal  dimensions for these two samples 
and other  samples. Ga2Se3 is reported in the l i te ra ture  
(10) as being reddish-black in color and cubic, wi th  
a ~ 5.418A. 
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Microplasma Observations in Silicon Junctions 
Using a Scanning Electron Beam 

John W .  Gaylord 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

It has been shown (1-2) that  signals induced in 
junctions by a scanning electron beam can be helpful  
in device fai lure  analysis. This technique has now been 
used to locate and study certain microplasma sites 
(areas which emit  visible light) in an effort to de-  
te rmine  the cause of low collector-base breakdown 
voltage in silicon junctions. A scanning electron beam 
microscope was used to produce micrographs of p-  
type base regions diffused into an n - type  substrate. 
N- type  spikes were  observed extending f rom the sub- 
strate up into the p-base region at locations corre-  
sponding to areas of optical l ight emission. In addi-  
tion, these aregs were  shown to be the avalanche 
sites which l imit  the col lector-base breakdown vol t -  
age characterist ic of the junction. 

An optical micrograph of a typical junct ion is 
shown in Fig. 1. The junct ion was formed by diffus-  
ing boron in a teardrop pat tern  into n - type  silicon. 
A round hole has been etched in the oxide over  the 
center  of the junct ion to permi t  contact by a probe 
as shown. Externa l  bias was applied to the junct ion 
by means of this probe and a conducting support for 
the wafer.  F igure  2 i l lustrates the circuit  used. The 
junct ion region was scanned by an 18 kv, 0.4 na elec-  
tron beam approximate ly  5~ in diameter.  Elec t ron-  
hole pairs generated by this scan were  collected at 
the junct ion producing a reverse  cur ren t  that modu-  
lated the beam current  of a cathode ray tube. The 
ca thode-ray  tube was made to scan in synchronism 
with  the electron beam. Typical  micrographs obtained 
by photographing the screen of the cathode ray  tube 

OXIDE /PROBE 
LAYER ~ 

I 

T ~  
r DISPLAY 

Fig. 2. Video signal sensing circuit 

are shown in Fig. 3 and 4. Curren t  flow is such that  
enhanced reverse  current  ei ther  f rom elect ron-hole  
pairs or f rom an avalanche induced by the beam ap- 
pears as br ight  areas in the micrographs.  Streaks in 
these pictures running f rom r ight  to left  after an 
abrupt  change in brightness are caused by the recov-  
ery characterist ics of the electronics and are not re-  
lated to physical propert ies  of the junction.  The cen-  
ter area where  oxide has been removed  is br ighter  
than the surrounding junct ion region because the 
electron beam intensity has not  been reduced dur ing 
t rave l  through the oxide layer  pr ior  to reaching the 
junct ion region. 

Figure  3 is made wi thout  any external  reverse  bias 
(V ~ 0). The area around the bot tom edge of the 
oxide hole shows several  br ight  spots, labeled A, B, and 
C. These areas constitute sites in the junct ion where  in-  
creased currents  are generated dur ing scanning. It  
was deduced that  this increase in cur ren t  is caused 
by the junct ion coming closer to the surface as i l lus- 

Fig. 3. Scanned electron beam micrograph with reverse bias 
Fig. 1. Optical micrograph of junction 0v. 
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Fig. 4. Scanned electron beam micrograph with reverse b i a s  = 

20v. 

t rated in Fig. 2 where  the flux of electrons f rom the 
beam is greater  because of reduced scattering and 
absorption in the silicon. Figure  4 shows the effect 
of applying a reverse  bias of V ---- 20v to the junction. 
Two additional bright  spots now appear  labeled D 
and E as wel l  as enhanced brightness f rom spots A, B, 
and C. These spots indicate that  a localized avalanche 
(mult ipl icat ion) is being excited by the electron beam 
as it injects carr iers  in regions of high field. Such 
high fields would be expected f rom the geometry  of 
the junctions as seen in Fig. 2. As the bias increases, 
the avalanche effect increases at each of the sites 
unti l  complete b reakdown can be init iated by scan- 
ning a single site at a reverse  bias sl ightly less than 
the static b reakdown limit. It  was thus deduced f rom 
the micrographs that  the cause of low collector-base 
breakdown vol tage is the presence of these avalanche 
sites and that  the sites are spikes or columns of n-  
doped mater ia l  extending through the p base region 
to or near  the silicon surface. 

The most pronounced avalanche sites, A, D, and E 
are sources of re la t ive ly  strong "microplasma" l ight 
emission as can be observed optical ly when a re -  
verse  bias greater  than breakdown is applied. This 
phenomenon is also to be expected for the enhanced 
field produced at the tips of n- type  spikes extending 
into the p-region.  

To ver i fy  completely  the junct ion model  deduced 
f rom electron beam scanning the sample was suc- 
cessively lapped and stained. Figure  5 is a micrograph 
of the sample taken dur ing this operation. The oxide 
has been removed  and enough of the surface lapped 

Fig. 5. Optical micrograph of lapped and stained junction 

away to reveal  the spikes by conventional  copper 
staining techniques. Continued lapping revealed  the 
spikes to be quite narrow, and it was observed that  
they coincide with  the avalanche sites shown by elec- 
tron beam scanning and by light emission. 

Conclusion 
The scanning electron beam technique combined 

with  convent ional  electrical  tests provides a means 
of nondest ruct ively  locating and analyzing a source 
of low breakdown voltage in semiconductor  junctions. 
The possibility now exists of coupling this technique 
with convent ional  microprobe analysis to locate and 
de te rmine  the presence of foreign impuri t ies  in a 
manner  heretofore  impossible. 
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A Reference Electrode for Use in Dimethyl Sulfoxide: 

Thallium Amalgam-Thallous Chloride 

William H. Smyrl and Charles W.  Tobias 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, and Department of Chemical Engineering, 

University of California, Berkeley, California 

The measurement  of thermodynamic  propert ies  of 
electrolytes and the study of electrode processes in 
d imethyl  sulfoxide (DMSO) requires  a suitable re f -  
erence electrode of the second kind. Solubil i ty studies 
(1-4) have shown the chlorides, bromides, iodides, 

nitrates,  and perch]orates to be the most soluble salts 
in DMSO. Sulfates, fluorides, and carbonates were  
found to be general ly  insoluble. For practical  rea-  
sons the choice of a halide couple would be most ad- 
vantageous since it affords the establ ishment  of con- 
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centrat ion cells without  transference. 
The si lver-si lver  chloride electrode was explored 

for use in DMSO by Kolthoff and Reddy (5), who 
found that  silver chloride is quite soluble in excess 
chlorides. In  this laboratory silver iodide and silver 
bromide were found to dissolve in excess iodide and 
bromide, respectively, thereby e l iminat ing the si lver-  
silver halide electrodes from consideration as refer-  
ence electrodes. 

The other obvious choices, the analogues of the 
calomel electrode, were shown to be unsui table  be- 
cause mercurous chloride, bromide, and iodide each 
disproportionate in DMSO. After  the salts have been 
in contact with the solvent for a short time, small  
droplets of mercury  appear in  the bottom of the ves- 
sel. Analysis of the solution has not been made to 
confirm the presence of the Hg +2 ion. However, since 
HgC12, HgBr2, and HgI2 are highly soluble in DMSO, 
these products of disproport ionation would promise 
to be quite stable in solution. 

Among the metals which form amalgams and are 
stable with respect to the solvent, tha l l ium appeared 
promising. Hills (6) discussed the use of the thal l ium 
amalgam-thal lous  chloride reference electrode in l iq-  
uid ammonia.  Since the thermodynamic  properties of 
tha l l ium amalgams are well  known (7), this elec- 
trode couple looked promising. Solubil i ty studies were 
initiated, and thallous iodide and chloride were found 
to be spar ingly soluble in dimethyl  sulfoxide. Ex- 
cess iodide precipitates thallous iodide from solution. 
From visual observations, excess chloride does not 
precipitate T1C1, nor does any more solid T1C1 dis- 
solve. Fur ther ,  exper iments  have shown the solubil-  
ity product of T1C1 in DMSO to be of the order of 
10-6. 

On the basis of this information exploratory meas-  
urements  were ini t iated with a tha l l ium amalgam- 
thallous chloride reference electrode. Manipulat ions 
were carried out in a dry box. The l iquid amalgam, 
containing approximately 10 -2 mole fraction thal l ium, 
was introduced into each one of three special cups, 
to which electrical contact was made by p la t inum 
wires isolated from contact with the electrolyte solu- 
tion by glass tubes. A 1-2 mm layer  of thallous chlo- 
ride was spr inkled on the amalgam surfaces, the 
three electrodes were placed into the cell, and the 
electrolyte was introduced. In  the t ightly sealed cell 
an argon atmosphere of 1 atm pressure was ma in -  
tained over the solution throughout  the measure-  
ments. The cell was thermostated at 25 ~ _+ 0.01~ 

The solvent, purified by distillation, contained less 
than 50 ppm moisture as determined by Kar l  Fischer 
titration. Measurements were made with four differ- 
ent 10-2M solutions, containing one of LiC1, RbC1, 
MgC12, InC13. [Mercury, Baker 's  Analyzed "reagent";  
thal l ium, Cominco "69's Grade";  thallous chloride, 
Electronic Space Products "Analyt ical  Grade"; l i th-  
ium chloride, Baker and Adamson "Reagent Grade", 
dehydrated by t rea tment  with thionyl  chloride (8); 
rub id ium chloride, City Chemical Corporation "Rea- 
gent Grade"; magnesium chloride, K & K Laboratories 
"99.9% Pur i ty" ;  ind ium chloride, Ind ium Corporation 
of America "99.99% Purity".]  

The bias potential  between the electrodes was 
measured by a L&N K-3 potentiometer,  using a gal-  
vanometer  of 4.5 x 10 -10 amp/ ram sensit ivi ty to de- 
termine balance. The difference in potential  between 
any two of the three electrodes was always found to 
be less than  0.03 my, and less than 0.01 my  in  the 
case of solutions containing LiC1. Equi l ib r ium was es- 
tablished rapidly and main ta ined  for a t  least one 
week, after which a par t icular  test r un  was discon- 
tinued. 

The equi l ibr ium was offset by the application of 
0-10 my potential  between electrode pairs, also with 
reversed polarity. The current  passed in either di- 
rection ranged up to 2 x 10 -7 amp. This was repeated 
for all combinations of the three electrodes. The cur-  
ren t  was always found proport ional  to the applied 
potential,  and on no occasion was a hysteresis effect 
observed. The current  was applied by an Electronic 
Measurements  Model C 612 constant current  power 
supply, and was measured by a Sargent  Model MR 
Recorder. The voltage was measured by a Keithley 
Model 610R electrometer. 

On the basis of these findings, the tha l l ium amal-  
gam-thal lous chloride electrode appears suitable for 
thermodynamic  measurements  in DMSO solutions, 
and may be recommended for a practical reference 
electrode. Care must  be taken to protect the amalgam 
from oxidation, and .workers should be aware of the 
toxicity of tha l l ium and its compounds. 

(Editor's Note: Dimethyl sulfoxide is readily ab- 
sorbed through the skin and has certain physiologic 
e~ects on the body. While it has shown promise as 
a therapeutic agent, tests on humans have been dis- 
continued Ior the present because of possible unde- 
sirable side effects.) 
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Hydrothermal Attack of Silver and the 

Formation of Silver Crystals 
Solomon Levinson and Forrest Lee Car te r  

United States Naval Research Laboratory, Washington, D. C. 

Silver  has been found to be unat tacked by NaOH 
at 538~ under  a dry forming gas a tmosphere  (1). 
Under  hydro thermal  conditions ( tempera ture  un-  
specified) Laudise and Nielsen (2) have  found silver 
to be inert  to a 4-5M alkaline solution while  Lux 
and Niedermaier  (3) have found enhanced silver 
corrosion with NaOH at 410~ in the presence of 
oxygen (and water)  above the melt. In the course of 
a program to grow ruby for laser use hydrothermal ly ,  
we first studied the growth of a-Al203 without  Cr 
addition. Small  crystals of si lver were  observed when  
a he l ia rc -welded  fine si lver l iner containing a-A120:~ 
nutr ient  and seeds in a 4M NaOH solution was em-  
ployed at 46% fill. With the exception of copper (4), 
we have  found no previous reference  to the growth 
of other  metal  crystals by this technique. The auto-  
clave containing the l iner  was pressure balanced with  
water.  It had been mainta ined for three weeks at a 
bottom tempera ture  of 500~ The top of the l iner 
was cooler by about 50~ 

Two liquid layers were  observed after opening the 
l iner;  the lower  was considerably more viscous. The 
largest  crystals of s i lver  had formed in the vic ini ty  
of the two- l iquid  interface al though smaller  ones 
could be found higher  up on the seed rack. The sum 
total of impuri t ies  as determined by spectrographic 
analysis was found to be about 0.003%. 

The deposited si lver was in int imate  contact wi th  
a mass of t ransparent  mater ia l  (not identified).  The 
very  soft and fragi le  na ture  of the deposited s i lver  
necessitated the removal  of the imbedding mat r ix  by 
means of a 6N HC1 solution. The deposited silver o c -  

curred predominant ly  in the form of ve ry  thin plate-  
lets, the largest  of which was 5 mm across and 0.01 
mm thick and also in the form of fine th ree -d imen-  
sional filigree. In addition a few thicker  rhombus 
shaped crystals were  observed, unusual  examples of 
which are indicated by the two spears in Fig. I. 

An isolated rhombus (hol low))  was examined by 
x- rays  using a G. E. single crystal  or ienter  (CuK,~ 
radiation) and a precession camera (MoK~ radiat ion) .  
The rhombus face of the single crystal  was the (111) 
plane and was related to the cubic axes as indicated 
in Fig. 2a. The major i ty  of the thin platelets had forms 
as in Fig. 2b and 2c. It appears that  most of the sil- 
ver  was epi taxial ly  deposited on substrate crystals 
subsequently removed by the HC1 treatment.  The unit  
cell edge was 4.086 • 0.001A. 

Manuscript  received March 5, 1966. 

�9 Any discussion of this paper wil l  appear in a Discus- 
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Fig. 1. Length of spears is approximately 2 mm. Silver filigree is 
shown on lower right. Less obvious are a few platelets. 

2 a  2b  2 c  

Fig. 2. Unit cell and directions are indicated by ao vectors in 
Fig. 2a. The single crystal examined by x-rays consisted of two 
parallel thin rhombus plates (111) joined at two edges. Figures 
2b and 2c indicate the general shapes of the majority of the 
platelets. The sides are in general unequal in length although the 
external angles, c~, are within one-half degree of 60 ~ 
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Charging the Silver Oxide Electrode 
with Periodically Varying Current 

II. Repeated Open-Circuit Periods 

Charles P. Wales 
United States NavaZ Research Laboratory, Washington, D. C. 

ABSTRACT 

Sintered silver electrodes were  oxidized anodically in 35-50% KOH at 
25~ usually at the 20-hr rate, sometimes at faster  rates. Length of charge 
plus open-circui t  periods var ied f rom 8 hr  to 1/60 sec. A part icular  charge 
length and open-c i rcui t  length was repeated unti l  oxygen evolution occurred. 
In 50 or 45% KOH this charge method gave ei ther  the same capacity as a 
constant d-c charge or less capacity, but in 35% KOH the improvements  aver -  
aged as high as 40% under  certain conditions. Best results were  obtained 
when  the preceding discharges were  at love rates. 

The discharge capacity of AgO electrodes is s trongly 
influenced by conditions of the preceding charge 
(anodic oxidat ion) .  It  has been shovcn that  capacity of 
AgO electrodes can be increased by charging with a 
periodically vary ing  current  if pulses of charge cur-  
rent  are added to the normal  charging current  using 
the proper  conditions (1). Polarizat ion decreases dur-  
ing a short pulse of increased current ,  perhaps as a 
result  of breaking or roughening the oxide film which 
covers the electrode. Thus the surface area increases, 
and a larger  amount  of oxide can form before oxygen 
evolution begins. There  may also be an increase in 
conduct ivi ty  during a pulse if  there  is appreciable ac- 
t ivat ion of the semiconductors Ag~O or AgO (2,3). 
Pulses of increased charging current  must  be short  or 
else concentrat ion gradients become so large that  po- 
larizat ion increases great ly  and resul tant  capacity is 
less than normal. 

In general, both the total amount  of AgO that  forms 
on a si lver electrode and the AgO crystal  size vary  
inversely  wi th  the charging current  density that  is 
used (4). When charging storage bat ter ies  that  contain 
silver electrodes it is often impract ical  to use rates 
requir ing  a day or more for completion, even though 
these tow rates give a high capacity. As a compromise,  
sometimes a high charging current  is used at first, 
fol lowed by a lower current  af ter  potential  begins to 
rise to the oxygen evolut ion value. This usually gives 
less capacity than if a lower cur ren t  had been used for 
the ent i re  charge, because the fine AgO crystals that  
form when using high current  densities may make a 
t ight coating on the electrode surface and l imit  fur ther  
oxidation (4). 

Capacity can be increased somewhat  by put t ing a 
si lver oxide electrode on open circuit  for  a time, when  
charging potential  approaches the gassing value. The 
present  work  was under taken  because it was bel ieved 
that  there  may  be benefit f rom periodical ly in te r rup t -  
ing the charge current  throughout  a charge. 

Experimental Procedure 
The test cells contained sintered si lver plaques that  

had been manufac tured  for use in commercia l  s i lver -  
zinc storage batteries. The silver plaques were  30.5 x 
63.5 x 0.8 mm or 41.5 x 38,0 x 0.8 ram. Neglect ing the 
grid of expanded si lver metal, the plaques had an ave r -  
age weight  of 7.9 or 5.8g, respectively,  for a theoret ical  
capacity of 3.9 or 2.9 amp-hr .  Porosi ty of unused 
electrodes, as de termined  by l iquid absorption, was 
50-56%. The silver plaques were  wrapped in cellulosic 
separator mater ia l  of a type normal ly  used in com- 
mercial  s i lver-z inc  cells. Similar  s i lver  electrodes were  
used for both the cathode and anode. The test cells 
contained an excess of 35 or 50% KOI-I. 

A constant current  which gave an average  discharge 
length on the order of 20 hr  fol lowing a charge using 
this same current  was defined as the 20-hr rate  of 
charge and discharge. This 20-hr ra te  was taken as 
the standard or "normal"  charge current.  Charges 
w e r e  continued unti l  potent ial  stopped changing 
rapidly  after  reaching oxygen evolut ion (about 510 to 
530 mv  posi t ive to the A g /A g20  reference  electrode) .  
This resulted in a charge input  which was usually 
101-102% of the fol lowing discharge. Discharges were  
done with  a controlled constant current  and ended at 
a final potential  300 mv  negat ive to the Ag /Ag20  
reference.  Normal  charges (as defined above) a l ter-  
nated with charges using in ter rupted  current.  All  d i s -  
charges used the 20-hr rate  except  where  noted 
otherwise. The work was done at 25 ~ • I~ 

Some charges by in ter rupted  current  were  repeated 
with  commercia l  s i lver-zinc secondary cells using 35 
or 45% KOH. These cells were  rated at 5 amp-hr ,  and 
each cell contained four si lver electrodes. These elec- 
trodes were  the same size as the test electrodes which 
had a theoret ical  capacity of 2.9 amp-hr .  The test 
electrodes had been manufac tured  for use in this size 
of s i lver-z inc  cell. The s i lver-zinc cells were  charged 
to 2.05v and discharged to 1.10v using the 20-hr rate  
of constant cur ren t  (as defined above) .  The electrolyte  
supplied with  these cells was analyzed and found to 
be 45.0% KOH and 0.6% K2CO3. The "35%" KOH 
was prepared f rom reagent  grade KOH. Analysis of 
this solution gave 34.7% KOH and 0.9% K2COa. When 
the electrolyte  was used in the cells the carbonate con- 
centrat ion probably increased from degradat ion of the 
cellulosic separators. 

There  were  four  types of charge regime using in te r -  
rupted current.  In each of the four a par t icular  length 
of charge and open circuit  was repeated unti l  strong 
oxygen evolut ion occurred. In one type, a cell was 
charged for 3 hr  at the normal  (20-hr) ra te  of con- 
stant current.  This was fol lowed by a stand period 
ranging f rom 12 rain to 5 hr before resuming the 
charge, In the second type the charge periods began 
every  60 rain, wi th  the cell being charged at the 
normal  (20-hr) rate  for periods ranging f rom 59 to 
45 rain and the remaining 1-15 min being the stand 
period. In the third type the charge periods began 
every  10 rain, wi th  the cell being charged at the nor-  
mal  (20-hr) rate  for periods ranging f rom 9.5 to 4 
min and the remaining 0.5-6 min  being the stand 
period. The fourth type of charge was der ived f rom 
rectified 60-cycle a l ternat ing current,  using unidi-  
rect ional  currents  that  were  equiva len t  in coulombs 
per unit  t ime to ei ther  the 20-hr or 6-hr  charge rate. 

Severa l  sources of controlled d.c. were  used. When 
stand t imes were  under  1 rain, a power source was 
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Fig. 1. Circuit for obtaining rectified a.c. with current interrupted 
for more than half of the a-c cycle. 

used that  had a recovery  t ime of less than 50 #sec 
for reaching the preset current  value. For  longer 
stand times, a d-c source having a recovery  t ime of 
several  seconds was used also. Ha l f -wave  and ful l -  
wave  rectified a.c. were  obtained f rom 60-cycle a.c. by 
typical rectifier circuits. Rectified a.c. in which the 
current  flowed less than half  of the a.c. cycle was ob- 
tained by using a si l icon-control led rectifier (Fig. 1). 
These forms of current  were  used ra ther  than the 
customary square wave, because they were  easily ob- 
tained and seemed more practical  for possible wide-  
spread use. 

Rectified a.c. which consisted of approximate ly  the 
last half  of an a-c ha l f -wave  was called "quar te r -  
wave  rectified a.c." for simplicity. Current  rose rapidly 
to a max imum value and then fell  more slowly to 
zero, with no current  flowing for 3/4 of the t ime (upper  
par t  of Fig. 2). Similar ly  the last quar ter  of an a-c 
ha l f -wave  was called "e igh th -wave  rectified a.c." 
(Fig. 2). Average  current  in these examples  was 80 
ma including the t ime in which no current  flowed. 

Results 
Each new test cell was charged and discharged at 

the 20-hr rate  of constant current  several  times unti l  
capacity stopped changing rapidly, before charging 
with periodically in ter rupted current.  The initial or 
second cycle often gave as much as 70-80% of theo- 
ret ical  capacity for the sintered silver. Capacity 
dropped in the next  few cycles. Af te r  about 12 cycles 

Fig. 2. Oscilloscope traces showing wave form of quarter-wave 
and eighth-wave rectified a.c. with approximate current calibration. 
Average current was 80 ma. 
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Fig. 3. Change in discharge capacity following charges at 20-hr 
rate with stand periods after each 3 hr of charge. Plotted points are 
averages of several discharges. 

capacity showed no fur ther  loss but varied i r regular ly,  
wi th  the capacity of normal  cycles in 35% KOH usu- 
ally fal l ing in the range 44-57% of theoret ical  ca- 
pacity and averaging 50-55% of theoretical.  In 50% 
KOH the capacity was usual ly in the range 36-48% of 
theoretical.  

Variations in cell capacity were  minimized by cal- 
culating the average discharge capacity of the four 
normal  cycles (20-hr constant current  charge and 
discharge) nearest  to each discharge. This average 
was then taken as the "normal"  capacity at that  point 
in the cycle life of the cell. Capacity of each discharge 
was expressed as a per cent of this normal  capacity. 
These calculations also improved comparison between 
cells having different capacities. Throughout  this 
paper the results are presented as being a certain per 
cent of normal  capacity. Normal  capacity always 
means the average discharge capacity that  was meas-  
ured when  using a constant current  at the 20-hr rate  
for both charge and the fol lowing discharge. 

Al though capacity of individual  normal  cycles 
varied irregularly,  135 normal  cycles in 35% KOH that  
a l ternated be tween  the charges wi th  repeated stands 
had a discharge capacity which averaged 100.1% of 
normal  capacity and had a standard deviat ion of 7.1. 
The center  half of these normal  capacities fell  in the 
range 96.1-103.4%. In 50% KOH there  was less var i -  
ation, the average of the discharge capacities of 27 
normal  cycles being 99.6% of normal  capacity (s tand- 
ard deviat ion = 2.4) and the center  half  fal l ing in the 
range 98.2-100.8%. 

When stand periods fol lowed each 3 hr of charge, 
most charge-s tand combinations gave increased ca- 
pacity in 35% KOH, and decreased capacity in 50% 
KOH (Fig. 3). The plotted points for 50% KOH were 
the average of two discharges and were  very  repro-  
ducible. In 35% KOH the plot ted points were  averages 
of 3 to 7 discharges wi th  individual  capacities varying 
widely. For  example,  the 115.7% shown for 3-hr 
stands repeated every  3 hr in 35% KOH is the aver -  
age of 5 discharges, divided between two cells, with 
individual  capacities vary ing  f rom 99.7 to 131.8% of 
normal  capacity. Potentials  of a charge having stand 
periods of 1 hr a l ternat ing with  charge periods of 3 
hr are given in Fig. 4. 

Higher  charge currents  in 35% KOH also could give 
beneficial results. When there were  3-hr stands after 
every  3 hr of charge at the 6-hr rate, the capacity 
averaged 90% of the normal  20-hr value and about 
9 hr (total of charge t ime § stand t ime) was required.  
This should be compared to the 83% of normal  ca- 
pacity that  was obtained when using unin ter rupted  
constant current  at the 6-hr rate. When using 1-hr 
stands repeated af ter  every  1 hr  of charge a~ the 6-hr  
rate, a charge requi red  about 13 hr  (total) and 5 of 
these cycles gave an average  110.3% of normal  ca- 
pacity. When 1-hr charges at the 3-hr rate  a l ternated 
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Table I. Effect on commercial silver-zinc cells of stands after 
each 3 hr of charge using 20-hr charging current 

P e r i o d i c  s t a n d  A v e r a g e  d i s c h a r g e  c a p a c i t y ,  % 
t i m e ,  h r  35% K O H  45% K O H  

1 97 .8[4]  96.3 [3] 
3 114.2 [3] 99.8 [2] 
5 105.8 [3] 95.9 [2] 

V a l u e s  i n  b r a c k e t s  g i v e  t h e  n u m b e r  of m e a s u r e m e n t s  m a d e .  

with 1-hr stands, there  was 83-93% of normal  ca- 
pacity obtained in about  6 hr. 

This charging method was tr ied at the 20-hr charge  
rate  wi th  commercia l  s i lver-zinc cells (Table I).  Al-  
though results were  not  identical  with test cell results, 
trends were  similar. 

Stand periods of 1-15 rain repeated every  60 rain 
dur ing a charge gave discharge capacities that  differed 
lit t le f rom capacities fol lowing an unin ter rupted  
charge at the 20-hr ra te  (Fig. 5). This type of charge 
was not tr ied in 50% KOH. 

Stands repeated every  10 rain dur ing a charge could 
be beneficial or harmful ,  depending on conditions 
(Fig. 6). Al though the averages fell  close to a smooth 
curve, individual  charges in 35% KOH gave widely  
varying capacity, par t icular ly  when using stands of 
2, 3, or 4 min. There  were  6 to 9 charges for these 
three t imes and at least one of the fol lowing dis- 
charges var ied more than 36% from each of these 
three averages (Fig. 6). 

Selected portions of potentials that were  measured  
during a charge having 2-rain stands repeated every  
10 min are given in Fig. 7. The first excerpt  is at 
hour 4.33 as potent ial  rose to the peak value that  
started the Ag20 /AgO plateau. Potentials  rose to a 
m a x i m u m  value  in 0.4-0.8 rain after  the charge was 
resumed following most of the 2-rain stands at the 
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Fig. 4. Potentials during charge at 20-hr rate in 35% KOH with 
l-hr stands after each 3 hr of charge. Potentials are given with 
respect to Ag/Ag20 reference electrode. 
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Fig. 7. Some brief excerpts taken from charge in :35% KOH hav- 
ing stand periods of 2 min every 10 min. Numbers indicate total 
elapsed time in hours at beginning of the particular 8-min charge 
excerpt that is shown. Lack of number indicates charge was con- 
tinuous from previous stand shown. Potentials are given wi t5  re- 
spect to Ag/Ag20 electrode. 

50 Ag20/AgO plateau. After  the third 8-min charge 
period at this plateau, stand potential  fell  to a mini-  
m u m  value  in 0.2-0.3 min and then rose more  slowly. 
This behavior  continued throughout  most of the 
charge after hour  5 (Fig. 7 and 8). There  was a 
marked  tendency for the charge and stand potentials 
to be re la t ive ly  l o w  during one 10-min period but 
higher  the next,  beginning about  hour 11. This is 
shown more clear ly  in the 20-min excerpt  at hour 15 
(Fig. 7). Af te r  the electrode was two- th i rds  charged 
the potential  pat terns usual ly repeated themselves 
every  30 rain instead of 20 min (hour 21 Fig. 7 and 
8). 

The  same type of charge in 50% KOH gave poten-  
tials that  were  more  steady. Unti l  the electrode was 
half  charged, potentials in 50% KOH lacked a maxi -  
mum when  charge was resumed fol lowing the brief  
stands. Af te r  the electrode was half  charged there  was 
a small  m ax im um  in  charge potential  fol lowing the 
brief  stands but  this m ax im um  was usually less than 
10 inv. Stand potentials did not show a min imum in 
50 % KOH, but did fall  to increasingly lower values as 
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the  cha rge  p rog re s sed  un t i l  the  e l ec t rode  was  80% 
charged.  This  cha rge  in 50% K O H  g a v e  a capac i ty  
s l igh t ly  be low  normal .  S i x - m i n u t e  s tands  r e p e a t e d  
e v e r y  10 rain in 35% KOH,  a cha rge  tha t  g a v e  r e l a -  
t i v e l y  l o w  capaci ty ,  had  s imi l a r  w e a k  m a x i m a  in the  
cha rg ing  potent ia ls .  

T w o - m i n u t e  s tands  e v e r y  10 m i n  w e r e  also t r i ed  
w h e n  us ing  the  6 -h r  cha rge  ra te  in 35% KOH.  T w o  
cycles  g a v e  an a v e r a g e  98% of n o r m a l  (20-hr  r a t e )  
capaci ty ,  ins tead  of  the  83% a v e r a g e  ob ta ined  us ing  
cons tan t  c u r r e n t  at  t he  6 -h r  ra te .  This  cha rge  was  
t r i ed  w i t h  the  c o m m e r c i a l  s i l v e r - z i n c  cel ls  at t he  20- 
h r  ra te ,  bu t  i t  gave  no s ignif icant  change  in  capaci ty .  

A c h a r g e  c u r r e n t  tha t  was  i n t e r r u p t e d  60 t imes  a see 
r e su l t ed  in i m p r o v e d  capac i ty  w h e n  us ing  35% KOH,  
bu t  had  no p a r t i c u l a r  effect  in 50% K O H  (Tab le  I I ) .  
I n c l u d e d  in Tab l e  I I  a r e  n o r m a l  cons tan t  c u r r e n t  
cycles  w h i c h  a l t e r n a t e d  w i t h  the  cycles  us ing  r a p i d l y  
pu l sa t ing  cha rge  c u r r e n t  t ha t  was  d e r i v e d  f r o m  60- 
cyc le  a.c. A l t h o u g h  t h e r e  was  v a r i a t i o n  in  capac i ty  
d u r i n g  the  l i fe  of the  cells, t he  v a r i a t i o n  d id  no t  con-  
ceal  the  benef ic ia l  effects t ha t  could  be  ob ta ined ,  e v e n  
when ac tua l  discharge capacity was considered. This  is 
shown  in Tab le  II  w h e r e  d i scharge  capac i ty  is g i v e n  
bo th  in t e rms  of a v e r a g e  n o r m a l  capac i ty  a t  a p a r t i c u -  
l a r  po in t  in  the  cyc le  l i fe  of  the  cei ls  and also as a 
p e r  cen t  of  capac i ty  tha t  was  t h e o r e t i c a l l y  poss ib le  for  
the  s in te red  s i l ve r  of the  six tes t  e l ec t rodes  tha t  w e r e  
used  here .  

A f e w  typ ica l  po ten t i a l s  d r a w n  f r o m  osci l loscope 
p h o t o g r a p h s  of  a q u a r t e r - w a v e  c h a r g e  a r e  g i v e n  in 
Fig.  9. The  a v e r a g e  c u r r e n t  was  the  20 -h r  ra te ,  bu t  

Table II. Effect of 20-hr charges using current pulsating 60 cps 

35% K O H  50% K O H  
Type  of cha rge  c u r r e n t  N o r m a l  Theor .  No. N o r m a l  Theor .  No. 

C o n s t a n t  d.c. 99.8 48.6 22 100.1 41.4 12 
75% c o n s t a n t  d.c. w i t h  25% 108.4 54.7 3 

s u p e r i m p o s e d  h a l f - w a v e  
rec t i f ied  a,e. 

50% c o n s t a n t  d,c. w i t h  50% 140.2 65.8 3 103.2 43.8 2 
s u p e r i m p o s e d  h a l f - w a v e  
rec t i f ied  a.c. 

F u l l - w a v e  rec t i f ied  a.c. 123.2 57.3 6 99.1 40.9 2 
H a l f - w a v e  rec t i f i ed  a.c. 128.9 59.0 3 100.8 41.2 2 
Q u a r t e r - w a v e  rec t i f ied  a.e. 131.0 65.9 4 95.0 40.1 2 
E i g h t h - w a v e  rec t i f i ed  a.c. 125.9 64.8 5 101.4 42.6 2 

N o r m a l  m e a n s  a v e r a g e  d i s cha rge  Capaci ty g i v e n  as a pe r  cen t  of 
n o r m a l  capac i ty .  Theor .  m e a n s  a v e r a g e  d i s c h a r g e  capac i t y  g i v e n  as 
a pe r  c e n t  of  theore t i ca I  capac i ty .  No. m e a n s  t he  n u m b e r  of  meas -  
u r e m e n t s  made .  
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Fig. 9. Some potentials during quarter-wave charge at 20-hr 
average current in 35% KOH. Potentials are given with respect 
to Ag/Ag20 electrode. A, half charged at Ag/Ag20 potential 
plateau; B, ~ charged at Ag20/Ag plateau; C, ~ charged at 
Ag20/AgO plateau; D, while strong oxygen evolution occurred. 

p e a k  c u r r e n t  was  about  7 t imes  la rger .  This  c u r r e n t  
w a v e - f o r m  was  s h o w n  in the  u p p e r  pa r t  of Fig.  2. 
The  s a m e  types  of cha rge  c u r r e n t  w e r e  used  at the  
6 - h r  r a t e  ( T a b l e  I I I )  and  us ing  c o m m e r c i a l  s i l v e r -  
zinc cel ls  (Tab le  IV) .  

D u r i n g  a d i s cha rge  f o l l o w i n g  a n o r m a l  c h a r g e  at  
the  20-hr  ra te ,  26-32% of t he  capac i ty  was  ob ta ined  
be fo re  r e a c h i n g  the  A g 2 0 / A g  po ten t i a l  p la teau .  The  
s a m e  p ropo r t i on  was  ob ta ined  a f t e r  a c h a r g e  w i t h  r e -  
p e a t e d  s tand  per iods ,  w i t h  bu t  f e w  except ions .  The  
p r o p o r t i o n  of d i scha rge  at t he  u p p e r  po t en t i a l  p l a t e au  
was of ten  5-10% longe r  t han  n o r m a l  f o l l o w i n g  
charges  h a v i n g  s tands  of  2 or  m o r e  hours  a f te r  each  
3 h r  of  charge .  A f t e r  c h a r g i n g  wi th  the  va r ious  f o r m s  
of  rect i f ied 60-cycle  a.c. at  t h e  20-hr  ra te ,  t he  dis-  

Table III. Capacity following charges at 6-hr rate using current 
pulsating 60 cps compared to capacity following constant current 

charges at 20-hr rate 

A v e r a g e  d i s c h a r g e  
capac i ty ,  % 

Type  of cha rge  c u r r e n t  35% K O H  50% E O H  

C o n s t a n t  d.c. a t  6 -h r  r a te  83.3 [4] 67.9 [6] 
50% cons t an t  d.c. w i t h  50% super -  95.1 [3) 58.6 [2] 

i m p o s e d  h a l f - w a v e  rec t i f ied  a.c. 
F u l l - w a v e  rec t i f ied  a.e. 63.0 [3] 57.8 [2] 
H a l t - w a v e  rec t i f i ed  a.e. g2.4 [3]  66.3 [2] 
Q u a r t e r - w a v e  rec t i f ied  a.c. 99.0 [3] 53.7 [2] 
E i g h t h - w a v e  rec t i f ied  a.c. 97.2 [3] 55.8 [2] 

V a l u e s  in  b r acke t s  g ive  the  n u m b e r  of  m e a s u r e m e n t s  m a d e .  

Table IV. Effect on commercial 5 amp-hr silver-zinc cells of 
20-hr charges using current pulsating 60 cps 

A v e r a g e  d i s c h a r g e  
capaci ty ,  % 

T y p e  of cha rge  c u r r e n t  35% K O H  45% K O H  

C o n s t a n t  d.c. 101.6 [6] 100.4 [5] 
50% c o n s t a n t  d.c. w i t h  50% supe r -  107.0 [2] 98.9 [2] 

i m p o s e d  h a l t - w a v e  rec t i f ied  a.c, 
F u l l - w a v e  rect i f ied  a.c. 96.6 [2J 103.9 [2] 
H a l t - w a v e  rec t i f ied  a.c. 102.3 [2] 99.1 [2] 
Q u a r t e r - w a v e  rec t i f ied  a.c. 108.0 t2 ] 104.0 [2] 

Va lues  in  b r acke t s  g i v e  the  n u m b e r  of m e a s u r e m e n t s  m a d e .  



Vol. 113, No. 8 C H A R G I N G  T H E  S I L V E R  O X I D E  E L E C T R O D E  761 

charge at the upper plateau was at a lower potential  
and the proport ion was usually 5-10% shorter  than 
normal.  Capacity obtained at this plateau had not 
increased as much as total capacity had increased. 
The discharge capacity at this plateau was pract ical ly 
unchanged fol lowing a charge of 50% constant current  
with 50% superimposed a.c., a l though total discharge 
capacity was considerably increased. This resul ted in 
the proport ion of discharge being about 20-25% less 
than the normal  proportion. 

For  one series of cycles a cell was charged at the 
20-hr rate  and was then discharged at the 1-hr rate, 
instead of the 20-hr rate. The init ial  discharge at the 
1-hr ra te  gave a capacity that  was about the same as 
normal  capacity, but on repet i t ion the capacity of dis- 
charges at the 1-hr rate  was increased by an average 
of 10%. Under  these conditions fu l l -wave  rectified 
a.c. or repeated 8-rain charges fol lowed by 2-min 
stands gave about the same capacity at the 1-hr dis- 
charge ra te  as did constant current  charges. Quar te r -  
wave rectified a.c. gave about 5% additional improve-  
ment  in discharge capacity. 

Discussion 
The exper imenta l  results showed that significant im-  

provements  in capacity were  possible through the use 
of repeated open-ci rcui t  periods during charge when 
using 35% KOH as the electrolyte.  The largest  ca- 
pacity increases were  obtained by using a rapidly 
fluctuating current,  wi th  or wi thout  stand periods 
(Table II) .  All  of these rapidly pulsating currents  
that  were  tr ied at the 20-hr rate  improved  capacity 
in 35% KOH. There  was no marked  change in capacity 
when stand length and pulse current  both increased, 
wi th  net current  remaining  equivalent  to the 20-hr 
rate  (Table II) .  Super imposing a charge current  that  
was pulsat ing 60 times per second onto a constant 
charge current,  the  smoothest  type of current  used 
except  for constant current,  could give a l a r g e  im-  
provement .  This type of current  is re la ted to that  used 
earlier, in which current  was increased for a few 
seconds every  10-60 rain and an increase in capacity 
up to 30-40% was obtained (1). Lack of improvement  
in 50% KOH was also noted in this earl ier  work. 

Constant current  at the 6-hr rate  gave only about 
5/6 of normal  capacity in 35% KOH but close to nor-  
mal  capacity could be obtained by using rapidly pul-  
sating currents  (Table III) .  Here  again a re la t ive ly  
large improvement  resul ted f rom superimposing a 
charge current  that  was ha l f -wave  rectified a.c. onto a 
steady charge current.  Benefits at the 6-hr ra te  of 
charge were  less in proport ion than they were  at the 
20-hr rate. 

Comparison of Fig. 3, 5, and 6 showed that nei ther  
stand length nor charge length nor ratio of these 
lengths determined whe ther  or not a par t icular  
charge-s tand combination was beneficial. A disad- 
vantage to some of these types of charge wi th  repeated 
stands was that  total  charge t ime increased greatly. 
Higher  capacity was not just  an effect of this increase 
in total charge time. Charging at the 6-hr rate  wi th  
1-hr stands after every  hour of charge requi red  only 
two- th i rds  of normal  charge t ime but gave 10% more  
capacity than a normal  charge. Charging at the 20-hr 
ra te  wi th  charge periods of 3 h r  a l ternat ing wi th  
stands of 3 hr  requi red  approximate ly  the same total 
t ime as the 40-hr rate  of un in te r rup ted  constant cur-  
rent  but  averaged about twice as much capacity im-  
provement ,  comparing both types of charge to a nor-  
mal  charge. The use of low charging currents  may be 
preferable  for some applications, however ,  because the 
fol lowing discharge wil l  have a shorter  AgO/Ag20  po-  
tential  plateau and thus give a more  constant dis- 
charge potential.  Al though more AgO is present  af ter  
charging with a low current  than is present  after us-  
ing a high current,  the surface area is smaller  when 
the oxide is formed slowly, and this smaller  surface 
is covered more  rapidly wi th  Ag20 dur ing a discharge 

(4). Therefore  the discharge shows less capacity at 
the A g O / A g 2 0  potent ial  level  even though total dis- 
charge capacity has increased. This initial potential  
plateau lasted 17-25% of the total t ime for a discharge 
immedia te ly  fol lowing a 40-hr charge, and 7-16% 
when discharged immedia te ly  fol lowing an 80-hr 
charge. As ment ioned earlier, 26-32% was obtained 
fol lowing a 20-hr charge or most charges using stand 
periods. 

The vcide scatter of individual  measurements  in 
35% KOH that  were  averaged for the points shown in 
Fig. 3 and 6 indicated that  all factors were  not under  
control. If all factors could be controlled consistently, 
there  is possibility of an improvemen t  larger  than that  
shown by these figures because many  individual  meas-  
urernents were  much bet ter  than the averages. The 
scatter could not be at t r ibuted to different cells nor to 
whether  a measurement  was made  ear ly  or late in 
the cycle life of a cell. 

Potentials gave an indication of electrode condi- 
tions. When using stands repeated after 3 hr  of charge 
or stands repeated every  10 rain, the largest  capacity 
fol lowed a charge showing strong potent ia l  max ima  
soon after many  of the open-circui t  periods at the 
A g 2 0 / A g O  plateau. A charge lacking these maxima,  
or having but slight maxima,  gave only normal  ca- 
pacity. When a s i lver  electrode is oxidized anodically 
with constant current,  the potential  rises sharply to 
a m ax im um  value  af ter  the silver surface is covered 
with  Ag20. The first react ion fol lowing this potential  
peak or m ax im um  is Ag20 oxidizing to AgO. Lit t le  
or no additional s i lver  oxidizes unti l  a large part  of 
the Ag20 has oxidized (4, 5). With some charge-  
stand combinations the open-ci rcui t  potentials began 
to have  a min imum value  as the charge continued to 
form more AgO (Fig. 7, 8). The potential  min imum 
tended to reach increasingly lower values as the AgO 
layer  thickened, for approximate ly  the first half of 
this type of charge (Fig. 8). The potential  minima 
were  probably the result  of nonuniform distr ibution of 
oxygen and silver in the oxide layer (6). 

When the electrode was about one- th i rd  charged 
using 2-rain stands every  10 min, potential  pat terns 
began to be repeated every  20 min  (hour 11 Fig. 7, 8). 
The low stand potential  and the fol lowing high charg-  
ing potent ial  both indicated that  ion movements  were  
re tarded under  these conditions. Then a change must  
have occurred that  decreased concentrat ion gradients 
in the electrode. It is bel ieved that  the oxide coating 
cracked, al lowing e lect rolyte  to penet ra te  nearer  to 
the silver, and this decreased the concentrat ion gradi-  
ents in the oxide layer. Decreased concentrat ion gradi-  
ents were  indicated both by the lowered charge po- 
tentials and by the potentials of the next  stand being 
nearer  to equi l ibr ium values, close to values measured 
ear l ier  when  only a small amount  of AgO was pres-  
ent. The process was repeated as the film built  up 
again. It  is l ikely that  development  and removal  of 
concentrat ion gradients in the electrode were  also at 
least par t ly  responsible for the potent ial  max ima  ob- 
served after  stands of 1-5 hr. These compara t ive ly  
slow changes wi th in  the electrode probably did not 
take place to any great  extent  when using current  
pulsat ing 60 t imes per second because of the short t ime 
between successive current  pulses. 

An addit ional  factor dur ing the long stands was 
format ion of a thin Ag~O film on the silver as a result  
of the react ion be tween  si lver and AgO (3). During 
short stands the format ion of Ag20 was not appre-  
ciable. When charge was resumed after 1-hr stands, 
potent ial  often did not  rise to a peak immedia te ly  
(Fig. 4) as it should have done if the m a x i m u m  were  
caused ent i re ly  by Ag20 resistance. The react ion be-  
tween si lver and AgO can resul t  in sl ightly deeper  
oxidation and sl ightly increased capacity. Benefit 
would be l imited because the react ion ra te  probably 
decreased as the Ag20 film thickened and separated 
the reactants. In ear l ier  work  Ag20 was not definitely 
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visible to x - r a y  diffraction even after 21/2 days stand 
of a charged electrode, al though x - r ay  diffraction pat-  
terns of AgO had weakened in this t ime (4). It should 
be noted that  Ag20 was more l ikely to form deep in 
the electrode where  silver was avai lable than at the 
electrode surface where  Ag20 could be detected more 
readi ly  by x - r ay  diffraction. 

It is unl ikely  that  enough Ag20 was formed in the 
longer stand times used in these charging methods for 
the Ag20 to cause sufficient resistance to account for 
the entire potential  rise. If  there  were  a high in ternal  
resistance due to Ag20, there  would be a large po- 
tential  gradient  in the electrode as current  passed. 
Al though grid or terminal  potential  could be quite 
high the surface potential  would not be expected to 
rise beyond the potent ia l  necessary for oxidation of 
Ag20 to AgO. But  potentials rising to the oxygen 
evolut ion value have been observed after long stands 
(2). It may be that as conducting paths to the surface 
are formed, when a charge is resumed after  ve ry  
long stands, concentrat ion of charge current  along 
these conducting paths allows the surface to reach 
the gas evolution potential.  Oxidation of Ag20 and 
oxygen  evolut ion could then take place s imultaneously 
unti l  potential  fel l  as more  or bet ter  paths to the 
surface are formed. 

A more impor tant  factor to be considered is changes 
in AgO crystal l ini ty under  the different charge condi- 
tions. It  has been established that  there  is an ex-  
change of oxygen between a KOH solution and AgO 
(7). It would not be surprising if there  is also an ex-  
change be tween  dissolved silver and AgO. These ex-  
change reactions would allow perfect ion of the AgO 
crystal l ini ty and smoothing of the surface when t ime 
was sufficient, such as during long stand periods or 
during low-ra te  charges. Thus t rue current  density 
fol lowing a long stand would be higher  at the surface 
of the electrode and the increased current  density 
could account for high charge potentials  as wel l  as the 
low discharge potentials that  have been observed at 
the AgO/Ag20  level  af ter  ve ry  long stands. Results 
in 50% KOH, although not improved by a charge with 
repeated stands, usually were  much more reproducible  
than in 35% KOH. This was probably at least par t ly  
caused by physical differences be tween the AgO coat- 
ings that  formed on silver in 35% KOH and the coat-  
ing in 50% KOH. Perhaps AgO crystall izes in a physi-  
cal form in 50% KOH that  re tarded passage of oxygen 
through the AgO. There  is no reason to assume that  
a cubic AgO forms ini t ial ly and that  this AgO con- 
verts  to monoclinic AgO at low current  or during long 
stands as has been suggested (2). Monoclinic AgO can 
actually be detected quite  soon after  anodic potential  
reaches the Ag20 /AgO plateau (4) and the com- 
pound original ly reported as cubic AgO has since been 
shown to be a different mater ia l  (5). 

The most impor tant  cause of increased capacity in 
the charges that  were  beneficial was bel ieved to be an 
increased surface area. Increased surface area al lowed 
more AgO to be formed during a charge before slow 
diffusion through the AgO caused sufficient polariza-  
tion that  potent ial  rose to the oxygen evolut ion value. 
When the charging potential  increased to a re la t ive ly  
high value after a stand, oxygen from the surface 
layers could penetra te  deeper  into the oxide layer  
under  the influence of the high charging potential,  
thus oxidizing si lver that  was under  the oxide coating. 

There is a large expansion when  a certain quant i ty  
of si lver is oxidized to an equiva len t  amount  of Ag20. 
There is only a slight additional increase in vo lume 
when  Ag20 is oxidized to an equiva len t  amount  of 
AgO. If the reactions take place ent i re ly  in the solid 
state, wi th  each single crystal  of Ag20 changing into a 
single crystal  of AgO, then an oxide film may also be 
broken by distortion of the crystal lattice. Two cell 
dimensions expand, one contracts and one angle 
changes as a face-centered  cubic crystal  of Ag20 is 
oxidized to monoclinic AgO. Expansion of the crystal  

lattice as AgO formed from Ag, most l ikely through 
Ag20 as an intermediate,  probably cracked the oxide 
coating which covered the electrode and al lowed elec- 

t r o l y t e  to penetrate  nearer  to the silver under  these 
conditions. The increased porosity resulted in decreas- 
ing current  density and decreasing concentrat ion 
gradients within the oxide layer. For this reason the 
charge potential  fell  to its lowest  value in the same 
8-rain period that  had the highest  potent ial  (for ex-  
ample see curve at 21 hr 10 min in Fig. 7). 

Thus the potential  drop after the m ax im um was 
probably caused by breaking of the smooth oxide layer 
and, af ter  long stands, also par t ly  caused by oxidation 
of resist ive Ag20 to AgO. If the drop in potential  were  
mere ly  the result  of act ivation of the semiconductors 
Ag20 (3) or AgO (2), conditions after  act ivation 
would be the same as they were  before in terrupt ing 
the current,  and there would be no reason to expect 
increased capacity after a series of potential  maxima,  
but the best discharge capacity usual ly fol lowed 
charges that showed i r regular  potentials. It is pro-  
posed here that the capacity increase was mainly  the 
result  of deeper oxidation of the silver, caused by 
breaking of the surface as AgO formed below the elec- 
trode surface. 

The increased amount  of oxide that formed when 
using current  pulsat ing 60 t imes per second in 35% 
KOH was probably also the result  of surface area in-  
creasing as the oxide film on the electrode broke or 
roughened when current  was high. Stresses may be set 
up as a result  of fast format ion of the oxide film or 
layer and then be re l ieved by cracking. Stand t ime 
was not important  or even necessary when using these 
rapidly pulsating currents  (Tables II, I I I ) .  Current  
being high for only a brief  t ime prevented  harmful  
format ion of large concentrat ion gradients, such as 
would have occurred if curernt  had remained high 
for longer times. Charges at the 6-hr rate  were  less 
beneficial than charges at the 20-hr rate  because the 
faster charge resul ted in larger  concentrat ion gradi-  
ents in the electrolyte  and smaller  crystals of AgO 
were  formed (4). Both of these effects could l imit  
fur ther  oxidation. 

The mobil i ty  of the hydroxyl  ion is an impor tant  
factor in the oxidation process (8). Lack of hydroxyl  
ion at the electrode can seriously impair  charges. This 
can occur in concentrated KOH solution, or when 
using high current  densities, or at low temperatures .  
A combination of these is more harmfu l  than any one 
singly. For example,  capacity decreased more rapidly 
wi th  increasing charge current  in 50% KOH than it 
did in 35% KOH (9). Thus one would expect  that a 
current  pulsating 60 times per second (and momen-  
tar i ly  reaching higher  current  densities than a normal  
charge) would not necessarily give as good results in 
50% KOH as it does in 35% KOH, especially when 
using faster charges (Tables II, I II) .  The l imited 
amount  of free electrolyte in the commercial  s i lver-  
zinc cells, due to t ight packing in the cell  cases, 
probably resulted in increased concentrat ion gradients 
in the electrolyte  near the electrode surface compared 
to test cell conditions. This may be the reason for the 
commercial  cells usually not showing the improve-  
ment  that  test cells showed, but no exper imenta l  work 
was done to prove this. 

As ment ioned earlier, the rate  at which a cell was 
discharged in 35% KOH had a large effect on the re -  
sults of a charge using pulsat ing current.  It  has been 
shown that a charge fol lowing a h igh- ra te  discharge 
gave more capacity than a charge fol lowing a low- 
rate  discharge because of differences in chargeabil i ty  
of the forms of si lver that resul ted under  these condi-  
tions (4). Therefore  when a cell was given a series 
of complete discharges at low current  density, ca- 
pacity tended to decrease at least to a point. If a cell 
was then given a series of complete h igh- ra te  dis- 
charges, capacity tended to increase back toward the 
original value. As a resul t  of this, a l though a single 
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discharge at the 1-hr rate  might  give less capacity 
than the preceding discharge at the 20-hr rate, after 
several  discharges at the 1-hr ra te  (and recharges 
at the 20-hr rate) the capacity increased to a value 
larger  than it was after  a series of discharges at the 
20-hr rate. Charge acceptance at the Ag /Ag20  plateau 
had doubled, but  charge at the Ag20 /AgO plateau was 
only 90% of its normal  length. Under  these conditions, 
where  the capacity was high already, a constant cur-  
rent  charge gave about the same capacity as the pul-  
sating charges. 

Severa l  phenomena were  involved in the results 
repor ted  here and no single explanat ion wil l  ade-  
quate ly  cover them all. Fur the r  work  is obviously 
necessary for a more definitive explanat ion and wil l  
be under taken  after  de termining the effect on capacity 
of current  reversals  during a charge. In par t icular  
a microscopic examinat ion of the electrodes at various 
steps in the different types of charge is expected to be 
useful. 

Conclusions 
The charge methods described can be beneficial or 

harmful ,  depending on specific conditions. Faster  
charges or greater  capacity after slow charges could 
be obtained by these charging methods. Results in 
35% KOH were always bet ter  than in 45 or 50% KOH. 

The charge methods worked best when a cell had 
previously been discharged at low currents.  
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The Photogalvanic Disruption of Cuprous Oxide Films on Copper 
E. J. Duwell 

Minnesota Mining and ManuJacturing Company, St. Paul, Minnesota 

ABSTRACT 

The cuprous oxide film normal ly  present  on copper is disrupted by photo-  
galvanic action. Par t ia l  i l luminat ion  of an oxidized copper surface in an 
electrolyte  results in reduct ion of the cuprous oxide to metal l ic  copper in the 
i l luminated areas and oxidation and dissolution of the cuprous oxide in the 
uni l luminated  areas. The disrupted film is bel ieved to lead to an observed 
increase in corrosion rate  of copper in an i l luminated sal t -spray cabinet. 

I t  is wel l  known that  a photovottaic effect char-  
acteristic of a p - type  semiconductor can be observed on 
cuprous oxide (1-5). Since the oxide layer  on mi ld ly  
oxidized copper consists essentially of cuprous oxide, 
it is not surprising that  there  have  been numerous  
reports  of the effect of l ight on the corrosion of copper 
(6-10). In general,  l ight has been found to accelerate 
the corrosion of copper, al though it has been shown 
recent ly  that  the rate  of initial growth of the oxide 
film is decreased by l ight under  cer ta in  conditions 
(11), while  the dissolution of cuprous oxide to cupric 
ions is promoted by light. 

When the oxide film becomes re la t ive ly  thick 
(200A), it serves to some ex ten t  as a protect ive  film 
against fur ther  corrosion. We have found that  the 
effectiveness of this film is great ly  decreased by 
l ight if the oxide coated surface is covered by a con- 
ducting solution. The purpose of this paper is to de-  
scribe the photogalvanic reactions which take place 
on oxidized copper surfaces to disrupt the cont inui ty 
of the oxide film. Using a simple sal t -spray corrosion 
test, the effect of l ight on the oxidat ion ra te  of copper 
was also evaluated.  

Experimental 
Because copper is a re la t ive ly  noble metal,  the oxide 

can be removed  from the surface by acid dissolution 
without  appreciable attack of the metal.  If a di lute 
acid such as 2M H2SO4 is used, only half  of the copper 
in the cuprous oxide film is dissolved as a resul t  of 
disproport ionat ion 

Cu20 + H2SO4 -> Cu ~ ~ Cu + + + SO4= + H20 

Although this method has been used for oxide film 
analysis by previous invest igators (12), it was felt  that  
total dissolution of the oxide film with  concentrated 
hydrochloric  acid would be more suitable for our pur-  
poses. In this case the acid dissolves all  of the cuprous 
oxide with  format ion of the anionic chloride complex 

Cu20 + 4HCI-~ 2CUC12- -l- 2 H+ ~- H20 

In either case, care must be taken to exclude at-  
mospheric oxygen which would cause fur ther  oxida- 
tion and dissolution of the metal. Cupric oxide is dis- 
solved by ei ther method, and, therefore,  the lat ter  
method can be considered an analysis for total oxi-  
dized copper, whi le  the former  method would result  in 
an ambigui ty  if the oxide film contained an unknown 
amount  of cupric oxide. The oxide film on copper 
treated at 300~ for about i0 rain has been shown to 
be essentially all cuprous oxide (13). Analysis of 
equal areas of an oxide film prepared under these 
conditions by both the dilute sulfuric acid and concen- 
trated hydrochloric acid dissolution methods resulted 
in twice the concentration of copper in the hydro- 
chloric acid solutions, thus verifying the self-con- 
sistency of the two methods. 

Analysis for copper in solution was done spectro- 
photometrically after formation of the tetraethylene 
pentamine complex as outlined in the literature (14). 

The copper corrosion samples were ASTM B-133 
pure copper (99.9-~ %). Other chemicals used were all 
reagent grade. Ordinary household tungsten filament 
incandescent  lamps were  used for i l lumination. 
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Fig. 2. Photogalvanic response of an oxidized copper panel rela- 
tive to a saturated calomel electrode. The light intensity was 3000 
ft-c. 

Fig. 1. Photogalvanic action on an oxidized copper panel im- 
mersed in saturated KCI solution. The exposed area became black 
after illumination for 10-15 min at a light intensity of 5000 ft-c. 

Experimental Results 
A photogalvanic cell react ion on oxidized copper 

is easily demonstrated.  The copper may be heated at 
300~176 for 30 min  or may be s imply held in a 
Bunsen flame until  the reddish brown cuprous oxide 
coating develops but  not unti l  an incoherent  cupric 
oxide film is formed. If the  copper panel  is then im-  
mersed in a salt solution and par t ia l ly  i l luminated,  
the i l luminated port ion of the surface eventual ly  be-  
comes black (Fig. 1). At  a l ight  intensi ty of 5000 ft-c,  
the discoloration on the i l luminated surface just  be-  
comes discernible in 1 min. The  same area is quite 
black after  10 min. The blackening is greatest  at the 
per iphery  of the spot. These areas are, of course, 
closest to the un i l lumina ted  area, and the resistance 
through the solution is a minimum. Apparen t ly  any 
soluble salt which does not attack the oxide surface 
wil l  serve as an e lect rolyte  and wil l  pe rmi t  the photo-  
galvanic react ion to take place. There  is no evidence 
of a surface react ion if the surface is dry  or is cov-  
ered wi th  disti l led water.  Also, s imple qual i ta t ive  ex-  
per iments  revea led  that  the rate  of blackening de-  
pends on salt concentration. 

The change in potent ial  of the i l luminated surface 
can be compared through an ex te rna l  circuit  wi th  the 
electrode potential  of a similar  panel  kept  in the dark 
or more simply wi th  a calomel reference  cell. In ei ther  
case, l ight is noted to make  the oxidized copper more  
posi t ive by a potent ia l  as high as 0.12v (Fig. 2). The  
magni tude  of the effect apparent ly  depends on the 
manner  in which the oxide layer  is formed. If the 
oxide layer  is grown in a sal t -spray cabinet  for sev-  
eral  days, the change in potent ial  is f rom 10-25 inv. 
Short  exposures of the copper to higher  tempera tures  
genera l ly  appears to produce a more  photosensi t ive 
surface than slow oxide growth at lower temperatures .  

A copper cylinder,  % in. in diameter,  was oxidized 
at about  300~ immersed  in saturated KC1 solution, 
and a small  port ion of the surface i l luminated wi th  a 
tungsten lamp. The i l luminated port ion of the surface 

which became black was compared with  the original 
surface by grazing angle electron diffraction. The 
original  surface gave a diffraction pa t te rn  charac ter -  
istic of cupric oxide, while  the i l luminated surface 
gave a diffraction pat tern of metal l ic  copper. No 
diffraction pat tern  was observed on surfaces adjacent  
to the i l luminated area indicating the format ion of an 
amorphous surface layer.  It is not  surpris ing that  a 
cupric oxide ra ther  than cuprous oxide pa t te rn  was 
obtained on the original  surface since a thin layer  of 
cupric oxide always appears to form over  the cuprous 
oxide. The same resul t  was obtained by Beck and 
P ryor  (13) who also identified the cuprous oxide layer  
using a str ipping technique and diffraction pat terns 
obtained by electron transmission. 

In a photogalvanic cell (Fig. 3) constructed of two 
copper electrodes oxidized at 360~ for 1 hr, the 
i l luminated electrode was also observed to become 
blackened with time. Immers ion  of both electrodes in 
concentrated hydrochloric  acid resulted in complete 
cleaning of the uni l luminated  electrode, but  an insolu-  
ble black sludge consisting of finely divided metal l ic  
copper clung to the i l luminated electrode. This sludge 
was easily removed  with  a rubber  policeman and dis- 
solved in dilute nitric acid. Initially,  the conversion 
of the oxide coating appears to proceed l inear ly  with 
t ime (Fig. 4). Approx imate ly  0.01 mg Cu /cm 2 is re -  
moved without  i l lumination. This is probably a result  
of air oxidation and mechardcal  removal  of the oxide 
film. The  total  amount  of oxidized copper avai lable  for 
reduct ion was about 0.30 m g / c m  2. 

LIGHT r ~ - - ~  i i ]IIDARK CELL SOcL:D I.--..-I--~ H CELL 

=OROUS ~ ,,/~1 
GLASS 

Fig. 3. Photogalvanic cell consisting of two copper electrodes 
oxidized at 360~ The direction of electron flow when the left 
cell is illuminated is from right to left. The cells are kept free of 
oxygen through the usi~ of nffrogen bubblers. 
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Fig. 5. Corrosion rote of copper as o function of time in a dark 
and illuminated salt-spray cabinet. Temperature was constant at 
39~ 

If the externa l  circuit  of the photogalvanic cell (Fig. 
3) is opened, reduct ion of the oxide on the i l luminated 
electrode still takes place but at a s lower rate. Despite 
careful  cleaning and uniform i l lumination,  both ca- 
thodic and anodic sites must, therefore,  be present  on 
the i l luminated electrode. Closing the circuit  results 
in dissolution of the oxide film on the uni l luminated  
electrode as evidenced by analysis of the cell solutions 
after  7 hr  of i l luminat ion  (Table I) .  

The ra te  of corrosion of copper in a sa l t -spray cabi-  
net  was increased by a factor of 3.2 when  the panels 
were  i l luminated on one side wi th  a l ight intensi ty of 
340 f t -c  (Fig. 5). The panels were  abraded clean and 
washed in acetone prior  to being placed in the salt-  
spray cabinet. A fu r ther  increase in corrosion ra te  was 
noted at h igher  l ight intensities (Fig. 6). The  lamp 
was kept  in an air-cooled container to avoid a t em-  
pera ture  increase in the chamber.  

Discussion 
Although the kinetics of some electrode processes 

may  be affected by photosensi t ive react ion steps or by 
photosensit ive products of the electrode reaction, the 

Table I. Effect of illumination on surface and solution composition 
of photogalvanic cell 

A :  E x t e r n a l  c i r cu i t  open ;  B :  e x t e r n a l  c i r cu i t  c losed 

L i g h t  C h a m b e r  D a r k  C h a m b e r  
CUeleetrode~* m g  CUsolutio~ CUeIectrode,* m g  Cuso]utlon 

(A) 35.5 0,01 34.2 0.Ol 
(B) 36.7 O.O7 27.2 7.40 

* I n c l u d e s  Cu+n and  r e d u c e d  m e t a l  r e m o v e d  b y  w i p i n g .  
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Fig. 6. Amount of copper corrosion after 24 hr in a salt spray 
cabinet as a function of light intensity. 

reactions which have  been described appear  simply to 
be generated by the photovoltaic effect commonly ob- 
served in cuprous oxide. Accordingly,  the electrode 
reactions do not appear to depend on the composition 
of the e lect rolyte  but  only requ i re  the presence of a 
neut ra l  conductive solution. For  example,  since no 
electrode reactions occur in distil led water,  it can be 
concluded that  l ight does not direct ly  cause dispro- 
port ionat ion of the oxide film. Rather,  the i l luminated 
surface undergoes reduct ion 

2e -  + Cu20 + HOH-> 2Cu ~ -t- 2 O H -  

whi le  anodic oxidat ion of the oxide film takes place 
on the uni l luminated  surface 

4H20 + Cu20-> 2Cu(OH)~ ~ H20 ~ 2H + + 2 e -  

The copper ini t ia l ly  goes into solution, but  prolonged 
operat ion of the cell shown in Fig. 3 eventua l ly  results 
in the appearance of gelatinous cupric hydroxide  in 
the dark chamber.  The observed polar i ty  can be cor- 
re la ted  with  the effect of l ight on the current  carrying 
mechanism in p - type  semiconductors (5), of which 
cuprous oxide is an example,  

It  is apparent  that the introduction of oxygen to the 
system presents a complex chemical situation. It can 
probably be assumed that  photogalvanic  reactions 
make  the surface more  susceptible to fur ther  oxida-  
tion, thus increasing the corrosion rate  under  condi- 
tions such as those encountered in a sa l t -spray cabi- 
net. To determine  if such reactions occur more  readi ly  
at anodic or cathodic sites and if the subsequently 
formed oxide surface is also photosensitive, the anodic 
and cathodic reactions must  be isolated in a system in 
which the oxygen concentrat ion is careful ly  regulated.  
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The Effect of Oxide Volatilization on the Oxidation 
Kinetics of Cr and Fe-Cr Alloys 

C. S. Tedmon, Jr. 
General Electric Company, Research and DeveLopment Center, Schenectady, New York 

ABSTRACT 

The oxidation of Cr and Fe-Cr  alloys which form Cr2Os scales involves 
at least two processes: (i) the solid-state, diffusive t ransport  of ionic 
species, with parabolic kinetics, and (ii) the oxidation of Cr203 to a volatile 
species, probably CrOa, with l inear  kinetics. The effects of this second reac- 
tion cannot be neglected, either in  in terpreta t ion of shor t - te rm oxidation re-  
sults, or in predict ing 10ng-term oxidation behavior. In this paper equations 
are derived which describe the oxidation behavior of a system in which both 
diffusive and gas/oxide interface processes occur simultaneously.  Accord- 
ing to the model, the oxide scale grows to a l imit ing thickness which is 
determined by the parabolic rate constant  and the surface-reaction rate con- 
stant; as the l imit ing thickness is approached, a t ransi t ion from parabolic to 
l inear  kinetics takes place. The model is applied to the oxidation of Cr and 
Fe-Cr  alloys, and good agreement  with exper imental  data is found. 

When Cr203 is heated to above 1000~ in an oxidiz- 
ing atmosphere, it loses weight (1-6). This weight loss 
cannot be accounted for simply by vaporization of the 
oxide, since it occurs only when the specimen is ex- 
posed to an oxidizing atmosphere (3-5); furthermore,  
the reported values of the vapor pressure of Cr203 
(4, 7) are too low to account for the observed rates of 
weight loss. The chemical reaction involved in  the 
Cr203 weight loss has not been completely identified, 
but  is probably (3, 7) 

Cr203(s) + 3/2 O2(g) --> 2CrO3(g) [1] 

Reduction of CrO8 back to Cr203 subsequently occurs 
in  cooler parts of the system. 

Hagel (4) measured the rate of weight loss of Cr203 
samples exposed to oxygen and found that  the weight 
loss could be expressed by 

where the "volatil ization rate constant," kv, has the 
temperature  dependence 

kv = 0.214 exp (--48,000 • 3000/RT) g cm-2  see-1 [3] 

Although Hagel (4) corrected his highest temperature  
(1350~ Cr oxidation data for such weight loss, the 
large effect that  this surface reaction has on the para-  
bolic oxidation kinetics of Cr and alloys which form 
Cr208 scales has not  been general ly recognized. It will  
be seen in the following discussion that  unless this 
surface reaction is taken into account in oxidation 
studies, two significant effects can appear: (i) short-  
time oxidation kinetic data may be incorrectly in te r -  
preted, and (ii) estimates of service life will  be in 
error. 

That a surface-control led reaction could alter para-  
bolic oxidation kinetics was pointed out by Loriers 
(8). Subsequently,  Webb, Norton, and Wagner  (9) 
derived more general  equations in order to explain 
their tungsten  oxidation data. More recently, Birchen-  
all (10) has discussed various factors which could 
alter parabolic oxidation kinetics, including the effect 
of a gas/oxide interface reaction. 

Derivation of Rate Equations 
Rate of scale-growth.--Consider the case of a metal  

having an adherent,  dense, external  scale, of thickness 
x at some time t. The ins tantaneous rate of growth of 
the scale is given by 

dx k~ 
_ [ 4 ]  

dt x 

where k~ is equal to one-half  of the usual  parabolic 
rate constant, kp. Because of the oxide-gas interface 
reaction, the scale will  tend to get thinner ,  and the 
kinetics for this process are described by 

dx 
- -  = - -  k s  [ 5 ]  

dt 

where ks is proportional to kv. Combining Eq. [4] and 
[5] gives 

dx kd 
. . . .  ks [6] 

dt x 

Integrat ion of Eq. [6] yields 

--x k~ 
- - I n  (ka--  ksx) + C---- t [7] 

ks ks 2 

where C-is the integrat ion constant. The integrat ion 
constant  may be evaluated applying the boundary  
condition that  x----0 at t = 0 .  Solving for C and 
rear ranging terms gives 

t . . . .  x --  In 1 - -  x [8] 
ks 2 kd kd 

Since the rate of scale growth decreases with increas- 
ing thickness, eventual ly  the rate of growth of the scale 
will  become zero, and a l imit ing scale thickness is 
reached. For Cr oxidation, this means that the rate of 
supply of Cr +3 cations to the gas/oxide interface from 
diffusion through the scale is balanced by the rate of 
loss of Cr ions, presumably  due to reaction [1] or 
some similar process. The l imit ing scale thickness may 
be determined by setting Eq. [6] equal to zero, yield-  
ing 
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kd 
xs = [9] 

ks 

If c.g.s, units are employed then the dimensions of 
kd and ks are cm 2 sec -1 and cm sec -1, respectively.  
Obviously Eq. [8] is val id only for 0 --~ x < x s. 

The logar i thm term in Eq. [8] may  be expanded in 
a Taylor  series, whereby  Eq. [8] becomes 

1 x 2 1 ks 1 ks n-2 
t = -~ k-T + -s ~ =~ + " "  + n kd.- '  ~ + " "  [lO] 

Equat ion [10] is useful when  ei ther x or ks is small. 
It is seen f rom Eq. [10] that  when ks ~ 0, parabolic 
kinetics obtain, and kd = V2kp. 

If the act ivation energies for the parabolic and 
l inear  reactions are Qd and Qs, respectively,  then the 
l imit ing scale thickness x s wil l  be t empera tu re  de- 
pendent  if Q~ ~ Qs. When the l imit ing scale thickness 
is reached, the oxidation react ion is no longer dif-  
fusion-l imited,  and oxidation proceeds with  a l inear 
rate. 

Rate of metal recession.--It is also of interest  to 
de termine  the effect of a surface react ion such as that  
described above on the rate  of meta l  recession, since it 
is this quant i ty  that is of most interest  to the corrosion 
engineer. Let  y be the extent  of meta l  recession at 
some t ime t (y = 0 is the original  meta l /gas  interface 
at t = 0); the differential  equations describing the 
parabolic and l inear contributions to the meta l  r e -  
cession rate  are then 

dy k /  
[ 1 1 ]  

d t  y 
a n d  

dy 
= ks' [12] 

dt 

respectively.  Combining these equations yields 

dy k /  
- -  H- k s '  [13] 

dt y 

which is of the same form as Eq. [6]. In tegra t ing  and 
solving with  the boundary condition above gives 

t = ~ s [14] 
(ks,)2 T d  , y - l n  1H---~-d, Y 

The logari thmic term in Eq. [14] may be expanded 
to give an equation analogous to [10]. 

Kinetic measurements . - -A common method of de- 
te rmining the oxidation kinetics of a meta l  is to meas-  
ure  the weight -change  that  occurs when a sample is 
exposed to an oxidizing atmosphere.  Clearly, if two 
reactions are taking place, such as described above, 
then the weight -change  measured is the difference 
between the gain due to oxygen pick-up and the loss 
due to meta l  escaping in the volat i le  oxide. The 
weight  change may be predicted by utilizing Eq. [5] 
and [8]. With Eq. [8], the weight -ga in  arising f rom 
oxygen in the oxide can be accounted for, since the 
oxide thickness at a given t ime can be calculated. The 
weight  loss, due to the metal  contained in the volat i le  
oxide, can be determined as a function of time, by 
integrat ion of Eq. [5]. The difference be tween these 
quantities, that  is, oxygen pick-up in Cr203 and Cr 
loss in CrO3, is what  is actual ly measured in a gravi -  
metr ic  experiment .  

Application to Cr, Fe -Cr  Alloys, and 
Other Alloys Which Form Cr203 Scales 

Since the ra te  of loss of Cr20~ by react ion [1] ought  
to be essentially independent  of the source of CreO3, 
the oxidation kinetics of any alloy which forms an 
adherent,  protect ive Cr~O~ scale wil l  be influenced by 
the loss. This would include such alloys as the ferri t ic 
stainless steels which contain more  than about 13% 
Cr (11, 12). Since both oxidation data (4, 13) and CreO3 
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Fig. 2. Temperature dependence of the limiting oxide thickness 
and the time required for the scale to grow to 95% of its limiting 
thickness, 

evaporat ion data (3,4) are available, the constants 
kd, ks, kd', and ks' may be evaluated as a function of 
temperature .  

Rate of Growth o] Cr203 Scale.--Using the data of 
Hagel  (4) to de te rmine  the ra te  constants, Eq. [8] has 
been evaluated for various tempera tures  and is plotted 
in Fig. 1. The dashed lines show the expected growth 
assuming only parabolic kinetics. For  short times, e.g., 
t <  105 sec, the growth ra te  appears to be nearly 
parabolic. By 108 sec, however,  significant depar tures  
from parabolic behavior  are seen at all three  t empera -  
tures. It  is seen that  the l imi t ing oxide thickness in-  
creases with increasing tempera ture ;  however ,  with 
increasing temperature ,  shorter  t imes are required to 
reach that  l imit ing thickness. The t empera tu re  de- 
pendence of the l imit ing oxide thickness is shown in 
Fig. 2 which also shows the t ime requi red  for the 
oxide scale to grow to 95% of its final value, as a 
function of temperature .  By the t ime the thickness of 
the scale has reached this value, it is much less than 
the thickness expected from parabolic kinetics alone. 

Metal recession rate.--Metal recession values as a 
function of t ime are presented in Fig. 3 for three  t em-  
peratures.  Af te r  about 107 sec at 1200~ it  is seen that  
the t ransformat ion to l inear  kinetics is essential ly 
complete. Note that  at 106 sec, or about 116 hr, the 
est imated metal - recess ion is about 20% greater  than 
that  expected f rom parabolic kinetics alone. 

Weight-gain rate . - -With  Eq. [5] and [8], using the 
data f rom ref. (4), the net weight -ga in  (or loss) has 
been calculated as a function of t ime for a given tem-  
perature.  The results  of this calculation at 1200 ~ and 
1300~ are shown as solid lines in Fig. 4. The  dashed 
curves indicate the weight  gain that  would be ex-  
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pected from parabolic kinetics alone. Also presented 
in this figure are some oxidation data for three 
different alloys which form Cr203 scales, viz, Fe-70 
w/o  Cr, Fe-45 w/o  Cr, and iodide-grade Cr. In spite 
of the scatter, the data are in good agreement  with 
the calculated curves obtained from Eq. [5] and [8]. 
The departure  from parabolic kinetics for these ex- 
periments  is not large, because relat ively short times 
are involved. If the data were interpreted in terms of 
parabolic behavior, the parabolic rate constants thus 
obtained would be essentially valid when  interpreted 
in terms of ionic t ransport  mechanisms (14, 15). Such 
data, however, are insufficient to describe the oxida- 
t ion process fully, especially for extended times. This 
is shown in Fig. 5, which presents weight-change data 
for Cr which contained 0.2 w/o  Y. This sample was 
oxidized at 1200~ for almost two weeks. The solid 
curve is the calculated weight-change evaluated from 
Eq. [5] and [8]. The dashed curve is the weight 
change expected from parabolic oxidation kinetics. 
The circles are exper imental  gravimetric data; the 
agreement  between calculated values and experi-  
menta l  data may be considered to be quite good. 

S u m m a r y  

The oxidation behavior of Cr and alloys which form 
Cr2Oa scales cannot be accurately described by a 
parabolic rate law; the effects of a gas/oxide in te r -  
face reaction, probably Cr203(s) ~ 3/2 O2(g) --> 
2CrO3(g) must  be recognized and taken into account. 
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Fig. 5. Calculated and experimental values of weight-gain for 
extended oxidation. 0 Cr -I- 0.2Y alloy, 1200~ 

The effect of this surface reaction is to cause a t rans i -  
tion from parabolic to l inear  oxidation kinetics. The 
oxide scale will  grow to a l imit ing thickness; there-  
after, metal-recession will  proceed at a l inear  rate. 
Also, as the l imit ing value of oxide thickness is ap- 
proached, gravimetr ic  data will  show depar ture  from 
parabolic kinetics, and eventual ly  weight loss will en-  
sue at a l inear  rate. The in terpre ta t ion  of short - t ime 
oxidation data and estimated long- term oxidation per-  
formance will  therefore be in error if based only on a 
parabolic rate law. 

The equations presented herein, while applied to 
the specific cases of Cr and Cr-al loy oxidation, have 
completely general  applicabil i ty to any scaling re-  
actions involving processes possessing parabolic and 
l inear kinetics. 
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The High-Temperature Oxidation of Ductile Cr-Re Alloys 
C. S. Tedmon, Jr. 

General Electric Company, Research and Develop~nent Center, Schenectady, New York 

ABSTRACT 

The h igh- t empera tu re  oxidation behavior  of ductile Cr -Re  alloys contain-  
ing 32 and 44 a /o  (atomic per  cent) Re has been invest igated using the rmo-  
gravimetr ic ,  metallographic,  e lectron microbeam probe, and x - r ay  analytical  
techniques. The oxidation reactions taking place include the formation of a 
Cr203 ex te rna l  scale, a subscale, and volat i le  Re oxides. The Cr203 scale 
which forms on the Cr-32 a /o  Re alloy is an effective barr ier  to loss of Re; on 
the Cr-44 a /o  Re alloy, the Cr203 scale is quite  porous, and Re loss as volat i le  
oxide ensues, giving rise to l inear kinetics. Air -oxid ized  samples showed es- 
sential ly the same kinetics as samples exposed to oxygen;  Cr2N did not form. 

Cr -Re  alloys wi th  Re concentrations near  the bcc 
a-phase solubili ty l imit  possess good ducti l i ty and 
high s t rength (1-3). Since the use of Cr as a s t ruc-  
tural  mater ia l  has been l imited historically by its 
lack of ducti l i ty at low tempera tu re  (T<300~ 
(4-7), the discovery of the Re ductil izing effect has 
aroused increased interest  in ductile Cr-base  alloys. 
Al though there  is considerable interest  in potential  
applications of Cr -Re  alloys at e levated temperatures ,  
an unders tanding of their  oxidation behavior  has been 
lacking. 

Over  the t empera tu re  range of 700~176 un-  
alloyed Cr oxidizes with parabolic kinetics (8-11). 
The ra te  is p r imar i ly  controlled by Cr +3 cation dif-  
fusion (8, 12, 13) al though other factors such as sur-  
face prepara t ion ( l l ) ,  oxide blistering (8, l l )  and 
oxide evaporat ion (8, l l ,  14) can al ter  the kinetics 
significantly. Caplan et al. have suggested that  anion 
diffusion could also affect the kinetics (11). 

The oxidation of Re has been studied by several  in-  
vestigators (15-17). Above  about 600~ linear rates 
of weight  loss are observed due to the formation of 
volat i le  Re oxides, probably ReO3 or Re207 (17). 

The objectives of this invest igat ion were  to de- 
te rmine  the oxidation behavior  of ducti le Cr -Re  alloys 
and to identify the factors control l ing the kinetics. 

Experimental Procedure 
Sample preparation.--The melt  stock used for the 

alloys was iodide Cr (99.99%) and Re powder  (Chase 
Brass, 99.99%). The Re powder  was vacuum sintered 
in an e lec t ron-beam furnace prior  to mel t ing in order 
to reduce surface oxide and surface area. 

The ducti l i ty of Cr -Re  alloys increases with increas-  
ing Re content  (3, 18), including Cr supersaturated 
with  Re. Two compositions were  studied, viz., Cr-32 
a /o  Re and Cr-44 a /o  Re. Both alloys were  prepared 
by nonconsumable electrode arc-mel t ing  under  pur -  
ified argon. Chemical  analyses of the alloys are pre-  
sented in Table I. As prepared,  both alloys were  
single phase, ~-bcc structures. The solubili ty l imit  
of Re in Cr, below about 1400~ is 36 a /o;  above this 
t empera ture  the solubili ty increases to 50 a /o  at 2280~ 
(19). The Cr-44 a /o  Re alloy, as cast, was super-  
saturated with  respect to Re. Metal lographic exam-  
ination and electron microbeam probe scans showed 
the alloys to be homogeneous. During oxidat ion runs 
at l l00~ and above, the Cr-44 a /o  Re alloy t rans-  
formed to a two-phase  ~+~ structure. 

Kinetic measurements.--Samples for kinetic oxi-  
dation runs were  prepared  by cut t ing slices from the 

cast ingot, fol lowed by polishing through No. 400 gri t  
SiC paper. Specimens were  typically about 4 cm 2 
in surface area and about 0.01 cm thick. All  samples 
were  degreased and cleaned in toluene and acetone 
immedia te ly  before insert ion into the spr ing-balance 
furnace. 

Isothermal  weight -change  data were  obtained using 
a quartz  helical spring; the sample was hung on a 
sapphire rod which was connected to the spring. The 
system was evacuated and the furnace brought  to 
temperature .  The desired atmosphere was introduced 
and the run was commenced. All  runs were  carried 
out in a static atmosphere,  e i ther  dry O2 at a pressure 
of 100 mm Hg, or in dry air at 760 mm Hg. Specimen 
tempera ture  was measured with a P t /P t -10  Rh ther -  
mocouple located in an Alundum tube, wi th  its junc-  
tion about V4 in. f rom the center  of the sample. Tem-  
pera ture  control was about •176  at the highest tem-  
pera ture  (1400~ and •176  in the lower tempera ture  
range (1000~ and below).  Weight  change was de- 
te rmined by fol lowing a fiducial mark  on the sapphire 
rod with  a cathetometer.  Conversion factors for the 
quartz springs were  about 105 ~g/cm. Readings were  
reproducible  to about • cm giving a sensit ivi ty 
of __+50 ~g, or for a typical specimen, about •  ~g/ 
cm 2. Af te r  complet ing a run, the furnace  was shut 
off and the system was evacuated.  

As another  means of fol lowing oxidation kinetics, 
isothermal  metal- recession measurements  were  made 
on the Cr-44 a /o  Re alloy as a function of t ime at 
1300~ The change in sample thickness was deter -  
mined metal lographical ly.  

Auxiliary measurements.--The oxide scales were  
identified f rom Debye -Sche r r e r  diffraction patterns. 
Electron microbeam probe studies of oxidized samples 
were  carr ied out using a Cambridge Mark  II unit. 

Fol lowing the kinetic runs, oxidized samples were  
mounted and polished using standard metal lographic  
procedures. Specimens which were  to be examined in 
the microprobe were  mounted in an electr ical ly con- 
ducting base of copper-fi l led dial lyl  phthalate.  

Experimental Results 
The kinetic data for the Cr-32 a /o  Re alloy are 

summarized in Fig. 1. The data f rom the 900~ run  
were  qui te  errat ic during the first few hundred  minutes. 
At 1000~ very  l i t t le change in weight  was observed. 
Samples run at 1200 ~ 1300 ~ and 1390~ exhibi ted 
weight  gains, wi th  rates decreasing with  time, al-  
though not in a parabolic manner.  The results f rom 
two runs at 1300~ are shown; the data represented 

Table I. Chemical analyses of Cr-Re alloys 
Spectrographic Analysis, w/o 

Bi  S b  M g  A1 C u  S i  F e  Ni  T i  Co 

Cr-32 a/o Re 0.0010 0.0070 0.0030 0.002 0.0015 0.020 0.040 0.025 0.010 0.0025 
Cr-44 a / o  Re  0.0000 0.0060 0.0050 0.0030 0.0015 0.0020 0.020 0.0035 0.0015 0.0020 

769 
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Fig. 1. Gravimetric oxidation data for Cr-32 a/o Re alloy at 
various temperatures. 

by open squares are from a sample exposed to oxygen 
at 100 mm Hg pressure, and those shown by the 
open diamonds are f rom a sample exposed to air at 
a pressure of 760 m m  Hg. Also included in this figure, 
for comparison, is a plot for pure Cr at 1000~ (8). 
From the weight -ga in  data, it would  appear that  at 
1000 ~ and 1200~ the Cr-32 a /o  Re alloy oxidized 
s lower than pure Cr. As a check on this, meta l  reces-  
sion measurements  were  made on these samples. Re-  
sults are presented in Table II. The last column gives 
figures for the meta l  recession that  would have oc- 
curred on pure  Cr during oxidation under  the condi-  
tions given in the first two columns. These values 
were  calculated f rom the parabolic rate  constant equa-  
tion for Cr given in ref. (8), and convert ing weight -  
gain to meta l  recession. The meta l  recession values for 
the alloy were  obtained by comparing the thickness 
of oxidized samples, as determined by photomicro-  
graphs of cross sections, wi th  the original  thickness. 
This is a ra ther  inaccurate  measurement ,  and it is 
fur ther  complicated by the presence of a subscale,, as 
shown in Fig. 2. In determining meta l  recession, the 
presence of the subscale was ignored, and the sample 
thickness was measured f rom the me ta l /ox ide  in ter -  
face. This means the values in the third column of 
Table II are somewhat  optimistic in describing the 
extent  of oxidation. In any case, it is clear f rom Table  
II that the gravimetr ic  data presented in Fig. 1 do 
not ful ly  describe the oxidation behavior  of the Cr-32 
a /o  Re alloy. 

Diffraction analyses of oxide scales f rom samples 
run  at 1300~ and below showed only Cr203 to be 
present. No extra  lines were  observed, and the lat t ice 
ps rameters  of the scales agreed with  handbook values 
(20), wi thin  exper imenta l  error  (• 

For the sample oxidized at 1390~ however,  an ex-  
pansion in lat t ice parameters  was observed, wi th  the 
ao and co values increasing from 4.954 to 4.960A, and 
13.584 to 13.589A, respectively.  

Scans across oxidized samples wi th  the electron 
microbeam probe showed a region of Re enr ichment  
and Cr depletion in the metal  adjacent  to the me ta l /  
oxide interface. Figures 3a and 3b present  schemat-  
ically the intensi ty data for a sample oxidized at 
1300~ for 30 hr. The amount  of Re enr ichment  and 

Table II. Metal recession on Cr-32 a/o Re samples 

O x i d a t i o n  T i m e  of e x -  O b s e r v e d  m e t a l  M e t a l  r e c e s s i o n  
t e m p ,  ~ p o s u r e ,  m i n  r e c e s s i o n ,  c m  f o r  C r ,  c m  

I000 1875 1 x 10 3 0.3 x i0-~ 
1200 1820 3 • 10 -8 1.4 • i 0  -3 
1 3 0 0  1955  5 • 10  -~ 2 .7  • 10 4 
1 3 0 0  ( a i r )  1 8 0 0  6 • 10 -~ 2 .6  x 10 

Fig. 2. Micrograph of Cr-32 a/o Re alloy after oxidatien at 
1300~ Unetched. Magnification 50OX. 
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Fig. 3. Schematic presentation of electron microbeam probe scans 
on Cr-32 a/o Re alloy. (a) Re-/~ radiation; (b) Cr-Kc~ radiation. 

Cr depletion increased with  increasing temperature .  
For  exposure at 900~ for 30 hr, the Re-La  intensi ty 
increased about 15% above the bulk value, wi th  a 
corresponding decrease in Cr -Ka  intensity. 

Figure  2 is a photomicrograph of a cross section of 
a sample of the Cr-32 a/o Re alloy oxidized at 1300~ 
The external  Cr203 scale is quite  dense and wel l -  
bonded to the metal.  Adjacent  to the externa l  scale 
is a region containing a subscale; in te rmixed  with the 
subscale are z-phase particles, which precipi ta ted out 
of the a-phase as the la t ter  became depleted in Cr. 
X- r ay  diffraction results f rom samples taken near  the 
surface showed only lines characterist ic of the metal  
phases and Cr203. Therefore,  it appears that  the sub- 
scale is probably Cr203. 

Cr-44  a / o  Re A l l o y . - - T h e  gravimetr ic  oxidation 
data for the Cr-44 a /o  Re alloy are presented in Fig. 
4 and 5. Figure  4 shows the weight  changes that  oc- 
curred during the first few hours of oxidation at var i -  
ous temperatures ;  behavior  for extended periods "of 
oxidation is shown in Fig. 5. The data are character-  
ized by a period of rapid weight  loss, which may  tend 
to level  out wi th  time, depending on the temperature .  
The data for the 1200~ run, for example,  appeared 
to level  out after 300 rain of oxidation (Fig. 4), but 
af ter  1200 min, there  was fur ther  loss (Fig. 5). 

The results of the isothermal  metal - recess ion ex-  
per iment  are shown in Fig. 6. The open circles are 
measured values of metal- recession;  the dashed l ine 
is the metal - recess ion extrapola ted f rom the 1300~ 
gravimetr ic  data. In making the calculation, a value 
of --100 ~g/cm2/min was taken for the slope of the 
weight -change  curve  (Fig. 5). It  was assumed that  
the weight -change  was due only to Re loss; both 
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Fig. 5. Extended oxidation of Cr-44 a/e Re alley at various tern 
peratures. Po2 ~ 100 mm Hg. 

weight  gain due to oxygen pick-up in Cr203, and 
weight  losses due to CreO~ volat i l izat ion (8, 14) and 
meta l  vaporizat ion were  neglected. The density of the 
alloy is about 13.5 g / cm 3. The largest  error  is in the 
first assumption; there  is of course CreO~ format ion 
which would tend to offset the weight  loss f rom Re 
oxide volatilization. The extent  of this error  is about 
20%. At 1300~ the rate  of CroOn vaporizat ion is 
about 2.2 ~g/cme/min  (8). The vapor  pressure of the 
alloy is not known. However ,  since the meta l  reces-  
sion data lie wi th in  about a factor of two f rom the 
calculated curve, cer tainly the dominant  factor in-  
fluencing the gravimetr ic  data is the rate  of loss of 
Re f rom the alloy. 

It is of interest  to 'compare the rate  of weight- loss  
of this alloy to that  of pure  Re. A t  1300~ the max-  
imum ra te  of weight- loss  of the Cr-44 a /o  Re alloy is 
about 102 ~g/cme/min;  pure Re at the same t emper -  
ature oxidizes to give a l inear  rate  of weight- loss  of 
about  l0 s ~g/cm2/min (17). 

/ 
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i LOSS DATA / /  

0 
i0_= / /  / 

/ 
/ /  
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Fig. 6. Isothermal metal recession data fer Gr-44 a/o Re alley. 
Open circles are experimentally determined data; the dashed line 
is the extrapolated recession based on a linear rate of weight-loss 
of 100/~g/cm~min. 

A few oxidation runs were  made in air at atmos- 
pheric pressure. The weight -change  kinetics were  es- 
sential ly the same as for specimens oxidized in pure 
oxygen at 100 m m  Hg pressure.  

X- r ay  diffraction analysis showed Cr203 to be the 
pr imary  oxide product  in the externa l  scale. Diffrac- 
tion results  f rom a sample oxidized at 1400~ indi-  
cated that  the presence of a small  amount  of another  
phase in addition to Cr203; its Debye-Scher re r  pat-  
tern  could not be indexed. 

Electron microbeam probe scans were  made on ox-  
idized samples of the Cr-44 a /o  Re alloy. The results 
were  qual i ta t ively  similar to those obtained f rom the 
Cr-32 a/o Re alloy; that  is, Cr deplet ion and Re en-  
r ichment  occurred in the region adjacent  to the m e t a l /  
oxide interface. 

The oxide scale which formed on the Cr-44 a /o  Re 
alloy was adherent  and did not spall. The scale was 
quite  porous, as can be seen in Fig. 7(a) and 7(b) ,  
taken from a sample oxidized at 1300~ This porous 
s t ructure  was typical  for samples of this composition. 
The amount  of porosity in the scale was somewhat  
t empera ture -dependent ;  at lower  temperatures ,  the 
scale tended to be more dense. In addit ion to the 
porous Cr203 scale, there  is a region of internal  oxi-  
dation. The morphology of the internal  oxide has been 
strongly influenced by the ~-phase which precipi ta ted 
from the supersaturated a-solid solution. Metal lo-  
grapic and x - r a y  data showed Cr2N to be absent in 
samples oxidized in air. 

Discussion 
Comparison of the gravimetr ic  data wi th  observed 

metal- recession indicates that  with both alloys there  
are two concurrent  processes taking place: (i) oxida-  
tion of Cr to Cr203, and (ii) oxidation of Re to ReO3 
or Re2OT, both of which are volat i le  at the oxidation 
tempera ture  (15-17). Since the Cr-32 a /o  Re alloy 
showed weight  gains in the gravimetr ic  exper iments  
at 1200~ and above, it appears that  in this t emper -  
a ture  range the externa l  Cr203 scale acts as a barr ier  
to fur ther  oxidation, and hence l inear kinetics do not 
obtain. The scale is not ful ly protective,  in the usual 
sense, since some Re loss occurs, as shown by the data 
in Table II. The format ion of the volat i le  Re oxides 
could occur by Re diffusing through the Cr203 scale 
and react ing wi th  oxygen at the oxide /gas  interface, 
or by react ion wi th  oxygen at the me ta l /ox ide  in te r -  
face, where  cracks and similar  defects in the scale 
existed. Since no expansion in lattice parameter  was 
observed, except  at 1390~ and since x - r ay  fluores- 
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Fig. 7. Micrograph of Cr-44 a/o Re alloy, oxidized at 1300~ 
Unetched. (a) Magnification 150X; (b) Magnification 500X. 

cence analyses and microprobe scans showed no indi-  
cation of Re in the Cr203 scale, there  is very  l i t t le 
evidence to support  the first mechanism. More likely, 
it would appear  that as the externa l  scale grows, me-  
chanical defects form, providing oxygen access to the 
Re- r ich  alloy at the me ta l /ox ide  interface. 

When the Re content  is increased to 44 a/o, the 
Cr203 scale becomes quite  porous, as shown in Fig. 7. 
Al though the scale thickens with  time, Re loss con- 
tinues, and the gravimetr ic  data show weight-loss.  
The weight -change  data indicate that  at llO0~ and 
below, the oxidation ra te  decreased after  several  hun-  
dred minutes. At  1200~ the sample showed an in-  
crease in rate  after about 1000 min  of oxidation, ap- 
parent ly  due to a mechanical  fa i lure  in the oxide. At  
1300 ~ and 1400~ the ra te  of weight- loss  was so rapid 
that  the capacity of the spr ing-balance system was 
exceeded, af ter  only a few hundred minutes  of ex-  
posure. The metal- recession data presented in Fig. 6 
show that  at 1300~ essentially l inear  kinetics pre-  
vail  even after  several  thousand minutes of oxidation, 
and at about the same rate  indicated f rom the gravi -  
metr ic  results. Again, as with the Cr-32 a /o  Re alloy, 
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the oxidation kinetics appear  to be governed by the 
accessibility of oxygen to the me ta l /ox ide  interface. 

The subscale which forms on both alloys is ap- 
parent ly  Cr203. It  has been suggested that  the sub- 
scale first forms as a Cr -Re  mixed  oxide or suboxide, 
which is stable only in low oxygen part ial  pressures, 
convert ing to Cr203 and ReO~ or Re207 on exposure 
to oxygen at h igher  pressures (21). There  are how-  
ever, no x - r a y  data to support  this hypothesis. 

The absence of Cr2N is of interest.  It has been pos- 
tulated that  the Re ductil izing effect is a conse- 
quence of reduced interst i t ial  solubili ty (1, 22, 23). 
In fur ther  pursuit  of this point, vacuum fusion anal-  
yses for total ni t rogen content  was per formed on oxi-  
dized and unoxidized samples of the Cr-44 a /o  Re 
alloy. The as-cast, unoxidized sample contained 11 
ppm N2. After  oxidation for 28 hr  at l l00~ in air, 
the  N2 content  was 28 ppm. This la t ter  figure includes 
the ni trogen content  of the externa l  Cr203 scale. The 
inabi l i ty  of Cr2N to form is probably due to the re-  
duced Cr act ivi ty  in the Cr -Re  alloys (21). 

The ident i ty  of the volat i le  Re oxide was not es- 
tablished. During oxidation runs wi th  the Cr-44 a /o  
Re alloy, a blue condensate formed in cool regions of 
the furnace, where  the t empera tu re  was below about 
200~ Opening the system to the laboratory air after 
a run  caused the condensate to become grey-brown.  
At tempts  to identify this were  unsuccessful. A blue 
modification of ReO3 has been reported in the l i tera-  
ture (24). 

Conclusions 
The oxidation kinetics of ducti le Cr-Re alloys con- 

taining 32 and 44 a /o  Re have been investigated. The 
oxidation reactions taking place include the fo rma-  
tion of a Cr203 external  scale, a subscale, and volat i le  
Re oxides, probably ReO3 or Re2OT. 

The  Cr-32 a /o  Re alloy forms a Cr203 scale which 
is compact and adherent.  Re loss, as a volat i le  oxide, 
takes place by mechanical  defects in the scale, such 
as cracks. The 44 a /o  Re alloy forms a porous external  
scale, which allows direct access of oxygen, resul t ing 
in essentially l inear kinetics, at least at 1300 ~ and 
1400~ 

Air-oxidized samples showed essentially the same 
kinetics as samples exposed to oxygen; Cr2N did not 
form. 
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Microsegregation and the Tendency for 
Pitting Corrosion in High-Purity Aluminum 
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ABSTRACT 

Single crystals of 99.99%, 99.999%, and 99.9999% A1 have been grown 
from the melt  under  conditions controlled to produce either homogeneous 
solute distributions,  or microsegregation (on the scale ~100~) of the dominant  
residual  impuri t ies  Fe, Cu, and Si. Exposure of samples to NaC1 -k H202 
resulted in a fine-scale pi t t ing of segregated specimens while homogeneous 
specimens remained free of such pits. Various mechanical  and anneal ing t reat -  
ments  did not disturb this contrast  and, in general, the pit t ing could be quan-  
t i tat ively related to a previous segregation study in  these metals. Polarization 
measurements  showed that the main  effect of segregation is to produce a 
decrease in the cathodic overvoltage which shifts the corrosion potential  into 
a range where pi t t ing occurs. Since the two less pure grades exhibited segre- 
gation in the same size scale, and were relat ively indist inguishable,  it seems 
that the distribution, ra ther  than the total amount  of residual  impuri ty,  is 
more impor tant  in producing a tendency for pitting. 

Severe microsegregation achieved under  conditions 
of normal  solidification in several grades of "pure" 
a luminum has recent ly been examined in detail by 
a combinat ion of an anodic film technique used to 
locate areas of segregation, and the electron micro- 
probe (1). With the results of this study in hand, it 
is possible to search for correlation between fine 
segregation and the ini t iat ion of pi t t ing corrosion in 
purer  metals. Although several types of segregation 
are possible as a consequence of solidification at high 
impur i ty  levels, in the range of 10 ppm, the cellular 
substructure is most important .  Since much original 
work and several reviews of the genesis and charac- 
teristics of this subst ructure  are available [for ex-  
ample, Chalmers (2)],  the following description can 
be taken as a brief review to accompany Fig. 1 and 
Eq. [1] 

GL --mLC~ (1--ko) 

V DLko 

Whenever  solidification occurs with solute of con- 
centrat ion C~ in the liquid in a b inary  system of l iq-  
uidus slope mL, distr ibution coefficient ko, and solute 
diffusivity in  the liquid DL, such that  Eq. [1] holds 
in unidirect ional  solidification for growth velocity V, 
and tempera ture  gradient  in the melt  GL, a planar  

1 P r e s e n t  addres s :  C l i m a x  M o l y b d e n u m  C o m p a n y  of M i c h i g a n ,  
A n n  Arbor ,  Mich igan .  

2 P r e s e n t  addres s :  Babcock  a n d  Wilcox ,  Al l i ance ,  Ohio.  

a On l e a v e  s  and  n o w  a t  C o m i s i o n  N a t i o n a l  de ]~nergia A t o m -  
ica, B u e n o s  Aires ,  A r g e n t i n a .  

solid-liquid interface is unstable. Equat ion [1] has 
been termed the condition for const i tut ional  super-  
cooling; when it is exceeded in progressive degree, 
various kinetic substructures develop. Extreme con- 
ditions lead to dendrit ic growth but  over quite a large 

(a) 
SLICE FOR MICROPROBE 

( - - - x  r 
~SECTION FOR CORROSION STUDY 

GROWTH OIRECTt ON 

( b )  
EXPOSED LONGITUDINAL 

VIEW PARTIAL VIEW OF 
SEGREGATION IN 
THE INTERIOR 

~ -  J X NODE 

~ EXPOSED TRANSVERSE 

Fig. 1. Schematic diagram showing (a) the location of the 
samples studied in the as grown crystal and (b) an enlarged (about 
100 times) representation of the segregation developed in the cellu- 
lar substructure. Note that since the regions of high impurity con- 
centrations are discontinuous, a transverse section will not intersect 
a highly segregated area at every junction of cell walls. 
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Table I. Suppliers impurity analyses 

I m p u r i t i e s  p p m  

E l e m e n t  A1 4 9 3  A1 5 9 3  Z R  

F e  20  2 ~ 0 . 3  
C u  30  1 .5  0 .2  
S i  < 1 0  4 ~ 0 . 3  
M g  10 < 1  0 .2  
Z n  10 < 1  - -  
A1 - -  B a l a n c e  - -  - -  

range (3-6) of imposed growth conditions the segre-  
gated s t ructure  is as depicted in Fig. 1. Af ter  solidifi- 
cation is complete there  may be a hexagonal  net of 
segregation extending in the direct ion of crystal  
growth but it only appears certain that  pronounced 
segregation occurs at nodes, as the junctions of three 
cell boundaries have been called. The exact configura- 
tion of solute in the nodes depends on the solute 
concentrat ion level  and other parameters  contained in 
~; comparat ive  studies have been made in the system 
Sn-Pb  (7-9). At  the low concentrat ion levels, which 
are the most critical test, the nodes display extended, 
but noncontinuous regions (prolate spheroids),  that  
may be enhanced in concentrat ion by orders of mag-  
ni tude above C~. As a result,  for many  systems such 
an enhancement  must lead to a second phase, that  
may  be quite complex if several  residual  solutes are 
concerned in a pure metal, and as solubilities decrease 
nearer  to room temperature ,  these segregated areas 
can prove to be indefinitely stable. 

A luminum single crystals a l ready examined quan-  
t i ta t ively for the segregation of Fe, Cu, and Si were  
avai lable for corrosion studies (1). The average 
quoted purit ies of the a luminum used are given in 
Table I. Except  for the ul t ra-pure ,  zone-refined alu-  
minum, it turns out that  segregation can be induced 
or inhibited at will  by manipula t ion of the growth 
conditions in Eq. [1]. Thus the zone-refined a luminum 
which is pure enough to be beyond the range of 
cel lular  segregation under  normal  crystal  growth 
provides an important  control and contrast. 

Experimental  Procedure 

In the preceding study, %-in. thick slices were  re-  
moved approximate ly  ha l fway along the length of 
5 in. crystals of ha l f - inch-square  cross section for 
microprobe study (1). Specimens for corrosion study 
were  taken immedia te ly  adjacent  to these slices f rom 
the single crystals of the two pur i ty  levels grown at 
1 and 60 cm/hr .  The fol lowing designation is used: 
493-1, 593-1, 493-60, 593-60, and ZR for the 99.993% 
A1 grown at 1 cm/hr ,  etc., and for the zone-refined 
aluminum. Invest igat ion of Eq. [1] and Table I shows 
that  t h e  cellular substructure should not appear at the 
slow growth rate  for 493 and 593 nor at all in ZR, but  
should be present  in the other two samples. This was 
indeed the case (1). 

Thus, two sets of samples were  avai lable of identical  
impur i ty  content, differing only in the distr ibution 
of impurities.  This difference in distr ibution was re-  
vealed by anodizing in sulfuric acid for a short t ime 
producing an oxide film whose thickness var ied with  
the nature  of the under ly ing metal,  thus giving rise 
to in ter ference  colors that  revealed the nodes in the 
cellular sample (10, 11, 1). F igure  2 shows mono-  
chrome prints made f rom photomicrographs obtained 
from cellular  and noncel lular  samples of the same 
composition. 

Samples for corrosion study were  prepared for all 
tests by electropolishing in a mix ture  of two parts 
acetic anhydride and one part  perchloric acid, cooled 
below 20~ Several  hours at an applied potential  of 
30v was requi red  for a satisfactory polish, f ree of pits. 

All  pi t t ing measurements  were  carried out by ex-  
posing the polished a luminum to 0.5M NaC1 contain-  
ing 0.3% H 2 0 2  for 200 min. The pH of this solution 
ranged f rom 5.6 to 6.0. Cathodic polarization measure -  

Fig. 2. Anodically filmed aluminum (a) 493-1 (noncellular) and 
(b) 493-60 (cellular); fiducial marks are visible. Magnification 120X. 

ments were  made galvanostat ical ly  in the same solu- 
tions. Potent ia l  readings were  made 1 min  after  
switching on the desired current.  Potentiostat ic anodic 
polarization measurements  were  made in 0.5M NaC1 
deaerated with  nitrogen. Curren t  readings were  made 
5 rain after  set t ing the desired potential.  

Results 
Pitting tests.--Exposure of the as-grown specimens 

in the NaC1-H202 pit t ing solution produced pro-  
nounced fine-scale pit t ing in the cel lular  samples, as 
shown in Fig. 3, but  had l i t t le or no effect on the 
specimens having the more  homogenous distr ibution 
of impurit ies (i.e., noncel lular) .  It appears that  there  
is l i t t le difference apart  f rom pit size, when  pits are 
visible, in the behavior  of the 493 and the 593 sam- 
ples. This indicates by comparison for the two ranges 
of impuri ty  levels  that  the total amount  of impur i ty  
is less important  than the impur i ty  distribution. The 
ZR aluminum, which has too low an impur i ty  content  
for development  of the cel lular  s t ructure  was not de-  
tectably affected by exposure to the pi t t ing solution 
for periods up to 260 hr. 

In order to examine  the effect of mechanica l  and 
thermal  t reatments  on the behavior  of these speci- 
mens, samples were  cold rol led paral le l  to the crystal  
growth direction to 75% reduct ion in thickness and 
examined in the as-rol led condition as wel l  as af ter  
anneal ing 1 hr  at 200~ or 25 hr  at 600~ Both the as-  
rol led specimens and the specimens annealed at 200~ 
re ta ined the pi t t ing characterist ics and pit density of 
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Fig. 3. As-grown aluminum samples exposed to 0.SM NaCI 
0.3% H202 for 200 min. (a) 493-60; (b) 593-60. Magnification 
120X. 

the original  crystals while  the original ly noncel lular  
A1 remained free of pits after these treatments.  This 
resul t  is not  surpris ing since at these low tempera tures  
diffusion of the principal  impurities,  iron or copper, 
over  appreciable distances is not possible. The 24-hr 
anneal  at 600~ did affect the behavior  somewhat.  The 
pits on the cel lular  samples became smaller, but  more  
numerous, while  ve ry  small pits were  apparent  on the 
less pure  noncel lular  sample, 493-1. At this t emper -  
a ture  there  is appreciable solubility of iron and cop- 

per in aluminum, and during the anneal  sufficient dif- 
fusion apparent ly  could take place to redis t r ibute  the 
impuri t ies;  however ,  no pronounced pi t t ing was noted 
for sample 593-1 after  24 hr  at 600~ indicating that  
at this low impur i ty  level  the dr iving force for re-  
distr ibution was too small to produce a noticeable ef-  
fect in the t ime allowed. 

F ina l ly  an a t tempt  was made to extend this ex-  
amination of the init iat ion of pit t ing to the stage of 
more well  developed pits. Samples of 493-1 and 493- 
60, cold rolled, and cold rol led and aged at 200~ 
were  exposed for 260 hr to the pit t ing solution. The 
over -a l l  contrast  between the cel lular  and noncel lular  
specimens was preserved,  al though all the specimens 
exhibi ted two or three  small  isolated areas of severe 
at tack (per square cent imeter) .  The pits observed in 
the 493-60 were  general ly  dis tr ibuted about as shown 
in Fig. 3, but  were  increased near ly  five times in di- 
ameter  after this longer exposure. In contrast, the 
493-1 remained free of pits except  in the isolated areas 
mentioned.  Since these tests of the worked  single crys-  
tals and the low tempera ture  recrystal l ized poly-  
crystals are closer to corrosion practice than those 
possible on single crystals, there  seems to be a basis 
for a t t r ibut ing a tendency for pit t ing corrosion to 
microsegregation.  

Electron microprobe results.--Although the preced-  
ing results are indicative, they do not establish that  
the fine-scale pits are definitely associated with  the 
cel lular  nodes. To do this, two tests were  under taken 
in 493-60. Firs t  a s imple counting technique with  about 
90% rel iabi l i ty  showed a density of 165 p i t s /m m 2 after  
corrosion compared to 150 nodes / ram 2 before corro-  
sion. Even though this difference is wi thin  the ex-  
per imenta l  er ror  of the pit density determination,  a 
higher  number  could be expected after  pi t t ing since 
progressive corrosion might  reveal  regions unaffected 
previously.  

The second test consisted of a microprobe analysis 
under taken  on 493-60 after  pitting. The same tech-  
nique reported previously  (1) was used here, wi th  the 
exceptions, that  an electron beam of 25~ diameter  was 
necessary because of the pi t ted surface, and that  the 
analysis was l imited to the most impor tant  element,  
iron. As a fur ther  step, the pit ted sample was re -  
anodized to aid in the location of segregated areas and 
reanalyzed with  the electron microprobe.  The three 
analyses are given in Table II. The correlat ion is bet-  
ter than it appears. The fact that  about half  the pits 
as corroded, no longer exhibit  high impur i ty  concen- 
trat ion does not necessarily mean  that  they are not 
located at or adjacent  to node sites. I t  is quite  l ikely 
that  in the corrosion process the local high impur i ty  
concentrat ions are being destroyed. This is indicated 
by the increased significance in locating high iron con- 
centrat ion after  reanodization. 

Polarization measurements.--The results  of anodic 
polarization measurements  on these samples, given in 
Fig. 4, do not show any significant differences for all  
the samples investigated, but  do show a sharp change 
in anodic current  as the potential  is shifted f rom 
--0.75 to --0.70v vs. SCE. A similar resul t  has been 

Table II. Microprobe analysis for Fe on sample AI 493-60 

H i g h e s t  conc  A v g  n o d e  A v g  ce l l  S u p p l i e r ' s  N u l l  s ig.  of  P o p u l a t i o n  
B e a m s  d i a m ,  ~ o b s e r v e d  cone  cone  A v g  diff .  a n a l y s i s  d i f f e r e n c e  P, % 

P r e v i o u s  r e s u l t s  [ r e f  (1)]  p p m  
A n o d i e  f i lm on 

20 1720 490 -- 60 550 20 0.1 70 
A n o d i c  f i lm off 

20 1790 540 30 510 20 1.8 30 
As c o r r o d e d ,  on p i t s  

25 1220 170 0 170 20 4 60 
C o r r o d e d  a n d  r e a n o d i z e d  

25 2440 150 20* 130 20 0,1 75 

* 20 p p m  is a b o u t  t h e  d e t e c t i o n  l i m i t ;  t h u s  a v a l u e ,  - -60 ,  i s  n o t  s u r p r i s i n g .  
$ T h e  r e s u l t s  fo r  a 25/~ b e a m  m u s t  be  l o w e r  t h a n  fo r  a 20~ b e a m .  
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repor ted  by Kaesche (12). The current  fluctuates at 
potential  more  noble than about --0.72v. This rise in 
anodic current  corresponds to the onset of pit t ing as 
can be demonstrated by holding electrodes of zone- 
refined a luminum in ni t rogen saturated 0.5M NaC1 
at --0.75 and at --0.73v for 90 min; no pi t t ing oc- 
curred at --0.75v while  definite pit t ing was observed 
after holding at--0.73v.  

The potent ial  at which pit t ing first occurred was 
quite  reproducible,  but  the magni tude  of the anodic 
current  at potentials more  active than the pit t ing po- 
tent ial  was var iable  and t ime dependent,  so that  no 
great  significance can be attached to the current  va r i -  
ation f rom sample to sample below the pit t ing poten-  
tials. However ,  it is not surprising that  at the more 
active potentials the zone-refined sample shows the 
highest anodic currents  since the current  plotted is 
the applied current  and does not include the con- 
t r ibut ion of local action corrosion currents.  This local 
action current  would  be expected to be smallest  on 
the highest pur i ty  a luminum while  making  an im-  
portant  addition to the t rue anodic current  on the less 
pure samples at the most active potentials invest i -  
gated. 

In the absence of chloride, no pit t ing occurred in 
0.5M Na2SO4 even at potentials much more  noble than 
--0.73. This is in accord wi th  the known anodizing 
characterist ics of a luminum in sulfates. 

On the other  hand, the cathodic polarization char-  
acteristics of these samples were  strongly affected by 
impuri ty  content  and distribution. Figure  5 gives re -  
sults of cathodic polarization in 0.5M NaC1 -~ 0.3% 
H202. It can be seen that  the cel lular  samples have 
the lowest  cathodic overvol tage  at all current  densi-  
ties while  the zone-refined a luminum has the highest. 
F rom this it must be concluded that  the impur i ty  con- 
centrat ions at nodes provide very  favorable  sites for 
the cathodic reaction, presumably  reduct ion of H202. 

It  must be noted for strictness, that  these results 
presented in Fig. 5 are not s teady-sta te  measurements .  
In fact, a steady state would  requi re  days for estab- 
lishment. However ,  it was found that  reproducible  
measurements  could be made by placing the electrode 
in the electrolyte,  wai t ing 5 min on open circuit, then 
applying the lowest desired current  for 1 min, pro-  
ceeding to the next  current,  and so on. In this way  
the measurement  can be made before pi t t ing alters 
the surface of the cel lular  samples a great  deal. Ex-  
posure of the cel lular  sample for long periods led to 
an increase in the cathodic overvoltage,  most probably 
due to the destruct ion by pit t ing of the most act ive 
cathodic sites. 

Corrosion potent ial  measurements  were  also made 
on these samples as a funct ion of time. Figure  6 shows 
typical  results for a cel lular  and a noncel lular  alu-  
minum. The potential  of the cel lular  sample starts out  
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Fig. 6. Typical corrosion potential-time plots for cellular and 
noncellular samples. 

near the region indicated by the anodic data to be 
the area where  pit t ing occurs. The drift  of the corro-  
sion potential  in the active direct ion can easily be ex-  
plained by supposing the destruct ion of some of the 
active cathodic node sites as pit t ing proceeds. (This is 
consistent with a decreased number  of iron rich pits 
or nodes as shown in Table II.) The corrosion poten-  
tial of the nonsegregated a luminum remains consid- 
erably  more  act ive than the pit t ing potent ia l  r ight  
from the start  of the run. Table III  shows the corro-  
sion potential  measured 5 min  after immersion of 
the specimen for the types of samples investigated. I t  
can be seen that  all the cel lular  specimens exhibi t  
potentials close to the pit t ing potent ial  whi le  all the 
noncel lular  samples, except  493-1 annealed at 600~ 
have potentials much more active than the corrosion~ 
potential. The noncel lular  sample 493-1 annealed at 
600~ did pit to some extent  so it appears that  the 

Table III. Corrosion potential vs.  SCE 5 min after immersion in 
0.5M NaCI -~ 0.3% H202 

C o n d i t i o n  

S a m p l e  A s  g r o w n  A s  r o l l e d  1 h r  2 0 0 ~  2 4  h r  6 0 0 ~  

4 9 3 - 1  - -  0 . 8 6  - -  0 . 9 9  - -  0 . 8 8  - -  0 . 7 5  
4 9 3 - 6 0  ( c e i l s )  - -  0 . 7 3  - -  0 . 7 4  - -  0 . 7 4  
5 9 3 - 1  - -  0 . 8 8  - -  0 . 8 5  - -  0 . 8 4  
5 9 3 - 6 0  ( c e l l s )  - - 0 . 7 4  - - 0 . 7 5  - - 0 . 7 4  - - 0 . 7 5  
Z R  - -  0 . 9 6  
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Fig. 7. Specimen from a crystal exhibiting cellular substructure 
taken just behind a decanted interface and exposed 200 min in 
0.5M NaCI d- 0.3% H~02. 

corrosion potential  is a re l iable  indicator of the pit t ing 
tendencies of these materials.  

Discussion 
It is useful to point out that  most solidification 

studies of the cel lular  substructure have involved ob- 
servations of the decanted (13) sol id- l iquid interface. 
However ,  as often pointed out, the segregation at a 
decanted sol id-l iquid interface is not representa t ive  of 
the s teady-sta te  segregation created in a completely  
solidified crystal. That  is, a remnant  l iquid clings to 
the decanted interface and freezes rapidly, leading to 
a more ex t reme segregation. Therefore,  al though such 
studies have been useful  in generat ing an unders tand-  
ing of cel lular  segregation, a study of decanted in- 
terfaces is not germane here. This is emphasized by 
comparing Fig. 7, a decanted interface of 99.99% A1 
grown cel lular ly and corroded simiParly to A1 493-60, 
with Fig. 2 and 3. Indications of cell walls as wel l  as 
nodes and a more ex t reme and complex pit t ing is 
clearly evident  in the singular case of Fig. 7. 

The present  study of microsegregat ion and the ini-  
t iation of pit t ing corrosion has thus been l imited to 
prepared sections of completely  grown crystals. It  is 
possible to conclude that  prepara t ion techniques such 
as cut t ing and polishing must  have had l i t t le  effect, 
when it is considered for example,  that  roi l ing and 
lower tempera ture  anneals did not al ter  the contrasts 
be tween  cel lular  and noncel lular  specimens. 

At  another  point it is possible to question the prep-  
arat ion procedure. The anodic film on a luminum is not 
homogeneous;  otherwise, the location of excess im-  
pur i ty  would  not be possible. The fol lowing observa-  
tion has been made many times: at the beginning of 
anodization, a surface v iewed under  whi te  l ight first 
appears to exhibi t  a blue color, whereas  those regions 
eventua l ly  to be recognized as nodes are stil l  color-  
less. As anodization proceeds, node- f ree  areas progress 
in the sequence b lue -g reen - r ed -b lue  whi le  nodes lag 
behind as color less-b lue-green-red .  A closer invest i -  
gation might  revea l  interposing colors e lsewhere  in 
the spectrum, but  this general  observation indicates 
that  the oxide film is th inner  in a region of impur i ty  
segregation (14). For  completeness,  we  note that  the 
samples examined here  were  not controlled to have  
s tandard oxide films. This must  be especially t rue 
since mater ia ls  of two purit ies were  used, and f rom 
observat ion it was noted that  more  than one sequence 
of passage through the color spectrum could some- 
t imes be observed. 

It  is possible to speculate on the effect of impur i ty  
concentrat ion on the propert ies  of the protect ive  oxide 
film. The thinner  film near  nOdes Could be an indica-  
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tion that  incorporat ion of the impur i ty  metals  in the 
a luminum oxide leads to a decrease in electronic re -  
sistivity. If this effect is carr ied over  in the film 
formed in the corrosion environment ,  it is reasonable 
to correlate  improved  electronic conduct ivi ty  wi th  an 
increase in the cathodic reduct ion react ion velocity. 
It  is also possible that  the oxide film in the regions 
of high impur i ty  concentrat ion remains thin enough 
for e lectron tunnel ing to occur, thus facil i tat ing the 
electron t ransfer  involved  in the cathodic reaction. 

Previous studies have shown that  impuri t ies  affect 
corrosion (15-18). However ,  there  is no apparent  prior 
indication that  a distr ibution of impuri t ies  in single 
crystals at such minor  levels as those invest igated 
here can be important .  An e lementary  knowledge of 
solidification processes forces the conclusion that  cast 
mater ia ls  of the pur i ty  level  99.99% or less must  all 
be subject to the same segregation as studied here, 
unless uncommon precautions are taken. Moreover,  
since the mechanical  and lower thermal  t rea tments  
under taken  were  of no appreciable affect in al ter ing 
corrosion characterist ics,  the dominant  segregation of 
iron must  be expected to persist  in these metals  even 
after  t rea tments  subsequent  to casting. The  corre la-  
tion wi th  solidification characterist ics is emphasized 
by the unchanged nature  of pit t ing corrosion even as 
pur i ty  level  is changed after  shor t - t ime exposures to 
the pit t ing reagent.  However ,  since the 260 hr ex-  
posures can also be argued to be "shor t - t ime,"  a cor-  
relat ion be tween  the fine scale and massive pit t ing 
must  real ly  be deduced not concluded. This is never -  
theless reasonable if the observations of Edeleanu and 
Evans (19) are accepted, i.e., small pits tend to grow, 
or the pi t t ing corrosion in a luminum is autocatalytic.  

The exper imenta l  results of the exposure to a cor-  
rosive envi ronment  are at least a confirmation of the 
existence of severe microsegregat ion in a luminum of 
pur i ty  as high as 99.999% after certain growth con- 
ditions, and do show a correlat ion be tween this segre-  
gation and the tendency for pit t ing corrosion in alu-  
minum. In particular,  concentrat ion of iron and copper 
at nodes in the cellular substructure reduces cathodic 
overvol tage  sufficiently to bring the corrosion poten-  
tial to the crit ical  value  at which chlorides lead to 
pi t t ing corrosion. That  these impuri t ies  exer t  a strong 
effect on cathodic overvol tage  is not unexpected  since 
Hansen and Wetmore  (15) have in terpre ted  their  
work  on the hydrogen overpotent ia l  on a luminum on 
this basis. However ,  the present  work  does demon-  
strate that  the distribution, ra ther  than the total  
amount  of residual  impur i ty  seems more important  at 
ve ry  low impur i ty  levels. 

Manuscript  received Aug. 9, 1965; revised manu-  
script received Feb. 14, 1966. This paper was presented 
at the Buffalo Meeting, Oct. 10-14, 1966. 

Any discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Chemical Nickel-Iron Films 
A. F. Schmeckenbecher 
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ABSTRACT 

Ferromagnet ic  films, useful for computer  applications, have been deposited 
f rom a modified Brenner  bath by chemical reduct ion using hypophosphite.  
The deposits contain about 25% iron, 1-0.5% phosphorus, small amounts of oxy-  
gen, carbon, etc. The balance is nickel. The films are wel l  suited for memory  
applications because of their  high creeping threshold and their  fast coherent  
rotat ional  switching. The effects of certain plat ing parameters  on the prop-  
erties, in par t icular  on the magnet ic  properties,  are discussed. 

Nickel films have been deposited on active surfaces 
by reduction with  hypophosphite  (1, 2). The tech-  
n ique is widely  used mainly  because films of uniform 
thickness and special properties can be deposited on 
intr icately shaped surfaces. Adding an iron salt to the 
alkaline nickel plating bath under  certain conditions 
results in a nickel- i ron alloy deposit. Electroless dep-  
osition of n ickel - i ron alloys seems to have been in- 
vest igated to a re la t ive ly  small  extent  (3-5). Li t t le  is 
known about the properties, in par t icular  the mag-  
netic properties, of such films. 

The mechanism of reduct ion of nickel alone has 
been discussed in detail  (6-8). When plat ing a nickel-  
iron alloy, the situation is complicated by the fact 
that  different types of complexes are involved.  The 
nickel  ions are mainly  bound to ni t rogen in an am- 
monia complex whi le  the iron mainly  is bound to 
oxygen in a chelate (tartrate,  citrate, etc.). Also, whi le  
the iron is reduced direct ly  f rom its b ivalent  state 
(ferrous ion) to the metal,  it can be introduced into 
the bath in its t r iva lent  state. Therefore,  equil ibria  
be tween both the ferrous, ferric, and nickelous ions 
and their  complexes would have to be considered. Also 
insoluble compounds such as nickel hydroxide  and 
basic tartrate,  etc., may form at pH values between 
8.5 and about 7 in the deposition zone and might  be 
incorporated in the film. Plat ing parameters  such as 
temperature ,  pressure, pH value of the plat ing solu- 
tion and concentrat ion of bath constituents affect the 
deposition mechanism and as a consequence the com- 
position and propert ies  of the deposits. For  instance, 
when  the pH value  of the bath is increased f rom 8 
to 11 by adding ammonia,  less nickel ions become 
avai lable for reduction. The iron content  of the de- 
posit increases. Similarly,  at high pH values the depo- 
sition of phosphorus, which has hydroxyl  ions as a 
by-product ,  is slowed down. The phosphorus content  
decreases. 

For the purpose of this discussion we  consider the 
effect of the thickness of the deposit, of the ratio of 
nickel  to ferrous ions, and of the meta l  and hypophos-  
phite ion concentrat ions on the composition and prop-  
erties of the deposits. 

Plating Technique and Effect of Plating Time 
on Film Properties 

We plated on bery l l ium-copper  sheets, which had 
been act ivated by dipping in a 0.1% pal ladium chlo- 
r ide solution. The surface being plated was be tween 
2 and 12 in.2/liter of plat ing bath. The plat ing bath 
was newly  made up and heated in a wa te r  bath  to 

75~ The bath was not agitated during plating. A 
typical plat ing bath contains 56 mM/ l i t e r  Ni ++ as 
nickelous chloride, 20 mM/ l i t e r  Fe + + as ferrous am-  
monium sulfate, 100-350 mM/ l i t e r  sodium potassium 
tartrate,  10 g/1 or 94 mM/ l i t e r  sodium hypophosphite,  
and 3.6 mols / l i t e r  ammonia.  

The potential  during plat ing measured  against a 
saturated calomel electrode was ~--l.01v. Taking the 
calomel electrode potential  at 75~ as --0.211% the 
deposition potential  was --0.799v. The potent ial  was 
measured on a re la t ive ly  large substrate. If the area 
being plated is smaller  than about 0.1 mm 2, fluctua- 
tions of the potential  by about 10-15 mv are observed, 
which occur with a f requency of about 3 per rain. 
Agitat ion of the bath lowers both the potent ial  and 
the plat ing rate: while  in baths containing nickel  only, 
agitat ion increases the potent ial  and plat ing rate. 

The deposits were  analyzed for iron and nickel  by 
dissolving them in hydrochloric  acid and comparing 
the intensi ty of x - r a y  fluorescence of the solution with  
standard nickel and iron solutions. The accuracy of 
the method is wi thin  -+-3% of the values. 

The phosphorus content  was determined color imet-  
r ical ly by the "Heteropoly method," with a precision 
of _+ 15%. Also, radioact ive hypophosphite  was used 
in one experiment ,  with p32, giving a phosphorus con- 
tent  about 30% higher  than the colorimetric method. 
In the charts the colorimetr ic  figures are given. Sam-  
ples of the deposits were  flash heated to 5000 ~ in 
vacuum; gases set free were  qual i ta t ive ly  identified in 
a mass spectrograph. 

For  thickness determination,  the deposits on a 
known area were  weighed directly, or the weight  was 
determined by the x - r ay  fluorescence method, and 
using a density figure of 8.4 g/cm~ the thickness was 
calculated. Also, microsection techniques were  used to 
check the thicknesses. The thickness is 10-15% higher  
wi th  the microsections. In the charts the data obtained 
with  the x - r ay  fluorescence method are given. 

The deposits contain 25% iron, 0.5-1% phosphorus, 
small  amounts of hydrogen, carbon monoxide,  oxygen, 
water,  and nickel. Within  the first 25 rain of plating, 
in a newly  made up bath, very  l i t t le  change of poten-  
tial, plat ing rate, or iron content  beyond the precision 
of the analysis was observed. The absorption of the 
bath of ul t raviole t  and visible l ight (at 285 m~ and 
575 m~) did not change wi th in  the first 30 rain. 
Changes beyond a plat ing t ime of 30 rain depend on 
the ratio of surface being plated to the bath volume 
and are probably due to consumption of hypophos-  
phite, oxidation of ferrous to ferr ic ion, and other  
changes in the bath. 
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Af ter  plating, the films were  kept  at room temper -  
ature for at least 24 hr, wi thout  fu r the r  t reatment .  
Changes occurr ing wi th  t ime and tempera tu re  are not 
being discussed here. 

The deposits up to about 1000A thickness are sil-  
ve ry  in appearance with  a high reflectance (as meas-  
ured on a Bausch and Lomb "Spectronic  20" spectro-  
photometer  at 525 m~ with a reflectance a t tachment) .  
When the deposits become heavier,  they get a golden 
brown tinge. On rol led bery l l ium-copper  the thinnest  
deposits (500-100A) had a reflectance of about 45% 
of the magnes ium carbonate standard. With increasing 
thickness of the deposits, the  reflectance decreased to 
level  off at 10,000A to a value of about 30% of the 
magnesium carbonate standard. Electromicrographs of 
the surface of deposits of various thickness show an 
agglomerat ion of balls, the size of which increases 
wi th  increasing thickness up to 10,000A, then levels 
off to a constant value  of about 1000A diameter  (Fig. 
1 and 2). Micro-cross-sections of the films show both 
a columnar  and laminar  s t ructure  similar  to the struc- 
ture  known for chemical  nickel deposits (1, 10). X - r a y  
data (l ine broadening technique) indicated a crysta l -  
lite size in the order of 200-300A. The sheet resistance 
of 10,000A thick films plated on glass and measured  
using spring loaded meta l  contacts is about 50 ~ohms- 
cm as compared to about 18 ~ohms-cm for bulk nickel-  
iron alloy (11). When plated, the films are under  con- 
siderable tensile stress, which at 10,000A reaches a 
value  of about 30,000 psi. 

For the magnetic measurements ,  the films were  de- 
posited on 3-in. long beryl l ium copper strips of about 
4 mils by 2.5 mils cross section. The strips were  photo- 
etched out of be ry l l ium-copper  sheet of 2.8 mils 
thickness. An orienting field of 40 oe was applied 
along the long axis of the strips dur ing deposition. 

The coercive force (He) and anisotropy field (Hk) 
were  measured on a 60 cycle BH loop tester, by the 
usual methods. It is understood that  the anisotropy 
field is a function of the shape of the m a t e r i a l  The 
data are given for the described configuration. 

F igure  3 shows that  above 10,000A thickness, the 
coercive force (Hc) and anisotropy field (Hk) are  

Fig. 2. Nickel-iron film 20,000,~-thick. Magnification ca 49,000X 
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Fig. 3. Coercive force (Hc) and anisotropy field (Hk) vs. thickness 
of deposit. 

Fig. I. Nickel-iron film 4000.~-thick. Magnification ca 49,000X 

fa i r ly  constant;  going below I0,000A, the coercive 
force increases rapidly.  

Ni + + / F e  + + ratio.--Deposits of 10,000A thickness 
were  plated f rom baths wi th  constant nickel  content 
(56 raM/l i te r )  and iron content  varying f rom 0-30%. 
The plat ing rate  drops almost l inear ly  f rom 1700A/ 
min at 0% Fe, to 900 A / m i n  at 30% Fe. The coercive 
force (Fig. 4) follows the pat tern  observed in nickel-  
iron alloys deposited by other techniques (13). How- 
ever, the min imum normal ly  observed at 18% iron 
has been shifted to about 10% iron. The magneto-  
striction constant is posi t ive in deposits containing 
considerably less than 19% iron, whi le  in n ickel - i ron 
alloys deposited by other techniques it becomes nega-  
t ive at about 19% iron (14). X- r ay  diagrams show 
the presence of nickel  phosphides and nickel  oxide 
(NiO) and iron oxide (FeO).  Hk increases wi th  de-  
creased iron content. 

Metal concentration in bath.--The concentrat ion of 
the heavy  metals  in the bath (Ni and Fe),  wi th  the ratios 
of nickel to iron and of iron to ta r t ra te  kept  constant, 
was var ied next. F igure  5, top section, shows that  wi th  
increasing meta l  concentrat ion the iron content  of 
the film goes up to a constant level. The plat ing rate 
also increases up to a certain point, and then levels 
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out, at levels  depending on the amount  of hypo-  
phosphite in the bath (Fig. 5, bot tom section).  

Effect of hypophosphite con~entration.--The hypo-  
phosphite concentrat ion in the bath affects the compo- 
sition of the films, as Well as the magnet ic  properties.  

In Fig. 6 the percentage of iron in the bath (from 
the sum of Ni + + and Fe+ + concentrat ion in the range 
of 0-30% Fe) is plot ted against the percentage of 
iron in the film for various hypophosphite  contents. 

Above  10 g/1 sodium hypophosphite  the codeposition 
is normal  (15); i.e., the less noble iron deposits more  
slowly than the more noble nickel. Below 10 g/1 so- 
dium hypophosphite  the codeposition is anomalous, 
whi le  at 10 g/1 sodium hypophosphite  the codeposition 
is close to equi l ibr ium over  a re la t ive ly  wide range. 
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At a given iron content  in the bath (such as 25% 
Fe + +) the deposition potent ial  and the deposition rate  
increase with increased hypophosphite  content  (Fig. 
7). 

F igure  8 shows, against the hypophosphite  content  
in the bath, the coercive force (He) and the anisotropy 
field (Hk) of deposits which were  10,000-~ thick, and 
which had 25% iron obtained by adjust ing the Ni + + /  
Fe ++ ratio in the bath wi th  the other parameters  
kept  constant. The phosphorus content  of the films 
increased almost l inearly wi th  increased hypophos-  
phite  content  ( f rom 0.5 to 1.5% P for 2-25 g/1 
NaH2PO. H20).  

With lower hypophosphi te  content  the coercive force 
increases while  the anis0tropy field stays low. 
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Chemical  n ickel - i ron  deposits were  tested for use 
in memory  applications, in par t icular  in the orthogonal  
mode (12), with pulses both in the hard and easy di-  
rections. 

F igure  9 shows how a deposit of 900OA thickness 
performs under  such conditions, plated from a bath 
containing 5 g/1 NaH2PO2"H20 with  a Hk/Hc ratio of 
1.3. 

The dotted lines of the asteroid show the combina-  
tions of pulses in the easy and hard directions needed 
to switch 90% of the deposit; the inner  lines show 
the combinations of a large number  of pulses needed 
to start  switching the magnet izat ion (creeping thres-  
hold). The pulses used had a rise t ime of 15 nanosec, 
durat ion of 80-160 nanosec. The usual techniques i.e., 
setting the magnet izat ion of the mater ia l  by a large 
number  of over lapping easy and hard direction pulses 
and for the creeping threshold a large number  of 
disturb pulses s imulat ing the conditions in the memory  
application, have been used (12). The distance be- 
tween the dotted lines at the top of the asteroid is a 
measure  of the dispersion of the easy axis (12). 

There  is a wide range of combinations of the easy 
and hard direction pulses which switch the film, but 
for which the individual  pulses stay below the creep-  
ing threshold. 

F igure  10 shows similar plots for a deposit f rom a 
bath containing 15 g/1 NaH2PO2"H20. The Hk/Hc ratio 
in this case is 3.5. The creeping threshold is too low 
for memory  applications. 

Discussion 
A look at Fig. 5, bot tom section, shows that  the dep-  

osition rate appears to be controlled ei ther  by the 
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concentrat ion of the meta l  ions, or if the concentra-  
t ion of the meta l  ions surpasses a certain value, by the 
concentrat ion of the hypophosphite  ions in the bath. 

If we plot the deposition potent ial  at various hypo-  
phosphite concentrations against  the logar i thm of the 
deposition ra te  (Fig. 11), we see that  at 10 g/1 sodium 
hypophosphite,  i.e., at equi l ibr ium codeposition, the 
curve  has a break. At  the lower  potentials (low hypo-  
phosphite concentrations) the deposition rate  is con- 
trolled by the hypophosphite  concentration, at the 
higher  potentials the metal  concentrat ion controls the 
deposition rate. The tempera ture  dependence of the 
plat ing rate shows that  the logar i thm of the deposi- 
tion rate  is inversely  proport ional  to the absolute 
t empera ture  in the range of 35~176 At the lower 
deposition potentials (in hypophosphite  controlled 
deposition) the act ivat ion energy is smaller  than at 
the higher  deposition potentials. Not considering the 
mechanisms involving the oxidation of the hypophos-  
phite ions (6-8), a number  of rate  control l ing steps 
involving the meta l  ions are possible: the diffusion 
of meta l  ions or complexes, the dissociation rate of 
metal  complexes, format ion of precipitates affecting 
the catalytic surface, adsorption of meta l  ions on the 
surface and re-dissolut ion of metal.  Figure  5 shows 
that  wi th  low metal  concentrations, the iron content 
of the deposit is lower. It is bel ieved that this is caused 
by different rates of diffusion or dissociation of the 
iron ta r t ra te  complex f rom that  of the hexammine  
nickel complex. 

It is in the hypophosphite  controlled baths that  we 
observe the unusual  magnet ic  propert ies in the nickel-  
iron films. 

Recent  investigations (16) indicate that  a nonmag-  
netic layer of about 20A thickness be tween two layers 
of about 250A of permal loy  tends to increase the co- 
ercive force and the creeping threshold of the mag-  
netic layers, provided the nonmagnetic  layer  has i r -  
regular  phase boundaries. The min imum of the coer- 
cive force at 10% Fe, ra ther  than 18%, points to the 
presence of nonmagnet ic  mater ia l  in the deposits. The 
laminar  s t ructure of the deposits possibly consists of 
magnet ic  layers of 80-20 nickel - i ron alloy interspaced 
between re la t ive ly  nonmagnet ic  layers of nickel phos- 
phide, and /or  oxide of the appropriate  thickness to 
raise the creeping threshold of the deposits. 

Conclusion 

The deposition of chemical  n ickel - i ron films contain-  
ing up to 30% iron by reduction with hypophosphite  is 
controlled ei ther by the meta l  ion concentrat ion or, 
above a certain meta l  content, by the hypophosphite  
concentration. The codeposition may be normal  or 
anomalous, depending on the hypophosphite  concen- 
tration. 

Propert ies,  in par t icular  certain magnet ic  properties,  
have been discussed. The chemical reduct ion with  
hypophosphite  offers a simple, in ternal ly  controlled 
method to prepare  a useful magnet ic  mater ia l  for 
computer  memories.  
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Transport Processes in the Thermal Oxidation of Silicon 
Douglas O. Raleigh 

North American Aviat ion Science Center, Thousand Oaks, California 

ABSTRACT 

Previous exper iments  on the effect of an electric field on the oxidation 
ra te  of silicon are reconsidered. It is shown that  such exper iments  do not 
in themselves prove that  oxidation occurs by the diffusion of a charged species 
through the react ion layer, but may be analyzed in terms of an electrolytic 
process being superposed on the normal  oxidation process. Supplementary  
data present  in the l i t e ra ture  are also insufficient to conclude whe the r  a 
charged species is involved.  A theoret ical  analysis of the t ransport  processes 
to be expected when  oxidat ion involves a charged diffusant shows that  the 
ra te  of such a process may be predicted if the electronic conduct ivi ty  of SiO2 
under  the conditions of oxidation is known. Suitable exper iments  for deter-  
mining this quant i ty  are suggested. 

The kinetics of oxidation of silicon has in recent  
years become of interest  in the fabricat ion of semi-  
conductor devices (1). Air  oxidation of silicon at 
e levated tempera tures  yields uniform, compact, ad-  
herent  films of vi treous silica which are  the basis of 
the we l l -known  MOS structures. Accordingly,  there  
has been considerable effort devoted to elucidating 
the oxidat ion mechanism under  various exper imenta l  
conditions and its re la t ion to the characterist ics of the 
resul tant  devices. Al though largely  outside this area, 
in the last few years there  has also been considerable 
study of the electrochemical  and transport  propert ies 
of solids, pr incipal ly by Wagner  and co-workers  (2). 
It is fel t  by the author  that  insights from this work, 
together  wi th  Wagner 's  earl ier  studies on metall ic oxi-  
dation (3), can be used to bring into bet ter  focus some 
basic considerations on the mechanism of silicon oxi-  
dation. Specifically, it is intended to reexamine  the 
question of the diffusing species involved in the high-  
t empera tu re  oxidation of silicon by dry oxygen. 

A large number  of invest igators (4-10) have found 
that  the ra te  of oxidat ive  growth of a silica film on 
Si obeys the parabolic law characterist ic of a dif- 
fus ion-control led  process; that  is, dx/dt---- k / x ,  where  
x is the film thickness and k the rate  constant. Law 
(5) has pointed out that  a parabolic ra te  dependence 
does not necessari ly prove diffusion control unless a 
l inear plot of x 2 vs. t back-ext rapola tes  through the 
origin, and found evidence of par t ia l  ra te  control by a 
phase boundary process for films 100-500A thick. Deal 
et al. (11) found evidence of par t ia l  phase boundary 
control under  some exper imenta l  conditions f rom 
studies on the oxidation of heavi ly  doped silicon. Deal 
and Grove (12) recent ly  provided an excel lent  anal-  
ysis of the general  situation where  both diffusion and 
phase boundary processes are involved.  In general,  
however ,  oxidation does appear to be diffusion-con- 
trolled for film thicknesses in excess of 1000A under  
a wide var ie ty  of conditions. Jorgenson (6), for in-  
stance, obtained a plot of x 2 vs. t that  was l inear  
through the origin for 2000-5000A films in normal  

oxidation at 850~ Since, at any rate, the question of 
what  is the diffusing species is best examined under  
conditions of diffusion control, the considerations in 
this paper  re la te  to exper iments  carried out under  
these conditions. Moreover,  the discussion is l imited to 
dry oxidation, since the diffusing species involved in 
wet  oxidation is manifes t ly  another  question. 

In fur ther  studies, marke r  exper iments  by Jo rgen-  
son (8) at 850 ~ and by Karube  et al. (13) at 1250~ 
indicated that  the oxidat ion process involves the dif-  
fusion of oxygen ra ther  than silicon through the SiO2 
react ion layer, so that  oxidation occurs at the SilSiO2 
interface. Karube 's  studies at 1250 ~ included infrared 
absorption measurements  to show that  a 2000A reac-  
tion layer  was essentially all SiO2 ra ther  than other 
oxides of Si. Motzfeldt  (14) has recent ly  compared a 
wide var ie ty  of data on the oxidat ion of Si and SiC 
with data on the rate  of permeat ion of oxygen through 
vi treous silica membranes  to show that  all three 
processes follow the same rate  kinetics. A master  plot 
of the collective data shows an act ivat ion energy of 
26.3 kca l /mole  for the above rate  constant k, in ex-  
cel lent  agreement  wi th  subsequent  data by Deal and 
Grove (12) in which phase boundary effects were  cor-  
rected for. Motzfeldt 's  comparison thus appears to 
show that  the oxygen t ransport  propert ies of ther -  
mal ly  grown SiO2 and silica glass are the same. In 
consequence, avai lable measurements  (15, 16) of the 
diffusion coefficient of oxygen ions in silica glass 
should be applicable to the oxidation process. 

There appears to be a fa i r ly  widespread conviction 
(12, 14, 17-22) that  the oxygen diffusing through SiO2 
in the oxidation process has been demonstra ted to be 
in the form of oxygen ions. This conclusion rests on 
exper iments  by Jorgenson (8) which intended to show 
that  the oxidation rate  is influenced by the appl icat ion 
of an electric field across the react ion layer. Jorgenson 
subsequently employed similar  exper iments  to show 
that  oxygen ions are l ikewise involved in the oxidation 
of zinc (23). It  is fel t  by the author, however ,  that  
there  are serious conceptual  errors  in the in te rpre ta -  
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Fig. 1. Jorgenson's apparatus for studying the effect of an elec- 

tric fie(d on the oxidation of silicon. 

tion of these experiments ,  so it is wel l  to consider the 
exper iments  in some detail  for the case of silicon 
oxidation. 

E f f e c t  o f  an  E lec t r i c  F i e ld  on  S i l i con  O x i d a t i o n  

In Jorgenson 's  experiments ,  porous p la t inum elec- 
trodes were  affixed to the opposite sides of a par t ia l ly  
oxidized silicon single crystal. The exper imenta l  ar-  
r angement  is shown in Fig. 1. The assembly was 
heated at 850 ~ in the presence of oxygen, and the SiO2 
film thickness on each side was moni tored as a func-  
tion of t ime interferometr ical ly .  Exper iments  were  
carried out in the presence and absence of an applied 
voltage on the assembly, where  the voltage corre-  
sponded to an electric field of about 104 v / c m  across 
each SiO2 layer.  It was reasoned that, if the oxygen 
diffusing through the SiO2 film in normal  oxidation 
possessed a negat ive  charge, the applied field shown 
would accelerate the process at the film on the r ight  
and re tard  film growth on the left. Plots of  x ~ vs.  t 
appeared to indicate this was the case. Linear  plots 
were  obtained for both the f ield-free and "accelerated" 
film growths, the slope being considerably greater  for 
the accelerated case. At the " re tarded"  side, film 
growth proceeded at an ini t ial ly smaller  rate  than in 
the absence of a field and came to a halt  at  about 
3000A in 50 hr, there  being no fur ther  thickness in-  
crease observed in 120 hr. 

In subsequent  experiments ,  constant currents  in the 
range 1-4 ~a were  applied to the assembly and the 
voltage across each film measured  as a function of 
time. For  the accelerated case, a parabolic vol tage-  
t ime plot was obtained. In the case of the re tarded 
film, the vol tage rose to a constant value, corre-  
sponding to the hal ted film growth, which was in-  
dependent  of the current,  al though achievement  of the 
hal t  vol tage took longer at lower currents.  The above 
exper iments  were  taken as evidence that  the oxygen 
involved in the oxidation possessed a negat ive  charge. 
The constant vol tage obtained across the re tarded 
film was said to correspond to the free energy of 
format ion of SiO2 at 850 ~ although a somewhat  lower 
than theoret ical  va lue  was obtained. 

In re in te rpre t ing  these experiments ,  one must  begin 
by asserting that  the externa l  application of an electric 
field p e r  se cannot provide  a s teady-sta te  dr iving force 
for a diffusion-controlled process such as the thermal  
oxidation of silicon. This is because, in any such oxi-  
dation, the net  process must  be the t ransport  of an 
e lect roneutra l  species (e lemental  oxygen in this in-  
stance) through the react ion layer.  Regardless of the 
details of the diffusion mechanism, the t ransport  of 
e lemental  oxygen across the film can occur only in 
response to a gradient  in its chemical  potential.  Since 

the chemical  potential  of oxygen is chemical ly fixed 
on both sides of the film (by the ambient  oxygen pres-  
sure on the gas side and by the presence of the phases 
St, SiO2 on the silicon side), its gradient  is not  ac- 
cessible to influence by an ex terna l ly  applied electric 
field. 

Microscopically, we may see this as follows. Sup-  
pose the t ransported oxygen were  in the form of oxy-  
gen ions. Then, to correspond to the t ransport  of elec- 
t roneutra l  oxygen, a flow of oxygen ions across the 
film would  have to be accomplished by an equal  flow 
of electronic charge in the opposite direction (3). In 
consequence, any applied field which accelerated the 
ionic flow would re tard  the electronic flow. If the 
flows were  thus unbalanced, the net  result  would be 
the t ransport  of uncompensated charge across the film. 
The s teady-sta te  result  would inevi tably  be the ac- 
cumulat ion of opposite charges on the two sides of the 
film until  the field generated by them cancelled out the 
ex terna l ly  applied field. Thereafter ,  oxygen transport  
would  proceed as in the f ield-free case. 

A sample calculation shows the f ield-free condi- 
tion would be reestablished quite  rapidly on the t ime 
scale of the oxide film growth. Let  us consider the 
field generated by the bui ld-up of one monolayer  of 
uncompensated charge on each side of the oxide film. 
One monolayer  of Si +4 or O = ions in SiO2 corresponds 
to about 5 x 10 -4 coul /cm 2. If we consider the oxide 
layer  as a capacitor with a dielectric constant of 4, 
such a surface charge density would resul t  in a field 
of ~109 v / c m  within  the layer. Thus, the charge ac- 
cumulat ion due to a temporary  unbalancing of the 
ion and electron flows in the presence of an applied 
electric field would be sufficient to cancel out most 
fields of interest  when~only a fract ional  monolayer  of 
mass t ransport  had occurred. 

It  should be r emarked  that  the term "field-free," as 
used here, refers only to the absence of an ex terna l ly  
imposed field. There  are, to be sure, in ternal  fields 
associated with  such oxide films, but, as we shall see 
later, such fields are uniquely  determined by the pa-  
rameters  of the system and are thus inaccessible to 
external  influence. In another  point of interest,  it is 
possible at least in pr inciple  that  the application of an 
externa l  field, while  not changing the gradient  of oxy-  
gen chemical potential,  can alter the basic t ransport  
propert ies of the diffusing entities. If, for instance, an 
ex terna l ly  applied field exceeded the electronic break-  
down vol tage of the oxide, the mechanism of electronic 
t ransport  would be changed. Such effects, however ,  
are in general  only re levant  to much th inner  films 
than those we are considering in the present  study. 

The most l ikely reason why  Jorgenson found an ap- 
parent  effect of an applied field involves the manner  
in which such a field per  se can be legi t imately  ap- 
plied in a system of this nature. Jorgenson noted that  
Uhlig and Brenner  (24) and, more recently,  Cismaru 
and Cismaru (25) were  unable to influence the oxida-  
tion rates of copper and zinc, respectively,  wi th  an 
electric field. He a t t r ibuted this to their  use of a con- 
denser to impose the electric field, which he main-  
tained resulted in v i r tua l ly  no field across the oxide. 
Jorgenson,  however ,  in his use of a ba t te ry  circuit, not  
only applied an electric field, but  also provided  an 
external  circuit  for electronic flow. As we have  noted 
above, diffusive t ransport  of oxygen through the re-  
action layer as oxygen ions would requi re  both ionic 
and electronic flows, so would depend on both the 
ionic and electronic conductivit ies of SiO~. If an ex-  
te rnal  circuit, however ,  were  provided for the elec-  
tronic flow, oxygen ion t ransport  would then require  
only ionic conductivity,  so that  what  may have been 
only a minor  t ransport  mechanism because of a low 
electronic conduct ivi ty  might  then assume larger  sig- 
nificance. In fact, Jorgenson appears to have  carried 
out an electrolysis. The fact that  ionic t ransport  can 
occur under  these conditions is no more indicat ive of 
ionic t ransport  in the absence of a field than is the 
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anodic  ox ida t ion  of a m e t a l  in an aqueous  so lu t ion  a 
p roof  tha t  n o r m a l  cor ros ion  of the  m e t a l  in the  solu-  
t ion i nvo lves  t r a n s p o r t  of d i sso lved  a tmosphe r i c  o x y -  
gen  t h r o u g h  the  so lu t ion  as o x y g e n  ions. In  fact ,  as 
w e  shal l  discuss, t he r e  is at leas t  some ev idence  to the  
c o n t r a r y  for  si l icon oxidat ion .  E x p e r i m e n t s  by 
S c h m a l z r i e d  (26), fo r  instance,  h a v e  ind ica ted  tha t  
v i t r eous  s i l ica at  1000~ is a p u r e  ionic  conductor .  
P r e s s u r e  d e p e n d e n c e  da ta  on the  s i l icon ox ida t ion  r a t e  
(12) and on the  p e r m e a b i l i t y  of v i t r eous  sil ica to 
o x y g e n  (27) t end  to f a v o r  m o l e c u l a r  o x y g e n  as the  
t r a n s p o r t e d  species. Whi l e  none  of this  data  m a y  ye t  
be cons ide red  a proof ,  i t  does at least  show tha t  the  
ques t ion  of the  n a t u r e  of the  o x y g e n  di f fusant  in 
s i l icon ox ida t ion  m u s t  be  r e g a r d e d  as s t i l l  unse t t led .  

Le t  us n o w  cons ider  the  de ta i l s  of J o r g e n s o n ' s  
e x p e r i m e n t a l  resu l t s  in t e rms  of an  e lec t ro ly t i c  p r o c -  
ess, s ince i t  wi l l  be seen tha t  we  m a y  ob ta in  a r e a -  
sonable  p i c tu re  of the i r  significance.  In  v i e w  of the  
fact  tha t  e lec t ro ly t i c  conduc t ion  m u s t  occur  in t he  r e -  
ac t ion  films to account  for  the  effect  of an e lec t r ic  
field, we  m a y  cons ider  J o r g e n s o n ' s  e x p e r i m e n t a l  as-  
s embly  to consist  of  t w o  e lec t ro ly t i c  cells, O~(g ) ,P t  
SiO2 (s) I Si (s) ,  p laced  b a c k - t o - b a c k .  R e v e r s i b l e  o x y g e n  
e lec t rodes  of the  type  Pt,O21 (sol id ox ide)  a r e  w e l l  
k n o w n  in the  l i t e r a t u r e  of so l id - s t a t e  e l e c t r o c h e m -  
i s t ry  (2) and r e v e r s i b l e  SiO2]Si e lec t rodes  h a v e  been  
sugges ted  both  exp l i c i t ly  (28) and  as an  impl ic i t  con-  
sequence  of  obse rved  ga lvan ic  emfs  (21) in MOS s t ruc -  
tures .  If  ionic  conduc t ion  in the  SiO2 is by  o x y g e n  ions, 
the  fo l l owing  h a l f - c e l l  reac t ions  m a y  be  pos tu l a t ed  

O o(g)  - b 4 e . ~ 2 0  = 

2 O = -k Si ~ SiO2 q- 4e 

and the  to ta l  cel l  r eac t ion  wi l l  be Si  -b O2 ~- SlOe, the  
d i rec t ion  of the  a r r o w  in each case d e p e n d i n g  on the  
d i rec t ion  of the  cel l  cur ren t .  If  conduc t ion  is p a r t i a l l y  
or  en t i r e ly  by  si l icon ions, s o m e w h a t  d i f fe ren t  ha l f -  
cel l  r eac t ions  w o u l d  apply ,  but  the  ne t  cel l  r eac t ion  
w o u l d  st i l l  be  the  same.  In  the  e x p e r i m e n t a l  a s sembly  
shown in Fig. i, app l ica t ion  of t he  vo l t age  shown 
w o u l d  f o r m  SiO.~ e l ec t ro ly t i ca l l y  f r o m  its e l emen t s  at  
the  r eac t ion  l aye r  on the  r igh t  and  decompose  it  in to  
its e l emen t s  on the  left.  S ince  pass ing  a pa r t i cu l a r  
a m o u n t  of c u r r e n t  would ,  in accordance  w i t h  F a r a -  
day 's  law,  f o r m  the  same  a m o u n t  of SiO2 on the  r i gh t  
as is decomposed  on the  left ,  t he r e  wi l l  be zero  f r e e  
e n e r g y  change  in t he  o v e r - a l l  sys t em and hence  no 
ga lvan ic  emf  to be s u r m o u n t e d  in o rde r  for  the  e lec -  
t ro lys is  to occur.  

Cons ide r  n o w  the  processes  tha t  occur  in the  as-  
s embly  at e l e v a t e d  t e m p e r a t u r e s  in the  p re sence  of the  
app l ied  vol tage .  The  n o r m a l  d i f fus ive  or  t h e r m a l  ox i -  
da t ion  process  m u s t  occur  on bo th  sides at a r a t e  u n -  
affected by the  p re sence  of an  e lec t r ic  field, bu t  is 
a u g m e n t e d  on the  r igh t  s ide by e lec t ro ly t i c  SiO2 f o r -  
m a t i o n  and  opposed  on the  le f t  by  e lec t ro ly t i c  d e c o m -  
posit ion.  The  ne t  r a t e  of ox ide  film g r o w t h  wi l l  be  
g i v e n  by 

dx  k M 
- -  • iionic [ 1 ] 

dt x 4pF 

w h e r e  M is the  m o l e c u l a r  w e i g h t  of SiO2, p is i ts  d e n -  
sity, F is F a r a d a y ' s  constant ,  /ionic is t he  ionic  c u r r e n t  
densi ty ,  and  the  p lus  and  minus  signs r e f e r  to t he  
r igh t  and le f t  sides of the  assembly,  r e spec t ive ly .  I n  
t he  ea r ly  stages,  t he  g r o w t h  process  wi l l  be d o m i n a t e d  
by  the  t h e r m a l  o x i d a t i o n  process  because  of the  i n -  
v e r s e  d e p e n d e n c e  of its r a t e  on the  film th ickness ,  
a p p a r e n t l y  be ing  r e t a r d e d  on the  le f t  by  the  e l e c t r o -  
ly t ic  process  and acce l e ra t ed  on the  r ight .  S ince  
J o r g e n s o n ' s  da ta  for  the  acce l e ra t ed  g r o w t h  s h o w e d  
on ly  a 20% ra t e  inc rease  due  to t he  field, i t  is no t  
su rp r i s ing  tha t  an  a p p a r e n t  pa rabo l i c  g r o w t h  r a t e  was  
obse rved  for  it. A t  t he  r e t a r d e d  side, h o w e v e r ,  the  
ox ide  film a p p a r e n t l y  g r e w  suff icient ly to r e d u c e  the  
t h e r m a l  ox ida t ion  r a t e  to tha t  of the  e lec t ro ly t i c  de -  

composi t ion ,  r e s u l t i n g  in the  obse rved  "ha l t . "  A t  this  
point ,  w h e r e  d x / d t  ~ O, one w o u l d  h a v e  u n d e r  con-  
s t a n t - c u r r e n t  condi t ions  no f u r t h e r  film growth .  The  
d i f fe r ing  ex ten t s  to w h i c h  the  field a f fec ted  t h e r m a l  
ox ida t ion  at the  two  e lec t rodes  m a y  be  accoun ted  for  
by  d i f fe ren t  e f fec t ive  e l ec t rode  areas,  s ince this  w o u l d  
r e su l t  in d i f fe ren t  c u r r e n t  dens i t ies  and  hence  d i f -  
f e r e n t  ra tes  pe r  un i t  a rea  of the  e l ec t ro ly t i c  processes  
at the  two  e lec t rodes .  

I t  m u s t  be  emphas i zed  tha t  such a ba l ance  b e t w e e n  
t h e r m a l  g r o w t h  and  e l ec t ro ly t i c  decompos i t i on  w o u l d  
not  be a p r eca r i ous  or  f o r t u i t ous ly  ach i eved  one, b u t  
r a t h e r  a s e l f -pe rpe tua t i ng ,  d y n a m i c  s teady  s ta te  tha t  
w o u l d  i n e v i t a b l y  be ach ieved  in such a sys tem at  a n y  
pa r t i cu l a r  l eve l  of c u r r e n t  densi ty .  This  is because  the  
c u r r e n t  dens i ty  defines a p a r t i c u l a r  decompos i t i on  r a t e  
pe r  un i t  a r ea  t o w a r d  w h i c h  t h e  in i t i a l l y  fas te r  t h e r m a l  
ox ida t ion  ra te  m u s t  app roach  as film g r o w t h  proceeds .  
W h e n  a film th ickness  is r e ached  at w h i c h  the  ra tes  
of the  oppos ing  processes  a re  equal ,  t h e r e  wi l l  no 
longer  be  any  ne t  d r iv ing  fo rce  t o w a r d  f u r t h e r  film 
growth ,  and hence  the  cons tan t  film th ickness  wi l l  de -  
fine a cons tan t  t h e r m a l  ox ida t ion  r a t e  e q u a l  to the  
e lec t ro ly t i c  d issocia t ion  rate .  The  effect  of l o w e r i n g  
the  e lec t ro lys is  c u r r e n t  w i l l  m e r e l y  be  to inc rease  the  
film th ickness  r e q u i r e d  to a ch i eve  this ba lance ,  so tha t  
l onge r  ox ida t ion  t imes  wi l l  be  r equ i red ,  as was  found  
e x p e r i m e n t a l l y  (8).  

I t  is of in t e res t  to cons ider  the  s ignif icance of the  
vo l t age  across t he  r e t a r d e d  film in the  e x p e r i m e n t s  
w h e r e  va r ious  cu r ren t s  w e r e  passed t h r o u g h  the  as-  
s embly  and this q u a n t i t y  was  measu red .  I t  is to be r e -  
ca l led  that  a ha l t  po in t  vo l t age  was  ob ta ined  wh ich  
was  the  same  at each  c u r r e n t  level .  A t  the  ha l t  point ,  
w h e r e  the  ra tes  of o x i d a t i v e  f o r m a t i o n  and e l ec t ro -  
ly t ic  decompos i t i on  b e c o m e  equal ,  one m a y  w r i t e  f r o m  
Eq. [1] 

k M M/ionic tionslM 
- -  - -  ~ionic : - -  - -  - -  [ 2 ]  

x 4pF 4pFA 4pFA 

w h e r e  / i o n i c  and I a re  t he  ionic and to ta l  cu r r en t s  
( t ak ing  into account  the  poss ib i l i ty  of pa r t i a l  e l ec -  
t ron ic  conduc t ion  in the  S i O 2 ) ,  tionic is the  t r a n s f e r e n c e  
n u m b e r  for  ionic  conduct ion ,  and A the  e f fec t ive  e l ec -  
t r ode  area.  In  t he  mos t  g e n e r a l  case, the  vo l t age  across 
the  film wi l l  be  g iven  by V : eo -b IR,  w h e r e  eo ac-  
counts  for  any  ga lvan ic  e m f  b e t w e e n  the  v o l t a g e -  
m e a s u r i n g  leads  and  R is t he  film res is tance .  If  t he  
v o l t a g e - m e a s u r i n g  leads  w e r e  m a d e  to t he  P t  e lec -  
t rode  and Si crys ta l ,  the  occu r r ence  of a f ini te  co, cor -  
r e spond ing  to the  ga lvan i c  couple  Si]SiO210~, w o u l d  
d e p e n d  on w h e t h e r  the  con tac t  to the  Si  c rys ta l  was  
m a d e  in the  absence  of any  SiO~ film and m a i n t a i n e d  
in an o x y g e n - f r e e  e n v i r o n m e n t .  Otherwise ,  an  o x y g e n  
e lec t rode  s imi la r  to the  one  on the  gas s ide w o u l d  
r e su l t  a t  this con tac t  and  one  w o u l d  h a v e  eo ~ 0. S ince  
the  desc r ip t ion  of the  e x p e r i m e n t  does no t  ind ica te  
this p r e c a u t i o n  was  taken ,  i t  seems l ike ly  tha t  t he r e  
was  no ga lvan ic  e m f  invo lved .  F u r t h e r  ev idence  for  
this  is in the  v o l t a g e - t i m e  da ta  i tself ,  w h i c h  appea r s  to 
e x t r a p o l a t e  to ze ro  at  the  s t a r t  of the  e x p e r i m e n t  
(i.e., as R -> 0) r a t h e r  t h a n  to some  fini te vol tage .  

One  has, then,  for  the  vo l t age  across the  l aye r  at  
the  ha l t  po in t  

X h a l t  
V h a l t  = I R h a l t  = I - -  [ 3 ]  

~A 

w h e r e  r is the  to ta l  c o n d u c t i v i t y  of SiO2. So lv ing  Eq. 
[2] for  I and subs t i tu t ing  in Eq. [3], one  obta ins  

4pFk 4pFk 
Vhalt - -  - -  - -  [4] 

~]~t ions  o- ~//O'ioni c 

One  sees tha t  a v a l u e  of t h e  ha l t  vo l t age  is ob ta ined  
w h i c h  depends  on ly  on t r a n s p o r t  p rope r t i e s  of t he  
SiO2, be ing  i n d e p e n d e n t  of t he  cel l  c u r r e n t  and  u n r e -  
l a ted  to the  f r ee  e n e r g y  of  f o r m a t i o n  of SiO2. Vha~t 
is c u r r e n t - i n d e p e n d e n t  because  it  is the  IR  drop  at t he  
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halt  point. When I is lowered, R (which is propor-  
t ional to Xhalt) is correspondingly raised, since a 
thicker  film is required at the lower current  to reduce 
the rate of the thermal  oxidation to that  of the elec- 
trolytic dissociation. 

A rough estimate of this voltage may be made for 
comparison wi th  the exper imenta l  value. As Motz- 
feldt  (14) has noted, one may der ive  f rom Jorgenson 's  
normal  oxidation curve  a rate  constant k z 1.25 x 
10 -11 cmf/hr ,  in good agreement  with data from other 
sources. For o-ionic, o n e  n o t e s  that Jorgenson 's  acceler-  
ated oxidation curve shows a thickness augmenta t ion  
of 1.0 x 10 -5 cm above that  obtained by normal  oxi-  
dation at the end of 100 hr. It may be calculated f rom 
Eq. [1] that this would requi re  an average electro-  
lytic current  density of 0.37 ~a /cm 2. With a stated 
electric field of approximate ly  104 v /cm,  this would 
imply an ionic conduct ivi ty  of about 3.7 x 10 - H  
ohm -~ c m - k  Using these values for k and o-ionic, one 
o b t a i n s  Yha l t  ~ 1.25v. This is wi th in  25% of the value  
exper imenta l ly  obtained (1.62v), which is satisfactory 
agreement  considering the approximateness  of the 
calculation. Because of the relat ion of Vhalt tO k and 
O'ionlc, it would seem that  halt  voltages such as these 
would provide useful supplementary  data in con- 
junct ion with  studies on ionic conductivi ty and oxi-  
dation rates. 

O x y g e n  Ions ,  A t o m s ,  or Molecu l e s?  
R e l e v a n t  Data  a n d  E x p e r i m e n t s  

The considerations thus far have had mostly the 
negat ive object ive of showing that  exper iments  on 
the effect of an applied electric field on metall ic oxi-  
dation do not in themselves offer a val id means of 
determining whe ther  diffusion of a charged species 
is involved.  Rather,  no effect of a field per  se is to be 
expected, and the use of a field in conjunction with  
an externa l  circuit  yields effects which should prop-  
erly be considered in the f ramework  of e lec t rochem- 
istry. These lat ter  effects, however ,  may be of interest  
in themselves in s tudying various aspects of t rans-  
port  in react ion films, provided their  e lectrochemical  
na ture  is recognized. Jorgenson 's  experiments,  for in-  
stance, showed the existence of at least one precon-  
dition for oxidat ive  t ransport  by ions, namely, that  
SiO._, possesses a measurable  ionic conductivity.  We 
ask now whether  other  information f rom elsewhere 
in the l i tera ture  may  offer fur ther  insights on this 
question. 

We have noted previously that Motzfeldt 's  compari-  
son of data on the oxidation rate  of Si and SiC and the 
permeat ion rate  of oxygen through silica glass shows 
all three processes are apparent ly  ra te -de te rmined  
by the same transport  phenomenon,  that  of oxygen 
through vi treous silica. The permeabi l i ty  of silica glass 
to oxygen, as measured by Norton (27) in the range 
950~176 was in fact direct ly converted to an 
equivalent  oxidation ra te  constant k, by essentially 
no more than a change to the units appropriate  for k, 
and showed excel lent  agreement  with values of k ob- 
tained f rom oxidation rate  data. Thus, it would ap- 
pear that  not only does this provide fur ther  evidence 
for diffusion control in the oxidation process, but  in-  
dicates that  there is nothing unusual  in the oxygen 
transport  properties of "grown" SiO~, as compared to 
silica glass. 

Norton's  exper iments  included a determinat ion of 
the diffusion coefficient of oxygen in silica glass by a 
"lag t ime" method. A log D vs. 1 / T  plot gives an acti-  
vat ion energy for diffusion of 27 kca l /mole  and an 
extrapola ted value of about 1.6 x 10 -9 cm2/sec for D 
at 850~ By contrast, Sucov (16) measured  the dif-  
fusion coefficient of oxygen ions in silica glass in the 
range 925~176 using a t racer  method, and found 
an activation energy of 71.2 kcal /mole .  The ext rapo-  
lated D at 850 ~ is about 2.1 x 10 -1~ cm2/sec. Similar  
values are indicated in the earl ier  work  of Haul  and 
Dumbgen (15). The expected conclusion, however ,  
cannot be drawn since, as Shewmon (29) has pointed 
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out, the chemical  diffusion coefficient, as measured 
by Norton in a t ransport  experiment ,  is the diffusion 
coefficient of the defects responsible for the transport,  
where  tracer exper iments  would measure  the dif- 
fusion coefficient of the average oxygen ion in silica 
glass. Since the la t ter  would be immobile  except  for 
the brief  periods when it exists in a defect configura- 
tion, a much smaller  value would be expected than 
for defects, and the act ivation energy associated with 
its diffusion would involve both the act ivation energy 
for diffusion and the format ion energy of the defect 
involved.  The avai lable D values from tracer  studies, 
however ,  permi t  an interest ing supplementary  calcu- 
lation. If this D is that  of the average oxygen ion in 
silica, then the ionic conduct ivi ty  of silica due to oxy-  
gen ions should be approximate ly  given by 

4NFF'D 
o- ~ 2NFt, [5] 

R T  

where  N is the oxygen- ion  concentrat ion in silica in 
moles /cm 3, ~ is the oxygen- ion mobili ty,  F and F'  are 
Faraday 's  constant in units of cou l / eqv t  and kca l /vo l t -  
eqvt, respectively,  and the Nerns t -Eins te in  diffusion- 
mobil i ty relat ion has been employed. Using N = 0.069, 
calculated f rom Jorgenson 's  repor ted  average density 
of 2.08 g / cm 3 for his silica films, and an average value 
from the two avai lable references (15, 16) for D at 
850 ~ one obtains o- ~ 3.5 x 10 TM ohm -1 cm -1, in for-  
tui tously good agreement  with the value previously 
calculated from Jorgenson 's  data, considering the pos- 
sible sources of error. It would appear, however ,  that  
we have fur ther  evidence for the essentially similar 
nature  of "grown" SiO2 and silica glass. 

More direct evidence regarding the nature  of the 
diffusing oxygen in silicon oxidation could be der ived 
from the oxygen pressure dependence of the oxidation 
rate. In accordance with the considerations of Motz- 
feldt  and Norton, the flow rate of dissolved oxygen 
through the react ion film, when this is the ra te-  
de termining  process for oxidation, wil l  be given by 

2p dx  AC 
J Dc - -  [6] 

n M  d t  x 

where  J is in moles oxygen solute/cmf-sec,  n is the 
number  of oxygen atoms in the solute species, Dc is 
the chemical  diffusion coefficient as previously dis- 
cussed, and ~C is the difference in concentrat ion of 
dissolved oxygen at the two sides of the react ion film. 
Since the phase boundary SiOflSi defines an ex t remely  
low chemical potential  of oxygen on this side, we may  
replace AC with Cs, the solubili ty of oxygen in SlOe 
on the gas side in moles solute per cubic cent imeter  
SiO2. Comparison with d x / d t  ~ k / x  yields from the 
above expression 

nMDcCs 
k [7] 

2p 

Since k should thus vary  l inear ly  wi th  Cs, it is ap- 
parent  f rom Henry 's  law that  a l inear dependence of 
k on P o2, the part ial  pressure of oxygen in the gas 
phase, would be the case if the dissolved species were  
O2, where  a ( P o 2 )  1/2 dependence would imply O as 
the dissolved species. 

In the case where  gaseous oxygen would dissolve 
to form oxygen ions, say, by the format ion of an 
equivalent  number  of electronic holes 

O.~ (g) ~ 2  O = (in defect sites) -t- 4 0  

the Po2 dependence would be less certain. If SiOf, 
however ,  were  a predominant  or even an appreciable 
ionic conductor, as data by Schmalzr ied (26) indi-  
cate, one would expect  the hole concentrat ion to be 
small  compared with  the total  oxygen- ion defect con- 
centration. In this event, mass action considerations 
would predict  a (P'O2)1/2 dependence. In fact, a var i -  



786 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

ety of pressure dependence have been noted (5, 7, 27, 
30, 31). Data by Norton indicate a l inear dependence 
of the permeat ion rate  on P o2 at 1100 ~ but data on SiC 
oxidation at h igher  tempera tures  show a square root 
dependence and, as Motzfeldt  has noted, there  ap- 
pears to be l i t t le  by way of rel iable  data on the pres-  
sure dependence of silicon oxidation under  diffusion- 
controlled conditions. Deal and Grove  (12) have  re-  
cently analyzed unpublished oxidation rate  data by 
Fl int  (31) to assert that, when  correction is made for 
phase boundary effects, the data show a l inear de-  
pendence on Po2. These authors suggested that  in v iew 
of Jorgenson 's  conclusions, the diffusing species may 
be the superoxide ion, 0 2 - .  In v iew of the above dis- 
cussion, however ,  it would seem that molecular  02 
is also a l ikely possibility, assuming that  a l inear 
pressure dependence has been demonstrated.  In the 
la t ter  respect, it may still be desirable to obtain pres-  
sure dependence data under  explici t ly diffusion-con- 
trolled conditions. 

Finally,  we consider the impor tant  question of elec- 
tronic t ransport  in SiO2 and its re lat ion to an oxidation 
process involving oxygen ions. The kinetics of proc- 
esses of this type have been t reated in the metal  oxida-  
tion theory of Wagner  (3). An  account of the forms of 
this theory and its success in matching exper imenta l ly  
observed oxidation rates in various systems has re-  
cently been given by Kubaschewski  and Hopkins (32). 
It is felt, however ,  that  previous expositions of the 
theory, especially in its more  exact  forms, have been 
heavi ly  thermodynamic  in nature, wi th  resul tant  dif- 
ficulties in visualizing the physical processes involved.  
In what  follows, a somewhat  different approach has 
been taken, a suitable kinetic expression being de- 
r ived for the case of Si oxidation on the basis of essen- 
t ially flow rate and e lect roneutra l i ty  requirements .  

Let  us suppose that oxygen is introduced into 
vi treous silica as oxygen ions and electronic holes, in 
accordance with  the above oxide-gas  equil ibrium, 
which then diffuse across the react ion layer to react  
wi th  the silicon 

2 0 =  + 4 @  + S i = S i O 2  

The fluxes of oxygen ions and holes at any point 
wi thin  the SiO2 in response to their  respect ive con- 
centrat ion gradients d N o / d x  and dN / d x  and wha t -  

ever  electrostatic field d c # d x  arises f rom spacecharge 
effects should be given by 

dNo ~o de 
- - Jo  = Do d - - - ~ - - - 2 F  dx  [8] 

dN ~ dr 
- - J  = D r + - -  - -  [9] 

r �9 d x  F d x  

in accordance with Fick's and Ohm's laws. Here, the 
fluxes are in moles/cm2-sec and ~o and ~ are the 

part ial  specific electrical  conductivit ies in SiO2 due to 
oxygen ions and holes, respectively,  it being assumed 
that  each migra t ing  oxygen ion possesses two nega t ive  
charges regardless of its defect configuration. Do is 
the average diffusion coefficient of wha teve r  defects 
are responsible for the oxygen- ion  migration. As we 
have noted previously,  fluxes such as the above must  
be i n t i m a t e l y  coupled to preserve  bulk eIec t roneu-  
trality. Since holes and oxygen ions are being int ro-  
duced at the gas phase side of the react ion layer  on a 
2-for-1 basis and being removed on the Si side on the 
same basis at essentially the same rate, 1 one may  de-  
fine an effective flux J of e lect roneutra l  oxygen such 
that  at s teady state J _= Jo ~ � 8 9  at any point wi th in  

the film. Moreover,  if holes are the only electronic 
defects in the film, one must  have matching charge 

x T h e r e  w i l l  b e  a v e r y  s m a l l  d i v e r g e n c e  o f  t h e  e f f e c t i v e  o x y g e n  
f l u x  d u e  t o  s o l u t i o n  o f  o x y g e n  i n  t h e  g r o w i n g  r e a c t i o n  l a y e r ,  b u t  
t h i s  m a y  b e  i g n o r e d  f o r  o u r  p u r p o s e s .  
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gradients due to oxygen ions and holes to preserve  
bulk electroneutral i ty ,  so that  we may  also define an 
effective oxygen concentrat ion gradient  by d N / d x  - 
d N o / d x  ~ 1/2dN / d x .  Introducing the quanti t ies J and 

N in the above equations, we now have  

dN ~o de 
- - J  ---- Do [10] 

d x  2F dx  

dN a d~ 
- -2J  = 2D -[- ----2- ~ - -  [11] 

�9 dx F dx 

If we now el iminate  d r  by mul t ip ly ing  Eq. [10] 
by ~ /no, dividing Eq. [11] by 2, and adding, we ob- 

$ 

tain 

( - . ) (  
-- 1-b ~o- J =  D~ § ~o Do ~ [12] 

for the oxygen flux wi th in  the film as a function of 
the local concentrat ion gradient.  The special signifi- 
cance of this result  is that, in consequence of the 
coupled ionic and electronic flows, the s teady-sta te  
oxygen flux depends only on t ransport  parameters  
of the diffusing entities and on the average value  of 
the oxygen concentrat ion gradient,  as established 
across the film by the chemical ly  fixed oxygen poten-  
tials at its boundaries. Thus, as we asserted earlier,  no 
effect of an ex terna l ly  imposed electric field is to be 
expected. Al ternat ively ,  Eq. [10] and [11] could have 
been solved for the local in ternal  field d c # d x  to show 
that it is uniquely  established by t ransport  parameters  
of the diffusants and by the ex terna l ly  imposed oxy-  
gen concentrat ion gradient.  Again, we are assuming 
the t ransport  parameters  are f ield-independent,  which 
is bel ieved to be the case for oxide films sufficiently 
thick to exhibit  parabolic growth behavior.  

A special case of Eq. [12] is of interest.  Since one 
expects Do ~ D in v iew of the genera l ly  much 

$ 

larger  electronic than ionic mobil i ty  in solids, the 
second term in brackets on the r ight  may be neglected 
if the electronic conductivi ty is small  compared to the 
ionic conductivi ty or even comparable  to it. Moreover,  
if the ionic conduct ivi ty  is due only to oxygen ions, 
as we have been assuming implicit ly,  we may  equate  
the bracket  on the left  to 1/tions, so that  we obtain 

dN 1 dN  
~=: - -  $ions D ~ [13] - - J = t i o n s D ~  d x  2 ~ d x  

This resul t  is quite  general,  since the same expression 
with  D and N replaced by D and N may b e d e -  

$ e e 

r ived  in like manner  if the electronic defects are as- 
sumed to be conduction band electrons. In this case, 
one would be dealing with an oxygen- ion deficient 
structure,  in which diffusion would involve counter-  
current  flows of oxygen ions and electrons. One fur -  
ther  special case of interest  is that  in which the reac-  
tion layer  is a s trongly predominant  ionic conductor. 
In this case, Eq. [13] becomes 

dN 1 dN 
- - J ~ D  - - - - - - - - - D  ~ [14] 

d x  2 �9 d x  

and one has the expected resul t  that  the oxygen t rans-  
port is strictly l imited by the f ield-free diffusion of 
the electronic carriers. Equat ion [14] is, in fact, an 
upper bound to the size of the oxygen- ion  flux in re la -  
tion to the electronic diffusion current,  a resul t  which 
is of interest  since, as we  shall  see later, we may  de- 
te rmine  the la t ter  direct ly  by a w e l l - know n  exper i -  
menta l  a r rangement  in sol id-state  electrochemistry.  

We may now evaluate  the oxidat ive ra te  constant k 
to be expected when  diffusion proceeds by oxygen- ion  
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migration.  For  the re la t ion of k to oxygen flux J, we 
have, f rom Eq. [6], J ~ (2p/nM) (dx /d t )  ~ 2kp/Mx,  
where  we have  used n = 1 for oxygen ions. Since J 
is essentially constant across the react ion layer, we 
may  wr i te  as an in tegrated form of Eq. [13], 

1 1 _ _  
J ~ - - 2  tioasD~ ( d N e / d x )  : - ~ t i o n s D  N o /x ,  where  

the bars represent  average values across the film, 
N o is the equi l ibr ium hole concentrat ion in SiO2 in 

contact with the ambient  gas phase, and we have as- 
sumed negligible hole concentrat ion on the Si side in 
accord wi th  previous considerations of low oxygen 
solubility on this side. Comparing these expressions 
for J gives 

M tionsD N o 
k = ~ �9 [15] 

4p 

Then, employing the Nerns t -Eins te in  expression, 
D ~ ~ R T / F '  and defining the specific hole con- s 
duet ivi ty  of SiO2 in equi l ibr ium with  the ambient  gas 
phase b y a  o ~ N oF~ , w e o b t a i n  

/~ tions o" o R T  
k ---- [16] 

4pFF' 

This expression for k is more  accurate than a some- 
what  different one suggested by Motzfeldt  (14) on the 
basis of the Wagner oxidat ion theory, in that  it takes 
into account the expected var ia t ion in electronic 
carr ier  concentrat ion across the film, but is ar r ived at 
wi thout  the ra ther  complex thermodynamic  consider-  
ations at tendant  in previous t reatments  wi th  this re-  
finement. It  is still  approximate  in that  an average  
value of tions is involved,  but the use of such an 
average should not introduce too much error  if ionic 
conduction in the film predominates  or is at least com- 
parable wi th  electronic conduction. In the case of pre-  
dominant  electronic conduction, other  forms of the 
Wagner  theory (32) would be more  appropriate.  

In all the above, the central  role of electronic con- 
duct ivi ty  in oxygen t ransport  by ions is to be noted. 
We consider now what  re levan t  informat ion is avai l-  
able in the l i tera ture  or accessible through exper i -  
mentation.  As noted earlier,  exper iments  by Schmalz-  
t i ed  have indicated that  vi t reous silica is a pure  ionic 
conductor. Conduction by impurities,  however,  could 
not be ruled out in this work  and, at any rate, a quan-  
t i ta t ive est imate of the electronic t ransference number,  
however  small, is not  avai lable  f rom the data. More-  
over, measurements  on grown films of SiO2 on Si 
would undoubtedly be more  convincing, despite the 
apparent  s imilar i ty  of grown SiO~ and vi treous silica. 
Jorgenson suggested tions ~ 0.4 on the basis of a single 
voltage measurement ,  but, by his own admission, the 
accuracy of the measurement  was questionable and 
may reflect some of the contact problems discussed 
earl ier  in connection with  measur ing the halt  voltage. 

In recent  years there  has been considerable suc- 
cess in measuring electronic conduct ivi ty  in predomi-  
nant  ionic conductors by the use of so-called "polar-  
ization cells," first suggested by Wagner  (2a). Cells of 
this type employ an electrochemical  a r rangement  in 
which ionic conduction is "blocked" and the electronic 
conduct ivi ty  is measured f rom a residual  electronic 
diffusion current.  In analogy wi th  previous cell ar-  
rangements  (33-35), the cell  

(--)  Si]SiO21Pt, iner t  gas ( + )  

is in pr inciple  capable of de termining the electronic 
conduct ivi ty  of grown SiO2 films atop silicon. Since the 
electronic conductivit ies of such compounds are in 
general  a funct ion of the chemical  activities of their  
e lemental  components, va luable  complementary  in-  
format ion could be obtained f rom the cell a r rangement  

( + )  O2 (g),PtISiO~lPt ( - )  

wi th  various oxygen pressures. Since, in this cell, the 
electronic diffusion current  (36) existing just  below 
the SiO2 decomposit ion potent ial  would  be precisely 
the same as that  represented in Eq. [14], its measure-  
ment  would provide a direct de terminat ion  of the 
upper  l imit  of permissible oxygen t ransport  in SiO2 
by oxygen ion diffusion. A similar  a r rangement  has 
been used by the author (37) to measure  b romine-  
induced hole conductivi ty in AgBr. Cells such as the 
above provide data not only on the degree  of elec-  
tronic conduction, but  on the electronic carr ier  in-  
volved, and would be of great  intrinsic va lue  for an 
unders tanding of SiO2 in addit ion to the question of 
the oxidation mechanism. 

Conclusion 
The question of whe ther  an ionic species is in-  

volved in diffusion-controlled oxidation of metals is 
not direct ly answerable  by exper iments  on the effect 
of an electric field per se, although associated electro-  
chemical  exper iments  may be of great  interest  if their  
e lectrochemical  na ture  is realized. Ionic oxidation 
mechanisms have been quite successful in in terpret ing 
exper imenta l  results  in a number  of systems, but  the 
open, disordered s t ructure  of vi t reous silica could also 
conceivably permi t  the diffusion of an e lect roneutra l  
ent i ty  such as 02. Conclusion as to which type of 
t ransport  process predominates  does not appear  pos- 
sible on the basis of data avai lable  now. Suggested 
future  exper iments  include bet ter  de terminat ion  of 
the pressure  dependence of the oxidation ra te  under  
conditions where  the ra te  is known to be diffusion- 
controlled and measurements  of the electronic conduc- 
t ivi ty in such films for use with oxidat ion ra te  theory. 
Studies of this type should be of broader interest  than 
the question of the oxidation mechanism because of 
the apparent  s imilar i ty of t ransport  processes in grown 
SiO2 and silica glass. 

Manuscript  received Feb. 16, 1966; revised manu-  
script received Apri l  26, 1966. 

Ally discussion of this paper  will  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Emission Spectra of Impurity Activated (Zn,Cd)(S, Se,Te) 
Phosphors 

II. Silver Activated Phosphors 

W. Lehmann 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Si lver  act ivated (Zn,Cd)S and (Zn,Cd)Se phosphors are essentially single 
band emitters. The emission band shifts monotonical ly to lower quantum 
energies wi th  increasing replacement  of Zn by Cd. In contrast, gradual  re-  
p lacement  of sulfur in ZnS or CdS by selenium, or of selenium in ZnSe by 
tel lurium, causes l i t t le  or no shift of the emission band but gradual  replace-  
ment  by a new band. Si lver  is a two-band emit ter  in all in termedia te  
Zn(S ,Se) ,  Cd(S,Se) ,  and (to some extent)  Zn(Se,Te)  phosphors. The de- 
pendences are demonstrated in recombinat ion term schemes assuming pre-  
dominant ly  ionic crystal  bonding and val idi ty  of the SchSn-Klasens model  
of luminescence. 

Emission spectra due to copper in (Zn,Cd) (S,Se, 
To) phosphors as a function of the composition of 
the binary or te rnary  host mater ia l  were  reported in 
a previous paper (1). This present  paper deals wi th  a 
similar invest igat ion on silver act ivated phosphors. 
Copper and silver are both well  known act ivator  im-  
purit ies in the I I -VI  compounds, and a fair amount  
of knowledge  has accumulated in the l i tera ture  es- 
pecially on the emission due to silver in ZnS and in 
(Zn, Cd) S phosphors. However ,  and also similar  to the 
case of copper, l i t t le is known yet  on the question of 
how the Ag-emiss ion depends on the composition of 
the host mater ia l  wi th in  the rest  of the I I -VI  com- 
pounds. 

The exper imenta l  work  was l imited to powder  
phosphors containing Ag in the order  of 10 -4 g - m o l e /  
g-mole  of Zn and /or  Cd. The conditions of prepara-  
tion, exci tat ion (by ultraviolet ,  at 77~ and measure-  
ment  were  identical  to those described in ref. (1). 

Two complications arose which have to be taken 
into account when the measured emission spectra are  
identified. First, all ZnSe and ZnTe used contained 
copper in the order of 1 to 10 ppm (determined by 
spectroscopic analysis).  This contaminat ion is enough 
to create also a weak  copper emission, besides the 
stronger si lver emission, in all samples containing 
ei ther ZnSe or ZnTe. Second, si lver act ivated I I -VI  
compound phosphors fa i r ly  persis tent ly also show an 
emission band [called SAL emission by Rotschild 
(2) ] at a re la t ive ly  high quantum energy (e.g., in the 
near  u l t ravio le t  in ZnS :Ag) .  This emission was ac- 
tual ly assumed to be due to si lver by van Gool (3), 
but  it can be observed also in phosphors containing 
no si lver (e.g., in se l f -act ivated ZnS:C1) so that  van 
GooFs assumption probably is in error. Both the weak  
copper emission and the also re la t ive ly  weak SAL 
emission sometimes are hard to differentiate f rom the 
silver emission. Nevertheless,  a clear correlat ion be- 

tween activation and at least the strong emission 
bands can be observed in the case of si lver as wel l  as 
in the case of copper activation, and questionable 
identifications wil l  be especially ment ioned as such. 

Zinc Sulfide 
The best known and usual ly best developed emission 

band of silver in cubic or hexagonal  zinc sulfide con- 
sists of a single, structureless band in the blue (4-6). 
A green emission band (corresponding to the green 
emission of ZnS: Cu) has also been reported (7, 8) but, 
if it is real, it is always weak compared to the blue 
band. The fol lowing observations on the blue emis- 
sion band of ZnS :Ag  were  made wi th in  these in-  
vestigations: 

(a) Posit ion and shape of the blue Ag-emiss ion 
band do not noticeably depend on the quantum en- 
ergy of the excit ing ultraviolet .  However,  the peak 
position is sl ightly uncertain and may vary  from 
sample to sample over  a range of approximate ly  0.03 
ev even wi th in  phosphors made  of identical  composi-  
tions. Also the width  is somewhat  uncertain and may 
vary  between about 0.23 to 0.28 ev (measured at half-  
max imum)  at 77~ analogous to corresponding ob- 
servations on Cu-act iva ted  ZnS (1). 

(b) The mean peak position of the blue emission 
band of ZnS: Ag depends on structure, and on the kind 
of the co-act ivator  used, roughly  in the same way as 
observed for the blue band of ZnS:Cu.  The fo l low-  
ing peak positions were  measured  (at 77~ as aver -  
ages over many samples: 

cubic ZnS: Ag, (C1, Br, or I) 2.78 ev 
cubic ZnS:Ag,  (A1, Ga, or In) 2.81 ev 
hexagonal  ZnS:Ag,  (C1, Br, or I) 2.85 ev 
hexagonal  ZnS:Ag,  (A1, Ga, or In) 2.81 ev 

Some typical spectra are shown in Fig. 1. It  wil l  es- 
pecially be noted that, on the average,  hexagonal  
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Fig. 1. Emission spectra of four different ZnS:Ag phosphors, all 
excited by ultraviolet of 3.40 ev (~. ~ 365 nm) at 77~ A: Hex. 
ZnS:Ag(O.Ol%),CI(0.1%), 1100~ S~ -~ argon. B: Hex. ZnS:Ag 
(0.01%), A1(0.03%), 1100~ H2S. C: Cub. ZnS:Ag(0.01%), 
Br(0.1%), 800~ S~ ~ argon. D: Cub. ZnS:Ag(0.01%),Ga(0.01%), 
800~ H2S. 

ZnS: Ag gives a peak position at roughly 0.07 ev higher  
quantum energy only in case of halide co-activation,  
while  no such difference exists in cases of co-act iva-  
tion with  A1, Ga, or In, and that  the blue band of 
cubic and of hexagonal  ZnS:Ag,  hal ide is v i r tua l ly  
indist inguishable f rom the blue band of correspond-  
ing copper act ivated phosphors (1). 

(c) A weak green emission band (peak near  2.35 to 
2.40 ev) could be observed in several  samples of 
ZnS :Ag  (examples Fig. 1). The question whe ther  this 
green band is due to an accidental contaminat ion wi th  
copper (present in the order of 1 ppm) or whe ther  
it is the reported green band of si lver (7, 8) is as yet  
undecided. 

Hexagonal Zinc-Cadmium SuKfide 
Gradual  replacement  of ZnS by CdS causes the wel l  

known gradual  shift of the blue emission band of 
Z n S : A g  toward red and into the near  infrared (3, 4, 
9-13). Thus, the emission of hexagonal  ZnS:Ag,C1 
(peak ~2.85 ev at 77~ corresponds direct ly to an 
emission band of similar  width and shape wi th  the 
peak near  1.69 ev (k ~ 734 nm) in hexagonal  CdS: 
Ag, C1. Measured spectra are shown in Fig. 2 and 3. 
Consideration of the I I -VI  compounds to be p redom-  
inantly ionic compounds, so that  a var ia t ion of the 
cation means a var ia t ion of the conduction band, and 
application of the SchSn-Klasens model  of lumines-  
cence, yields the recombinat ion te rm scheme of Fig. 
4 where  the quantum energies of the peaks of the 
emission bands are plotted downward  f rom the edge 
of the conduction band. The resul t ing points can be 
connected by a curve  approaching a horizontal  s t raight  

100 
2.13eV 2. Z3 ?-35 2.49 ?-64 2.85eV 
..... 

--: ..,/_x,:K - ,.., / f,. 

i i  I' / / / , , ,  \,.x> . ;  
: , ' 1  / d - \  

I , , , i I , , h , I 

2.0 ?-5 3.0 
Quantum Energy, eV 

Fig. 2. Emission spectra of hexagonal (Zn,Cd)S:Ag(0.0l%),Cl 
phosphors excited by band gap radiation at 77~ 
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Fig. 3. Emission spectra of hexagonal (Zn,Cd)S:Ag(0.01%),CI 
phosphors excited by ultraviolet of 3.40 ev (~. ~ 365 nm) at 77~ 
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Fig. 4. Recombination term scheme of hexagonal (Zn,Cd)S:Ag at 
77~ 
l ine at the Zn-r ich  side but sl ightly deviat ing down-  
ward  at the Cd-r ich side [in contrast  to the corres-  
ponding curves der ived for copper which are horizon- 
tal straight lines over the whole range (1)].  

Cubic Zinc Sulfo-Selenides 
Emission spectra of Z n ( S , S e ) : A g  phosphors are 

published by Leverenz  (4) and by Klasens (14). Both 
agree in the observat ion that  a few per cent of S in 
Z n S : A g  phosphors replaced by Se causes a strong 
green emission band, in addition to the common blue 
band of ZnS:Ag,  to appear. Our observations are es- 
sential ly in agreement  wi th  this s ta tement  al though 
a closer inspection reveals  that  the ma t t e r  is some- 
what  more  complicated. Some spectra are shown in 
Fig. 5 and 6. 

Cubic ZnS:Ag,C1 phosphors emit  pract ical ly only 
in a blue band at "`2.78 ev. Replacement  of only 1% 
of ZnS by ZnSe causes a strong green band at ,,2.47 
ev to appear (Fig. 5) in agreement  wi th  Leverenz  (4) 
and Klasens (14). Simultaneously,  the peak position 
of the blue band seems ra ther  abrupt ly  to change f rom 
"`2.78 to "`2.73 ev. This " jump"  of the peak posi- 
tion is hard to observe because of a too strong overlap 
of the two emission bands [it was not  noted in a pre-  
vious publicat ion (15)], but  it is in accord wi th  a 
similar, but  much stronger, jump observed in cor-  
responding copper act ivated phosphors (1). Fur the r  
increase of the ZnSe concentrat ion above 1% then 
causes only a comparat ive ly  weak shift of both emis-  
sion bands and a gradual  increase of the low-energy  
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Fig. 5. Emission spectra of cubic Zn($,Sa):Ag(0.01%),CI phos- 
phors excited by ultraviolet of 3.40 ev (;L - -  365 nm) at 77~ 
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Fig. 6. Emission spectra of cubic Zn(S,Se):Ag(0.01%),CI phos- 
phors excited by ultraviolet of 3.40 ev (~, = 365 nm) at 77~ 

band at the expense of the h igh-energy  band unti l  
in 100% ZnSe only the former,  which is then shifted 
to ~2.20 ev (yel low) is observed (Fig. 6). The yel low 
Ag-emiss ion in ZnSe can ordinar i ly  be observed in 
full  intensi ty  only at low temperature ,  it is more or 
less thermal ly  quenched at room temperature .  

All  Z n S e : A g  phosphors made  and examined to date 
showed, in addit ion to the strong yel low band, also 
two weak emission bands at ~1.95 ev (red) and at 
~2.6 ev (b lue-green) ,  respectively.  The former  most 
l ikely is not due to Ag but to unavoidable  contamina-  
tions with copper. The la t ter  was or iginal ly  bel ieved 
(15) to be the remnant  of the blue band of Z n S : A g  
which, in ZnSe, would be shifted just  approximate ly  
to that  position. However ,  it might  also be the emis-  
sion band corresponding to the near -u l t rav io le t  SAL-  
emission f requen t ly  observed in Z n S : A g  phosphors. 
In any case, the quest ionable emission is weak so 
that  ZnSe :Ag  is essentially a single band emit ter  just  
as wel l  as ZnS: Ag. 

In the ionic picture, a var ia t ion of the composit ion 
of the host mater ia l  f rom ZnS to ZnSe means  a va r i -  
ation of the valence band whi le  the conduction band 
remains  unchanged. Using the SchSn-Klasens model  
of luminescence, the measured peak positions are 
plotted downward  f rom the edge of the coaduction 
band in Fig. 7, and the resul t ing points are connected 
by two curves. Nei ther  curve  is a per fec t ly  horizontal  
line, but the deviat ion from the horizontal  is much 
less than the strong var ia t ion of the edge of the va l -  
ence band observed over  the same range. No un-  
steadiness comparable  to the small  j ump  in the lower 
curve  near  100% ZnS is to be observed in the upper  
curve  near  100% ZnSe. 

Cubic Zinz Seleno-Tellurides 
Replacement  of a small  amount  of Se in ZnSe :A g  

phosphors by Te causes l i t t le  or no change on the po- 
sition of the yel low emission band at ,~2.2 ev but 
causes a new band at ~1.8 ev (deep red) to build up 
at the expense of the yel low band, which disappears 

Conduction Band 
0 

% 

J 
ZnS 50150 ZnSe 

Fig. 7. Recombination term scheme of cubic Zn(S, Se):Ag,CI at 
77~ 

at about 30% Te. The intensi ty of the red band goes 
through a m ax im um  and disappears at ~.-50% ZnTe 
(Fig. 8). The wr i t e r  was unable  to detect any emis-  
sion in Z n ( S e , T e ) : A g  containing more than about 
50% of ZnTe which unambiguously  could be ascribed 
to be due to silver. If  the observed peak positions are  
plotted downward  f rom the horizontal  edge of the 
conduction band, one obtains the recombinat ion te rm 
scheme of Fig. 9. Two points corresponding to an 
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Fig. 8. Emission spectra of cubic Zn(Se,Te):Ag(0.01%),Ga(0.02%) 
excited by ultraviolet of 3.40 ev (L = 365 nm) at 77~ 
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Zn Se 50/50 ZnTe 

Fig. 9. Recombination term scheme of cubic Zn(Se,Te):Ag,(Cl or 
Go). O = Cl, X ~ Ga, A from ref. (16). 
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Fig. 10. Emission spectra of cubic or hexagonal (Zn,Cd)Se:Ag 
(0.02%),1 excited by ultraviolet of 3.40 ev (X = 365 nm) at 77~ 

>~ 

b 

E 

& 
1 - -  

, , - - - ~ - - - ~ - - - o - : :  . . . .  

0 y / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /  
Valence Band 

] I I 
Zn Se 50/50 CdSe 

Fig. 11. Recombination term scheme of cubic or hexagonal 
(Zn,Cd)Se:Ag at 77~ 

emission in ZnTe :Ag  reported by Halsted, Aven, and 
Coghill (16) are also shown in  Fig. 9, but  their  cor- 
relat ion to the curves on the ZnSe-side of the diagram 
is not clear. 

Zinc-Cadmium Selenides 

Silver activated ZnSe (cubic) emits, p redominant ly  
or only, in  a single band  at ,-~2.2 ev. The emission 
spectrum of CdSe:Ag (hexagonal) is reported (17) to 
consist of a single band at 920 n m  (1.35 ev),  meas-  
ured at 77~ Some emission spectra of (Zn,Cd)Se: Ag 
phosphors prepared and measured wi th in  these in -  
vestigations are shown in Fig. 10. All  consist of a 
single strong band accompanied by one or two weaker  
side bands at lower or higher quan tum energies, i.e., 
left or r ight  of the ma in  band  in  Fig. 10. The left side 
band most l ikely is due to unavoidable  copper con- 
tamination.  The right  side band probably is the analog 
of the SAL emission f requent ly  observed in  ZnS:Ag  
phosphors. Only the strong center emission band  can 
be a t t r ibuted to silver with a reasonable degree of 
certainty. The band moves steadily to lower quan tum 
energies with increasing concentrat ion of CdSe, com- 
pletely similar  to the shift observed in corresponding 
sulfide phosphors, so that  the 2.2 ev band  of ZnSe: Ag 
corresponds directly to the 1.34 ev band  of CdSe: Ag. 
If the SchSn-Klasens mode l  of luminescence is used 
and the quan tum energies corresponding to the peaks 
of the measured emission bands are plotted downward  
from the curved edge of the conduction band, one ob- 
tains the recombinat ion term scheme of Fig. 11, where  
all points scatter closely around a horizontal  s traight  
line. The slight discontinuity be tween 40 and 50% 
of CdSe may be due to the t ransi t ion of the crystal  
s t ructure from cubic to hexagonal. Similar  to the 
case of corresponding sulfides (Fig. 2), the points 
deviate slightly but  dist inctly from the horizontal  

1000 

 00I 
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Quantum Energy, eV 

Fig. 12. Emission spectra of hexagonal Cd(S,Se):Ag(0.03%) ex- 
cited by ultraviolet of 3.40 ev (X = 365 nm) at 77~ 

straight l ine only near the cadmium-r ich  side of the 
diagram. 

Hexagonal Cadmium Sulfo-Selenides 

Emission spectra of in termediate  Cd (S,Se) : Ag 
phosphors, except those of the two end-members  
CdS: Ag and CdSe: Ag, do not  seem to be reported be-  
fore. Some spectra measured wi th in  these invest iga-  
tions are shown in Fig. 12. 

The emission spectrum of CdS:Ag f requent ly  con- 
sists of two bands at approximately 1.98 ev and at 
about 1.70 ev, respectively. The wri ter  believes the 
former to be the SAL emission; only the 1.70 ev band  
can be at t r ibuted fairly certainly to silver. Gradual  
replacement  of CdS by CdSe causes a new emission 
band  near  1.40 ev to appear and develop. The new 
band requires about 10 mole % of sulfur  to be re-  
placed by selenium to be fairly fully developed, and 
no unsteadiness is observed in the peak position of 
the 1.70 ev band  near  the 100% CdS composition, all  
in contrast to corresponding zinc compounds (Fig. 5). 
Fur ther  increase of the CdSe concentrat ion causes 
only very li t t le shift of both emission bands, bu t  a 
gradual  increase of the intensi ty  of the 1.40 ev band  
at the expense of the 1.70 ev band unti l ,  in CdSe:Ag, 
only the former is still present  and moved to ~1.34 ev. 
Hence, CdS:Ag and CdSe:Ag are both essentially 
s ingle-band emitters (the SAL-emission disregarded) 
but  the 1.70 ev band of CdS:Ag does not  directly cor- 
respond to the 1.34 ev band  of CdSe:Ag. 

Lu 
E 

Conduction Band 

I 
I 

CdS 50/50 CdSe 

Fig. 13. Recombination term scheme of hexagonal Cd(S,Se):Ag 
at 77~ 
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t S IS 

Se Te 

Fig. 14. Simplified recombination term scheme of silver in the 
binary and ternary (Zn,Cd)(S,Se,Te) phosphors covered in these 
investigations. 

If the quantum energies corresponding to the peaks 
of the emission bands are plotted downward  f rom the 
horizontal  edge of the conduction band, one obtains 
the recombinat ion te rm scheme of Fig. 13, where  all 
points are connected by two curves both almost (not 
quite) horizontal  straight lines, quite in contrast  to 
the pronounced variat ion of the valence band. 

Discussion 
The main observations on the emission spectra due 

to silver in the I I -VI  compound phosphors can be 
summarized as follows: 

The emission in the binary compounds ZnS, ZnSe, 
CdS, and CdSe consists essentially of only one band. 
The exact  peak position depends not only on the host 
mater ia l  but also on a number  of other  parameters  
some of which are still unknown. Gradual  replace-  
ment  of zinc by cadmium either in the sulfides or in 
the selenides causes a steady shift of the emission 
band toward lower quantum energies so that  the dif-  
ference be tween the band gap and the emission peak 
remains approximate ly  constant. By contrast, gradual  
replacement  of sulfur in ZnS or CdS by selenium, or 
of selenium in ZnSe by tel lurium, causes l i t t le or 
no shift of the emission but the gradual  replacement  
of the one emission band by another  one. The conse- 
quence is that  si lver in Zn(S,Se) ,  in Cd(S,Se) ,  and 
(at least to some extent)  also in Zn(Se,Te)  is just  as 
much a two-band  emit ter  as copper is (1), and that  
a l together  in the whole system three  different emis-  
sion bands appear to be due to silver. One band re-  
quires the presence of sulfur, another  the presence of 
selenium, and the third that of tel lurium. The posi- 
tions of the three recombinat ion terms in the band 
diagram of the ent ire  system are, highly schematical ly 
and neglecting all details, shown in Fig. 14. It is 
tempting to assume that  each one of the three emis-  
sion bands belongs to a par t icular  recombinat ion cen- 
ter involving, besides silver, ei ther sulfur or selenium 
or tel lurium. This assumption is probably wrong, 
however ,  for two reasons. 

First, an act ivator can be considered as a localized 
center  consisting of an impur i ty  cation (silver in 
this case) surrounded by four anions as next  neigh-  
bors. Hence, i f  the compositions of the mater ia l  varies  
f rom ZnS to ZnSe, for instance, there  should be some 
kind of a statistical distr ibution of impur i ty  cations 
surrounded by X sulfur and 4-X selenium ions where  

X = 0,1,2,3,4. Hence, a var ia t ion f rom ZnS to ZnSe 
should produce a more  gradual  change of the emis-  
sion involving five (possibly closely overlapping)  
emission bands, but not only two bands. The theory 
of this var ia t ion is discussed b y  Fonger  (18) for the 
case of Zn(S,Se) ,  and probably it holds essentially 
also for Cd(S,Se)  and Zn(Se ,Te) .  

Second, it would  cer ta inly be ra ther  arb i t rary  to 
restr ict  a model  which correlates the three  observed 
emission bands to three  assumed kinds of recombina-  
tion centers (each containing an impur i ty  ion and 
ei ther  sulfur or selenium or te l lur ium) to the case 
of si lver act ivated phosphors only. However ,  there  is 
open disagreement  be tween the model  and the cases 
of phosphors act ivated by copper and, as far as known, 
by gold since copper and gold both produce two emis-  
sion bands even in the sulfides containing no selenide, 
and copper also in selenide phosphors containing no 
sulfide and no telluride. 

The only conclusion to be drawn at the moment  is 
that  our knowledge of the t rue  mechanism of lu-  
minescence in copper or s i lver  act ivated I I -VI  com- 
pound phosphors is still incomplete.  A consideration 
of the I I -VI  compounds as predominant ly  ionic com- 
pounds and an assumption of val idi ty  of the SchSn- 
Klasens model  of luminescence are able to explain 
the exper imenta l ly  observed behavior  only to some 
extent,  and a considerable amount  of it is still open 
for interpretat ion.  
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The Basic Significance of Oxygen Chemisorption on 
the Photoelectronic Properties of CdS and CdSe 

Richard H. Bube 
Department of Materials Science, StanSord University, Stanford, California 

ABSTRACT 

The long-known phenomenon of o x y g e n  chemisorpt ion on CdS and CdSe, 
more intensively studied recently,  is shown to have a basic significance for 
the photoelectronic propert ies of thin crystals o r  layers. It is proposed that  
every  "pure"  crystal  of CdS or CdSe is of re la t ive ly  high conduct ivi ty  
[--~10 -6 (ohm cm) -1] and high photosensi t ivi ty (electron l i fe t ime of 10 -3 sec) 
as prepared  by standard techniques.  If the crystal  or layer is thin enough, 
oxygen adsorption obscures these propert ies  and gives the appearance o5 a 
highly insulat ing insensi t ive material .  Smal le r  effects are found in crystals 
containing del ibera te ly  incorporated impuri t ies  as long as the Fermi  level  at 
room tempera ture  lies above the level  associated with  the surface state for 
chemisorbed oxygen. Because of the universal  presence of oxygen chemisorp-  
tion effects, every  exper iment  in which the effect of heat, vacuum, or photo- 
excitat ion are invest igated toward unders tanding the nature  of photochemical .  
changes, must  be in terpre ted  in the light of the significant effects associated 
wi th  the simple desorption of oxygen. 

The effect of oxygen on the photoelectronic proper-  
ties of CdS and CdSe has been known from the ear ly  
days of research in this area. A common prescript ion 
for improving  the l igh t - to -dark  resistance ratio of 
photoconducting cells was to bake the cells in air to 
increase the dark resistance (1). The importance of 
adsorbed oxygen in de termining measured values of 
dark resistance and photosensi t ivi ty in CdS (2, 3) and 
CdSe (4) was invest igated a number  of years ago, 
but it is only in recent  years that  the general  im-  
portance of these effects has been realized. The effect 
of adsorbed oxygen on the photovoltaic  effect of CdS 
has been studied by Will iams (5) and by Haas, Fox, 
and Katz (6), on the l i fe t ime and response t ime ~[or 
strongly absorbed light in CdS by Mark (7-9), on 
the conductivi ty of CdSe layers by Somorja i  (10), on 
the photoelectronic propert ies of sintered layers of 
CdS-CdSe and CdSe by Shear, Hilton, and Bube 
(11), and on the photo-Hal l  effect of s intered layers  
by Robinson and Bube (12). The impor tance  of oxy-  
gen chemisorpt ion phenomena in s imulat ing other  
types of photochemical  changes has also been dis- 
cussed for CdS-CdSe crystals (13), for which the elec- 
tron l i fe t ime at room tempera tu re  could be var ied  by 
a factor of 20 by vary ing  the amount  of adsorbed ox.- 
ygen. 

It now appears that  what  was original ly bel ieved 
to be an appreciable effect of importance for only a 
few specially prepared crystals or for par t icular  ex-  
citation conditions is in fact a quite  general  effect 
that can have a profound influence on the photoelec-  
tronic propert ies  of CdS and CdSe. The effects would  
be expected to be the most pronounced for thin crys-  
tals or layers of these materials  for which surface 
chemisorpt ion of oxygen could have  electrical  effects 
extending throughout  the vo lume of the material .  

Mark has given a thorough repor t  on the phenom-  
enon of oxygen chemisorpt ion on CdS crystals, both 
as to its kinetics and its energetics. He has worked  
with  strongly absorbed photoexcitat ion of CdS crys-  
tals wi thout  photosensi t ivi ty  in the red port ion of the 
spectrum and has located the surface level  associated 
with chemisorbed oxygen at 0.91 ev below the conduc- 
tion band. The largest  change in electron l i fe t ime re-  
ported by Mark is an increase by a factor of 35; he 
reports  that  changes in l i fe t ime of less than 20% are 
found in all  red-sensi t ive  crystals. 

It  is the purpose of the present  paper  to indicate 
that  the changes in photoelectronic propert ies of 
"pure"  crystals (i.e., re la t ive ly  red- insensi t ive)  due to 

oxygen adsorption can be surpris ingly large, amount-  
ing to seven to ten orders of magni tude  in dark con- 
duct ivi ty  and to three to four orders of magni tude  
in electron lifetime. Effects involving several  orders 
of magni tude  in dark conductivi ty and one order of 
magni tude  in electron l i fe t ime are found even in 
thin crystals wi th  red sensitivity. Only in crystals in 
which the Fermi  level  at room tempera tu re  lies at 
or below the level  of the surface state of chemisorbed 
oxygen does the effect become very  small. The real iza-  
tion of the importance that  chemisorbed oxygen effects 
can have on all thin crystals and layers of CdS and 
CdSe provides the basis for explaining a number  of 
previous observations. 

Experimental 
Four  different types of crystals were  used in the 

present  investigation:  (i) pure crystals of CdS pre-  
pared wi th  ex t reme  caution to e l iminate  impurities,  
par t icular ly  oxygen dur ing the crystal  growth, in 
thin platelet  form (14); (if) thin pla te le t  crystals of 
CdS: CI:Cu which had been grown wi th  an excess of 
chlorine and then had been compensated by diffused 
copper (15); (iii) crystals of CdS:Cu  grown by sub- 
l imation from an init ial  charge of CdS and Cu2S (16) ; 
and (iv) crystals of pure CdSe, used in a previous in-  
vest igat ion of the effect of vacuum anneal ing (17). All  
these crystals were  avai lable through the courtesy of 
RCA Laboratories.  

Ohmic contacts were  applied to the crystals by 
mel ted indium electrodes applied in air. That  the prop-  
erties of the crystals were  not a l tered by this e lec-  
trode application process was demonst ra ted  by meas-  
ur ing the propert ies  of crystals wi th  gal l ium contacts 
applied wi thout  heat ing at room temperature .  

Measurements  of dark conductivi ty and photocon- 
duct ivi ty  were  made in a special cryostat  in which 
flowing atmospheres of helium, oxygen, or air could 
be maintained.  The t empera tu re  range covered was 
from 80~ to the melt ing point of indium at about 
430~ Photoexci ta t ion was by a Bausch and Lomb 
monochromator .  All  currents  were  direct ly  recorded 
on a L&N X - Y  recorder  through a L&N micromicro-  
ammeter .  

Results 
Measurements  made  on 5 crystals of pure  CdS, 2 

crystals of CdS:CI :Cu,  and 2 crystals of CdS:Cu  are 
summarized in Table I. In addit ion to the atmosphere 
present  during the measurement ,  Table I gives the 
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Table l ,  Summary of oxygen desorption effects on CdS 

D a r k  
H e a t i n g  3 0 0  ~  

C r y s t a l  R u n  a t m o s p h e r e  E ,  e v  ( o h m  c m ) - I  v,  s e c  

C d S - A - 1  I n i t i a l  2 • 10 -~ 
(1 .3  x 0 .7  • 0 . 05 )  1 H e  5 .7  < 4  • 10 -10 

m m a  2 H e  0 . 4 2  10  -s  
3 H e  0 ,35  10  -7 2 x 1O -~ 

C d S - A - 2  I n i t i a l  6 x 10 -7 
(1 .3  x 3 .2  x 0 . 0 2 5 )  1 A i r  3 .1  < 2  x 10 -1o 

m m  3 2 A i r  0 . 42  8 • 10 - s  2 • 10 -4 
3 H e  0 .57  3 • 10 -7 3 • 10 -4 

I n i t i a l *  7 • 10 -7 
4 H e  2 .3  ~ 2  x 10  -1~ 
5 H e  0 .32  10-7  5 • 10  -~ 

C d S - A - 3  I n i t i a l  10-7 
(1 .5  x 1 .5  x 0 . 0 2 0 )  1 H e  4 .3  < 5  x 10 -~~ 

mma 2 He 0.38 3 x 10-T 4 x 1O -4 
3 O~ 0 .71  7 x 10  -40 
4 H e  0 .53  9 x 10-9 
5 H e  0 .42  5 x 10-~ 
6 O~ -- 7 x 10 -9 
7 O~ 0 .98  < 5  X 10 -1~ 

C d S - B - 1  I n i t i a l  2 • 10 -6 
(2 .0  x 3 .5  x 0 . 0 2 5 )  1 O~ 5 ,5  <2 x 10  -40 

m m a  2 H e  0 . 4 7  4 x 10-~ 5 x 10  -4 

C d S - B - 2  I n i t i a l  2 X 10 -6 
(2 .2  x 3 .0  x 0 . 0 1 2 )  1 H e  3 .4  < 6  x 10  -lo 

m m S  2 H e  0 .43  2 X 10 -~ 10  ~ 

C d S  : C I : C u - 1  Initial 10-4 
( 1 . 0  X 1.7 X 0 .05 )  i He 1.6  <10-1o 

mma 2 H e  0.41 3 x i0  -9 I0 -a 

CdS:CI:Cu-2 Initial 2 x 10-4 
(1 .0  x 1.0 x 0 . 0 6 0 )  1 H e  2 ,6  2 x 10 -1~ 

m m  3 2 H e  0 . 4 0  3 • 10  - s  7 x 10  -~ 

C d S : C u ( 1 . 2 % )  I n i t i a l  3 x 10 -4 
(2 .1  • 2 . 3  x 1 .0)  1 H e  0 . 9 9  < 1 0  - n  

m m ~  2 H e  0 .86  < 10  -11 
3 He 0 .81  < 1 0  -]1 2 x 10 -~ 

C d S : C u ( 3 . 3 % )  I n i t i a l  8 x I0 -~ 
(3 .0  x 2 .7  X 1.0)  1 H e  1 .15  < 1 0  -11 

m m 3  2 H e  0 . 9 0  < 1 0  - ~  
3 H e  0.80 <IO -zl 2 x i0  -~ 

* E x p o s e d  t o  r o o m  a i r  I o r  5 d a y s  b e t w e e n  r u n s  3 a n d  4.  

activation energy associated with  the dark conduct iv-  
ity, the actual  value  of the dark conductivi ty at room 
tempera tu re  measured dur ing the run  for which it 
is listed, the ini t ial  electron l i fe t ime determined f rom 
the s teady-sta te  photoconductivity,  and the electron 
l i fe t ime measured  after the run for which it is listed. 

Similar  measurements  on 3 crystals of pure CdSe 
are  listed in Table II; all of these measurements  were  
done in a he l ium atmosphere.  

Al though in our exper ience it is only the rare  crys-  
tal that  shows appreciable oxygen desorption upon 
heat ing in even a nonoxygen atmosphere  to 100~ a 
wide var ie ty  of crystals show oxygen desorption ef-  
fects on heat ing to 125~176 regardless  of the at-  
mosphere.  Insofar as most measurements  reported in 
the l i te ra ture  usual ly do not involve heat ing appre-  
ciably above 100~ the purpose of the heat ing being 
to e l iminate  water  vapor  f rom the Dewar  system, 
such measurements  deal wi th  crystals wi th  chemi-  
sorbed oxygen. 

Dark conductivity.--Only one of the twe lve  crystals 
in this invest igat ion had a measurable  dark  conduc- 

Table II. Summary of oxygen desorption effects on CdSe in helium 

D a r k  
3 O O ~ 

C r y s t a l  R u n  E ,  e v  ( o h m  e m ) - ~  r ,  s e c  

C d S e - 1  I n i t i a l  2 x 1O -s  
(1.5 x 1.0 x 0.1)  1 0 . 9 0  < 1 0  - lo  

m m a  2 0 . 1 4  2 x 10  -~ 2 x 10  -5 

C d S e - 2  I n i t i a l  5 x 1 0  4 
(2.3 x 1 .5  X 0 . 0 5 0 )  1 2 . 7  < 3  • 10-1o 

r a m 3  2 0 . 0 6 4  10  -3 2 x 10-~ 

C d S e - 3  I n i t i a l  10-~ 
(1 .6  x 1 .1  x 0 .3)  1 2 . 9  < 5  x 1 0  -1~ 

m m a  2 0 . 0 1 4  7 x 10-4 2 x 10 -3 

t iv i ty  at room temperature,  the l imitat ion of the in-  
s t rumentat ion being about 10 -1~ (ohm cm) -1 de-  
pending on the exact  geometry  of the crystal. The 
init ial  heat ing almost always gave an apparent  ac- 
t ivat ion energy for all but  the CdS:Cu  crystals, 
which was too large to have  physical significance as 
a simple conductivi ty process (1.6-5.7 ev) ,  but  re-  
quires in terpreta t ion as due to oxygen desorption as 
well. In the oxygen- f ree  state, the dark conduct ivi ty  
of all 5 pure CdS crystals is be tween  10 -7 and 2 X 
10 -6 (ohm cm) -1 (see Table  III for summary  of 
parameters  from Table I). 

Dark conductivi ty data for the CdS-A-1 crystal  are 
given in Fig. 1. The init ial  heat ing has a ve ry  steep 
slope with apparent  act ivat ion energy of 5.7 ev. The 
dark conductivi ty at the upper  tempera tures  was also 
t ime dependent, again indicat ing the importance of 
thermal  desorption of oxygen in the flowing hel ium at-  
mosphere. Curve 2 in Fig. 1 shows the results of part ial  

Table Ill. Summary of parameters from Table I on CdS 

C r y s t a l  

A v g  E i n  
M a x .  d a r k  o" H e ,  e v , *  

L i f e t i m e  3 0 O ~  M a x .  ~-, a f t e r  h e a t -  
r a t i o  ( o h m  c m ) - X  s e c  i n g  i n  H e  

C d S - A - 1  1000  10-~ 2 X 10  "~ 0 . 3 8  
C d S - A - 2  5 0 0  3 x 10-v  3 x 10-4  0 . 3 2  
C d S - A - 3  4 0 0 0  3 X 10-~ 4 x 10-~ 0 . 4 0  
C d S - B - 1  2 5 0  4 x 10-7  5 x 10-4 0 . 4 7  
CdS-B-2 500 2 x 10-" 10 -8 0.43 
C d S : C I : C u - I  I 0  3 x 10  -9 I 0 - ~  0 .41  
C d S : C l : C u - 2  3 .5  3 • 1O -s  7 x 10-4  0 . 4 0  
C d S : C u ( 1 . 2 % )  6 ~ 2  x 10-- ~ 2 x 10-~ 0 . 8 9  
C d S : C u ( 3 . 3 % )  3 ~ 1 0 - ~  2 x 10-4  0 . 9 5  

* T h e  a v e r a g e  v a l u e  o f  E f o r  t h e  f i r s t  7 c r y s t a l s  o f  t h e  a b o v e  
t a b l e  i n  a l l  t h o s e  c a s e s  w h e r e  a m e a s u r e m e n t  i n  H e  f o l l o w s  a 
m e a s u r e m e n t  i n  H e  i s  0 . 4 0  - -  0 . 0 3  e v .  
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Fig. I. Dark conductivity of pure CdS-A-1 in flowing helium as a 
function of temperature ]. Initial heating after long period of ex- 
posure to air; 2. second heating after reaching maximum tempera- 
ture of 127~ 3, 4, third and fourth heatings after reaching maxi- 
mum temperature of ]46~ 5, fifth heating after the measurement 
of photoconductivity and thermally stimulated conductivity Ys. 
temperature. 

desorption of oxygen, and curves 3 and 4 indicate the 
reversible state arr ived at by heat ing to 146~ Curve 
5 was measured later, after the measurement  of photo- 
conductivi ty and thermal ly  s t imulated conductivi ty as 
a funct ion of temperature,  dur ing which time some re-  
adsorption of oxygen had apparent ly  occurred. The 
activation energy for dark conductivi ty for curves 2 
through 5 is between 0.35 and 0.42 ev. 

1~ I 

'7 
} 

I d 8 

g 
I 2 o  

I [ I I I 

C d S - A - 3  

2 

3 

5. I 5.5 4 0  4 .5  51.0 

l i T ,  ~1~ I X I(~ 3 

Fig. 2. Dark conductivity of pure CdS-A-3 as a function of tem- 
perature. 1, Initial heating in flowing helium after long period of 
exposure to air; 2, second heating in flowing helium after heating 
to 144~ 3, heating in flowing oxygen; 4, heating in flowing oxy- 
gen after photoexcitation at elevated temperature and while cool- 
ing. 
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Fig. 3. Dark conductivity of two Cd$:CI:Cu crystals in flowing 
helium as a function of temperature. 1, Initial heating of CdS:CI: 
Cu-1 after long period of exposure to air; 2, second heating of 
CdS:CI:Cu-1 after reaching maximum temperature of 144~ 3, 
initial heating of CdS:CI:Cu-2 after long period of exposure to air; 
4, second heating of CdS:CI:Cu-2 after reaching maximum tempera- 
ture of ]47~ 

Similar  data for CdS-A-3 are shown in Fig. 2. Curve 
2, which represents the dark conductivi ty in  the oxy-  
gen-free state, has an activation energy of 0.38 ev. 
Curve 3 represents the reasonably reversible  var i -  
ation of dark conductivity for this crystal if oxygen 
is used to replace the hel ium after the r u n  shown in 
curve 2. If, in  addition, the crystal  is photoexcited at 
the highest tempera ture  reached in curve 3 and is then 
cooled rapidly cont inuing photoexcitation, subsequent  
heat ing yields curve 4, indicat ing still greater  oxygen 
adsorption as a result  of the photoexcitation. 

Such results are not confined to pure CdS crystals. 
Data for the two crystals of CdS:CI :Cu  are given in 
Fig. 3. The ini t ial  heat ing is g iven in  curves 1 and 3 
and the properties of the oxygen-free  surfaces in  
curves 2 and 4. Once again the activation energy for 
the dark conductivi ty in the oxygen-free  state is about  
0.40 ev. Crystal CdS:CI :Cu-2  shows a low- tempera-  
ture conductivity slope of 0.44 ev on the ini t ial  heat-  
ing, indicat ing the presence of these centers even with 
adsorbed oxygen. 

Values of the dark conductivi ty activation energy 
are summarized in  the last column of Table III  for all 
measurements  made in helium, following a heating in 
hel ium to el iminate oxygen adsorption effects. An  
average value of activation energy of 0.40 • 0.03 ev 
is obtained for 9 measurements  on the 7 pure CdS or 
CdS:CI: Cu crystals. 

Very large increases in apparent  dark conductivi ty 
are found also for the pure  CdSe crystals tested, as 
shown in Table II. The activation energies for the 
oxygen-free  crystals are much lower than  in  CdS 
crystals and do not show such constancy from crystal 
to crystal. 

Str ikingly different is the behavior  of the two 
CdS: Cu crystals. The activation energy on the ini t ia l  
heat ing is only slightly larger than  on subsequent  
hearings in  helium, and the dark  conductivi ty in the 
oxygen-free  state is probably about 10 -13 (ohm 
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Table IV. Ratio of the photoconductivity in the oxygen-free state 
for several CdS crystals to that with adsorbed oxygen for various 

wavelengths of photoexcitatian 

P h o t o c o n d u c -  P h o t o c o n d u c -  P h o t o c o n d u c -  
t i v i t y  r a t i o  t i v i t y  r a t i o  t i v i t y  ratio 

C r y s t a l  a t  4000A a t  ~max fo r  l o n g  k 10' 

C d S - A - 1  7000 1000 17,000 (5400A) r_  
C d S - A - 2  3000 500 4,500 (5400A) 
CdS-A-3 18,000 4000 i0,000 (5300A) ,~ 
CdS : C I : C u - I  95 10 300 ( 7 5 0 0 A )  o 
C d S : C I : C u - 2  20 3,5 6 (8000A)  ~ 16~ 
CdS : C u ( 3 . 3 % )  25 3 3 (7500A) .5 

c m ) - l ,  the est imated dark conductivi ty in the ini t ial  w 
state being about 10 -14 (ohm c m ) - l .  

Electron lifetime.--Although the ini t ial  electron l ife- 
t imes for the 12 crystals measured varies f rom 
2 X 10 - s  to 3 X 10 -4 sec, the l i fe t ime in the oxygen-  
free state for all crystals except  one lies in the range 
of 2 X 10 -4 to 2 X 10 -3 sec. In other  words, removing  
the adsorbed oxygen increases the electron l i fe t ime by 
a max imum factor of 4 X 104 (CdSe-2) and by a mini -  
mum factor of 3 [CdS:Cu(3 .3%)] ,  but  the final elec-  
tron l i fe t ime in all cases is essential ly of the order  of 
1 millisec. These results indicate that  CdS and CdSe 
crystals as prepared  by a var ie ty  of s tandard methods 
and, regardless of the kind of impur i ty  incorporat ion 
over  a wide range, are all highly photosensit ive in the 
absence of adsorbed oxygen. 

Spectral dependence o] photoconductivity.--The 
values of electron l i fe t ime used in the previous section 
and in Table I - I I I  are the values calculated for exci ta-  
tion at the m a x i m u m  of the photoconduct ivi ty  spec- 
trum. The change in photoconduct ivi ty  with oxygen 
desorption is a min imum for this wavelength,  often 
being appreciably larger  for both shorter  and longer  
wavelengths.  Results for several  of the CdS crystals 
are summarized in Table IV. 

Thermally stimulated conductivity and electron li]e- 
time.--Earlier investigations (7, 8, 18) have  repor ted  a 
much larger  increase in response t ime or in thermal ly  
s t imulated conductivi ty on oxygen desorption f rom 
CdS crystals than in electron lifetime. Mark, for ex-  
ample, cites an increase in electron l i fe t ime of 35 being 
accompanied by an increase in thermal ly  s t imulated 
conductivi ty by a factor of 105. 

Measurements  were  made on the t empera tu re  de- 
pendence of electron l i fet ime and of thermal ly  s t imu- 
lated conduct ivi ty  both with adsorbed oxygen and in 
the oxygen- f ree  state for crystals CdS-A-2  and 
CdS-B-2.  Results are summarized in Table V. Al -  
though at tempts  to compare these figures in any exact  
quant i ta t ive  way are unjustified because of the differ- 
ences in current  levels involved,  it does appear that  
they are of comparable  magni tude  and that  a large dis- 
crepancy between changes in free electron l i fe t ime 
and in thermal ly  s t imulated conduct ivi ty  is not found. 

Dynamic behavior.--Some of the changes accom- 
panying oxygen desorption reported above are  so 
large, par t icular ly  for the pure crystals, that  i t  may  
be wondered  whe the r  oxygen desorption is indeed the 

Table V. Comparison of changes in electron lifetime and 
thermally stimulated conductivity with oxygen desorptian 

R a t i o  of t h e r -  
R a t i o  of e l ec -  r e a l l y  s t i m u l a t e d  

C r y s t a l  T,  ~ t r o n  l i f e t i m e  conductivity 

C d S - A - 2  -- 150 100 250 
-- 100 60 200 

- - 5 0  300 
0 

25 00 

CdS-B-2 -- 150 400 10,000 
-- 100 1200 20,000 

-- 50 2000 2,000 
0 2500  1,000 

25 8000 700 

- f i r i i i i r K 

. 

�9 ~. i • .,. ~, ~ 
O0 He 02 T 02r 01 lie He He 

o 0 L O D L D 

I [ I 

Cd$ -B -2 

' 2 ~ o  ' ,,~o ' ' 1200 1400 

3~OK ' 0- L ~ _ _  

I / l I I I I 
600 800 I000 
TIME, sec, 

Fig. 4. Dynamic behavior of conductivity in CdS-B-2 crystal. 
Lower curve shows variation in photoconductivity at room tempera- 
ture with variation between oxygen and helium atmosphere. Upper 
curve shows variation in dark conductivity and in photoconductlvity 
with variation between oxygen and helium atmosphere. D rep- 
resents "dark," and L represents "light." 

only process involved.  In order  to provide evidence 
that the effects are indeed revers ible  oxygen chemi-  
sorption effects, several  measurements  were  made of 
the dynamic behavior  of dark conductivi ty and photo-  
conduct ivi ty  wi th  changes of atmosphere.  

Figure  4 shows a series of dynamic measurements  
for the pure CdS-B-2 crystal. The lower curve shows 
the effect on the photocurrent  at 300~ of replacing 
the oxygen atmosphere around the crystal  by a hel ium 
atmosphere,  and then re turn ing  to the oxygen. The 
upper  curve  shows a series of measurements  at 400~ 
demonstrat ing the revers ibi l i ty  of a tmosphere effects 
on the dark conductivi ty and on the photoconduc- 
tivity. 

Figure  5 shows the dynamic behavior  of CdS-A-3  
at room tempera tu re  af ter  having been heated in 
hel ium to desorb oxygen. Even  in hel ium in the dark 
there  is a slow decay of dark conductivity,  evident ly  
associated wi th  readsorpt ion of oxygen present  in 
trace amounts, as ment ioned previously. A decrease in 
l i fe t ime by a factor of about 1000 is observed direct ly 
f rom the data of Fig. 5 on replacement  of he l ium by 
oxygen, as wel l  as a decrease in dark conductivity.  

Revers ibi l i ty  in the oxygen chemisorpt ion effects 
is also demonstrated by the data given in Table I for 
CdS-A-2. Af ter  desorption of oxygen had increased 
the dark conductivi ty and the electron lifetime, the 
crystal  was simply exposed to air at room tempera tu re  
for 5 days. Subsequent  measurements  showed that  the 
init ial  dark conductivi ty and electron l i fe t ime values 
were  restored. 

Discussion 

"Pure" crystals.--The results indicate that  every  
"pure"  crystal  of CdS and CdSe has a re la t ive ly  low 
resis t ivi ty and a high photosensi t ivi ty as prepared  by 
any one of the standard techniques.  If the crystal  is 
thin enough, oxygen adsorption obscures these prop-  
erties and gives the appearance of a highly insulat ing 
insensi t ive crystal. 

An  immediate  explanat ion is hereby  offered for the 
observat ion that  large crystals of pure CdS invar iably  
have  high dark conductivity,  whereas  thin crystals of 
pure CdS can be prepared  easily with low dark con- 
ductivity.  How thin a crystal  must  be for the effect of 
oxygen adsorption at room tempera tu re  to be dotal- 
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nant  can be est imated f rom the thickness of the bar-  
r ier  layer  associated with  chemisorbed oxygen 

d ~ [ eOo ] 1/2 
2~eN [1] 

If we set e ---- 10, ~o = (0.9-0.4) = 0.5v, we can cal-  
culate d if the value of N, the density of ionized don- 
ors, is known. Since the room tempera ture  con- 
duct ivi ty of such pure  crystals in the oxygen-desorbed 
state is of the order  of 10 -6 (ohm c m ) - l ,  the cor-  
responding value of N is about 2 X 101~ cm-~ for an 
assumed electron mobil i ty  of 300 cm2/v-sec. Under  
such conditions, d ~- 240~. This means that  h igh- re -  
sistivity, pure  CdS crystals should in general  have a 
thickness of less than a few hundred microns. The 
thicknesses of the 5 pure  crystals used in this invest i -  
gation were  be tween 12 and 50~. 

Pure, thin crystals of CdS have  been general ly  found 
to have poor photosensitivity.  It  has been conven-  
tional (19) to ascribe this lack of sensit ivity to the ab- 
sence of compensated sensitizing centers, i.e., par t ic-  
u lar  compensated aeceptors wi th  a much smaller  cap- 
ture cross section for free electrons than for free holes. 
The fact that  photosensi t ive crystals can be pro-  
duced by the incorporat ion of trace amounts of halo-  
gen impuri t ies  (14) has been at t r ibuted ei ther to the 
creation of sensi t izing-type defects or to compensa-  
tion of exist ing sensi t iz ing-type defects by the incor-  
porated halogen. It  now appears probable that  the 
principal  effect of the halogen is to supply electrons 
to reduce the effects of adsorbed oxygen. The fact that  
pure crystals are highly photosensit ive in the oxygen-  
free state is additional evidence that  the sensitizing- 
type defects are indeed intrinsic crystal  defects such 
as cadmium vacancies. 

The dominant  donor in the pure CdS crystals in the 
oxygen- f ree  state appears to have an ionization energy 
of about 0.40 ev. Since the ionization energy of the 
donors in highly nonstoichiometric  CdS is of the order 
of 0.03 ev, it is possible that  the 0.40 ev act ivat ion 
energy is associated with the second ionization level  
of an anion vacancy. The fact  that  the same act ivat ion 
energy of 0.40 ev is found in the CdS: Cl: Cu crystals is 
additional evidence of its identification with  an in- 

trinsic crystal  defect. It is possible that  the act ivation 
energy of 0.40 ev corresponds only to a par t icular  value 
in a re la t ive  continuous distr ibution of donor levels, 
this par t icular  va lue  being fixed by the degree of oxy-  
gen desorption associated with  the exper imenta l  con- 
ditions that  p revented  heat ing above 156~ in order 
not to mel t  the indium electrodes. The similar i ty of 
act ivation energy be tween  curves 2 through 5 in 
Fig. 1, and between curves 2 through 4 in Fig. 3, 
argues against this possibility. 

In the case of CdSe-1, an act ivation energy of 0.14 
ev was found for the dark conduct ivi ty  in the oxy-  
gen-f ree  state. When crystals of this same type are 
annealed above 500~ in vacuum, dark conductivi ty 
with an act ivat ion energy of 0.14 ev is found (17). 
This resul t  indicates that  the density of 0.14 ev donors 
is increased by the vacuum anealing to the point 
where  the effects of oxygen adsorption can be over -  
come. 

Impure crystats.--Oxygen adsorption effects wil l  of 
necessity be minimized in crystals in which the Fermi  
level  lies near  or below the level  of the surface state 
corresponding to adsorbed oxygen. A Fermi  level  
lying 0.91 ev below the conduction band at room 
tempera tu re  in CdS corresponds to a dark conductivi ty 
of about 10 -13 (ohm cm) -1, again using an electron 
mobil i ty  of 300 cm2/v-sec and an electron effective 
mass ratio of 0.2. 

The thin CdS :CI :Cu  crystals have  a dark conduc- 
t iv i ty  of about 10 - s  (ohm c m ) - i  in the oxygen- f ree  
state, and oxygen adsorption effects on dark conduc- 
t ivi ty and electron l i fe t ime are measurable,  al though 
they are not as large as in the pure crystals. 

The CdS: Cu crystals, on the other  hand, have a dark 
conductivi ty at room tempera tu re  of about 10 -13 (ohm 
cm) -1, est imated by extrapolat ion of dark conduc- 
t ivi ty data above room temperature .  It  would be ex-  
pected that  the effects of oxygen adsorption on these 
crystals would be small. Such is found to be the case. 

Thermally stimulated conductivity.--The apparent  
occurrence of a much larger  increase in thermal ly  
s t imulated conduct ivi ty  than in electron l i fe t ime with  
oxygen desorption led Mark (8) to propose that  a high 
density of surface electron traps was compensated by 
an equal ly  high density of surface hole traps, in order 
to avoid a barr ier  field at the surface much larger  
than the breakdown field of CdS. 

Measurements  in the present  investigation, sum- 
marized in Table V, indicate that  to a first approxi-  
mat ion the increase in thermal ly  s t imulated conduc- 
t iv i ty  can be in terpre ted  as a direct  resul t  of an equal  
increase in electron l i fe t ime with  no appreciable 
change in actual trap density. Since this indicates that  
a high density of electron surface traps is not a neces- 
sary par t  of the oxygen- f ree  surface condition, it sug- 
gests that  the earl ier  results (7, 8, 18) may involve an 
incorrect  assessment of the actual trap density in the 
oxygen- f ree  state. Such an er ror  could resul t  if the 
electron l i fet ime in the thermal ly  s t imulated con- 
duct ivi ty  or response t ime measurements  were  actu-  
al ly much larger  than the electron l i fe t ime for s teady-  
state excitat ion (20). Mark has also pointed out this 
possibility (21), but  has argued that  the increased 
effective l i fe t ime found for electrons released during 
a TSC measurement  is the resul t  of their  having been 
released f rom surface traps, recombinat ion becoming 
possible only after  a compensat ing hole is released 
into the bulk from a surface trap. Exper iments  on the 
effects of adsorbed oxygen on electron l i fe t ime and 
thermal ly  s t imulated conductivi ty in the careful ly 
studied CdS-CdSe single crystal  system indicated a 
direct correspondence be tween changes in electron 
l i fe t ime and in thermal ly  s t imulated conductivi ty (13). 

General consequences.--Since the propert ies of CdS 
and CdSe crystals and layers can be changed by such 
large factors by the simple al terat ion of the amount  
of adsorbed oxygen, other exper iments  in which de- 
sorption of oxygen may occur must  be careful ly  in ter -  
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preted. This would apply in par t icular  to exper iments  
in which the effect of heat, vacuum, or photoexci ta-  
t ion is invest igated to unders tand the nature  of photo- 
chemical  changes. 
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The P-T-X Phase Diagram of the System Ga-S 
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Solid State Physics Group, Department of Technical Physics, 

Technical University, Eindhoven, The Netherlar~ds 

ABSTRACT 

The phase diagram of the system Ga-S has been determined.  Two 
m a x i m a  are found in the T -X diagram, one at the composit ion of GaS, 
the other at the composition of Ga2S3. The compound GaS has a m a x i m u m  
mel t ing  point of 962 ~ _+ 4~ at a sulfur pressure of 0.9.10 -4 mm Hg Ga2S3 has 
a max imum mel t ing point of about 1090~ at a sulfur pressure of 1.3 mm 
Hg. A range of l iquid immiscibi l i ty  exists be tween  about 10 and 48 a /o  (atom 
per  cent) S and possibly also be tween about  65 and ~90 a /o  S. 

Invest igat ions on GaS have  revealed  that  this com- 
pound has interest ing semieonducting propert ies 
(1, 2). In order to grow single crystals of this layer  
compound under  controlled conditions we found it 
useful to know more  about the P - T - X  diagram of the 
system Ga-S. 

While the sol id-l iquid phase equil ibria  of the sys- 
tem Ga-Te,  In-Te, In-S, and In -Se  are ful ly  described 
(3-6), there  seems to be no repor t  on a phase diagram 
of the system Ga-S. Klemm and yon Vogel (7) syn- 
thesized GaS from the elements  and Ga2S~ by passing 
a s t ream of H2S over  Ga203 at 1250~ They repor t  
mel t ing points of 965 ~ and 1250~ for GaS and Ga2S3, 
respectively.  

Spandau and Klanberg  (8) repor ted  the decom- 
position of GaS when heated at tempera tures  be- 
tween 970~176 Ga2S, one of the decomposition 
products, was used in a vapor pressure experiment ,  
and above 950~ Spandau and Klanberg  found an in- 
homogeneous mel t  containing Ga and GaS, while  com- 
plete miscibil i ty was found above 1150~ 

On the basis of a comparison of Debye-Scher re r  
powder  photographs Spandau and Klanberg  suggested 
a hexagonal  s t ructure  for Ga2S which was almost  the 
same as that  of GaS. These authors repor ted  a mel t ing 
point for GaS of 970 ~ _+ 3~ which is in accordance 
with  the work  of Brukl  and Ortner  (9). The same 
authors also synthesized Ga2S3 f rom the elements.  
Above  950~ Ga2S3 started to loose sulfur and decom- 
posed into Ga4S5 and $2. 

Experimental Procedures 
To obtain the phase relations as a function of t em-  

pera ture  and composition, use was made  of thermal  
analysis (10) carr ied out on samples sealed under  a 

vacuum of 10 -3 mm Hg in vi t reous silica tubes which 
had an axial  thermocouple  well. As the closed silica 
tubes were  almost completely  filled with  the substance 
under  invest igat ion and because the equi l ibr ium sul- 
fur  pressures at the tempera tures  involved are  low, as 
discussed later, the uncertaint ies  introduced by evap-  
oration of sulfur from the mel t  are negligible. 

The samples used in these exper iments  were  syn-  
thesized by heat ing the elements  ~ for several  hours 
in an electr ical ly heated furnace. Samples wi th  a sul-  
fur content  up to 50 a /o  were  kept  at a t empera ture  
of l l00~ those with  a sulfur content h igher  than 50 
a/o were  heated at 1300~ 

Afterwards,  cooling curves as function of t ime t 
were  taken, the mel t ing points being shown by a 
change in the slope, or by a horizontal  port ion of the 
t empera tu re - t ime  curve. 2 In order to get an indication 
of the form of the diagram, in the first series of 
cooling exper iments  the samples were  cooled down 
from 1100 ~ and 1300~ respectively.  This was repeated 
several  times, and with  the information gained a sec- 
ond series of cooling and heat ing measurements  was 
made on the same samples. 

In these exper iments  the mel t  was mainta ined for 
several  hours at a few degrees above its l iquidus t em-  
pera ture  and then cooled down at a rate  of 10~ 
These measurements  were  repeated  unti l  a difference 
of less than 2.5~ was obtained between the thermal  
arrests of the cooling and heat ing curves of each sam- 
ple. The P t -P t  10% Rh thermocouples were  cal ibrated 
under  identical  exper imenta l  conditions by cooling 
curves taken on pure si lver and sodium chloride. No 
supercooling occurred dur ing these experiments.  

1 F r o m  J o h n s o n  M a t t h e y  a n d  CO. Ltd . ,  s p e c t r o g r a p h i c a l l y  pure .  

Th i s  was  done  w i t h  a P h i l i p s  a u t o m a t i c  m e a s u r i n g  b r idge .  
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Pre l iminary  work  had shown that  GaS had a max i -  
mum sulfur pressure at its mel t ing point of less than 
10 -6 arm. In the case of Ga2S~ this was less than 10 -2 
atm. 

To obtain the phase relations as a function of pres-  
sure and temperature ,  the fol lowing method was used: 
accurately weighed samples were  heated for several  
hours at various tempera tures  in sealed silica tubes 
together wi th  a known volume of hydrogen. This hy-  
drogen had a pressure of 1 atm at room temperature .  
At  the tempera tures  involved,  equi l ibr ium is at tained 
according to the equat ion 

1 
H2 -~ -~- S2 ~:~ H2S [i] 

in which the sulfur pressure is the equilibrium sulfur 
pressure over the sulfide. The values of 

PH2S 
KH2S = [2] 

PH2 " P'S21/2 

at the various tempera tures  can be obtained f rom 
l i tera ture  (11). Cooling the quartz  tubes rapidly  to 
room temperature ,  the equi l ibr ium is frozen in. Af te r  
opening the tube the H2S content  can be determined 
by iodometric  t i t rat ion (12), the hydrogen pressure 
under  equi l ibr ium conditions can be calculated, and 
this together  wi th  the determined H2S content  enables 
one to calculate the sulfur pressure by using Eq. [2]. 

In the case of Ga2S3 a second method was used as a 
check on the above ment ioned experiments ,  al though 
it is a t ime consuming method. Sulfur  and Ga2S3 were  
placed in separate quartz bulbs connected by a 
smaller  tube. Both bulbs were  equipped with  the rmo-  
couple holes. The whole  system was sealed under  a 
vacuum of 10 -3 mm Hg and placed in a two-sect ion 
electr ical ly heated furnace in which each section 
could be heated independently.  

A definite sulfur vapor  pressure was created by 
heat ing the sul fur-conta ining part  of the system to the 
appropriate  t empera tu re  (T1). The other  bulb was 
maintained at a t empera tu re  somewhat  higher  than 
the melt ing point of Ga2S3 (T2). As PGa and P G a 2 S 3  

are  very  low at the t empera tu re  T2, 3 the l iquid Ga2S3 
comes into equi l ibr ium with  the sulfur vapor  pres-  
sure established at T1. The mel t ing point  of Ga2S3 was 
then repeatedly  determined by the rmal  analysis unti l  
no change could be detected in this mel t ing point and 
the corresponding sulfur pressure established at T1 
could be regarded as the equi l ibr ium pressure over  
Ga2S3. These values were  in good agreement  wi th  
those obtained by the first method. 

Results 
The T -X  projection.--In Table I the results of the 

the rmal  analysis for the various Ga-S  mixtures  are 
given. In column 1 the sulfur contents of the samples 
are listed; column 2 gives the appearance of these 
samples. In columns 3, 4, and 5 the tempera tures  of 
the first, second, and third thermal  arrest  points are 
indicated. Column 2 shows the change in color in going 
,from the Ga-r ich  side of the system to the S-r ich  
side. Alloys rich in gal l ium contained inclusions of 
metall ic gallium, which could be seen wi thout  b reak-  
ing the regulus into pieces. The major i ty  of Ga2S3 
synthesized in the course of our exper iments  exhibi ted 
a da rk - red  color. I t  happened occasionally that  a 
batch was ivory colored wi th  a mother  of pearl  shine 
on its outer  surface. In the l i t e ra ture  Ga2S3 is r e -  
ported to be ivory or white  (7, 8). Debye-Scher re r  
photographs showed no difference be tween the differ- 
ent colored substances. Thermal  analysis on the other  
hand revealed  a difference in the mel t ing points. Com- 
pared with  the yel low and whi te  substances which 

3 Po,~ i s  l e s s  t h a n  10-5  a t m  a c c o r d i n g  t o  t h e  w o r k  o f  S p e i s e r  a n d  
J o h n s t o n  a n d  C o c h r a n  a n d  F o s t e r  (13 ,  1 4 ) .  PG .~s  a i s  a s s u m e d  t o  b e  

v e r y  l o w ,  s i n c e  e v e n  a f t e r  s e v e r a l  d a y s  n o  s u b l i m a t i o n  o c c u r r e d  
u n d e r  t h e  a b o v e  m e n t i o n e d  s u l f u r  p r e s s u r e s .  

Table I. Melting points in the system gallium-sulfur 

Ist Ther- 2nd Ther- 3rd Ther- 
S u l f u r  c o n -  r e a l  a r -  m a l  a r -  m a l  a r -  

t e n t ,  a / o  S a m p l e  a p p e a r a n c e  r e s t ,  ~  r e s t ,  ~  r e s t ,  ~  

10 D a r k  g r e e n  w i t h  m e t a l -  9 5 9  - -  - -  
l i c  G a  

3 3 . 5  D a r k  g r e e n  w i t h  m e t a l -  9 5 8  - -  - -  
l i c  G a  

45  D a r k  g r e e n  w i t h  m e t a l -  958  - -  - -  
l i c  G a  

47  D a r k  g r e e n  w i t h  l e s s  G a  958  - -  - -  
4 7 . 5  D a r k  g r e e n  w i t h  l e s s  G a  958  - -  - -  
4 8 . 5  D a r k  g r e e n  w i t h  l e s s  G a  9 5 8 . 5  - -  - -  
50  G r e e n i s h - y e l l o w  962  - -  
5 1 . 5  G r e e n i s h - y e l l o w  9 5 3  9 " ~  - -  
52  Y e l l o w  9 4 7  S 9 8  - -  
53 .5  Y e l l o w  922  902  - -  
5 5 . 5  C a n a r y - y e l l o w  900  - -  
56  " I F  C a n a r y - y e l l o w  941  8"99 8 3 3  
57  j ~  c h a n g i n g  9 7 7  8 9 6  836  
58  t o  y e l l o w  t 0 0 7  892  8 2 8  
5 9  r e d  1055  886  828  
60  D a r k  r e d  1090  - -  

. 6 0 "  I v o r y  c o l o r e d  1 0 8 8  9 ~  - -  
63  Y e l l o w - w h i t e  1080  9 8 9  - -  

~ 6 5  W h i t e  1085  9 8 9  - -  
9 9 . 5  119  - -  - -  

contain, respectively,  63 and ~ 65 a /o  S, we therefore  
consider the ivory  colored compound with  "60" a /o  S 
to be sulfur r ich Ga2S3. The determined phase diagram 
is shown in Fig. 1. 

Two maxima are found; the first one occurs at the 
composition of GaS at 962 ~ -- 2~ which is in good 
agreement  wi th  the value  given by K lemm and yon 
Vogel (7). The sulfur pressure at this m ax imum is 
0.9 �9 10 -4 mm Hg. The second m ax im um  is found at 
the composition of GaaS~ at 1090 o ----- 2~ and this is 
in agreement  nei ther  wi th  K lemm and von Vogel 's 
work  nor wi th  the value  given by Spandau and Klan-  
berg (8)~ The sulfur pressure at this m a x i m u m  is 1.3 
mm Hg. 

The compounds GaS and Ga2S3 mel t  at tempera tures  
lying considerably above the mel t ing  points of the 
components. On the ga l l ium-r ich  side, near  pure  Ga, 
no thermal  arrest  above the mel t ing  point of Ga could 
be detected. The first detectable mel t ing  point was at 
a sulfur content  of 10 a/o. 

2D0 
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/ 
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~ 
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GaS ~ G~2S) 

/ \ 1090~ 
/ 2MEL~S \ ~ _ _ K ~  2 MELIS ? / 

I I 62 L~-G 

x ReF.? 832• 
+ ReF. 
A ReF. $ 
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2g,8 oc 
SGaS*SGa 4G 

2O 100 
S Ga 

t �9 SG~ZS3*G 
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60 8'0 t 
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Fig. 1. T-X diagram of the system Ga-S, X ref. (7); Jr ref. (9); 
A ref (8); C) authors' results. 
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Between  about 10 and 48 a /o  S the monotectic at 
958~ indicates the existence of a range of l iquid im-  
miscibil i ty in good agreement  with the work  of 
Spandau and Klanberg  (8). Analogous regions of l iq-  
uid immiscibi l i ty  are found in the systems Ga-Te  (3), 
In-Te  (4), In -S  (5), In -Se  (6), and Sn-S  (15). It is 
therefore  reasonable to suppose that  the composition 
of the eutectic point on the ga l l ium-r ich  side must  be 
very  close to that of pure Ga. 

Between GaS and Ga2S3 there  is a eutectic point at 
893 ~ __- 7~ at a composition of about 55 a/o S. Ana l -  
ysis of x - r ay  powder  pat terns on samples at 56 a /o  
S showed lines characterist ic of GaS with  4 ext ra  lines 
and some GaS lines missing. There was no indication 
of the existence of a compound Ga4Ss. The effects 
found at 832 ~ • 4~ indicate the possibility of a phase 
transit ion in the solid state. On the su l fur - r ich  side 
of the diagram, thermal  analysis, as ment ioned above, 
could not be done on samples wi th  a sulfur content  
f rom 65% to about 99.5%. Efforts to synthesize small  
samples containing more than 65 a /o  S at t empera -  
tures around 1200~ in large sealed quartz  vessels 4 
always resulted in a mix ture  of Ga2S3 and free sulfur, 
which would have  too high a pressure (16) for the 
silica tubes used in the rmal  analysis. 

The P-T  projection.--In Table II the values of the 
sulfur vapor  pressure above various Ga-S samples, a s  
determined by the method described above, are listed. 
The S2-vapor pressure values of samples with a sulfur 
content of 50 a /o  were  determined at tempera tures  
ranging f rom 798 ~ to 978~ and the value  Ps2 at 962~ 
as shown in Fig. 2 was obtained f rom these values by 
graphic interpolation. The same procedure was fol-  
lowed for samples wi th  a sulfur content  of 60 a /o  S 
to de termine  the pressure at 1090~ For samples wi th  
a sulfur content  be tween 50 and 60 a /o  the vapor  
pressure was determined at the mel t ing  points. Every  
value  given in Table II is an average  of at least two 
determinations.  

In the Ps2 vs. 1/T project ion as shown in Fig. 2, 
the values of Ps2 at the melt ing points of the various 
samples are plotted. The l ine AB presents the vapor  
pressure of pure sulfur as a function of the t empera -  
ture (16). 

Marked sublimation of GaS at tempera tures  around 
920~ was observed when we tried to grow single 
crystals. In these exper iments  GaS powder  was 
sealed in a silica tube under  vacuum of 10 -3 mm Hg 
and placed in a t empera ture  gradient.  Af ter  24 hr 
sublimed crystals could be seen at the cold end of the 
tube (850~ These platel ike crystals had the green-  
i sh-yel low color of GaS. In the foregoing discussion 
it was shown that  the Ps2 at tempera tures  around 
920~ is ve ry  low. This fact together with the observed 
sublimation indicates that  the equi l ibr ia  in the dis- 
sociation reactions 

T h e s e  v e s s e l s  w e r e  so l a r g e  t h a t  t h e  t o t a l  a m o u n t  of  f r e e  s u l f u r  
c o u l d  n o t  c r e a t e  a p r e s s u r e  of  m o r e  t h a n  20 a t m .  

Table II. Sulfur vapor pressures in the system gallium-sulfur 

H e a t e d  w i t h  
S u I f u r - c o n t e n t  h y d r o g e n ,  t e r n -  S ~ - v a p o r  p r e s -  

o f  s u b s t a n c e ,  a / o  p e r a t u r e ,  ~ s u r e ,  m m  H g  

50 798 1.0 • 10 4 
50 810 1.3 X 10 -6 
50 858 3.2 x 10 -~ 
50 920 2.3 • 10 -5 
50 978 1.5 x 10 -4 
55 897 4.5 • 10-~ 
57 980 4.0 • 10 -a 
581/2 1035 4.9 X I 0  -~ 
60 1080 1.0 
60 1135 3.8 

3.8 

T h e  S ~ - v a p o r  p r e s s u r e  v a l u e s  o f  s a m p l e s  w i t h  a s u l f u r  c o n t e n t  o f  
50 a / o  w e r e  d e t e r m i n e d  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  798 ~ to  078~  
T h e  v a l u e  of  P s  2 a t  962~  a s  s h o w n  i n  F i g .  3 w a s  o b t a i n e d  b y  
g r a p h i c  i n t e r p o l a t i o n  o f  t h e s e  v a l u e s ,  T h i s  w a s  a l so  d o n e  f o r  t h e  
s a m p l e s  w i t h  60 a / o  S .  T h e  s a m p l e s  w i t h  55, 57, a n d  58.5 a / o  S 
w e r e  o n l y  h e a t e d  a t  t h e i r  m e l t i n g  p o i n t s  a n d  t h e  P s  2 c o r r e s p o n d i n g  
to  t h e s e  t e m p e r a t u r e s  a r e  g i v e n  i n  t h i s  t a b l e  a n d  i n  F i g .  3. 

T(oC) 

E 

0.721 0,?85 0.a52 0,,931 1,020 1),r,5 Lzg,~ 1,485 1.7~f~ 
IO -S  

-~ F ( ~  -1) 
T 

Fig. 2. Ps2 vs.  ] / T  diagram of the system Ga-S. The line AB 
presents the vapor pressure of pure sulfur as function of the tem- 
perature. 

2GaS(g) ~ 2Ga(l) + $2 [3] 
and 

2GaS(g) ~ Ga2S + x/2S2 [4] 

lies strongly to the left and sublimation is carried by 
GaS molecules. 

The P-X projection.--From the data of the T-X pro- 
jection and the Ps2 vs. 1/T projection given in Fig. i 
and 2, the P-X projection of the three-phase lines 
S G a s - b L W G  and SGa2s3-~L-~G can be deduced 
(see Fig. 3). 

This figure shows the steep increase of the sulfur 
vapor pressure of substances wi th  a sulfur content  be-  
tween 0 and about 10 a /o  and be tween  50 and 60 a/o. 
Only a ve ry  small  increase of the sulfur pressure is 
requi red  to increase the S-content  of the substance 
f rom 10 to 50 a /o;  this results in a horizontal  l ine 
connecting the regions be tween 10 and 50 a /o  S. With 
the est imation of a second range of l iquid immisci-  
bil i ty for substances with a sulfur content  > 65 a /o  
in the T - X  projection,  one must  assume a continued 
rise in the sulfur pressure beyond Ga2Sa wi th  an in-  
creasing sulfur content  unti l  a second l iquid phase 
appears. This is the l iquid immiscibi l i ty region. From 
here  on the Ps2 remains constant wi th  increasing sul-  
fur  content  unti l  the Ga2S3 rich l iquid (L2 see Fig. 1) 
has disappeared. Adding more  sulfur wi l l  lower  the 
mel t ing  point and also the vapor  pressure unti l  at 100 
a /o  S the mel t ing point wil l  be 119~ and the pres-  
sure around 3.10 -2 mm Hg (16). 

Crystal structure s . - -The crystal  s t ructure  of GaS 
h a s  been determined by Hahn and F rank  (17). It  has 
a hexagonal  layer  structure,  each layer  consists of 
4-sublayers in the sequence S - G a - G a - S  in which 
every  Ga-a tom is surrounded te t rahedra l ly  by one 
gall ium and three sulfur atoms. There are three  struc- 
tures for Ga2S8 as determined by Hahn and Frank  
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Fig. 3. PS2 vs. X diagram of the system Ga-S. S~ is monoclinic 
sulfur. 

(17), Hahn and Klingler  (18), and Goodyear, Duffin, 
and Steigman (19). These are called a-Ga2Ss, ~-GauS3, 
7-Ga2S3. According to Hahn and Klingler  Ga2S3 can 
crystallize in one of two modifications, a low- tem-  
pera ture  form (the v-form) or a h igh- tempera ture  
form (the ~-form).  The inversion tempera ture  is 
thought to be between 550 ~ and 600~ and these au-  
thors found that  the low- and h igh- tempera ture  
phases have structures which are related to the zinc 
blende and wurtzi te  structures, respectively, each 
having a random distr ibut ion of vacancies in the sites 
normal ly  occupied by Zn in the model structures, 
while a-Ga2S3, the ordered low-tempera ture  phase, 
has a monoclinic symmetry  according to Goodyear 
et al. (19). 
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Growth Studies of Silicon Carbide Crystals 
L. J. Kroko 

Research Laboratories, West inghouse Electric Corporatie~, Pi t tsburgh,  Pennsylvania  

ABSTRACT 

Silicon carbide crystals are commonly grown from the vapor at a tempera-  
ture  of about 2600~ in so called "sublimation" furnaces where in  crystals 
are grown on  the inside walls of a cavity formed wi th in  a large porous 
block of silicon carbide. A model  for growth in this system is postulated and 
growth rate as a funct ion of temperature  is calculated. Growth in argon with 
pulses of ni t rogen introduced at regular  (7�89 min)  intervals  is shown to pro- 
duce sharp green lines that define the successive crystal sizes dur ing the entire 
growth period (~8  hr) .  Tempera ture  changes are made dur ing growth and 
the growth rates are measured dur ing successive tempera ture  cycles. Con- 
siderable fluctuation in growth rate  is revealed by this new measur ing pro-  
cedure. Theory and exper iment  are in quali tat ive agreement.  

Although single crystals of silicon carbide obtained methods for producing crystals in the 
as an accidental by-product  in commercial  abrasive been available. 
production have been known  since the early n ine teen  
twenties, it is only since about  1954 (1) that  practical  

laboratory have 

The basic s t ructure  used for this purpose is a sin- 
tered block of silicon carbide, ca. 40% density, wi th  
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Fig. 1. Schematic drawing of 2600~ silicon carbide crystal 
growth furnace showing water-cooled envelope, powdered graphite 
insulation, and crucible with crystals attached to cavity wall. 

an internal  void or cavity. Crystals grow from the 
walls of such cavities when  certain thermal  conditions 
to be described la ter  are met. In furnaces used for 
abrasive production, cavities form when  the start ing 
mix ture  of coal, sand, and sawdust shift during com- 
bustion; in laboratory furnaces the cavities are  formed 
by del iberate  stacking of chunks of p re - reac ted  silicon 
carbide or through the use of th in -wal led  graphi te  
tubes (2). An electr ical ly heated furnace of a type 
commonly used in the laboratory for this purpose is 
shown in Fig. 1. The outer  container is made of stain-  
less steel and is wa te r  cooled. The heat ing e lement  is 
a graphite cylinder so slotted that  current  flows up 
one half  of the cyl inder  and down the other. Insulat ion 
is provided by combinations of graphi te  powder  and 
machined solid shapes. (No known metals  or ceramics 
can be used in the hot zones because of the ex t reme  
tempera tures  and react ive vapors, par t icular ly  silicon 
vapor.) 

The "charge" for the furnace is a circular  graphi te  
crucible, in this case 4 in. d iameter  by 8 in. long ove r -  
all, filled wi th  silicon carbide grain or wi th  a near  
stoichiometric mix tu re  of finely divided silicon and 
carbon. The loose bulk mater ia l  is kept  out of the 
central  port ion of the charge by a hol low r ight  cir-  
cular cyl inder  made  f rom a graphi te  tube 2 in. d iam- 
eter, 3 in. long, 0.004-0.008 in. thick, and 1/16 in. 
thick end-caps. 

Inside the furnace the "charge" is suspended from 
above by a graphi te  rod threaded into the lid of the 
crucible. Usual ly  the crucible is rotated to provide  
bet ter  the rmal  symmetry.  In a typical run, the charge 
just  described is heated to about 2600~ and held there  
for 5-20 hr, depending on the resul t  desired. In an 
average  run  about 10-20% of the silicon carbide mass 
put  inside the charge is lost; the remainder  fuses to 
form a coarse grained porous mass whose s t ructural  
features wi l l  be considered in detail  later. Crystals 

nucleate  and grow from the walls of the centra l  cavi ty 
in the manner  depicted in Fig. 1. Approximate ly  10% 
of the runs produce no crystals, 20% produce ex-  
ceptionally fine large (up to 1~ in.) ones, and 70% 
of the runs produce reasonable yields (~100) of crys-  
tals of the order of 1/4-% in. 

As a basis for the study of this growth process, the 
fol lowing observations may be made: 

(A) Crystals appear in a zone on the cavi ty  wall. 
Near  the zone center  the hexagonal  platelets  have  
near ly  plane paral le l  faces and intersect  the substrate 
at r ight  angles; at the zone extremit ies  crystals often 
have one flat side and one "staircase" side, are usu-  
ally re la t ive ly  thick and comparat ive ly  small. 

(B) Cross sections of the furnace charge disclose 
"lines" of crystal l ization in the bulk mater ia l  which 
cIosely resemble a t race of what  one might  expect  as 
heat  flow paths in an orthogonal  system of flow and 
isothermal  lines. 

(C) Most crystals, especially the largest, are or i-  
ented so that  normals  to their  flat faces are near ly  
paral le l  to the long axis of the growth cavity (Fig. 1). 

(D) Crystals tend to have  a th ickness- to-width  ratio 
of the order of %, but  ratios as large as V2 and as 
small  as 1/100 are not uncommon. Crystals often grow 
at vast ly different rates in the "a" directions on the 
basal plane as evidenced by the unequal  lengths of the 
hexagonal  sides. The perfect ion of crystals depends 
strongly on the substrate character  and the number  of 
in terfer ing crystals. The best crystals are those which 
grow with  few neighbors. Even  these, however ,  show 
surface spirals and other physical  evidence of dis-  
locations (3). 

(E) P- type  crystals (a luminum doped) are blue 
in color, n - type  (ni t rogen doped) green, and pure 
or compensated crystals are colorless. The greater  
the impuri ty  concentration, the greater  the color den-  
sity. Degenerate  crystals are near ly  opaque. 

By the study of these features  and others, such as 
growth rates as functions of tempera ture ,  considerable 
progress can be made in unders tanding silicon carbide 
growth processes. 

Discussion of Growth Features 

"Crystallization" lines.--Perhaps the most impor tant  
clue to the working of this system is the set of curved 
crystal l ization lines which form in the bulk mater ia l  
surrounding the cavity. By experience it has been 
found that  the best crystals are grown when  conditions 
are adjusted so that  horizontal  or ver t ical  planes 
through the cavi ty center  are mir ror  planes for the 
crystal l ization lines. Some typical  forms observed 
and the resul t ing crystals are shown in Fig. 2. In Fig. 
2a the horizontal  crystal l izat ion lines intersect  the 
substrate at 90 ~ in the central  region of the cavi ty and 
deviate  from 90 ~ above and below. Only when this 
pat tern is observed are good crystals obtained. 

In Fig. 2b the ent i re  line s t ructure  is shifted down-  
ward  and the horizontal  crystal l izat ion lines intersect  

Fig. 2. Location of horizontal "crystallization" lines for good 
thermal symmetry "a" (left) and poor therma| symmetry "b" 
(right). 
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Fig. 3. Transport paths which give rise to L'crystallization lines" 
in a silicon carbide charge. 

the end cap. In this case crystals grow from the wal l  
as wel l  as f rom the end cap and the perfect ion is ve ry  
poor. 

In searching for an explanat ion of this s t ructure 
one is quickly led to a "flow" theory because of the 
strong resemblance these lines bear to graphical  solu- 
tions of Laplace's  equation. One can easily imagine 
heat  flow in from the r ight  and left  and out through 
the top and bottom in Fig. 2a. This pat tern  is ent i re ly  
consistent wi th  the heater  geometry,  and measure-  
ments confirm that  the sides of the container (Fig. 
2a) are  hot ter  than the top and bottom. With these 
boundary conditions the origin of the lines follows 
immediately.  

As the furnace is heated, point  "a" (see Fig. 3) 
reaches a t empera tu re  Ta where  mater ia l  begins to 
decompose appreciably (SiC has no l iquid phase at 
reasonable pressures) ,  and the vapors diffuse in all  
directions. There  is some vapor which travels  toward 
"b" where  it condenses as a result  of the lower tem- 
pera ture  Tb there. This results in a concentrat ion 
gradient  which enhances diffusion of the silicon car-  
bide species toward the cavity. At  growth tempera ture  
mater ia l  is steadily t ransported f rom a to b to c to d 
along the typical  path shown. This steady decomposi-  
t ion and condensation along the t empera tu re  gradient  
results in gra in- l ike  pat terns which accurately define 
the flow path (and the associated orthogonal  iso- 
thermal  l ines).  For  ve ry  long or ve ry  high t empera -  
ture runs, a rea lm of decomposit ion progresses f rom 
a along the path shown and after  some t ime there  
will  be silicon carbide only at d; the rest having been 
decomposed to graphi te- l ike  pseudomorphs.  

Temperature environment o] growing crystals.--In 
view of the heat  flow path and tempera ture  gradient  
just  established, it is apparent  that  the root of a 
growing crystal  must  be at least as hot as the growing 
faces. Therefore  the heat  of solidification of the in-  
coming molecules must  be discharged somehow into 
the cavity proper;  it cannot be conducted to the sub- 
strate. This of course, could be accomplished through 
conduction by the ambient  gas or by radiation. In a 
later  section it wil l  be apparent  that  conduction is 
negligible compared with  radiat ion because of the 
high absolute t empera tu re  and the small  t empera tu re  
difference. 

Crystal size varia~ons.--The first widely  accepted 
theory for  the enormous range of sizes, ~100:1, ob-  
served in a typical  furnace run  was based on the no-  
tion that  the nucleat ion of crystals was a continuous 
process. Those crystals which grew to large size were  
assumed to have nucleated ear ly  in the run  whi le  
those which were  small  were  assumed to have  nucle-  
ated late. In 1956 this notion was inval idated by un-  
published work  of the author  who showed, by pulse 
ni t rogen doping exper iments  similar  to ones described 
in the section on Observat ion of Growth  Rates, that  
all crystals which grew to significant size were  nu-  
cleated dur ing a short  period of about 10 min  durat ion 
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at the beginning of a run. This discovery was quite 
surprising and gave impetus to studies of t empera ture  
and vapor  supply as possible causes of growth ra te  
variations. 

Tempera tu re  differences at least on the scale of 
physical  observations with an optical pyromete r  could 
normal ly  be held to a few degrees and were  con- 
stant for any given run. Fur the rmore  the location 
of large and small  crystals was completely  random. 
Small  crystals sometimes grew alone and sometimes 
adjacent  to ve ry  large crystals. It  seemed that  these 
conditions requi red  variat ions in the control l ing pa-  
r amete r  which were  large compared to crystal  spacing 
and therefore  the small  area propert ies  of vapor  sup- 
ply and tempera ture  variat ions were  considered. 

If  vapor  supply were  the controll ing factor then 
one should expect  to find no prefer red  crystal  or ienta-  
tion, however  such order ing is one of the dominant  
growth features. The source or ientat ion effects appear 
also when graphi te  cloth is substi tuted for the thin 
graphi te  cylinder.  The s t ructure  of graphi te  cloth is 
such that  the poin t - to-poin t  variat ions in vapor  sup- 
ply are highly improbable.  These arguments  make  it 
unl ikely  that  vapor  supply can be made to account 
for crystal  to crystal  size variations. 

There  is still  the mat te r  of growth rate  differences 
along the various "a" directions in any one crystal. 
With negligible exception crystals have faces flat to 
wi th in  small in tegral  mult iples of the basic polytype 
unit  cell. (For  the commonest  forms, 4H, 6H, 15R, this 
amounts  to several  hundreds of angstroms at most.) 
This flatness can occur only if the surface mobi l i ty  of 
the absorbed species is ve ry  high. This suggests that  
the actual source of the vapor  must be unimpor tant  
and that  direct ional  rate  variat ions must  be due to 
something else. 

For  t empera tu re  variat ions be tween  crystals to be 
responsible for the observed growth ra te  differences, 
one must  find a heat  t ransfer  mechanism which can 
support  tempera ture  differences of a large  enough 
value. Because conduction to the substrate is ruled 
out by the direct ion of the thermal  gradient,  and 
differences in conduction through the gas for ad- 
jacent  crystals are unl ikely to be adequate  quan-  
t i tat ively,  it appears necessary to consider the possi- 
bil i ty that  radia t ive  effects are the cause of the growth 
rate  differences. 

Actual ly  strong evidence for the dominance of ra-  
diation comes f rom many  observations and exper i -  
ments. The most obvious of these is the unfail ing 
habit  of grown crystals to be oriented with  their  larg-  
est faces subtending what  is known to be the  coldest 
area of the cavi ty (top and bot tom).  This is clearly 
evident  in Fig. 2a. When there  are massive clusters of 
in te rgrown crystals, crystal  or ientat ion is less ob- 
vious but  this is easily accounted for by mult iple  re-  
flection radiat ion paths. 

A direct measure  of the importance of orientat ion 
has been obtained by plant ing ful ly  grown crystals in 
the thin graphi te  wall  prior to a growth run. In all 
cases it is found, when the exper iment  is not com- 
plicated by wild  profuse cluster growth, that  growth 
is max imum on those samples oriented as in Fig. 1 
and min imum (indeed, usual ly negat ive)  when  nor-  
mal  to this direction. For angles be tween the ext remes 
a smooth progression in rate  occurs. 

In a var ia t ion of the la t ter  exper iment  a series of 
crystals all paral le l  to one another  and in a line be-  
tween top and bot tom of the cavi ty has been used. In 
this a r rangement  the crystals on the end subtend the 
cold sink whi le  each successive crystal  is blocked 
there  f rom by one or more  crystals. In these exper i -  
ments  the end crystals grow most on the side toward 
the end caps. Each succeeding crystal  grows less and 
usual ly  the crystal  in the middle  of the line de-  
composes. In these structures the only difference in 
env i ronment  for the separate crystals is their  re la t ive  
radiat ive shielding f rom the u l t imate  sink. 
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The shielding effect can in fact be carried to the 
ex t reme in another experiment .  If one considers lines 
from the ver t ical  midpoint  of the cavity wal l  to the 
center  of the top and bottom of the cavity in Fig. 
2a it is possible to visualize 3 or 4 shields evenly 
spaced between the center  and each end such that  
each shield extends f rom the substrate to the line so 
that  any point on the substrate sees at least one shield 
be tween it  and the end cap. When this is done it  is 
found that  not only is crystal  growth el iminated but 
nucleation as well.  This shows that  the supersatura-  
tion of vapor  required for nucleation as well  as for 
growth is controlled completely by heat  radiat ion to 
the cold portions of the cavity. 

Nuclei formation.--The radiation hypothesis ex-  
plains the fact that  useful nuclei form only during 
some short in terval  at the beginning of a furnace run. 

As the furnace is heated up the thermal  capacity of 
the charge gives rise to larger  gradients than those 
which exist  in the steady state. Therefore  on the 
cavi ty walls supersaturat ion is highest early in the 
run, and nuclei of all orientations may form. Once 
formed they radiate heat  and grow. After  a short t ime 
the gradient  becomes less, the supersaturat ion is re -  
duced, and the probabil i ty  of forming new nuclei be- 
comes small. The nucleat ion process is also re tarded by 
the fact that  after the initial nuclei  grow beyond a 
certain size they screen the wall  f rom the sink and 
reduce the supersaturat ion still further .  

Before summariz ing the per t inent  deductions it is 
wor thwhi le  to consider t empera ture  profiles wi thin  
the cavity. A quick glance would tempt  one to ex-  
tend the crystal l ization lines of the bulk into the 
cavity and thereby deduce that  crystals grow along 
the gradient  so defined. This construction is, however ,  
fallacious since the emissivi ty of a crystal  and of a 
gas are different and hence the tempera ture  at any 
point depends heavi ly  on whether  or not there is a 
crystal  there. In short, the crystal  determines  the tem-  
perature  at its faces by v i r tue  of its radia t ive  sur-  
roundings. Its physical location, re la t ive  to the ex-  
tended crystal l ization lines, is not of fundamenta l  
importance.  

One other point is wor thy  of comment  here. It is 
not uncommon for authors to speak of silicon carbide 
crystals as growing in isothermal  cavities. Such a con- 
dition is t ru ly  impossible since condensation of ma-  
terial  on a crystal  face requires  the reject ion of a 
positive quant i ty  of heat. Indeed the basis of this work  
is that  it is the existence of small  but posit ive tem-  
pera ture  gradients which completely governs growth 
rate. 

Summary of observations.--As a result  of the pre-  
ceding discussion, the fol lowing qual i ta t ive  picture 
of growth can be put forth. Thermal  gradients im-  
posed on the growth structure f rom outside, cause 
silicon carbide t ransport  through the bulk charge by 
an evaporat ion condensation cycle which produces 
characterist ic lines of crystallization. When these 
vapors enter  the cavity, they condense on nuclei  in 
amounts de termined by the re la t ive  abili ty of the in-  
dividual  nuclei  to radia te  away the energy of con- 
densation. Al though nuclei  of all orientat ions are 
originally avai lable only those favorably  oriented for 
heat  radiat ion grow, the others disappear so that  in 
the final system certain orientat ions are prominent.  A 
fundamenta l  part  of the model  proposed is that  the 
rate  l imit ing step is heat  t ransfer  by radiation. Vapor 
supply and the nucleation of growth ledges, etc., are 
found to be of second order  importance.  The model  
is developed quant i ta t ive ly  in the section that follows. 

Growth Model and Growth Rate Calculations 

Figure  4 represents  a crystal  located in a cavi ty  
within a mass of loosely packed silicon carbide. The 
t empera tu re  configuration is such that  T1 > T2 > T3. 
T2 is controlled by radiat ion to the sink T3 and hence 
bears some definite re la t ion to T1 and T3. The crystal  

Loosely Packed SiC 

/ 

Fig. 4. Model for growth of silicon carbide crystals by the sub- 
fimation method. 

is assumed to be surrounded by vapor  at a t emper -  
a ture  TI. It  is fur ther  assumed that  the processes of 
condensation and evaporat ion at the crystal  faces do 
not couple, i.e., are independent  of one another.  

F rom kinetic theory the mass of molecules arr iving 
at the crystal  surface from the T1 source is 

--AE 
Gi = CoT~-1/2 exp [ - - R - ~ ,  ] [1] 

where  Gi is in g/cm2/sec, T in ~ R is the gas con- 
stant, k ca l /m o le /~  and hE is act ivation energy for 
dissociation, kcal /mole .  A similar  expression for mol-  
ecules a r r iv ing  f rom T3 should also be wri t ten,  but  
it wil l  be seen later  that  this complicat ion adds lit t le 
to the results obtainable f rom the analysis. S imi lar ly  
an expression for the mass of molecules leaving the 
crystal  surface is 

--AE 
Gv = CoT2-1/2 exp [-~-~-2 ] [2] 

The net rate  is 
I---~E 1 I- - - s E  1 

a,--Vv = CoT,- exp [ - - i y j  J -- CoT2- "2 exP [ -  1 1~ 1 RT2 
[3] 

It is quite l ikely that  Co and AE of Eq. [1] are not 
equal respect ively to Co and AE of Eq. [2] and it would  
be useful to have  separate values appropriate  to the 
two processes. Unfor tuna te ly  such a de terminat ion  is 
very  difficult to execute and for the purposes of this 
s tudy the aforement ioned assumptions were  made. As 
wil l  be seen la ter  the tempera tures  T~ and T2 differ 
by the order of l~  and T1 ~/2 and T21/2 therefore  differ 
by less than 1%. Hence Eq. [3] may be simplified to 
yield for the net growth rate 

-AE ,--AE 
G ---- e l  [ (  e x p _ _ ) - -  ( e x p ~ ) ]  [4] 

C1 and aE in this expression can be de termined  by 
direct measurement  of the ra te  of decomposition of 
crystals. This is presented in the Appendix  where  the 
values obtained for 1 atm argon pressure are C1 ---= 
3.08 x 107 g/cm2/sec and 2~E ---- 148 kcal /mole .  How-  
ever  before calculations of growth ra te  can be made 
representa t ive  values for T~ and T2 o r  more  speci- 
fically for T1-Te must  be known. 

Direct exper iments  to de termine  T1 and T~ by op-  
tical pyromet ry  have shown that  any opening big 
enough to permi t  visual sighting causes heat  leaks 
sufficient to change the entire heat  pa t t e rn  as evi-  
denced by the al tered crystal l ization pat tern  of the 
bulk charge. Even under  such ex t reme conditions t em-  
pera ture  differences are less than the resolving capa- 
bil i ty of optical pyrometers  (ca. 5~ 
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For purposes of defining the range of computat ion 
an approximate  value  for T1-T2 may be obtained by 
making use of the heat  of condensation of silicon car-  
bide as follows. Assume that  the crystal  in Fig. 4 
must  dissipate heat  by radiat ion at a rate  sufficient to 
dispose of the heat  of condensation of incoming mol-  
ecules only. (For  typical size crystals and tempera -  
ture differences deduced, heat  conducted via the am-  
bient  gas is small  compared with  heat  lost by radia-  
tion.) 

The heat  per unit  area t ransferred between the crys-  
tal at T2 and the sink at T3 is 

watts  
P = eo [T24 - -  Ts 4] ~ [5] 

cm 2 

where  e = effective emissivi ty of the  growing crystal  
and its sink, and ~ = Stephan Bol tzmann constant 
(5.67 x 10 -2 w/cm2/~  Now exper iment  shows that  
a typical  crystal  in a growth run of 6 hr  at ,~2500~ 
may have an area of 0.1 cm 2 (ca. 0.3 x 0.3 cm),  a 
thickness of 0.025 cm, and a weight  of 0.0077g. From 
the value  for AE of the Appendix  (148 kca l /mole)  a 
crystal  of this weight  requires  28.5 cal to be dissi- 
pated in the 6 hr. Hence from Eq. [5], it is readi ly  
shown that  for e = 1 T2-T3 needs to be only of the 
order of 0.1~ whi le  for e ---- 0.1 T2-T3 needs to be 
about 1 ~ 

It may  be fur ther  shown that  TwT2 is wi thin  10% 
of T2-T3 by assuming an equi l ibr ium situation whe re  
the power  t ransfer  is constant. 

On the basis of these arguments  it is reasonable to 
evaluate  Eq. [4] for t empera tu re  differences in the 
range of I~ for purposes of comparison wi th  ex-  
periment.  It is possible to argue that  it is unrealist ic to 
assume T1-T2 is not a function of tempera ture ;  how-  
ever  simple computat ions show that  it is not a steep 
function of t empera tu re  and in addit ion the over -a l l  
assumptions are too severe to make  this ref inement  
meaningful .  

Theoret ical  curves of growth rate  f rom Eq. [4] are  
given in Fig. 5 for argon at a tmospheric  pressure. 
Roughly a 100~ change in t empera tu re  produces a 
2.5:1 change in growth ra te  for a constant AT. The 
effect of AT is also seen to be considerable, for ex-  
ample a change of AT from 1 ~ to 2~ approximate ly  
doubles the growth rate. In v iew of the absolute 
growth t empera tu re  ,~2600~ it may be concluded 
that  the control of growth rate  presents serious prob-  
lems. Fur thermore ,  measurements  of growth ra te  are 
l ikewise difficult and a method for doing this is de- 
veloped in the remainder  of this paper. The results  

of such measurements  are rat ional ized with  the dis- 
cussion of growth already presented. 

Observation of Growth Rates 
Prior  at tempts to relate  growth ra te  and temper -  

ature compared rates measured in separate exper i -  
ments in each of which large numbers  of crystals of 
all sizes were  produced. From statistical t rea tment  of 
such data Hamil ton  (4) concluded that  ra te  increased 
with tempera ture  but  the actual rate was not obtain-  
able f rom the data. 

In this work  the growth ra te  at a min imum of two 
tempera tures  was measured  in each of the many  crys-  
tals of a single run. To accomplish this the . temper- 
ature was a l ternated be tween two different values for 
several  cycles during the growth run. Each crystal  
thus contained several  regions grown at each t emper -  
ature. The different regions were  outl ined by admit -  
t ing small  quanti t ies of n i t rogen each t ime the t em-  
pera ture  was changed. The dark green color thus im-  
parted by ni t rogen was l imited to small  areas by a 
constant flow of argon which served to purge the 
furnace and re tu rn  the a tmosphere  to one which pro-  
duced very  l ight green mater ia l  before t empera tu re  
was changed again. 

Some crystals grown in variat ions of this exper i -  
ment  are shown in Fig. 6, 7, and 8. These figures show 
only selected samples f rom a wide range of the sizes 
and shapes obtained in each actual run  (ca. 1000 
crystals total) .  There  were  many  crystals too small  
to be seen with  the unaided eye as wel l  as one or two 
much larger  than those shown. All  but  the largest  
show a distr ibution of band pat terns s imilar  to those 
illustrated. The very  largest  have bands whose 
spacing show no effect of temperature .  These wil l  not  
be discussed here, since they represent  a negligible 
fraction of the total  and are very  imperfect  and 
probably grew fast for this reason. 

Fig. 6. Crystals from growth rate experiment. The bands de- 
fined by nitrogen doping each represent 1 hr of growth (the tem- 
perature schedule is given in Table I). 
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Fig. 5. Theoretical curves for volume growth rate of silicon car- 
bide crystals in "sublimation" furnace. 

Fig. 7. Crystal with nitrogen markings to indicate growth at suc- 
cessive time intervals, see Table I for details of temperature 
changes, and the text for particulars of the nitrogen doping. The 
fine lines occur at 71/2 min intervals. 
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Fig. 8. Silicon carbide crystals with nitrogen markings showing 
growth rate fluctuations in various directions on the basal plane. 
Fine lines occur at 7V2 rain intervals. 

Figure  6 was the first exper iment  of this sort and 
each band represents  1 hr  of growth for the t emper -  
a ture  schedule of Table I. Figures 7 and 8 are typical  
of refinements in the procedure in that  each hour 
period is divided into 8 parts wi th  a fine mark  each 
7Y2 min. In the crystal  of Fig. 7 the half  hour marks  
were  intensified by t r ipl ing the ni t rogen volume in- 
troduced. In Fig. 8 another  var ia t ion  of mark ing  was 
used. For  the outer band ( ~ 1 ~  hr, 12 marks)  all 
marks  were  of the same density but for the other  
bands the quant i ty  of n i t rogen was var ied in equal  
steps f rom the first to the eighth band. This was done 
to disclose any effect of ni t rogen on growth rate. The 
tempera tures  for the three  samples are given in Table 
I where  the first ent ry  is for the last band (i.e., the 
edge of the crystal) .  

The crystal  of Fig. 7 represents  one of the bet ter  
examples  of good hexagonal  symmet ry  to be found 
among crystals produced by this process. This sample 
is of uniform thickness, 0.006 in., perpendicular  to 
the il lustration, and measures  0.270 in. across f rom 
left  to right. (Crystals approaching 1 in. across have  
been grown in other experiments .)  Growth  rates in 
all directions tend to be very  near ly  equal, except  
for those which intersect  the ragged edge where  the 
pla te le t  was at tached to the substrate. There  is how-  
ever  some asymmetry  in the region of small  hexagons 
(early growth) .  

Comparison of this crystal  wi th  that  of Fig. 8 shows 
some impor tant  effects. To begin wi th  the ext remes of 
the crystal  of Fig. 8 show an asymmetry,  but  more 
than that  it can be seen that  while  growth ra te  was 
reasonable during the last period along the left  side 
it was near  zero for the three preceding periods and 
normal  before that. This has been found to be a ra ther  
common occurrence in crystals and can be a t t r ibuted 
to a change in the the rmal  envi ronment  of an edge 
brought  about by other crystals and /or  changes in the 
heat  input  pa t te rn  f rom the heater.  

Table I. Time temperature schedule for growth rate experiments 

Fig ,  6 Fig ,  7 Fig .  8 
T i m e  Temp,  ~ T ime ,  h r  Temp ,  ~ T ime ,  h r  Temp ,  ~ 

Another  characterist ic obvious in Fig. 7 and 8 is the 
apparent  difference in background color density ( re -  
lated to the N2 content)  for the al ternate  high and 
low tempera ture  regions. Dur ing the growth  of the 
region be tween  marks  n i t rogen put in to make  the 
mark  is depleted to some leve l  which is the same for 
low and for high t empera tu re  regions. Never theless  
the color shows that  the amount  of n i t rogen incor-  
porated is greater  in the low tempera tu re  regions. This 
supports the notion that the rate  of incorporat ion of 
ni t rogen increases wi th  decreasing t empera tu re  as 
proposed by Hamil ton (4). 

Also of interest  are the terraces or rings of Fig. 6. 
It can be seen on crystals B and C that there  would 
appear to be growth ledges spreading out f rom the 
faster moving, shorter, edges. This pat tern  is con- 
sistent with the explanations given earl ier  where  it 
is proposed that  the abili ty of a surface to dissipate 
heat  governs the vo lume grown. In this instance the 
l imit  of progress of a growth ledge defines the extent  
of the cooled region of the crystal. 

In terpre ta t ion  of  Results 
As pointed out earlier,  crystals f rom microscopic 

size to those of Fig. 6, 7, and 8 were  obtained in these 
experiments.  All  grew for the same length of t ime 
and hence there  is a t remendous var ia t ion in growth 
rate. As a result  one is immedia te ly  faced wi th  the 
problem of deciding which, if any, crystals can be 
compared with  the preceding theory. This question is 
easily resolved by recall ing the assumptions of the 
theoret ical  model. Reference to Fig. 4 shows that the 
crystal  considered enjoyed direct  radia t ive  access to 
the heat  sink and by the arguments  g iven so far  is 
therefore  set to grow at the m ax im um  possible rate. 
Therefore  crystals to be measured should be the larg-  
est found in any specific case. The crystals of Fig. 6, 
7, and 8 are such samples. 

Having  chosen the largest  crystals there  is still a 
problem associated with  crystals l ike that  of Fig. 8 
where  the growth rate  was obviously in ter rupted  
along the left  side. Here  one wonders  whe ther  the 
mater ia l  not deposited along that  direction is to be 
found elsewhere on the crystal  or whe the r  it is lost 
to the crystal. This cannot be de termined  direct ly 
and therefore  growth rate  wil l  be presented in two 
approximate  forms, l inear  rates and volume rates. 

In some crystals, such as B in Fig. 6, the  growth 
rates perpendicular  to the sample bear the same ratio 
to the corresponding widths as the final thickness 
bears to the final width. In others, the crystal  of Fig. 
7, for example,  special account must  be made  for 
fluctuations in rate. A schematic of the la t ter  crystal  
section is shown in Fig. 9. The ext ra  growth in the 
cross-hatched section occurred in the second band 
from the outer edge marked  X in Fig. 7. It is seen 
that  the l inear  ra te  is not unusual  a l though the crys- 
tal approximate ly  doubled its thickness in this period. 
This type of shor t - te rm accelerated growth seems to 
be very  common, and there  is some evidence for th ink-  
ing that  unbalanced growth rates exist somewhere  in 
every  crystal. It is bel ieved that  such growth results 
f rom temporary  increases in the rmal  gradient  for 
the subject  crystal  since others in the same run have 
accelerated growth in different periods. When large 
seed crystals, proper ly  oriented, are p lanted in a 
growth structure they have unobstructed access to 

35min 2620 1 2490 IV~ 2540 
I hr 2515 1 2590 1 2640 
1 hr 2620 1 2490 1 2540 
1 h r  2515 1 2590* 1 2640 
1 h r  2620 1 2490 1 2540 

1 2590 
1 2490 
1 2590 

* Note :  f o u r t h  b a n d  has  t r i p l e  q u a n t i t y  of n i t r o g e n .  
** Note :  a l l  b u t  the  ou te r  b a n d  h a v e  g r a d u a t e d  m a r k s .  

y///////////A. 
Fig. 9. Schematic cross section of a crystal with thickness growth 

rate variations. The illustration is representative although not to 
scale of fluctuations seen in the crystal of Fig. 7. 
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Fig. lO. Silicon carbide linear growth rates vs. temperature 
(measured). 
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Fig. 11. Linear growth rates for various axes in the crystals of 
Fig. 7 and 8. Average values are represented by wavy lines. 

the col sinks at least for a while and in  every case 
extreme thickness to width ratios are observed. This 
is taken as evidence that  growth in the C direction, 
as in Fig. 9 cross-hatched, arises from temporary ab-  
normal  gradients. 

In  an aggregation of crystals (Fig. 1, for example) 
it is un l ike ly  that any one crystal, unless planted as 
a large seed, ever sees the full  gradient  of the cavity 
and therefore it may be impossible to associate a pre-  
dicted growth rate with any given crystal. In  Fig. 10 
and 11 l inear  growth rates for the various "a" direc- 
tions are presented for the crystals of Fig. 6 (A -t- B),  
7, and 8. The growth rates depend on the axes con- 
sidered. Average values (of all axes measured)  are 
given as wavy lines in  Fig. 11. A systematic var iat ion 
of growth rate with tempera ture  can be seen in  this 
figure. Volume rates are given in Fig. 12 for crystal 
298 (shown in Fig. 7). Dur ing  the seventh growth 
period abnormal  thickening occurred (as discussed 
with reference to Fig. 9) and this increase is shown 
separately in the diagram. 

Figure 12 shows, dur ing the ini t ia l  cycles at least, a 
fall off of growth rate with time. The volume growth 
rates (not shown here) for the crystal of Fig. 8 show 
a similar decrease. Although the reason is not known 
with certainty a consistent explanat ion for the de- 
crease in rate at the same apparent  temperature  can 
be obtained from the radiat ion hypothesis. For region 
I in Fig. 12, the crystal was small, the shielding 
effect of neighbors is correspondingly small, and the 
sample grew as though it were exposed to near ly  the 
ful l  cavity gradient. As it  and its associates grew, 
shielding became impor tant  and the rate  at both tem-  
peratures decreased unt i l  reaching an apparent  steady 
state in periods V, VI, VII, and VIII. During period 
VII the thickening increment  makes the total growth 
almost equal to that  of period I, suggesting that  some- 
how the ful l  gradient  was again operative. Figure  13 
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Fig. 12. Measured volume growth for crystal 298 (Fig. 7) each 
period 1 hr. 
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Fig 13. Theoretical volume growth rate (curves) and actual growth 
rate (triangles) for SiC crystals vs. temperature for crystal to sink 
A T  of 1.0 ~ 2.0 ~ 4.0 ~ and 8~ 

presents theoretical lines of growth rate vs. temper-  
ature from Eq. [4] for temperature  differentials of 
1~176 and measured volume rates of growth for the 
crystals of Fig. 7. 

It  is concluded that  the theoretical model predicts 
both the absolute growth rate and its var iat ion with 
tempera ture  to an accuracy consistent wi th  the re-  
solving power of growth experiments.  Fur the rmore  
all growth habits are readi ly explained by the model 
and none are in conflict with it. Fur ther  progress in  
this work requires bet ter  control of exper imental  
conditions and higher accuracy for measurement  of 
local temperature.  
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A P P E N D I X  
Decomposition Rate for Silicon Carbide 

The act ivat ion energy for decomposit ion of silicon 
carbide was measured by weight  loss in argon under  

conditions s imulat ing the sublimation furnace in 
which crystals are grown. In the actual a r rangement  
crystals of known area, weight,  etc., were  mounted  
in a graphi te  block (previously outgassed) and sur-  
rounded with  a graphi te  enclosure. At least two crys-  
tals were  used in each measurement ;  one was a high 
pur i ty  clear crystal  and the other  was doped to the 
levels  encountered in grown PN junctions (~101~ 
cm-~) .  Furnace  runs var ied  f rom ~ to 3 hr  and 
weight  losses were  measureable  to about 3%. After  a 
run, crystals typical ly  had a graphi te - l ike  surface 
which was removed by burning before weighing.  The 
weight  of this layer  was very  low, about 5% of the 
total  weight  loss. The existence of this layer  did not 
seem to inhibi t  decomposition to any observable de-  
gree. 

The losses exhibi ted by all crystals, pure and im-  
pure alike, were  the same wi th in  exper imenta l  error. 
The spread in data points is a t t r ibuted mainly  to va r i -  
ations in the decomposit ion ra te  of the part  of the 
crystal  embedded in the graphi te  block. The l i t t le  tab 
provided for this purpose decomposed at different 
rates in the different runs presumably  depending on 
the tightness of the fit. 

The data was plotted and a mean  square line fitted 
thereto. Calculation of the in tercept  and slopes of the 
l ine yielded 3.08 x 107/cm2/sec and AE ~ 148 kca l /  
mole. 

Impurity Distribution in Single Crystals 
II. Impurity Striations in InSb as Revealed by Interference Contrast Microscopy 

August F. Witt and Harry C. Gatos 

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

The na ture  of impur i ty  striations in InSb grown in the ~111~  direct ion 
was invest igated by in ter ference  contrast  microscopy. Six different types of 
impur i ty  striations were  revealed  in the (211} planes paral le l  to the growth 
axis. The impur i ty  concentrat ion in the melt, size of the crystal, rate  of ro ta -  
tion, pul l ing rate, t empera tu re  gradients, and growth direct ion were  found to 
affect the density, intensity,  and other  characterist ics of the striations. 

The exist ing uncer ta in ty  on the nature  and origin 
of impur i ty  striations in crystals (1-3) can be a t t r ib-  
uted largely  to the fact  that  their  detai led s t ructure  
cannot be sharply revealed  by convent ional  optical 
techniques because of lack of contrast. S imi lar ly  
radiotracer  techniques and standard resist ivi ty micro-  
profiles suffer f rom insufficient resolution. In te r fe r -  
ence contrast  microscopy combined wi th  proper ly  pre-  
pared surfaces provided high resolution as wel l  as 
high contrast  and led to the identification of six dif-  
ferent  types of striations. 

Experimental Procedure 
Single crystals of InSb containing te l lur ium as im-  

pur i ty  (2-50 mg Te per  50g InSb melt)  were  grown 
in a Czochralski- type apparatus. Purified hydrogen 
was passed over  the mel t  at an approximate  ra te  of 
10 cc/min.  The melt  t empera ture  was control led to 
wi thin  0.1~ 

The single crystals grown in the ~111~  B I direct ion 
were  cut along the growth axis to expose a (211) 
plane which was subsequent ly  polished with a Linde 
B abrasive (part icle size 0.05~). For  best results in 
our optical invest igat ion the final polishing was done 
in a direction perpendicular  to that  of the striations 
of interest.  In this way any scratch marks  could be 
clearly differentiated f rom striations. Af te r  polishing 
the specimens were  r insed wi th  distil led water  and the 
still wet  samples etched wi th  modified CP4 (5HNO~, 

I t  is  c o m m o n  p r a c t i c e  to  d e n o t e  t h e  {111} s u r f a c e s  of I I I - V  c o m -  
p o u n d s  t e r m i n a t i n g  w i t h  g r o u p  V a t o m s  as  { l l l ) B  s u r f a c e s  o r  s i m -  
p l y  B s u r f a c e s  a n d  those  t e r m i n a t i n g  w i t h  g r o u p  I I I  a t o m s  as  { l l l ) A  
o r  j u s t  2k s u r f a c e s .  

3CH3COOH, 3HF, 11H20). The etchant  was applied 
wi th  a piece of cotton so that  the format ion of gas 
bubbles on the react ing surfaces could be prevented  
by rubbing them gently with the cotton. Af te r  etch- 
ing the specimens were  again rinsed wi th  distil led 
water  and subsequent ly dried with  hot filtered air 
af ter  t reat ing them with  a mild  detergent  to p reven t  
stain formation. By proper ly  positioning the speci- 
mens unde r  the in ter ference  contrast  a t tachment  the 
visibi l i ty of scratch marks  could be minimized while  
the striations could be observed with opt imum con- 
trast. 

Etching characteristics of {211} planes.--By cutt ing 
the crystals along the ~111~  growth direction and par -  
allel to one of the three commonly  present  per iph-  

- - - -7  
era] flat regions the (211) and (211) planes are ex-  
posed. If the facet at the c rys ta l -mel t  interface is in-  
dexed as the ( l l f )  plane, then the surface exhibi t ing 
opt imum etching characterist ics is found on the sec- 
t ion containing the per iphera l  flat region paral le l  to 
the cut, i.e., (2~1). The corresponding (211) plane ex-  
hibits etching characterist ics which are not  suitable 
for the invest igat ion of impur i ty  striations. The non-  
cent rosymmetr ic  na ture  of the ~211~  direct ion is 
c lear ly  reflected in the behavior  of the {211) planes 
shown in Fig. 1. Here  rota t ional  twinning  of the crys-___ 
tal has exposed s imultaneously the (211) and (211) 
planes. 

Results and Discussion 
Single crystals grown in a ~111~  direction exhibi t  

more or less extens ive  "coring" as we l l  as impur i ty  
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NON-ROTATIONAL 
STRIATIONS 

1 1 

:-~-:~- ..- :+~C~L 2 

Fig. 1. Impurity striations on a rotational twin; the upper part is 
a (211) and the lower part a (211) plane. The latter one is em- 
ployed throughout this study for revealing the various types of 
striations. Magnification 9SX. 

ROTATIONAL " ~ - ~  .... . .  -i-:1 ~ ---=-~---- " ~ " " ...... 5 
STRIATIONS "~"~'-~.i" "'::5:~--'E:-"=-"::-F ! ..... " t /  

Fig. 3. Schematic diagram of impurity striations encountered in 
InSb single crystals. 

very complex pat terns were f requent ly  observed 
which are extremely difficult to analyze. 

For convenience and clari ty the different striations 
will be discussed individual ly  with the aid of the 
schematic diagram shown in  Fig. 3. 

Nonro~ational striat~ons.--Striations observed in 
crystals without  rotat ion are general ly a t t r ibuted to 
growth rate variat ions caused either by tempera ture  
fluctuations occurring at the sol id-melt  interface dur -  
ing growth or by i r regular  variat ions of the pul l ing 

Fig. 2. Rotational impurity striations in InSb (8 mg T e  in 50g 
melt). The upper part was pulled at 18 rpm, the middle part at 
4 rpm, and the lower at 45 rpm."On core" and "off core" regions 
can be observed. Magnification 7X. 

striat ions if impuri t ies  are present  in  the mel t  as 
shown in Fig. 2. The core results from the presence of 
the we l l -known  (111) facet at the sol id-melt  in te r -  
face and is revealed through its impur i ty  concentra-  
tion which is significantly different from that  of the 
off core region. The extent  of coring ( lateral ly)  can 
vary  between zero and 100% depending on the pre-  
vai l ing thermal  conditions in  the crys ta l -mel t  system. 

Hulme and Mull in 's  findings (4) that  the extent  of 
coring increases with increasing impur i ty  concentra-  
t ion could not  he confirmed in  the present  experi-  
ments. In  intr insic crystals the presence of a core 
could not  be revealed by etching techniques. Its pres-  
ence can only be presumed from the existence of the 
(111) facet at the crysta l -mel t  interface. Depending on 

the specific exper imenta l  conditions prevaiI ing du r -  
ing growth, several  different types of striations were 
encountered. Since all of these striations may coexist 

Fig. 4. Nonrotational impurity striations in a heavily doped crys- 
tal (60 mg Te in 50g melt). The striations are straight in the "on 
core" region on the left and exhibit curvature in the "off core" 
region on the right hand side of the photograph. The on core-off 
core interface is corrugated in appearance. Compare with striations 
No. I in Fig. 3. Magnification 95X. 
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Fig. 5. Nanrotatianal striations as observed in the off core region 
of a single crystal, Notice the decrease af intensity af the stria- 
tions in the direction of the center of the crystal, from right ta left 
in the photograph. Magnification 9SX. 

rate originat ing in  the mechanical  a r rangement  (5). 
This type of striations is very common in crystals 
grown with Czochralski type techniques and can be 
observed in various forms under  v i r tua l ly  any experi-  
menta l  conditions. 

Striat ions of type 1 in Fig. 3 exhibit  several dist inc- 
tive features (see Fig. 4). Their  shape always reflects 
the configuration of the crys ta l -mel t  interface at the 
t ime of their formation.  The width, density (fre- 
quency) ,  and in tens i ty  (sharpness) as revealed by 
etching were found to vary, general ly increasing, with 
increasing impur i ty  concentration. Their  intensi ty  fre-  
quent ly  decreases toward the center of crystal. Ac- 
cordingly, faint  striations near  the per iphery  of the 
crystal often become completely invisible toward the 
center  of the crystal  as shown in Fig. 5. This change 
in  intensi ty  of striations most l ikely reflects corre- 
sponding changes in impur i ty  concentrat ion in the 
melt. 

These striations do not exhibit  a long-range  peri-  
odicity al though shor t - range  periodicity can fre-  
quent ly  be observed. They are continuous through 
the core of the crystal at high impur i ty  concentrations. 
This type of striations is invisible  in dark field i l lu-  
minat ion  because of their diffuse nature.  

Striations of type 2 in  Fig. 3 are much less common 
and differ significantly from the previously discussed 
nonrota t ional  striations (see Fig. 6a). They appear only 
in  the core region, and apparent ly  their  format ion is 
associated with the (111) growth facet which is re-  
sponsible for the crystal core. Being extremely sharp 
they can be individual ly  investigated in dark field 
i l luminat ion  in  which s tandard nonrotat ional  striations 
are invisible (see Fig. 6b). In  this way it was ob- 
served that  the striations are of l imited and vary ing  
length, usual ly  te rmina t ing  somewhere wi thin  the 
core. Their intensi ty  is not significantly sensitive to 
variat ions in impur i ty  concentration. The fact that these 
striations can still be observed after successive pol- 
ishings to a depth of several mil l imeters  indicates 
that they are p lanar  in na ture  and not  l ine defects. 
The f requency of their  appearance is a funct ion of the 
growth direction and increases sharply with deviation 
from the ~111~  direction. On the basis of all aspects 
considered it is concluded that  the mechanism of their 
formation is basically different from that  of all other 
striations. They are tenta t ively  considered as a p lanar  
defect s t ructure  associated with slip planes or stack- 
ing faults. 

Striat ions of type 3 in Fig. 3 can only be observed 
under  high magnification following highly controlled 

Fig. 6a. Sharp an core striations in bright field illumination. 
Compare with striations No. 2 in Fig. 3. Magnification 390X. 

Fig. 6b. Sharp on care striations in dark field illumination. Mag- 
nification 275X. 

polishing and etching (see Fig. 7). The spacing of 
these rather  faint  striations is around 1~ and their 
f requency of formation is be tween 1 and 20 per sec. 
They were observed on core and off core with a dis- 
cont inui ty at the core boundary.  The fact that they 
were found throughout  the crystal suggests that their 
formation is associated with the over-al l  solidification 
process rather  than with some specific aspect of 
solidification kinetics; the solidification kinetics is 
presumed to be significantly different for the core and 
the off core region. The observed high f requency of 
formation on the other hand makes it ra ther  difficult 
to associate their origin with tempera ture  fluctua- 
tions due to convection as was the case with the str i-  
ations of type 1 and 2. 

These striations are most l ikely associated with pul l -  
ing rate fluctuations or vibrat ions of the mel t  surface. 
Indeed precise measurements  of the pul l ing rate by 
means of a velocity t ransducer  (sensit ivity 500 m v /  
in./sec) revealed pull ing rate fluctuations having fre-  
quencies between 1 and 10 per sec. (see Fig. 8). These 
values are in the range of the observed striations. 
Furthermore,  low-frequency vibrat ions were observed 
on the surface of the melt. 

The close spacing of these striations delineates short 
time changes of the crys ta l -mel t  interface. Such 
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Fig. 7. Close spaced impurity striations observed in the absence 
of regular nonratational striations after extremely careful polishing 
and etching. Compare with striations No. 3 in Fig. 3. Magnification 
390X. 

Fig. 9. Section of the off core region of a crystal showing rota- 
tional striations of high intensity (the two sharp white lines) super- 
imposed to low intensity nonrotational striations. Compare with 
striations No. 4 in Fig. 3. Magnification 9SX. 

6 ~ c  

Fig. 8. Pulling rate variations as determined by means of a 
velocity transducer (sensitivity 500 mv/in./sec). 

changes could be valuable in invest igat ing crystal 
growth kinetics. 

Rotational striations.--All crystals pulled under  ro-  
tation exhibit  the so-called "rotational" striations in 
addition to the previously discussed nonrota t ional  
striations (see Fig. 9). Since they are more pronounced 
than the nonrota t ional  striations they can be observed 
at lower impur i ty  concentrations where the previously 
discussed types of striations are absent  (see Fig. 2). 

Striations of type 4 in Fig. 3 are intense and in 
crystals of constant diameter  exhibit  short-  as well as 
long-range periodicity (see Fig. 10). The long-range 
periodicity can be calculated from the pul l ing and ro- 
tation rates after correcting for the continuous change 
of the melt  level. In  crystals of vary ing  diameter  
the shor t - range periodicity was not observed. An 
increasing crystal diameter  resul t ing from a decrease 
in the melt  temperature  is associated with an in -  
creased growth rate which at constant  pul l ing rate 
is accommodated by a shift of the solidification front  
into the melt. Conversely an increase in the melt  
temperature  results in  a decreasing rate of solidifica- 
tion (or even back melt ing) and thus in a rise of 
the crystal -mel t  interface. 

Rotat ional  striations in  the off core region differ 
only by their  increased in tensi ty  from nonrotat ional  

Fig. 10. Rotational striations in the on core-off core transition 
region. The absence of nonrotatianal striations is due to the low im- 
purity concentration (6 mg Te in 50g melt). Magnification 95X. 

striations. Their  penetra t ion into the core region is 
complex and very difficult to analyze. Thus, each str i-  
ation appears to split and to develop a substructure 
which changes continuously across the core region 
(see Fig. 11 and 12). The component  striations of 
the substructure  are straight and reflect the (111) 
facet growth. The complexity of the substructure in-  
creases with increasing deviat ion of crystal growth 
from the <111> direction (see Fig. 13). 

Striat ions of type 5 in Fig. 3 delineate the off core- 
on core interface and reflect the sudden change of im-  
pur i ty  concentrat ion in this t ransi t ion region (see 
Fig. 14). The corrugated na ture  of this interface and 
therefore of the core is believed to be caused by the 
fact that  the rotat ion and thermal  axis of the grow- 
ing crystal do not coincide. Under  such conditions the 
(111) facet is being continuously relocated with re -  
spect to the over-al l  crystal in order to conform with 
the solidification isotherm. The extent  of relocation 
depends on the rate of rotat ion and the separation 
of the rotat ion and the thermal  axis. Thus, the extent  
of penetra t ion of the off core region into the core re-  
flects the lack of thermal  and rotat ional  symmetry  of 
the growth system. The irregulari t ies  observed wi th in  
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Fig. | I. Substructure of rotational striations in the an core region 
grown in the ~ 1 1 1 ~  direction. Magnification 95X. 

Fig. 13. Rotational striations in the off core-on core transition 
region of a crystal grown 9 ~ off the ~ 1 1 1 ~  direction (impurity 
concentration 6 mg in SOg melt). Compare with Fig. 10. Magnifica- 
tion 95X. 

Fig. 12. Substructure of one rotational striation in the on core 
region of a crystal grown several degrees off the ~ 1 1 1 ~  direction. 
Compare with Fig. 11. Magnification 27SX. 

the corrugated s t ructure  are bel ieved to resul t  f rom 
the i r regular  (noncircular)  shape of the (111) growth 
facet. 

Str iat ions of type 6 in Fig. 3 are direct ly  associated 
with  rotat ion and consequent ly have a helical  s t ruc-  
ture  as seen in Fig. 14. They are encountered  in the 
on core region of crystals pulled under  slow rotation. 
Their  intensi ty decreases wi th  increasing rotat ion rate, 
and they could not be observed in crystals rotated at 
rates greater  than 5 rpm. These striations do not lie 
in the (111) growth  facet. In most instances they were  
found to cross the on core striations at varying angles. 
Accordingly they are not considered to be regular  
(11I) facet growth striations. 

If we assume that  a str iat ion of a given intensi ty 
reflects a constant impur i ty  concentration, then  the 
format ion of these striations can be explained on the 
basis of va ry ing  impur i ty  concentrat ion on the (111) 
growth facet as follows. The (111) facet moves lat-  
eral ly when  the the rmal  and rotat ion axes do not 
coincide (see above) so that  the region of a given con- 
centrat ion on the facet  forms a helical  pa t te rn  resul t -  
ing f rom the combined la tera l  and ver t ica l  motion. 

Fig. 14. Core af slowly rotated crystal. The carrugated off 
core-on core interface is clearly visible. Compare with striations 
No. 5 in Fig. 3. In addition we observe helical striations which are 
not parallel ta the (111) facet. Compare with striations No. 6 in 
Fig. 3. Magnification 7X. 

Thus, these striations are essentially the locus of 
points of the same concentrat ion in consecutive growth 
layers. A decrease in impur i ty  concentrat ion in the 
direction of the center  of the core was indeed meas-  
ured in nonrotated and slowly rotated crystals by 
resist ivi ty measurements  using a four point micro-  
probe. 

Al though the various types of impuri ty  striations 
have been discussed individually,  they are often en-  
countered s imultaneously developing ra ther  complex 
str iated structures which cannot be ful ly  analyzed. 

S u m m a r y  

In ter ference  contrast  microscopy in conjunct ion 
with special polishing and etching techniques was em-  
ployed for the invest igat ion of impur i ty  striations 
under  conditions of high optical contrast. Individual  
striations were  studied wi th  a spacing of less than 1~. 
Six different types of impur i ty  striations were  identi-  
fied. It  was fu r the rmore  observed that  under  condi- 
tions of incomplete  stirring, the crystal  core genera l ly  
exhibits a concentrat ion gradient  along the (111) 
growth facet which  is reflected in the apperance of 
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helical striations. Impur i ty  striations and the asso- 
ciated defect  s t ructure are bel ieved to be powerfu l  
tools in s tudying crystal  growth kinetics. 

Acknowledgment 
This work  was supported by the Atomic Energy 

Commission under  Contract  AT(30-1)-3208. The au- 
thors wish to express their  appreciat ion to Mrs. Mary 
C. Lavine  for her  va luable  suggestions and discussions, 
to Mr. K. Morizane for his construct ive criticism, and 
to Mr. C. J. Herman  for his skil lful  laboratory assis- 
tance. 

813 

Manuscript  received March 7, 1966. 

Any discussion of this paper wi l l  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 

REFERENCES 
1. A. Muel ler  and M. Wilhelm, Z. Natur]orsch., 19a, 

254 (1964). 
2. H. Ueda, J. Phys. Soc. Japan, 16, 61 (1961). 
3. P. R. Camp, J. AppL Phys., 25, 459 (1954). 
4. K. F. Hulme and J. B. Mullin, Solid State Elec- 

tronics, 5, 211 (1962). 
5. K. Morizane, A. F. Witt, and H. C. Gatos, This Jour- 

nal, 113, 51 (1966). 

Preparation and Properties of Boron Arsenides and 
Boron Arsenide-Gallium Arsenide Mixed Crystals 

S. M. Ku 
General Telephone and Electronics Laboratories Incorporated, Bayside, New York 

ABSTRACT 

Both cubic and rhombohedra l  forms of boron arsenides were  made by the 
vapor -phase  technique. Energy  gaps of the cubic and rhombohedra l  forms 
were  est imated to be 1.46 and 1.51 ev, respect ively,  by the optical t ransmission 
technique of powdered  samples. Mixed crystals of boron arsenide-gal l ium 
arsenide were  also prepared  by vapor - t ranspor t  reaction. Variat ion of energy 
gaps f rom 1.36 to 1.27 ev was observed wi th in  the mixed  crystal  composition 
range containing 0.8 to 2.8 w / o  (weight  per cent) of boron. Measurements  
of effects of t empera tu re  and inject ion level  on the emission of diodes pre-  
pared f rom these mixed  crystals indicate that  all compositions up to 2.8 
w / o  of boron are direct  semiconductors.  

The advent  of in jec t ion- luminescent  diodes and 
lasers and of Gunn effect devices has prompted ex-  
tensive studies of the composition ranges avai lable in 
mixed  crystals produced by solid solution of two 
I I I -V compounds and of the resul t ing var ia t ion in 
semiconducting properties.  In spite of the potent ia l ly  
a t t ract ive propert ies  of I I I -V  boron compounds, such 
as re la t ive ly  high energy gaps and high mobili t ies 
(1-3), these mater ia ls  remain  re la t ive ly  unexplored 
because of the formidable  difficulties involved in the 
synthesis of reasonably pure  and large single crys-  
tals (4). It is the purpose of this paper  to repor t  on 
an invest igat ion of a new I I I -V mixed  crystal  system, 
BAs-GaAs.  This work  was pr imar i ly  concerned with  
prepara t ion of boron arsenide-gal l ium arsenide mixed  
crystals and the determinat ion  of their  electr ical  and 
optical properties. It also included preparat ion of boron 
arsenides by various techniques,  and measurements  of 
some of their  optical properties.  

Preparation and Properties of Boron Arsenides 
Preparation ~nethods.--The boron arsenides were  

prepared by a method similar to that  described by 
Will iams and Ruehrwein  (5). A weighed amount  of 
finely powdered  amorphous boron of 99.99% puri ty  
was placed at one end of a quartz capsule, and an 
amount  of 99.9999% pure  arsenic in excess of that  
r equ i red  to react  wi th  the boron was inserted at the 
other end of the capsule. The ent ire  ampoule was 
evacuated to 10 _5 Torr  and then baked at 250~ for 
at least 4-6 hr  to remove  any residual  gases that  were  
adsorbed on the surface of the micron-s ize  boron 
powder. Af te r  the baking cycle, the capsule was 
sealed off and inserted into a two-zone  resistance fu r -  
nace, where  the boron was kept  at a t empera tu re  in 
the range of 850~176 and the arsenic was held at 
640~ in order  to main ta in  1 arm arsenic pressure in 
the capsule. Since the equi l ibr ium vapor  pressure of 
solid arsenic has an exponent ia l  dependence on t em-  
perature,  precise t empera tu re  control is requi red  to 
obtain the stabili ty requ i red  for  vapor  synthesis. The  
arsenic cold-sink t empera tu re  was usual ly control led 

within  ___I~ dur ing the entire operation. At  1 atm 
arsenic pressure  over  1O0 hr were  usual ly requi red  
to complete  the reaction. 

Boron arsenide was also prepared by react ing finely 
powdered AlAs with  BIa. Hydrogen  was bubbled at a 
ra te  of 0.5 l i t e r /min  through BI3 held be tween  120 ~ 
150~ and was then carr ied over  AlAs powder  which 
was held at 750~ Boron arsenide was deposited 
downst ream in the cooler parts  of the furnace tube. 
Boron arsenides prepared  by the double displacement 
react ion of AlAs and BI3 were  found to be a mix tu re  
of boron monoarsenide,  subarsenides, residual  AIAs, 
a luminum silicate, and other  compounds. Layers  de-  
posited on the wal l  of the quartz tube were  less than 
1~ in thickness after  6 hr of reaction, and the color of 
these layers var ied  f rom deep amber  to dark  black. 
No fur ther  a t tempt  was made to character ize these 
layers. 

Structure.--Two distinct microcrys ta l l ine  forms of 
boron arsenide were  prepared by the direct  vapor  
synthesis technique described above. With  the arsenic 
pressure in the range of 1-2 atm, the product  at a 
reaction t empera tu re  of 875 ~ +-- 25~ was of dark 
brownish color; at 1000~ or above, the product  was 
of amber  color. X - r a y  powder  diffraction pat tern 
analysis identified the lower  t empera tu re  product  as 
cubic boron monoarsenide  BAs, and the h igh - t empera -  
ture mater ia l  as rhombohedra l  boron subarsenide with  
lat t ice parameters  of 4.7778 and 5.3177A (~ = 70 ~ 32'), 
respectively.  The compositions of the synthesized ma-  
terials were  de termined  by both chemical  and x - r ay  
fluorescence analysis. The structures and compositions 
confirm those assigned by Matkovich (6) and LaPlaca  
and Post (7). When  the boron monoarsenide  w a s  

heated above 1000~ under  arsenic pressures va ry ing  
f rom a few tenths of an a tmosphere  to 3 atm, the BAs 
t ransformed into the subarsenide. However ,  the reverse  
t ransformat ion  of the rhombohedra l  form to the cubic 
s t ructure  did not take place a t  850~ even under  
arsenic pressures as high as 5 atm. 

Impurity co~tent.--Spectrographic analysis indi-  
cated that  the boron compounds synthesized by direct 
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Fig. 1. Comparison of optical transmission vs.  wavelength (300~ 
of rhombohedral and cubic forms of boron arsenides. 
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Fig. 2. Furnace temperature profile for epitaxial growth and 
relative position of the reaction tube in the furnace. 

vapor react ion contained impuri t ies  such as Mg, Ag, 
A1, and Pb at levels below 50 ppm. These impuri t ies  
can be traced to the start ing mater ia ls  used in the 
preparation.  Copper and silicon were  the only two im-  
purit ies detected in more than 50 ppm concentrat ion 
in the boron arsenides. The silicon content  increased 
with the durat ion and tempera ture  of the run and pre-  
sumably came mainly  f rom the quartz tube. In sub- 
arsenides (synthesized near  l l00~ silicon concentra-  
tions as high as 1% were  observed. In monoarsenides 
(synthesized near  870~ the silicon content  was 
usually less than 100 ppm. The fact that  the copper 
concentrat ion (50-100 ppm) was independent  of the 
synthesis conditions indicates that  the boron arsenides 
do not effectively leach copper f rom quartz wi thin  the 
tempera ture  range used for synthesis. 

Optical energy gaps.--Transmission vs. wavelength  
measurements  were  made to est imate the optical en-  
ergy gaps for the monoarsenides and subarsenides. 
Since large specimens of these two compounds were  
not available,  the transmission samples were  prepared 
in the fol lowing manner.  Boron monoarsenide and 
subarsenide microcrystal l ines were  ground to --300 
mesh, mixed  with  KBr powder  of the same part icle 
size, and pressed into 0.025 in. thick pellets 1/2 in. in 
diameter.  These pellets were  then lapped and polished 
down to 0.007-0.010 in. wafers  in a dry ni t rogen atmos-  
phere to prevent  absorption of moisture by the KBr. 
The optical absorption of the specimen was measured 
in the wavelength  range 0.55-1.50~ using a DF-2 
prism spectrometer  (Pe rk in -E lmer  112). Figure  1 is 
a plot of the optical transmission vs. wavelength  meas-  
u rement  at room temperature.  The optical energy gaps 
est imated from the extrapolat ion of the slope of these 
curves to zero transmission were  1.46 ev for mono-  
arsenide and 1.51 ev for subarsenide. However ,  the 
1.51 ev va lue  might  be considerably less than the ac- 
tual optical gap of subarsenide since the subarsenide 
samples were  heavi ly  contaminated with  Si and the 
absorption coefficient of Si is ex t remely  high in this 
region. 

Boron Arsenide-Gallium Arsenide Mixed Crystals 
Preparation.--The apparatus for growing monocrys-  

tal l ine boron arsenide-gal l ium arsenide mixed  crys-  
tals from the vapor phase consisted essentially of a 2 
in . -diameter  quartz tube extending through two sepa- 
ra te ly  controlled cons tan t - tempera ture  regions, the 
lower - t empera tu re  region for the substrate and higher  
t empera ture  zone for the source. The tempera ture  
profile and the capsule placement  in the furnace is 
i l lustrated in Fig. 2. Oriented gal l ium arsenide single 
crystals cut perpendicular  to the <110~ or <111> 
direction and etched in sulfuric acid-H202 solution 
were  used as substrate. The t ransport ing agents were  
ei ther B I B  q -  H 2  o r  I2  -{- H 2 .  The BIB was presynthe-  
sized by react ing amorphous boron under  I2 vapor  at 

1000~ the whi te  BI3 was collected in a side tube 
which was controlled at a t empera tu re  of 200 ~ ---- I~ 
Crushed gall ium arsenide pieces and free arsenic were  
used as source materials  when the t ransport  agents 
were  BIB and H2; otherwise,  vapor  synthesized micro-  
crystal l ine boron monoarsenide and gal l ium arsenide 
were  the source materials.  If n - type  doping was de- 
sired in the epitaxy, SnI4 was added to the t ransport  
agents. 

Composition and s tructure.--Mixed crystals were  
prepared by the iodide vapor  t ransport  react ion with  
various prede te rmined  source compositions ranging 
from 10 to 75 mole % of cubic boron-monoarsenide.  
The compositions of the mixed crystals were  deter -  
mined by several  analyt ical  methods: x - r ay  fluores- 
cence, e lec t ron-beam (E-B) probe, "wet"  chemical, and 
lat t ice-constant  determination.  The first two methods 
give the boron composition only indirect ly by meas-  
ur ing the ga l l ium-to-arsenic  intensity ratio of the 
sample. Al though the third method gives an inde- 
pendent  direct measurement  of the weight  per  cent 
of each of the three elements,  B, Ga, and As in the 
mixture,  the inherent  disadvantages of this technique 
are: first, it is destruct ive analysis, and second, large 
samples are needed in order to achieve a high degree 
of accuracy (within --+0.25 w/o) .  The four th  method 
relies on the assumption that  Vegards '  law of solid 
solution holds for this mixed  system; thus with the 
known lattice constants of the two te rminal  com- 
pounds one can determine  the composition. 

The analytical  results of the boron arsenide-gal l ium 
arsenide mixed  crystals obtained by the last three 
methods were  found to be in good agreement  (see Ta-  
ble I).  They indicate that the compositions of all these 
vapor- t ranspor ted  epitaxies contained less than 3 
w / o  of boron. For  instance, a prede te rmined  source 
of 75 mole % of boron monoarsenide (which is equiva-  
lent  to 8 w / o  of boron) yielded a sample containing 
only 2.8 w / o  of boron. Evident ly  a one- to-one  t rans-  
port of boron and gal l ium f rom the source to the sub- 
strate does not follow in this I I I -V mixed  crystal, but  
the re la t ive  rates of t ransport  of Ga and B seemed to 
be fa i r ly  uni form since in each case the layer  was 
found to be homogeneous. The var ia t ion of com- 
position along the paral le l  and ver t ical  plane of the 
epi taxy-subst ra te  interface was measured to be less 
than -+0.1 w / o  of boron (by E-B probe analysis).  

Table I. Analytical results 

E - B  p r o b e  " W e t "  c h e m i c a l  
ana ly s i s ,  w / o  a n a l y s i s ,  w / o  

S a m -  B~nbs t i t~lt,,d L a t t i c e  
p l e  c o n s t a n t ,  
No.  B & As G a  B G a  As  Sarephtecd 

122 B a l a n c e  46.50 0.78 46.6 52.65 2.0 5,648 
129 - -  - -  1.51 46.8 51.70 7.5 - -  
126 B a l a n c e  46.60 2.80 45.2 52.30 5.2 5.638 
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Fig. 3. Variation of lattice constant with composition in  an 
idealized solid solution of BxGoz-xAs system, 

The lattice constants of the mixed  crystals were  
measured by the Laue back-reflect ion technique at 
room temperature .  Both the chemical  analyses and the 
lattice constants given in Table I indicate that the epi~ 
taxial layers do not consist of simple solid solutions 
of BAs and GaAs. The analytical data show that sub- 
stitution occurs with more than one boron atom per 
gallium atom replaced. The ratio of boron atoms sub- 
stituted to gallium atoms replaced is quite variable, 
ranging from about two for sample 122, to 5.2 for 
sample 126, and 7.5 for sample 129. These ratios are 
only approximate because of their sensitivity to small 
errors in the analytical results for gallium and arsenic. 
A similar conclusion is reached on consideration of the 
la t t i ce -parameter  values. Applicat ion of Vegards '  law 
to BAs-GaAs solid solutions would predict  a much 
larger  contraction of the latt ice with increasing boron 
concentrat ion than that observed. Thus the 2.82 w / o  
boron of sample 126 corresponds to approximate ly  32 
mole  % BAs in a BAs-GaAs  solid solution and would, 
by Vegards '  law, be expected to have  a latt ice constant 
of 5.37A (Fig. 3) instead of the measured value  of 
5.638A. A similar  discrepancy exists for sample 122. 
These discrepancies are too large to be accounted for 
by usual ly encountered deviat ions f rom Vegards '  law 
and, together  with the analytical  results, indicate that  
the boron is present  in a form other than that  of a 
BAs-GaAs solid solution. 

In order to de termine  whe ther  the excess numbers  
of boron atoms existed in a second phase or whe ther  
the layers were  mixed  crystals of boron subarsenide-  
gal l ium arsenide, both x - r ay  powder  pa t te rn  deter -  
minat ions and high-magnif icat ion microscopic exami-  
nations were  made. The x - r ay  pat terns  showed nei ther  
broadening of the back-reflect ion peaks nor the pres-  
ence of additional peaks, indicating a high degree of 
crystal l ine perfect ion in these layers and the absence 
of a second phase. High-magnif icat ion microscopic 
examinat ion of the polished and etched layers also 
revealed  no evidence of any second-phase precipitate.  
It  appears therefore  that  the excess boron atoms were  
in solid solution, even in samples of the highest boron 
concentration. Al though our exper iments  could not 
de termine  direct ly whe ther  the excess boron atoms are 
present  in the lattice substitutionally, interst i t ial ly,  or 
both, the chemical  and x - ray  data suggest that  the 
resul t ing epitaxies were  homogeneous mixed  crystals 
of boron subarsenide and gal l ium arsenide. Analyt ica l  
evidence for this is afforded by the  fact  that  the ratios 
of the boron substi tuted to the arsenic replaced in the 
layers of boron content  greater  than 1.5 w / o  are com- 
patible wi th  the value  6.0 to be expected for GaAs-  
B6As solid solutions. One discrepancy (in sample 122) 
may reflect exper imenta l  inaccuracy, as the de te r -  
minat ion of this rat io is less accurate at low boron 
concentrations, or it may represent  a small  content  of 
BAs. 

Table II. Electrical properties of boron arsenide-gallium arsenide 
mixed crystals 

S a m p l e  B o r o n  c o m p o -  F r e e  c a r r i e r  H a l l  m o b i l i t y  R e s i s t i v i t y .  
N o .  s i t i o n ,  w / o  c o n c . ,  a t o m s / c m ~  c r a ~ / v o l t - s e c  o h m - c m  

1 2 2  0."/8 n = 1 .6  • i01s  515  7 . 3  • 10  "~ 
126  2 .8  n = 7.3 • 101~ 2 8 0  3.1 • 10 -u 

In addition, it should be noted that  the latt ice pa-  
r amete r  for the rhombohedra l  boron subarsenide 
equiva len t  to that  of a cubic s t ructure  is 5.3177A, 
which is a closer match to that of GaAs (5.6533A) 
than the 4.7778A of cubic boron monoarsenide.  The 
rhombohedra l  s t ructure may be considered a cubic 
form which has been elongated or compressed along 
a body diagonal axis and the angle 0 of rhombohedra l  
boron subarsenide is 70 ~ 32', which is identical  to the 
angle be tween the two (111) faces of the cubic struc- 
ture. It  is s t ructura l ly  quite  conceivable for solid solu- 
tions of boron subarsenide-gal l ium arsenide to form. 
The values of the latt ice constant of our mixed  crystal  
layers given in Table I are in close agreement  with 
those result ing f rom application of Vegards '  law to 
such solid solutions. 

Electrical properties.--Specimens used for electrical  
measurements  were  cut f rom the center  portion of the 
epitaxiaI layer to avoid any unnecessary var ia t ion of 
homogenei ty  f rom either the surface or the epi taxy-  
substrate  interface. They were  in the form of rec-  
tangular  blocks of 16 x 11 x 19 mils. The Hall  mobi l i -  
ties and free carr ier  concentrat ions of these epitaxies 
were  calculated and are listed in Table II. 

Al though many factors may contr ibute to the elec- 
tr ical  propert ies of these mixed  crystals, it should be 
noted that  a significantly lower  Hall mobil i ty is ob- 
served in these epi taxial  mixed crystals than in gal-  
l ium arsenide of comparable  f ree  carr ier  concentra-  
tions, e.g., in sample No. 122 for a free carr ier  concen- 
t rat ion of 1.6 x 101S/cm 3 the Hall  mobil i ty  is almost 
five times lower than that for GaAs having the same 
free  carr ier  concentration. Fur thermore ,  the Hall  
mobil i ty  of the higher  boron composit ion sample (No. 
126) decreased by a factor approaching two, where  
the free carr ier  concentrat ion is approximate ly  two 
times lower than the lower  boron composition sample 
(No. 122). Similar  behavior  has also been observed 
in other  mixed  crystals such as GaAs-GaP (8), InSb-  
GaSb (9), InAs- InP  (10), etc., where  a pronounced 
decrease in mobi l i ty  was found with  increasing con- 
tent  of the lower  mobil i ty  component.  This is fur ther  
indirect  evidence that  the epitaxial  layers are crystals 
of mixed  boron and gall ium arsenide since a decrease 
of Hal l  mobil i ty  accompanies an increase in boron 

0.08 / N o .  126 ( 3 m i l s  thick) 

/ 0.07 

~J O.OE ] No. 122 (5.Stalls th ick)  
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Fig. 4. Variation in optical transmission (300~ of two different 
mixed crystal compositions. 
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Fig. 6. Emission energy gap (300~ vs. variation of boron con- 
centration in mixed crystal system. 

concentration.  Of part icular  interest  is the quest ion of 
whether  the mobil i ty of the carriers is decreased in  
this mixed crystal by alloy scattering, i.e., by vir tue  
of a statistical dis t r ibut ion of the atoms of the com- 
ponents. At this stage of the investigation, however,  
the mobilit ies of boron arsenides and the parameters  
governing the mobil i ty  are not  sufficiently known  to 
permit  discussion of the scattering mechanism. 

Optical properties. Absorpt ion properties of these 
epitaxial  mixed crystals were measured in  the wave-  
length range of 0.6-1.6~ using a Pe rk in -E lmer  Spectro- 
photometer Model No. 350. These specimens were first 
lapped and polished wi th  diamond grit  to a mi r ro r -  
finish surface. F igure  4 shows curves of optical t rans-  
mit tance vs. wavelength  of both the 0.8 and 2.8 w/o  
samples at room temperature.  Their  respective optical 
energy gaps, extrapolated from the slope of these 
curves to zero transmission, are 1.36 ev (0.91~) and 
1.27 ev (0.98~). 

Since all the epitaxial  mixed crystals made in this 
invest igat ion were n- type,  p - n  junct ions  were fabr i -  
cated by the s tandard closed-tube zinc diffusion tech- 
nique, using zinc arsenide as diffusant to give a sur -  
face concentrat ion of NA N 1019/cm ~. 

Diode emission was measured with a Pe rk in -E lmer  
Model No. 112 spectrometer and an RCA 7102 detector. 
With in  the spectrometer scanning range of 0.65-1.52~, 

only one radiat ion peak was observed from each diode 
at both 300 ~ and 78~ Since these radiat ive peaks 
vary  with the square of the pulse current  of the diode 
(i.e., as 42), and their intensi ty  rises as the tempera ture  
decreases (Fig. 5), it is reasonable to assume that  they 
are due to t ransi t ions across the energy gaps. These 
measured emission peaks agree fair ly well  with the 
values obtained from the t ransmission data, since by 
definition, the energy gaps obtained from the diode- 
emission data are always lower than those from the 
optical t ransmission measurements  (11). The absence 
of impur i ty  emission in  these diodes made it impos- 
sible in this exper iment  to determine whether  the ma-  
terial  has a direct or indirect  band gap. 

Figure 6 shows that  there is a systematic decrease 
of emission-energy gap with increasing boron com- 
position in the mixed crystal diodes. Previous in -  
vestigators have shown that  GaAs diodes of n -  and 
p- type  impur i ty  levels comparable to the present  
diodes show no decrease in  band-edge  emission en-  
ergy. Thus the present  decrease is evident ly  due to the 
increased concentrat ion of the boron-conta in ing  con- 
s t i tuent  of the solid solutions. This is s imilar  to the 
decrease of the energy gap with increase in composi- 
t ion of the second te rminal  compound found in  other 
I I I -V mixed crystals of comparable te rmina l  energy 
gap values, e.g., InSb-GaSb  (12). 

Another  feature of interest  is the nar rowing  of 
the bandwidth  of these diode emission peaks from 
about 300A at room tempera ture  to 175A at 78~ (Fig. 
5). This shows that  the composition along the p -n  
junc t ion  is fair ly homogeneous and that  the broaden-  
ing of the bandwidth  at higher tempera ture  is due 
mostly to thermal  smearing. 
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Optical Study of GeCI4 Ge, He, and H2 Systems 
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ABSTRACT 

The optical absorption characterist ics of GeC14, Ge, He, and H2 systems 
have been studied at e levated tempera tures  under  flow conditions for the 
wave leng th  region between 2300-5000A. I t  is found that  at all tempera tures  
the behavior  of GeC14, Ge, and H e  systems is ve ry  similar  to that  of the 
GeC14, Ge system in a sealed tube. However ,  in the case of GeC14-H~ system, 
hydrogen reacts with GeC14 at tempera tures  of 500~ and above and gives 
rise to GeC12. In addition, when  GeC14 carr ied by hydrogen is passed through 
a germanium bed, it is found that  at 350~ GeC14 reacts wi th  Ge to give rise 
to GeC12, and at 450~ hydrogen reacts wi th  GeC12 with  precipitat ion of free 
germanium. 

In an ear l ier  paper (1), the results of optical ab- 
sorption studies of GeC14, with and wi thout  solid ger-  
manium present  in the system, were  reported. As the 
data were  acquired in a sealed system, the results were  
indicat ive of the species formed at e levated t empera -  
tures in the absence of any carr ier  gas. Since most 
methods for deposition of epi taxial  Ge films uti l ize 
carr ier  gases, it is of pract ical  importance to know 
the vapor phase species in a GeC14 system at ele-  
vated tempera tures  under  dynamic conditions, par t icu-  
lar ly in t h e  presence of carr ier  gases, such as helium, 
hydrogen,  etc. Hence, the measurements  have been 
extended to flow systems. In the present  paper the re-  
sults of studies of the fol lowing systems are reported:  
(i) GeC14-He, ($i) GeC14-He-Ge, (iii) GeC14-H2, and 
(iv) GeC14-H2-Ge. 

Experimental 
Apparatus.--A detai led description of the optical 

a r rangement  used for measurements  was given in the 
ear l ier  repor t  (1). The a r rangement  shown in Fig. 1 
was used for introducing the GeC14 and carr ier  gas 
mix ture  into the sample cell. The carr ier  gas, high- 
pur i ty  helium, or hydrogen, as the case might  be, first 
passed through a molecular  sieve and then through 
a flow mete r  before enter ing the bubbler.  To ensure 
proper  saturat ion of the gas, the bubbler  was  pro-  
vided with a glass fr i t  for dispersing the gas. It was 
also provided with a by-pass line so that the whole 
system could be flushed out by passing pure hel ium 
through it whenever  necessary. The tempera ture  of 
the bubbler  was held constant by means of a suitable 
t empera ture  bath, in order  to main ta in  a constant con- 
centrat ion of GeC14 in the gas stream. The exit  end of 
the absorption cell was connected to a long glass tube 
with  a tapered end to prevent  back diffusion of air 
and moisture. On the entrance side of the cell, a sec- 

~ : 1  BY-PASS FLOW 

MOL g  AR 
~ E ~ " ~  PYREX FRIT r'} 

FURNACE 

Fig. 1. Experimental a,rrangement for introducing the GeCI4 and 
carrier gas mixture into the sample cell. 

z Presen t  address :  Electronics Research  Center,  NASA, Cam- 
bridge,  Massachuset ts .  

tion, approximate ly  9 in. in length, of the quartz  tube 
which connected the cell with the rest of the appara-  
tus was inside the furnace  and was mainta ined at the 
same tempera tu re  as the cell itself. This section of the 
tube served two purposes: (a) it enabled the gas to 
come to t empera tu re  equi l ibr ium before enter ing the 
cell; and (b) wheneve r  necessary it could be filled 
with crushed ge rmanium and used as a germanium 
bed. 

In the present  case the furnace consisted of a single 
winding so that  the cell and the germanium bed could 
be mainta ined at the same temperature .  Further ,  to 
produce a uni form tempera tu re  over  the ent ire  length 
of the furnace a copper l iner  was inserted inside the 
furnace tube. 

Procedure.--The system was first flushed with he-  
l ium by using the by-pass line in the bubbler ;  then it 
was heated to the t empera tu re  at which the absorption 
measurement  was to be made. The intensi ty of the 
l ight beam transmit ted through the cell was then 
measured over  the whole  spectral  range to get the Io 
values at different wavelengths.  If hydrogen was 
used as the carr ier  gas, the initial intensity lo of the 
light beam was measured with hydrogen flowing 
through the system. This was a great  improvement  
over  the previous sealed tube system in that  the initial 
intensi ty of the beam could be measured at all t em-  
peratures  wi th  only the carr ier  gas present  in the cell; 
thus the effect of the ins t rumenta l  distortion due to 
heat ing could be avoided. Fur ther ,  the absorption 
measurements  at different concentrat ions of GeCh 
could be made mere ly  by mainta ining the GeC14 bub-  
bler at different temperatures .  

Af ter  the measurement  of Io the by-pass line was 
closed and the carr ier  gas was al lowed to pass through 
the bubbler. When the cell was completely  filled with 
the mix ture  of GeC14 and carr ier  gas emerging from 
the bubbler,  the final intensi ty  I of the l ight  beam 
t ransmit ted  through the cell was measured.  Whether  
or not the carr ier  gas in the cell was completely  re -  
placed by the mix ture  was determined by observing 
the absorption at a suitable wave length  in the region 
of the absorption cont inuum of GeC14. In cases where  
a ge rmanium bed was used in the path of the gas 
stream, it was determined by observing the intensi ty 
of the t ransmit ted  beam at 3150A, which is bel ieved 
to be the peak of the GeC12 absorption band. 

Results and Discussion 
In order to faci l i tate discussion, the results of the 

sealed system are briefly rev iewed:  Pure  GeC14 ex-  
hibited no absorption band within  the wave leng th  
range in which the invest igat ion was made. However ,  
it had an absorption edge which begins at 2300A at 
150~ With increase in t empera tu re  the edge ex-  
tended into longer wave leng th  regions. This absorp- 
t ion edge was shown to be par t  of a dissociation con- 
t inuum of GeCla. When solid germanium in molar  

817 
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Fig. 2. Transmittance of GeCI4 and He system, GeCI4 at 22~ 
flow rate < 10 cc/min; -I- 500~ Q 600~ 

quant i ty  less than that  of GeC14 was added to the sys- 
tem, an absorption band with a peak at 3150A was 
observed. This was in terpre ted  to be due to GeCI~. If 
the molar  quant i ty  of solid germanium was more than 
that  of the tetrahalide,  an additional band with  a peak 
at 4120A was also observed. In  both cases there  was 
an enhancement  of absorption in the region of the dis- 
sociation cont inuum of GeC14. The above results were  
observed for a wide range of GeCI4 pressures, includ-  
ing those at which the measurements  in the open tube 
systems reported below were  made. 

The GeC14-He sys tem. - -The  t ransmission character -  
istics of the GeC14-He open tube system are shown 
in Fig. 2. The results are very  similar  to those ob- 
tained with  pure  GeC14 in a sealed tube. However ,  in 
the present  case, the increase in absorption wi th  t em-  
pera ture  rise at a given wavelength  within the ab- 
sorption cont inuum was found to be much less than 

the corresponding increase observed for a closed tube. 
This difference be tween the two systems can be ex-  
plained in the fol lowing way. In the case of the open 
tube system, the total  pressure was constant at all 
temperatures ,  and hence the density of GeC14 de- 
creased as the t empera tu re  was raised. Thus the in-  
crease in the GeC14 absorption due to t empera tu re  r ise 
was largely compensated for by the corresponding de- 
crease in density of the material .  As a result,  the en-  
hancement  in the total  absorption was not as great  as 
in the case of the closed tube system, where  the den-  
sity remained eonstant. 

The GeC14-He-Ge sys tem. - -The  t ransmit tance of the 
GeC14-He-Ge system is shown in Fig. 3. The charac-  
teristic absorption band with  a peak at 3150A believed 
to be due to GeC12 is readi ly  observed. In a manner  
analogous to the behavior  observed in the sealed sys- 
tem, an additional increase in absorption wi th in  the 
cont inuum region of GeC14 absorption was observed 
with  tempera ture  increase on introduct ion of a source 
of Ge. Thus, in the case of the GeC14-He system with  
the part ial  pressure of GeC14 at 78 ram, the absorption 
at 2600A at 500~ was found to be 27.5% whereas  in 
the case of the GeC14-He-Ge system with  the par t ia l  
pressure of GeC14 at 6 mm the absorption was 55%. 
The above observat ion lends credence to the earl ier  
conclusion that  the species formed as a result  of the 
reaction between GeC14 and Ge absorbs in the region 
of the dissociation cont inuum of GeC14. 

It should be pointed out that, in addit ion to the 
3150A absorption band, there  is a smaller  band with  
the peak at 4120_s which was observed also in the case 
of the "germanium excess system" in a sealed tube. 
This result  is not unexpected  since the present  si tua- 
tion represents a germanium excess system. Thus the 
behavior  of the above two systems, namely,  GeC14- 
He and GeC14-He-Ge was quite  analogous to that  of 
their  respect ive analogs in a sealed tube, i.e., the 
GeC14 and GeC14-Ge systems. 

The GeCI4-H2 syste~m--The t ransmit tance of the 
GeC14-H2 system shown in Fig. 4 indicates that  up to 
500~ no react ion occurs be tween  hydrogen and GeC14. 
At temperatures  of 500~ and above, i t  appears that  
hydrogen does react  wi th  GeC14 as is evident  f rom 
the appearance of the absorption band at 3150A which 
is a t t r ibuted to GeC12. 

The GeC]4-H2-Ge system.--Figure 5 shows the 
t ransmit tance of the GeC14-H2-Ge system. In this case 
the reaction appears to procee4 in two steps. At t em-  
peratures  below 450~ the system behaves in the same 
way  as the G e C h - H e - G e  system. In this t empera ture  
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Fig. 3. Transmittance of GeCI4, Ge, and He system. GeCI4 at 
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range, hydrogen appears to act only as a carr ier  gas, 
wi thout  part icipat ing in the reaction. At tempera tures  
of 450~ and above, the effect of hydrogen as a re-  
actant becomes apparent  in the form of absorption 
over  a wide spectral  range. When the cell was visual ly 
examined at the conclusion of .a run, e lemental  ger-  
manium was found to be deposited on the walls and 
the windows of the cell. The absorption over the wide 
spectral range might  be due either to the coating of 
the cell windows by germanium film alone or to some 
unknown species plus a germanium film. By the pres-  
ent technique alone no simple means could be devised 
to determine  if any other species were  formed. 

I t  may  be contended that  the deposition of ger-  
manium took place by disproport ionation ra ther  than 

GeC14, G e  S Y S T E M S  819 

by a react ion be tween hydrogen and GeC12. However ,  
the fol lowing arguments  mit igate against this conten- 
tion: (A) The absorption cell was located near  the 
center  of the furnace, whereas  the germanium bed 
extended f rom the entrance end of the cell to the fur -  
nace opening. In this geometrical  configuration, the 
t empera tu re  of the cell was equal  to or higher  than 
that  of the germanium bed. Thus the deposition of 
ge rmanium on the cell windows by disproport ionation 
is unl ikely  in v iew of the fact that  in the tempera ture  
range under  considerat ion t ransport  by this process 
takes place f rom hot to cold. (B) If the germanium 
were  deposited by disproportionation, then the same 
result  would  have been observed in the case of the 
GeC14-He-Ge system. 

The above results suggest that, in the deposition of 
germanium films by hydrogen reduct ion of GeC14 an 
in termedia te  process is involved in which the forma-  
tion of GeC12 and HC1 precedes the actual precipi ta-  
tion of germanium. If this is indeed the case, the epi-  
taxial  film growth occurs in the presence of GeC12 and 
HC1 from the beginning. Therefore,  this suggests fu r -  
ther  that  in the epitaxial  growth process significant 
etching of the seed wafer  attends the phenomenon of 
an over -a l l  net  deposition of Ge. Such an occurrence 
provides an explanat ion for the impur i ty  gradient  ob- 
served across a grown junction. 
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ABSTRACT 

The planar  diffusion of boron or phosphorus into silicon can create 
stresses sufficient to form dislocations wi th in  the diffused region and con- 
t r ibute  to dislocation format ion near  the crystal  surface outside the diffused 
region. The effects of two dislocation networks which form wi th in  a diffused 
region are invest igated:  one ne twork  consists of a planar  ar ray  of concentric 
loops (Frank-Read  source) while  the other  ne twork  consists of a grid of 
edge dislocations te rminat ing  at nodes. The dislocations comprising the con- 
centric loop ne twork  can re l ieve essentially all of the stress created by the 
diffused impurities.  The edge dislocations comprising the grid ne twork  do 
not re l ieve  a large amount  of the lattice stress, thus causing the nondiffused 
silicon latt ice surrounding the diffused region to become strained. This strain 
often extends over  100~ from the diffused region within  zones bound by the 
<110> tangents of the diffused region. Dislocations which form in these 
nondiffused zones as a resul t  of the diffused impur i ty  stress appear as ei ther 
intersecting lines or periodically spaced paral le l  dislocations which te rminate  
at the crystal  surface. The  impur i ty- induced  latt ice strain near  the crystal  
surface outside the diffused region contributes to excess ive  recombinat ion 
currents  in p+n  junctions. 

One of the ini t ial  steps in forming a planar  p -n  
junct ion consists of deposit ing a control led amount  of 
a dopant impur i ty  such as boron or phosphorus on a 
silicon surface through a window in a silicon dioxide 
film. This process creates a shallow diffused region, 

normal ly  2~ deep, wi th  a dopant  impur i ty  concentra-  
tion near  the solubil i ty l imit  of the Solute in the silicon 
lattice. Since both boron and phosphorus atoms have  
smaller  ionic radii  than silicon (1) and since they oc- 
cupy substi tutional sites in the  silicon matr ix ,  a net  
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contraction of the silicon lattice occurs in the region 
of impur i ty  diffusion (2). This contraction leads to 
the format ion of dislocations wi thin  the diffused re -  
gion. Prussin (3) and others (1,4-6) have observed 
such dislocations to form during uni form sheet dif-  
fusion processes. This contraction in planar  diffused 
structures often contr ibutes to the format ion of latt ice 
imperfect ions outside the diffused region as wel l  as 
dislocations within the diffused region as repor ted  by 
Ino et al. (7). 

The present  work  was under taken  to de termine  the 
significance of the dopant impur i ty  concentrat ion and 
residual strain (due to stresses other  than diffused 
impuri t ies)  in the format ion of crystal  disorder dur-  
ing an impur i ty  diffusion. The electr ical  behavior  of 
crystal  disorder generated during an impur i ty  diffu- 
sion was invest igated by de termining the reverse  bias 
characterist ics of selected p+n  junctions. This anal-  
ysis extends the scope of the work  of Rindner  and 
Braun (8) who repor ted  a recombinat ion  current  de- 
pendence on latt ice strain. 

Exper imental  

The invest igat ion in general  was conducted by sys- 
tematical ly  vary ing  the concentrat ion of diffused im-  
purit ies while  performing diffusion tests in crystals 
containing latt ice strain f rom stresses other than that  
associated with the diffusion process. The amount  of 
stress associated with  the min imum concentrat ion of 
diffused impuri t ies  requi red  to not iceably influence the 
strain in the nondiffused latt ice outside a diffused 
region was determined by comparing the effects of 
the diffused impur i ty  stress and the effects of stress 
from an externa l  force. The manner  in which a sili-  
con crystal  adjusts to accommodate  diffused impur i -  
ties was invest igated by de termining the configuration 
and density of crystal  disorder formed during an im- 
puri ty diffusion. 

Silicon wafers  cut to the (111) surface, lapped to 
400~ thick, and chemical ly  polished to a final thickness 
of 200~ comprised the start ing mater ia l  for this in-  
vestigation. The freshly polished wafers  were  oxidized 
at 1200~ in a steam ambient  for periods up to 2 hr 
to grow a silicon dioxide film thick enough to restr ict  
adequate ly  the penetra t ion of dopant impuri t ies  f rom 
the silicon lattice. Windows were  then opened in the 
protect ive film by the photoresist  process to allow the 
selective diffusion of dopant impurities.  

The oxidized wafers  were  deformed by different 
means to introduce vary ing  amounts and distributions 
of strain in the crystals prior  to the dopant impur i ty  
diffusion. This was accomplished by bending, depress-  
ing, impulse stressing in the <1-10> and <2-11> direc-  
tions, or combinations of the above. The deformed 
wafers  were  then cleaved into large chips to enable 
the effects of several  different concentrat ions of dif-  
fused impuri t ies  to be analyzed on wafer  sections 
which contain essentially the same amount  and crys-  
tal lographic distr ibution of strain prior to the diffusion 
process. (Care was continuously taken to minimize  a 
var ia t ion in strain be tween  different chips.) 

The dopant impuri t ies  were  planar  diffused into the 
test wafer  chips f rom a constant near-solubi l i ty  l imit  
surface concentrat ion of dopant impurities.  The con- 
centrat ion of dopant impuri t ies  that  passed into the 
silicon latt ice through oxide windows was control led 
by vary ing  the durat ion of the deposition process. 
Boron deposition was per formed at 1200~ in a fu r -  
nace containing a constant concentrat ion boron t r i -  
bromide source. The phosphorus deposition was per -  
formed at 1070~ in a furnace containing a constant 
phosphorus oxychlor ide source. The influence of the 
concentration of diffused impuri t ies  on the manner  in  
which the lat t ice adjusts was invest igated by system- 
atically increasing the periods of deposition from 3 to 
10 min  for boron, providing Q = 1.1 x 10 TM a toms/  
cm 2 to 4.8 x 10 TM a toms/cm 2, and 5 to 30 min for phos-  
phorus, providing Q = 3.2 x 1016 a toms/cm 2 to 4.7 x 

4 

Fig. 1. High-temperature loading apparatus used to simulate sur- 
face component of lattice stress generated by diffused impurities: 
1, silicon specimen; 2, silicon pin (contract area As ~ 2 x 10 3 
~2); 3, quartz weight stabilizers; and 4, silicon weights; size: 2 x 2 
x3cm.  

10 TM a toms/cm 2, assuming a complementary  error  
function distribution. The t ime requi red  for the silicon 
lattice to stabilize after  the impur i ty  deposition was 
invest igated by diffusion-anneal ing tests at 1200~ in a 
dry oxygen ambient  for periods of 5 min to 6 hr. 

Severa l  wafers  prepared for impuri ty  deposition 
tests were  physically deformed by a weighted  pin to 
approximate  the stress created outside the diffused re -  
gion by the diffusion of boron. These loading tests were  
conducted on wafer  chips at 1200~ for a period iden-  
tical to that  in which matching wafe r  chips were  boron 
diffused. The surface component  of stress generated 
by the weighted pin was systematical ly  var ied from 
107 dynes /cm 2 to 10 TM dynes /cm 2 during a series of 
tests using the h igh- t empera tu re  stress apparatus 
shown in Fig. 1. The application of stress by this ap- 
paratus was found to create  no plastic deformat ion at 
room tempera ture ;  however ,  when it was used to ap- 
ply the same stress at 1200~ essentially all of the 
lattice deformat ion occurred wi th in  the first minute  of 
the rmal  t reatment .  

The manner  in which the silicon latt ice adjusts to 
accommodate diffused impuri t ies  and the ad jus tment  
during loading tests was de termined  by analyzing the 
type, density, and distr ibution of lat t ice disorders 
created during the respect ive tests. These s t ructural  
disorders were  del ineated by a copper decoration and 
preferent ia l  chemical  etching technique (9), by elec- 
tron transmission microscopy, and by surface x - r ay  
topography. Dislocations, faults, and voids which are 
copper decorated resist 30 sec of Sirt l  (10) etching to 
create topographic i r regular i t ies  on the silicon surface 
that can be analyzed on a convent ional  optical micro-  
scope. The electron transmission microscopy tech-  
nique was applied to the analysis of copper-decorated 
and copper- f ree  crystal  disorders. Such analysis was 
aided by the development  of a quick and rel iable 
technique for prepar ing uni form films 1000A thick and 
greater  than 2 mm in diameter  (11). Verification of 
the copper decora t ion-preferent ia l  etching and elec-  
tron transmission observat ions  was provided by an 
x - r a y  topograph of the diffused surface. 

Results 
The amount  of latt ice stress created during an im-  

puri ty deposition process was found to depend on the 
total concentrat ion of diffused impuri t ies  and not the 
surface concentrat ion of diffused impurities.  This 
stress is re l ieved  by the generat ion of dislocations 
wi thin  the diffused region and often by the deforma-  
tion of the nondiffused lattice surrounding the diffused 
region. The lowest concentrat ion of diffused boron that  
is necessary to create  a stress sufficient to alter the 
position of a pre-exis t ing  dislocation in the nondif-  
fused lattice adjoining the diffused region is Q min. 
2.6 x 10 TM boron /cm 2 with  a junct ion depth of 1.5~. 
Above this value  of Q rain. the Stress associated wi th  
the diffused impuri t ies  is sufficient to deform the non-  
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diffused latt ice surrounding the diffused region and 
thus al ter  the position of pre-exis t ing  dislocations in 
the nondiffused lattice. Below this value  of Q min. 
the latt ice wi th in  the diffused region appears to com- 
pensate, through dislocation generation,  for all ex-  
cept a nondetectabte amount  of the stress created by 
the diffused boron. The  total diffused impur i ty  con- 
centration, Q max, that  is necessary to genera te  a 
stress sufficient to create a dislocation in the "s t ra in-  
f ree"  nondiffused lattice surrounding a diffused region 
is greater  than Q = 4.8 x 10 TM boron/cm2 with  xj 
2.2;~ or 4.7 x 1016 phosphorus /cm 2, the highest  doping 
levels  achieved in this study. The concentrat ion of 
diffused impuri t ies  necessary to genera te  a stress suf-  
ficient to form a dislocation in the nondiffused latt ice 
surrounding a diffused region decreases as the amount  
of nonimpur i ty  strain in the surrounding latt ice in-  
creases. Ino et al. (7) have repor ted  the concentrat ion 
of diffused impuri t ies  sufficient to cause plastic de- 
format ion in the surrounding nondiffused latt ice as be-  
ing less than the m a x i m u m  values achieved in this 
study. It  is possible that  they did not  per form their  
tests using samples wi th  very  low background lat t ice 
strain. The impur i ty  content  requi red  to form a dis- 
location wi th in  a diffused region is less than the quan-  
ti ty requi red  to form a dislocation outside the diffused 
region. Shockley (1) identifies Q = 3 x 1025 bo ron /cm 2 
as the theoret ical  min imum dopant concentrat ion 
necessary for generat ing dislocations wi th in  the dif-  
fused region of an ideal silicon lattice. 

Latt ice strain f rom nonimpur i ty  stresses was es- 
sential in this invest igat ion for our method of de ter -  
mining the manner  in which the lat t ice adjusts during 
an impur i ty  diffusion was based on analyzing the na-  
ture of the dislocations which form during the dep-  
osition process. As ment ioned above, the Q max  ob- 
tained in this invest igat ion was not sufficient to cause 
plastic deformat ion  in the "s t ra in- f ree"  nondiffused 
latt ice surrounding a diffused region. The surrounding 
nondiffused latt ice was made to deform plast ically in 
the presence of an elastic strain induced by diffused 
impuri t ies  by mainta in ing the amount  of nonimpur i ty  
lattice deformat ion  slightly below the elastic l imit  of 
the silicon lattice. In so doing, the amount  and dis- 
t r ibut ion of any elastic strain caused by the diffused 
impuri t ies  would be recorded by an ar ray  of newly  
formed dislocations. No quant i ta t ive  measure  of the 
magni tude  of latt ice s train f rom bending, depressing, 
or impulse stressing was obtained. Compara t ive  tests 
were  per formed which al lowed the nonimpur i ty  in-  
duced strain to be distinguished f rom the diffused 
impur i ty  stress's contribution to defect format ion dur-  
ing the impur i ty  deposition process. Wafer  bending did 
not induce sufficient s train prior to impur i ty  deposi-  
t ion noticeably to influence the adjus tment  of the lat-  
t ice dur ing an impur i ty  deposition. 

The degree to which the lat t ice surrounding the 
diffused region must  deform during an impur i ty  dep-  
osition is ve ry  great ly  influenced by the s t ructure  of 
the lat t ice disorder which forms in the diffused region 
to al leviate  the stress generated by the diffused im-  
purities. Two configurations of dislocation networks  
which commonly form wi th in  a diffused region are 
schematical ly i l lustrated in Fig. 2A. One network,  "A" 
in Fig. 2A, general ly  lies in a subsurface (111) plane 
near  the penetra t ion front  of the diffused region and 
thus does not intersect  the crystal  surface except  
when it climbs to the surface near  the surface per iph-  
ery of the diffused region. The stress vector  associated 
with the diffused region is in the direction of impur i ty  
diffusion, viz., the <111> direct ion in the center  of 
planar  diffused regions of (111) wafers.  The individual  
dislocations comprising this subsurface ne twork  t e rmi -  
nate at nodes, thus forming a flat gr id- l ike  array. This 
ne twork  is ve ry  l ikely formed by a dislocation reac-  
tion be tween  pairs of dislocations gliding in the same 
(111) plane. These dislocations are probably edge in 
character  for they lie in a (111) slip plane perpendic-  

(111> 
"Er' <f~o> 

~ --~-~ I~ ~--~- <110> 
/ / 

~,, <T~o> 

Fig. 2A. Two dislocation networks that form within a diffused 
region: network "A" is a (111) grid of edge dislocation lying 
near the subsurface diffusion front, network "B" consists of con- 
centric loops of the Frank-Read formation type. 

Fig. 2E. Electron micrograph of network "B" dislocations 

ular to the [ ] i i ]  applied stress. Dislocations which 
form wi th in  the diffused region dur ing a uni form sheet 
diffusion process and possess similar characterist ics 
have been identified as edge dislocations ear l ier  (4). 
The other  network,  "B" in Fig. 2A, consists of an 
ar ray  of concentric loops lying in a plane inclined to 
the crystal  surface. The inclined plane intersects the 
crystal  surface at a <110> direction, very  l ikely a 
{111} plane. F igure  2B i l lustrates the dis t r ibut ion of 
individual  dislocations comprising this dislocation ne t -  

.-> 

work  at a deflection g �9 b ~ 0. A single reflection was 

found, but not identified, such that  g �9 ~ = 0 for all 
dislocations comprising this network.  This observation 
identified all  of the composite dislocations as having 
the same Burgers  vector  and that  the concentric loop 
ne twork  was very  l ikely formed by the F rank -Read  
mechanism (12). Format ion  conditions leading to the 
generat ion of this dislocation ne twork  wi th in  a dif-  
fused region are provided by a <211> directed im-  
pulse stress and a [111] directed impur i ty  stress. The 
exact  interact ion between these two stress fields is 
complex and difficult to analyze exper imental ly .  

These two dislocation networks  were  analyzed in 
this investigation, not to resolve their  exact  formation 
mechanism, but  to unders tand their  relat ionship to 
the manner  in which the latt ice adjusts during an im-  
pur i ty  deposition process. The  great  amount  of latt ice 
stress generated during the deposition process is re -  
duced by the format ion of ei ther  ne twork  configura- 
tion. The (111) grid network,  however ,  has been found 



822 JOURNAL OF THE ELECTROCHEMICAL SOCIETY August 1966 

Fig. 3A. Dislocation (dark curved line) in the nondiffused lattice 
surrounding a planar diffused region delineated by copper decora- 
tion and preferential etching. 

[1 o] 
L 

B 

[01]] " b / 

Fig. 4A. A schematic illustration of the ~ 1 1 0 ~  tangents of a 
diffused region. "Intersecting line dislocations" develop in the 

nondiffused lattice at zones "A" while "periodic dislocations" 
develop in zones "B'. 

]ol] 
o] 

Fig. 3B. No dislocations (absence of dark lines)) in the non- 
diffused lattice surrounding a planar diffused region delineated 
by copper decoration and preferential etching. Parallel lines within 
diffused region are network "B" dislocations. 

to relieve much less of the stress generated by the dif- 
fused impuri t ies  than concentric loop network.  This 
was determined by analyzing the dislocation network 
configuration wi thin  a diffused region and the lines of 
plastic deformation in the nondiffused lattice sur-  
rounding the diffused region which formed dur ing  the 
deposition process. The dark lines surrounding the cir- 
cular diffused regions in Fig. 3A are delineated dis- 
locations which formed in the nondiffused lattice due 
to the inabi l i ty  of the (111) grid ne twork  dislocations 
wi thin  the diffused region to relieve the lattice stress 
created by the diffused impurities. In  contrast, the 
absence of dark lines in the nondiffused lattice sur-  
rounding  the diffused region in  Fig. 3B identified the 
concentric loop network dislocations wi thin  the dif- 
fused region as rel ieving essentially all  of the stress 
created by the diffused impurities.  

The nondiffused lattice surrounding the diffused re-  
gion prefers to deform wi th in  part icular  zones to re-  
lieve the impur i ty - induced  stress remain ing  after the 
format ion of the (111) grid ne twork  dislocations 
wi th in  the diffused region. These zones are bound by 
the 5 1 0 >  tangents of the diffused region as sche- 
matical ly represented in Fig. 4A and shows in  the 
micrograph in Fig. 4B. 

The lines of plastic deformation which form in the 
sur rounding  nondiffused lattice as a combinat ion of 
the elastic s train fields associated with the diffused im-  
pur i ty  and the nonimpur i ty  induced deformation are 

--> 

dislocations as determined by g �9 b ---- 0 contrast ex- 

Fig. 4B. Sirtl etch generated pits (dark dots) identify surface 
intersection of dislocations within ~1~10~ tangents of the dif- 
fused regions. 

periments  on the electron microscope. These disloca- 
tions appear in two general  configurations: "random 
intersecting lines" and "periodic lines" general ly per-  
pendicular  to the ~110~  projection of the diffused re- 
gion. The intersecting l ine configuration of dislocations, 
shown in Fig. 3A and 5A and graphically at "A" in Fig. 
4A, develops in a region near  the diffused region where 
nonparal le l  stresses from several portions of a diffused 
region intersect. The dislocations comprising this ne t -  
work configuration are nei ther  pure edge nor screw. 
They do, however, general ly lie in  a (111) plane be- 
low the crystal surface. Most of the dislocations com- 
prising the intersecting l ine configuration terminate  at 
nodes with other dislocations gliding in the same 
(111) plane. The "periodic l ine" configuration, shown 
in Fig. 3A and 5B and graphical ly at "B" in Fig. 4A, 
develops when  a near-unidi rec t ioual  strain field exists. 
Each dislocation in a "periodic line" ne twork  is a 
shallow loop aligned to a general  ~211~  direction. 
They terminate  on the crystal surface at a ~ 1 0 >  tan-  
gent of the diffused region. The etch pits which define 
the ~110~  tangents of the diffused regions in Fig. 4B 
are at the surface intersections of <211~ oriented dis- 
location loops comprising "parallel  line" networks. 
These dislocations are pr imar i ly  edge in character for 
they lie in the (111) slip plane perpendicular  to the 
direction of the stress vector, viz., ~. f l 0 ~ .  The portion 
of these dislocations near  their  ends are not  edge in 
character for they leave the (111) slip plane and climb 
to the crystal surface. These dislocations are often 
several hundred  microns long and lie less than 2~ 
below the crystal surface. 

The dislocations which develop in the nondiffused 
lattice surrounding a diffused region dur ing the dep- 
osition process were found to be ini t ia ted by a flow of 
the surface lattice by comparing the s tructure and 
distr ibution of these disorders with those created by 
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Fig. 5A (top). Dislocation networks created in the nondiffused 
lattice surrounding a diffused region to relieve the stress induced 
by diffused impurities; "Intersecting Line Network" Fig. 5B (bot- 
tom) "Periodic Line Network." Electron micrographs. 

physical ly  deforming the crystal surface. Weighted-p in  
tests conducted at 1200~ (the boron deposition t em-  
pera ture)  produced a distribution of lines identical  to 
those caused by the diffusion of dopant impuri t ies  
i l lustrated in Fig. 5. An electron transmission analysis 
of the lines created by both sources confirmed their  
s t ructural  similarity. The magni tude  of the impur i ty -  
induced stress at the surface per iphery  of a diffused 
region was identified by associating the lowest Q re -  
quired to form dislocations in the surrounding latt ice 
wi th  the lowest  surface component  of loading stress 
requi red  to form similar  dislocations. Compara t ive  
tests were  conducted on the same wafers  to normalize 
the contr ibution of nonimpur i ty  latt ice strain. The 
loading tests identified r = 2.5 • 2 x 109 dynes /cm 2 
as being the magni tude  of the per ipheral  surface stress 
created in the nondiffused lattice surrounding a re -  
gion where  boron of Q1 = 2.6 x 1016 a toms/cm 2 had 
been planar  diffused and (111) grid ne twork  dislo- 
cations had formed wi th in  the diffused region. 

Calculated Stress 
The magni tude  of the stress generated wi th in  a dif-  

fused region by the diffused impuri t ies  can be calcu- 
lated using an expression formula ted  by Prussin (3). 
He adjusted Timoshenko's  expression (13) for me-  
chanical stresses in a thin plate to comply with  a com- 
p lementary  er ror - funct ion  distr ibution of diffused 
atoms as the deformat ion source, assuming the im-  
pur i ty  s t ress-mechanical  stress relat ionship identified 
in this work. The  Prussin expression for the max i -  
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m u m  impur i ty- induced  stress along the crystal  surface 
inside the diffused region is 

~CsE 
(r 

( l - - v )  

where  /~ is the solute lattice contract ion coefficient, Cs 
is the solute surface concentration, E is Young's 
modulus, and v is Poisson's ratio. Using this expres-  
sion Prussin calculated (~x) = 6.0 x 109 dynes /cm 2 for 
boron. Since the publication of Prussin 's  work, im-  
proved values of these factors have been reported. 
Wor tman and Evans (14) identifies Young's  modulus 
and Poisson's ratio as E = 1.7 x 1012 dynes /cm 2 and 

v = 0.33 for the ['1"10] direction of the (110) plane. The  
value of the solubility l imit  of boron in silicon has re -  
mained at Cs = 5 x 102e (15). ~ can be calculated 
using the fol lowing general  expression 

\ r s i  / J 

where  rsi is the covalent  radius of silicon, rsi : 
1.17A (16), rsol = 0.98A for boron (1), and N is the 
concentrat ion of silicon atom sites, N = 5 x 1022/cm a. 
These values in the above expression provide/~ = 8.2 x 
10-24 cm3/atom. This value  lies be tween the values of 

calculated f rom the contracted lat t ice parameters  re-  
por ted by Horn  (17), 16 x 10 -24 cm3/atom, and Pearson 
et al. (2), 6.6 x 10-24 cm~/atom. Applying these improved 
values to Prussin 's  expression provides (~x) max  = 
1.0 x 10 TM dynes /cm 2 as the m a x i m u m  internal  stress 
created by the diffusion of boron into silicon. A fur -  
ther  ref inement  of these values or the above expres-  
sions at this t ime would have l i t t le  justification for 
the magni tude  of the impur i ty - induced  stress in the 
surrounding nondiffused latt ice is great ly  influenced 
by the noncontrol led format ion of latt ice disorder 
wi thin  the diffused region. The stress required to 
cause yield in highly boron doped silicon whiskers  
was obtained by extrapola t ing the data of Pearson 
etal.  (18) to 1200~ a(yie ld  limit) = 1.0 x 109 dynes /  
cm 2. The first approximat ion values obtained f rom 
Prussin 's  expression identify the stress generated 
within  the diffused region as exceeding the amount  
requi red  to cause yield, as it should since lines of 
plastic deformation are created within  the diffused 
region. 

Resul ts - -E lec t r ica l  
The strain in the nondiffused latt ice surrounding a 

diffused region resul t ing f rom the diffused boron stress 
contributes direct ly to excessive currents  in reverse  
biased p+n junctions as Fig. 6 indicates. Curve A 
identifies the log I vs. log V trace of a diode with  no 
associated dislocations in the nondiffused lattice sur-  
rounding the deposited region, similar to that  shown 
in Fig. 3B. Curves  B and C ident i fy the electrical  

l L P" :"A" N I 

l n a -  / /  

0.1 na 

/ x  
/ "  

lOpa , • I '~ I , ' I ' ' I ~ i 1 
.01v .lv lv 1Or lOOv 

Fig. 6. Reverse bias log I vs. log V electrical behavior of three 
diodes with varying amounts of lattice strain in the nondiffused 
lattice surrounding the diffused region. "A" very little strain; 
"B" moderate strain; and "C" very great strain. 
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Fig. 7A. Negligible strain in the nondiffused lattice associated 
with network "B" dislocations within diffused region; (B) great 
lattice deformation in the nondiffused lattice associated with net- 
work "A" dislocations within the diffused region. X-ray topographs. 

characteristics of two diodes, one with a moderately 
large density of associated dislocations in the non-  
diffused lattice, curve B, and the other with an ex- 
t remely large quant i ty  of associated dislocations in 
the nondiffused lattice, curve C, similar to those shown 
in Fig. 3A. The density of associated dislocations in 
the nondiffused lattice corresponds to the s t rength of 
the impur i ty - induced  strain observed in the nondif -  
fused lattice sur rounding  a diffused region. 

Summary 
The manne r  in which the silicon lattice adjusts to 

accommodate a large quant i ty  of small  diffused im-  
purit ies has been investigated. The results of this 
invest igat ion can be incorporated into a model which 
describes the behavior of the silicon lattice dur ing an 
impur i ty  deposition process. 

The p lanar  diffusion of boron dur ing  a 1200~ dep- 
osition process creates a max imum calculated stress 
near  1.0 x 10 l~ dynes /cm 2 wi thin  the diffused region. 
The silicon lattice in  deforming to relieve this stress 
forms either of two different dislocation networks 
wi thin  the diffused region. The two dislocation networks 
relieve different amounts  of the impur i ty - induced  stress 
as identified earlier and verified in the x - r ay  topograph 
in  Fig. 7. One of the dislocation networks  (F rank-  
Read source) consists of a family of concentric dis- 
location loops which lie in a p lane  incl ined to the 
crystal surface. The dislocations in this network re-  
lieve essentially all of the lattice stress created by the 
planar  deposition process as shown at (A) in Fig. 7. 
This is very l ikely due to the size of the individual  
dislocations and their possessing significant screw as 
well  as edge dislocation components. A different dis- 
location ne twork  commonly develops wi th in  the dif- 
fused region near the diffusion front  of shallow dif- 
fused structures. The dislocations comprising this 
network are general ly edge in character, but  acquire 
dominant  screw character near  the per iphery of the 
diffused region where the ne twork  leaves the (111) 
slip plane. The formation of these dislocations tends 
to lower the stress wi thin  the diffused region by only 
one order of magnitude,  thus causing the nondiffused 

lattice sur rounding  the diffused region to deform to 
relieve the impur i ty  induced strain as shown at (B) 
in Fig. 7. The nondiffused lattice surrounding the dif- 
fused region deforms within  highly restricted zones 
when the lattice wi th in  the diffused region is unable  to 
relieve the diffused impur i ty  stress. These zones are 
bound by the <110> tangents  of the diffused region 
and extend to the depth of the region created by 
the planar  deposition process, normal ly  two microns. 
Port ions of the nondiffused lattice a distance greater 
than  100~ from a diffused region are often deformed 
due to an impur i ty  deposition. 

The electrical characteristics of the p+ n  junct ion  
created dur ing  the p lanar  deposition of boron are 
influenced by the deformation of the nondiffused 
lattice sur rounding  the diffused region. Reverse cur-  
rents  in the nanoampere  range  have been associated 
with the above lattice deformation source. 
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Epitaxial Growth of Silicon Carbide by the Thermal 
Reduction Technique 
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ABSTRACT 

The epitaxial  growth of silicon carbide on the basal plane of hexagonal 
silicon carbide substrates has been accomplished by the thermal  reduct ion of 
carbon and silicon tetrachlorides, and exper imental  parameters  of the growth 
process have been studied. Using good in situ etching techniques and iner t  
susceptor materials,  epitaxial  silicon carbide layers with s t ructural  perfection 
similar  to that  of the substrate were grown at a substrate  tempera ture  of 
1700~ and a deposition rate of 0.5 ~/min.  Doped silicon carbide layers were 
prepared using nitrogen, arsine, or phosphine as n - type  dopants and di-  
borane as a p- type  dopant, and the electrical properties of these layers were 
evaluated by Hall  measurements  in the tempera ture  range  78~176 Pre-  
l iminary  junct ion  structures prepared by doping techniques were found to be 
capable of support ing up to 50v at 500~ 

Silicon carbide devices, such as rectifiers (1), 
charged particle detectors (2), and unipolar  t ransis-  
tors (3) are capable of operation at high tempera-  
tures, 500~ or above. Because of its refractory nature ,  
the fabricat ion of silicon carbide junct ions is difficult 
and involved. The epitaxial  growth technique appears 
to be a promising junc t ion  format ion method since 
epitaxial  silicon carbide layers of controlled dopant 
dis t r ibut ion can be deposited on silicon carbide sub-  
strates at re la t ively low temperatures  compared to the 
subl imat ion process (4). 

The feasibili ty of using the thermal  reduct ion of 
mixtures  of carbon and silicon tetrachlorides with hy-  
drogen for the isoepitaxial growth of silicon carbide, 
in a m a n n e r  similar to the epitaxial  growth of silicon 
by the hydrogen reduct ion of silicon tetrachloride, has 
been reported (5). The epitaxial  growth of silicon 
carbide, however,  poses the complicating problem in 
that it exists in  cubic and hexagonal  phases with the 
lat ter  possessing a var ie ty  of polytypes. It was found 
in  the early work (5) that  either phase could be de- 
posited on the basal '  planes of hexagonal  silicon car- 
bide substrates, depending on exper imental  conditions. 
Fur thermore ,  the cubic phase was grown at substrate 
temperatures  (brightness) of 1660~176 and the 
hexagonal  phase was grown on mechanical ly polished 
substrates at brightness temperatures  higher than  
1725~ 

In  this work, the epitaxial  growth of silicon carbide 
on the basal planes of hexagonal  silicon carbide sub-  
strates by the thermal  reduct ion technique has been 
fur ther  studied with the aim of prepar ing rectifying 
junctions.  To achieve this, new exper imental  tech- 
niques were devised to prepare epitaxial  silicon car- 
bide layers with s t ructural  perfection similar  to that 
of the substrate. Doping techniques were also de- 
veloped to control the conductivi ty type and carrier 
concentrat ion of the epitaxial  layer. Using these tech- 
niques, p re l iminary  work on the prepara t ion  of sili- 
con carbide p -n  junct ions  was carried out. Various 
aspects of the isoepitaxial growth of silicon carbide 
are discussed in  this paper. 

Structural Perfection of Epitaxial Silicon Carbide 
The s t ructural  perfection of the epitaxial  layer is an 

impor tan t  factor de te rmin ing  its usefulness for de- 
vice purposes. It  has been well  established in the epi- 
taxial  silicon technology that the s t ructural  perfec- 
t ion of the epitaxial  layer  prepared under  proper con- 
ditions of substrate  tempera ture  and growth rate is 
determined predominate ly  by the pur i ty  of the growth 
apparatus and reactants,  and the surface conditions of 
the substrate.  Contaminants  from the growth appara-  

tus and foreign impurit ies on the substrate surface are 
the principal  causes of imperfections in  the epitaxial  
layer. Because of the temperatures  required for the 
epitaxial  growth of hexagonal  silicon carbide, the 
pur i ty  of the growth apparatus is more difficult to 
ma in ta in  than  in the silicon process. For example, the 
rf susceptor for the support  and heat ing of silicon 
carbide substrates must  be stable and iner t  toward 
silicon carbide and the reactants  under  the conditions 
used in  the growth process. The choice of susceptor 
mater ia l  therefore is limited. Refractory metals react 
with silicon carbide at high temperatures,  and graph- 
ite and refractory carbides, including silicon carbide, 
react with hydrogen to form hydrocarbons.  Refractory 
silicides were found to be more stable under  condi- 
tions used for the epitaxial  growth of silicon carbide. 
Tan ta lum silicide-coated t an ta lum was used as the 
susceptor in this work with satisfactory results. 

The substrate  surface should be free from foreign 
impuri t ies  and mechanical  damage. While the usual  
etching and cleaning operations remove residual  abra-  
sives, dust, etc., they do not provide clean substrate 
surfaces required for the epitaxial  growth process. The 
in situ etching of substrates has been shown to be 
useful  for producing epitaxial  silicon layers of good 
perfection (6). Chlor ine-oxygen mixtures  (7) or hy-  
drogen (8) can be used as etchants. The hydrogen 
etch provides a clean and microscopically smooth sur-  
face and is par t icular ly  convenient  to use in  this pro-  
cess. 

Experimental.--Electronic grade silicon tetrachlo-  
ride and carbon tetrachloride were used for the epi- 
taxial  growth of silicon carbide. They were introduced 
into the reaction tube by using a measured amount  of 
hydrogen as a carr ier  gas. The hydrogen was purified 
by diffusion through a pa l ladium-s i lver  alloy. Since 
n i t rogen is electrically active in silicon carbide, the 
silicon and carbon tetrachlorides were thoroughly out-  
gassed to remove dissolved air and the growth system 
was made gas-t ight to minimize any undesirable  dop- 
ing. 

Hexagonal  silicon carbide platelets with main  
faces of (000I) or ientat ion grown by the subl imat ion 
technique (4) were used as substrates for the epitaxial  
growth process. They were selected on the basis of 
optical examinat ion  and were etched in  a mol ten 1:3 
sodium peroxide-sodium hydroxide mix ture  to deter-  
mine  the polari ty of faces (10). 1 The face of the sub-  

1 The  (0001) a n d  (0001) faces  of  h e x a g o n a l  s i l i con  ca rb ide  e x h i b i t  
d i f f e r en t  e t c h i n g  b e h a v i o r s  t o w a r d  m o l t e n  s o d i u m  pe rox ide .  One  
face  r e m a i n s  s m o o t h  a n d  t he  o t h e r  becomes  r o u g h  in  a p p e a r a n c e .  
T h e  f o r m e r  has  been  s h o w n  in  a r e c e n t  w o r k  to  b e  the  s i l i con  
f a c e  (10). 

825 
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Fig. 1. Schematic diagram of the apparatus for the epitaxial 
growth of silicon carbide by the thermal reduction technique. 
metering valve; | shut-off valve; A, B, C flowmeters; D filter; 
E water-cooled reaction tube; F tantalum silicide coated susceptor; 
G SiC substrates. 

strates wi th  the desired polari ty was then successively 
lapped wi th  boron carbide and polished with  diamond 
paste. The substrates were  subsequent ly  cleaned u l t ra -  
sonically in hydrofluoric acid and water.  

The growth exper iments  were  carr ied out in a gas 
flow system, using a horizontal,  water  cooled quartz  
tube of 2.5 cm ID with gas inlet  and exhaust  tubes. 
The silicon carbide substrates were  supported on a 
tantalum sil icide-coated tan ta lum susceptor in the re-  
action tube, and the susceptor heated ex terna l ly  by an 
rf generator.  Pr ior  to the growth process, the sub- 
strates were  etched with  hydrogen at 1650~176 2 
to remove  about 10~ of silicon carbide f rom the sub- 
strate. A schematic of the apparatus is shown in Fig. 
1. 

During the growth process, the substrates were  
maintained at 1700~176 The flow rate  of hydrogen 
was 2.5 l /min ,  and the concentrat ion of silicon and 
carbon tetrachlorides in the reactant  mix ture  was 
0.04-0.1%. Under  these conditions, the l inear veloci ty 
of the reactant  over  the substrate surface in our ap- 
paratus at room tempera ture  was about 12 cm/sec,  
and this high l inear veloci ty was essential to provide  
a un i form flux of the reactant  over  the substrates. 

The s t ructural  perfect ion of deposited silicon car-  
bide layers was evaluated pr incipal ly  by chemical  
etching technique and optical microscopy. Imperfec-  
tions in these layers were  readi ly  revea led  by etching 
the specimen with  a 3:1 NaOH-Na202 mix tu re  at 
7000C for 5-15 sec. 

Results and discussion.--Under proper  conditions of 
cleanness, the s t ructural  perfect ion of epi taxial  sili- 
con carbide layers is affected by the substrate t em-  
perature ,  g rowth  rate, imperfect ions in substrates, etc. 
Using a given hydrogen flow rate  at a given substrate 
temperature ,  the growth rate  of silicon carbide depends 
on the concentrat ions of silicon and carbon te t rachlo-  
rides in the reactant  mixture .  In this work, equal  con- 
centrations of carbon and silicon tetrachlorides were  
used. Table I summarizes  the growth rate  of silicon 
carbide layers on the silicon face of the substrate as a 
funct ion of the reactant  composition; the substrate 
t empera ture  was 1700~ and the hydrogen flow rate  

2 A l l  t e m p e r a t u r e s  r e p o r t e d  he re  we re  b r i g h t n e s s  t e m p e r a t u r e s  
m e a s u r e d  w i t h  a m i c r o - o p t i c a l  p y r o m e t e r .  These  t e m p e r a t u r e s  arc 
a b o u t  100~ lower  t h a n  t he  t r ue  t e m p e r a t u r e  because  of t he  emis -  
s i v i t y  co r rec t ion  of s i l i con  ca rb ide  and  t he  re f lec t ion  loss  a t  the  
w a i l  o f  t he  r e a c t i o n  tube .  
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was 2.5 1/min. (The growth ra te  was found to be ap-  
proximate ly  50% greater  on the carbon face of the 
substrate.) The observed growth  rate  is the net  resul t  
of the deposition of silicon carbide by thermal  reduc-  
tion and the etching of silicon carbide by hydrogen.  
Since the etch ra te  of silicon carbide by hydrogen is 
considerable at the t empera tu re  used for the deposi- 
tion process, approximate ly  2 ~/min, the composit ion 
of the reactant  mix tu re  becomes very  critical. Under  
a given set of growth conditions, there  exists a defin- 
ite reactant  composition at which no net deposition of 
silicon carbide occurs, and any deviat ion f rom this 
composit ion results in the etching of the substrate or 
the deposition of silicon carbide. As indicated in Table 
I, the silicon carbide substrates were  found to be 
etched when the concentrat ion of carbon and silicon 
tetrachlorides was 0.055% or less. As the concentra-  
tion of the tetrachlorides was gradual ly  increased, the 
growth rate  of silicon ca rb ide  increased rapidly. How-  
ever, at te t rachlor ide concentrat ions of 0.08% or 
higher,  the grown layer  had large areas of apparent ly  
polycrystal l ine material .  

Chemical  etching and optical microscope examina-  
tions indicated that  epi taxial  layers grown at rates 
of about 0.5 ~/min were  s imilar  to the substrate in 
s t ructural  perfect ion and that  defects in the grown 
layer  were  usually propagated f rom the substrate. An 
example  is given in Fig. 2 where  a noted defect in a 
grown layer  is correlated,  af ter  the removal  of this 
layer, with defects in the substrate. The apparent  un-  
evenness of the substrate surface was due to the 
higher  etch rate  in the defect areas. 

The epitaxial  g rowth  of hexagonal  silicon carbide 
layers  of good s t ructural  perfect ion was achieved only 
over  a l imited t empera tu re  range. Using a reactant  
mix tu re  containing 0.06-0.065% of carbon and silicon 
tetrachlorides,  the grown layer  was of cubic phase at 
tempera tures  below 1700~ These layers were  char-  
acterized by high concentrat ions of l inear  etch figures 

Table I. Growth rate of epitaxial silicon carbide layers 
as a function of reactant composition 

(B r igh tne s s  t e m p e r a t u r e  of s u b s t r a t e  = 1700~ 
H~ f low r a t e  = 2.5 1 /min)  

Mole  % of  CC14 and  SiC]~ G r o w t h  ra te ,  ~ / m i n  

0.055 E t c h i n g  
0.060 0.4 
0.075 0.7 
0.090 P o l y c r y s t a l l i n e  g r o w t h  

Fig. 2. As-grown surface of an epitaxial silicon carbide layer 
showing structural defects (upper photograph). These defects were 
correlated with those in the substrate after the removal of the 
epitaxial layer (lower photograph). 
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Table II. Electrical properties of doped silicon carbide 
Layers measured at room temperature 

F l o w  r a t e  o f  R e s i s t i v i t y ,  M o b i l i t y ,  C a r r i e r  c o n c ,  
d o p a n t ,  m o l e / m i n  o b m - c m  c m 2 / v - s e c  e m  -~ 

N~ 6 • 10-3  0 . 0 5 3  48  2 . 8  • 10 TM 

N~ 2 x 10  -~ 0 . 0 2 3  52  6 .0  • 10 TM 
P H 8  0 .5  • 10 -6 0 . 0 7  155  5 .6  X 10 l r  
P I ~  2 .2  X I0 -~ 0 .02  109  2 .0  x 10 TM 
AsHa 0.5 • I0  -'~ 0.32 37 5 • I0 I~ 
B2H a  2 .2  • 10 -5 9 0 . 4  2 4 X 10 TM 

Fig. 3. Linear etch figures associated with stacking faults in a 
cubic silicon carbide layer deposited on a hexagonal substrate. 

at 60 ~ or 120 ~ to each other (Fig. 3), and these etch 
figures are presumably  stacking fault  traces (11). 
Hexagonal  silicon carbide layers were  grown from 
1700 ~ to 1730~ and no growth occurred at higher 
tempera tures  due to the increased etching rate  of 
silicon carbide by hydrogen.  Even when  the concen- 
trations of carbon and silicon tetrachlorides in the re-  
actant  mix tu re  were  increased by a factor of four, 
no growth was observed at substrate tempera tures  
above 1750~ 

Epitaxial  Growth of Doped Silicon Carbide Layers 
and Formation of Epitaxial  Junctions 

The electr ical  propert ies of epitaxial  silicon carbide 
layers obtained by the thermal  reduct ion technique 
without  intent ional  doping are determined predomi-  
nately by impuri t ies  in the reactant  mix ture  and in 
the growth apparatus. When these impur i ty  effects 
are known, controlled addition of dopants into the re-  
actant  can yield epi taxial  layers of desired conduc- 
t iv i ty  type and carr ier  concentrations. Junc t ion  struc- 
tures can be prepared accordingly by p rogramming  
the type and concentrat ion of the dopant during the 
growth process. 

Experimental.--The electrical  propert ies of epi taxial  
silicon carbide layers deposited on substrates of op- 
posite conduct ivi ty  type were  evaluated  by resist ivi ty 
and Hall  in the t empera tu re  range 78~176 using 
the van der Pauw technique (12). The specimen was 
ul t rasonical ly  cut into a disk form, 1.5-6.5 m m  in 
diameter.  Four  contacts were  then applied to the epi-  
taxial  layer. Using gold wires of 25~ diameter ,  the 
disk was at tached to a ceramic plate having  gold con- 
tacts, and these contacts served as voltage and current  
leads for the measurement .  F rom the resis t ivi ty and 
Hall  constant the carr ier  concentrat ion and carr ier  
mobil i ty can be determined.  The carr ier  mobi l i ty  is 
independent  of the thickness of the layer.  

The control of carr ier  concentrat ion in epi taxial  sili- 
con carbide layers was achieved by using diborane as 
a p- type  dopant and nitrogen, arsine, or phosphine as 
n - type  dopants. A series of growth exper iments  were  
carr ied out using var ied  amounts of each dopant to 
de termine  the relat ion be tween  the electrical  p roper -  
ties of the epi taxial  layer  and the composition of the 
reactant.  

Subsequent  to the control  of the carr ier  concentra-  
t ion in the epi taxial  layer, rect i fying junctions were  
prepared  by two principal  approaches. In the first, an 
n-  or p - type  epitaxial  layer  was deposited on sub- 
strates of opposite conduct ivi ty  type, and a p -n  
junct ion was formed near  the growth interface. The 
second approach was aimed at the prepara t ion  of 
p+ n + - t y p e  structures by depositing an undoped sili- 
con carbide layer onto a highly doped n - type  substrate 
fol lowed by the deposition of a highly doped p - type  
layer. The junctions were  usual ly 25 mm 2 in area. To 
de termine  the electr ical  propert ies of epi taxial  j unc -  

tions, ohmic contacts were  al loyed to the n - type  and 
p- type  regions, using A u - T a  and Au-Ta-A1 alloys re-  
spectively, at 1225~ The units were  then etched in 
mol ten sodium peroxide and tested for electrical  tests. 

Results and discussion.--Epitaxial silicon carbide 
layers grown by the thermal  reduction technique 
wi thout  intent ional  doping were  n-type,  with repre-  
sentat ive room tempera ture  resist ivi ty of 0.07 o h m - c m ,  
mobil i ty of 290 cm2/v-sec, and net carr ier  concentra-  
tion of 3 x 1017 cm -3. It is bel ieved that  these carriers 
were  due to residual  ni t rogen in the reactants  and in 
the apparatus. 

When dopants were  introduced into the reactant  
mix tu re  under conditions yielding epitaxial  silicon 
carbide layers of good perfection, the growth rate was 
found to increase more than 50%, with degradat ion in 
the qual i ty  of the layer.  To obtain doped layers of 
good perfection, the concentrations of carbon and sili- 
con tetrachlorides in the reactant  were  reduced to 
0.04% to achieve a growth rate  of 0.5 ~/min. The 
electr ical  propert ies  of several  representa t ive  doped 
layers, measured  at room temperature ,  are sum- 
marized in Table II. The phosphorus doped layers 
showed a significantly higher  mobi l i ty  than s imilar ly 
doped ni trogen or arsenic doped layers. F igure  4 
shows the resist ivi ty and carr ier  concentrat ion of a 
phosphorus doped epitaxial  silicon carbide layer in 
the tempera ture  range 78~176 The tempera ture  
dependence of the carr ier  concentrat ion exhibits two 
distinct slopes corresponding to act ivation energies of 
0.03 and 0.10 ev. It cannot be stated with  certainty if 
both donor levels are associated with phosphorus or if 
an unknown impur i ty  is present. 

Many diodes were  made by deposit ing n - type  epi- 
taxial  layers on p - type  substrates. The resist ivi ty and 
mobil i ty  of representa t ive  substrate crystals were  0.01 
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Fig. 4. Resistivity and carrier concentration of a phosphorus- 
doped epitaxial silicon carbide layer as a function of temperature. 



828 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

Fig. 5. An epitaxial p-n junction in silicon carbide delineated by 
electrolytic etching of a vertically cross-sectioned surface. 

ohm-cm and 30 cm2/v-sec, respectively. The epitaxial  
layers were usual ly  15 to 30~ in thickness, with pro- 
perties as given in Table II. Figure 5 shows a p - n  
]unct ion delineated by electrolytic etching of ver t i -  
cally cross-sectioned surface in a 75:1 methanol :  HF 
mixture.  These epitaxial  junct ions  general ly exhibited 
a low forward voltage (1.5-2.5v at 1-5A) with a re-  
verse capabil i ty of 50v at 500~ Several  p+ n + - t y p e  
structures were made and the reverse characteristics 
were similar. 

Summary and Conclusions 
Epitaxial  silicon carbide layers of good s t ructural  

perfection have been deposited on the basal p lane of 
hexagonal  silicon carbide substrates at temperatures  
considerably below its subl imat ion tempera ture  by a 
thermal  reduct ion technique. The substrate tempera-  
ture, the concentrat ions of carbon and silicon te t ra-  
chlorides in the reactant  mixture,  the surface condi- 
t ion of the substrate, and the pur i ty  of the growth 
apparatus are impor tant  factors affecting the quali ty 
of the grown layer. The conductivi ty type of, and 
carrier concentrat ion in, the grown layer  have been 
controlled to a reasonable degree by using diborane 
as a p- type dopant  and nitrogen, arsine, or phosphine 

A u g u s t  1966 

as n - type  dopants. Epitaxial  junct ion structures have 
been prepared by vary ing  the dopant  concentrat ion in 
the reactant  mix ture  dur ing the growth process. Al-  
though the pre l iminary  structures could not support 
high voltages, the epitaxial growth technique is be-  
l ieved to be a practical method for prepar ing junct ion  
structures in  silicon carbide and is worthy of fur ther  
investigations. 
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The Growth of FeSn2 Layers on Specifically Oriented 
Iron Single Crystals 

H. E. Biber and W.  T. Harter 

Applied Research Laboratory, United States Steel Corporation, Monroeville, Pennsylvania 

ABSTRACT 

FeSn2 layers on t inplate  exhibit  three different types of structure,  the 
pr imary  forms of which occur on the {100}, {110}, and {111) faces of iron. 
The rate and manne r  of growth of the alloy layer on each of these three faces 
have been  studied for a heat ing ra te  that  s imulated commercial  flow br ighen-  
ing of tinplate. Results show that  the alloy layer grows at a different rate on 
each face. The alloy growth on both the {100} and {110} faces exhibits arrests 
that are associated wi th  completion of base-meta l  coverage by the alloy layer. 
Results provide a reasonably clear unders tanding  of the m a n n e r  in which 
alloy layers grow on t inplate dur ing  commercial  flow brightening.  

Electrolytic tinplate, as it emerges from a plat ing 
bath, has a dull  surface quite different from the highly 
reflective surface t radi t ional ly  associated with t in -  
plate. To impar t  high reflectivity to the surface, the 
mat te  t inplate  is briefly heated above 232~ the mel t -  
ing point of tin, and then quenched. This heat ing op- 
eration, known  as flow brightening,  also promotes a 
reaction between the i ron and the tin, which results 
in the formation of a th in  layer of FeSn2 at the in te r -  

face between the steel base and the protective t in  
coating. 

The structure of this alloy layer has been a subject 
of considerable interest  in the t inplate  industry.  Stoll 
(1), Ebben  and Lawson (2), and Gabe and Mort (3) 
have shown by electron microscopy that  alloy layers 
on commercial t inplate  consist of numerous  small  
crystallites of FeSn2. The a r rangement  of these crys- 
tallites and their coverage of the steel base were 
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Table I. Results of chemical analysis of vacuum-melted iron 
from which single crystals were grown 

Weight per cent 

Carbon 0.002 
Oxygen 0.006 
Nitrogen 0.O001 
Manganese d0.01 
Phosphorus 0.001 
Sulfur 0.003 
Silicon 0.01O 
Nickel 0.025 
Chromium 0.005 

shown to vary  f rom one small  area to the next. These 
variat ions were  thought  to be caused by the vary ing  
orientat ion of the grains in the surface of the steel 
base. To obtain a bet ter  unders tanding of the influ- 
ence of substrate or ientat ion on a l loy- layer  s t ructure  
and of the manner  in which ahoy layers  grow during 
commercial  flow brightening,  our laboratory under -  
took a detailed study with specifically or iented iron 
single crystals. 

Experimental 
The single crystals were  prepared by the s train-  

anneal  technique developed by Stein and Low (4). 
Vacuum-mel ted  iron of 99.9% puri ty  was used, and 
s ingle-crysta l  strips 0.04 x 1 x about 4 in. were  ob- 
tained in approximate ly  half  of the trials. Results of 
chemical  analyses of the start ing mater ia ls  are given 
in Table I, and the orientat ions of those single crys-  
tals used in this study are plotted on the unit  s tereo-  
graphic t r iangle  shown in Fig. 1. 

For  convenience the s ingle-crysta l  strips were  di- 
vided into hal f - inch squares. One large face of each 
square was polished wi th  0.3g a lumina on a wheel  
covered with k i t tenear  broadcloth. After  a 10-sec 
etch in 2 % nital, the polished surface was coated with  
a nominal  60 ~in. layer  of tin in a P S A - D D S  elec- 
t rolyte at l l 0 ~  at a current  density of 25 a m p / f t  2. The  
electrolyte  contained, per liter, 55g of stannous sul-  
fate, 57 ml  of 65% phenolsulfonic acid, and 6g of di-  
hydroxydiphenylsul fone.  

The mat te  t inplate squares were  heated f rom the 
unplated side by a 500-w project ion lamp. The lamp 
voltage was adjusted for each square before heat ing 
so that  the tin coating mel ted 7.0 • 0.2 sec f rom the 
start  of heating. The amount  of alloy layer  on a V4-in. 
d iameter  circular area of the heated specimens was 
determined by the coulometr ic  method of Kunze and 
Wil ley (5). 

To prepare  the specimens for electron microscopy, 
the free tin on the surface was r emoved  by anodic 
dissolution in 5% sodium hydroxide  solution. Speci-  
mens were  careful ly  washed in flowing water,  r insed 
with methanol,  and dried in a draft  of w a r m  air. 
Replicas of the alloy layer  were  prepared by a tech-  
nique developed by Ebben and Lawson (2). The shad- 
owing angle was about 45 ~ . The replicas were  ex-  
amined in a Hitachi  HU-10 electron microscope. 

For  comparison, a l loy- layer  growth rates on poly-  
crystal l ine steel were  de te rmined  for these same hea t -  

Fig. 2. Typical iron-tin alloy layer on steel 

ing conditions wi th  l~-in, squares of mat te  t inplate 
prepared in a circulation cell. In addition some t in-  
plated single crystal  squares were  heated in a 240~ 
oil bath and the resul t ing alloy layer  examined by 
electron microscopy. 

Results 
On commercial  f low-br ightened t inplate  the amount  

of alloyed tin is normal ly  be tween  0.05 and 0.10 lb /  
bb (pounds per base box: 0.056 and 0.112 m g / c m  2, 
respect ively) .  In electron micrographs of typical  alloy 
layers on steel, Fig. 2, there  appear to be many  dif-  
ferent  a l loy- layer  structures. However ,  a study of 
the alloy layers formed on iron single crystals shows 

(111) 

(001)  (011) 

Fig. 1. Unit stereographic triangle showing orientations of single 
crystals used in this study. 

Fig. 3. Typical alloy layers on iron single crystals: a, (111) face; 
b, (110} face; c, ( I 00 )  face; d, (112) face; e, (115} face. Identi- 
cal magnification for each micrograph. 
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that  there  are actual ly only three basic a l loy- layer  
structures. These occur on the {111}, {i10}, and {100} 
faces of the iron crystal, Fig. 3a-c. On the {111} face 
the alloy layer  consists of small columnar  crystal l i tes 
that  project  f rom the surface at various angles, Fig. 
3a; on the {110} face the crystall i tes lie paral le l  to 
one another  on the surface, Fig. 3b; and on the {100} 
face the crystall i tes are ar ranged in an approximate ly  
or thogonal  ar ray  on the substrate surface, Fig. 3c. 
Al loy- layer  structures on other faces of the iron crys-  
tal are simply variat ions of these three basic forms 
and resemble  most closely the basic form on the pr i -  
mary  face that  is closest in orientat ion to the face in 
question. For example,  the {112} face lies closest to 
the {111} face, forming angles of 19.5, 30.0, and 35.3 ~ 
with  the {111}, {110}, and {100} faces, respectively,  
and the alloy layer  on this face has a { l l l } - l i k e  
structure,  Fig. 3d. The {115} face lies closest to the 
{100} face, forming angles of 38.9, 35.3, and 15.8 ~ with  
the {111}, {110}, and {100} faces, respectively,  and the 
alloy layer  on this face has a {100}-like structure,  
Fig. 3e. Close inspection of Fig. 2 will  show that  each 
of the structures present  can be placed in one of the 
three  general  classifications, "{111}", "{110}", or 
"{100}." It follows then that, wi th  respect  to alloy 
layer formation, the grains of steel in the surface 
of the substrate can also be grouped into these three  
general  types, according to the s t ructure  of the alloy 
layer  formed on them. 

Thus, to obtain an unders tanding of the manner  in 
which the alloy layer  grows on commercial  t inplate  
during flow brightening,  it was sufficient to study 
a l loy- layer  growth on just  the three  principal  faces 
of iron. The heating conditions were  intended to s imu- 
late actual heat ing during flow br ightening on an elec- 
trolytic t inning line. The melt ing t ime of 7 sec was 
within the range of commercial  mel t ing  times, yet  
long enough to give a growth rate  sufficiently slow 
that  brief  changes in the a l loy- layer  growth process 
might  be observed. The heat ing curve obtained with  
the project ion lamp, Fig. 4, did not differ great ly  f rom 
estimates of the commercial  heat ing curve. 

Data for the growth of alloy layers on the {100}, 
{110}, and {111} faces of iron with these heat ing con- 
ditions are presented in Fig. 5. On the {100} face the 
alloy layer  formed very  slowly before the tin coating 
melted;  less than 0.01 lb /bb  of al loyed tin was formed 
in the first 7 sec of heating. After  the tin coating 
melted, the alloy layer  grew very  rapidly for about 
3.5 sec (to 10.5 sec), then the growth rate  abrupt ly  
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Fig. 4. Heating curve obtained with 500w projection lamp and 
estimated commercial heating curves. 
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Fig. 5. Alloy-layer growth curves for each of the three principal 
faces of iron. 

decreased, and f rom about 11 to 16 sec there  was no 
additional a l loy- layer  growth. Fol lowing this arrest, 
the alloy layer resumed its growth, and f rom 16 to 
20 sec (the extent  of the measurements  on the single 
crystals) grew at a uni form rate  of about 0.011 lb /bb-  
see. 

On the {110} face the amount  of alloy layer that  
formed before the tin coating mel ted was about twice 
that  on the {100} face. However ,  after the tin coating 
melted, the {110} face exhibi ted the smallest  over -a l l  
growth rate of the three faces. A growth arrest  oc- 
curred for this face also, but  lasted only f rom 8 to 
about 11 sec after  start  of heating. F rom 12 to 20 sec 
the alloy layer  grew at a uni form rate  of about 0.014 
lb/bb-sec.  

The amount  of alloy layer  formed on the {111} 
face before the coating mel ted was about the same 
as that on the {110} face. Af te r  the tin coating melted, 
the alloy layer  on this face ini t ial ly grew at a ra te  
in termedia te  to the rates on the {110} and {100} faces 
for the same period. There  was no growth arrest  on 
this face, al though after 8 sec the growth rate  de- 
creased. This decrease may  have  been at least par t ly  
due to the general  decrease in heat ing rate  after  8 sec. 
From 9 to 20 sec the alloy layer grew at a uniform 
ra te  of about 0.011 lb/bb-sec.  

In order to relate  changes in the growth rates to 
changes in the a l loy- layer  structures, electron mi-  
crographs were  made of alloy layers at different stages 
of growth on the three  crystal  faces. Micrographs for 
the {100} face are shown in Fig. 6. Before the tin 
coating mel ted  there  were  only a few small  crystal-  
]ites on the surface. Obviously the nucleat ion rate  was 
low on this face. In addition, the nucleat ion must  have 
occurred within  a brief  in terva l  because all the crys- 
talli tes were  about the same size and shape. Most of 
them were  arranged at approximate ly  r ight  angles to 
one another;  however ,  a few were  skewed at angles 
of about 45 ~ Af ter  the tin coating melted,  the crys-  
tall i tes at r ight  angles grew rapidly over  the surface 
and produced the approximate ly  orthogonal  ne twork  
that  is characterist ic of the alloy layer on the {100} 
face. Meanwhile,  the skewed crystall i tes grew upward  
at various angles to the surface. Because they pro-  
jected f rom the surface, the carbon replica film formed 
on their  undersides as wel l  as on their  topsides. Thus, 
these secondary crystall i tes can be distinguished easily 
f rom the base crystall i tes in the micrographs because 
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Fig. 6. Alloy layer on the (100~ face of iron after various heat- 
ing times: a, 6.75 see; b, 7.75 sec; c, 10.0 sec; d, 11.0 sec; 
e, 13.5 sec; f, 15.0 sec; g, 18.0 sec. Indentical magnification for 
each micrograph. 

their ends are darker. The base crystallites gradual ly  
impinged upon one another, but  even after 10 sec 
heating, considerable areas of substrate were still ex- 
posed. However, shortly af terward numerous  small  
crystallites suddenly formed on these previously u n -  
alloyed areas and completed the coverage of the sub- 
strate by the alloy layer. This event  coincided with 
the beginning of the growth arrest. During the growth 
arrest the ends and edges of the crystalli tes became 
rounded,  but  no new alloy was observed. Electron 
diffraction analysis revealed only FeSn2 before, dur -  
ing, and after the growth arrest. When growth re-  
sumed the crystallites coalesced and formed massive 
particles, some faces of which were fiat, while others 
were rounded. The secondary crystallites were no 
longer obvious, and the orthogonal relat ionship of 
the base crystallites was not as pronounced as it was 
in the early stages of growth. 

Fig. 7. Alloy layer on the {110} face of iron after various 
heating times: a, 6.75 sec; b, 7.75 sec; c, 9.5 sec; d, 11.5 sec; 
e, 13.5 sec; f, 15.0 sec; g, 18.0 sec. Identical magnification for 
each micrograph. 

The micrographs of the alloy layers on the {110} 
face are shown in Fig. 7. The nucleat ion rate  on this 
face was much higher than  that  on the {100} face. 
Before the t in  coating melted, there were many  small 
crystallites of FeSn2 on the surface; however, they 
did not cover the substrate completely. After  the t in  
coating melted, the small  crystalli tes formed larger 
columnar  crystallites that  were, in  general,  parallel  
to one another on the surface. In  addition, secondary 
crystallites started to form on the base crystallites. 
Small  areas of substrate remained  exposed unt i l  the 
growth arrest began, bu t  they were not  observed 
thereafter.  Thus, it appears that  on the {110} face, as 
on the (100} face, the start  of the growth arrest co- 
incides with the disappearance of exposed substrate. 
During the growth arrest  there was no appreciable 
change in the a l loy- layer  structure.  Again electron- 
diffraction analysis showed only FeSn~ before, during, 
and after the arrest. For a short while after the arrest, 
the secondary crystallites increased appreciably in 
size and thereby became the p rominent  feature of the 
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Fig. 8. Allay layer an the {111} face of iron after various heating 
times: a, 6.75 sec; h, 8.0 sec; c, 11.0 sec; d, 14.0 sec; e, 18.0 
sec. Identical magnification far each micrograph. 

layer. However ,  wi th  fur ther  heat ing the crystal l i tes 
coalesced and formed massive rounded particles. 

The electron micrographs of the alloy layers formed 
on the {111} face are shown in Fig. 8. Before  the tin 
coating mel ted the base meta l  was completely  covered 
wi th  small  crystal l i tes of FeSn2. Af ter  the coating 
melted, the small  crystal l i tes formed columnar  crys-  
talli tes that  prot ruded f rom the surface at various 
angles. They grew together  continuously and eventu-  
al ly formed massive  rounded particles. In the later 
port ion of the heat ing period the s t ructure  of the alloy 
layer  on the {111} face was similar  to that  on the 
{110} face. 

Discussion 
The reader 's  a t tent ion is directed to the  micrographs 

of the alloy layers on the {110} and {111} faces prior  
to mel t ing of the tin coating, Fig. 7a and 8a. Cer ta in  
of the crystall i tes in these micrographs are  raised 
appreciably above the other  crystall i tes on the surface. 
These crystallites, some of which are marked  by 
arrows, delineate the grain boundaries of the mat te  
t in deposit. 1 The grain boundaries of the mat te  tin 
deposit extended upward,  away from the surface of 
the iron single crystal. The alloy crystall i tes grew 
upward  along these grain boundaries.  Because of the 
more  favorable  diffusion conditions at the grain 
boundaries,  these crystal l i tes were  able to grow faster  
than those on other  parts of the substrate surface. It  is 
reasonable to expect  that  this upward  growth of the 
alloy crystal l i tes  resul ted f rom the combinat ion of 
tin atoms at the upper  extremit ies  of the crystal l i tes 
wi th  iron atoms that  had diffused upward  f rom the 
substrate. Thus, the presence of these "grain bound-  

1 The  e l ec t rodepos i t ed  t i n  coa t i ngs  w e r e  p o l y c r y s t a l l i n e  desp i t e  
the  s ing le  c ry s t a l  subs t ra tes .  No e p i t a x y  was  o b s e r v e d  b e t w e e n  the  
t i n  depos i t  and  thee subs t ra te .  
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aries" in the alloy "layer is evidence that  a l loy- layer  
growth depends mainly  on diffusion of the iron atoms. 

In the early stages of growth, short ly af ter  nu-  
cleation, both slow and rapid diffusion paths should 
be avai lable for this i ron-a tom movement .  The slow 
diffusion paths wil l  be through the lattices of the crys-  
tallites, and the rapid diffusion paths wi l l  be along 
the surfaces of the substrate and the crystalli tes.  When 
the crystal l i tes impinge and completely  cover the iron 
substrate, the paths of rapid diffusion be tween the 
substrate and the growing alloy surface(s)  are  closed 
off. This causes the growth rate  to decrease to a value 
indicat ive of the lattice diffusion alone. But  the results 
for the {100} and {110} faces show that  when the cov- 
erage is completed the growth rate  drops to zero. Thus 
it must be concluded that  latt ice diffusion did not 
contr ibute significantly to the a l loy- layer  growth. If 
latt ice diffusion had contr ibuted significantly, it would 
have continued to do so after  surface diffusion ceased 
and the decreased growth rate  would  have  been 
greater  than zero. [A similar  situation has been ob- 
served in the oxidation of magnes ium where  the ini-  
t ial  layer  of oxide apparent ly  forms only by surface 
diffusion (6) ]. 

A fur ther  indication of the insignificance of lattice 
diffusion is given by the fact  that  in the la ter  portion 
of the heat ing period each crystal  face exhibi ted the 
same a l loy- layer  growth rate  even though the amount  
of alloy on each face was substantial ly different. If 
latt ice diffusion were  significant, the instantaneous 
growth ra te  on the {100} face would have  been much 
smaller  than that on the {110} face because the iron 
atoms would have had to diffuse through a much 
greater  thickness of alloy to reach the growing sur-  
face. 

The results of this study provide a reasonably clear 
unders tanding of the growth of the alloy layer  during 
rapid heating as in commercia l  flow brightening.  The 
alloy crystal l i tes are nucleated at specific sites on 
the steel surface. The nature  of these sites is unknown,  
but  it is obvious that  they differ in number  for the 
different crystal  faces of iron. When the nucleat ion 
ra te  is low, as on those faces that  form a "{100}"- 
like a l loy- layer  structure,  the individual  crystall i tes 
are widely  separated and must  grow considerable dis- 
tances over  the surface before they can impinge. Be-  
cause the crystall i tes thicken as they grow laterally,  
a re la t ive ly  large amount  of alloy has been formed 
when the crystall i tes finally impinge and completely  
cover the substrate. The el iminat ion of the surface 
diffusion paths as a result  of the impingement  causes 
the growth to cease. In order for the alloy layer to 
resume its growth, the iron atoms must  find new 
paths to the extremit ies  of the crystallites. The growth 
arrest  that  follows complet ion of coverage of the Sub- 
strate is bel ieved to represent  the t ime requ i red  to 
establish these new paths. Because latt ice diffusion is 
apparent ly  insignificant, these new paths are probably 
formed at "gra in"  boundaries  in the al loy layer.  The 
rounding of the edges of the crystall i tes during the 
arrest  could be par t  of the process of establishing 
these new paths. The flow of atoms along these new 
diffusion paths should be s lower than along the sur-  
face diffusion paths. Thus the growth rate  after the 
arrest  wi l l  be s lower than that  prior  to the arrest.  

When the nucleat ion ra te  is high, as on the {110} 
face, the crystal l i tes have a shorter  distance to grow 
la tera l ly  before they impinge. Thus the complet ion of 
coverage of the substrate, and therefore  the growth 
arrest, occurs sooner than on the {100} face. Fu r the r -  
more the total  amount  of alloy layer  at the t ime of 
the growth arrest  wil l  be less than that  on the {100} 
face. 

When the nucleat ion ra te  is ve ry  high, as on the 
{111} face, the alloy crystall i tes completely cover the 
substrate short ly after  nucleation, early in the heat -  
ing period. P resumably  a growth arrest  occurs at this 
time, but is not observable  because the amount  of alloy 
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layer is below the l imit  of detection of the analyt ical  
method. This is in accord with  the t rend shown by 
the {100} and {110} faces where  wi th  increasing nu-  
cleation rate, the t ime of heat ing before the arrest  and 
the amount  of alloy formed at the t ime of the arrest  
decrease. After  the tin coating melts, the alloy layer  
grows wi thout  in ter rupt ion  presumably  by diffusion 
along paths established after the arrest. 

Some investigators have been interes ted in studying 
the effects of processing variat ions on i ron- t in  alloy 
layer s t ructure  wi th  the goal of increasing the cov- 
erage of the steel base and thereby possibly increas-  
ing the corrosion resistance of the tinplate. These 
studies are usual ly made with polycrysta l l ine  steel 
substrates. Thus all th ree  types of alloy layer  struc- 
ture  ({100}, {110}, and {111}) are l ikely to be en- 
countered. Care must  be taken in drawing conclusions 
from such studies so that  changes in alloy layer  
s t ructure  due to differences in the under ly ing steel 
grain orientat ions are not incorrect ly  at t r ibuted to 
processing changes. It  should also be noted that  wi th  
normal  processing, complete  coverage of the {100}- 
type steel grains can be achieved if the heat ing during 
flow br ightening is continued unti l  the onset of the 
{100} growth arrest. 

In a recent  paper  (7) it was shown that  the growth 
rates of i ron- t in  alloy layers on polycrystal l ine sub- 
strates are great ly  affected by the heat ing rate. With  
rapid heat ing rates (room tempera tu re  to 232~ in 
10 sec or less) there  is a marked  growth arrest;  with 
slow heat ing rates ( room tempera tu re  to 232~ in 
about 50 sec) the arrest  is not observed. These obser-  
vations can now be explained in terms of the results 
of the present  study. Al loy- laye r  growth curves were  
determined for two different lots of mat te  t inplate 
with the same heat ing conditions as those used for 
the single crystals, Fig. 9. For these par t icular  steels 
two growth arrests  were  observed. The first ar res t  
occurred after  about 8 sec of heat ing and the second 
occurred after  about 10 sec of heating. Comparison 
with  the growth curves for single crystals shows that  
the first arrest  was obviously due to the { l l0}- type  
grains on the steel surface and the second arrest  was 
obviously due to the {100}-type steel grains. It  wil l  be 
noted that  the amount  of alloy layer  at any given 
t ime of heat ing was somewhat  different for the two 
tinplates. This is not surpris ing when  one considers 
the marked ly  different growth rates on the {100}, 
{110}, and {111} faces and the fact that  different steels 
wil l  have somewhat  different ratios of {100}, {110}, 
and { l l l } - t y p e  grains on their  surfaces. The {110} 
arrest  is not  always observed. It wi l l  be absent f rom 
the growth curve if the t ime in terva l  be tween  meas-  
urements  is too long or if the steel has a small  num-  
ber of { l l0 ) - type  grains. Thus in the previously re-  
ported growth  curves for rapid heat ing rates, only 
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one arrest,  that  due to the {100}-type steel grains was 
observed. 

The disappearance of this {100} growth arrest  was 
due to a change in the growth behavior  on the {100} 
grains as the heat ing rate  was reduced. To under -  
stand how this change was effected, it is necessary 
to consider the a l loy- layer  growth on these grains 
in greater  detail. Close examinat ion of the sizes of 
the crystall i tes in Fig. 6a and b will  show that  be-  
fore the tin coating melts la teral  growth of the crys-  
tallites is favored over  outward growth, but af ter  the 
coating melts  the reverse  is true. With a rapid heat-  
ing ra te  the coating melts  before there  is much lateral  
growth. Because there  are re la t ive ly  few crystal l i tes 
on the {100} face they make considerable outward 
growth before their  lateral  growth causes them to 
impinge. Therefore  the alloy layer on the  {100}-type 
steel grains is re la t ive ly  thick when it completes cov- 
erage of the base metal.  The completion of base meta l  
coverage marks the onset of the growth arrest. Be-  
cause, as the single crystal  data of Fig. 5 show, the 
amount  of alloy on these grains is much greater  than 
that  on the {110}- and { l l l } - t y p e  steel grains, the al loy- 
layer  growth curve  for the t inplate  for this period 
in the heat ing mainly  reflects the growth on the {100}- 
type grains. Thus the (100} growth arres t  is ve ry  pro-  
nounced in the a l loy- layer  growth curve for the t in-  
plate. 

As the heat ing rate  is decreased there  is an increase 
in the amount  of lateral  growth that occurs before the 
coating melts. When  the heat ing ra te  is decreased suf- 
ficiently the {100}-type grains are completely  covered 
by the alloy layer  when  the coating melts  or shortly 
thereafter .  However ,  the amount  of alloy is re la t ive ly  
small because the outward growth of the crystal l i tes 
was not favored and because, as the single crystal  
data show, the growth rate on the {100} face before 
the coating melts is less than that  on the {110} and 
{111} faces. These considerations are i l lustrated by 
Fig. 10. This alloy layer  was formed by slowly heat -  
ing a {100} single crystal  for 60 sec. The tin coating 
mel ted just at the end of the heat ing period. The sub- 
strate is almost completely covered, but  the amount  of 
alloy is only 0.025 lb/bb. (This alloy layer  should be 
compared to that  in Fig. 6c which was formed by rapid 
heating. The la t ter  alloy layer  provides much less 
substrate coverage even though the amount  of alloy 
is about 0.23 lb/bb.)  Thus with  a slow heat ing rate  the 
contr ibution of the {100}-type grains to the alloy layer  
growth data is much less than that  when the t inplate 
is rapidly  heated. Therefore,  wi th  a slow heat ing rate, 
the {100} growth arrest  is not observed in the al loy-  
layer  growth curve for tinplate. 

An interest ing observat ion concerning substrate sur-  
face preparat ion was made in the course of this study. 
We wanted to determine  whe ther  the same a l loy- layer  
s tructures would result  when a method of surface 
preparat ion other than mechanical  polishing and etch-  
ing was used. The single crystal  sections were  elec-  
tropolished in a mix ture  of 15% perchloric acid and 
85% acetic acid, r insed with  methanol,  and electro-  
plated with  tin. Extens ive  r insing wi th  methanol  prior 
to plat ing was necessary to obtain uniform mat te  de- 
posits. The alloy layers that  were  subsequent ly formed 
had the same general  morphologies as those observed 

Fig. 10. Alloy layer on the {100) face of iron formed by slowly 
heating the single crystal for 60 sec. 
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Fig. 11. Alloy layer on electropolished (100} face of iron 

on the mechanical ly polished and etched surfaces; 
however, the alloy layer  on the {100} face was always 
much less continuous. Even though the surface was 
r insed sufficiently to give a uniform matte  deposit, 
something remained on the surface and acted as a 
barr ier  to the nucleat ion of alloy crystallites. This 
effect was only observed for the {100} face. An  ex- 
ample is shown in Fig. 11. (This micrograph was made 
with a different repl icat ion technique and for this 
reason is not of the same qual i ty as the other micro- 
graphs.) A similar obstruction of FeSn2 crystall i te 
growth on the {100} face was observed by Luner  and 
Murray  for vacuum-deposi ted t in  coatings (8). 

Summary 
It  has been shown that the i ron- t in  alloy layers on 

commercial t inplate have three basic structures. These 
occur on the {100}, {110}, and {111} faces of iron. The 
rate and m a n n e r  of growth of the alloy layer  on each 
of these faces has been studied for a heat ing rate that 
s imulated commercial  flow brightening.  The results 
of this study provide an  unders tanding  of the m a n n e r  
in which the alloy layer grows on tinplate. With this 
heating rate, before the t in  coating melts, the alloy 
layer completely covers the {111} face, and almost 
completely covers the {110} face, bu t  provides very 
little coverage on the {100} face. At the t ime of mel t -  

ing the amount  of alloy on the {111} and {110} faces is 
about  twice that on the {100} face. Immedia te ly  after 
mel t ing the alloy layer on the {111} face grows at a 
rate which is faster than that  on the {110} face, but  
slower than that  on the {100} face. The {I10} and {100} 
faces both exhibit  growth arrests; that on the {100} 
face occurs later and lasts longer than that  on the 
{110} face. The growth arrest  on each face coincides 
with completion of base-metal  coverage by the alloy 
layer on that face. It is believed that the durat ion of 
the growth arrest  represents the t ime necessary to 
establish new diffusion paths for continued growth of 
the alloy layer. 

Evidence is presented which shows that  the alloy- 
layer growth depends on the diffusion of i ron atoms 
from the substrate. 

Manuscript  received Dec. 3, 1965; revised m a n u -  
script received May 13, 1966. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Oxidation of Silicon at High Temperatures and Low Pressure 
under Flow Conditions and the Vapor Pressure of Silicon 

Earl A. Gulbransen, Kenneth F. Andrew, and Fred A. Brassart 
Research Laborato~es, Westinghouse Electric Carporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Wagner  has predicted from thermochemical  and diffusion theory analyses 
that silicon may react actively or passively with oxygen at high tempera ture  
depending on the oxygen pressure. To de termine  the characteristics of the 
oxidation reaction for these reaction conditions, a kinetic study was made at 
temperatures  between 1100 ~ and 1300~ and pressures of 9 x 10 -~, 4 x 10-2, 
and 1 x 10 -1 Torr  using a dynamic reaction system. Very fast reactions were 
found where predicted. The results were also related to (i) kinetic theory 
reaction efficiencies and (ii) gas flow efficiencies. Vapor pressure studies were 
made using the Langmuir  method. 

The oxidation behavior  of h igh-pur i ty  silicon has 
been studied extensively under  conditions where pro- 
tective oxides are formed (1-7). In  low-pressure oxy-  
gen atmospheres, silicon can form a volatile oxide 
above 1000~ For these conditions, silicon may oxidize 
at a rapid rate. Wagner  (8) has discussed the t rans i -  
tion from active to passive oxidation for oxidation 
of silicon in iner t  gas atmospheres containing low par-  
tial pressures of oxygen. 

This paper reports a kinetic s tudy on the oxidation 
of silicon in low-pressure  pure oxygen atmospheres 
under  flow conditions in the tempera ture  range of 
1100~176 

Thermochemical Analyses 
Table I shows the four reactions which occur in the 

si l icon-oxygen system and the values of the equi l ib-  

r ium constants for the reactions. Both SiO(g) and 
SiO2(s) can form. SiO2(s) does not appreciably dis- 
sociate to SiO(g) in  oxygen atmospheres of 9 x 10 -~ 
Torr at temperatures  below the mp of silicon, 1420~ 
The solid phase reaction of Si(s)  with SiO2(s) can 
proceed in atmospheres of low pressures of SiO(g) .  
The reverse reaction can proceed in high-pressure  
atmospheres of SiO(g) .  

Silicon is especially sensitive to reactions with gases 
containing carbon under  conditions where a SiO2(s) 
film is absent. 

Experimental 
The apparatus and method have been described 

(10). A Cahn type of microbalance (11) was used to 
follow the rate of oxidation in a dynamic type of re-  
action system. The rate of oxidation was followed 
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Table I. Thermochemical analyses of reactions in silicon-oxygen system 

l~eaet ions  927 ~ 

E q u i l i b r i u m  c o n s t a n t s  (log K~,) (9) 
927~176 

1127 ~ 1327" 1527" 

[1] Si(s)  + I/2Oz(g) ~ - S i O ( g )  8.897 8.222 7.707 7.201 
[2] St(s) + "O~(g) ~-~SiO2(s) 30.26 24.65 20.45 17.10 
[3] 1/2Si(s) + l/2SiO2(s) ~ S i O ' ( g )  --6.333 --4.106 --2.520 -- 1.347 
[4] SiO2(s) ~ - S i O ( g )  + ~/~02(g) --21.37 --16.43 --12.75 --9.90 

cont inuous ly  at  cons tan t  p ressure  and  t e m p e r a t u r e  
u n d e r  cont ro l led  gas flow conditions.  Gas flow veloci-  
ties up to 53.5 m e t e r s / s e c  we re  used. 

The reac t ion  sys tem consis ted of a h i g h - d e n s i t y  
a l umi na  fu rnace  tube  2 cm in d i ame te r  a t t ached  to the  
sys tem by a Vi ton  O-r ing.  The fu rnace  tube  was p r e -  
t r ea t ed  by b a k i n g  in oxygen  at 1500~ to r e m o v e  any  
res idua l  ca rbon  gases and  carbonaceous  m a t e r i a l  so as 
to p r e v e n t  the  fo rma t ion  of SiC films on the  si l icon 
surface. 

P - t y p e  semiconduc tor  g rade  of sil icon h a v i n g  a r e -  
s is t iv i ty  of 425 o h m - c m  and  a bo ron  con ten t  of 10 TM 
a t o m s / c m  3 was used. The  single c rys ta l  silicon s t r ip  
was 0.025-0.030 cm th ick  and  1 cm wide and  had  the  
(111) c rys ta l  p lane  in the  surface.  Pieces 0.5 cm wide 
were  p r epa red  by  scr ib ing  and  cracking,  and  a 0.075 
cm d i ame te r  hole  was dr i l led  by  cav i t a t ion  to suppor t  
the  specimen.  A 0.06 cm quar tz  fiber was used to sup-  
por t  the  spec imen  f rom the  balance.  

Reagen t  grade  oxygen  was used. The  incoming  and  
exi t  gases were  checked  by a mass  spec t rome te r  to aid 
in de tec t ing  c o n t a m i n a n t s  wh ich  could fo rm SiC(s )  
films. 

Results and Discussion 
The e x p e r i m e n t a l  w o r k  was d iv ided in t h r ee  sec- 

t ions: (a) the  we igh t  losses of sil icon in v a c u u m  at 
t e m p e r a t u r e s  of 1100~ (b)  the  reac t ion  of sil i-  
con w i th  l ow - p r e s su re  h i g h - p u r i t y  oxygen  u n d e r  flow 
condi t ions;  and  (c) the  effect of c o n t a m i n a t i n g  gases 
on the  oxida t ion  of si l icon in flow env i ronmen t s .  

Vapor pressure of silicon.--To tes t  the  c leanl iness  of 
our  sil icon surfaces  we have  made  vapor  p ressure  
measu remen t s .  If the  surfaces  are  f ree  f rom SiO2(s) 
and  S iC(s )  films, r easonab le  vapo r  p re s su re  da ta  
should  be measured .  

The  spec imens  w e r e  c leaned  and  p r e t r e a t e d  at  
1300~ in v a c u u m  before  s ta r t ing  t he  vapor iza t ion  ex-  
per iments .  Severa l  series of we igh t  loss curves  we re  
made  at  t e m p e r a t u r e s  of 1100~ Typical  we igh t  
loss da ta  are  g iven  in Table  II in  uni t s  of g/cm2-sec.  
Assuming  t he  we igh t  loss curves  a re  due to the  vo la t i -  
l izat ion of silicon, the  vapo r  p ressu res  can be  e v a l u -  
a ted  f rom t he  L a n g m u i r  equa t ion  (12) 

dw' = ,~p ( M )1/2 

ct--F- 2~R-----T [5] 

Here  M is the  molecu la r  we igh t  of the  e v a p o r a t i n g  
species, T is the  abso lu te  t empe ra tu r e ,  dw'/dt  is the  
r a t e  of evapora t i on  in g/cm2-sec,  and  a is the  conden-  
sa t ion  coefficient. 

Table II. Rate of vaporization, vapor pressure, and heats of 
sublimation 

Rate ,  AH*~s.I~, 
T e m p ,  *C g/cm-%sec x 10 r - - log  P,  a t m  k c a l / m o l e  

l lO0 3,76 x 10 -2 --9,20 106.15 
1150 9.86 • 10-7 --8.80 107.39 
1150 9.63 • 10 -2 --8.81 107,46 
1200 4.34 X 10 -I  --8.15 106.73 
1200 4.36 x 10 -I  --8,15 106.73 
1250 I . I 0  -- 7.74 107.46 
1250 1.15 -- 7.72 107.32 
1300 2.76 -- 7.33 107.96 
1300 3.36 -- 7.24 107.32 
1350 14.1 --6.61 105.98 

M e a n  AH*~s.x~ = 107.1 ~- 0.6 

Table  II and  Fig. 1 show the  ca lcu la ted  vapor  p res -  
sure  va lues  a s suming  mona tomic  sil icon and  ~ = 1. 
F igure  1 also includes  the  va lues  g iven  by  the  J A N A F  
tables  (9). A n  eva lua t ion  is m a d e  in these  tables  of 
the  ear l ie r  data.  

Table  II shows the  ca lcu la ted  va lues  for the  hea ts  
of sub l ima t ion  AH~ using the  equat ion.  

AH~ = - R l n p - - (  F ~ 1 7 6  ) 

T T gas  

( F ~ 1 7 6  ~s [ 6 ]  

+ T olid 

w h e r e  (F ~ - H~ and (F o - -  H%98.15/T)solid 
are  the  f ree  ene rgy  func t ions  of the  gas an d  solid, r e -  
spect ively.  The  m e a n  va lue  of AH~ is 107.1 +_- 0.6 
k c a l / m o l e  and  may  be compared  w i th  an ave raged  
va lue  of 106.0 k c a l / m o l e  g iven  in the  J A N A F  tables  
(9). 

The vapor  p ressure  da ta  g iven  in Fig. 1 suggests 
t ha t  sil icon is vola t i l iz ing  f rom c lean  surfaces.  

Low-pressure oxidation studies.--Rates of ox ida t ion  
were  d e t e r m i n e d  on c leaned  samples  of silicon. Al l  
samples  were  p r e t r e a t e d  at  1300~ for  15 min  at  5 x 
10 -6 Torr.  T h r e e  p ressures  9 x 10 -8 , 4 x 10 -2 , and  
1 x 10 -1 Tor r  and  t h r e e  t e m p e r a t u r e s  11000, 1200 ~ , 
and  1300~ were  used. The  oxygen  flow ra tes  va r i ed  
due to e x p e r i m e n t a l  difficulties in cont ro l l ing  the  reac-  
t ion  p ressu re  manua l ly .  

L inea r  we igh t  loss curves  were  ob ta ined  in  all  of 
the  e x p e r i m e n t s  except  in  the  l l00~  and  0.1 Tor r  ex-  
pe r iment .  The  e x p e r i m e n t a l  we igh t  change  vs. t ime  
curves  for  l l00~  are  shown in  Fig. 2. A t  1 x 10 -1 
Tor r  pressure ,  a smal l  we igh t  gain was found  ind ica t -  
ing a p ro tec t ive  oxide was formed.  At  9 x 10 -8 and  
4 x 10 -~ Torr,  we igh t  loss curves  were  found  ind ica t -  
ing S iO(g)  was  formed.  The  e x p e r i m e n t a l  we igh t  

-10 
.60 

lemperature, ~ 

13.50 1300 RSO 1200 
I I I [ 

1150 11~ 
ii , 

B 

.65 1/T x 103 .70 .75 

Fig. 1, Vapor pressure of silicon: A this work; B JANAF tables; 
December 31, 1962. 
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Fig. 2. Weight vs. time, oxidation of high-purity silicon, 1100~ 
9 x 10 - 3  , 4 x 10 - 2  , 1 x 10 - 1  Torr, flow conditions. 

c h a n g e  vs. t i m e  c u r v e s  a t  1200 ~ a n d  1300~ s h o w e d  
w e i g h t  losses  for  t h e  t h r e e  p r e s s u r e s .  

T a b l e  I I I  s h o w s  t h e  r a t e s  of o x i d a t i o n  in  u n i t s  of  
g r a m s  p e r  second,  a t o m s  of Si r e a c t e d  p e r  second,  a n d  
a t o m s  of Si  r e a c t e d  p e r  cm2-sec.  T e m p e r a t u r e  was  
f o u n d  to h a v e  no  i m p o r t a n t  effect  on  t h e  o b s e r v e d  
r a t e s  of  o x i d a t i o n  a t  a g i v e n  p r e s s u r e .  P r e s s u r e  a n d  
gas  flow w e r e  t h e  i m p o r t a n t  f a c t o r s  in  t h e  d e t e r m i n a -  
t i o n  of t h e  r a t e s  of o x i d a t i o n .  

F i g u r e  3 s h o w s  a log  r a t e  of o x i d a t i o n  vs. log  f low 
r a t e  p lo t  of a l l  of t h e  da ta .  T h e  r a t e  d a t a  a t  9 x 10 -:~ 
T o r r  a n d  4 x 10 -2  T o r r  s h o w  t h e  r a t e s  of o x i d a t i o n  to 
b e  a n e a r l y  l i n e a r  f u n c t i o n  of t h e  flow r a t e  a n d  i n d e -  
p e n d e n t  of t e m p e r a t u r e .  A b o v e  4 x 10 -2  T o r r  p r e s -  
sure ,  t h e  r a t e  d a t a  f a i l  f r o m  t h e  l i n e a r  d e p e n d e n c e  
r e l a t i o n .  

A p lo t  of t h e  log r a t e  of  o x i d a t i o n  vs. log of p r e s -  
s u r e  a lso s h o w s  a n e a r l y  l i n e a r  d e p e n d e n c e .  S i n c e  t h e  
f low r a t e  is a lso a f u n c t i o n  of t h e  p r e s s u r e ,  i t  is diffi- 
cu l t  to s e p a r a t e  t h e  flow a n d  p r e s s u r e  v a r i a b l e s .  

W e  c o n c l u d e  t h a t  t h e  o b s e r v e d  r a t e s  of o x i d a t i o n ,  
i n  o u r  e x p e r i m e n t s ,  a r e  a f u n c t i o n  m a i n l y  of t he  p r e s -  
su r e  a n d  gas  flow. Th i s  sugges t s  t h a t  t h e  access  of 
o x y g e n  to t h e  s u r f a c e  is t h e  r a t e - l i m i t i n g  f a c t o r  in  t h e  
r e a c t i o n  fo r  t h e s e  cond i t ions .  

W e  h a v e  e v a l u a t e d  t h e  k i n e t i c  t h e o r y  eff ic iencies  
u s i n g  t h e  co l l i s ion  r a t e  of o x y g e n  mo lecu l e s ,  n,  w i t h  a 
s u r f a c e  g i v e n  b y  t h e  e q u a t i o n  

P 
n = 3.5 X 1022 [7] 

(MT)  1/2 

/ 

m 
/ 

/ 

1018 
Flow Rate{abms O/see} 

H e r e  P is t h e  p r e s s u r e  in  T o r r  a n d  M is t h e  m o l e c u l a r  
w e i g h t  of o x y g e n  mo lecu l e s .  A s s u m i n g  2 s i l i con  a t o m s  
a r e  r e a c t e d  fo r  e a c h  o x y g e n  m o l e c u l e ,  w e  c a l c u l a t e  
a k i n e t i c  t h e o r y  eff ic iency of 8.7, 9.1, a n d  10.3% fo r  
t he  9 x 10 -3,  4 x 10 -2,  a n d  1 x 10 -1 T o r r  e x p e r i m e n t s  
a t  1300~ T h e s e  a r e  v e r y  l a r g e  n u m b e r s  c o n s i d e r i n g  

Table II I .  Rates of oxidation of high-purity silicon 1100~176 
9 x 10 - 3 ,  4 x 10 - 2  , and 1 x 10 - 1  Torr pressure 

dn'/dL 
T e m p ,  F l o w ,  W t  l o s s ,  dn/dL a t o m s  S i /  

P ,  T o r t  ~  a t o m s  O / s e e  g / s e e  a t o m s  S i / s e c  e m 2 - s e c  

9 • IO "a 1100 6.6 X IO ~r 1.41 • i 0  -~ 3.02 X 1057 2.96 X I0  zv 
9 • 10-4 1200 4.3 X 10] 7 7.18 X 10 -6 1.54 • 1017 1.56 X 10] 7 
9 X I 0  -~ 1200 1.0 • 10 le 1.70 X 10 -5 3,64 X 1017 3.53 X i017 
9 • 10  -a  1300  7 .3  X 10  ]7 1 .25  • 10 - s  2 . 6 8  • 101; 2 . 4 5  X 1017 
4 • 1O -e 1100  3 . 9  • 10ts  5 . 6 7  X 10-a  1 ,21  X 10]  s 1 . 19  • 10ts  
4 • 10  --~ 1200  4 .1  • 10]s  5 . 2 3  X 10 -~ 1 ,12  X 10  i s  1 . 09  • 10  ~s 
4 • 10  --~ 1300  3 .9  • 10]  s 5 . 3 4  X 10 -~ 1 .1 4  X 10  ~s 1 .17  X 101 s 
1 X 10-~ 1 1 0 0  1 .4  X lOre 5 .8  X 10  -~* 1 . 0 9  X 10  TM 1 .13  • 10t6 
1 x I0 -Z  1 2 0 0  2 .0  • 101o 1 .7 2  x 10  -4 3 . 6 8  x 10  i s  3 . 51  • 1O~S 
1 x lO-Z 1300 2.0 • 10]" 1.65 x I0  -~ 3,53 x 10 TM 3.24 X IO ts 
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Fig. 3. Rate of oxidation d n ' / d t  vs. flow, 1100~176 �9 9 x 
10 - 3  Torr;  [ ]  4 x 10 - 2  Torr ;  A 1 x 10 - 1  Torr. 

t h e  f ac t  t h a t  t h e  r a t e  of o x i d a t i o n  is s t i l l  l i m i t e d  b y  
gas  flow. T h i s  s u g g e s t s  a v e r y  l ow  h e a t  of  a c t i v a t i o n  
fo r  t h e  c h e m i c a l  p r o c e s s e s  i n v o l v e d  in  t h e  r e a c t i o n  
m e c h a n i s m .  T h e s e  p roces se s  i n c l u d e  a d s o r p t i o n ,  
c h e m i c a l  r e a c t i o n  a n d  d e s o r p t i o n .  

T a b l e  IV  s h o w s  t h e  r e s u l t s  of  c a l c u l a t i o n s  on  t h e  
flow efficiencies,  t h e  a c t u a l  gas  flow in  cub ic  c e n t i -  
m e t e r s  p e r  second,  a n d  t h e  gas  v e l o c i t y  a t  t e m p e r a t u r e .  
T h e  flow efficiency,  E, was  g i v e n  b y  t h e  e q u a t i o n  

2 ( d n / d t )  
E • 100 [8J 

F 

H e r e  w e  a s s u m e  SiO (g)  was  f o r m e d  a t  t h e  s i l i con  s u r -  
face  a n d  t h a t  S i O ( g )  w a s  f u r t h e r  o x i d i z e d  in  t h e  
gas  p h a s e  or  on  t h e  f u r n a c e  t u b e  s u r f a c e s  to  S iO2(s ) .  
T w o  a t o m s  of o x y g e n  w e r e  r e q u i r e d  p e r  s i l i con  a tom.  
d n / d t  was  t h e  a c t u a l  r a t e  of s i l i con  r e a c t i n g  p e r  sec-  
o n d  a n d  F was  t h e  flow r a t e  in  a t o m s  of O p e r  sec. 

T a b l e  IV  s h o w s  t h e  f low eff ic iency c a l c u l a t i o n s  fo r  
t h e  s e v e r a l  t e m p e r a t u r e s  a n d  p r e s s u r e s .  F l o w  effi- 
c ienc ies  u p  to 73.8% w e r e  ca l cu l a t ed .  T h e  gas  v e l o c i -  
t ies  w e r e  c a l c u l a t e d  b e f o r e  r e a c h i n g  t h e  r e a c t i o n  zone  
i n  t h e  f u r n a c e  tube .  

W e  n o w  n e e d  to e x p l a i n  w h y  s i l i con  r e a c t s  w i t h  
o x y g e n  a t  l l 0 0 ~  a n d  4 x 10 -2  T o r r  to  lose  w e i g h t  
w h i l e  a b o v e  1 x 10 -1  Tor r ,  t h e  s a m p l e  ga in s  we igh t .  
T h i s  is d u e  to t h e  f o r m a t i o n  of a S iO2(s )  f i lm a t  t h e  
h i g h e r  p r e s s u r e  w h i c h  p r o t e c t s  t h e  s u r f a c e  f r o m  t h e  
f a s t  t y p e  of r e a c t i o n .  S i O ( g )  f o r m e d  b y  r e a c t i o n  [1] 
c a n  ac t  to r e v e r s e  reaction [3] to f o r m  a S iO2( s )  film. 

W e  s u g g e s t  t h a t  t h e  o x i d a t i o n  c o n d i t i o n s  of  1100~ 
a n d  1 x 10 -1 T o r r  a r e  c o n d i t i o n s  w h e r e  a s t a b l e  s i l ica 
f i lm can  fo rm.  

Effect  of co n ta m in a n t s . - -Th e  r a t e s  of o x i d a t i o n  of 
s i l i con  a t  low o x y g e n  p r e s s u r e s  a n d  a t  t e m p e r a t u r e s  
of 1100~176 a re  v e r y  s e n s i t i v e  to t h e  f o r m a t i o n  
of s i l i con  c a r b i d e  films. T h i s  p h e n o m e n o n  w a s  n o t i c e d  
w h e n  t a n k  o x y g e n  w a s  u s e d  as t h e  r e a c t i o n  gas  a n d  
w h e n  t h e  a l u m i n a  f u r n a c e  t u b e s  w e r e  n o t  su f f i c ien t ly  
t r e a t e d  a t  h i g h  t e m p e r a t u r e  w i t h  o x y g e n  to r e m o v e  

Table IV. Flow efficiencies and gas velocities, low-pressure 
oxidation of silicon 

Gas 
T e m p ,  F l o w ,  dn/dt, F l o w  F l o w ,  v e l o c i t y ,  

P ,  T o r r  ~C a t o m  O / s e c  a t o m s  S i / s e c  e f t . ,  % c c / s e c  c m / s e c  

9 • 10 -~ 1 1 0 0  8 .6  • 1017 3 .02  • 10]v 70 .2  6 8 0 0  2 1 7 0  
9 x 10  -s  1 2 0 0  1.0 • 10 l  s 3 . 6 4  • 1027 71 .2  8 5 0 0  2 7 1 0  
9 • 1 0 4  1300  7 .3  x 10sT 2 . 6 8  • 1017 73 .8  6 5 9 0  2 1 0 0  
4 • 10  -~ 1 1 0 0  3 .9  x 1018 1 .21  • 10]s  6 2 . 4  6 8 9 0  2 1 9 0  
4 x 10  -~ 1200  4 .1  x 101 s 1 .12  • 101 s 54 .8  7 8 4 0  2 5 0 0  
4 • 10 ~ 1300  3 . 9  • l 0  TM 1 .14  • 10 as 58 .8  7 8 4 0  2 5 0 0  
1 X 10 -1 1 1 0 0  1 .4  • 1019 1 . 0 9  • 10  I~* 0 .16  9 6 7 0  3 0 8 0  
1 • 10 -z  1200  2 . 0  • 10]  9 3 . 6 8  • 10  ts  3 6 . 4  1 6 , 8 0 0  5 3 5 0  
1 • 10  -1 1 3 0 0  2 . 0  x 10]" 3 . 5 3  • 1018 35 .0  1 6 , 5 0 0  5 2 6 0  

* W e i g h t  g a i n - - O . ~  p i c k u p .  * W e i g h t  gain. 
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gases con ta in ing  ca rbon  and con taminan t s .  T r a n s -  
p a r e n t  ox ida t ion  res i s t an t  films w e r e  f o r m e d  on the  
s i l icon specimens .  

E l e c t r o n  d i f f rac t ion  s tudies  w e r e  m a d e  on films 
f o r m e d  at 1100 ~ and  1300~ w h i c h  w e r e  of the  o rde r  
of 1~ thick,  us ing 250 k v  e lec t rons  to p e n e t r a t e  t he  
film. T h e  e l ec t ron  d i f f rac t ion  pa t t e rns  w e r e  c o m p a r e d  
to pa t t e rn s  f r o m  films f o r m e d  on s i l icon w h e n  r e a c t e d  
w i t h  ca rbon  dioxide ,  to pa t t e rns  of c rys ta l s  of syn the t i c  
a - S t U n ,  and to x - r a y  d i f f rac t ion  da ta  on a-SiC11, 6 H 
Po ly type .  These  s tudies  showed  tha t  t he  fi lm f o r m e d  
in t a n k  o x y g e n  us ing  i m p r o p e r l y  p r e t r e a t e d  f u r n a c e  
tubes  at  1300~ was  a -S iCn .  

W e  conc lude  tha t  for  ce r t a in  l o w - p r e s s u r e  o x y g e n  
a t m o s p h e r e s  at  1300~ CO2 and o the r  c o n t a m i n a n t s  
f o r m  - -S iCI I  on a s i l icon surface.  The  a -S iCi i  r eac t s  
w i t h  o x y g e n  bu t  at a s lower  r a t e  t h a n  the  r a t e  of 
f o r m a t i o n  of a-SiCi i .  The  ne t  resu l t  is the  f o r m a t i o n  
of an  ~-SiCII  film. 

Discussion.--Wagner (8) has t r e a t e d  the  gas di f fu-  
s ion con t ro l l ed  ox ida t ion  process  of  s i l icon in an  i ne r t  
gas at low pa r t i a l  p ressures  of oxygen .  O x y g e n  d i f -  
fuses  t h r o u g h  the  b o u n d a r y  l aye r  to the  s i l icon i n t e r -  
face  and SiO gas diffuses a w a y  f r o m  the  sur face  
t h r o u g h  the  same  b o u n d a r y  layer .  W a g n e r  g ives  the  
f o l l o w i n g  equa t i on  for  the  m a x i m u m  o x y g e n  p re s su re  
u n d e r  w h i c h  a b a r e  s i l icon su r face  can  exist .  

1 
PO2(max) = - -  (Dsio/D02) 1/2 P s i o ( e q )  [ 9 ]  

2 

H e r e  Psio(eq) is the  e q u i l i b r i u m  p res su re  of S i O ( g )  
f r o m  Eq. [3]. Dslo/Do2 is the  ra t io  of diffusion con-  
s tants  for  S i O ( g )  and  O2 in the  b o u n d a r y  l aye r  and  
depends  on the  charac te r i s t i c s  of the  b o u n d a r y  layer .  
W a g n e r  e s t ima tes  the  ra t io  of Dsio/Do2 to be  0.64. 

A s imi la r  ana lys is  can be  m a d e  for  the  r eac t i on  of 
s i l icon in  l o w - p r e s s u r e  p u r e  o x y g e n  a t m o s p h e r e s  
u n d e r  flow condi t ions.  The  th ickness  and the  chemica l  
compos i t ion  of the  b o u n d a r y  l aye r  wi l l  be  dif ferent .  
H o w e v e r ,  the  ra t io  of  diffusion coefficients  can be  as-  
sumed  to be  the  same.  

A s s u m i n g  W a g n e r ' s  equa t i on  can  be  app l i ed  to t he  
t r ans i t i on  condi t ions  for  ac t ive  and  pass ive  oxidat ion ,  
the  f o l l o w i n g  va lues  of Po2(max) w e r e  ca l cu la t ed  f r o m  
Eq. [9] and  the  e q u i l i b r i u m  va lue  of P~s~o~. A t  1100~ 
PO2(max} ~ 1.2 x 10 - 2  Torr .  A t  1200~ PO2(max)  ~ 8 .8  

x 10 -2  T o r r  and at 1300~ Po2(max) ~ 0.56 Torr .  
E x p e r i m e n t a l l y  w e  found  tha t  the  m a x i m u m  o x y -  

gen p r e s s u r e  at  l l 0 0 ~  for  t he  f o r m a t i o n  of a si l ica 
film is b e t w e e n  4 x 10 -2  and  1 x 10 -1  Torr .  This  c o m -  
pares  to a v a l u e  of  1.2 x 10 -2  T o r r  ca l cu la t ed  f r o m  
Eq. [9]. Gas f low m a y  h a v e  an i m p o r t a n t  effect  in 
r a i s ing  the  m a x i m u m  o x y g e n  p r e s s u r e  to m a i n t a i n  
fast  o x i d a t i o n  reac t ions  on b a r e  s i l icon surfaces.  

Summary and Conclusions 
Kine t i c  s tud ies  show si l icon loses w e i g h t  w h e n  r e -  

ac ted  w i t h  l o w - p r e s s u r e  o x y g e n  e n v i r o n m e n t s  of 9 x 
10 -~ and  4 x 10 -2  Torr .  F o r  these  condi t ions  s i l icon 
r eac t ed  to f o r m  vo la t i l e  s i l icon monoxide .  A n y  si l ica 
wh ich  m a y  f o r m  was  r educed  by s i l icon to f o r m  
vo la t i l e  s i l icon monox ide .  V e r y  fas t  o x i d a t i o n  ra tes  
w e r e  found.  A t  10 -1 T o r r  and 1200~ an ox ida t ion  
r a t e  of 3.7 x 10 TM si l icon a toms  per  cm2-second was  
observed .  This  was  7100A of s i l icon r eac t i ng  per  sec-  
ond. The  ra tes  of o x i d a t i o n  w e r e  n e a r l y  i n d e p e n d e n t  
of t e m p e r a t u r e ,  bu t  w e r e  a l inea r  func t ion  of gas flow 
or pressure .  F l o w  efficiencies of ove r  70% w e r e  found  
for  t he  9 x 10 -3  T o r r  p r e s su re  runs.  

S e v e r a l  conc lus ions  w e r e  m a d e  f r o m  the  k ine t ic  
studies.  (A)  Gas diffusion processes w e r e  r a t e  con-  
t r o l l i ng  for  the  condi t ions  of the  reac t ion ;  (B)  s i l icon 
r eac t ed  c o m p l e t e l y  w i t h  o x y g e n  u n d e r  the  condi t ions  
w i t h  on ly  t race  amoun t s  of si l ica as res idues ;  (C) 
M a x i m u m  o x y g e n  p res su re  for  m a i n t a i n i n g  ox ide  f r ee  
sur faces  w e r e  i nc rea sed  by  the  impos i t ion  of f low on 
the  reac t ion ;  (D) E x t r e m e  ca re  mus t  be  used  to avo id  
c o n t a m i n a t i o n  of the  gas source  or  sys tem w i t h  gases 
con ta in ing  carbon;  (E) the  r a t e  of ox ida t ion  was  a 
d i rec t  func t ion  of flow or gas pressure .  

M a n u s c r i p t  r e c e i v e d  J u l y  2, 1965; r ev i sed  m a n u -  
scr ip t  r e c e i v e d  A p r i l  15, 1966. This  p a p e r  was  p r e -  
sen ted  at t he  Buffa lo  Meet ing ,  Oct. 10-14, 1965. The  
w o r k  desc r ibed  h e r e  was  suppor t ed  in par t  by  the  
U. S. A r m y  Resea rch  Office, D u r h a m ,  N o r t h  Carol ina .  

A n y  discuss ion of this pape r  wi l l  appea r  in a Discus-  
s ion Sec t ion  to be  pub l i shed  in t he  J u n e  1967 JOURNAL. 
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Studies of the Electrochemical Kinetics of Indium 
III. Systems In + InCI3and In + Combined Sulfate-Chloride Electrolyte 
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ABSTRACT 

In previous papers the kinetics of the deposition and dissolution of in-  
dium in indium sulfate  solutions at pH 2.5 had been studied by a galvanostat ic  
method of single current  pulses. Continuing this work  and using a similar 
exper imenta l  technique, kinetics of the deposition and dissolution of indium 
in indium chloride and combined indium sulfa te-chlor ide  solutions at pH 2.5 
have been studied. The analysis of exper imenta l  data obtained by polar iza-  
tion in indium chloride solutions indicates that  in the wide range of c.d.'s up 
to 1.0 x 10 -1 a m p / c m  2 the cathodic and anodic processes occur near the equi-  
l ibr ium potential.  When the c.d.'s are higher,  it was found that the first 
cathodic reaction step is ra te -de termining ,  and that  during anodic polarization 
disproport ionat ion reactions probably take place. 

The curves ~A-1ogl0 i obtained by cathodic polarizat ion in the combined sul- 
fa te -chlor ide  solutions show steep increases in the overvol tage  of ca 400 my, 
at certain characteris t ic  c,d.'s, depending on the concentrat ion of chloride in 
the solutions. It is concluded that  in the range of c.d.'s before the steep in-  
creases, deposition of indium occurs by analogous mechanism as in the 
pure chloride medium. In the range after the steep increases, deposition of 
indium occurs as in the pure  sulfate  medium. The mechanism of this rapid 
change in the deposition of indium is discussed. From the analysis of the 
results of the anodic polarization in the combined electrolytes, i t  follows, that  
the third react ion step is r a te -de te rmin ing  in accordance with the observa-  
tions for the pure sulfate and chloride solutions. 

This paper is a cont inuat ion of the study of e lectro-  
chemical  kinetics of indium in indium + indium sul-  
fate system over  a wide range of c.d.'s published in 
previous papers (1,2).  Now we have  studied the 
mechanism of electrochemical  deposition and dissolu- 
tion of indium in pure chloride electrolyte  and in com- 
bined sul fa te-chlor ide  electrolyte.  For the analysis of 
the exper imenta l  data, the expressions for kinetics of 
"many  step" electrode reactions were  used (3). 

Experimental  
Apparatus  for cathodic and anodic polarization of 

indium (as 0.3% indium analgam) consisting of an 
electrolyt ical  cell with air thermostat ,  ni t rogen purifi-  
cation unit and electrical  device, was essential ly the 
same as described (1, 2). The exception was an elec-  
tr ical  device for supplying galvanostat ic  single pulses, 
used most ly in this work. In this case a rec tangular  
wave  pulse generator  was used. The generator  was 
constructed on the resistance basis, wi th  a bui l t - in  
Western  Electric D171584 re lay  for t r igger ing both the 
pulse and the t ime sweep of a ca thode-ray  oscillo- 
scope. A Hewle t t -Packard  H15-130B oscilloscope with  
the bandwidth d.c. to 300 kc, and the sensi t ivi ty 1 
m v / c m  to 125 v / c m  in 15 ranges, was used. On the 
oscilloscope a buil t  in front  panel switch permit ted  
single sweep operation. 

Polar izat ion was carr ied out in the fol lowing elec-  
trolytes:  0.116N InCl~ + 0.5N KC1, pH 2.5; 0.116N 
In2(SO4)3 + 0.5N K2SO4 ~- 0.05N KC1, pH 2.5; 0.116N 
In2(SO4)a -~ 0.5N K2SO4 W 0.075N KC1 pH 2.5. Chem-  
icals used were  of analyt ical  reagent  grade, and water  
was redisti l led. 

Exper imenta l  procedure  and obtaining both the 
n t - - t  curves and the act ivation overpotent ials  nA 
were  carr ied out in the same way as previously de-  
scribed (1). 

Results 
Activation overpotential-current density relation- 

ship for chloride electrolytes.--When the values of a c -  

1 P r e s e n t  address: Scientific Research Staff, Ford Motor Com- 
pany, Dearborn, Michigan. 

t ivat ion overpotent ia l  nA (obtained by subtraction of 
the ohmic overpotent ia l  f rom the exper imenta l  s teady- 
state potential)  were  plotted against the logari thms 
of c.d. logloi, the curves for cathodic and anodic 
polarizat ion in pure  chloride solutions were  obtained 
(Fig. 1). Both curves show linear relat ions in the 
range of the higher  c.d.'s for the cathodic polarizat ion 
at 1.7 x 10 -1 - -  3.5 x 10 -1 a m p / c m  2, and at 2.2 x 10 -1 
--  4.5 x 10 -1 a m p / c m  ~ for the anodic one. 

Double-wave ~t - t curves at cathodic polarization 
in combined sulfate-chloride electrolytes.--As was 
shown in a previous paper  (1) exper imenta l ly  ob- 
ta ined nt - t curves for cathodic and anodic polar iza-  
tion reach the s teady-s ta te  potentials  and are  repre -  
sented with  a single wave. That  was at all measur ing 
points in all e lectrolytes except  at cathodic polar iza-  
tion in combined sulfa te-chlor ide  electrolytes. At  
cathodic polarizat ion in solutions containing both 
sulfate and chloride the curves ~ l t -  t wi th  two waves  

50 
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Fig. 1. TIA-Iogl01 curves for cathodic and anodic polarization. 
Electrolyte, 0.116N InCI3 -~- 0.SN KCI; pH ~ 2:5, X cathodic; 
�9 anodic polarization. 
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Fig. 4. ~lA-loglol curves for anodic polarization. O electrolyte: 
0.116N In2(SO4)3 + 0.5N K2SO4 + 0.05N KCI; pH ----- 2.5. 
�9 electrolyte: 0.116N In2(SO4)3 -I- 0.SN K2SO4 -I- 0.075N KCI; 
pH = 2.5. 

Fig. 2. Oscillogram of ~t-t double-wave curve for cathodic c.d. 
5.97x10 -3 amp/cm2; sensitivity, 100 mv/cm; sweep time, 2 
msec/cm; electrolyte, 0.116N In,>(SO4)3 H- 0.5N K:~SO4 -F 0.075N 
KCI; pH = 2.5. 

w e r e  obse rved  on the  sc reen  of t he  osci l loscope (Fig.  
2) in  the  v e r y  n a r r o w  reg ions  of c.d.'s d e p e n d i n g  on 
t h e  concen t r a t i on  of ch lo r ide  in t h e  solut ions.  W i t h  
s l igh t ly  l o w e r  c.d. on ly  a s i n g l e - w a v e  ~t - -  t c u r v e  was  
obta ined ,  s imi la r  to those  ob ta ined  in  the  p u r e  ch lo-  
r ide  solutions.  W i t h  s l igh t ly  h i g h e r  c.d. t h a n  tha t  
cha rac t e r i s t i c  for  t h e  a p p e a r a n c e  of a d o u b l e - w a v e  
curve ,  also a s i n g l e - w a v e  c u r v e  was  observed ,  bu t  
s imi la r  to those  f r o m  p u r e  su l fa te  solut ions.  On  c h a n g -  
ing  the  osci l loscope sweep  r a t e  it  was  possible  to r e -  
cord the  first and second w a v e  ju s t  as the  d o u b l e -  
w a v e  curve ,  on ly  in t he  v e r y  n a r r o w  reg ions  of c.d.'s. 

Activation overpote~tial-current density relation- 
ship fo r  combined sulfate-chloride e~ectrolytes.--Ex- 
p e r i m e n t a l l y  ob ta ined  ~A ~ logl0i cu rves  for  ca thodic  
po la r i za t ion  of i n d i u m  in c o m b i n e d  s u l f a t e - c h l o r i d e  
solu t ions  show v e r y  r ap id  increases  for  about  400 m v  
(Fig. 3).  F o r  the  e l ec t ro ly t e  w i t h  0.05N KC1, a r a p i d  
inc rease  appea r s  at c.d. of 3.0 x 10 -8  a m p / c m  2, bu t  for  
the  e l e c t r o l y t e  w i t h  t he  h i g h e r  c o n c e n t r a t i o n  of  ch lo -  
r ide  (0.075N KC1) the  r ap id  inc rease  is sh i f ted  to t he  
r e g i o n  of h i g h e r  c.d.'s and  appea r s  at  6.0 x 10 -~  a m p /  
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Fig. 3. tlA-Iogloi curves for cathodic polarization. O electrolyte 
0.116N In2(SO4)3 4- 0.5N K2SO4 + 0.05N KCI; pH = 2.5. 
e, electrolyte: 0.116N In2(SO4)3 -]- 0.5N K2SO4 -I- 0.075N KCI; 
pH = 2.5. 

cm 2. Be fo re  and a f t e r  these  r ap id  increases  bo th  cu rves  
show s imi la r  shapes  f o r m i n g  the  T a f e l - l i n e a r  r e l a -  
tions. 

E x p e r i m e n t a l  cu rves  n A -  1ogloi for  anodic  po l a r i za -  
t ion of i n d i u m  in c o m b i n e d  s u l f a t e - c h l o r i d e  e l ec t ro -  
ly tes  also show l i nea r  r e l a t ions  (Fig.  4). F o r  the  e l ec -  
t r o ly t e  w i t h  0.05N KC1, the  l i nea r  pa r t  of t he  c u r v e  
appea r s  at 1.5 x 10-~ - -  3.0 x 10 -1  a m p / c m  2, w h i l e  for  
the  e l e c t r o l y t e  w i t h  the  h i g h e r  concen t r a t i on  of ch lo-  
r ide  (0.075N KC1) the  l inea r  pa r t  of the  c u r v e  is 
sh i f t ed  to a r e g i o n  of h i g h e r  c.d. 's (2.4 x 10 -2  - -  3.3 x 
10-1 a m p / c m 2 ) .  

The  l inea r  par t s  of the  e x p e r i m e n t a l  ~A - -  1ogl0i 
curves ,  i.e., Tafe l  l ines,  w e r e  t r e a t ed  w i t h  an  ea r l i e r  
d e v e l o p e d  m e t h o d  (3) us ing  express ions  for  the  s l ow-  
est r eac t ion  step, i.e., t he  r a t e - d e t e r m i n i n g  step 

O log lo i -  zF  

OV 2.303 RT 

0 logloi + zF  

OV 2.303 RT 

(no* -- a) [1] 

(ha* - -  1 + a) [2] 

S ince  the  le f t  sides of Eq. [1] and [2] r e p r e s e n t  t he  
s lopes of the  e x p e r i m e n t a l  Ta fe l  lines, i t  was  possible  
to ca lcu la te  nc*, na* and a f r o m  the  e x p e r i m e n t a l  data.  
nr and  ha* are  t he  o rd ina l  n u m b e r s  of t he  s lowes t  

r eac t i on  s tep for  ca thodic  and  anodic  po la r i za t ion  
( smal l  i n t e g e r ) ,  a the  t r a n s f e r  coefficient  (0 < a < 1), 
and z t he  n u m b e r  of e lec t rons  i n v o l v e d  in t he  s lowes t  
r eac t ion  step. 

Resu l t s  of the  ca lcu la t ions  a r e  p r e s e n t e d  in Tab le  I 
and  Tab le  II. 

Table I. Kinetic parameters for cathodic polarization 

E l e c t r o l y t e  
R a n g e  0 l o g l 0 i - #  
of c.d,,  

a m p / c m  ~ OV a~ no* Z 

O . l l 6 N  InC13 1.7 • 10 -1 
+ to 9.10 0.48 1 1 

0 .5N KC1, p H  2.5 3.5 x 10 -1 

0 .116N In~(SO~)3 2.2 • 10 -3 
+ to 10.18 0.41 1 1 

0 .5N K~S04 3.0 X 10- a 
5.0 • 10 -3 

+ to 6.60 0.81 1 2 
0 .05N KC1, p H  2.5 6.5 • 10-1 

0.116/7 In2(SO~)s 4.5 • 10-  3 
+ to  8.91 0.48 1 1 

0.5N K2SO~ 6.0 X 10 -3 
7.0 x i0 -'3 

+ to 7.40 0.79 1 2 
0 .075N KCI ,  p H  2.5 2.5 • 10 -1 

# M e a n  v a l u e s  d e r i v e d  f r o m  2 -4  c o m p l e t e  e x p e r i m e n t a l  c u r v e s .  
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Table II. Kinetic parameters for anodic polarization 

E l e c t r o l y t e  
R a n g e  O log lo i+#  
of c.d.,  

a m p / c m ~  3V ~ n~* 

0 .116N InC18 2.2 • 10 -1 
+ to ]1 .95  0.69 1 1 

0 .5N KC1, p H  2.5 4.5 • 10 1 

0 . l l 6 N  In,~(SOD 8 
+ 1.5 • l 0  -c 

0 .05N KeSO~ to 48.5 0.81 3 1 
+ 3.0 • 10 1 

0 .05N KC1, p H  2.5 

0 .116N In~(SODz 
+ 2.4 • 10-~ 

0 .5N K.~SO4 to 49.2 0.86 3 1 
+ 3.3 x I 0  ~. 

0 .075N KC1, p H  2.5 

# M e a n  v a l u e s  d e r i v e d  f r o m  2 -4  c o m p l e t e  e x p e r i m e n t a l  c u r v e s .  

Discussion 
Activation overpotential-logarithms of c.d. curves 

for chloride electrolytes.--Experimentally obtained 
~ A -  logl0i curves show ve ry  low act ivat ion overpo-  
tentials  for both cathodic and anodic polarizat ion over  
a wide range of c.d.'s (Fig. 1), which is in agreement  
wi th  other authors (4-6). In comparison with  the re -  
sults obtained in sulfate media  (1), the exchange cur-  
rent  io is now shifted to the region of significantly 
higher  c.d.'s ( three orders of magni tude) .  Losev and 
Molodov (7) do not indicate such a difference be-  
tween the exchange currents  in the sulfate and chlo- 
r ide electrolytes. The difference be tween our data 
and those found by Losev and Molodov is probably 
due to the fact that  our data were  obtained in the pure 
sulfate and chloride electrolytes,  but  their  electrolytes 
almost always contained a large amount  of perchlo-  
rate  ion (7-10). 

The shift  of the exchange current  to the higher  
values indicates that  the processes of deposition and 
dissolution of indium in chloride media take place 
near the equi l ibr ium potentials over  a wide c.d. 
range. At higher  c.d.'s the exper imenta l  ~A--1ogl0i 
curve  for cathodic polarization (Fig. 1) also shows 
l inear  dependence,  and the slope indicates using Eq. 
[1] that  the first step is the slowest one. 2 The same 

was found in the case of e lectrochemical  deposition of 
indium in sulfate solutions for lower c.d.'s (1). 

+Co-  +Co-)  + e o -  
Ina+ > In 2+ In  1+ > In o [3] 

slowest 

In the case of anodic polarizat ion of indium in chlo- 
r ide solutions in the region of higher  c.d.'s, the slope of 
the exper imenta l ly  obtained ~A-logloi curve  according 
to Eq. [2] indicates that  the first step is the slowest 
one, a l though it would be expected to be the third 
react ion step, by analogy with  cathodic polarization. 

- - e o -  - - e o -  - - e o -  
I n  ~ > In 1+ > In 2+ , In 3+ [4] 

slowest 

In the same way as for anodic polarization of in-  
dium in sulfate solutions (2), it can be assumed that  
the less stable ions, In 2+ and In ]+, are accumulated 
because of the slow third react ion step. These ions 
permit  and accelerate disproport ionat ion reactions: 

2In 2+ -. > In s+ -t- In ]+ [5] 

3In 1+ . > In 8+ -t- 2In ~ [6] 

The disproport ionation reactions for the anodic dis- 
solution of indium amalgam in chloride solutions are 
also proposed by other  authors (11), and their  ob- 
servations are consistent wi th  our explanations.  With 
such disproport ionation reactions it is easy to imagine 
that  the second and third react ion steps of anodic 

2 In  a l l  e q u a t i o n s  c o m p r i s i n g  i n d i u m  ions ,  w e  do n o t  i n d i c a t e  t h e  
p r o b a b l e  a q u e o u s  a n d / o r  c h l o r o  c o m p l e x e s ,  fo r  t h e  s a k e  of s i m -  
p l i c i t y .  

dissolution of indium are less and less significant for 
the rate of over -a l l  process of dissolution, especially 
in the region of higher  c.d.'s. So, it is quite  acceptable 
that the first step is control l ing the over -a l l  react ion 
in the region of higher  c.d.'s. 

Activation overpotential-~ogarithms of c.d. curves 
for combined sulfate-chloride e~ectrolytes.--With the 
galvanostat ic  method of fast single pulses applied in 
this work  for cathodic and anodic polarization of in-  
dium in sulfate and chloride solutions, the observa-  
tions of other authors (4-6) are confirmed about  the 
inhibit ion of sulfate ions and the act ivation of chlo- 
ride ions. For  bet ter  unders tanding of these effects, 
the polarization of indium was carried on in com- 
bined sulfa te-chlor ide solutions. 

The curves ~A-1ogloi for cathodic polarizat ion of 
indium in combined sulfa te-chlor ide  electrolytes (Fig. 
3) show rapid increases 8 for about 400 mv  at charac-  
teristic c.d.'s, depending on the concentrat ion of chlo- 
ride in the solutions. 

Since with  minimal  increase or decrease of c.d. one 
can record only one wave, the second or first, respec-  
tively, it could be concluded that  on increasing the 
c.d. the mechanism of deposition of ind ium rapidly 
changes. With lower  c.d.'s (less than 3.0 x 10 -3 a m p /  
cm 2 for solution with  0.05N KC1 and less than 6.0 x 
10 -3 a m p / c m  2 for solution with  0.075N KC1) the 
deposition of indium is carr ied on under  conditions 
characterist ic for chloride media. By increasing the 
c.d.'s it is no longer  possible to record the process 
characterist ic for chloride media, but  the process con- 
tinues with r emarkab ly  higher  overpotent ials  which 
suggests the exist ing conditions characterist ic for sul- 
fate media. This rapid change in the mechanism of 
deposition of indium in combined sulfa te-chlor ide 
electrolytes can be explained by conceptions about 
the mechanism of the act ivat ing effect of chloride on 
the deposition of metals  (4, 6), and the desorption of 
chloride by increasing the negat ive  potential  (13, 14). 

We can presume that  absorbed chloride ions or in-  
dium chloro-complexes  enable easy discharge of in-  
dium (low overpotent ials) ,  probably because of their  
deformat ion ability. Increasing the c.d. over  a char-  
acteristic value, which is dependent  on the concentra-  
tion of chloride in solution, increases the cathodic 
overpotential ,  so that  we presume that desorption of 
chloride or chlorocomplexes takes place. So, the ac- 
t ivat ing effect of chloride is lost, and the first proc- 
ess stipulated by indium chloride disappears. F u r -  
thermore,  with galvanostatic conditions of the exper i -  
ments, cathodic overpotent ia l  (i.e., negat ive potent ial  
of electrode) s imultaneously with desorption of chlo- 
ride, necessarily increases unti l  it attains the value 
adequate  for the deposition of indium in sulfate me-  
dia. Consequent ly  at higher  c.d., indium can only be 
deposited with  the characterist ics of sulfate media. 
In support  of such a conception about the effect of 
chloride on the mechanism of deposition of indium, 
is also the fact that  by increasing the concentrat ion 
of chloride in combined sulfa te-chlor ide  solutions, the 
rapid change in mechanism of deposition of indium 
appears at a higher  c.d., characterist ic for a higher  
concentrat ion of chloride. 

The analysis of exper imenta l  curves ~A-1Ogl0i (Fig. 
3) shows in c.d. region, before the rapid increase, the 
analogy with the curve  obtained in pure  chloride 
media, and it is also calculated by Eq. [1], that  the 
first cathodic reaction step is the ra te -de te rmin ing  
step. In the c.d. region after  this change, the curves 
perfect ly  coincide with  the curve  obtained in pure  
sulfate media  at the corresponding c.d. (2), so we 
may presume, fol lowing the explanat ions f rom pre-  
vious paper  (2) and Eq. [1] that  here too, the react ion 
of In a+ wi th  two electrons controls the over -a l l  proc- 
ess of deposition of indium (Table I).  

A s i m i l a r  " d i s c o n t i n u o u s  j u m p  in  p o t e n t i a l "  w a s  o b s e r v e d  r e -  
c e n t l y  by  p o l a r o g r a p h i c  s tud ies ,  a n d  w a s  p u b l i s h e d  as  a s h o r t  com-  
m u n i c a t i o n  b y  R. E.  Visco  (12) .  T h e  a u t h o r  d e s c r i b e d  t h i s  p h e n o m -  
e n o n  as " n e g a t i v e  r e s i s t a n c e "  a f f e c t e d  b y  a n i o n  a d s o r p t i o n ,  
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The exper imental  curve ~A-1Ogl0i for anodic po- 
larization of ind ium in combined sulfate-chloride 
electrolytes (Fig. 4) indicates in a certain c.d. region 
that the third anodic reaction step is the ra te -de ter -  
min ing  step (Table II) .  The same phenomenon  has 
already been recorded in pure sulfate solutions, but  
in  a lower c.d. region (1, 15). By increasing the con- 
centrat ion of chloride in combined sulfate-chloride 
electrolytes, a l inear  part  of ~lA-logl0~ curve shifts to 
the higher c.d. region. These facts are also in accord- 
ance with the conception of the activating effect of 
chlorides and inhibi t ing  effect of sulfates. Support ing 
this are observations in pure chloride solutions, where 
the process is carried on close to the equi l ibr ium 
potential.  

In  the extremely high c.d. region, the slopes of the 
curves start  to change, so here we can presume that  
disproport ionation reactions take place. 

Manuscript  received Sept. 30, 1965; revised m a n u -  
script received May 9, 1966. Par t  of this work was pre-  
sented at the 14th CITCE Meeting, Moscow, 1963. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Interaction of Carbon Dioxide with Hydrogen Chemisorbed 
on a Platinum Electrode 

Bernard J. Piersma, 1 Theodore B. Warner, and Sigmund Schuldiner 
U. S. Naval Research Laboratory, Washir~gton, D. C. 

ABSTRACT 

The effect of CO2 on the oxidation of hydrogen atoms chemisorbed on a Pt  
electrode has been examined with potentiostatic and t rans ient  galvanostatic 
techniques. The results indicate that CO2 is not reduced, but  that  H a d  oxida- 
t ion is inhibi ted by CO2, or possibly HCO3-. Under  these conditions the in-  
hibited or blocked H a d  is stable at potentials negative to 0.3v (vs. NHE). 
Dissociation of formic acid to H a d  and CO2 may inhibi t  the fur ther  oxidation 
of HCOOH by a similar  Had-CO2 blocking mechanism. 

The interact ion of CO2 with eiectrolytically gener-  
ated hydrogen at p la t inum electrodes in  acid solution 
has been reported by Giner  (1), who demonstrated a 
difference between the anodic polarization behaviors 
of hydrogen-covered electrodes in CO2 and in  He 
saturated solutions. Giner  concluded that CO2 is re-  
duced by reaction wi th  electrochemically formed 
chemisorbed hydrogen, Had, between 0.0 and 0.25v (all 
potentials reported here are vs the NHE).  The chemi- 
sorbed product, which he called "reduced CO2," was 
oxidized at about 0.7v, at 25~ dur ing  anodic gal- 
vanostatic polarization and oxidized in the potent ial  
region of 0.5-0.9% during l inear  potent ial  sweeps. 

This study was in i t ia ted with the objectives: (a) 
to demonstrate  that  the exper imental  results observed 
by Giner  were indeed due to his assumed interact ion 
(or reaction) and not to an oxidizable impuri ty,  (b) 
to investigate the na tu re  of the adsorbed oxidizable 
species, and (c) to examine the implications of such 
an interact ion on the in terpre ta t ion of anodic organic 
reactions. 

Experimental 
Apparatus.--The electrolytic cell, purification of He 

and H2, and general  procedures were as previously 
described (2, 3). High current  galvanostatic pulses 
(2.33 a/cm 2) were obtained with an Electro-Pulse 
Model 3450D generator. Low constant  currents  were 
applied either from an Electronic Measurements Com- 
pany C-612 constant  current  supply (0.2 ma /cm 2- 
0.6 ga/cm 2) or a Keithley Model 600A electrometer 
(down to 0.05 ~a/cm2), both being switched manual ly .  

1 N a t i o n a l  A c a d e m y  of Sc iences  P o s t d o c t o r a l  R e s i d e n t  Resea rch  
Associa te .  

Cell polarization was either observed and photo- 
graphed on a recal ibrated Tektronix  Type 547 oscillo- 
scope or recorded on a Varian Associates Model G-11A 
strip chart  recorder from the output  of a Keithley 
Model 603 electrometer amplifier. Constant  potentials 
were main ta ined  with a Wenking  Model 61-R fast rise 
potentiostat. 

The Pd tube and min ia ture  glass reference elec- 
trodes, large Pt  gauze counter  electrode, and 0.19' cm 2 
t rue area Pt  bead working electrode have been dis- 
cussed previously (2, 3). All cur rent  densities are ex- 
pressed in terms of t rue area as determined from the 
charge required to deposit one monolayer  of oxygen 
atoms. 2 Baker Analyzed Reagent  Grade CO2 (puri ty  
99.9992%; 02 1.5 ppm; N2 -]- CO, 6 ppm) was purified 
by passage through a trap containing, at different 
times, either pal ladium catalyst supported on alu-  
mina  at --50~ pal ladium oxide supported on a lumina  
at 400~ or Hopcalite followed by copper turn ings  (to 
remove possible traces of oxygen generated by the 
Hopcalite) both held at 350~ 

Galvanostatic technique.--Anodic charging curves 
were obtained in solutions saturated with purified He, 
CO2, or a mix ture  of 22% H2-78% CO2. Prior  to each 
charging curve, the electrode was either left at open 
circuit unt i l  the potential  became stable or potentio- 
stated at a given potential  (the dependence of the 
charging curves on potential  and time was examined) .  
The open circuit  potentials were 0.3v, or less, indicat-  

The  e lec t rode  a rea  r e m a i n e d  u n c h a n g e d  a f t e r  45 days  of con-  
t i n u o u s  use  w h i c h  i n c l u d e d  e x t e n d e d  pe r iods  of  a n o d i z a t i o n  d u r i n g  
p re -e lee t ro lys i s .  The  cons t ancy  of a r ea s  of b r i g h t  P t  b e a d s  i s  a gen-  
e r a l  o b s e r v a t i o n  in  t h i s  L a b o r a t o r y .  B a r r i n g  f a i l u r e  in  t h e  m o u n t -  
ing,  a n  e l ec t rode  a rea  c h a n g e  has  n e v e r  b e e n  o b s e r v e d  d u r i n g  
n o r m a l  use  ove r  pe r i ods  as l o n g  a s  s i x  m o n t h s .  
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ing a low concentrat ion of oxygen in the electrolyte  
as a resul t  of gas purification, t ightness of the closed 
system and the oxygen get ter ing of the Pd tube re fe r -  
ence electrode (which contained enough dissolved hy-  
drogen to maintain  a stable ~ P d - H  potential  of 
~0.055v).  The working  electrode was always anodized 
in a way  such that  dermasorbed oxygen, i.e., oxygen 
dissolved into the skin of the Pt  (2, 4), would not be 
formed. A convenient  gas flow was established (ex-  
per iments  showed that  the results were  independent  
of flow rate)  and the chosen sequence of currents  a n d /  
or potentials were  applied. 

In all the low current  experiments ,  the fixed cur-  
rent  was switched f rom anodic to cathodic before a 
significant amount  of oxygen could be generated. In 
high current  exper iments  the electrode was cleaned 
with  a 2.33 a m p / c m  2 anodic pulse lasting less than 
500 ~sec (to avoid the formation of dermasorbed oxy-  
gen).  Immedia te ly  after  the cleaning pulse, the elec- 
t rode potential  was fixed wi th  the potentiostat  for a 
given t ime (to allow for interact ion of CO2 with  Had) 
fol lowed by another  2.33 amp/cm2 anodic pulse, ap- 
plied to de te rmine  the amounts  of sorbed H, Had-CO2 
interact ion (Had-CO2 mere ly  signifies the presence of 
both species on the surface) ,  and Oad. Switching be- 
tween  galvanostat ic  and potentiostatic control was 
manual  wi th  a switching t ime of less than 0.5 sec. The 
t ime of switching was not impor tant  since it was es- 
tablished that  the amount  of Had-CO2 formed at a 
given potential  for a set interact ion t ime was un-  
changed at open circuit for  at least 72 hr. The first 
pulse (or cleaning pulse) rapidly anodized the elec-  
trode to O2 evolution, r emoved  previously sorbed 
Had-CO2 and provided a reproducible  state. Thus, just  
prior  to potentiostatic control, the electrode was free 
f rom dermasorbed oxygen and H a d - C O 2 .  Each suc- 
cessive pulse not  only gave the requi red  charging 
curve, but  str ipped the surface of H a d - C O 2 ,  present ing 
a clean surface for the start  of another  experiment .  
The current  pulses for a g iven  current  density were  
of the same duration. 

Results 
Low current galvanestatic charging curves.--After 

the cleanliness of the electrolyte  and electrode sur-  
face had been established, 3 charging curves were  ob- 
tained with  He (flow rate  of 88 std cc /min)  (Fig. la)  
and then with CO2 (flow rate  of 4 std cc /min  4) (Fig. 
lb ) .  In trace 1, Fig. la, the electrode was anodized 
f rom open circuit  to 0.Sv, and then cathodized to 0.0v. 
In trace 2, this procedure  was preceded by cathodiza- 
tion for 10 sec to deposit  chemisorbed hydrogen. In 
each case, the current  was reversed at 0.Sv, avoiding 
the deposition of oxygen as verified by the forms of 
the charging curves. 

Analysis of these charging curves in He saturated 
solution showed that  Qa (the number  of coulombs/  
square cent imeter  of anodic charge)  required to 
polarize the electrode to 0.8v increased (a) as s t i rr ing 
ra te  decreased, (b) as the potential  f rom which charg-  
ing was started decreased, and (c) as the t ime of pre-  
cathodization increased. These observations are at-  
t r ibuted to the oxidation of hydrogen generated dur-  
ing precathodizat ion which would contr ibute  to Qa. 
In solutions s t i rred wi th  He flowed at 88 ml /min ,  Qa 
var ied  f rom 600 gcoul /cm 2 when anodization was be- 
gun f rom the open circuit  potent ial  of 0.065v, to about 
900 /~coul/cm 2 for 10 sec precathodizat ion and about  
1000 ~coul /cm 2 for 40 sec precathodization.  Qe (the 
number  of coulombs/square  cent imeter  of cathodic 
charge),  requi red  to polarize the electrode f rom 0.8 
to 0.0v remained roughly  constant at 520 • 40 ~,coul/ 
cm 2. The var ia t ion be tween  Qa and Qc noted here dif-  
fers f rom Giner 's  results, where  he found the anodic 
and cathodic branches roughly equal. 

The  l i n e a r i t y  of the  v o l t a g e  v s .  t i m e  r e l a t i o n  in  the  o x y g e n  a t o m  
adsor!ot ion r e g i o n  ha s  been  fou l ld  to  be  a r e l i ab l e  t e s t  of e lec t rode  
c l ean l ines s  (5). TYDical l i n e a r  r eg ions  are seen, e . g . ,  i n  Fig .  3. 

A v a r i a t i o n  of the  iqow ra tes  of CO.~ f r o m  4 std c c / m i n  to 250 
s td  c c / m i n  h a d  no effect  on the  c h a r g i n g  curves .  

Fig. 1. Charging curves in 1M H2S04 at 25~ i ~ 0.2 ma/cm2: 
(a) He flow 88 ml/min., trace 1 from open circuit potential of 
0.065v, trace 2 immediately following cathodizatian to O.OOv. (b) 
C02 flow rate 4 ml/min, trace 1 immediately following cathodiza- 
tion to O.OOv, trace 2 following trace 1 after stable open circuit 
potential attained. 

Figure  lb  is typical of the charging curves ob- 
tained when CO2 was substi tuted for He, where  trace 
1 was taken after  10 sec of precathodizat ion and 
trace 2 taken f rom open circuit. The new plateau (des- 
ignated region X by Giner) which appears at 0.69v 
was well  below the potent ial  of oxygen atom forma-  
tion. Region X developed slowly, requi r ing  about 15 
min at open circuit  to reach a maximum.  Qa was in-  
dependent  of the st irr ing ra te  wi th  CO2, indicating 
that  the electrode surface had become passive to the 
oxidat ion of hydrogen formed in precathodization. 

Puri~cation o~ CO2.--Slow adsorption of traces of 
an oxidizable impur i ty  could affect both the appear-  
ance of the charging curves and the t ime requi red  for 
the X region to develop. Carbon monoxide  is one 
trace impur i ty  possibly present  in the CO2 used and 
previous work  (5, 6) has shown that  ex t remely  small 
amounts of CO wil l  affect charging curves, Accord-  
ingly, the several  purification techniques used were  
designed ei ther to r emove  trace amounts of CO and 
organic compounds, or to oxidize them completely  
to CO2. Since it is difficult to prove the absence of 
impurity,  the cr i ter ion for acceptably pure  CO2 was 
that  the X region develop ident ical ly after  the CO2 
was purified in the several  ways in separate exper i -  
ments:  i.e., through Pd at --50~ through PdO at 
400~ and through Hopcali te  and copper at 350~ 
The strong chemisorpt ion of CO on Pd is wel l  known 
(7); thus a Pd cold t rap should be highly specific for 
CO and also very  efficient for most organic impurit ies.  
PdO and Hopcali te were  used to oxidize any organic 
impur i ty  present completely to CO2. In every  exper i -  
ment  carried out, the X region developed identically.  

CO2 was replaced with He be tween  each set of ex-  
per iments  and the electrode was tested for cleanliness. 
F igure  2 presents typical results, in this case obtained 
65 min  after start ing the flow of He. The first trace 
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Fig. 2. Charging curves in 1M H2SO4 at 25~ He flow 56 
ml/min, i ~ 0.2 ma/cm 2. Effect of replacing CO2 with He. Trace 
1 first charging curve from open circuit; trace 2 second charging 
curve, precathodized 10 sec. 

Fig. 4. Charging curves in 1M H2SO4 at 25~ i ~ 2.33 
amp/cm 2, COs flow 2 ml/min, electrode potential held at 0.000v 
between pulses. Effect of time on X region: lowest pulse 1 sec 
after initial pulse, succeeding pulses reading upward were re- 
spectively 5, 10, 20, 40, 80, and 300 sec after preceding pulse. 

Fig. 3. Charging curves in IM  H2SO4 at 25~ i - -  0.2 ma/cm 2, 
He flow 56 ml/min. Electrode cleanliness tests. Trace 1 time since 
last polarization 2 min, precathodized 60 sec; trace 2 time since 
trace 1, 13 min, precathodized 10 sec. 

shows that  H a d - C O 2  is adsorbed strongly enough to 
give the equivalent  of a full  monolayer ,  assuming a 
one electron discharge. Fur the r  exper iments  showed 
that  even after  75 hr of He flow, a full  monolayer  is 
still present  on the electrode. After  the electrode sur-  
face was cleaned by the first pulse, the second trace 
(Fig. 2) shows that  no oxidizable mater ia l  is adsorbed 
f rom solution. Finally,  to el iminate the possibility of 
slow adsorption of solution impurities,  charging curves 
were  taken after  a wai t ing period at open circuit; e.g., 
trace 2 of Fig. 3, which  had a period of 13 rain be tween 
pulses, shows no evidence of adsorption of oxidizable 
impurity.  

High current charging curves.--The ra te  of fo rma-  
tion of H a d - C O 2  w a s  examined both as a function of 
potential  and of interact ion t ime (c.f. Fig. 5). F igure  
4 presents typical results of the influence of in terac-  
tion t ime on the amount  of H a d - C O 2  fo rmed at a 

given potential,  in this case 0.00v. From this figure we 
see that  as the interact ion t ime increases, a dip, char-  
acteristic of the oxidat ion of many  organic compounds, 
develops in the oxygen region at approximate ly  0.9v 
in the case of h igh-cur ren t  pulses. Para l le l ing this 
oxidation plateau is the decrease in length of the 
usual hydrogen region. 

The fol lowing quanti t ies were  de termined  from the 
oscillograms, in terms of microcoulombs/square  centi-  
meter :  (a) Qt, the total charge requi red  to polarize 
the electrode to the potent ial  at which 02 evolut ion 
occurs, (b) (QI-I q- q H d l ) ,  the quant i ty  of charge re -  
quired to polarize the electrode to the potential  at 
the start  of the X region (H atom oxidation and 
double layer  charging) ,  and (c) (Qo q- Qodl), the 
quant i ty  of charge requi red  to polarize the electrode 
from the start  of the X region to the potential  of ox-  
ygen evolut ion (oxidation of adsorbed species, fo rma-  
tion of a monolayer  of O atoms and double layer 
charging).  Thus 

Qt = QH q- QHdl q- Qo q- Qodl [1] 

For a clean Pt  electrode (3) in the absence of CO2 

QoCO~.f ree  _}_ QodlCO~-f . . . .  426 ~coul/cm 2 
q- 36 ~coul/cm2 ~ 460 • 20 ~coul/cm 2 [2] 

Assuming that  the charge requi red  to form one mono-  
layer  of O atoms and to charge the double layer is 
identical  for CO2 and He saturated solutions, then 

Qx ~ Qo q- Qodl -- 460 , c o u l / c m  e [3] 

where  Qx is the charge requi red  to oxidize Had-CO2. 

When the electrode was potentiostated at 0.00v, Qt 
reached a l imit ing value in less than 1 sec and r e -  
mained constant as the interact ion t ime increased, i.e., 
as QH decreased, Qo increased by an equivalent  amount. 
As the electrode was held at successively more posi- 
t ive potentials,  longer  interact ion t imes which, how-  

Table I. Coulometric data obtained from high current charging curves* 

E l e c t r o d e  
i n t e r a c t i o n  QtCO2 - f r e e  , 
po t en t i a l ,  v /~coul/cm'-' 

Qt  o b s e r v e d  a f t e r  Q t  o b s e r v e d  Qx Q t - Q t C ~  -r~'~r QH 
1 sec  i n t e r a c t i o n ,  l i m i t i n g  v a l u e ,  l i m i t i n g  v a l u e ,  l i m i t i n g  va lue ,  l i m i t i n g  v a l u e ,  

/zcoul/cm~ ~ c o u l / c m  ~ /zcoul/cm'-' /~coul/cm2 /~coul/cm~ 

0.300 487~_.25 489~---25 478~_25  0 ~ 3 5  0~.~35 0 •  
0.250 518 512 652 132 134 0 
0.200 552 594 700 202 148 0 
0.150 586 629 746 274 160 0 
0.100 638 652 769 285 131 0 
0.065 669 769 775 231 106 30 
0.000 729 785 789 260 60 50 

* F o r  e x p l a n a t i o n  o2 s y m b o l s ,  see  t ex t .  
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ever, were  always less than 2400 sec, were  requi red  to 
reach a l imi t ing value of Qt. These data are collected 
in columns 3 and 4 of Table I. For comparison, the 
values of q t  cO-free (Qt in CO2-free solution) are given 
in column 2. Qt CO-free values were  determined by ad- 
dition of Qo c~ + Qodl CO2-free, given above, wi th  
QH CO~'free -~- qHdl cO~-free, der ived f rom data obtained 
previously  for hydrogen coverage of Pt  electrodes as a 
funct ion of open circuit  potential  and for double layer  
capacity as a funct ion of potential  [Fig. 10 and 5, ref. 
(3)] .  The comparison of Qt CO~-free, obtained in this 
way, with Qt (cf. column 6, Table I) implic i t ly  as-  
sumes that  the coverage of a Pt  electrode by hydrogen 
is the same when the electrode is at a given potent ia l  
at open circuit  and when  it is mainta ined at this po- 
tential  wi th  a potentiostat.  Limit ing Qx values, as de- 
termined using Eq. [3], are given in column 5. QH 
values, obtained f rom the anodic charging curves and 
corrected for double layer  charging, are given in 
column 7. 

The potential ,  Vp, at which oxidat ion of Had-CO2 
first occurs is a function of current  density. Measure-  
ments of Vp (i.e., the potent ial  at the beginning of the 
X region) were  made on charging curves obtained at 
different charging currents.  The relat ionship is shown 
in Fig. 6. 

Discussion 

This work  gives qual i ta t ive  confirmation of the ex-  
per imenta l  observations of Giner (1) and gives addi-  
t ional information about the chemisorbed species. 
There  is now concrete evidence that  CO2 is not re -  
duced to CO. Under  t ransient  conditions (6, 8), the 
potent ial  at which CO oxidat ion begins is in the 
range 0.9-1.3v, depending on the CO part ia l  pressure. 
CO also does not appear to react when  potentiostated 
below 0.9v (9). The init ial  potent ial  of oxidation of 
the species resul t ing f rom the interact ion of CO2 with  
Had is dependent  on the charging current  (cf. Fig. 6), 
independent  of the init ial  surface coverage, and in 
every  case is below 1.0v. This chemisorbed species is 
completely  oxidized at 0.3v under  potentiostatic con- 
ditions. Fur thermore ,  the shapes of the anodic charg-  
ing curves for the "X region" resul t ing f rom the Had- 
CO2 interact ion are marked ly  different f rom those for 
the oxidation of CO, both in the presence and absence 
of hydrogen (6, 10). 

In addition to establishing that  CO2 is not reduced 
by Had to CO, the results strongly indicate that  CO2 
is not reduced at all. Limit ing Qx values found at 
interact ion potentials below 0.250v (see Table I) show 
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that  the "X-reg ion"  is v i r tua l ly  sa turated wi th  an 
oxidizable species. On the other  hand, Vp was found 
to depend only on charging current  (Fig. 6). If a 
reduced CO2 surface compound were  formed, then 
Vp should depend on current  density only if the oxi-  
dation rate  depended on a slow charge t ransfer  or 
chemical  react ion step fol lowing change transfer.  
However ,  if the oxidat ion were  dependent  on a change 
t ransfer  or chemical  rate, then the degree of surface 
coverage of the reduced CO2 should affect the initial 
oxidation potential.  The results, as shown, e.g., in Fig. 
4, indicate that  V, is independent  of the degree of 
coverage, s trongly suggesting that  no reduced CO2 
specie is oxidized, i.e., that  CO2 is not reduced. F u r -  
ther  evidence against the possibility of CO2 reduct ion 
is seen in Fig. 5 which shows that  Qx is independent  
of the interact ion potential  and hence Had concentra-  
t ion f rom 0.00 to 0.15v. 

The exper imenta l  results can be explained if there  
exists on the electrode surface only a small  number  
of active sites at which  oxidation can occur (e.g., most  
of the sites could be blocked for oxidation by another  
species) and the process involves diffusion of the ox- 
idizable species to these sites. It  is well  known that  
there  are several  types of sorbed atomic H. If the 
concentrat ion of act ive Had were  low, the ra te  of 
oxidation could be affected by the rate  of diffusion of 
i r revers ib ly  held H atoms. At low current  densities 
diffusion of H atoms to react ive sites would  be fast 
enough to mainta in  a re la t ive ly  constant coverage of 
these sites. At high current  densities a diffusion over -  
vol tage of H atoms would increase Vp. This mechanism 
is supported by the fact that  Vp is independent  of Qx 
whereas  in the "X region," the potent ia l  increases as 
the H coverage decreases. 

Informat ion  concerning the nature  of the sorbed H 
atoms in the presence of CO2 is obtained f rom analysis 
of the data in Table I and Fig. 5 which show: 

(a) At a given potential,  hydrogen in excess of 
the amount  formed in CO2-free solution (Qt 
Qt cO2-free) is generated on the electrode (column 6, 
Table I) .  

(b) At  sufficiently long interact ion times, the hydro-  
gen ionization region normal ly  associated wi th  a F t  
electrode in CO2-free solution essential ly disappears 
(column 7, Table I).  The small  values of QH at 0.00 
and 0.065v are an indication that  some active hydro-  
gen is present  at these potentials.  

(c) Qx remains  essential ly constant (260 ~ 35 
~coul/cm 2) up to O.15v (column 5, Table  I) ,  an 
amount  of charge approximate ly  equal  to that  r e -  
quired to oxidize the hydrogen normal ly  adsorbed on 
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a c lean  P t  e l ec t rode  at 0.00v (230 ~coul /cm2) .  The  
r ap id  dec rease  in Qx above  0.15v suggests  tha t  above  
this po tent ia l ,  t he r e  is insuff icient  h y d r o g e n  p r o d u c e d  
to f o r m  a mono laye r .  We in fe r  f r o m  this tha t  the  
excess  h y d r o g e n  r e q u i r e d  to give the  obse rved  Qt - -  
Qt cO2-free is al l  s t rong ly  bonded  to P t  since r e v e r s i b l y  
he ld  H a toms cannot  exis t  above  about  0.15v and on ly  
s t rong ly  bound  H a toms wi l l  be fo rmed .  5 S ince  the  
sites ava i l ab l e  for  the  s t rong ly  bound  H a toms wi l l  
be limited, the equivalent of a full monolayer of Had 
cannot build up. 

The fact that CO2 can inhibit Had reactions on a Pt 
electrode is confirmed in Fig. 7, which compares the 
cathodic polarization behaviors in both IM H2SO.~ 
saturated with a CO2 § He mixture and saturated 
with pure He. Behavior in pure CO2 was found to be 
essentially the same as in CO2 + He. Helium was 
added to increase gas stirring rates to establish a limit 
beyond which increased stirring did not increase cur- 
rent density. The decrease in current density at a given 
overpotential is indicative of a poisoned surface. It is 
difficult to see how CO~ itself could act as an electrode 
poison. One possibility is that the HCO3- or CO3 = ions 
present in solution are the poisons. The formation of 
complexes having bicarbonate or carbonate structures 
in the gas phase adsorption of COz has recently been 
suggested (II). The poisoning effect of these anions 
could then be similar to the effects of iodide ion on the 
rate of hydrogen ionization in H2SO4, reported by Shan- 
ina (12), who found the poisoning effect to occur slowly. 
Slygin and Frumkin (13) showed that the shapes of 
anodic charging curves for hydrogen ionization de- 
pend on the anion in solution. For example, several 
plateaus which were present for oxidation in H2SO4, 
could not be detected in HCI or HBr solutions. From 
arrests in the charging curves on platinized Pt in 
H2SO4 at about 0.Tv, Slygin and Frumkin (13) sug- 
gested that some hydrogen could be so firmly bound 
as to require this higher potential for oxidation. The 
fact that they obtained a lengthening of this plateau 
with more intensive platinization, which presumably 
generated more sites at which H atoms could be 
strongly adsorbed, argues against a solution poison. 
Their results do suggest that under certain conditions, 
a much higher potential than expected is required to 
oxidize hydrogen. 

The most probable effect of CO2 on Had is one 
which shifts the equilibrium of the reaction 

Had=H + +e- [4] 

Recent work (18) in this Laboratory has shown that the Nernst 
potential relation for a H+/H2 electrode on Pt (in a system for 
which the 02 leakage is so low that the equivalent O2 partial pres- 
sure above the solution is less than ]0 -9 arm) holds only to 0.18v 
(i X 10 -6 atm H2). This 0.18v potential is independent of H2 partial 
pressure below I • 10 -6 arm. Hence at potentials of 0.18v and 
higher, the H+/Hz exchange is not potential-determining and the 
intermediate Ha~l activity must be negligibly small. The conclusion 
that reversibly held H atoms cannot exist above about 0,18v thus 
appears valid. 
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such tha t  at  a g i v e n  i n t e r ac t i on  po t en t i a l  the  f o r m a -  
t ion  of add i t iona l  Had is favored .  G ine r  has  p r e v i o u s l y  
i n f e r r e d  a s imi la r  shif t  in equ i l i b r ium.  To e x a m i n e  
f u r t h e r  the  ques t ion  of r e d u c e d  CO2 c o m p o u n d  f o r m a -  
tion, an i n t ens ive  sea rch  was  m a d e  (us ing  cha rg ing  
cu rves  a f t e r  long per iods  at open  circuit ,  cf. Fig. 2) to 
de tec t  t races  of a species in solution.  N o n e  was  e v e r  
found.  In  addi t ion,  J o h n s o n  and K u h n  (14) w e r e  u n -  
able  by  chemica l  ana lys is  to de tec t  a r e d u c e d  CO2 
c o m p o u n d  in so lu t ion  a f te r  24 h r  of react ion .  

G ine r  (15) came  to the  conc lus ion  tha t  upon  anodic  
ox ida t ion  on Pt,  and to some e x t e n t  at open  circuit ,  
m e t h a n o l  and fo rmic  acid gave  a p roduc t  w h i c h  was  
the  s a m e  as tha t  f o r m e d  by reac t ion  of CO,2 w i t h  
a tomic  H. He  cons ide red  tha t  the  CO2 was  r educed  by  
a tomic  H. Vie ls t ich  and Voge l  (19) conc luded  f r o m  
the i r  e x p e r i m e n t s  on the  anodic  ox ida t ion  of fo rmic  
acid  tha t  ne i the r  ca rbon  m o n o x i d e  nor  oxa l ic  acid 
a r e  r eac t ion  products .  We be l i eve  tha t  in fo rmic  acid 
so lu t ion  d issocia t ion  to Had and CO2 takes  p lace  and 
tha t  i nh ib i t i on  of Had Or f o r m i c  acid  ox ida t ion  resul ts .  
This  i n t e r ac t i on  of the  p roduc t s  of d i ssoc ia t ive  ad -  
so rp t ion  has s eve ra l  impl ica t ions  for  the  anodic  o x i d a -  
t ion of o rgan ic  c o m p o u n d s  and  p a r t i c u l a r l y  for  fo rmic  
acid. The  d issoc ia t ive  m e c h a n i s m  for  fo rmic  acid ox -  
ida t ion ;  

H C O O H  = HCOOHad [5] 

HCOOHad = Had + HCOOad [6] 

H a d = H  + + e -  [4]  

HCOOad = CO2 -~ H + + e -  [7] 

has been  g e n e r a l l y  accep ted  in the  l i t e r a t u r e  [cf. ref .  
(16)].  The  p r e sen t  resu l t s  ind ica te  tha t  such a m e c h a n -  
ism cannot  con t inue  at  po ten t i a l s  n e g a t i v e  to 0.3v in 
H2SO4 at P t  e l ec t rodes  at 25~ A f t e r  sufficient i n t e r ac -  
t ion of Had and  CO2 the  fo rmic  acid d issocia t ion  could  
not  p roceed  on a m a j o r  f r ac t ion  of the  e lec t rode  sur -  
face, because  of the  b lock ing  effect  of CO2. 

A dec rease  in cu r r en t  w i t h  t i m e  is g e n e r a l l y  found  
for  the  po ten t io s t a t ed  ox ida t ion  of o rgan ic  compounds .  
R e c e n t l y  it  has  been  sugges ted  tha t  this  m i g h t  be  due  
to " r e d u c e d  CO2." H o w e v e r ,  this w o r k  shows tha t  
u n d e r  s t eady  s ta te  condi t ions  CO2 canno t  b lock  Had 
ox ida t ion  a t / o r  above  0.3v. Hence  a po isoning  effect  
due  to this at  po ten t i a l s  above  0.3v is imposs ib le .  The  
p re sen t  resu l t s  also i m p l y  tha t  the  comple t e  ox ida t ion  
of o rgan ic  c o m p o u n d s  on P t  at po ten t ia l s  be low  0.3v, 
e.g. to ob ta in  h i g h e r  cel l  vo l t ages  in e l e c t r o c h e m i c a l  
e n e r g y  c o n v e r t e r s  us ing  o rgan ic  fuels,  m a y  not  be  
feasible .  

Conclusions 

1. CO2 in solut ion,  or  poss ib ly  H C O 3 - ,  in te rac t s  
s t rong ly  on P t  to affect  subsequen t  ox ida t ion  of ad -  
sorbed  hydrogen .  The  ra te  of this  i n t e r ac t i on  is r e l a -  
t i ve ly  s low;  about  15 m i n  a re  r e q u i r e d  to a t t a in  l i m -  
i t ing  condi t ions.  

2. The  in t e r ac t ion  is a p p a r e n t l y  not  s imp le  phys ica l  
adsorp t ion  of CO2 on the  m e t a l  subs t ra te ,  no r  is a 
r educed  CO2 sur face  c o m p o u n d  no r  a so luble  species 
tha t  is s t ab le  in so lu t ion  fo rmed .  The  Had b locked  by  
CO2 i n t e r a c t i o n  is s table  on the  su r face  and i r r e -  
ve r s ib ly  sorbed.  

3. The  ox id izab le  species is not  CO. 
4. L i m i t i n g  cove rage  of Had b locked  by  CO2 o r  

H C O ~ -  is ~260  ~coul/cm~. This  Had is s table  at po -  
t en t i a l s  n e g a t i v e  to 0.3v. W h e n  po ten t io s t a t ed  at  0.3v 
it  is c o m p l e t e l y  oxidized.  

5. CO2 or  H C O a -  inh ib i t s  t h e  h y d r o g e n  e v o l u t i o n  
reaction on Pt. 

6. Coulometric measurements strongly indicate that 
active (or weakly bound) hydrogen is present on the 
electrode below about 0A5v, but not above. 

7. It is tentatively suggested that formic acid disso- 
ciates to Had and CO,2 and that CO2 or HCO3- inter- 
acts on Pt to retard oxidation of HCOOH. 
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Oxygen Overvoltage Measurements on Bright 
Platinum in Acid Solutions 
IV. Methanol-Containing Solutions 

James P. Hoare 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

Oxygen overvol tage  measurements  were  made both galvanostat ical ly  and 
potentiostat ical ly on bright  Pt  cathodes in O2-saturated 2N H2SO4 solutions 
containing methanol.  These curves were  compared with  those obtained in 
MeOH-f ree  solutions. The rest  potent ia l  was lowered by near ly  200 m v  in an 
acid solution of 0.5M MeOH caused by a local cell set up be tween the 
O8 + 4H + + 4e ~ 2H20 and the (CH3OH)ads --> (CO)ads + 4H + + 4e reac-  
tions. The presence of (CO)ads does not  in ter fere  wi th  the over -a l l  kinetics 
of the reduct ion of oxygen but, by a blocking action, reduces the number  of 
act ive sites on the electrode surface avai lable for the reduct ion of oxygen. 
This causes an increase in the overvol tage  of about 40 to 60 my. Al though 
MeOH is oxidized at high cur ren t  densities at the cathode, this current  is 
not avai lable  to the external  circui t  since it is produced by a local cell 
mechanism. The equal  number  of coulombs of 02 consumed in the local cell 
process also involves  an additional loss of energy to the externa l  circuit. 

At first sight, methanol  appears to be an ideal fuel  
for fuel  cells (1, 2) since it is e lectrochemical ly  active 
at low temperatures ;  it is inexpensive,  and being a 
l iquid it may be handled in the same way as gasoline. 
Because of the high solubili ty of MeOH in water  solu- 
tions, MeOH may interact  with the fuel  cell cathode 
(3), producing intolerable polarization losses. 

Studies o f  the anodic oxidation of MeOH at noble 
metal  electrodes in acid and alkal ine solutions (4-8) 
and of the adsorption of MeOH on the electrode sur-  
face as a function of potential  (9-11) have been 
carr ied out. It appears that  competi t ion for surface 
sites f rom both H2 adsorpt ion at less noble potentials  
and oxygen adsorption at more noble potentials pro-  
duces a max imum in the 6-potential  curves at about 
0.Tv (9-11) on p la t inum in acid solutions. It is found 
that  MeOH is oxidized all the way to CO2 in acid solu- 
tions but stops at HCOOH in alkal ine solutions. 

To our knowledge,  however ,  polarizat ion curves for 
the reduct ion of oxygen in the presence of methanol -  
containing electrolytes cannot be found in the re -  
v iewed l i terature.  In this repor t  there is presented an 
account of the oxygen overvol tage  measurements  ob- 
tained on bright  Pt  electrodes galvanostat ical ly  and 
potentiostat ical ly in oxygen saturated sulfuric acid 
solutions containing methanol.  So that  the effects of 

mass t ransfer  may be more  clearly separated f rom the 
effects of act ivation overvol tage  on the polarization 
curves, these studies were  carr ied out on the br ight  Pt  
electrodes instead of the porous diffusion electrodes 
requi red  for fuel  cell investigations. 

Experimental 
Test electrodes in the shape of small  beads (0.02-0.03 

cm 2 in area) mel ted at the end of pure (99.99%) Pt  
wires were  mounted  with  Teflon spaghett i  in a Teflon 
cell (12). The purification techniques and the cell  and 
electrode pre~oaration have been described before (12). 
At tent ion  was paid to the r igorous control of impur i -  
ties. The procedures for de termining the galvano-  
static (13) and the potentiostatic (14) data are the 
same as those recorded previously.  Since the recorded 
data are steady state measurements ,  each potent ial  
(galvanostat ic)  and each current  (potentiostatic) 
point was noted after  the tested paramete r  had not 
changed sensibly in value for at least 60 sec. Under  
some circumstances, it requi red  an hour  or more  to 
reach this steady value. Reagent  grade absolute 
methanol  was added to the electrolyte  in the cell by 
means of a micropipet te  inser ted through t h e  gas exi t  
tube in the cell top after the system had come to a 
steady rest  potent ia l  in O2-saturated, H202-free, 2N 
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Fig. 1. Dependence of the rest potential on the bulk con- 
centration of MeOH (a) and on the partial pressure of oxygen (b). 
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Fig. 2. O2-~1 measurements on bright Pt obtained galvano- 
statically in MeOH containing acid solutions. Open symbols rep- 
resent increasing current; filled, decreasing. MeOH concentrations 
are: �9 zero; A, 0.17; V, 0.34; [2], 0.51; ~ ,  0.68M. 

H2SO4 solution. The studies were  carr ied out over  a 
range of concentrations of MeOH from 0.05 to 0.8 
mole / l i te r .  Unless otherwise stated, all potentials are 
recorded wi th  respect to the normal  hydrogen elec-  
trode (NHE),  and the t empera tu re  at which this 
work  was carr ied out was 25 ~ +- I~ Part ia l  pressure 
of oxygen measurements  were  obtained by diluting 
the O2 stream with 1NI2 and moni tor ing the per cent 
of O2 in the gas wi th  a Beckman Oxygen  Analyzer.  To 
minimize mass t ransfer  effects, the solutions were  
st irred with  gas flows above 300 cc/min.  

R e s u l t s  

The steady rest potent ial  of a br ight  Pt  bead in 
O2-saturated 2N H2SO4 solution was 1048 mv, and 
when  0.1 ce of MeOH was added to the e lect rolyte  
(MeOH -~ 0.17M), the potential  fell  direct ly to 865 
mv. After  about 300 sec the potential  was steady at 
858 my. Addit ional  amounts of MeOH added to the 
solution produced fur ther  shifts of the potential  to- 
ward  less noble values. A plot of the rest potent ia l  as 
a function of the log of the MeOH concentrat ion is 

Table I. Rest potential of noble metal oxygen electrodes 
in oxygen saturated 2N H2SO4 solution containing 0.05M MeOH 

P d  P t  R h  A u  
(my)  (my)  (my)  (mv)  

In  M e O H - f r e e  s o l u t i o n  925 1008 935 892 
M a d e  s o l u t i o n  0.O051Vi 

in  M e O H  922 920 931 888 
A f t e r  1000 see 928 928 929 885 
A f t e r  18 h r  912 900 910 886 
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Fig. 3. Polarization of Pt electrode in O2-saturated 2N H2SO4 
solution 0.05 molar in MeOH at very low current densities. 
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Fig. 4. Variation of overvoltage with partial pressure of oxygen. 
A plot of the overvoltage as a function of the log of the current 
density obtained galvanostatically is given on the left side for 
various values of Po2. Po2 = 1, C); 0.74, A ;  0.46, V ;  0.19 atm, 
I~. These data were used to construct the plot of overvoltage as a 
function of log POe on the right side. Curves for six different 
values of current density are shown. As the current density in- 
creases, the deviation from a 91-my slope increases. 

given in Fig. l a  which gives a s traight  line wi th  a 
slope of 64 my. The rest  potential  also depended on 
the part ial  pressure of oxygen, Po2, and a plot of po- 
tent ial  v s .  log Poe is presented in Fig. lb  at two 
methanol  concentrations. Lines wi th  the indicated 
slopes were  d rawn as an aid in the analysis of the 
curves. In order to de termine  the effect of possible 
me ta l -me ta l  oxide reactions on the rest potential,  four 
noble -meta l  electrodes, Pt, Pd, Rh, Au, were  placed in 
oxygen saturated 2N I-I2SO4 solution, and the open- 
circuit  potential  after 6 hr is recorded in the first l ine 
of Table I. In the next  three  lines of Table I, the rest 
potential  is recorded just  after, 1000 sec after, and 
18 hr after adding MeOH to the system. 

The top curve  of Fig. 2 is the s teady-state  galvano-  
static overvol tage  curve for the reduct ion of oxygen 
in the absence of MeOH. The first cycle of increasing 
and decreasing current  is shown, after  which a re-  
producible curve wi th  a slope of 0.09 is obtained f rom 
the average of three additional complete  cycles of 
cathodic polarization (deviat ion f rom the mean within  
•  mv) .  Four  additional polarizat ion curves are given 
for increasing concentrat ions of MeOH, 0.17M, 0.34M, 
0.51M, and 0.68M. These curves were  very  reproducible  
since the deviat ion from the mean value, averaged 
over  three complete cycles of polarization, was within  
+--2 my. The polarization of a Pt /O2 electrode in 
O2-saturated 2N H2SO4 solution containing 0.05M 
MeOH at low current  densities is plotted in Fig. 3. In 
Fig. 4a, the influence of Po2 on the ~1 is shown for an 
acid sotution 0.68M in MeOH, and in Fig. 4b the 
n-log Po2 curves are plotted f rom the data in Fig. 4a. 
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Open symbols represent increasing and filled decreasing polariza- 
tion. O, First cathodic curve; A ,  reproducible cathodic curve; 
~7, anodic curves; [ ] ,  cathodic curve of preanodized Pt. Tafel 
lines cross at zero ~1 (1229 mv); io is 8.5 x 10 - 8  amp/cm 2. 

Steady-s ta te  overvol tage  curves for the anodic evo- 
lution and cathodic reduct ion of O~ on bright  Pt  ob- 
tained potentiostat ically in MeOH-free  2N H2SO4 solu- 
t ion are presented in Fig. 5. The points on the ex t reme 
left  of the figure represent  v i r tua l ly  zero current  den-  
sity. The same data for an acid solution which is 0.1M 
in MeOH is shown in Fig. 6. 

Discussion 
T h e  res t  p o t e n t i a L - - A s  pointed out by Shlygin and 

Bogdanovskii  (6), the shift of the rest  potent ial  of a 
Pt/O2 electrode toward less noble values wi th  the 
addition of MeOH cannot be caused by a purely  double 
layer  or specific adsorption effect because the magni -  
tude of the shift is too great. Besides, the shift is in the 
wrong direction, and therefore,  it is more  l ikely pro-  
duced by an electron t ransfer  process. Since the stand- 
ard potential,  E ~ of the O 2 / H 2 0  react ion 

02 + 4H + ~- 4 e ~  2H20 [1] 

is 1229 mv  (15), and of the MeOH/CO2 react ion 

CH3OH + H 2 0 ~  CO2 -~ 6H + + 6e [2] 

is 20 mv (8), the rest potential  does not obey a Nerns t  
relat ionship (see Fig. 1) and must be determined by 
a mixed  potential  mechanism. Giner (8) has also come 
to this conclusion. 

Since the rest potential  depends on Po2 as seen in 
Fig. lb  and since the slope of the E- log Po2 curve is 
low at high values of Po2, it is reasonable to assume 
that  the O2/H20 react ion is one of the part ial  reactions 
making up the local cell. As shown in Fig. lb, the rest  
potent ial  also depends on the MeOH concentrat ion in 
the bulk of the solution as has been recorded in the 
l i tera ture  (4-11). Al though Brei ter  (9,10) concludes 
that  MeOH is not adsorbed on Pt  above 800 mv, Giner  
(8) and Bagotskii  and co-workers  (11) give evidence 
of MeOH adsorption above a volt. It therefore  ap- 
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Fig. 6. Oxygen overvoltage curves obtained potentiostaticalty 
on Pt electrodes in O2-saturated 2N H2SO4 solution containing 
0.1M MeOH. Open symbols represent increasing and filled decreas- 
ing polarization. C), First cathodic carve; A ,  second cathodic carve; 
V ,  first anodic curve; I--], cathodic curve of preanodized Pt. 
Tafel lines of first polarization curves cross at zero ~1 (1229 my); 
io is 2.6 x I0  - z~  amp/cm 2. 

pears that  the oxidat ion of MeOH could be the other 
half react ion of the local cell. 

From studies of the oxidation of MeOH (8) and the 
reduct ion of COs (16) at Pt  electrodes, Giner has pro-  
posed that  a stable intermediate,  such as adsorbed 
CO or COOH, which inhibits the electrode reactions, is 
formed in these systems. It is possible (4-6) that  the 
first step in the oxidation of MeOH is the oxidation of 
the hydroxyl  hydrogen as 

(CH3OH) ads --> (CH~O)ads -k H + + e [3] 

One may visualize further ,  wi th  the discharge of three  
more electrons in acid solutions, the oxidation of 
the remaining three hydrogens of the methy l  group 
giving successively (HeCO) ads, (HCO) ads, and finally 
(CO)ads. The over -a l l  react ion would be 

(CH3OH) ads --> (CO)ads -t- 4 H+ -t- 4e [4] 

Warner  and Schuldiner  (17) have shown that  CO is 
strongly adsorbed on Pt. To remove  the CO involves 
the discharge of a molecule  of H20, and probably, as 
suggested by Warner  and Schuldiner,  the CO reacts 
rapidly with the adsorbed oxygen atoms produced by 
the discharge of H20. 

Because the rest  potential  depends both on the 
MeOH concentrat ion and on the Po~ (Fig. 1), it is 
l ikely to be controlled by both half-reactions.  A pos- 
sible explanat ion for the observed behavior  may be 
described in terms of a mixed  potent ial  composed of 
the O2/H20, Eq. [1], and the MeOH/Pt -CO,  Eq. [4], 
reactions. Sketches of the local cell polarization dia- 
grams are given in Fig. 7 which show the influence 
of the concentrat ion of O2 and MeOH on the shape of 
the polarization curves. In these diagrams, the 
A-curves  refer  to the O2/H20 reaction and the 
B-curves  to the M e O H / P t - C O  reaction. Ea is the 
standard potential,  1229 mv, and ED is the E ~ for the 
M e O H / P t - O  react ion which is unknown but which 
must  be less noble than 800 mv  according to mixed  
potential  considerations (18). 

The change in slope of the rest  potent ia l - log Po~ 
curve (Fig. lb)  f rom 15 mv to 60 mv with  decreasing 
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Fig. 7. Mixed potential diagrams. A-curves represent polariza- 
tion of the O2/H20 reaction and B-curves the MeOH/Pt-CO re- 
action. The abscissa represents the absolute value of the local 
cell current, I. Ea and Eb are the E ~ values for the respective par- 
tial reactions. (a) Curves A to Aa represent the polarization curves 
for decreasing values of P02, and the corresponding values of the 
mixed potential are shown as Em to Era3. (b) Curves B to B 2 rep- 
resent the polarization curves for increasing concentrations of 
MeOH, and the corresponding mixed potential values are shown as 
Em to Era2. (c) When the potential is shifted anodica|ly to El, 
the current in the external circuit is Ibl-lal and is positive; when 
shifted cathodically to E2, external current is Ib2-1a2 and is 
negative. 

values of Po2 in MeOH-conta in ing  solutions may  be 
in terpre ted  in terms of the effect of adsorbed MeOH on 
the local cell polarizat ion curve of the O2/H20 par t ia l  
react ion (A-curves  in Fig. 7a). At  high values  of Po2, 
the A-cu rve  crosses the M e O H / P t - C O  polarizat ion 
curve  at a point, ~m, whe re  the B-cu rve  is at a l imit ing 
current.  Consequently,  the rest potent ial  is de ter -  
mined by the O2/H20 reaction, and a value  of 15 mv  is 
expected for the slope of the E- log  P02 curve. As the 
value  of Po2 decreases, the overvol tage  for the reduc-  
tion of Oe increases as seen in Fig. 4, and hence, it is 
reasonable to suppose that  the local cell polarizat ion 
curves (A-cu rves  of Fig. 7a) become more  steep wi th  
decreasing Poe- Therefore,  at lower  Po2 values, the 
A-curves  cut the B-cu rve  at points where  the 
M e O H / P t - C O  polar izat ion curve is no longer at a 
l imit ing current.  Under  these conditions, the rest  po- 
tential  is no longer  control led solely by the Oe/HeO 
part ia l  react ion but  is also s t rongly influenced by the 
M e O H / P t - C O  reaction. This effect produces a larger  
change in rest  potential ,  Era3 ~ Em2, for a given 
change in Po~ at low Poe than Era1 - -  Em for the same 
change in Po2 at high Po2. This effect is reflected in 
the change to a h igher  slope (60 mv)  in Fig. lb. 

As the methanol  concentra t ion is increased f rom 0.1 
to 0.5M, the O2/HeO react ion becomes more  inhibited, 
and the local cell polarizat ion curves become steeper. 
F rom this viewpoint ,  the  rest  potent ia l  would be de-  
te rmined  by the Oe/H20 react ion over  a shorter  range 
of Po~ values. As seen in Fig. lb, the deviat ion f rom 
the  15-my slope would  occur at h igher  values of Po2. 

According to the Nerns t  equation, the revers ible  
methanol  potent ial  becomes more  noble  wi th  decreas-  
ing MeOH concentrations. In Fig. 7b, the local cell 
polar izat ion curves  for the M e O H / P t - C O  react ion 
(B-curves)  reach a l imit ing cur ren t  at lower  values 
of the cur ren t  wi th  decreasing MeOH concentrations. 
As a result,  for a given change in MeOH concentrat ion 
the change in Em is much  larger  than the correspond-  
ing change in Eb, thus accounting for the apparent  
1-electron dependency in Fig. la  instead of the ex-  
pected 4-e lec t ron dependency of Eq. [4]. 

Apparent ly ,  only the reduct ion of oxygen and the 
oxidat ion of methanol  are involved  in the mixed  po- 
tent ial  mechanism. Meta l -meta l  oxide reactions do 
not seem to be important ,  because as shown in Table 
I, the rest  potent ial  is independent  of the electrode 
material .  The gold electrode may  be somewhat  out of 
line, but  this may  be caused by the observat ion (19) 
that  gold sl ightly adsorbs MeOH. Curren t  is not con- 
t r ibuted to the ex te rna l  circui t  by these local cell 
processes. 

The mixed potential region.--If, however ,  the sys- 
tem is polarized f rom an externa l  source, the observed 
current  is the difference be tween  the par t ia l  currents  

I = I a -  Ib [5] 

as pictured in Fig. 7c. It was shown (13) that  an over-  
voltage, ~p, may  be defined as E --  Em, h plot of 
E -  Em as a funct ion of the apparent  current  density 
obtained galvanostat ical ly  is presented  in Fig. 3. In 
the vicini ty  of E = Era, a l inear curve  passing through 
the mixed  potent ia l  wi thout  a change in slope is ob- 
tained. The l inear  anodic branch is shorter  than the 
cathodic which agrees wi th  the mixed  potent ial  dia-  
gram in Fig. 7c. For  re la t ive ly  large values of Thp 
(El --  Em and E2 -- Em in Fig. 7c), the cathodic is 

larger  than the anodic current  for the same values os 
the anodic and cathodic overvoltage.  

F rom the slope of the curve  in Fig. 3, a value  of 2.7 
x 10 -4 mho is obtained for di/dn,; and it may  be 
shown (13) that  the local cell  current  at E = E m  is 
given by 

RT 
im-~ (di/d~p) [6] 

F 

A value  of 7.1 x 10 -7 a m p / c m  ~ is obtained for ira, the 
ra te  of oxidat ion of MeOH at a P t  surface in the pres-  
ence of oxygen. 

Galvanostatic reduction o~ oxygen.--For comparison, 
the galvanostat ic  cathodic overvol tage  curve for the 
reduct ion of oxygen on a P t  electrode in MeOH-free ,  
O2-saturated 2N H2SO4 is plotted in Fig. 2. With 
MeOH present, the overvol tage  is great ly  increased at 
low current  densities, but  the curve  is flat in this re -  
gion due to the polarizat ion of the mixed potential  
process. When the system is cathodized to higher  cur-  
rents, the mixed  potential  mechanism no longer con- 
trols the kinetics, and the reduct ion of oxygen con- 
tr ibutes v i r tua l ly  all of the current  to the external  
circuit. In this case the system is no longer a poly-  
electrode but a simple electrode, and a Tafel  region 
with a slope equal  to that  on pure Pt  in 2N H2SO4 
solution is obtained. At current  densities of about 10 -3 
a m p / c m  2, the system reaches a l imit ing current  lead- 
ing to the reduct ion of H + ions. 

Because the overvol tage  is dependent  on Po2 (Fig. 
4) and the presence of H202 may be detected with  
TiSO4 reagent,  it is concluded that  O2 is being reduced 
at the Pt  cathode. Since the shape and slope of the 
overvol tage  curves at high current  densities are the 
same for H2SO4 solutions in the presence and in the 
absence of MeOH, the mechanism of O~ reduct ion is 
l ikely to be the same in both cases. The observed 
effect, of course, is an increase in the overvol tage  with  
increased MeOH concentrat ion wi thou t  a change in 
slope. It  seems then that  the presence of MeOH in the 
e lect rolyte  only blocks some of the act ive sites for the  
reduct ion of oxygen wi th  adsorbed CO. As a result ,  
the electrode area avai lable  for 02 reduct ion is r e -  
duced, and the system must  go to a higher  overvot tage  
to supply the same current  that  was obtained in the 
absence of MeOH. Methanol  is oxidized at the high 
current  densities by the mixed  potential  mechanism, 
but  none of this current  reaches the ex te rna l  circuit, 
since it appears ent i rely in the local cell circuit. Con- 
sequent ly  the presence of MeOH does not in terfere  
wi th  the kinetics of the reduct ion of oxygen but only 
effectively increases the act ivat ion energy for the re-  
duc t ion-of -oxygen  process by poisoning some of the 
surface react ion sites. 

Potentiostatic data in the absence of MeOH.- -To  ob-  
tain addit ional  evidence for these conclusions, poten-  
tiostatic polarizat ion studies were  made on Pt  anodes 
and cathodes in O2-saturated acid solutions both in the 
absence and in the presence of MeOH. Four  complete 
cycles of polarizat ion are shown in Fig. 5 for the re-  
duction of oxygen on a Pt  cathode in the absence of 
MeOH. The first cycle is shown by the circles (open 
for increasing and filled for decreasing polar izat ion) ,  
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and the average of the next  three cycles is shown by 
the triangles. 

It  is to be noted that  the overvol tage  for increasing 
polarizat ion during the first cycle is grea ter  than the 
average s teady-s ta te  value (tr iangles) at low current  
densities but  less at the high current  densities. This 
effect was observed on the galvanostat ic  curves in 
Fig. 2 and Fig. 2 of ref. (13). Using t r iangular  poten-  
tial sweep techniques,  Brei ter  (20) concluded that  the 
presence of adsorbed oxygen on a Pt  electrode in- 
hibited the reduct ion of O2 to H202. Bianchi and co- 
workers  (21) found that  the presence of adsorbed 
oxygen on a Pt  electrode accelerated the reduct ion 
of H202 to H20. From a series of studies of the re-  
duction of 02 at a rotat ing ring electrode, Myul ler  
and Nekrasov (22) observed that  the reduct ion of oxy-  
gen to H20 occurred in two stages: reduct ion of O2 
to H202 and reduct ion of H202 to H20. It  is interest ing 
to note that  the specific rate, k2, of the second stage 
was an order of magni tude  larger  than the specific 
rate  kl, of the first stage on oxidized Pt, but on re-  
duced Pt, kt > k2. 

When a Pt  electrode which is at a s teady-s ta te  rest  
potential  is first cathodized, the surface ini t ial ly is 
par t ia l ly  covered with  adsorbed oxygen. At  low cur-  
rent  densities where  H202 concentrat ions are not buil t  
up in solution because the peroxide-decomposing 
capabilities of the electrode surface are adequate  for 
the demanded current,  the overvol tage  is increased by 
the P t -O  layer  since the rate  of reduction of 02 to 
H20.2 is inhibited. At high current  densities, on the 
other hand, the rate  of decomposition of I-I202 becomes 
impor tant  as the 1-[202 concentrat ion in solution builds 
up. In this case, the presence of the P t -O layer en-  
hances the rate  of catalytic decomposition of H202, 
because, in agreement  wi th  Bianchi et al., H202 is 
decomposed by react ing chemical ly wi th  the P t -O  
layer  

H202 + P t - -  O--> H20 q- 02 + Pt  [7] 

Here  the ,1 is lowered by the P t - O  layer. Finally,  at 
the high current  densities where  the l imit ing current  
for 02 reduct ion is reached, the P t -O layer  is com- 
pletely reduced, and now, the I-I202 is catalyt ical ly 
decomposed by an electrochemical  process as suggested 
by Gerischer and Gerischer  (23) and described by 
Fig. 5 of ref. (24). Af ter  the P t -O layer  is removed,  
the polarization curve  follows the reproducible  s teady-  
state polarization curve (tr iangles) in Fig. 5. These 
data support  the contention that  02 is reduced at Pt  
cathodes in acid solutions in two 2-electron stages 
wi th  H202 being formed as a stable intermediate.  This 
is contrary to the conclusion ar r ived  at by Liang and 
Ju l ia rd  (25). 

When a Pt/O2 electrode is anodized from the 
s teady-sta te  rest potential,  the initial part  of the curve  
(open inver ted  tr iangles in Fig. 5) is the mixed po- 
tential  region (13) in which a local cell mechanism 
composed of the O2/H20 and the P t / P t - O  reactions 
(12) is kinet ical ly controlling. As the potential  is made  
more noble, a point is reached where  the current  no 
longer  increases. Al though a few wiggles are observed 
in this par t  of the curve, it is essentially a l imit ing 
current  region. In this potent ial  range, 1140 (,I ---- --90 
mv)  to 1460 my  (~l = 230 mv) ,  J r i s  bel ieved that  the 
surface becomes more  covered with an electronical ly 
conducting monolayer  Of Pt-O. Since the surface 
coverage, 0, is potent ia l -dependent  (26,27) and the 
layer  is e lectronical ly  conducting, the only change 
produced by an increase in potential  is an increase in 
0. At potentials above 1460 mv (,1 ---- 230 mv) ,  oxygen 
is evolved on the conducting P t -O layer. In the poten-  
tial range be tween 1820 (,I = 590 mv)  and 1900 mv  
(,1 = 670), some P t -O sites are conver ted to PtO2 
sites in a second l imit ing current  region. F ina l ly  O2 
is evolved on a surface composed of P t -O and PtO~ 
sites. Once this surface is formed, a reproducible  Tafel  
region with  a slope of 0.145 is obtained over the cur-  

rent  density range indicated in Fig. 5. The points in 
the Tafel  region at the top of Fig. 5 are the  average  
of three complete  cycles of polarization wi th  a de-  
viat ion of --+0.05 units of log i. 

Apparen t ly  PtO2 is unstable in the presence of Pt  at 
potentials lower than about 1700 mv (~1 = 470 my) 
because an oxide reduct ion curve  such as that  ob- 
tained in the Pd/O2 case (14) was not observed when  
the anodized Pt  electrode was cathodized. Instead, 
v i r tua l ly  zero current  was obtained below 1500 mv  
(~ = 270 mv)  unti l  a potent ial  below 1100 mv  (~ = 

--130 my) was reached. This behavior  indicates that  
an oxide as such does not exist  on a Pt  surface in acid 
solutions below 1500 mv  (,I = 270 mv) .  In this region, 
it is bel ieved that  the surface is covered by a P t -O  
layer (12, 13) wi th  oxygen dissolved in surface layers 
of the Pt  meta l  as suggested by Schuldiner  and War-  
ner (28). 

Because the surface is s trongly covered with ad- 
sorbed atomic oxygen, Pt-O, it would be expected 
f rom Myul ler  and Nekrasov 's  work  that  the reduct ion 
of 02 to H202 would be great ly  inhibited on such a 
surface. Indeed, as seen in Fig. 5 (open squares) ,  
the ,1 is very  large at low cur ren t  densities as pre-  
dicted. In addition, just  as would be expected, the ,I 
is lower  for the P t -O surface than for the reduced 
surface in the high current  densi ty region where  the 
catalytic decomposition of H202 is important .  Once 
the P t -O  layer is r emoved  in the high cathodic current  
density region, the overvol tage  curve becomes ident i -  
cal wi th  the original  s teady-sta te  curve as shown by 
the filled squares in Fig. 5. 

As a point of interest, the cathodic Tafel  slope is 
about  0.09 for galvanostat ic  measurements  but  is very  
close (0.118) to 0.12, the va lue  associated wi th  an elec- 
t ron transfer  controlled mechanism, for potentiostatic 
measurements.  An explanat ion may  be similar  to that  
suggested in the Pd/O2 case (14). In the galvano-  
static case, the current  or rate  of react ion is fixed, and 
because of the act ivat ion energies involved,  the con- 
centrat ion of a stable in termedia te  such as H202 may 
build up in solution. Such concentrat ion changes may  
cause variat ions in potent ial  [ lower the potent ia l  (24) 
in the case of 1{202] which produce a flattening of the 
Tafel  curve. The exper imenta l  conditions are fixed 
in the potentiostatic case, and the current  or rate  
must  adjust  to this environment .  Here, the effect of 
the intermediate,  1-1202, is included in the kinetics, and 
a flattening of the curve  does not occur. It has been 
suggested (13) that  the r a t e -de te rmin ing  step is the 
discharge of the first electron 

(O2) ads ~- e-> (02-)ads 

so that  a slope of 0.12 is expected. 
Since the extrapola ted anodic and cathodic Tafel 

lines cross at zero ,1, it is concluded that  the over -a l l  
electrode reaction is the O j H 2 0  reaction, Eq. [1]. A 
value of 8.5 x 10-9 a m p / c m  2 is obtained for io which is 
in good agreement  wi th  that, 1.3 x 10 -9 a m p / c m  2, 
found galvanostat ical ly (13). 

Potentiostatic data in the presence of MeOH.- - In  
Fig. 6 the overvol tage  curves obtained for an oxygen 
saturated acid solution containing MeOH on a Pt  
cathode are near ly  the same as the galvanostatic 
curves in Fig. 2; the flat mixed  potential  region is fol-  
lowed by a Tafel  region. Even  in the high current  
density region there  is lower ing  of the overvol tage  
caused by the P t -O layer on the first ha l f -cycle  of 
polarization as discussed for  Fig. 5. When this l aye r  
is removed,  the ,I increases in the high current  den-  
sity region. The effect of the P t -O  layer  is not  ob- 
served at low current  densities because the current  is 
controlled by the MeOH mixed  potent ial  mechanism 
and not by the pure  reduct ion of 02 as shown in Fig. 
5. These data show that  v i r tua l ly  all of the external  
current  goes into the reduct ion of oxygen. 

When this system is anodized, a mixed  potential  
region is observed initially, fol lowed by a negat ive  
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resistance region at about 1000 mv (~ =- --230 my) .  
Another  such negat ive resistance region is observed 
above 1800 mv (n ---- 570) where  it is bel ieved that  
PtO2 is formed. Above 1860 my (~1 ----- 630 mv) ,  most of 
the current  goes into the evolut ion of oxygen, because 
the overvol tage  curves are the same whether  the solu- 
tion does (Fig. 6) or does not (Fig. 5) contain MeOH. 
Between the mixed  potential  and the oxygen evolut ion 
regions, a l imit ing region such as that  observed in 
Fig. 5 is not observed because as the potential  in-  
creases more MeOH is oxidized and hence the current  
increases. Both the evolut ion of oxygen and the oxida-  
tion of MeOH occur s imultaneously be tween  1000 mv  
(~] : --230 my) and 1860 mv (~l = 630 mv) .  

A Tafel  region is observed above 1860 my (~ ---- 630 
mv) .  It seems that  in this region the presence of PtO2 
strongly inhibits the oxidation of MeOH, and near ly  
all of the current  is used in evolving O2 on the oxide 
covered Pt  surface. With cathodic polarizat ion below 
1860 mv (filled, inver ted  tr iangles in Fig. 6) where  the 
PtO2 layer decomposes, the evolut ion of oxygen is 
overshadowed by the MeOH oxidation, and the n de- 
creases rapidly compared with  the corresponding 
curve in Fig. 5. Below 1500 mv  (n ~ 270 mv)  v i r tua l ly  
all of the external  current  is contr ibuted by the oxida-  
tion of MeOH. Finally,  an open-ci rcui t  va lue  of 940 
mv is obtained which is more nQble than the original  
value of 870 mv. This is to be expected because some 
of the MeOH has been oxidized, and as seen in Fig. 
la, the rest  potential  becomes more noble as the bulk 
concentrat ion of MeOH decreases. 

When this preanodized electrode is cathodized (open 
squares in Fig. 6), the polarization curve at low cur-  
rent  densities falls to large values of the cathodic n 
just as in the case where  MeOH is absent (Fig. 5). 
Similarly,  the ~ is lower for the anodized surface 
than for the reduced surface at high current  densities. 
As before, once the P t -O  layer is removed,  the over -  
vol tage curve  becomes identical  wi th  the curve  ob- 
tained for a reduced Pt surface (filled squares in Fig. 
6). 

Interestingly,  the extrapola ted Tafel  lines f rom the 
first cycle of anodic and cathodic polarization cross at 
zero ~. This is taken to be an indication that the over-  
all electrode process at high anodic and high cathodic 
current  densities is the O2/H20 react ion as in the 
MeOH-f ree  case (Fig. 5). The io, 2.6 x 10 -10, is over  a 
magni tude  lower than the io va lue  in the absence of 
MeOH. This behavior  reflects the blocking action of 
the electrode react ion by the adsorbed CO, resul t ing 
in a poisoning of the catalytic Pt  surface. 

These data support  the conclusion that  the presence 
of MeOH at a Pt/O2 cathode does not alter  the kinetics 
of the O2 reduction process but effectively reduces 
the avai lable number  of sites on which the electrode 
process can occur at high current  densities. The visible 
effect is an increase in ~ for a given current  density. A 

more  drastic increase in ~ is observed at low current  
densities produced by the action of the MeOH mixed  
potential  mechanism. 

Manuscript  received Dec. 8, 1965; revised manu-  
script received Apri l  25, 1966. This paper was pre-  
sented at the Cleveland Meeting, May 1-6, 1966. 

Any discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Kinetics of Electrode Reactions with Adsorbed Films 

T. Biegler 1 and H. A. Laitinen 
Noyes Cherr~ical Laboratory, University of Illinois, Urbana, Illinois 

ABSTRACT 

The kinetics of reduct ion of cadmium ion on a mercury  electrode par t ly  
covered by n-butanol ,  thymol,  and leucoriboflavin and of p lumbi te  ion in the 
presence of n -bu tanol  was examined by the method of faradaic impedance 
with  polarographic  generat ion of reactants.  Exchange  currents  and ra te  con- 
stants were  lower than expected on the basis of a l inear  dependence on cov-  
erage. A small  increase in the t ransfer  coefficient for the reduct ion of cad-  
mium was observed with  part ial  coverage by leucoriboflavin. Slopes of the i m -  
pedance plots were  independent  of coverage. Changes in polarographic  log 
plots and El~2 values wi th  decreasing ra te  constant were  in line wi th  the ac- 
cepted cr i ter ion for polarographic  reversibi l i ty .  

Severa l  authors have examined  the kinetics of elec-  
t rode reactions on surfaces par t ly  covered by ad- 
sorbed films of uncharged electroinact ive species 
(1-5). In most cases a l inear relat ionship be tween  
exchange current  or ra te  constant and fract ional  cov- 
erage has been demonstrated,  a finding which tends 
to support  a simple model  for the influence of such 
adsorption on a reaction. Rek (4), work ing  with  the 
f e r r o - / f e r r i - o x a l a t e  system, repor ted  a nonl inear  de-  
pendence of exchange current  on coverage by thymol,  
as well  as by ionic sur face-ac t ive  species. Recently,  
Aramata  and Delahay (5) showed that  the effect of 
n - a m y l  alcohol on the z inc/z inc  amalgam system was 
not simply a blocking of the react ion at covered por-  
tions of the surface, but  that  changes in double layer  
s t ructure played a large part  in the over -a l l  effect. 
That  this is t rue  even at potentials near  the e lectro-  
capi l lary m a x i m u m  wil l  be shown in the fol lowing 
communicat ion in which results of a study under -  
taken to obtain kinetic data for several  systems with  
clean and par t ly  covered surfaces are presented.  

Experimental 
Electrode kinetic parameters  were  de te rmined  by 

measurement  of faradaic impedance wi th  polar-  
ographic generat ion of reactants;  ful l  exper imenta l  
details have  been described e lsewhere  (6). Briefly, the 
impedance of a dropping mercury  electrode connected 
in a manual  polarographic  circuit  was measured wi th  
a br idge technique at several  f requencies  in the range 
100-2000 cps. The ra te  constant was obtained f rom 
the impedance at the ha l f -wave  potent ial  of a r e -  
vers ible  polarographic wave  and the t ransfer  coeffi- 
cient f rom impedance data at several  points on such 
a wave.  

Surface  coverages were  obtained f rom the differ- 
ential  capacity of the e lec t rode/solu t ion  interface,  
assuming l inear  dependence of capacity on coverage. 
This assumption is probably  justified here  since in all 
cases the potent ial  was in the vicini ty  of the e lectro-  
capi l lary max imum and double layer capacities were  
independent  of f requency (7). For  leucoriboflavin, 
l inear i ty  be tween  capacity and coverage in the po- 
tent ia l  range of interest  has been fa i r ly  wel l  estab-  
l ished (8). Leucoriboflavin was genera ted  at  the elec-  
t rode  surface by diffusion-control led reduct ion of r ibo-  
flavin present  in the  solution in very  small  concentra-  
tions (0.4-2 x 10-SM). Coverage was therefore  a 
funct ion of t ime and care was taken to obtain impe-  
dance measurements  at approximate ly  the  same t ime 
dur ing drop life for all the f requencies  used. The same 
precaut ion was necessary with  small  concentrat ions 
of thymol  where  t ime dependent  double layer  ca- 
pacities, indicat ing diffusion control  of adsorption, 
were  noted. 

1Presen t  address: Depa r tmen t  os Physical  Chemistry ,  Univers i ty  
of Bristol, England. 

Since a dropping mercury  electrode was used no 
special purification procedures  were  deemed neces-  
sary. This at t i tude was justified by the good agree-  
ment  wi th  other  workers  on kinetic parameters  for 
reactions at a clean mercury  surface (6). Reagents  
used were  of analyt ical  grade. Solutions were  pre-  
pared with water  disti l led f rom alkal ine permangana te  
in an al l-glass apparatus. Genera l  exper imenta l  pro-  
cedure  was as outl ined previous ly  (6). When  a vola-  
tile surface act ive component  was used the ni t rogen 
for deaerat ion was first passed through a wash bottle 
containing a solution of the same composition as in 
the cell. Al l  exper iments  were  carr ied out in a wa te r  
bath at 25~ 

Results and Discussion 
Behavior of the Faradaic impedance.--In all cases 

examined the faradaic impedance  behaved normal ly  
by the usual cr i ter ia  (9); plots of the faradaic re -  
sistance AR t (A is the electrode area) and reactance 
A/~Cf against ~-1/2, where  ~ is the angular  f requency 
of the a l ternat ing voltage, w e r e  paral le l  and the re-  
actance plots passed through the origin. In a series of 
runs wi th  increasing concentrat ion of surface active 
mater ia l  the reactance plots coincided, wi thin  exper i -  
menta l  error,  wi th  that  for discharge on a clean sur-  
face. The only effect of the adsorbed film was to move  
the resis tance and reactance lines fu r the r  apar t  as the 
process became slower (Fig. 1). This contrasts wi th  
the results of Lai t inen et al. (3) in which the plots 
became steeper  wi th  increasing coverage. 

/ 
aO.2~ 

g 

~>.~- X IO I i 

Fig. I. Impedonce plots showing effect of coverage by leucoribo- 
flavin on dischorge of 0.286 mM Cd § in O.IM HCI04. 0.9M 
HaCI04. Reoctonce plot (lower line) shows ronge of values at 
eoch frequency for the four runs. Numbers on resistance plots in- 
dicate coverage. 
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Fig. 2. Effect of surface coverage on apparent rate constant for 
discharge of cadmium ion. Adsorbed species indicated on diagram. 
Supporting electrolyte was 0.1M HCIO4, 0.9M NaCIO4. Cadmium 
concentrations were: A, 0.286 raM; B, 0.372 m/Vl; C, 0.363 m/Vl. 
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Fig. 3. Effect of coverage on apparent rate constant for: A, 
0.280 mM Cd + + in 1.0M HCI04; adsorbed species leucoriboflavin; 
B, 0.406 m/Vt HPbO2- in 0.1h4 NaOH, 0.9/vt NaCIO4; adsorbed 
species n-butanol. 

C o n s t a n c y  of s lope  sugges t s  a t  f i rs t  t h a t  t h e  a d s o r b e d  
l a y e r  i n f luences  t h e  r e a c t i o n  u n i f o r m l y  o v e r  t h e  w h o l e  
e l e c t r o d e  s u r f a c e  r a t h e r  t h a n  b l o c k i n g  i t  o n l y  a t  
c o v e r e d  po r t i ons .  H o w e v e r ,  a t  t h e  f r e q u e n c i e s  u s e d  
h e r e  (100-2000 cps)  t h e  d i f fus ion  l a y e r  fo r  t h e  a -c  
p roces s  r a n g e s  in  t h i c k n e s s  f r o m  a b o u t  2 x 10 - 4  to 2 
x 10 -8  c m  w h i c h  is v e r y  l a r g e  c o m p a r e d  w i t h  t h e  
d i m e n s i o n s  of a n  a d s o r b e d  m o l e c u l e  o r  e v e n  of a 
r e l a t i v e l y  l a r g e  i s l a n d  of s u c h  mo lecu l e s .  U n d e r  t h e s e  
c i r c u m s t a n c e s  t h e  d i f fus ion  p a r t  of t h e  f a r a d a i c  i m -  
p e d a n c e  is u n a f f e c t e d  b y  n o n u n i f o r m i t y  of r e a c t i o n  
k i n e t i c s  a t  t h e  s u r f a c e  (10) ,  a n d  t h e  e l e c t r o d e  b e -  
h a v e s  w i t h  i t s  t o t a l  a rea .  

E f f e c t  o f  c o v e r a g e  o n  r a t e  c o n s t a n t s . - - R e l a t i o n s h i p s  
b e t w e e n  r a t e  c o n s t a n t s  a n d  f r a c t i o n a l  s u r f a c e  c o v e r -  
ages  (e) f o r  s e v e r a l  s y s t e m s  a r e  s h o w n  i n  Fig.  2 a n d  3. 
C o v e r a g e  b y  l e u c o r i b o f l a v i n  a p p e a r e d  to a f fec t  t h e  
r a t e  c o n s t a n t  in  a l i n e a r  m a n n e r  w h i l e  fo r  t h e  o t h e r  
s y s t e m s  t h e  p lo t s  w e r e  cu r ved .  I n  no  case  d i d  t h e  r e -  
su l t s  s h o w  a l i n e a r  d e p e n d e n c e  of  r a t e  on  c o v e r a g e  of 
t h e  t y p e  f o u n d  p r e v i o u s l y  (1-4)  w h e r e  ka ~ a p p r o a c h e s  
ze ro  as e a p p r o a c h e s  u n i t y ;  a l l  r a t e  c o n s t a n t s  w e r e  
s m a l l e r  t h a n  p r e d i c t e d  b y  s u c h  a d e p e n d e n c e .  V a l u e s  
of ~ n e e d e d  to c a l c u l a t e  ka o (6) w e r e  a s s u m e d  to b e  
t h e  s a m e  as for  a c l e a n  s u r f a c e  a l t h o u g h  o n l y  m i n o r  

c h a n g e s  w o u l d  r e s u l t  i f  t h i s  a s s u m p t i o n  w e r e  n o t  co r -  
r e c t  (see  a lso  b e l o w ) .  

I n  a r e c e n t  p a p e r  (5) i t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  
o v e r - a l l  effect  of a s u r f a c e  f i lm c a n  b e  a c c o u n t e d  fo r  
b y  c o n s i d e r i n g  t w o  fac tors ,  f i rs t  a c h a n g e  in  p o t e n t i a l  
a t  t h e  r e a c t i o n  site, a s s u m e d  to be  t h e  o u t e r  H e l m -  
ho l t z  p lane ,  a n d  s e c o n d  a l i n e a r  d e c r e a s e  of c u r r e n t  
d e n s i t y  w i t h  cove rage .  A c c o r d i n g  to t h i s  v i ew ,  c o r r e c -  
t i on  of  e x c h a n g e  c u r r e n t  v a l u e s  for  t h e  p o t e n t i a l  d r o p  
ac ross  t h e  d i f fuse  d o u b l e  l a y e r  (<t,) or, a l t e r n a t i v e l y ,  
n o r m a l i z a t i o n  of e x c h a n g e  c u r r e n t s  to a g i v e n  p o t e n -  
t i a l  of t h e  o u t e r  H e l m h o l t z  p l ane ,  c o n v e n i e n t l y  t h e  
v a l u e  for  t h e  c l e a n  s u r f a c e  a t  t h e  s t a n d a r d  p o t e n t i a l  
(,I,o), s h o u l d  g ive  e x c h a n g e  c u r r e n t s  a n d  r a t e  c o n -  
s t a n t s  w h i c h  d e p e n d  l i n e a r l y  o n  cove rage .  W e  l ack  
t h e  n e c e s s a r y  d a t a  to m a k e  such  co r r ec t i ons ,  b u t  
n e v e r t h e l e s s  i t  is of i n t e r e s t  to  c a l c u l a t e  t h e  t h e o r e t i c a l  
c h a n g e s  in  ,I, w h i c h  w o u l d  c a u s e  t h e  o b s e r v e d  d e -  
p a r t u r e s  f r o m  l i n e a r i t y .  

Thus ,  if  Io is t h e  m e a s u r e d  e x c h a n g e  c u r r e n t  d e n s i t y  
a t  c o v e r a g e  e w h e n  t h e  p o t e n t i a l  of t h e  o u t e r  H e l m -  
h o l t z  p l a n e  is ,I,0, t h e n  t h e  e x c h a n g e  c u r r e n t  Io o w h i c h  
w o u l d  h a v e  b e e n  o b s e r v e d  i n  t h e  a b s e n c e  of  a n y  
c h a n g e  in  ,I, w i t h  a d s o r p t i o n ,  i.e. w i t h  ,I, = ,I'o, is 
g i v e n  b y  

I~176 = exp  ( ' I ' 0 -  , I%) [1] 
Io R T  

w h e r e  z is t h e  c h a r g e  o n  t he  r e a c t i n g  i on  a n d  n is t h e  
n u m b e r  of e l e c t r o n s  i n v o l v e d  in  t h e  r eac t i on .  Io ~ 
is e s t i m a t e d  f r o m  t h e  c o v e r a g e  b y  a s s u m i n g  t h a t  Ie ~ 
c h a n g e s  l i n e a r l y  w i t h  e a n d  is ze ro  w h e n  6 = 1. E q u a -  
t i o n  [1] is t h e n  u s e d  to c a l c u l a t e  ~I,0 - -  -I,o, t h e  c h a n g e  
in  p o t e n t i a l  of t h e  o u t e r  H e l m h o l t z  p l a n e  n e e d e d  to 
a c c o u n t  fo r  t h e  o b s e r v e d  d i f f e r e n c e  b e t w e e n  Io ~ a n d  
Ie. P l o t s  of ~I'o ,-- q'o ( d e n o t e d  i n  t he  f o l l o w i n g  as  
A-t,) a g a i n s t  ~ a r e  s h o w n  in  Fig.  4.. 

As  n o t e d  above ,  l ack  of k n o w l e d g e  of  t h e  d o u b l e  
l a y e r  p r o p e r t i e s  fo r  t h e s e  s y s t e m s  p r e v e n t s  a f u l l  
a n a l y s i s  of t h e  resu l t s ,  b u t  i t  is pos s ib l e  to s p e c u l a t e  
on  t h e  l i k e l i h o o d  of some  of t h e  ~,I, v a l u e s  of Fig. 4. 
T h e  e l e c t r o c a p i l l a r y  m a x i m u m  ( e c m )  in  1M NaC104 
is - -0 .493v  vs .  S C E  (11) a n d  is c e r t a i n l y  c lose  to  t h i s  
v a l u e  i n  t h e  s u p p o r t i n g  e l e c t r o l y t e  u s e d  fo r  A, B, 
a n d  C of Fig. 4. A d d i t i o n  of 0.1M N a O H  as in  Fig. 4D 
also p r o b a b l y  c a u s e s  l i t t l e  c h a n g e  in  t h e  e c m  in  v i e w  
of t h e  m i n o r  specific a d s o r p t i o n  of O H -  (12) .  T h e  
c a d m i u m  h a l f - w a v e  p o t e n t i a l  ( - -0 .57v  vs. SCE)  is 
t h e r e f o r e  some  75 m v  c a t h o d i c  to t h e  ecm and,  b y  
a n a l o g y  w i t h  d a t a  f o r  p e r c h l o r i c  ac id  (13) ,  "I'o is e s t i -  

i i i I 
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Fig. 4. Plots of A ~  (see text) as a function of fractional cover- 
age 9 for the following systems: A, 0.372 mM Cd ++  in 0.1M 
HCIO4, 0.9M NaCIO4 plus thymol; B, 0.363 mM Cd + + in 0.1M 
HCIO4, 0.9M NaCIO4 plus n-butanol; C, 0.286 mM Cd ++  in 
0.1M HCIO4, 0.gM NaCIO4 plus leucoriboflavin; D, 0.406 mM 
HPbO2- in 0.1M. NoOH, 0.9M NaCIO4 plus n-butanol. 
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REACTION COORDINATE 

Fig. 5. Schematic energy diagram for electrode reaction. A and 
B are curves for reactants and products, respectively. A is shifted 
by a distance x along the reaction coordinate to A' and a is the 
increase in activation energy. 

mated to be --23 my. This relat ively large value is 
due to the appreciable specific adsorption of per-  
chlorate ion. Nothing is known of the effects of 
n -bu t ano l  on perchlorate adsorption, but  even if such 
adsorption were markedly  decreased ~,k values of 
greater than about +20 mv seem unl ikely  in view of 
the fact that  butanol  shifts the ecm anodically. Thymol  
causes a cathodic shift of the ecm (15), but  the large 
values of h~I, required by Fig. 4A seem improbable.  It 
is even harder  to accept the negative values of A,I, in 
Fig. 4D [,I-o for this case is estimated from (13) to be 
--25 mv] and, if the model were correct the present  
behavior would provide evidence against the discharg- 
ing species having a negative charge as was assumed 
in the calculation. It may be concluded that  two of the 
systems studied here do not support the model pro- 
posed by Aramata  and Delahay (5) while  in the other 
systems the required changes in ~I, are feasible al-  
though not confirmed. 

Another  relat ively simple model which has not been 
considered previously can be used to give a reasonable 
explanat ion of the present  results. The assumptions 
made are: (a) The reaction is slowed down in the 
presence of adsorbed neut ra l  molecules by vir tue of 
the increased separation be tween the outer Helmholtz  
plane and the electrode surface; (b) this separation is 
a l inear  funct ion of coverage; and (c) the effect of 
such increased separation may be represented by an 
increase in distance, along the reaction coordinate, 
between potent ial  energy curves of the type con- 
vent ional ly  used to represent  the course of electrode 
reactions (Fig. 5). If the intersection of these curves 
occurs well  above the energy minima,  the increase in 
activation energy may be approximated to a l inear  
funct ion of the increased separation. By equating this 
energy to the heat  of act ivat ion we can wri te  

AHe* = AHo* + (AHI*--AHo*) 0 [2] 

where the subscripts refer to the coverage. The rate 
constant  is given by 

ko ~ A exp R T  [3] 

where  A is a p re -exponent ia l  factor, assumed here to 
remain  constant, i.e., the entropy of act ivation is u n -  
changed. It follows that  

( AHI*--AHo* ) ko = o [4] 
log ke 2.3 R T  

ko being the rate for the clean surface. 

Plots of log ko /ke  vs.  o are shown in Fig. 6. Agree-  
ment  with Eq. [4] is not ent i re ly  convincing, and it 
should be noted that extrapolat ion to 0 = 1 gives rate 

i i ~x i 

I.. c 
+ 

0.$ 

.t- 

I I 
0.2 0.4 016 018 

FRACTIONAL COVERAGE, e 

Fig. 6. Plots of log ko/ko vs. 0 for the systems of Fig. 4. 
X--A, -l---B, O--C, A--D. 

constants only about two orders of magni tude  smaller  
than k0 whereas it is well  known  that the rates of 
such reactions at high coverages are very much less 
than  this. Another  point is that  "Frumkin"  corrections 
of the type given by Eq. [1] have been neglected here 
and should be included in a complete "treatment. How- 
ever, as a first approximation the above model appears 
to account for the present  results with reasonable suc- 
cess. Fur ther  development  of this model would need 
to include a more thorough consideration of the 
shapes of the potential  energy curves and the possi- 
bil i ty that the slopes at the point  of intersection vary 
with separation. Clearly, increased slopes on the upper  
branches of these curves would result  in  a faster 
change of a with x (Fig. 5) and could account for more 
rapid changes of ko with 0 at higher coverages. 

Efyect  o f  c o v e r a g e  on  t r a n s f e r  co e f f i c i e n t . - - T a b l e  I 
contains the results of a determinat ions for discharge 
of cadmium in  presence and absence of surface films. 
In the case of butanol,  coverage calculated from 
double layer capacities changed with potential,  and 
the value given for ~, which does not differ signifi- 
cantly from that for a clean surface, may be mis-  
leading. We have at tempted to make approximate cor- 
rections to measured exchange currents  by not ing 
the rate of change of ka ~ with # for a similar  system 
(cf. Fig. 2C) and calculating exchange currents  for an 
arbi t rar i ly  selected coverage, in  this case 0.35, which 
was the measured value of 0 at El~2. This procedure 
gave ~ ---- 0.20 so we must  admit  the possibility that 
did in fact increase slightly. 

Leucoriboflavin was chosen as an adsorbate for 
determinat ions because coverage is essentially inde-  
pendent  of potential  (8). Experimental ly ,  constant  
coverage is ensured by making  all impedance meas-  
urements  with a given bulk  concentrat ion of riboflavin 
at a fixed time, or wi th in  a small  t ime range, dur ing  

Table I. Effect of surface films on a for discharge of Cd § + 

Rate 
Supporting Adsorbed constant 
e l e c t r o l y t e  s p e c i e s  C o v e r a g e  c m  s e c - 1  a 

1 . 0 M  H C 1 0 4  N o n e  0 0 . 3 5  • 0 . 0 2  0 . 1 4  "+" 0 . 0 1  
n - b u t a n o l  0 . 35*  0 . 0 7 5  • 0 . 0 0 2  0 . 1 3  ----- 0 . 0 2  

0 . 1 M  H C 1 O i ,  N o n e  0 0 .45  • 0 . 0 2  0 . 0 9  ~ 0 . 0 1  
0.gM NaClO~ 

L e u c o r i b O f l a v i n  0 . 4 5  0 . 1 1 3  ~--- 0 . 0 0 5  0 . 1 4  + 0 . 0 3  

* A p p a r e n t  c o v e r a g e  c h a n g e d  f r o m  0 . 3 1  t o  0 . 3 8  o v e r  p o t e n t i a l  
r a n g e  o f  m e a s u r e m e n t s .  
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Table II. Effect of n-butanol on polarographic and kinetic data 
for discharge of plumbite ion (0.406 mM HPb02- in 

0.1M NaOH, 0.9M NaCI04) 

B u t a n o l  ka,, 
c o n c e n t r a t i o n  I~o x 10~ EII.~ L o g  p l o t  

x 10~M 8 m a / c m ~  c m  s e c  -1 v s  S C E *  s l o p e ,  m v  

0 0 2.25 6.2 -- 0.6802 30.1 
1.42 0.14 1.34 3.7 -- 0.6802 
2.76 0.34 0.535 1.5 -- 0.682,~ 3~.5 
4 . 0 5  0 . 5 7  0 . 2 0 4  0 .56  - -  0 .6839 32 .3  
6 .43  0 . 7 1  - -  - -  - -  0 .6881  3 5 . 5  

* S a t u r a t e d  N a C 1  c a l o m e l  e l e c t r o d e .  

the life of a mercury  drop. For  example,  the present 
impedance data were  obtained at t imes vary ing  f rom 
9.36 to 9.78 sec f rom init iat ion of a drop, giving a var i -  
ation in coverage (which depends on t 1/2) of +--1.3% 
about a mean value. This was quite  satisfactory for 
the present  purposes and the small  increase in a shown 
in Table  II is probably significant. 

Low values of a connected with  reduct ion of cad- 
mium ion in several  electrolytes have been at t r ibuted 
to a slow "chemical"  step, possibly dehydrat ion of the 
hydra ted  ion, preceding the e lectrochemical  react ion 
(16, 17). In the systems studied here the exchange 
current  was lowered by a factor of four  or five wi th  
l i t t le effect on a. It is of course possible that  both the 
chemical  and charge t ransfer  steps were  equal ly  
affected and there  is not enough informat ion to decide 
whether  these results provide  evidence for or against 
the dehydrat ion step hypothesis. It  would  seem im-  
portant  to examine  these reactions at high coverages 
where  the re la t ive  rates of chemical  and e lect rochemi-  
cal steps may  be great ly  al tered with  a concomitant  
change in the apparent  value  of a. 

Relation between rate constant and polarographic 
reversibility.--Polarographic data for reduct ion of 
p lumbi te  ion (HPbO2-)  in presence of n-butanol  are 
shown in Table II together  with the measured  ex-  
change currents  and ra te  constants. These results give 
direct  evidence for the val idi ty  of the usual ly accepted 
cr i ter ion of polarographic reversibi l i ty ,  ka ~ ~ 2 X 
10 -2 cm sec -1 (18) ; a small but significant increase in 

~ I / 2  and the slope of the convent ional  polarographic 
log plot (E vs. log ( i x - - i ) / i )  occurred when  the rate  
constant fell  below this value. It  should be noted that, 
because the method used here  to measure  ka o is str ict ly 
valid only for a revers ible  wave, values at the higher  
coverages must be taken as approximate.  
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Techn ca]l Notes 

Orthovanadate Phosphors with Zircon Structure 
Frank J. Avella 

General Telephone & Electronics Laboratories, Bayside, New York 

The development  by Lev ine  and Pal i l la  (1, 2) of 
europium-ac t iva ted  y t t r ium or thovanadate  (YVO4:Eu) 
as a highly efficient r ed -emi t t ing  cathodoluminescent  
phosphor and its recent  adoption as a new pr imary  
for color television has aroused interes t  in other  or tho-  
vanadates  as potential  hosts for lanthanide  activators. 
Earlier,  Van Ui te r t  et al. (3) reported that  YVO4:Eu 
exhibits red fluorescence under  u l t ravio le t  excitation. 
Recent ly  Br ixner  et al. (4) invest igated Ca3 (VO4) 2 
and found it to be modera te ly  efficient as a host for 
Eu; it is, however ,  substantial ly infer ior  to YVO4. 
More efficient than Ca3(VO4)2 are  systems based on 
MIIIVO4, whe re  M Ill = Gd, Lu, and La. These have  
been described by Palilla,  Levine,  and Rinkevics  (5) 
and Brixner and Abramson (6). 

Severa l  invest igators  have  described the crystal  
s tructures of MnlVO4 (7-11). When M IlI has an ionic 
radius ranging approximate ly  f rom 0.81 to 1.11A (12), 
the mater ia l  crystall izes wi th  the te t ragonal  zircon- 
xenot ime structure.  This range includes the t r iva len t  
ions of Sc, Y and all the ra re  ear th  luminogens.  Be-  
cause t r iva len t  La is a la rger  ion (1.15A), its or tho-  
vanada te  crystall izes in the monoclinic system with  
the monazi te  structure.  However ,  LaVO4 can accom- 
modate  small amounts  of rare  earths wi thout  serious 
latt ice distortion. With  Eu m as the activator,  the 
te t ragonal  vanadates  have  proved to be the bet ter  
hosts (5). The crystal  field of the monazite  latt ice favors 
the SDo ~ 7F1 t ransi t ion in Eu ~+, producing emission 
dominated by spectral  lines be tween  558 and 595 nm. 



856 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

In the zircon lattice wi th  its D2d site symmetry,  the 
aDo --> 7F2 t ransi t ion predominates  and gives rise to the 
pr incipal  emission lines be tween  609 and 620 nm. Be- 
cause of the greater in tens i ty  and more favorable 
color of the latter emission, YVOd:Eu was recent ly  
adopted for use as the red-emi t t ing  p r imary  in t r i -  
chromatic cathode-ray tubes for television. This has 
led to fur ther  invest igat ion of or thovanadate  phos- 
phors of the zircon type. 

This paper presents data on a new series of Eu-  
activated phosphors derived from zircon-s t ructured 
MmVO4 by subst i tut ing a d iva len t - te t rava len t  cation 
pair  for two t r iva lent  cations to form Mo.5HM0.51vvo4. 
Activat ion with Eu r~l is effected without  need for 
charge compensation by part ial  replacement  of both 
cations as represented by the formula  M0.5(1-z) H 
EuxMo.5(1-z)lvVO4. The choice of divalent  and te t ra-  
valent  cations is governed by their  size, which should 
approximate that  of the rare  earth ions if the ortho- 
vanadates  are to crystallize with the zircon structure. 
Some deviat ion from this size range  may  be possible 
on the par t  of one cation of the pair  if the other stabil-  
izes the zircon lattice. 

Exper imental  
The following te t ravalent  ions were chosen for this 
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investigation;  their  ionic crystal  radii (12) are given 
in parentheses: Zr(0.80A), Hf(0.81A), Pb(0.84A),  
Ce(1.01A), Th(0.95A) and U(0.89A). The divalent  
ions were Mg (0.65A), Ca (0.99A), Sr ( 1.13A), 
Ba(1.35A), Zn(0.74A), and Cd(0.97A). 

Preparat ion of powdered samples involved dry-  
b lending appropriate reagent  grade oxides, ni t rates  or 
carbonates in stoichiometric amounts,  firing in open 
p la t inum crucibles at 500~176 for 5 hr, mortaring,  
and ret ir ing between 600 ~ and 900~ for upwards  of 
16 hr. 

Synthesis results.--In the init ial  experiments  Ca, 
which had been found capable of isostructural  sub-  
st i tution for small  amounts  of Y in  YVOd, was paired 
with the te t rava lent  ions. Monophase products resulted 
when  M ~v ---- Zr, Ce, and Th. X - r a y  diffraction data 
in Table I show by analogy that  these compounds are 
isomorphs of the rare earth orthovanadates and, 
therefore, have the zircon structure.  Hf, Pb, and U 
yielded mult iphase products with indications of pos- 
sible zircon-l ike phases. Of the three  monophase 
materials,  Ca0.sCe0.sVO~ had a body color too dark 
for consideration as a phosphor host, leaving Zr and 
Th for fur ther  evaluation. 

When paired with the divalent  ions, Zr formed the 
zircon s t ructure  only with Ca. Th was successfully 
paired with Sr and Cd in  addition to Ca, while with 
Mg and Zn, zircon-l ike phases were major  consti tuents 
of mult iphase products. All of these materials  were 
light t an  or white  in  body color. Similar  results have 
been reported by Schwartz for the zircon forms of 
M0.sIITh0.sVO4, where  M II ---- Ca, Sr, Cd, and Pb (13), 
and of M0.snCe0.sVOa, where  M II ~ Ca, Sr, and Cd 
(14). 

The unact ivated I I - IV orthovanadates exhibit  only 
feeble luminescence under  ul t raviolet  excitation at 

h k l  

200 zo ~o 60 ao3oozo ~ eo 200  zo 4o ev so3002o 50 
WAVELENGTH (nanometers) 

Fig. 1. Excitation spectra of Eu-activated ortbovanadates: a, Y0.95 
Euo.05 V04; b, Ca0.425 Euo.150 Zr0.425 V04; c, Ca0.425 Euo.150 
Tb0.425 V04; d, Sr0.425 Euo.150 Th0.425 V04; e, Cd0.425 Euo.150 
Th0.425 V04; f, Zn0.425 Euo.zso Tb0.425 V04. 

room temperature,  but  the introduct ion of Eu a+ re-  
sults in strong red photoluminescence.  Maximum 
emission in tens i ty  is at tained with an Eu concentra-  
t ion of approximately 15g a/o (atom per cent) .  Unlike 
MmVO4:Eu, the Eu-act ivated I I - IV compounds re -  
spond only weakly to cathode-ray excitation. Activa-  
tion with rare  earths other than Eu produces very 
weak photoluminescence except for Sm which gives 
moderate emission. X- ray  diffraction data verified that  
the introduct ion of rare earths into the I I - IV lattices 
is actually isostructural.  Fur thermore,  Eu stabilizes the 
Zn - Th  compound and el iminates the nonzircon phase. 

Spectral measurements.---Excitation spectra pre-  
sented in Fig. 1 were obtained by the method of Eby 
(15) where ins t rumenta l  corrections are applied to 
produce spectra in terms of relat ive energy. Com- 
parison of intensit ies is possible between phosphors 
when  the ordinates are mul t ip l ied by the indicated 
factors. The emission spectra of Fig. 2 were deter-  
mined by the method of Wiggins (16). A General  
Electric S-4 100w medium-pressure  mercury  vapor 
lamp was employed for excitation. The spectra were 
resolved with a W4-meter Czerny-Turner  Spectrometer 
(1200 l i ne / mm grating and 50~ slit width) and de- 
tected with an ITT F4013 photomult ipl ier  (S-20 re -  
sponse). In  the Wiggins technique a correction func-  
t ion derived from the output  of an NBS 1000w quartz-  

Table I. X-ray diffraction data for monophase M0.5IIM0.51vvo4 
(Cu Radiation, Ni Filter, 1 o 2e/min) 
interplanar d-spacings in angstroms 

S r o . s T h o . ~ V O ~  C e V O ~  C a o . ~ T h o . ~ V O ~  C d o . ~ T h ~ . ~ V O 4  Cao ,~Ceo .~VO~ Y V O ~  C a o . ~ Z r o . s V O ~  

101  4 . 9 3  4 , 8 8  4 . 8 1  4 . 8 5  4 . 7 7  4 . 7 4  4 . 6 4  
2 0 0  3 . 7 0  3 .7 0  3 . 6 3  3 , 6 2  3 . 5 8  3 . 5 7  3 , 4 8  
2 1 1  2 . 9 6  2 . 9 5  2 .9 1  2 . 8 9  2 . 8 7  - -  2 . 8 4  
1 1 2  2 . 7 8  2 . 7 6  2 . 7 3  2 . 7 4  2 . 7 0  2 . 6 7  2 . 6 3  
2 2 0  2 . 6 2  2 . 6 2  2 . 5 7  2 . 5 5  2 . 5 4  2 . 5 2  2 . 4 7  
2 0 2  2 . 4 6  2 . 4 4  2 . 4 1  2 . 4 1  2 . 3 9  2 . 3 6  2 . 3 3  
3 01  2 .31  2 . 3 0  2 . 2 7  2 . 2 5  2 . 2 4  2 . 2 3  2 . 1 8  
1 03  2 . 1 0  2 . 0 8  2 . 0 6  2 , 0 7  2 . 0 4  2 . 0 2  1 .99  
2 3 1  1 . 9 6  1 . 9 6  1 . 9 2 3  1 . 9 0 9  1 .902  1 , 8 8 8  1 . 8 4 8  
1 32  1 .906  1 .9 0  1 .8 7 1  1 . 8 6 3  1 . 8 5 0  1 .836  1 .801  
4 0 0  1 . 8 5 3  1 .85  1 . 8 1 6  1 , 7 9 9  1 . 7 0 6  1 . 7 8 3  1 . 7 4 6  
1 23  1 . 8 2 5  1 .81  1 . 7 9 2  - -  1.6"8 1 . 7 5 4  I1"692.65 
4 1 1  - -  1 .73  1 .6 9 7  - -  
4 2 0  1 .655  1 .65  1 .6 2 5  - -  1 . 6 0 7  1 . 5 9 6  1 .562  
0 0 4  - -  1 ,63  1 ,6 1 2  1 , 8 1 0  1 , 5 9 6  1 . 5 7 5  - -  
3 3 2  - -  1 . 5 4  1 . 5 1 2  - -  1 . 4 9 5  1 .484  1 . 4 5 9  
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Fig. 2. Emission spectra of Eu-activated orthovanadates: a, Y0.95 
Euo.05 V04; b, Ca0.425 Euo.150 Zr0.425 V04; c, Ca0.425 Euo.150 
Th0.425 V04; d, Sr0.425 Euo.150 Th0.425 V04; e, Cd0.425 Euo.150 
Th0.425 VO4; f, Zn0.425 Euo.I50 Th0.425 VO4. 

iodine standard lamp serves as an internal  reference  
so that  spectra appear  direct ly in terms of re la t ive  en-  
ergy. In this series of spectral  determinat ions  no pro-  
vision was made for comparing the emission inten-  
sities 02 the several  phosphors. 

Discussion 
Pali l la  et al. (5) have  found that  M I n V O 4 : E u  com- 

pounds with  ei ther  a zircon or monazite  s t ructure  
possess similar exci tat ion spectra. They hypothesized 
that  excitat ion occurs mainly  through the or thovana-  
date l igand and is la rge ly  independent  of the cation. 
The spectra of Fig. 1 show, however ,  that  variat ions in 
the cationic species do alter the exci tat ion character is-  
tics of the I I - IV orthovanadates.  When compared with 
YVO4:Eu, the CaZr compound is the most similar. Its 
exci tat ion band is broad and has essentially the same 
character.  The other  I I - IV phosphors exhibi t  re la-  
t ively  much less absorption at the shorter  wave-  
lengths. Absorpt ion max ima  be tween  260 and 280 nm 
and be tween  310 and 320 nm are common to each 
of these phosphors, including YVO4:Eu. However ,  the 
Cd and Zn ions have  introduced new pr imary  exci ta-  
tions at longer wavelengths.  These are near  the in-  
s t rumenta l  l imit  of 350 nm and are  not wel l  defined 
in the figure. 

Luminescence of the I I - IV phosphors is dominated 
by emission from 5D0 --> 7F 2 transitions, as expected 
f rom Eu a + in the Dfd site of a z i rcon- type or thovana-  
date lattice. However ,  variat ions in spectral  detail  
re la t ive  to YVO4:Eu occur to different  degrees in the 
emission resul t ing f rom transitions to the principal  
mult iplets  7F1,2,3. Most pronounced is l ine broadening, 
observed up to fivefold (width at half peak height)  
for the strong emission line ly ing near  619 nm. There  
also are small  differences in the wavelengths  and re la-  
t ive intensities of some emission lines. These effects 
indicate that  substi tut ion of MHM TM for MlI[ has al- 
tered the crystal  field influence on the Eu 3+ ion, but  
that  the lattice symmet ry  still governs the general  
character  of the emission. 

Another  difference be tween the MnM TM and M Ill 

Table II. Relative luminosity data 
E x c i t a t i o n  a t  E x c i t a t i o n  w i t h  

F o r m u l a t i o n  p r i m a r y  m a x i m a  S - 4  m e r c u r y  l a m p  

Yo.o~Euo.05VOt 100 100 
Cao.4~Euo.1~oZr0.425VO~ 50 56 
Cao. 4~Euo.~5oTho..~V O ~ 57 54 
Sro. 425EUo. l~oTho. 4~VO4 39 40 
Cdo.4~sEuo.150Tho.4~VO~ 39 80 
Zno. 4~Euo.15oTho.425VO~ 47 84 

phosphors is seen in the react ion of their  luminosi ty to 
increases in t empera tu re  up to 400~ While l i t t le 
change is seen in the  luminosi ty  of YVO4:Eu, the 
room tempera tu re  value for the CdTh and ZnTh com- 
pounds is reduced to about 75% at 200~ 50% at 
300~ and 20% at 400~ 

Because the emission spectra of these or thovana-  
dates are similar,  it is possible to approximate  phos- 
phor efficiency by comparing luminosi ty  values ob- 
tained when  the excit ing radiat ion corresponds in 
wave leng th  to the p r imary  exci tat ion m ax im um f o r  
each sample. In the exper imenta l  a r rangement  the 
exci t ing wavelengths  were  selected f rom radiat ion of 
a Hanovia  901C-1 xenon lamp wi th  the exci tat ion 
monochromator  of the Aminco -Bowman  Spectro-  
photofluorometer.  Visible harmonics were  el iminated 
wi th  a Corning 7-54 filter. Luminosi ty  values  meas-  
ured with an RCA 1P21 photomul t ip l ier  fitted with  a 
Kodak Wrat ten  106 filter were  corrected for var iat ions 
wi th  wave leng th  of lamp output  and 7-54 filter t rans-  
mission characterist ics by using sodium salicylate 
powder  as a quan tum counter  (17). These data are 
presented in the first column of TaMe II. Ca0.425Eu0.150 
Tho.425VO4 was found to be the most luminous and, 
therefore,  the most efficient of the I I - IV phosphors. 
The luminosi ty value, however ,  is only 57% that  of 
YVO4: Eu. 

A different situation exists when a medium-pressure  
mercury  lamp is the exci tat ion source. The data in 
the second column of Table  II were  obtained using 
Genera l  Electric S-4 lamp radiat ion filtered with the 
Corning 7-54 to e l iminate  the visible component  which 
would be reflected by the sample. Again, detection 
was performed with the  1P21 photomult ip l ier  and 
Wrat ten  106 combination. Under  these conditions, the 
ZnTh and CdTh phosphors, having their  pr incipal  ex-  
citation max ima  closer to the dominant  3650-3654A 
band of the mercury  discharge, yield 84 and 80, re -  
spectively, on a luminosi ty scale where  YVO4:Eu is 
rated 100. Thus, two of the I I - IV vanadates  may pos- 
sibly substi tute for YVO4:Eu in applications where  
exci tat ion by med ium-  or h igh-pressure  mercury  dis- 
charge is required.  

Summary 
M0.~HM0.5Ivvo4:Eu analogues of z i rcon-s t ructured 

MIIIVO4:Eu were  synthesized. Luminescence spectra 
show the pre fe r red  electronic transit ions in the Eu 3 + 
activator to be characterist ic of zircon symmet ry  in 
an or thovanadate  lattice. The MIIMIV cation pair  in t ro-  
duce variat ions in luminescence fine s t ructure  and in 
excitat ion characteristics. Luminosi ty  approaches that  
of YVO4:Eu under  certain conditions of excitation. 
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Current-Induced Oscillations in Liquid Ge 
R. L. Anderson 

Department of Electrical Engineering, Syracuse University, Syracuse, New York 

During experiments  on the Pel t ier  effect at ger- 
man ium solid-l iquid interfaces, we have observed 
mechanical  oscillations in the liquid Ge. It is the pur -  
pose of this note to describe some of the character-  
istics of these oscillations. 

Bars of Ge were cut 10 cm long and from 0.2 to 1.0 
cm 2 in cross-sectional area. The Ge was placed on a 
quartz boat in a quartz tube. Tungsten  leads were at-  
tached to either end of the bar  and were fed through 
stoppers at both ends of the tube. A molten zone 1-2 
cm long was formed near  the center of the bar  by 
heat ing this region with two focused 1000w projector 
lamps (1). After the mol ten zone was formed, a direct 
cur rent  source was applied to the tungsten leads. 
Ambients  of hydrogen, nitrogen, and argon were used 
at atmospheric pressure. 

Germanium bars ranging in doping level from de- 
generate p- type  to degenerate n - type  (at room tem- 
perature)  were used. Ga, In, and Sb were used as 
dopants. In  all cases, with the application of current ,  
the molten zone is displaced in the direction of current  
flow (2). The displacement is dependent  on current  
density, being about 1/2 cm at the highest densit ies 
used. 

In  h igh-pur i ty  Ge an unexpected addit ional effect 
was observed. Tiny wavelets were seen to build up in  
the melt  at the positive interface and gradual ly  to 
propagate toward the negative interface. Concurrently,  
the liquid zone was observed to constrict near  the 
positive interface and "bulge" near  the negat ive in te r -  
face. This is shown schematically in  Fig. 1. The con- 
striction and bulge become more pronounced with 
t ime unt i l  suddenly the l iquid relaxes to its original 
(displaced) position and the process is repeated. The 

relaxat ion t ime is typically of the order of 40 sec. 
The re laxat ion oscillation was clearly observable 

through the quartz tube; however, detail in the t iny  
wavelets was not. For closer observation, the w a v e -  
l e t s  were "frozen in" by shut t ing off the projection 
lamps while current  cont inued to flow through the 

bar. We believe that the wavelets frozen into the bar  
are indicative of those in the melt  before freezing, be- 
cause wavelets are observed in  the refreeze only in the 
area in which they were seen in the melt  immediately 
before freezing. Further ,  wavelets are not seen, either 
in the melt  or in the refreeze, in the absence of cur-  
rent. 

In  Fig. 2 and 3 are shown three representat ive pat-  
terns which were frozen into the melt. Figure  2 shows 
the region which before freezing was the positive 
solid-liquid interface. This sample was frozen at the 
beginning of a cycle, i.e., l i t t le constriction had taken 
place. The portion on the right was liquid. The wave-  
lets frozen into this port ion appear as lines and the 
distance between crests, near  the interface, is ap- 
proximately 8~. Figure 3a shows a region in the con- 
stricted area of another  bar. Wavelets of approxi-  
mately 20~ between crests are superimposed on a 
s tructured base. The direction of current  is as shown. 
In Fig. 3b is shown a region taken at the bulge (but  
ent i rely in the melt)  of another  bar. Here the distance 
between crests is 60~. A series of mounds is also vis- 
ible; these mounds appear nearly regularly spaced in 
both directions. A crack which appeared on freezing 
is seen near the center of the picture. 

The wavelet amplitude and the constriction are 
greatest for high-purity material and decrease rapidly 

Solid Zones / 

Liquid ~ ~ _ ~  

L-Waves 

Current 
Fig. 1. Schematic representation showing constriction, bulge, and 

wavelets in liquid Ge. 
Fig. 2. Boundary between solid and refreeze. The waves are 

visible in the refrozen portion. 
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Fig. 3a. WaveEets on o structured base 

Fig. 3b. Bumps on waves; the crack occurred on freezing 

as the impur i ty  concentrat ion is increased. Over a 
period of an hour  the ampl i tude  decreases substan-  
t ially as the germanium becomes contaminated from 
the ambient.  The impur i ty  concentrat ion above which 
oscillations are not observed is about 1015-1016 cm -3. 
No oscillations were observed in similar experiments  
involving tin. 

It  is found that  increasing the current  increases the 
ampli tude of the wavelets  but  appears to have li t t le 
influence on wavelengh.  Although we were unable  to 
observe wavelets at current  densities below about 
2 amp/cm 2, we believe that  no current  threshold for 
their formation exists, but  merely  that  the ampli tude 
was too small  to see. The period of the relaxat ion os- 
cillation seems lit t le affected by current  al though 
m a x i m u m  deformation of the melt  increases with i n -  
creasing current.  At sufficiently high current  (ap- 
proximately  200 amp/cm 2 in  the highest pur i ty  sam- 
ples) the constriction is so great that  it actual ly 
pinches the bar  into two pieces. 

There appears to be a relat ionship between the 
wavelets and the re laxat ion oscillation described here 

since both effects are always present  simultaneously.  
Fur ther ,  the degree of deformation (constriction and 
bulge) appears to depend on the area covered by 
wavelets. Immediate ly  after a re laxat ion there is no 
deformation and no wavelets. As the wavelets begin 
to spread from the positive interface, the deformation 
also increases. It  appears as though increased surface 
tension is associated with the wavelets resul t ing in 
constriction in this region and a corresponding bulge 
in the mol ten zone not covered with wavelets. We 
have never  observed the mol ten zone to be totally 
covered with wavelets. 

The displacement of the l iquid zone on the applica- 
t ion of current  is thought to be pr imar i ly  a result  of 
Pel t ier  heat ing at the positive interface and Pelt ier  
cooling at the negative interface (2), although the 
Thomson effect, electrolysis, and momentum transfer  
from current  carriers to impur i ty  ions (3-6) may af- 
fect the magni tude  of the displacement. 

Although oscillations at l iquid-solid interfaces re -  
sul t ing from electric current  flow have not  been re-  
ported, Komarov  and Regel (7) have observed oscil- 
lations in  b ismuth  and in  lead when  the tempera ture  
gradient  at an interface exceeds a threshold of 40 ~ 
60~ The impur i ty  content  is presumably  not  
impor tant  in  this effect since the addition of up to 
2 a/o (atom per cent) of t in had no appreciable affect 
in the results. The oscillations are explained by the 
excitation of the surface by  tu rbu len t  convection cur-  
rents produced in the ambient  by the h igh- tempera-  
ture  gradient. Cole and Winegard (8) have measured 
the temperature  fluctuation in the melt  near  a solid- 
l iquid interface for tin. The magni tude  of the fluctua- 
tion increases with tempera ture  gradient  and is at-  
t r ibuted to convection in the liquid. Mechanical oscil- 
lations were not reported. 

It  is believed that  the cur rent - induced oscillations 
reported here are not connected directly with the os- 
cillations a t t r ibuted to a large tempera ture  gradient  
because our results are very  sensitive to impur i ty  
content  and because of the apparent  absence of a 
threshold current .  Although the tempera ture  gradient  
at the interface would be expected to be altered by the 
Pel t ier  effect on the application of current ,  if the ef- 
fect depended on exceeding a tempera ture  gradient  
threshold, this would be manifested by an apparent  
current  threshold. 

It  is doubtful  that  the oscillations result  from an 
electronic effect since the conduction in l iquid Ge is 
thought to be metall ic in  na ture  (9), and it seems 
improbable  that  a small  impur i ty  content  would af- 
fect the conduction appreciably. Likewise a plasma 
effect would appear to be ruled out because of the 
high concentrat ion of electrons present  in the liquid. 
It may be that  these waves are associated with sur-  
face tension. I t  is known  that  a minute  quant i ty  of 
impuri t ies  changes surface tension in  many  materials.  
The current  flow may move the impuri t ies  toward 
one end of the molten zone by electrolysis or by ion 
en t ra inment  and thus create a gradient  in  surface ten-  
sion in the l iquid zone which might  explain the pinch 
and bulge effects. It  is not clear, however, how this 
would explain the wavelets or the relaxation. It  is 
conceivable, however, that  they might be associated 
with the change in  surface tension at the positive 
interface due to charge accumulation, which in  t u rn  
results from current  flow across the discontinui ty in  
electrical conductivi ty (10). 
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Evaporated Ohmic Contacts on GaAs 

W. A. Schmidt 
United States Naval Research Laboratory, Washington, D. C. 

Various schemes have been proposed for making  
ohmic contacts to GaAs (1-4). One of the common 
ones involves evaporat ion of a meta l  on the semicon- 
ductor surface, fol lowed by alloying using conven-  
t ional solders. 

We have  had considerable difficulties in making such 
evaporated contacts, and we  therefore  felt  that  a de-  
scription of our technique may not be wi thout  general  
interest.  

Contacts to both p and n mater ia l  were  made in the 
same manner .  The GaAs mater ia l  was first prepared  
by abrasive processes using ei ther 25~ garnet  or 600 
gri t  silicon carbide; the surface to be metal ized was 
etched in di lute  nitric acid (4 pt. HNO3: l  pt. H20) 
for 30 sec, then r insed in water,  acetone, and methanol.  
The sample was immedia te ly  mounted  on a holder  
and placed in a vacuum evaporator .  With  the bell  ja r  
pumped down to 2 x 10-6, the GaAs sample was 
heated to about 550~ to hea t -c lean  the surface. Af te r  
cleaning for a few minutes  at the e levated t empera -  
ture the power was turned  off and the sample al lowed 
to cool. When the sample cooled to about  200~ a 1;, 
thick film of si lver was evapora ted  onto the surface. The 
t empera tu re  was again raised to 550~ and held there  
for a few minutes to heat  t reat  the si lver contact. 
Af te r  this the power  was turned off and the wafe r  
al lowed to cool to room temperature ,  at which t em-  
pera ture  a 0.3~ nickel  film was deposited. The nickel 
film was not fol lowed by a hea t - t rea tment .  

These contacts were  tested for mechanical  s t rength 
by pull ing off small  copper wires that  had been sol- 
dered to the contact. (Fig. 1) It can be seen that  some 

Fig. 1. GaAs fractured by pulling off  solder bead showing both 
the piece removed and the crater in the GaAs. 
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Fig. 2. Resistance between two contacts (see inset) as a function 
of current. 

of the GaAs was pul led off along with  the  solder bead. 
The electrical  nature  of the contact was invest igated 
using small area contacts that  had been formed by 
masking small regions and abrading away the sur-  
rounding area. 

The I -V characteris t ic  for a pair  of contacts on 
0.0033 ohm-cm mater ia l  was measured wi th  d.c. and 
wi th  1~ second pulses for currents  above 100 ma. No 
significant .deviations of this characterist ic were  noted 
when  the current  polar i ty  was reversed.  Figure  2 is a 
plot of the measured resistance up to a current  density 
of 3 x 106 amp/cm 2. Taking the worst  case, that  all of 
the resistance is due to the contact, we  find that  the 
specific contact resistance is less than 2 x 10 -5 ohm 
cm 2. (The total contact resistance R T  = Rs/A where  
Rs is the specific contact resistance and A is the con- 
tact area.) 

The same technique  has been applied to polycrysta l -  
l ine n-  and p- type  GaAs wi th  101~ carriers/cm~. 

Manuscript  received Feb. 4, 1966. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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The Arsenic-Rich Region of the Ga-As-Zn Ternary Phase System 
Modification of the Ternary Diagram 

M. B. Panish 
Bell Telephone' Laboratories, Incarporated, Murray Hill, New Jersey 

In  several  recent  papers (1,2),  the te rnary  phase 
diagrams of gal l ium and arsenic with Zn, Sn, and Ge 
have been presented. A str iking feature of these phase 
diagrams is the extensive p r imary  phase field of GaAs. 
In  the case of the ga l l ium-arsenide-z inc  system (1) ex-  
per imenta l  data on the arsenic-r ich side of the dia- 
gram were not  obtained by this author. Instead, iso- 
therms in the GaAs pr imary  phase field were  esti- 
mated by the use of a regular  solution approximation.  
In  order to more accurately present  the Ga-As-Zn  
te rnary  phase diagram, phase t ransi t ion data on the 
GaAs-Zn3As2 cut of the te rnary  system have been ob- 
ta ined by the differential thermal  analysis procedure 
previously described (1). The only modification to the 
procedure was that  the s tar t ing materials  were GaAs 
and ZnaAs2 rather  than  GaAs plus zinc and arsenic. 
This was necessary in  order to prevent  explosions 
which occur as a result  of the react ion of zinc with 
arsenic in the restricted volume of the D.T.A. cell. 

In  Fig. 1 are presented the thermal  effect data ob- 
ta ined when  mixtures  wi th  over-al l  compositions 
along the GaAs-Zn3As2 cut were cooled. Also pre-  
sented are the thermal  effect data of KSster and Ulrich 
(3) for the same cut, and the mel t ing point  of GaAs 
obtained in  this work. The lat ter  value (1237 ~ ___ 2~ 
is in excellent  agreement  with the value of 1238~ 
obtained by KSster and Thoma (4). T1 represents the 
tempera ture  at which the surface of p r imary  crystal-  
lization is reached, T2 represents  the tempera ture  of 
appearance of a second solid phase, and T3 is the 
tempera ture  at which a t e rnary  eutectic between 
GaAs, Zn3As2, and ZnAs2 precipitates. 
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Fig. 1. Thermal effects in the GaAs-Zn3As2 pseudobinary system; 
�9 K6ster and Ulrich (3); A this work. 
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Fig. 2. The Ga-As-Zn ternary phase diagram 

Some of the thermal  effect data reported by KSster 
and Ulrich (3) on the GaAs-Zn~As2 cut and the GaAs- 
ZnAs2 cut are consistent with the data reported earlier 
by this author  (1) and that  reported here. Their  T1 
thermal  effects in  the vicini ty of 1200~ are, however, 
in  disagreement  with the measurements  reported here 
and with a reasonable extrapolat ion of our earlier 
data. A possible reason for this disagreement  has 
already been presented (1). 

The te rnary  Ga -As -Zn  phase diagram based on our 
previous D.T.A. studies (1) and the data presented 
here is shown in Fig. 2. The method used for the con- 
struct ion of the diagram is similar to that  employed 
for the Ga -As -Sn  and Ga-As-Ge  phase diagrams (2). 
This diagram is similar to that  reported before except 
that  the isotherms are all somewhat  more distorted in  
the direction of the As-Zn b inary  axis. 
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The Reversible Oxygen Potential in Phosphoric Acid Solutions 
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I t  has  been  found  tha t  the  po ten t i a l  of a b r igh t  
p l a t i n u m  e lec t rode  w h i c h  had  b e e n  t r e a t e d  in con-  
c e n t r a t e d  n i t r i c  acid for  72 h r  (1, 2) b e c a m e  s t eady  at  
the  n o r m a l  o x y g e n  potent ia l ,  1230 m y  (3) ,  for  pe r iods  
of t i m e  g r ea t e r  t han  24 h r  in  O2-sa tura ted ,  t t 202- f ree  
2N H2SO4 solutions.  F r o m  res t  p o t e n t i a l  s tudies  (1) ,  
s t e a d y - s t a t e  po l a r i za t i on  m e a s u r e m e n t s  (2),  and 
doub le  l aye r  capac i ty  da t a  (4),  i t  was  conc luded  tha t  
such a t r e a t m e n t  p r o d u c e d  a comple te ,  e l ec t ron i ca l l y  
conduc t ing  fi lm of adso rbed  o x y g e n  on t h e  P t  su r f ace  
w h i c h  r e n d e r e d  the  e l ec t rode  su r face  i ne r t  to oxygen .  
Consequen t ly ,  the  m i x e d  po t en t i a l  w h i c h  was  o rd i -  
n a r i l y  obse rved  (5) was  suppressed ,  and the  r e v e r s i b l e  
o x y g e n  po ten t i a l  was  reached .  O t h e r  i nves t iga to r s  
w h o  h a v e  ob ta ined  this  c o m p l e t e  pass iva t ing  fi lm by  
anod iza t ion  and  e x p o s u r e  of t he  p l a t i n u m  to p u r e  o x y -  
gen  for  long  pe r iods  of t i m e  (6, 7) h a v e  also o b s e r v e d  
the  r e v e r s i b l e  o x y g e n  potent ia l .  This  comple t e  film is 
uns t ab l e  in su l fu r ic  acid solu t ions  and  e v e n t u a l l y  b e -  
comes  incomple te ,  w h e r e u p o n  a m i x e d  po t en t i a l  m e c h -  
an i sm (5) sets in and  t h e  res t  po ten t i a l  fa l l s  to less 
nob le  va lues .  

In  add i t ion  to f o r m i n g  the  pass iva t ing  film of ad -  
so rbed  oxygen ,  i t  was  conc luded  (2, 4) t ha t  the  HNO3 
t r e a t m e n t  also enab l ed  a ce r t a in  a m o u n t  of o x y g e n  to 
be  d i s so lved  in t h e  su r f ace  l aye r s  of t he  P t  m e t a l  to 
f o r m  a P t - O  alloy. Recen t ly ,  W a r n e r  and  S c h u l d i n e r  
(8) r e f e r r e d  to this  absorbed  o x y g e n  as " d e r m a s o r b e d  
o x y g e n "  and  found  (9) t ha t  i t  was  difficult  to r emove .  
X - r a y  analys is  of t he  t r e a t e d  P t  (10) showed  a sh i f t -  
ing  of t h e  d i f f rac t ion  l ines  f r o m  those  ob ta ined  on u n -  
t r e a t e d  Pt,  and  v a c u u m  fus ion  ana lys i s  (10) s h o w e d  
tha t  the  t r e a t e d  samples  con ta ined  m o r e  o x y g e n  t h a n  
the  u n t r e a t e d  samples .  N i t r i c  a c i d - t r e a t e d  P t  e lec -  
t rodes  a r e  ca l led  P t - O - a l l o y  e lec t rodes  (2, 4). 

S ince  phosphor ic  acid is a n o t h e r  good CO2- re j ec t ing  
e lec t ro ly te ,  i t  was  cons ide red  i m p o r t a n t  to look into  
the  b e h a v i o r  of the  res t  po t en t i a l  of the  P t - O - a l l o y  
e l ec t rode  in phosphor i c  acid  solut ions.  

Tes t  e lec t rodes  w e r e  m a d e  in the  f o r m  of sma l l  
beads  m e l t e d  at the  end  of b r igh t  P t  w i r e s  or  in t he  
f o r m  of squa re s  of b r i g h t  P t  gauze  s p o t - w e l d e d  to P t  
w i r e  leads.  These  e lec t rodes  w e r e  sea led  into  glass 
ho lde r s  and m o u n t e d  in a glass cel l  (11).  The  cel l  
and e l ec t rode  c l ean ing  p rocedu re s  w e r e  s imi la r  to 
those  desc r ibed  be fo re  (4, 5, 11). The  c l ean  e lec t rodes  
w e r e  soaked  in  c o n c e n t r a t e d  HNO3 for  a t  l eas t  72 hr,  
a f t e r  w h i c h  t h e y  w e r e  l eached  in t r i p l y  d is t i l led  w a t e r  
for  2 h r  w i t h  f r e q u e n t  changes  of t he  w a t e r  b e f o r e  
be ing  p laced  in the  cell.  P h o s p h o r i c  acid  solu t ions  of  
5, 3, 1, and  0.5M w e r e  m a d e  f r o m  r e a g e n t  g r ade  con-  

Table I. Rest potentials of Pt-O-alloy electrodes in H3P04 solution 

Solution, Rest Activity Activity 1230---E, 0.03 log 
M potential, mv of H.~O of HaPO~ m v  aHsPO4 , mv 

5 1195~5 0.87 9.72 35 30 
3 1212~5 0.93 4.05 18 18 
1 1226~5 0.98 0.96 4 -- 0.5 
0.5 1230~.~_5 0.99 0.99 - -  - -  

Table II. Rest potentials of Pt-O-alioy electrodes in H2SO4 solution 

Solution, M Rest potential, mv Activity of H20 

5 1226w5 0.70 
1 1227----.5 0.96 
0.5 1225--5 0.08 
0,1 1225• 0.99 

e e n t r a t e d  HsPO4 and w e r e  anod ica l l y  p r e e l e c t r o l y z e d  
in  a s epa ra t e  vesse l  for  3 clays f o l l o w e d  by  ca thodic  
p ree l ec t ro ly s i s  for  an  add i t iona l  3 days. A n y  p e r o x i d e  
g e n e r a t e d  in  t he  p ree l ec t ro ly s i s  p r o c e d u r e  was  r e -  
m o v e d  by  bubb l ing  H2 o v e r  P t  gauze  in the  so lu t ion  
un t i l  a n e g a t i v e  tes t  w i t h  TiSO4 (12) was  obta ined.  
This  pur i f ied  so lu t ion  was  p laced  in t he  cell,  and  the  
res t  po ten t i a l  was  d e t e r m i n e d  aga ins t  a s a t u r a t e d  
ca lome l  e l ec t rode  (SCE) .  A l l  po ten t ia l s  a re  r e p o r t e d  
w i t h  r e f e r e n c e  to a h y d r o g e n  e lec t rode  in t he  same 
solut ion,  s ince in each  so lu t ion  the  po t en t i a l  of  a h y -  
d rogen  e l ec t rode  was  d e t e r m i n e d  aga ins t  the  SCE. 
The  t e m p e r a t u r e  was  25 ~ _ I~ D u p l i c a t e  r u n s  on 
d i f fe ren t  e lec t rodes  w e r e  m a d e  in  a l l  solut ions,  and  
the  sp read  of va lues  of the  s t eady  p o t e n t i a l  (___0.5 m v )  
o b t a i n e d  f r o m  one  e l ec t rode  to a n o t h e r  ( •  m y )  is 
g i v e n  in Tab les  I and  II. A l l  so lu t ions  w e r e  s a t u r a t e d  
w i t h  02. S i m i l a r  m e a s u r e m e n t s  w e r e  m a d e  in 5, 1, 0.5, 
and 0.1M H2SO4 solut ions.  

As  po in ted  ou t  by Bockr i s  et al. (6, 13), r i go rous  
con t ro l  of i m p u r i t i e s  was  r e q u i r e d  for  r e p r o d u c i b l e  
resul ts .  In  Tab le  I a re  p r e s e n t e d  the  s t e a d y - s t a t e  res t  
po ten t i a l s  in  va r i ous  phosphor i c  acid  so lu t ions  and in 
T a b l e  I I  those  for  su l fu r ic  acid  solut ions.  The  res t  
po ten t ia l s  in HsPO4 solut ions  w e r e  s t eady  for  l onge r  
pe r iods  of t i m e  (abou t  72 hr )  t h a n  those  in  H2804 
solut ions  (about  24 h r ) .  Such  b e h a v i o r  m a y  be  i n t e r -  
p r e t e d  to m e a n  tha t  t he  c o m p l e t e  adsorbed  o x y g e n  
fi lm is m o r e  s tab le  in HsPO4 solut ions.  Such  b e h a v i o r  
is no t  su rp r i s ing  because  it  is k n o w n  (14) tha t  NasPO4 
solut ions  are  good inh ib i to r s  for  t he  cor ros ion  of iron.  
The  p r e s e n c e  of NasPO4 assists in t he  f o r m a t i o n  of t h e  
p r o t e c t i v e  film of cubic  ox ide  on  the  i ron  surface.  
Possibly ,  the  p re sence  of p h o s p h a t e  ion s tab i l ized  the  
adsorbed  o x y g e n  film on the  P t - O - a l l o y  e lec t rodes .  

A n  in t e r e s t i ng  po in t  is t h e  fac t  t ha t  t he  res t  p o t e n -  
t ia l  dev ia te s  f r o m  the  n o r m a l  o x y g e n  po ten t ia l ,  1230 
my,  at  the  h i g h e r  H3PO4 concen t ra t ions ,  w h e r e a s  this  
is not  t r u e  in H2SO4 solut ions.  In  bo th  cases, t he  
change  in  ac t iv i ty  of w a t e r  as seen  in c o l u m n  3 and 
t aken  f r o m  the  l i t e r a t u r e  (15, 16) canno t  accoun t  fo r  
these  obse rva t ions  s ince the  w a t e r  co r r ec t i on  w o u l d  be  
too sma l l  and, in any  event ,  is in the  w r o n g  di rec t ion .  
T h e  ac t iv i ty  of phosphor ic  acid (15), r e c o r d e d  in 
c o l u m n  4 of Tab l e  I, decreases  w i t h  dec reas ing  HsPO4 
concen t r a t i on  in co r r e l a t i on  w i t h  the  dec rease  in the  
shi f t  of t h e  r e s t  p o t e n t i a l  f r o m  the  r e v e r s i b l e  p o t e n -  
t ia l  r e co rded  in c o l u m n  5. 

If  the  N e r n s t  equa t i on  is w r i t t e n  for  the  cell,  one  
ob ta ins  

RT a2H20 RT p1/2H 2 
E = E ~ 0 2  - -  E ~ H 2  - -  - -  In .  J r .  I n  

4F Po2a4H + F aH + 
[1] 

or   000 ] 
E = 1230 - -  O - -  t_ T (2 log  aH2o--  log Po2) 

0.03 log  P~2 [2] 

S ince  the  pa r t i a l  p re s su res  of oxygen ,  Po2, and  of 
hydrogen, PH2, a r e  u n i t y  and  t h e  ac t i v i t y  of wa te r ,  
aH2o, is a p p r o x i m a t e l y  un i ty ,  t he  po ten t i a l  of t he  cell, 
E, is E~ ~ 1230 m v  as found  in t h e  case  of  t h e  su l -  
fu r ic  acid  solut ions  in  T a b l e  II. H o w e v e r ,  in  so lu t ions  
1M or g r e a t e r  in phosphor i c  acid, the  r e s t  po t en t i a l  
m a y  be  accoun ted  fo r  e m p i r i c a l l y  by  add ing  a t e r m  
i n v o l v i n g  the  a c t i v i t y  of phosphor i c  acid, a~spo4, 

RT 
- -  - -  In aH3P04 [3] 

2F 
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to Eq. [1]. The value of this correction term is given 
in column 6 of Table I. This behavior  indicates that  
anion adsorption of H2PO4- ions is impor tant  in  solu- 
tions with concentrat ions greater than 1M H~PO4 and 
shifts the rest potential  to less noble values. The 
effects of the adsorption of ions on electrode processes 
has been summarized by F r u m k i n  (17) and Delahay 
(18). With acid solutions below 1M in H~PO4 and up 
to 5M in H2SO4, anion adsorption does not affect the 
rest potential  significantly. From anion adsorption 
studies (17-19), one would expect a smaller effect with 
HSO4- than with H2PO4- ions. 

As a check on the effect of the H2PO4- ion on the 
rest potential,  the following exper iment  was per-  
formed. A Pt -O-a l loy  electrode was permit ted to come 
to a steady open-circui t  potential  in  5M, H202-free, 
O2-saturated H3PO4 solution. The potential  came to 
the steady value of 1199 mv  in agreement  wi th  the 
data in Table I. This electrode was removed from the 
5M H~PO4 and washed wi th  t r iply distilled water. 
After p lunging  the electrode in  1M H2804 solution, 
the rest potential  rose to a steady value of 1227 inv. 
These results are offered in  support  of the conclusions 
reached concerning the effect of the adsorption of 
H2PO4- ions on the rest  potential.  

An impor tant  observation was the fact that  several  
electrodes came to a steady rest potential  in molar  
acid solutions at values between 1000 and 1100 mv. In  
each case it was found that  the metal- to-glass  seal 
was defective, and solution contact was made with the 
Pt  wire lead which had not been exposed to HNO3. 
The preferred explanat ion is the suggestion that a 
mixed potential  is set up between sites on the elec- 
trode completely covered by the adsorbed oxygen film 
and uncovered Pt  sites on the par t ia l ly  covered Pt  
lead wire. In this case a potent ial  less noble than  1230 
mv is to be expected as found on unt rea ted  Pt  elec- 
trodes (5). 

Manuscript  received March 11, 1966. 

Any discussion of this paper will appear in  a Discus- 
sion Section to be published in  the June  1967 JOURNAL. 
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A B S T R A C T  

T h e  t h i n - m e n i s c u s  m o d e l  t h a t  is o f t e n  a p p l i e d  to p o r o u s  gas  d i f fus ion  fue l  
cel l  e l e c t r o d e s  h a s  b e e n  f o u n d  u n s a t i s f a c t o r y  fo r  h y d r o g e n  r e a c t i n g  a t  n i c k e l  
s i n t e r s  in  h i g h l y  c o n c e n t r a t e d  K O H  e l ec t ro ly t e .  T h e  r e l a t i v e  i n s e n s i t i v i t y  of 
t h e  p e r f o r m a n c e  to t h e  g a s - e l e c t r o l y t e  p r e s s u r e  d i f fe rence ,  w h i c h  s h o u l d  
h a v e  a s t r o n g  i n f l u e n c e  on  t h e  a c t i v e  t h i n - m e n i s c u s  a rea ,  r e q u i r e s  t h e  as -  
s u m p t i o n  t h a t  t h e  f looded v o l u m e  of t h e  e l e c t r o d e  is ac t ive .  A m o d e l  fo r  a 
f looded p o r e  is t r e a t e d  a n d  t h e  r e s u l t s  of a n  a p p r o x i m a t e  a n a l y t i c a l  s o l u t i o n  
c o m p a r e d  w i t h  da ta .  

T h e  u s u a l  m o d e l  fo r  a b i p o r o u s  s i n t e r e d  e l e c t r o d e  
c o n s i d e r s  a t h i n  l i q u i d  m e n i s c u s  t h a t  c o v e r s  t h e  m e t a l  
s u r f a c e  in  t h a t  p o r t i o n  of t h e  e l e c t r o d e  f r o m  w h i c h  
l i q u i d  ha s  b e e n  e x p e l l e d  (1 -3 ) .  T h e  t y p i c a l l y  low 
s o l u b i l i t y - d i f f u s i v i t y  p r o d u c t s  of gases  i n  e l e c t r o l y t e s  
causes  t hose  m e t a l  s u r f a c e s  s u r r o u n d e d  b y  a n y  m o r e  
l i q u i d  t h a n  a t h i n  m e n i s c u s  to b e  inac t ive ,  t h e  t r a n s -  
p o r t  r a t e  of t h e  r e a c t a n t  gas  t h r o u g h  t h e  l i q u i d  b e i n g  
too s m a l l  W e  h a v e  a p p l i e d  t h i s  m o d e l  to a n  o x y g e n  
e l e c t r o d e  in  a l k a l i n e  e l e c t r o l y t e  w i t h  a good dea l  of 
success .  T h e r e  a r e  e x p e r i m e n t a l  i nd i ca t i ons ,  h o w e v e r ,  
t h a t  s u g g e s t  th i s  m o d e l  does  n o t  a l w a y s  a p p l y  w h e n  
h y d r o g e n  r e a c t s  a t  a n i c k e l  s i n t e r  in  a l k a l i n e  e l ec -  
t ro ly t e .  

P a r t  of a b i p o r o u s  e l e c t r o d e  is t h e  f i n e - p o r e  r e g i o n  
on  t h e  e l e c t r o l y t e  s ide  w h i c h  ac t s  as a gas  b a r r i e r  to 
p r e v e n t  b u b b l i n g  of t he  gas  t h r o u g h  t h e  e l ec t rode .  
T h e  po re s  a r e  s m a l l  e n o u g h  t h a t  c a p i l l a r y  fo rces  a r e  
suff ic ient  to m a i n t a i n  a speci f ied  g a s - e l e c t r o l y t e  p r e s -  
s u r e  d i f fe rence .  T h e  r e m a i n i n g  p o r t i o n  of t he  e l e c t r o d e  
is t h e  c o a r s e  p o r e  r e g i o n  f r o m  w h i c h  e l e c t r o l y t e  h a s  
b e e n  e x p e l l e d  a t  o p e r a t i n g  g a s - e l e c t r o l y t e  p r e s s u r e  
d i f fe rences .  S i n c e  t h e  c o a r s e  p o r e  c o n t a i n s  a d i s t r i b u -  
t ion  of p o r e  sizes, t h e  gas - f i l l ed  v o l u m e  in  w h i c h  t h i n  
l i q u i d  m e n i s c u s  c o v e r s  t h e  m e t a l  w i l l  i n c r e a s e  w i t h  
i n c r e a s i n g  p r e s s u r e  d i f fe rences .  T h e  p e r f o r m a n c e  
s h o u l d  t h e n  i m p r o v e  as  p r e s s u r e  d i f f e r e n c e  r i s e s  a n d  
m o r e  a c t i v e  m e n i s c u s  a r e a  b e c o m e s  a v a i l a b l e .  Th i s  is 
t he  case  fo r  o x y g e n  e l e c t r o d e s  as i l l u s t r a t e d  in  Fig. 1. 
T h e  r e s u l t s  w e r e  o b t a i n e d  f r o m  a n  e x p e r i m e n t  in  
w h i c h  two  5-in.  d i a m e t e r  e l e c t r o d e s  w e r e  s p a c e d  a b o u t  
1/4 in.  a p a r t  b y  a r i n g  t h a t  w a s  e l e c t r i c a l l y  i n s u l a t e d  
f r o m  t h e  e l ec t rodes .  T h e  e l e c t r o l y t e  c o n t a i n e d  b e -  
t w e e n  t h e  e l e c t r o d e s  a n d  r i n g  w a s  c o n n e c t e d  b y  a 
n i c k e l  t u b e  to a 1/4 in. d i a m e t e r  Tef lon  t u b e  w h i c h  
s e r v e d  as  a n  e l e c t r o l y t e  l e v e l  i nd i ca to r .  A s  t h e  e l ec -  
t r o d e  gas  p r e s s u r e  w as  v a r i e d ,  t h e  d i s p l a c e m e n t  of 
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e l e c t r o l y t e  i n  t h e  e l e c t r o d e  w a s  d e t e r m i n e d  b y  t h e  
e l e c t r o l y t e  l e v e l  in  t h e  c a l i b r a t e d  Tef lon  tube .  H y d r o -  
gen  w a s  b l e d  t h r o u g h  a s i l v e r  p a l l a d i u m  t u b e  w h i c h  
w a s  i m m e r s e d  in  t h e  e l e c t r o l y t e  in  t h e  Tef lon  tube .  
Th i s  s e r v e d  as a r e f e r e n c e  e l ec t rode .  T h e  a r r a n g e m e n t  
m e a s u r e d  b o t h  t h e  e l e c t r o l y t e  d i s p l a c e m e n t  a n d  po -  
t e n t i a l  as a f u n c t i o n  of gas  to e l e c t r o l y t e  p r e s s u r e  
d i f fe rence .  F i g u r e  1 s h o w s  t h a t  good  p e r f o r m a n c e  o n  
a n  o x y g e n  e l e c t r o d e  w a s  o b t a i n e d  o n l y  a f t e r  a c o n -  
s i d e r a b l e  f r a c t i o n  of  e l e c t r o l y t e  was  d i sp l aced .  B e l o w  
a gas  to e l e c t r o l y t e  p r e s s u r e  d i f f e r ence  of 6 psi,  w h e r e  
v e r y  l i t t l e  e l e c t r o l y t e  was  d i s p l a c e d  b y  gas, t h e  c u r -  
r e n t  a t  0.2v p o l a r i z a t i o n  w a s  v e r y  smal l .  Th i s  b e -  
h a v i o r  is n o t  s h o w n  in  Fig.  2, w h e r e  a s i m i l a r  e x p e r i -  
m e n t  w a s  d o n e  o n  a h y d r o g e n  e lec t rode .  A t  2 psi  gas  
to e l e c t r o l y t e  p r e s s u r e  d i f fe rence ,  w h e r e  t h e  e l e c t r o -  
l y t e  d i s p l a c e m e n t  i n d i c a t e d  t h e  e l e c t r o d e  w a s  e s s e n -  
t i a l l y  f looded, t h e  p o l a r i z a t i o n  was  o n l y  s l i g h t l y  
g r e a t e r  t h a n  p r e s s u r e  d i f f e r ences  a t  w h i c h  30% of 
t h e  ~ vo id  v o l u m e  w a s  d i sp laced .  Th i s  i n s e n s i t i v i t y  of 
t h e  h y d r o g e n  e l e c t r o d e  to t h e  g a s - e l e c t r o l y t e  p r e s -  
su r e  d i f f e r e n c e  w a s  o b s e r v e d  for  h y d r o g e n  e l e c t r o d e s  
a t  t e m p e r a t u r e s  of 150~176 a n d  K O H  c o n c e n t r a -  
t ions  of 70-85%.  S ince  gas  d i s p l a c e m e n t  of e l e c t r o -  
l y t e  is u n n e c e s s a r y  fo r  good  p e r f o r m a n c e ,  t h e  n e e d  
fo r  a l a r g e  a r e a  of t h i n  m e n i s c u s  is n o t  e s t ab l i shed .  
T h e  o n l y  pos s ib l e  c o n c l u s i o n  is t h a t  t h e  f looded p o r -  
t i on  of t he  e l e c t r o d e  is ac t ive .  A m e a n s  of  t r a n s p o r t  
fo r  t h e  h y d r o g e n  in to  t h e  f looded r e g i o n  o t h e r  t h a n  
t h a t  l i m i t e d  b y  t h e  low b u l k  s o l u b i l i t y - d i f f u s i v i t y  
p r o d u c t  m u s t  b e  a s s u m e d .  S u r f a c e  d i f fus ion  cou ld  ac-  
c o u n t  fo r  t h e  h i g h  e f fec t ive  h y d r o g e n  d i f fu s iv i t y  i f  
w e  a s s u m e  e n o u g h  t h i n  m e n i s c u s  is a v a i l a b l e  to a l l o w  
the  h y d r o g e n  to ge t  to t he  m e t a l  s u r f a c e  w i t h o u t  
c a u s i n g  a s ign i f i can t  gas  d i f fus ion  p o l a r i z a t i o n .  

T h e  p u r p o s e  of t h i s  p a p e r  is to  d e s c r i b e  t h e  so lu -  
t i o n  of t h e  f looded e l e c t r o d e  p r o b l e m  a n d  d e t e r m i n e  
if  t h e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  h y d r o g e n  h a l f  cel l  
da ta .  T h e  m o r e  c o m p l e x  p r o b l e m  of c o n s i d e r i n g  b o t h  
gas - f i l l ed  r e g i o n s  a n d  f looded  r e g i o n s  in  one  e l e c t r o d e  
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is not discussed. This would  involve a more  sophis- 
t icated description of the electrode s t ructure  than the 
cylindrical  pore model  assumed here. 

Theoret ical  Model  
For purposes of comparison, both geometr ic  models 

for the flooded electrode and the gas-filled electrode 
are shown in Fig. 3. The electrode is considered as an 
ar ray  of cylindrical  pores whose diameter  is that  of 
the mean pore size of the structure.  In the gas-filled 
model, the flooded port ion represents  the fine pore 
layer  and the gas-filled coarse pore is coated wi th  a 
thin l iquid meniscus. The t ransport  ra te  of gas through 
this thin l iquid film is re la t ive ly  high compared to 
wha t  it would be in the flooded portion. In the flooded 
model, the ent i re  cyl inder  is full  of liquid, but  gas 
can diffuse e i ther  along the surface or through the 
bulk metal. This effectively increases the diffusivity 
over  wha t  it would be in just  the bulk liquid. 

The next  major  assumption deals wi th  the hal f -ce l l  
reaction. The over -a l l  react ion for the oxidation of 
hydrogen in alkal ine electrolyte  is as follows 

H2 + 2 O H -  ~,-~ 2H20 + 2e -  [1] 

In order to wr i te  a precise kinetic expression for the 
net  half -cel l  reaction, the sequence and re la t ive  ra te  
constant for each react ion step must be known. For  
the case where  the act ivi ty ratios of the electrolyte  
species are approximate ly  unity, the fol lowing ex-  
pression has been shown to be val id (4). 

I i ~ il aH~ RT RT 
- - e  - - e  [2] 
~H.? 

In order to include the activity of the electrolyte 
species, the kinetic expression is wr i t ten  as fol lows 

i i l  ~H2 ~KOH 2 -~ a l l 20  2 - -  

a l l .  ~ / \ O~KOH o / a i t20  ~ / 

[3] 

The p lacement  of these electrolyte  species act ivi ty  
ratios wi th  respect  to the forward  and reverse  t e rms  
is arbitrary,  but  their  exponents  are consistent with 
the thermodynamics  of the over -a l l  revers ible  reac-  
tion. One of the most impor tant  assumptions regard-  
ing the choice of the kinetic expression is that  the 
control l ing step takes place ei ther  before or is the 
step during which the H - H  bond is broken. This 
means that  the hydrogen exchange current  is direct ly  
proport ional  to hydrogen par t ia l  pressure. 

Mathemat ica l  Formula t ion  
The analysis considers a differential  slice cut f rom 

the cylinder as Shown in Fig. 4. The local current  
density on the meta l  surface is given by the kinet ic  
expression. The potential,  E, of the electrode is 
measured re la t ive  to a reference  probe located in 
the bulk l iquid to the left  of the electrode fine pore. 
The ohmic potent ial  in the electrolyte,  r is chosen as 
zero at the left  edge of the fine pore and chosen to 
have  increasingly posit ive values in the posit ive x di- 
rection. The local meta l -so lu t ion  potential  difference 
at any point in the pore is given by the difference be-  
tween the electrode potential  and the solution poten-  
tial. The kinet ic  expression of Eq. [3] can then  be 

Fig. 4. Single pore 

wri t ten  with  the dr iving potentials in terms of the 
solution potential.  

( F 
i : i l  ( ( aH2 ~ (  aKOH ~ ~ e - - ( E - -  r  

\ ~ H, ,  ~ / k a K O H  ~ / 

- -  - -  e R T  [ 4 ]  
\ ~H~O ~ / ] 

The local current  density is re la ted to the current  in 
the axial  direct ion of the pore by making a current  
balance on the differential  wafer.  Radial  variat ions 
are neglected making the problem one-dimensional  
and the pore current  goes in the negat ive x direction. 

1 dJ 
i = - -  [5] 

2nR dx  

The current  in the axial  direct ion of the pore is r e -  
lated to the ohmic potent ial  in the electrolyte  by 
Ohm's law. 

dr 
J = - -  ~R2~ - -  [63 

dx  

Subst i tut ion of Eq. [6] into Eq. [5] relates  the ohmic 
potential  in the electrolyte  to the local current  density. 

Rr d2r 

2 dx  2 

The current  associated with  the hydrogen flux in the 
axial  direct ion of the pore can be related to the hy-  
drogen activity by Fick 's  diffusion law. 

d ( a H , , / ~ H ? )  
JH= = --~R2nFDH:an._, ~ [8] 

dx 

Substi tut ion of Eq. [8] into Eq. [5] relates the hydro-  
gen act ivi ty  rat io to the local current  density. The 
sign changes in this substitution to account for the 
fact that  hydrogen moves to the surface in a di rec-  
tion opposite to that  chosen for  the local currents.  

R d 2 ( aIiJaH,, ~ 
i = - -  nFDH~aH,., ~ [9] 

2 dx 2 

The water  and KOH activi ty ratios can be related 
to the ohmic potential  in the electrolyte  as wi l l  be 
shown in a fol lowing section. This being the case, the 
local current  density at any given electrode polar iza-  
tion is a function of only the ohmic potent ial  in the 
electrolyte  and the hydrogen act ivi ty  ratio. Equat ions 
[7] and [9] are then the two equations in r and 
aH~/aH~ ~ that  must  be solved s imultaneously in order 
to obtain aHJaH? as a function of x. The total pore 
current  is then found by evaluat ing the first der iva-  
t ive of ~H~/aH~ ~ wi th  respect  to x at  the point  where  
all the  hydrogen passes. The total  current  is 
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J = ~ nR2nFDH~aH2 ~ d(aHJaH~176 [10 ]  
dx x=L 

Boundary conditions for Eq. [7] and [9] are defined 
at both ends of the pore. At  the electrolyte  side, the 
electrolyte  potential  is chosen at zero and no more  
hydrogen diffuses in the axial  direct ion as none is 
consumed to the left  of this point. 

at x = O: r = 0 [ l l a ]  

d ( ~ H J ~ m  ~ 
0 [ l l b ]  

dx 

At  the gas side, the hydrogen act ivi ty  is at its ref-  
erence va lue  and there  is no ohmic gradient  as no 
current  is generated to the r igh t  of this point. 

at x = L: ~m/am ~ = 1 [12a] 

d~ 
= 0 [12b] 

dx 

We have two simultaneous second-order  equations to 
solve. The one in ~HJan2 ~ is l inear,  but  the one in r 
is nonlinear.  If we  neglect  both the ohmic and the 
electrolyte  concentrat ion polarizations, both equations 
become l inear and an analyt ical  solution is readi ly  ob- 
tained. The approximations are 

E - -  ~ ~ E [13] 

~H~O aKOH 
- -  = ~ --~ I [ 1 4 ]  
O~H20 ~ o~KOH ~ 

The approximate  differential  equations become 

R~ d2r [ aH2 ] 
2 dx2 -~ il e F E / R T -  e -FE/RT [15] 

~H~ ~ 

nFDtt~aH2~ d2(aHJaH~~ - - i 1 [  all2 eFE/RT__ e_FE/RT ] 
2 dx  2 aI-I~ ~ 

[16] 

Equat ion [16] can be solved for the hydrogen act ivi ty  
ratio as a function of x by applying the boundary con- 
ditions of Eq. [ l l b ]  and [12a] 

~H~ 
- -  : (1 - -  e -2FE/RT) 
O~H20 

c o s h  [ (  i l  )I /2eFE/2RTx] 
R F D ~  m ~ 

~- e -2FE/RT [17] 
cosh [ (  i~ \1/2 -~ 

RED--Heart2 o ) eFE/2RTL J 
This is now different iated with  respect  to x, evalu-  
ated at X : L ,  and substi tuted into Eq. [10] to obtain 
the total pore  current.  

J = 2:~R~/RFDH2~H~Oil (eFE/2R T ~ e--3FE/2RT) 

tanh [ ~  / il eFE/2RTL ] [18] 
RFDH~aH~ ~ 

The numerica l  solution of Eq. [7] and [9] was  ob-  
tained by employing the method of quasilinearization. 
The solution of this system via  quasi l inearizat ion en- 
tails expanding the expression for local current  den-  
sity into a t runcated Taylor  series. This reduces the 
nonlinear,  two-poin t  boundary  va lue  problem to the 
problem of solving a sequence of l inear  two-poin t  
problems. The sequence of l inear  two-poin t  problems 
can then be solved in terms of ini t ial  va lue  techniques 
through a numer ica l  construction of Green 's  func-  
tions. 

Transpor t  of Elec t ro l y t e  Spec ies  
The hydroxyl  ion that  is consumed in the react ion 

must  diffuse axial ly  through the pore f rom the bulk 
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electrolyte  to the react ion surface. If ideal solutions 
are assumed and bulk t ransport  is neglected, the 
t ransport  equations for both potassium and hydroxyl  
ions show a t e rm proport ional  to KOH concentrat ion 
gradient  and a te rm proport ional  to ohmic potential.  

[" dCoH d~ 
J = : ~ R 2 L - - F D ~  d x  --~oHCKoH~X- ] [19] 

[ dCK ~_ ~KCKOH ~ . ~  ] [ 2 0 ]  0 = nR 2 - -FDK y 

Equat ion [20] can be in tegrated using a reference  
concentration, CKOH o, as that  in the bulk  electrolyte  
where  the reference  electrolyte  potent ial  is zero. The 
var ia t ion of the diffusivity and ion equiva len t  con- 
ductance with concentrat ion are neglected. 

XK 
CKOH -- - -  r 

- - =  e FD~ [21 ]  
CKOH ~ 

In ex t remely  dilute solutions, the Nerns t -Eins te in  re-  
lation could be applied to the coefficient of ~ in Eq. 
[21] and the concentrat ion var ia t ion as a function of 
r would be known. In a nonideal  electrolyte,  however ,  
the correct  dr iving force for the diffusive t ransport  is 
not the concentrat ion gradient,  but the gradient  of 
chemical  potential.  Equat ion [21] can be corrected to 
the proper  diffusive dr iving force by a simple adjust-  
ment  to the diffusivity. 

0 ( l n  ~KOH) 
D K  = D K  ~ [22] 

0 (ln CKOH) 

Applicat ion of the correction in Eq. [21] assumes the 
correction factor does not  va ry  strongly wi th  con- 
centration. There  are other  correction factors for the 
diffusivity which are functions of the electrolyte  fluid 
propert ies such as viscosity and density. These same 
corrections apply to the equiva len t  ion conductance 
so that  the conductance to diffusivity ratio is assumed 
constant. With these assumptions, the Nerns t -Eins te in  
relat ion can be applied. 

~K F 
[23] 

FDK ~ R T  

The KOH concentrat ion var ia t ion  as a funct ion of 
potential  can now be wr i t ten  by substi tut ing Eq. [22] 
and [23] into [21]. 

Fr 

0 fin C~KOH) 
CKOH RT - -  

- -  = e 0 Cm CKOEZ) [24] 
CKOH ~ 

It is necessary to relate  the concentrat ion changes to 
act ivi ty changes as are requi red  in the kinetic equa-  
tion. Act iv i ty  coefficients for KOH have been meas-  
ured  but only to 50 w / o  (weight  per cent) (6). Water  
vapor  pressures have  been measured over  highly con- 
centra ted KOH over  a wide range of t empera tu re  (7). 
The solvent act ivi ty  is defined as the ratio of e lectro-  
lyte vapor  pressure to pure  solvent vapor  pressure. 
The water  vapor  pressure data give us the water  ac- 
t ivi ty as a function of the solvent concentration. Spe-  
cifically, the wate r  vapor  pressure data were  related 
to the wate r  concentrat ion by the fol lowing empir ical  
expression 

PH~O = e (AFH~~ + BF~o + C) [ 2 5 ]  

where  rH.~O is the weight  fraction water ,  A ---- 34.135; 
B ~ 45.110-0.024055T; C : 0.021597-14.01648T; and T 
is temperature ,  ~ 

In order to calculate the water  activity,  the above 
expression is divided by the pure  wate r  vapor  pres-  
sure which can be re la ted to t empera tu re  by the 
Clausius-Clapyron equation. The wate r  act ivi ty  is 
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then known as a function of the water  molar  density 
or the KOH molar  density f rom the fol lowing expres-  
sions 

FH~o = Cm.oMH2o/p [26] 

1 -- FH..O : CKoHMKoH/P [ 27 ] 

The water  act ivi ty  ratio corresponding to the KOH 
molar  density ratio of Eq. [24] is then given by sub- 
stitution of Eq. [27] into Eq. [25] and taking water  
vapor  pressure ratios 

,o o..___o 
~ H zO ~ p 

1 CKoHoMKOH ) 2 ]  B ~/KOH 
- -  -~  (CKoH~ [28] 

P P 

The KOH activi ty ratio is re la ted to the water  act iv-  
ities by application of the Gibbs-Duhem expression 

In  ~ ~ | l n ( X H = O  CH=O d( lnaH_.o )  [29] 
- -  = - -  ' 7  In an o ~  aKOH ~ :~ C K O H  

Applicat ion of the Gibbs-Duhem re la t ion can also 
be employed to obtain the Onsager-Fuoss  correction 
employed in Eq. [24]. Equat ion [29] is simply differ- 
ent iated with  respect to In CKOH 

0 (In o~KOH) 0 (In aH20) 
: - -  CH..O [30] 

0 ( In CKOH) 0 ( In CKOH ) 

The above relat ion is computed at the reference KOH 
concentrat ion since, as previously indicated, it varies  
sl ightly with concentration. 

It was assumed ini t ial ly that  bulk t ransport  prop-  
erties would be neglected. This is only precisely cor-  
rect  in a pore where  the axial  water  diffusion molar  
flux is equal  and opposite to the hydroxyl  ion flux. Un-  
less the product water  of the total cell is al lowed to 
evaporate  into the hydrogen gas, the axial  water  dif-  
fusion flux does not balance the hydroxyl  ion flux. 
It  was found exper imental ly ,  however ,  that  anode 
polarization was unaffected by wide variat ions in the 
flow rates of pure  hydrogen over  the electrode. These 
flow variat ions affect the water  vapor  pressure in the 
gas and so control the amounts  of water  t ransported 
through the working electrode. This exper imenta l  re -  
sult indicates that  the assumption of no bulk flow is 
a good one. 

C o m p a r i s o n  w i t h  E x p e r i m e n t  
Hydrogen electrode hal f -ce l l  data were  measured  

for KOH concentrat ions ranging f rom 70 to 85 w / o  
and tempera tures  ranging f rom 300 ~ to 500~ The 
current -polar iza t ion  measurements  had been made on 
electrodes having essentially the same properties.  
These electrodes were  0.079 cm thick, had 70% poros- 
ity, and a 6~ mean  pore diameter.  The thickness of 
these electrodes was low enough that  they exhibi ted 
l i t t le  var ia t ion in per formance  over  a range of gas- 
electrolyte  pressure differences. The reason for this 
r equ i rement  wil l  be amplified in the discussion. 

The numerica l  solution of the equations proved  
quite t ime-consuming,  requi r ing  at least a minute  on 
the IBM 7040 to make  the computations requi red  fo 
define adequate ly  one polarization curve. Considering 
the expense of the computat ion and the fact  that  
e lectrolyte  concentrat ion and ohmic polarizations are 
a small  port ion of the total polarizat ion at usual op-  
erat ing currents,  the approximate  solution given in 
Eq. [18] was employed to fit the data. This assumes 
that  the polarization is controlled by gas diffusion and 
activation. The expression, wr i t ten  in terms of the 
current  density in the electrode, is 

/ F DH,aH2~ l 
I --~ 2Pep "~/ ( e FE/gRT - -  e--3FE/2RT) 

v R 

September 1966 

L ] [31] tanh [__R__ eFE/2RT~ / /1R 
FDH2aH~ ~ 

There  are two parameters  that  cannot be est imated 
and are employed as empir ical  factors in the theory-  
data fits. One is the exchange current,  ii, and the 
other  is a characterist ic hydrogen diffusion current,  
FDH.aH2~ No information on exchange currents  in 
porous sinters is available. The diffusivity, being an 
"effective diffusivity" including meta l  surface and 
meta l  bulk diffusion, bears no relat ion to diffusivities 
in the electrolyte.  All  other terms in Eq. [31] are 
either sinter properties or physical  constants. A typ- 
ical theory-data fit is shown for data in 80% KOH in 
Fig. 5. Similar comparisons could be shown for data 
at other concentrations, but this comparison is suffi- 
cient to illustrate the point. The exchange currents 
employed for the fits in Fig. 5 and for fits with data 
from 75% and 83.5% KOH are plotted in Fig. 6 on a 
scale of logarithm current versus reciprocal tempera- 
ture. The straight line is indicative of an Arrhenius 
law dependence on temperature as should be expected 
of a kinet ic  ra te  constant. 

The  fitted values of the solubil i ty-diffusivi ty product  
were  compared with  hydrogen solubili ty measure-  
ments made in our laboratories which showed that  
DH2aH2 ~ ~ 1012 moles /cm-sec  in 80% KOH at 450~ 
The fitted values were  about 104-105 greater  than the 
measured values indicating that  a means of diffusive 
t ransport  other  than diffusion through the l iquid is a 
necessary assumption. 

Discussion 
The approximate  solution given in Eq. [31] shows 

that  the electrode cur ren t  densi ty at a given polar iza-  
t ion is direct ly proport ional  to the geometr ic  mean 
of the exchange current  and the characterist ic hydro-  
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gen diffusion current.  The fact that  the pore current  
is a geometr ic  mean of a diffusion proper ty  and a 
catalytic proper ty  i l lustrates a general  fea ture  of gas 
diffusion electrodes; their  per formance  is not l imited 
by one effect but by an interplay of several. Al though 
electrolyte concentrat ion and ohmic polarizations can 
be neglected, no useful approximat ion in which gas 
diffusion or act ivat ion polarization is e l iminated can 
be made. The exchange current  and diffusion current  
are both proport ional  to hydrogen part ial  pressure. 
The electrode current  is then direct ly  proport ional  to 
hydrogen part ial  pressure. Without  going into too 
much detail, it is appropr ia te  to point out a difference 
in this result  and the result  for the th in-meniscus  
model. The current  in the th in-meniscus  model  is also 
proport ional  to the geometr ic  mean  of two properties,  
but only one of them is proport ional  to the gas part ial  
pressure. The thin-meniscus model  then predicts cur-  
rent  is proport ional  to the square root of gas part ial  
pressure. 

The local current  densities have their  largest  values 
at the gas side of the electrode where  the gas concen-  
trat ion is at its highest. The current  density decreases 
toward the electrolyte  side of the electrode as con- 
sumption of gas lowers its concentration.  The ent ire  
electrode produces current,  but  as the thickness is in-  
creased, the added electrode surface makes dimin-  
ishingly small contributions to the current.  This is 
i l lustrated in Fig. 7 where  the fitted parameters  for 
75% KOH and 400~ were  employed and the effect of 
varying electrode thickness is shown. Increasing the 
electrode thickness beyond 0.3 cm no longer produces 
any more improvement  in the current.  

Severa l  comparisons were  made  between the ap- 
proximate  and rigorous solutions to de termine  the 
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val idi ty  of the assumption that  there  are negligible 
electrolyte  concentrat ion and ohmic polarizations. An 
example  is shown in Fig. 8 where  the constants f rom 
the approximate  solution fit are  employed in the non-  
l inear  equations to calculate  the polarizat ion as a 
function of current.  The rigorous solution shows a 
higher  polarization as the ohmic and concentrat ion 
polarizations are added. If the rigorous solution were  
fit to the data, an adjus tment  in the empir ical  con- 
stants would have  to be made so that  the total  the-  
oretical  polarization would equal  the exper imenta l  
values. The purpose of Fig. 8, however ,  is to show that  
ohmic and electrolyte  concentrat ion polarizations ac- 
count for about 15 to 20% of the total. This is not a 
negligible portion, but  is small  enough that  its effect 
on the shape of the curve is small. This added portion 
is ve ry  close to l inear  wi th  current  density. The ap- 
proximate  solution, al though not precisely correct, is 
still useful to fit data. 

It  was pointed out that  increasing the electrode 
thickness increases the react ive  surface and can help 
performance,  but it also increases the electrolyte  con- 
centrat ion and ohmic polarizations. This suggests that  
a flooded anode should have an opt imum thickness for 
m ax im um  performance.  This is i l lustrated in Fig. 9 
where  the rigorous solution was made for several  elec-  
t rode thicknesses. The  opt imum thickness is lower at 
higher  polarizations because the electrolyte  concen- 
t rat ion and ohmic polarizations are a higher  port ion 
of the total than at lower  polarizations. Thicker  anodes 
are found exper imenta l ly  to be more sensit ive to gas- 
e lectrolyte  pressure difference than thin ones. This is 
because at the lower  pressure differences the average  
position of the gas-e lect rolyte  interface is close to 
the gas side. The effective flooded thickness is then 
too large. With increasing pressure differences, how-  
ever, the flooded thickness is smaller.  This l ine of 
a rgument  suggests that  there  could be an opt imum 
gas-e lect rolyte  pressure  difference for thick anodes, 
and this has been exper imenta l ly  observed. 

Having a theory  that  fits per formance  data taken 
over  a wide range of e lectrolyte  concentrat ions and 
tempera tures  leads us to a bet ter  unders tanding  of the 
behavior  of porous gas diffusion electrodes. The fact  
that  a theory for a flooded electrode can be employed 
to fit hydrogen anode data helps explain their  re la-  
t ive insensi t ivi ty to gas-e lect rolyte  pressure differ- 
ence. There  are, however ,  certain limitations. Since 
certain empir ical  values of inest imable physical quan-  
tities are requi red  in the fitting, the proof of the theory 
is, in part, circumstantial .  Fur thermore ,  the assump- 
tion of cylindrical  pores of one size el iminates the 
possibility of est imating accurate ly  the effects of both 
pore size distr ibut ion and the re la t ive  gas-filled to 
l iquid-f i l led volumes in the electrode. The gas-filled 
volume should be considered, as there  must  be enough 
thin meniscus so that  gas can diffuse to the meta l  sur-  
face if it is to take this route  to the flooded part  of 
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the sinter. Finally,  perhaps the most difficult empir ical  
result  to accept is the fact  that  surface diffusion must  
explain a factor of 104-10 ~ greater  diffusion than that  
of hydrogen in the bulk electrolyte.  The  only repor ted  
determinat ion  of surface diffusion of hydrogen on 
nickel  describes the results of field emission exper i -  
ments (8). Ext rapola t ing  these measurements  f rom 
250 ~ to 280~ to our exper imenta l  region of 500~ 
the surface diffusivity is around 10-6 cm2/sec. Al -  
though this is about the same order of magni tude  as 
the diffusivity in bulk electrolyte,  another  factor of 
10 +5 is required.  We can argue, however ,  that  the 
field emission results  can be several  orders of magni -  
tude off when  applied to these conditions. At  the low 
pressures employed in field emission experiments ,  
only the most t ight ly held molecules are held on the 
surface and are observed. At  higher  pressures, it 
would be expected that  the less t ight ly  held molecules 
would  have considerably more  mobility. Fur thermore ,  
the effect of the electrolyte  could be very  important .  
Measurements  of hydrogen diffusion through porous 
nickel  sinters at 500~ are being planned and the 
results may  clear up the difficulty. In spite of these 
limitations, we have a model  that  seems to approx-  
imate  the gross mechanisms in anodes and we can go 
on from this point to t rea t  more  sophisticated descrip-  
tions of the electrodes. 

NOMENCLATURE 
all2 solubili ty of hydrogen,  moles /cm ~ 
A empirical  constant 
B empir ical  constant which is a function of t em-  

pera ture  
C empir ical  constant which is a function of t em-  

pera ture  
Cj concentrat ion of species j, mo les / cm 3 
Cj ~ reference  concentrat ion of species j, mo les / cm 3 
Dj diffusivity of species j, cm2/sec 
Dj ~ diffusivity of species j at infinite dilution, cm2/ 

s e e  
E electrode polarization, v 
FH2O weight  fract ion of water  
F Faraday  constant, 96500 coulombs /equiva len t  

i local current  density on surface of pore, a m p /  
c m  2 

is exchange current,  a m p / c m  2 
I electrode current  density, a m p / c m  2 
J current  generated in one pore, amp 
JH2 current  associated with  hydrogen flux, amp 
L thickness of electrode, cm 
n number  of electrons t ransfer red  per  mole of 

hydrogen reacted ~ (2) 
Pc, porosity of the electrode 
PH2O water  vapor pressure over  electrolyte,  atm. 
R gas constant, 8.314 jou le s /~  
R mean radius of electrode pores, cm 
T absolute temperature ,  ~ 
x distance from electrolyte  side of the electrolyte,  

cm 
~j act ivi ty of species j 
~jo reference  act ivi ty  of species j 
n local meta l -solut ion potent ial  difference, v 
p density of electrolyte,  g m / c m  ~ 

conduct ivi ty  of electrolyte,  ohm-cm -1 
~os equivalent  conductance of hydroxyl  ions, ohm- 

e r a - 1  
kK equivalent  conductance of potassium ions, ohm- 

c m - 1  
r ohmic potent ial  in electrolyte,  v 
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script received Jan. 13, 1966. This paper was presented 
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Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the J u n e  1967 JOURNAL. 
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The Manganese Dioxide Electrode in Alkaline Electrolyte; 
The Electron-Proton Mechanism for the Discharge 

Process from MnO  to Mn01o 
A. Kozawa and R. A. Powers 

Research Laboratory, Consumer Products Division, Un~on Carbide Corporation, Cleveland, Ohio 

ABSTRACT 

In the study of cathodic reduct ion of electrolytic manganese dioxide at 
cons tant -current  discharge in alkal ine electrolytes,  effects of D20, Zn( I I )  
ion added to the electrolyte,  and of t empera tu re  on the discharge curves 
of the electrodeposited MnO2 on a graphi te  rod were  investigated. Results 
a r e  discussed in v iew of the e lec t ron-proton mechanism. The potent ial  vs. x 
value  in MnOx curve  agrees in general  wi th  that  calculated f rom 

RT [Mn 3+ ] soUd 
E ---- E ~ - - ~ I n  

F [Mn 4+ ] solid 
corresponding to a react ion 

MnO2 ~ I-I20 ~- e -  --> MnOOH W O H -  

which is assumed to take place in one phase of the oxide electrode system 
(Mn 3§ - - M n  4 + -  O = -  O H - ) .  In 9M KOH prepared with  KOH -~ D20, the 
polarizat ion of the MnO2 electrode was greater  than that  in e lect rolyte  
prepared  wi th  KOH W H20. Addi t ion of zinc ion had no effect on the dis- 
charge curve  f rom MnO2 to MnO1.5. A new definition of ~~ for a h o m o g e n e -  
ous redox solid system is proposed and the value  for the Mn 4 + - -  Mn 3 + - -  O = 
- -  O H -  system compared to the convent ional  thermodynamic  E ~ value.  A 
few potent ia l -control l ing factors of the MnO2 electrode are discussed. 

The cathodic reduct ion of electrolytic manganese been compared and discussed in a previous publicat ion 
dioxide ('y-lVInO2) in alkal ine electrolyte  has been in-  (3). In the first two invest igat ions (1,2) the manganese  
vest igated by Cahoon and Korver  (1), Bel l  and Huber  dioxide electrodes were  constructed in a manner  sire- 
(2), and Kozawa and Yeager  (3). Those results have  i lar  to that  used in a ba t te ry  (powdered electrolyt ic  
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MnO2 and graphi te  mixed  with  KOH solution and 
pressed together) ,  but  in the third invest igat ion (3) 
a much s impler  electrode (MnO2 electrodeposited on 
spectroscopic graphi te  rods) was used. Based on the 
discharge curves (potential  vs .  x in MnOx) of the 
s impler  electrode at constant current,  Kozawa and 
Yeager  found two steps in the electrochemical  reduc-  
tion of MnO2 (refer  to curve B in Fig. 4);  the first 
step f rom MnO2 to MnOI.5 and the second step f rom 
MnO1.5 to MnO1.0, where  there  is a dip on the re -  
corded poten t ia l - t ime curve  at the end of the first 
step. In the first step the potential  decreased contin-  
uously and therefore,  dur ing this period, the solid 
phase must  be homogeneous according to the the rmo-  
dynamic considerations presented by Vet ter  (4). In 
the second step a considerable port ion of the discharge 
curve  was flat; that  is, it main ta ined  a constant poten-  
tial. This must  mean that  two solid phases are in-  
volved in the second step according to the the rmody-  
namic consideration (4). Kozawa and Yeager proposed 
a new discharge mechanism (3) for the second step 
which has been fur ther  investigated.  The results wil l  
be presented in a separate paper. 

In the previous publ icat ion (3) the homogeneous 
phase discharge of the first step was discussed in ac- 
cordance wi th  the e lec t ron-pro ton  mechanism, which  
has been proposed and invest igated by Coleman (5), 
Vosburgh and co-workers  (6,7),  Scott  (8), Kornfe i l  
(9), and Era, Takehara,  and Yoshizawa (10). It  was 
assumed in the e lec t ron-proton mechanism that  MnO2 
was electrochemical ly  reduced to MnOOH by rece iv-  
ing electrons and protons into the MnO2 lat t ice wi th -  
out changing much of the original  structure.  

In this paper, a t tent ion wil l  be focused on the first 
step of the discharge process. It was found that  the 
two-s tep  reduct ion which was observed in previous 
study (3) is also observed wi th  a convent ional  cathode 
construction current ly  used in the alkal ine MnO2 cell. 
Effects of D20, zinc ion added to the electrolyte,  and 
of t empera tu re  on the discharge curve  of the e lec t ro-  
deposited MnO2 on graphi te  rods wil l  be presented and 
discussed f rom the point  of v iew of the e lec t ron-pro-  
ton mechanism. 

Electron-Proton M e c h a n i s m  
Since the purpose of this invest igat ion is to test  

fu r the r  the e lec t ron-pro ton  mechanism in a lkal ine 
electrolyte,  some details of the mechanism wil l  be 
discussed here  wi th  the aid of Fig. 1. As we can see 
by Eq. [1] and in Fig. 1, in the cathodic reduct ion 
of MnO2(ionic crystal)  

MnO2 + H20 + e -  --> MnOOH -5 O H -  [1] 

electrons are int roduced into the latt ice and Mn 4+ is 
reduced to Mn s+. As a resul t  of e lectron exchange 

I 
Mn4+ 0 = Mn4+ 0 = ! 

.,," 

. .  4,11_,H 0 = M n  4+ 0 = Mn IU:,H 

Mn3+ "" 0 = Mn 4," 0 = / i  
I 

0 = i ~ "  0 = i n  3* '  
I 

" -  | 

Mn 4+~ OH- �9 Mn 4§ OH- I 
/ 

0 = Mn 4*  0 = Mn I 
I 
I 
Y 

ELECTROLYTE 
(KOH) 

X 

Fig. 1. Schematic presentation of the solid phase (Mn 4+ 
Mn 3+ - -  0 = - -  O H - )  during the discharge of Mn02. The arrows 
show the directions of movement of the electrons and protons: 

proton movement; . . . .  electron movement; X, MnO2- 
electronic conductor interface; Y, MnO2-solution interface. 

between  Mn 4+ and Mn 3+ in the lattice, the position 
of Mn 3+ (not the manganese ion itself) moves around 
in the ent i re  lattice. At the same time, H20 molecules 
(an abundant  source of protons under  this condition) 
may be decomposed at the solid-solution interface, and 
protons are int roduced into the latt ice forming O H - .  
Since the O H -  in the latt ice is rotat ing and vibrating,  
the O-H bond is broken, and H + is t ransferred to the 
adjacent  O = to form O H -  again. Thus, O H -  also 
moves around in the ent ire  latt ice by means of the 
proton jumping  f rom one O = site to another. 

As the discharge proceeds, the concentrat ions of 
Mn ~ + and O H -  in the latt ice increase, and in an open-  
circuit  condition, both of these species become dis- 
t r ibuted homogeneously  throughout  the oxide lattice. 
At equi l ibr ium the electrode potential  of the oxide 
having a homogeneous phase may be determined by 
the act ivi ty  of the electron in the lattice, or by the 
ratio of [MnS+] / [Mn 4+] in the solid, because of the 
re la t ive ly  free electron exchange between Mn 3+ and 
Mn 4+. As long as the lattice parameters  (distance be-  
tween two adjacent  O = and that  be tween two ad- 
jacent  Mn 4+) permi t  fair ly free movement  of protons 
( through O = sites) and electrons ( through Mn 4+ 
sites) in the manner  described above, the electro-  
chemical  reduct ion can take place in a homogeneous 
phase. However ,  as the discharge proceeds the original 
MnO2 latt ice expands, because the ionic radius of O H -  
(1.53A) (36) is greater  than that  of O = (1.40A) (36), 
and Mn 3+ (0.62A) (37) is greater  than Mn 4+ (0.52 
(38). Therefore,  at a certain point, the crystal  s t ruc-  
ture may  be t ransformed to a new form in which such 
a f ree  movemen t  of the electron and proton may  not 
be possible. 

The po ten t ia l -genera t ing  mechanism of the homo- 
geneous Mn 3 + - -  Mn 4 + - -  O= - -  O H -  phase in contact 
wi th  an electrolyte  is somewhat  analogous to an aque-  
ous redox system; for example,  an aqueous solution 
containing Fe 2+ and Fe 8+ ions which consists of a 
homogeneous phase and the potent ial  can be expressed 
by Eq. [2]. 

R T  [Fe 2 + ] 
= E ~ In [2] 

F [Fe 3 + ] 

In the Mn 3+ -- Mn 4+ -- O = -- OH- system, elec- 
trons and protons move around and the system is in 
an electrochemical equilibrium with species (OH-, 
H20) inthe electrolyte. The two systems may be con- 
sidered similar in the relation of the electrode poten- 
tials to the variable activities of the oxidized and re- 
duced forms present in a homogeneous phase. There- 
fore, the electrode potential of the oxide electrode 
system (Mn 4+ -- Mn 3+ -- O = --OH-) of a homogene- 
ous phase may be expressed by Eq. [3], as a first ap- 
proximation, with [OH-] and [H20] assumed con- 
stant. 

RT [Mn 8 + ] solid 
E = E ~ -- In [3] 

F [Mn 4 + ] solid 

This can be tested experimentally by comparing the 
open-circuit potential of the MnO2 electrode at vari- 
ous stages of the discharge to the calculated curve 
(Fig. 2, curve  a) f rom Eq. [3]. If the discharge does 
not proceed through a homogeneous phase, but  in-  
volves a conversion of one solid phase (MnO2) to an-  
other  separate solid phase (MnOOH or Mn203), the 
open-ci rcui t  potential  must  be constant in the rmody-  
namic principle at any stage of the discharge, be-  
cause in Eq. [4] the activities of those solid phases 
do not vary  with  the quanti t ies present  and must  be 
constant  in the ent ire  range of the discharge as in-  
dicated by curve b in Fig. 2. 

R T  aMnOOH 
E = E'-- - -  in - -  [4] 

F aMnO2 

An example  of this kind of mechanism in which two 
solid phases are involved is the second step of the 
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Fig. 2. Equilibrium potential curves for one-phase and two-phase 
reductions. Curve a, calculated from Eq. [3]  for a one-phase 
(or homogeneous phase) reduction. Line b, for two-phase reduction 
(Eq. [4]).  R and x in MnOx ore related by x = (2 -~- 1.5R)/ 
(1 + R). 

discharge, f rom MnOOH to Mn(OH)2 in alkaline elec-  
trolyte, in which the open-circui t  potential  was con- 
stant (see Fig. 5). As a mat te r  of fact, many of the 
electrode reactions in batteries current ly  in use seem 
to be heterogeneous phase ( two-phase)  reactions; 
PbO2 ~ PbSO4, NiOOH ~ Ni(OH)2,  Zn--> ZnO �9 x a q ,  
Cd--> Cd(OH)2, etc., because the open-circui t  poten-  
tials of these electrodes are almost unchanged at any 
stage of the discharge as has been wel l  recognized. 
However ,  V20~ (11) seems to be discharged in a 
homogeneous phase, al though a homogeneous-phase  
reduct ion does not necessarily mean that  the electron-  
proton mechanism is the only possibility. Cathodic 
reduction of PbO2, TiO2, T1203 were  studied and com- 
pared to that  of MnO2 by Mark and Vosburgh (46). 

In this paper, the • -  x (in MnOx) relat ion was ob- 
tained in 1M and 9M KOH and compared to the curve  
calculated f rom Eq. [3] (curve a in Fig. 2). Discharge 
curves at constant current  were  taken in KOH elec- 
t rolyte  prepared with  both H20 and D20, because if 
the discharge mechanism involves the proton migra -  
tion in the oxide lattice, the deu te r ium ion, which is 
twice as heavy as a proton, should show more polar-  
ization. The effect of zinc ion added to 9M KOH was 
examined at constant current  discharge, because this 
probably gives some indication whe ther  or not a new 
solid phase is forming in the discharge process. 

The e lec t ron-proton mechanism for the discharge 
process of manganese dioxide was proposed and 
invest igated mainly  in the Leclanch~ electrolyte  
(NH4C1-ZnC12-H20) (1, 2, 5-9). In this research al-  
kaline electrolytes (1M NaOH and 9M KOH) were  
used in order to test some of the details of the elec-  
t ron-proton mechanism, because the concentrat ion 
polarization (due to pH change) is pract ical ly negl i -  
gible in these electrolytes,  and most of the observed 
polarization during the discharge in alkal ine elec-  
t rolyte is a t t r ibuted to the act ivat ion polarization 
which includes the slow diffusion process in the solid 
phase as wel l  as the charge t ransfer  process at the 
oxide-e lec t ro ly te  interface. 

Exper imenta l  
Preparation of MnO~ electrodes.--Manganese diox-  

ide was electrodeposited on spectroscopic graphite 
rods (AGKSP) ,  7.7 cm or 2.5 cm long and 4.5 m m  in 
diameter,  from 0.5M MnSO4 + 0.5M H2SO4 or 1M 

MnSO4 + 0.5M H2SO~ at 90 ~ +_ I~ at a constant 
current  of 20 ma for  5.0 min, or 5 ma for 20 min  for 
the 2.5 cm rod. The electrode construction and the 
electrodeposit ion bath were  described in the previous 
paper (3). Af te r  the electrodeposit ion the electrode 
with  manganese dioxide was taken out o f  the Teflon 
holder, kept  in a large amount  of 0.1N H2SO4 with  
slow stirr ing for at least 24 hr, and then t ransferred 
into a large amount  of disti l led water.  The electrode 
was washed for another  48 hr in distilled water,  which 
was changed approximate ly  every  12 hr, wi th  slow 
stirring, and kept  in distil led water  unti l  used. 

In this study, the electrodes had much less MnO2 
[approximate ly  3.0 mg each instead of 10.6 mg as in 
previous exper iments  (3)] ,  because the thinner  the 
MnO2 layer  the faster the diffusion equi l ibr ium in 
the solid should be, and the easier to replace I-I20 
by ]:)20 in the pores of the MnO2 layer. Current  effi- 
ciency of the electrodeposit ion was approximate ly  
60-90% in the present  experiments.  The lower cur-  
rent  efficiency than 100% was at t r ibuted to a side re -  
action (oxygen evolut ion) and var ied  depending on 
the current  density and par t icular ly  on the kind of 
graphi te  rod. It was found by chemical  analysis (7) 
the x value in MnOx was 1.98-1.99 regardless  of the 
current  efficiency in the electrodeposit ion and that  the 
amount  of MnO2 was almost constant  (within 5%) 
among the electrodes prepared at the same t ime un-  
der  the same conditions. It  was also found that  the 
discharge t ime to the dip (see Fig. 4) at the end of 
the first step of the discharge (around--0 .40  to - -0 .45v  
vs. Hg/HgO [9M KOH] for the discharge in 9M KOH) 
is a good measure  of the amount  of MnO2. 

Discharge experiments.--All the discharges were  
carried out at constant current,  continuously or in-  
termit tent ly ,  at room tempera tu re  (23 ~ ___ 0.5~ or 
at highe~ tempera ture  (65 ~ and 95~ in a polar-  
ographic H-cel l  (Fig. 3). Both arms of the H-cel l  
were  filled with  electrolyte  (1M NaOH or 9M KOH) 
and the solution levels were  kept almost equal. The 
assembled electrode was placed in one arm and ni-  
t rogen gas bubbled through for 10 to 15 rain to expel  
dissolved oxygen. The electrode was wrapped  with  
a filter paper to avoid loss of dissolved Mn 8+ ion, 
having a form [ M n ( O H ) 4 ] -  and reddish color, f rom 
the electrode, par t icular ly  f rom 9M KOH at high t em-  
perature.  During the discharge the solution was not 
stirred. The potential  was measured against the H g /  
HgO (1M NaOH or 9M KOH) reference electrode in 

TO RE(~ORDER 

N2 :'~" 

4 

A S  

Fig. 3. Discharge cell and electrode construction: 1, Teflon tubing 
electrode holder; 2, Teflon stopper; 3, platinum lead wire, epoxy- 
coated except at the end contact; 4, graphite electrode with Mn02 
electrodeposited on it; 5, electrolyte; 6, counter electrode; 7, refer- 
ence electrode, 
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t h e  s a m e  so lu t ion .  F o r  t h e  d i s c h a r g e s  a t  65 ~ a n d  95~ 
t h e  I f - c e l l  w a s  p l a c e d  in  a t h e r m o s t a t ,  b u t  t h e  r e f -  
e r e n c e  e l e c t r o d e  w as  k e p t  a t  r o o m  t e m p e r a t u r e .  

B e f o r e  t h e  d i s c h a r g e  t h e  e l e c t r o d e  w as  k e p t  a t  r o o m  
t e m p e r a t u r e  for  a t  l eas t  48 h r  in  t h e  e l e c t ro ly t e ,  
w h i c h  h a d  t h e  s a m e  c o n c e n t r a t i o n  as t h a t  w h i c h  was  
to b e  u s e d  in  t h e  d i s cha rge ,  b u t  w i t h o u t  t h e  p l a t i n u m  
lead  (see  Fig. 3) a n d  t h e  Tef lon  ho lde r .  I t  w a s  c h e c k e d  
a n d  f o u n d  t h a t  f u r t h e r  i m m e r s i o n  p r i o r  to t h e  d i s -  
cha rge ,  up  to 10 days ,  d id  no t  s h o w  a n y  c h a n g e  in  
t h e  d i s c h a r g e  b e h a v i o r ,  i n c l u d i n g  t h e  e x p e r i m e n t s  in  
D 2 0  so lu t ions .  

Discharge of the conventional MnO2 cathode.--Pow- 
d a r e d  e l e c t r o l y t i c  m a n g a n e s e  d i o x i d e  (32g) ,  g r a p h i t e ,  
a c e t y l e n e  b lack ,  9M KOH,  a n d  a s m a l l  a m o u n t  of 
b i n d i n g  m a t e r i a l  w e r e  m i x e d  t h o r o u g h l y .  T h e  m i x t u r e  
was  m o l d e d  in  a D - s i z e  s t ee l  c a n  b y  a p p l y i n g  h i g h  
p r e s s u r e  to f o r m  a c a t h o d e  l a y e r  a p p r o x i m a t e l y  3.0 
m m  t h i c k  a l o n g  t h e  i n s i d e  of t h e  can.  T h e n  a p a p e r  
s e p a r a t o r ,  e l e c t r o l y t e  (DM K O H ) ,  a n d  a z inc  a n o d e  
( C M C - g e l l e d  z inc  p o w d e r )  w e r e  a d d e d  i n  a m a n n e r  
w h i c h  m a d e  i t  s i m i l a r  to a c o n v e n t i o n a l  cell.  T h e  ce l l  
was  d i s c h a r g e d  a t  a c o n s t a n t  c u r r e n t  of 10 m a  a t  r o o m  
t e m p e r a t u r e ,  a n d  t h e  c a t h o d e  p o t e n t i a l  w a s  m e a s -  
u r e d  a g a i n s t  a H g / H g O  (DM K O H )  r e f e r e n c e  e l ec -  
t rode .  P r o v i s i o n  w a s  m a d e  to p r e v e n t  loss of m o i s t u r e  
f r o m  the  cel l  a n d  a b s o r p t i o n  of c a r b o n  d i o x i d e  in to  
t h e  e l ec t ro ly t e .  A f t e r  t h e  z inc  a n o d e  w a s  e x h a u s t e d  
a n  e x t e r n a l  c o n s t a n t  c u r r e n t  s o u r c e  w as  u s e d  to d i s -  
c h a r g e  t h e  c a t h o d e  c o m p l e t e l y .  T h e  n e t  MnO2 in  t h e  
c a t h o d e  was  f o u n d  to b e  30.0g b y  c h e m i c a l  a n a l y s i s  
of t h e  e l e c t r o l y t i c  m a n g a n e s e  d iox ide .  

Results and Discussion 
Discharge curve of the molded cathode.--Bell a n d  

H u b e r  (2) o b t a i n e d  a t h r e e  s t ep  d i s c h a r g e  c u r v e  
( c u r v e  C in  Fig. 4) in  t h e  d i s c h a r g e  of a m a n g a n e s e  
d iox ide  c a t h o d e  c o n s t r u c t e d  w i t h  p o w d e r e d  e l e c t r o -  
ly t ic  MnO2 a n d  g r a p h i t e .  K o z a w a  a n d  Y e a g e r  (3) 
o b t a i n e d  a t w o - s t e p  d i s c h a r g e  c u r v e  ( c u r v e  B i n  Fig. 
4) in  t h e  d i s c h a r g e  of e l e c t r o d e p o s i t e d  m a n g a n e s e  d i -  
ox ide  on  a p o r o u s  g r a p h i t e  rod.  I t  is s u s p e c t e d  t h a t  
t h i s  d i f f e r ence  in  t h e  d i s c h a r g e  b e h a v i o r  m a y  b e  due  
to a d i f f e r e n c e  in  a p h y s i c a l  f ac to r ,  s u c h  as t h e  c o n -  
t a c t  b e t w e e n  MnO2 p a r t i c l e s  a n d  g r a p h i t e  pa r t i c l e s .  
I n  o r d e r  to  c h e c k  t h i s  poin t ,  t h e  p r e s e n t  c a t h o d e  w a s  
m o l d e d  u n d e r  h i g h  p r e s s u r e  a n d  d i s c h a r g e d  a t  e x -  
t r e m e l y  low c u r r e n t  d e n s i t y  (10 m a  p e r  D - s i z e  ce l l  
or  0.33 m a / g  of MnO2)  o v e r  a t w o - m o n t h  pe r iod .  
U n d e r  s u c h  a low c u r r e n t  dens i t y ,  c o n d u c t i v i t y  of t h e  
o x i d e  p a r t i c l e s  a n d  t h e  c o n t a c t  r e s i s t a n c e  b e t w e e n  t he  
o x i d e  a n d  g r a p h i t e  p a r t i c l e s  p r o b a b l y  does  no t  i n -  
f luence  t h e  d i s c h a r g e  process .  T h e  p r e s e n t  r e s u l t s  a re  
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Fig. 4. Discharge curves plotted based on x in MnOx: A, present 
experiment (at 0.33 ma/g of MnO2); B, Kozawa and Yeager (3), 
electrodeposited MnO2 on a graphite rod (at 11 ma/g of MnO2); 
C, Bell and Huber (2), (at 0.5 ma/g of MnO2). 

p l o t t e d  on  t h e  bas i s  of c a l c u l a t e d  x v a l u e s  ( in  MnOx)  
f r o m  t h e  e l e c t r i c i t y  d r a w n .  T h e  c u r v e  is s h o w n  in  
Fig.  4 ( c u r v e  A )  w h e r e  t w o  s teps  a r e  c l e a r l y  s e e n  
c o r r e s p o n d i n g  to t h e  two  s t eps  of c u r v e  B w h i c h  w a s  
o b t a i n e d  w i t h  e l e c t r o d e p o s i t e d  MnO2 o n  a p o r o u s  
g r a p h i t e  rod.  D u r i n g  t h e  d i s c h a r g e  of  t h e  c a t h o d e  a t  
10 ma ,  p r a c t i c a l l y  no  p o l a r i z a t i o n  (no  p o t e n t i a l  d i f f e r -  
ence  b e t w e e n  t h e  c losed  c i r cu i t  a n d  t h e  open  c i r cu i t  
p o t e n t i a l s )  was  o b s e r v e d  in  t he  f i rs t  s t ep  a n d  also 
in  t h e  b e g i n n i n g  of t h e  s econd  step.  T h e  r e m a i n i n g  
p a r t  of t h e  s econd  s t ep  s h o w s  c o n s i d e r a b l e  p o l a r i z a -  
t i o n  ( d o t t e d  l i ne  ab  s h o w s  o p e n - c i r c u i t  p o t e n t i a l ) .  

T h e  p r e s e n t  r e s u l t  ( c u r v e  A in  Fig.  4) p r o v e s  t h a t  
e v e n  w i t h  a p o w d e r  e l e c t r o d e  c o n s t r u c t i o n  t h e  t w o -  
s t ep  r e d u c t i o n  of MnO2 t a k e s  p l ace  in  a l k a l i n e  e l ec -  
t r o l y t e  u n d e r  p r o p e r  d i s c h a r g e  cond i t ions .  

E-log [Mn~ + ] / [ M n  4 + ] relation.--Several e l e c t r o d e -  
pos i t ed  e l e c t r o d e s  w e r e  d i s c h a r g e d  a t  250 ~a, c o n t i n -  
u o u s l y  a n d  i n t e r m i t t e n t l y  in  1M N a O H  a n d  9M KOH.  
T y p i c a l  r e s u l t s  a r e  s h o w n  in  Fig. 5. C u r v e  a s h o w s  
t h e  c l o s e d - c i r c u i t  p o t e n t i a l  of t he  t w o  d i s c h a r g e s :  
one  was  d i s c h a r g e d  c o n t i n u o u s l y  a n d  t h e  o t h e r  i n -  
t e r m i t t e n t l y  o v e r  a p e r i o d  of f o u r  d a y s  w h i l e  t h e  
o p e n - c i r c u i t  p o t e n t i a l s  w e r e  t a k e n  a t  v a r i o u s  s t ages  
of t h e  d i s cha rge .  T h e  c l o s e d - c i r c u i t  p o t e n t i a l s  of t h e  
two  d i s c h a r g e s  a r e  e s s e n t i a l l y  t h e  same.  T h e  r e c o v e r y  
c u r v e s  w e r e  t a k e n  at  v a r i o u s  s t ages  of t h e  d i s c h a r g e .  
O n l y  t h r e e  c u r v e s  ( c u r v e s  c, d, a n d  e) a r e  s h o w n  
he re ,  w h i c h  i n d i c a t e s  t h a t  m o s t  of t h e  p o l a r i z a t i o n  
r e c o v e r e d  w i t h i n  60 min .  T h e  o p e n - c i r c u i t  p o t e n t i a l s  
a f t e r  a f ew  h o u r s  w e r e  a l m o s t  e q u a l  to t h o s e  a f t e r  a n  
o v e r n i g h t  p e r i o d  ( a b o u t  15 h r ) .  

A t  t h e  e n d  of t h e  f i rs t  s tep  a d ip  was  o b s e r v e d  a t  
110 r a in  as n o t e d  i n  Fig.  5. T h e r e f o r e ,  110 m i n u t e s  w a s  
t a k e n  -as a m e a s u r e  of t h e  MnO2 p r e s e n t  in  th i s  e l ec -  
t rode .  T h e  e q u i l i b r i u m  p o t e n t i a l  o b s e r v e d  e x p e r i -  
m e n t a l l y  ( c u r v e  b in  Fig. 5) w a s  c o m p a r e d  to t h e  
c a l c u l a t e d  c u r v e  f r o m  Eq. [3].  I n  t h i s  c o m p a r i s o n ,  t h e  
m i d d l e  p o i n t  of t h e  f i rs t  s t ep  ( t h a t  is, 110/2 = 55 
m i n  d i s c h a r g e )  w h e r e  [Mn3+]solid/[Mn4+]soUd = R = 
1.0 was  c h o s e n  as a r e f e r e n c e  poin t .  I n  o t h e r  words ,  
a c u r v e  o b t a i n e d  f r o m  E = E ~ - -  0.059 log R w a s  
s u p e r i m p o s e d  o n  t h e  c u r v e  b in  Fig. 5 b a s e d  on  t h e  
r e f e r e n c e  po in t .  T h i s  cho ice  of t h e  r e f e r e n c e  p o i n t  
s e e m s  to b e  r e a s o n a b l e  s ince  t h e  i n i t i a l  o p e n - c i r c u i t  
p o t e n t i a l  c a n n o t  b e  c h o s e n  fo r  t h e  r e f e r e n c e  p o i n t  
b e c a u s e  a c a l c u l a t e d  p o t e n t i a l  fo r  100% MnO2 is + 
~o. Also,  a t  t h e  m i d d l e  po in t ,  w h e r e  R = 1.0, t h e  p o -  
t e n t i a l  is r a t h e r  i n s e n s i t i v e  to t h e  c o m p o s i t i o n  ( R ) ;  
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Fig. 5. Discharge curves and recovery curves. Electrodes were 7.7 
cm long with Mn02 electrodeposited on them from 0.SM MnS04 
-I- 0.SM H2$04 at 90~ at 20 ma for 5 rain. They were discharged 
at 250 /~a in 9M KOH at 23~ Curve a, - - - -  closed circuit 
potential on intermittent discharge; - - e - -  closed circuit potential 
on continuous discharge; curve b, open-circuit equilibrium potential; 
curves c, d, and e, recovery curves. 
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Fig. 7. Comparison of the potential vs, log [ M n 3 + ] / [ M n  4 + ]  
relation for the equilibrium open circuit potential obtained in 
] M  N o a h  at 23~ The preparation of the electrode and the dis- 
charge conditions ore the some as described in Fig. 5, excepting 
the electrolyte for discharge. 

therefore,  some exper imenta l  error  in obtaining the 
middle point would not seriously influence the com- 
parison. The comparisons are  shown in Fig. 6 and 7 
for the results obtained in 9M KOH and 1M NaOH, 
respectively.  We can see that  the agreement  be tween 
the exper imenta l ly  obtained and the calculated curves 
is not perfect  in the ent ire  range, but  the general  
shape of the curve  seems to agree wi th  the original  
assumptions, a homogeneous phase discharge f rom 
MnO2 to MnOLs. 

The  main disagreement  be tween  the observed and 
the calculated curves occurs at the la ter  stage of the 
discharge. This can be wel l  explained by assuming 
that  at the later  stage of the discharge a new lower  
oxide phase (Mn2Oa) is formed on the surface of 
the original  oxide (Mn 4+ ~ Mn 3+ - -  O = --  O H - )  sys- 
tem) and the potent ial  is de te rmined  or largely  con-  
trolled by the Mn2Os phase on the surface. These as-  
sumptions are substant iated by the fol lowing facts 
and discussion. The x - r a y  study (2) in the course of 
discharge of electrolyt ic  MnO2 in alkal ine e lect rolyte  
showed that  at the beginning stage of the discharge 
(MnO2->MnO17) a lat t ice dilat ion of the or iginal  
s t ructure  took place, r a ther  than the format ion of a 
new phase, indicating a homogeneous phase discharge, 
and in the subsequent  s tage of the discharge fo rma-  
t ion of lower oxide phases such as a-MnOOH and 
7-Mn203 took place. I t  was previous ly  demonst ra ted  
(12) that  the format ion of one or two layers  of lower  
oxide on the surface of electrolytic MnO2 brings the 

electrode potent ial  of the MnO2 to as low as that  of 
Mn203 (in the exper iment  the lower -ox ide  film on the 
MnO2 surface is formed by addit ion of Mn ++ to a 
solution containing suspended MnO2). We shall  note 
here the impor tant  fact  that  when  MnO2 is reduced 
electrochemical ly  even  to a large  extent  (for example,  
50% of the MnO2 conver ted  to lower  oxide) the po-  
tential  decrease is only 170 mv  or so f rom its begin-  
ning va lue  (see Fig. 4, 6, and 7), but  when  the  MnOz 
is reduced chemical ly  by adding Mn + + (MnO2 + 
Mn + + --> Mn203 on the surface) only 15% reduct ion 
(150 mg of Mn ++ added to 1.5g of MnO2) (12) 
brought  the  potent ial  decrease of 250 my to roughly  
the potential  of Mn20~. This is evidence that  the 
lower oxide phase formed chemical ly  on the MnO2 
surface does not diffuse into the MnO2 lattice, or at 
least cannot funct ion as a homogeneous phase. Con- 
sequent ly  the electrode potent ial  under  this condition 
is de te rmined  essentially by the surface oxide. AI-  
though the format ion of the lower  oxide depends on 
the discharge conditions, par t icular ly  on current  den-  
sity or surface area of the MnO2, for the e lec t rochem- 
ical reduct ion of MnO2 at modera te  or l ow-cu r ren t  
discharge such a lower-oxide  phase is not l ikely to be 
formed on the surface during the stage of the dis- 
charge f rom MnO2.0 to MnOz.75, and the potent ial  is 
de termined by the act ivi ty  of the whole solid phase 
(a homogeneous Mn 4+ - -  Mn 3+ - -  O = - -  O H -  phase) 
as described earl ier  in this paper. 

This v iewpoint  is also supported by the fol lowing 
experiment .  In order to compare the potentials of 
MnO2 which is par t ia l ly  reduced, the MnO2 electrode 
was reduced by two different chemical  methods:  (i) 
addit ion of a calculated amount  of Mn + + to reduce 
half  of the MnO2 to MnOL5 and (it) addit ion of a 
calculated amount  of Sb + + + to reduce  half  of the 
MnO~ to MnOL~. The exper iments  were  carr ied  out 
in 9M KOH wi th  the MnO2 electrodeposited on a 
graphi te  rod. In these exper iments  Sb + + + or Mn + + 
ion was added to a N2-saturated 9M KOH solution 
in which the Mn02 electrode had been dipped in the 
same manner  as in the discharge exper iment  in the 
H-cell .  While  s t i rr ing by means of bubbling N~ gas, 
the potent ial  was measured  wi th  time. It  was assumed 
that  the react ion of Mn ++ or Sb +++ with  MnO2 
was completed when  the equi l ibr ium potent ial  was 
attained. In the case of Sb + + + addition, Sb + + + must  
be oxidized to Sb 5+ in the  potent ial  range of the 
MnO2-MnOL5 as seen f rom the polarographic behavior  
(see Fig. 8 and its legend) ,  and the react ion product  
(Sb~ +) is a soluble form which does not form a new 
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Fig. 8. Polarographic behavior of Sb + + + in 9 M  KOH at 23~ 
The $b + + +  solution was prepared by dissolving 5b203 in 9 M  
KOH. Curve 1, in 9M KOH; curve 2, in 9M K O H - } -  1 x 10-3M 
Sb + + + .  The ratio of the onodic limiting current (ida) to the 
cathodic limiting current (idc) is 2:3 and the anodic and cathodic 
processes and their ha/f-wave potentials are shown in the figure. 
The characteristics of the glass capillary were m ~ 1.42 mg/sec, 
t = 5.82 sec at open circuit in 9 M  KOH. 
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Fig. 9. Effect of temperature on the discharge of MnO2 elec- 
trodes in 1M NaOH. The preparation conditions of the electrodes 
were the same as described in the caption of Fig. 5. They were 
discharged at 250 /xa in 1M NaOH continuously and intermittently. 
Curve 1, closed-circuit potential at 23~ curve 2, closed-circuit 
potential at 65~ curve 3, open-circuit equilibrium potential at 
23~ curve 4, open-circuit equilibrium potential at 65~ 

lower  oxide on the MnO2 surface. In the case of Mn + + 
addition, Mn ++ reacts wi th  MnO2 to form MnOi.5 
on the surface, al though some of the Mn a+ can dis- 
solve in the  9M KOH probably as [ M n ( O H ) 4 ] -  (13). 

The  equi l ibr ium potent ial  at tained in 10 hr  in the 
Sb + + + addition was --0.01v vs. H g / H g O  (9M KOH) 
which is ve ry  close to the potent ia l  obtained at the 
discharge R = 1.0, but  the equi l ibr ium potential  ob- 
served in the addition of Mn + + ion was much lower 
than that. The conclusion may be made here  that  the 
potential  of par t ia l ly  reduced MnO2 does not depend 
on the reduct ion method, chemical  or electrochemical ,  
as long as a new lower-oxide  phase is not formed on 
the MnO2 surface. Once a lower oxide is formed on 
the MnO2 surface the potential  is control led largely 
by this lower  oxide. The large disagreement  be tween  
the observed and calculated curves at the later stage 
of the discharge, as shown in Fig. 6 and 7, can be un-  
derstood on the basis of the lower oxide format ion 
on the MnO2 surface. 

Ef]ect of temperature.--The effect of t empera tu re  
on the discharge curves is shown in Fig. 9. The dis- 
charges were  carr ied out in 1M NaOH at 23 ~ 65 ~ and 
95~ but only the curves at 23 ~ and 65~ are shown 
because those at 65~ or higher  had very  l i t t le differ- 
ence. The t empera tu re  effect was examined only in 
1M NaOH because Mn 3+ and Mn 2+ ions have fair ly 
large solubilities in concentrated alkaline electrolyte,  
par t icular ly  at higher  tempera tures  (13). The init ial  
open-circui t  potent ial  of the MnO2 electrode was prac-  
t ically constant in the tempera ture  range (23~176 
when  measured against the Hg /HgO (1M KOH) kept  
at 23~ The main difference be tween the closed-cir-  
cuit potentials at 23 ~ and at 65~ occurs in the ini t ial  
half  of the discharge (compare curves 1 and 2 in Fig. 
9). On the other  hand the difference in the open-  
circuit  potential  occurs dur ing the la ter  half  (com- 
pare  curves 3 and 4). 

Under  the discharge conditions, ohmic drop and 
concentrat ion polarization (due to the species in the 
solution) are  negligible. Therefore,  the polarization is 
mainly  a t t r ibuted to the slow diffusion of the proton 
and electron in the latt ice and of the proton genera-  
tion process at the solid solution interface (H20 --> 
H + ~- O H - ) .  During the init ial  half  of the discharge 
the original  MnO2 latt ice may be wel l  maintained,  and 
polarizat ion of this k ind is expected to be much less 
at h igher  tempera tures ;  therefore,  the closed circuit  
potent ial  should be kept  higher  at higher  t empera -  
tures. However ,  during the later  half  of the discharge 
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the potent ial  is largely  control led by the format ion of 
the lower oxide on the surface as ment ioned above. 
The lower oxide format ion is probably a chemical  step 
fol lowing the p r imary  electrochemical  step and is 
probably taking place more rapidly at h igher  t em-  
peratures.  On this basis the lower  open-ci rcui t  poten-  
tial at higher  tempera tures  may be well  interpreted.  

EJ~ect of D20. - -A 9M KOH electrolyte  was prepared 
by dissolving KOH pellets into 99.9 mole % D20. 
F r o m  the NMR study of the K O H -H 20  system (14), 
the proton exchange be tween  H20 (or D20) and O H -  
is fast. Therefore,  the average D20 content  in the 
KOH-D20 electrolyte  is approximate ly  85%. The dis- 
charge in the KOH-D20 elect rolyte  was carried out 
at two current  densities (250 ~a or 1 ma per elec-  
trode) and the results were  shown in Fig. 10 and 11, 
in which closed-circuit  potentials on the continuous 
discharges are shown. At each condition (in electro-  
ly te  and current  density) 3 to 5 electrodes were  dis- 
charged to see the reproducibi l i ty  of the experiment ,  
and the highest  and the lowest curves in each con- 
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Fig. 10. Effect of D20 at 250 /La discharges. Electrodes were 
7,7 cm long with MnO2, electrodeposited on them from 0.SM MnSO4 

0.5M H2SO4 at 90~ at 20 ma for 5 min. They were dis- 
charged at a constant current (250 #o) at 23~ Curves 1 and 2, 
in 9M KOH in H20; curves 3 and 4, in 9M KOH in D20. 
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Fig. 11. Effect of D20 at 1.0 rna discharge. Electrodes were pre- 
pared under the same conditions as described in the caption of 
Fig. 10. They were discharged at a constant current (1.0 ma) at 
2 3 ~  Curves 1 and 2, in 9M KOH in H20; curves 3 and 4, in 9 M  

KOH in D20. 
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dition are shown in the figures to give the l imit  of 
the reproducibil i ty.  For the comparison and evalua-  
tion, the amount  of MnO2 present  in the electrode 
must  be taken into account, and the discharge t ime 
to the dip at the end of the first step should be con- 
sidered as a measure  of the MnO2 present  as men-  
t ioned previously. We can see in Fig. 10 and 11 that  
under  these discharge conditions the polarizat ion dur-  
ing the discharge of the first step is greater  by ap-  
p rox imate ly  60 mv  in the KOH-D20 electrolyte  than 
in the KOH-H20  electrolyte. 

E~ect of Zn( I I )  ion . - - In  previous publications con- 
cerned with the discharge reaction of manganese di- 
oxide in the Leclanch6 cell, the format ion of a lower  
oxide of manganese (hetaerol i te)  containing zinc, such 
as ZnO.Mn20~ or ZnMn204 has been shown (15-17). 
It  was also shown that  the format ion of hetaerol i te  
should give more energy output  because of the differ- 
ence in the AF from a thermodynamic  calculation 
(18). 

Zn + 2MnO2 = ZnO + Mn20~ 

Zn + 2Mn02 = ZnMn204 

F = --66.5 kcal  
(1.44v) 

F = --72.8 kcal 
(1.58v) 

If the discharge mechanism of the first step in al- 
kal ine electrolyte  is not the e lec t ron-proton mech-  
anism, but ra ther  one involving a phase change f rom 
MnO2 to a lower oxide phase containing zinc ion, then 
the zinc ion present  in the electrolyte  may  be in-  
corporated in the lower oxide phase as in the case of 
Leclanch6 electrolyte  (NH4Cl-ZnC12-H20), because 
the zinc-containing oxide is more favorable  f rom the 
free energy value shown above. 

This was tested by discharging the electrodes in 
9M KOH and in 9M KOH saturated with  ZnO, ap-  
p rox imate ly  1M solution in ZnO (19). A typical re -  
sult is shown in Fig. 12, in which we  can see that  the 
first step is not influenced by the presence of Zn( I I )  
ion (the complex fo rm is [Zn(OH)4] = in the solu- 
tion (20)).  This resul t  is in agreement  wi th  the pro-  
ton-elect ron mechanism for the first step of the dis- 
charge. 

Discussion 

Reasons and results which substantiate the e lect ron-  
proton mechanism for the first step of the discharge 
of MnO2 are summarized below. 

b 
>0+ .2  
p :  
I -  

=~ +-0 

0 

"~-.2 
-r  

_~-.4 
I -  
0 

1,-- 
5 
o 

o 

B 
~  1.0 

' i ' l  I ' I 

I 2 3 4 
TIME, HOURS 

Fig. 12. Effect of zinc oxide on the discharge of MnO2 in 9M 
KOH. Electrodes were 2.5 cm long with MnO2 electrodeposlted on 
them from 1M MnSO4 + 0.SM H2SO4 at 5 ma for 20 rain at 
90~ They were discharged at 250 ~a (constant current) at 23~ 
Curve 1, in 9M KOH; curve 2, in 9M KOH saturated with ZnO 
(approximately i M). 

1. During the electrochemical  reduct ion of MnO2, 
the potent ial  (open-and closed-circuit  potentials) de- 
creases continuously and the ~ - -  x (in MnOx) curve 
agrees in general  wi th  the calculated curve  by as- 
suming a homogeneous phase reduction. The electron 
and proton movement  in the solid phase can be fast 
compared to ions ( 0 %  O H - ,  meta l  ions) and it 
seems reasonable to expect  a homogeneous phase dur-  
ing the reduction. 

2. The x - r ay  study by Bell  and Huber  (2) indicates 
that no new phase appeared at the beginning stage 
of the discharge of MnO2, at least unt i l  MnO1.7, sub- 
s tantiat ing a homogeneous phase discharge, al though 
an amorphous phase cannot be detected by the x - r ay  
method. 

3. D20 in place of H20 in the KOH electrolyte  in-  
creases the polarization. 

4. Addit ion of a complexing agent  ( t r ie thanolamine)  
has very  lit t le effect on the first-step discharge (3). 
This indicates that  a phase change through dissolved 
species of manganese (II) is not  l ikely to be involved 
in the discharge process, al though Cahoon et aL (40, 
41) described such a discharge mechanism in Le-  
clanch~ electrolyte.  

5. Addit ion of Zn ++ ion in the electrolyte  (KOH) 
has no effect. 

6. The  KOH concentrat ion in a range of 0.1-9M 
KOH has very  l i t t le  influence on the discharge curve 
of the first step (3). 

Based on the po ten t ia l -genera t ing  mechanism in ac- 
cordance with  e lec t ron-proton movement  in the Mn 4 § 
--  Mn 3+ - -  O = - -  O H -  system, the fol lowing discus- 
sion is given in order  to account for the potential  of 
manganese dioxide. 

E -  x in MnOx relation.--Recently Vosburgh and 
DeLap (42), Bode et at. (43, 44) and Fei tknecht  et al. 
(45) examined the E - -  x in MnOx relat ion by reduc-  
ing "y-MnO2 chemical ly wi th  hydrazine (43, 45) or 
e lectrochemical ly  (42, 44). All  of them found that  
the potential  decreased almost l inearly wi th  decreas-  
ing x value  for 7-MnO2 between MnO~.o and MnOl.~. 
We, however,  plotted the potential  against log R 

R in the and R and in [MnS+] / [Mn 4+ ] solid, X 

2 W 1.5R ) 
MnOz are re la ted by x 1 W R - , since this plot 

gives a sharp increase and a sharp decrease in ap- 
proaching to x = 2.0 and x = 1.5, respect ively,  and 
seems to give a be t ter  fitting to the data obtained in 
the present  work. It should be noted, however ,  that  
the E - -  log R plot gives an almost  s traight  line be-  
tween x = 1.9 and 1.6 as shown in Fig. 2. 

E ~ ol the MnOx sys tem.- - In  the past a number  of 
at tempts have  been made to measure  the correct  po-  
tential  of MnO2 (21-29) and to unders tand the po- 
tent ial  of the MnO2-Zn cell on the basis of chemical  
thermodynamics  (18). It  seems that  two factors dis-  
turbed the potent ial  measurement .  It  has been recog-  
nized in recent  years that  ion-exchange  propert ies  
(27-31) on the surface of MnO2 play an impor tant  
role in the potential  measurement  because the proton 
released to the solution by cation adsorption on the 
MnO2 surface (30) acidifies the solution and the pH 
of the solution in the fine pores of the MnO2 is con- 
siderably lower than that  in the bulk solution. Now 
we know that  a stable and reproducible  potent ia l  can 
be obtained by using an electrolyte  solution having a 
large pH buffer capacity or by digesting the manga-  
nese dioxide thoroughly in the solution. 

Another  factor which disturbed the previous in-  
vestigators in obtaining a reproducible  potent ial  in 
neutra l  or alkal ine solutions still  seems to be un-  
settled. The potential  va lue  for the  Pt/MnO2, Mn + +, 
H + electrode in acid solution is in a range of 1.233 to 
1.241v (28), and the values obtained by various 
workers  agree wi th  the x;alue est imated f rom thermo-  
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dynamic data by Wadsley and Walkley (32). The 
potential  of the so-called MnO2-MnOOH system in 
neutral  and alkal ine solutions var ied  considerably. 
Various factors such as pur i ty  (MnO2 content) ,  crys-  
tal structure, (a-, ~-, -y-MnO2, etc.) hea t - t r ea tmen t  
(29), and the surface condition (12) of the oxide have 
been considered so far, but  no satisfactory explana-  
tion has been given. According to the po ten t ia l -gen-  
erat ing mechanism of MnO2 presented in this paper, 
the potential  of pure  MnO2 has pract ical ly no mean-  
ing because the ratio [Mn3+]solid/[Mn4+]solid is zero 
or a ve ry  low value;  therefore,  the potent ial  is + 
(or a ve ry  high value from Eq. [3]). The ratio is also, 
in most cases, uncer ta in  for a given sample. The prac-  
tical potent ia l  value of pure  MnO2 in aqueous solu- 
tions may  be l imited to the redox potent ial  of the O2- 
H20 system (02 evolut ion by H20 decomposit ion).  
This is probably one impor tant  reason, in addition to 
the effect of the presence of the lower oxide on the 
surface which was discussed previously in this pa-  
per, why the potentials of MnO2 so far  obtained have 
been in poor agreement.  

The E o of the homogeneous solid having a redox 
couple like the Mn 4+ - -  Mn~+ --  O = - -  OH-  system 
has not been defined, but it seems reasonable to de- 
fine the E ~ as a potential  at [Mn3+]solid/[Mn4+]solid 

1.0. The approximate  standard potential  thus 
defined of the Mn 4+ - - M n  3+ - -  O = - -  O H -  system 
is --0.01 _ 0.01v vs. H g / H g O  (1M NaOH) (or +0.103 
vs. NHE) .  

In the construction of the pH-potent ia l  d iagram 
which is based on chemical  thermodynamics,  the line 
for 

2MNO2 + 2H + + 2e -  = Mn203 + H20 [5] 

was found to be E ----- 1.014 --  0.0591 pH (33). This 
value was obtained f rom the AF when  the ~-MnO2 
phase is converted to the Mn203 phase; that  is, the 
calculation is based on the hypothet ical  e lec t rochem- 
ical react ion involving two solid phases. The act ivi ty 
of the solid does not depend on the quant i ty  of the solid 
phase; and therefore,  the potent ial  should be constant 
while the ratio of the amount  of ~-MnO2 and Mn203 
changes during the hypothet ical  e lectrode reduction. 
The pH-potent ia l  diagram, therefore,  has a single 
straight line for Eq. [5]. However ,  the t rue e lectro-  
chemical  reduct ion of MnO2 seems to be a homogene-  
ous phase reduction, regardless of the crystal  s truc- 
ture (~-, ~-, -y-MnO2), al though this has been ex-  
amined only with  -y-MnO2 in this paper. Therefore,  
the pH-potent ia l  d iagram for the homogeneous phase 
system (MnO2-Mn203) is not a single straight line, 
but should be a zone for a range of the R value  
( =  [Mn 3 + ] / [Mn 4 + ] ). The E ~ value  for the hypothet i -  
cal heterogeneous phase react ion in alkal ine solution 
(Eq. [6]) is found to be E = 1 . 0 1 4 -  0.059 x 14 ----- 
+0.188. 

2MNO2 + H20 + 2 e -  = Mn203 + 2 O H -  [6] 

This E ~ va lue  (+0.188 vs. NHE) for the hypothet ical  
heterogeneous reaction, however ,  is not too far  f rom 
the E ~ value  (+0.103 vs. NHE),  which has been de- 
fined and found in this study for the homogeneous 
phase. 

It  is obvious in the discussion above that  the pre-  
vious effort (18) in unders tanding the open-circui t  
vol tage of the MnO2-Zn cell f rom the the rmody-  
namic E o va lue  is not correct  in pr inciple  because of 
the potential  generat ing mechanism of the MnO2 elec- 
trode. 

Effect of lower ox ide . - - I t  was shown previously in 
this paper  that  a few layers of the lower oxide 
(MnO1.5) present  on the MnO2 surface have  a great  
influence on the potent ia l  of the MnO2. This means  
that  the lower oxide of manganese is a separate phase 
f rom the MnO2 and the lower oxide phase does not 
diffuse into the MnO2. In order to in terpre t  or eva lu-  
ate the potent ia l  of MnO2, this fact must  be taken into 

account in addition to the nature  of the Mn 4 + ~ Mn 3 + 
--  O = -- O H -  system ( c u r v e a  in Fig. 2 or Eq. [4]). 

Deviat ion during the initial hal f . - - In  Fig. 6 and 7, 
the exper imenta l ly  observed open-circui t  potential  
deviates somewhat  to higher  potentials f rom the cal- 
culated curves, par t icular ly  in Fig. 7. This may 
be explained in one of the fol lowing factors or in 
both. The first is the act ivi ty of the Mn 3+ and Mn 4+ 
ions in the solid. In the calculat ion of the curve, no 
consideration was made on the act ivi ty coefficient of 
Mn 3 + and Mn 4 + ions in the solid, but  s imply the ratio 
of the concentrat ions [Mn3+] / [Mn 4+] was used. The 
deviat ion may be due to this. The second is the re f -  
erence point in the comparison of the observed and 
the calculated curves. The reference point was taken 
as that  at [Mn~+] / [Mn 4+] = 1.0 by assuming that  
no lower oxide s t ructure  has begun to form on the 
surface of the original Mn 4+ - -  Mn 3+ - -  O = - -  OH-  
structure. But the lower oxide may have started 
slightly at the point where [Mn3+]/[Mn 4+] = 1.0. 
When such is found to be true, the reference point 
should be taken at a point where the ratio [Mn3+]/ 
[Mn 4+] is less than 1.0 and the curve should be re- 
compared. 

Estimation of the D20 ef fec t . - - In  the e lec t ron-pro-  
ton mechanism discussed earl ier  in this paper, the 
possible effect of D20 in the electrolyte  may  be ex-  
pected in two processes. One is in the dissociation of 
water  molecules at the solid-solution interface and 
the other  is in the proton diffusion process by jumping  
f rom one O = site to another  wi th in  the MnO2 lattice. 
However ,  the two processes may  be considered the 
same for the purpose of est imation of the D20 effect 
because the essential thing in those processes is a 
breakage of O-H bonds. Therefore,  the difference 
which is expected in the polarizat ion wil l  be roughly 
est imated here on the basis of the difference in the 
bond energy be tween  O-H and O-D. 

The d e u t e r i u m  isotope effect in chemical  kinetics 
has been widely studied and summarized in reviews 
(34, 35). Among the various factors (34) which con- 
t r ibute to the general  lower react iv i ty  of O-D bonds 
as compared to O-H bonds, only one, a difference in 
the act ivation energy in breaking  the bond by 
1/2h(vn--rH) which is der ived from the lower  zero 
point energy in O-D, was considered here. The differ- 
ence in the energy is found to be 1400 cal (34) per 
mole f rom the stretching vibration.  If the cathodic 
reduction current  of MnO2 is controlled by the rate  
of proton diffusion in the lattice, then the ratio of the 
current  iD/iH at a given potent ial  may be est imated 
as follows. 

iD C D + KD AG* 
exp - -  

iH el l+ KH R T  

where  ~G* is 1400 cal. By assuming that  the concen- 
trat ions (C's) at the interface and the K's are  approx-  
imate ly  equal, the ratio is found to be approximate ly  
1/10 at room temperature .  In this calculation, a pos- 
sibility for penetrat ion of the po ten t ia l -energy  bar -  
r ier  or tunnel ing was neglected. If the tunnel ing  con- 
tr ibutes to the process, the deu te r ium effect may  be 
somewhat  more pronounced. Therefore,  we can ex-  
pect  at least 10 t imes higher  current  in H20 electro-  
lyte than in D20 at a given potential.  

Al though the present  results on the p re l iminary  ex-  
per iments  (Fig. 10 and 11) demonstrate  the D20 effect 
quali tat ively,  they cannot be compared immedia te ly  
to the est imated value, because the discharge was car-  
r ied out at constant current  in an 85% D20 solution. 
However ,  the est imation indicates that  the effect 
should be in a measurable  range and a more  refined 
exper iment  should be done to evaluate  the D20 ef-  
fect in KOD + D20 electrolyte  by discharging at 
constant voltage. 
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The Pitting Potential of Stainless Steels in Chloride Media 
V. Hospadaruk and J. V. Petrocelli 

Applied Research Laboratory, Ford Motor Cocnpany, Dearborn, Michigan 

ABSTRACT 

Anodic and cathodic potentiostatic polarization curves were obtained for 
various stainless steel alloys in sodium chloride and calcium chloride solu- 
tions. In  the pH range 2 to 8 pi t t ing occurs in the passive region. For a given 
chloride ion concentrat ion pit in i t ia t ion does not occur unt i l  a certain elec- 
trode potential, the pi t t ing potential ,  is reached. The pi t t ing potential  is de- 
pendent  on alloy composition and may be used as a relat ive measure of 
pi t t ing tendency for various alloys. Calcium ion enobles the pi t t ing potential  
when the chloride ion concentrat ion is about 1N or less. The implications of a 
pi t t ing potent ial  on passivity theories is briefly discussed. 

Stainless steel alloys are general ly used in  env i ron-  
ments where  they are in the passive state. Corrosion of 
the alloys in  the passive state is usual ly  localized and 
of the pi t t ing type. Stainless steels are par t icular ly  
susceptible to this type of corrosion when halide ions 
are present. 

While several  factors affecting pit growth have been 
described in  the l i terature,  the actual mechanism of 
pitting, especially pit init iation, is not known (1,2). 
The first use of electrochemical methods in  pi t t ing 
corrosion studies of these alloys were aimed at ac- 

celerat ing the pit t ing by anodic polarization and 
measur ing either the "break- through" potential  or 
the density of pits formed in  a given time. 

The need for a satisfactory pit ini t iat ion test and 
the various at tempts to devise one have been thor-  
oughly reviewed by Streicher (2). 

Streicher developed an electrolytic pi t t ing test for 
stainless steels, the results of which showed some cor- 
relat ion with the known effect of alloy composition on 
service behavior (2). The specimen was anodically 
polarized and the current  increased from zero to 3 



Vol. 113, No. 9 P I T T I N G  P O T E N T I A L  

m a / c m  2 and held  at this value  for 5 min. The number  
of pits formed per uni t  area was used as a measure  
of the re la t ive  resistance to pi t t ing corrosion. 

Rozenfeld et al. obtained galvanostatic anodic 
polarization curves for various alloys which showed 
that  the curves may  depend on alloy composition in 
di lute sodium chloride solutions (3). 

These studies did not elucidate the mechanisms in-  
volved nor consider the role of the cathodic reactions 
in the actual corrosion process. 

More recent  papers, some of which appeared during 
the course of this work, began to shed more l ight on 
pit  initiation. Kolo tyrk in  (4) and Schwenk (5) by 
using potentiostatic techniques have  given strong evi-  
dence that  the pit t ing of a given alloy at a given 
aggressive anion concentrat ion can occur only wi th in  
a definite potential  range. Riggs (6) obtained poten-  
tiostatic anodic curves for AISI  type 316 stainless 
steel in strong sulfuric acid solutions containing halide 
ions. The data also indicate the potential  dependency 
of pit t ing for this alloy. 

Since most of the electrochemical  behavior  of 
stainless steels described in the l i te ra ture  is for acid 
solutions, one object ive of this study was to obtain 
informat ion in weakly  acid to alkaline media  con- 
taining chloride ion. In par t icular  the effects of cal- 
cium chloride versus sodium chloride were  of interest. 
As a par t  of a broad program to obtain a bet ter  
unders tanding of passivity and pi t t ing at tack by the 
aggressive anions it was desirable to explore  the po- 
tentiostatic technique as a means of s tudying pit ini-  
t iation and perhaps for the evaluat ion of the re la t ive  
pit t ing tendency of various alloys. 

Fur ther  exper imenta l  evidence that  nucleat ion of 
pits on an otherwise passive surface is a function of 
the potential  is impor tant  in the consideration of 
passivity theories. If this relat ionship is true, it must 
be accounted for in any acceptable theory  of passivity. 

The data presented describe the e lect rochemist ry  of 
several  commercial  alloys in solutions of sodium 
chloride and calcium chloride. 

Exper imental  Procedure 
The stainless steel alloys AISI  201, 301, 316, and 434 

and a chromized steel were  used. Compositions of the 
steel alloys are given in Table I. The chromized steel 
surface was prepared by a diffusion process, the coat-  
ing was about 1.5 mils thick with  a chromium con- 
tent  of about 35% at the surface. 

Commercia l  steels were  obtained in sheet form; 
they had been produced by convent ional  hot and cold 
rolling, annealed at 1700~176 slow cooled wi th  a 
final 33% cold reduction. The surfaces were  buffed to 
a br ight  finish. Specimens were  thoroughly degreased 
and given a 30-sec t rea tment  in 3.5N H2SO4. 

Solutions were  prepared with  double-dis t i l led water  
and reagent  grade chemicals. The pH was adjusted 
with sodium hydroxide  or sulfuric acid. Deaerat ion of 
solutions was accomplished by the use of pure  ni t ro-  
gen which was passed over hot copper turnings. 

Electrode area was about 1 cm 2, and the potent io-  
static polarization curves were  obtained in the con- 
vent ional  manner.  Pr ior  to obtaining the anodic curves 
the specimens were  cathodically polarized to about 
--1.00v, into the act ive state, in order to remove  any 
film present  on the surface. 1 The polarization curve  

Z E x p e r i m e n t s  c o n d u c t e d  w i t h o u t  p r e c a t h o d i z a t i o n  s h o w e d  t h a t  
the  g e n e r a l  b e h a v i o r  and  r e s u l t s  w o u l d  no t  be  a l t e r e d  s ign i f i can t ly .  

Table I. Stainless steel composition, values in weight per cent 

A I S I  T y p e s  

434 201 301 316 
C h r o m i u m  17.9% 17.3% 17.6% 17.0% 
Nicke l  0.18 4.6 7.7 13.0 
M a n g a n e s e  0.32 7.5 1.25 1.8 
s i l i c o n  0.46 0.53 0.50 0.35 
M o l y b d e n u m  0.98 0.05 0.05 2.25 
S u l f u r  0.013 0.013 0.015 (0.03 max. )  
C a r b o n  0.06 0.08 0.08 0.04 

O F  S T A I N L E S S  S T E E L S  879 

[ ,0  "7 

0 8  

0.6 

~, 0.4 

I. 0.2 
w 

-O.4 0 s ~ O H - -  

- 0 . 6  

--0.8 - > H + ~  H= 

- I . O  
O O.I I IO IOO 

CURRENT D E N S I T Y -  MICROAMP/CM 2 

Fig. 1. Anodic polarization curves for several stainless steels in 
0.SN NoCI, pH 6: �9 316, [ ]  301, z~ 201, �9 434, V a chromized 
steel with about 35% Cr at the surface. Curve A is the anodic 
curve for 301 in 0.SN No2SO4, pH 6. The approximate positions 
of the cathodic reduction curves for hydrogen ions and oxygen 
are shown. 

was then obtained by s tep-wise increase in the po- 
tential  by about 25 my;  wai t ing for a fair ly steady 
current  value at each potential,  this usual ly requi red  
about 20-30 min. For some special exper iments  here  
designated as "rapid polarizations" the ra te  was fixed 
at 10 mv/min .  All  potential  values are given vs. the 
saturated calomel electrode. 

Exper imental  Results 
All  of the steels exhibi ted stable passive behavior  

in neutra l  solutions which did not contain chloride 
ions. Curve  A in Fig. 1 shows a typical  anodic curve 
in sodium sulfate. The active and transi t ion portions 
of the curve, shown dashed, is schematic. The very  
low value  of the passivating Current density in neutra l  
solutions makes these portions difficult to obtain ex-  
per imental ly .  It is significant to note that  the cathodic 
curve for hydrogen ion reduct ion lies above the 
passive "peak" so that  the steels are in the stable 
passive state in oxygen- f ree  neutra l  solutions. 

The other curves in Fig. 1 show typical  results ob- 
tained in the presence of chloride ion. Any  one steel 
assumes passive behavior  unt i l  a certain potent ial  is 
reached where  the current  begins to rise sharply and 
pits begin to form on the otherwise passive surface. 
The value  ot this potential,  designated here  as the 
pi t t ing potential,  Ep, is dependent  on the alloy com- 
position and chloride ion concentration. For  any given 
alloy and solution the Ep is fa i r ly  reproducible  wi th in  
about _0.05v. The deviations may be due to variat ions 
in surface composition f rom one specimen to another,  
i.e., chromium and/or  nickel  depleted areas would  
yield lower values. 

The results are about the same in sodium chloride 
and calcium chloride at a given concentrat ion of 
chloride ion and pH, except  in solutions about 1.5N 
and less in chloride ion. At these lower  concentrat ions 
there  is a tendency for the calcium ion to increase 
the Ep. 

Specimens held below the pit t ing potent ia l  for sev-  
eral  days did not pit. On the other  hand, if the po-  
tent ial  of a pi t t ing specimen was decreased below the 
pi t t ing potential,  the pit t ing would stop. The curves in 
Fig. 2 show a typical  result. Curve 1 depicts the in-  
crease in current  due to pitting, whi le  curve  2 shows 
the decrease in current  and final cessation of pitting. 
The amount  of hysteresis depends on the t ime al-  
lowed for pitting. The greater  the pit  depth the 
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Fig. 3. Effect of chloride concentration on the pitting potential 
of the steels in sodium chloride solutions, pH 6: [ ]  301; /~ 201; 
�9 434. 

greater  the hysteresis. This t ime effect may be due to 
the increase in meta l  ion concentration, hence lower 
pH, and chloride concentrat ion at the bot tom of deep 
pits. 

Return ing  to Fig. 1, the potential  required for the 
nucleat ion of pits on the various alloys increases in 
the order of 434 < 201 < 301 < 316 < chromized 
steel. This indicates that  the inherent  proneness to 
pit t ing corrosion should be in the reverse  order. 

The  effect of chromium content  on pit t ing tendency 
is shown by the anodic curve for the chromized steel 
given in Fig. 1. This steel showed no pi t t ing and the 
behavior is almost identical  to that of pure chromium. 
There  is no rise in current  prior to the transpassive 
region. 

The effect of chloride concentrat ion on the pi t t ing 
potential  in sodium chloride at pH 6 is shown in Fig. 
3. The pi t t ing potential  of the austenitic steels is prac-  
t ically independent of concentration in the range 0.1- 
5.0N NaC1. In contrast, the pitting potential of the 
434 steel decreased l inear ly  with the decrease in log 
[C1-] .  

The pit t ing potential  of these alloys was found to be 
pract ical ly independent  of pH in the range pH 3-8 in 
sodium chloride. 

As previous ly  indicated, below about 1.5N chloride 
ion the Ep are somewhat greater in  calcium chloride 
than in sodium chloride. The effect is quite pronounced 
with  the 434 type steel, where  there  is an actual  
reversa l  in the re la t ive  order  of Ep. In calcium chlo-  
ride, below about 1.5N the Ep is greater  than that  
of the austenitic steels. The pit t ing potent ial  of 434 
shows a sharp decrease be tween  1 and 3N calcium 
chloride and seems to reach a l imit ing va lue  of about  
--0.3v with fur ther  increase in salt concentration, as 
shown in  Fig. 4. 

The specific effect of the calcium ion was also de te r -  
mined  by obtaining the variat ions of Ep with the rat io 
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Fig. 5. Effect of the concentration ratio, N C I - / N  Ca ~+,  on the 
pitting potential of steels 434 and 201 for a constant 1N chloride 
ion concentration, pH 6: �9 434; A 201. 

of chloride ion concentrat ion to calcium ion concen- 
t rat ion at a constant (l .0N) chloride ion concentrat ion 
at pH 6.0. The solutions were  made by using the ap- 
propriate  mixtures  of calcium and sodium chloride. 
Results are shown in Fig. 5. The values for 301 are 
not shown since they are  the same as those for 201. 
The pit t ing potential  of 301 and 201 are pract ical ly in-  
dependent  of the chloride ion to calcium ion ratio, 
whi le  that  of 434 decreases almost  l inear ly  as the 
logari thm of the ratio increases. 

The effect of pH on the pit t ing potential  in 0.1 and 
3.0N calcium chloride is shown in Fig. 6. In contrast  
to sodium chloride solutions the pH has a significant 
effect on the pi t t ing potential,  par t icular ly  in the 
more dilute calcium chloride solution. The pi t t ing po- 
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Fig. 7. Anodic polarization of 434, �9 and 301, D ,  in air-free 
11.2N calcium chloride, pH 6. The hydrogen ion reduction curve 
is included. 

tential  increases as the pH increases, and the change 
is greater  with 434 than the other  steels. 

As was the case in sodium chloride, the chromized 
steel was immune  to pi t t ing in the pH range 3-8 in 
calcium chloride, even in a l l .2N (saturated) solution. 

Some rapid polarizat ion curves 2 for the steels in 
viscous l l.2N calcium chloride, saturated solution at 
room temperature ,  are shown in Fig. 7. In this chlo-  
r ide concentrat ion the behavior  of the austenitic and 
ferr i t ic  steels are ve ry  similar. It  is ve ry  interest ing 
to note that  the passivating current  density is some- 
what  greater  than in the more dilute solutions so that  
the active and transi t ion portions of the curve may be 
obtained at pH 6.0. 

At lower  pH values the usual displacement of the 
passivating potential,  hence transi t ion portion, toward 
more noble potentials causes the Ep value to occur 
near  the m a x i m u m  of the passivity curve. 

In these very  concentrated solutions, 8.0-11.0N cal-  
cium chloride, the pit density is ve ry  high with  prob-  
ably rapid lateral  pit g rowth  so that  the surface ac- 
tual ly dissolves more  or less un i formly  as in act ive 
dissolution. The current  densi ty increases to ve ry  
high values wi th in  a ve ry  small  potential  range unti l  
a l imit ing current  density of about 10 m a / c m  2 is 
reached. The dissolution ra te  then remains  pract ical ly 
constant with fur ther  increase in potential.  

Immersion tests in the various solutions for periods 
of about three  weeks confirmed the re la t ive  corrosion 
behavior  predicted by the anodic and cathodic polar i -  
zation curves. 

In contrast  to the pure metals, iron and nickel, the 
stainless steel alloys used in this work  have a l imit -  
ing potent ia l  below which they do not pit, even when 
chloride ion is l lN. This l imit ing value  is about --0.3 
to --0.35v on the saturated calomel scale. This, to-  
gether  wi th  the observat ion that  an occasional 434 
specimen exhibi ted an abnormal ly  high pi t t ing poten-  
tial and the oscil latory current  behavior  in some in-  

S t e a d y - s t a t e  p o l a r i z a t i o n s  d i d  n o t  s h i f t  t h e  v a l u e  o f  Ep. 
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stances, s trongly indicates that  a healing process may 
occur at the lower  end of the pit t ing potent ial  zone. 

In an a t tempt  to detect a t ransient  type of pitting, 
nucleat ion fol lowed by healing, some rapid anodic 
polarizations were  run. A rate  of 10 m v / m i n  was 
chosen. Some results obtained wi th  301 and 434 steels 
are given in Fig. 8. Curves A and C show the rapid 
steady increase in current  at the same pi t t ing poten-  
tial as obtained in s teady-s ta te  polarizations. The 
rapid curve  B is representa t ive  of those occasionally 
obtained with some 434 specimens which have ab- 
normal ly  high s teady-sta te  pit t ing potentials.  The 
curves B and C do show a "hump"  which indicates 
that  some pit t ing was ini t iated at about --0.20v, but  
that  heal ing soon occurred;  fur ther  pit init iat ion did 
not occur unti l  about  0.0v. 

Although, as previously indicated, the pit t ing po- 
tent ial  for 434 steel increases as the chloride ion con- 
centrat ion decreases; the hump is apparent ly  inde-  
pendent  of chloride concentrat ion and begins at about 
--0.25v. 

Since, in all of the exper iments  repor ted  above, the 
passive film was formed in the chloride medium, it 
was desirable to de termine  if this was a necessary 
cri terion for pitting. Specimens of 434 steel were  
polarized in a chlor ide-f ree  solution to +0.50v and 
held at this potent ial  unti l  "steady state" conditions 
were  achieved. Chloride ion was then added to the 
solution to a final concentrat ion of 0.2N. In about 5 
rain the current  began to increase, indicating pitting. 
After  a few more minutes  the potent ial  was reduced 
to - -0 .20v  and the pit t ing stopped. A typical  behavior  
is shown by curves A and B in Fig. 9. The potential  
was then increased again unti l  pi t t ing resumed, curve  
C. This t ime the specimen did not pit  unt i l  +0.70v. 

The results show that  a passive film formed in a 
ch lor ide- f ree  medium is susceptible to chloride at-  
tack, and that  pi t t ing is potent ial  dependent.  

Some galvanostat ic  anodic charging exper iments  
were  performed in order  to obtain the relat ionship 
be tween  this type of data and the potentiostatic re-  
sults. Specimens were  polarized by imposing a con- 
stant current  densi ty of 7/~a/cm 2 unti l  the pi t t ing was 
wel l  established. Results are shown in Fig. 10. 

The potential  rises rapidly unti l  the onset of oscil- 
lations, when pi t t ing begins. The potent ial  then drops 
sharply, fol lowed by a slow decay to a quasisteady 
state. The potent ial  regions where  oscillations of po- 
tent ial  occur, the so-called b reak- th rough  potentials,  
are about 400 to 500 mv  more noble than the pit t ing 
potent ial  obtained by the potentiostatic method. 
Values also vary  wi th  the magni tude  of the current  
used. 

The potential  va lue  obtained at the intersect ion of 
the extrapola ted potential  decay curves, marked  Ec in 
Fig. 10, approximates  closely the potentiostat ic pi t t ing 
potentials.  

It  wi l l  be noted that  the specimens w e r e  in the ac- 
t ive state (potential  at about --1.00v) at the start  of 
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Fig. 9. Pitting of a passive 434 steel by the subsequent addition 
of sodium chloride to the 0.1N Na2SO4, pH 6. The repassivatian 
and then reactivation of the pits are depicted by curve sections 
B and C. 
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Fig. 10. Anodic changing curves for the steels in deaerated 1N 
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the charging. The results show that the passive film 
is formed and then begins to pit. I t  is interest ing to 
note that  434, which seems to have the greatest  pi t -  
t ing tendency, has the shortest period of oscillations. 

Discussion 
The results show that the nucleat ion of pits on an 

otherwise passive surface is a function of the elec-  
trode potential. For a given chloride ion concentrat ion 
and alloy composition, pi t t ing does not occur unti l  a 
certain potent ial  is reached or exceeded. This pi t t ing 
potential  is characterist ic of the alloy and may be 
used as a measure  of the re la t ive  pit t ing tendency of 
various alloys. The potentiostatic technique is ve ry  
promising as a pit init iat ion test. 

The exper imenta l  data seem to indicate that  all 
sites are not equal ly  susceptible to pit t ing and that  the 
nucleation of pits occurs over  some broad potent ial  
range. Apparent ly ,  pit init iation at the measured Ep 
takes place at only the more  susceptible sites. A spe- 
cial si tuation exists wi th  highly concentrated chlo-  
r ide solutions such as l l .2N calcium chloride. Pit  nu-  
cleation occurs so readi ly  that  the ent ire  electrode 
surface is rapidly  pi t ted at a potent ia l  not more than 
50 mv  above Ep. 

In the use of Ep as a measure  of pit t ing tendency 
it should be noted that  service performance  will  also 
depend on the cathodic polarization curve. In order  
for pi t t ing corrosion to occur in service the cathodic 
curve for the reduct ion of oxygen (or any other  oxi-  
dant) must  intersect  the anodic curve  at the pi t t ing 
potent ial  or more noble values. Thus, two alloys wi th  
significantly different Ep may both undergo pit t ing 
corrosion if the cathodic curve intersects the anodic 
curve at the Ep value on both alloys. 

The oxygen reduct ion curve on the alloys used in 
this work  does not va ry  appreciably with  the alloy 
composition and as the curves in Fig. 1 indicate, all  
but  AISI  316 of the stainless steels may be expected 
to undergo some pit t ing corrosion since the s teady-  
state passive current,  i pass., is s l ightly lower  than the 
exper imenta l  value  shown. The sever i ty  should de-  
crease in the order  434 > 201 > 301 > 316. 

It  is interest ing to note that  the Ep of these alloys 
does not vary  significantly wi th  pH in the pH range  
3-8. The decrease in pi t t ing wi th  increase in pH usu-  
ally encountered in service is apparent ly  due most ly  
to the shift of the cathodic curve to lower potentials  
as the pH increases. This exemplifies the impor tan t  
role of the cathodic curve. 

The importance of the cathodic react ion is again 
demonstra ted by the behavior  of the stainless steel at 
open-circui t  immers ion in l l .2N calcium chloride solu- 

tion. Al though the pit t ing potent ia l  in this medium is 
at the min imum value  o f - -0 .30  to --0.35v the pit t ing 
at tack after l ong- t e rm immers ion  was not severe  due 
to the low oxygen solubil i ty and rate  of diffusion in 
the viscous solution. 

The role of chromium in increasing the pi t t ing po- 
tential  is especially noteworthy.  

The specific effect of calcium ion and its depend-  
ency on pH is no doubt  due to the adsorption of the 
ion or a basic calcium compound on the surface. It is 
not clear, however ,  why  the effect is so pronounced on 
the 434 type steel. 

The relat ionship be tween  pit  nucleat ion on the 
passive surface and electrode potent ial  requires  an 
explanat ion which is consistent wi th  any acceptable 
theory of passivity. This aspect os the problem is 
under consideration, and we  expect  to offer sugges- 
tions at a future  date. 

Meanwhile,  the fol lowing comments  should be made. 
The impor tant  question is not why  the chloride ion 
should cause a b reak-down of passivity, but ra ther  
why does it occur at potentials which  may  be sig- 
nificantly greater  than the passivation potential .  It is 
logical to assume that, if the chloride ion is adsorbed 
onto the surface at sufficient concentrations, it would 
prevent  fur ther  film format ion and /o r  create  anion 
vacancies in the film so that  it might  collapse. The  
abili ty of chloride to become incorporated into a film 
latt ice has been shown by Beck et al. in the case of 
a luminum (7). 

An increase in the adsorption of chloride ion onto 
the passive surface with  an increase in the measured  
electrode potent ial  is not an obvious deduction. The 
potentiostatic anodic curve of the metals  in question 
show a well  defined constant current  region. The 
"oxide" film theory  is the most consistent theory  with  
this exper imenta l  fact. 

Accordingly the film thickens with  an increase in 
the measured electrode potential  along this current  
plateau. In the steady state the rate  of film format ion 
is equal  to the ra te  of film dissolution. The potent ia l  
distr ibution across the film has been discussed by 
Vet ter  (8) and Weil  (9) and is shown schematical ly 
in Fig. 11. The increase in the measured electrode 
potent ial  is predominant ly  if not ent i re ly  due to the 
increase in, Vox, the potent ial  difference across the 
film. The potential  eo/s, of the oxide-solut ion interface 
remains constant, in fact  ve ry  close to the equi l ibr ium 
potential  for the react ion 

[H20]ad ~ Oox : + 2 H  + 

Since the rate  of chloride ion adsorption should be 
dependent  on eo/s, it is not clear how this rate  or equi-  
l ibr ium concentrat ion of adsorbed chloride ion in-  
creases wi th  the measured potential.  

One might  possibly deduce that  the chloride effect 
is a function of the film thickness and /o r  composition 
changes, which are dependent  on the potential.  

Mn+~_ M n+  

M E T A L  O X I D E  

�9 M n§ 

(~ 

e M/O 

Vox i 

I 

H/H+ 

SOLUTION 

Fig. 11. Schematic diagram of the potential distribution across 
the oxide film. 
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One possible explanat ion which we suggest at this 
time is that  dur ing the dynamic situation where film 
growth and film dissolution are occurring at the same 
rate on the average there will  be fluctuations so that 
certain areas become ent irely free of film for brief 
periods of time. When the measured electrode poten-  
tial is increased the potential  difference at the "bare" 
meta l -solut ion interface wil l  become very high, with 
the promotion of very rapid adsorption of chloride 
ions. 

The presence of a high concentrat ion of adsorbed 
chloride ions at these sites wil l  of course prevent  
fur ther  growth of the passive film and result  in the 
establ ishment  of active pits. 

Such fluctuations in f i lmed-bare areas are l ikely 
because the emergence of metall ic ions from the 
metal  into the passive film, required for film growth, 
should occur at much greater rates at ledges, kinks, 
etc., than at the planar  sites at the metal-oxide in ter -  
face. At some critical "interledge" distance the film 
dissolution may momenta r i ly  exceed formation on a 
small  p lanar  site. 

As previously indicated, we expect to treat  this 
aspect of the aggressive anion effect in more detail 
at a future  date. 
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Oxidation of Copper Single Crystals in 
Aqueous Solutions of Inorganic Salts 

IV. Effect of pH on Oxide Topography in CuSO 4 and Cu(OAc) 2 Solutions 

D. B. Scott 1 and G. Tyler Miller, Jr. ~ 
Department of Chemistry, Hampden-Sydney College, Hampden-Sydney, Virginia 

ABSTRACT 

Electron microscopic techniques were used to determine the effect of pH 
on the topography of Cu20 formed on the (100), (110), and (111) faces of 
copper single crystals oxidized in aqueous solutions of CuSO4 and Cu (OAc)2. 
Dur ing  reaction, changes in pH near  the react ing metal  surface were followed 
using a microprobe electrode. The pH near  the metal  surface dropped dur ing 
reaction in  CuSO4 solutions, bu t  remained constant  in Cu(OAc)2 solutions. 
Previous studies at constant ini t ial  bulk p i t  showed oxide polyhedra forma-  
t ion in  CuSO4 solutions and the formation of relat ively smooth continuous 
films in Cu(OAc)2 solutions. Comparison of oxide topography at the same 
surface pH rather  than ini t ial  bu lk  pH revealed polyhedra formation in both 
systems, al though polyhedra were more r un  together in the Cu (OAc)2 system. 
Several  other effects of anion were observed. Thus, pH appeared to be the 
major  variable  affecting oxide topography with the anion present  acting as a 
second variable controll ing the amount  of surface covered by oxide. These 
results were shown to be consistent with a reaction mechanism proposed in 
an earlier paper in  this series. 

This is the fourth in  a series of papers describing 
the oxidation of copper single crystals in solutions 
of copper(II)  salts. The first two papers (1,2) were 
concerned with the topography of the copper(I )  
oxide formed by oxidation in solutions of CuSO4, 
Cu(C104)2, Cu(OAc)2, and Cu(CHO2)2. The third 
paper (3) presented the relat ive rates of oxidation of 
the (100), (111), and (110) faces of Cu in 0.05N 
Cu(OAc)2, described the kinetics involved, and pro- 
posed a reaction mechanism for copper(I)  oxide 
formation. 

These previous studies showed that  at a constant  
init ial  bu lk  pH a re la t ively smooth film of oxide was 
formed in  the Cu(OAc)2 and Cu(CHOu)2 solutions, 
while well-defined oxide polyhedra formed in  both 
the CuSO4 and Cu(C104)2 solutions. The relat ive 
rates of oxide growth for the Cu(OAc)2 system was 
shown to be: (100) > (111) > (110), but  the shape 

1 P resen t  address :  Ins t i tu te  of Molecular  Biophysics,  Flor ida Sta te  
Univers i ty ,  Tal lahassee,  Florida.  

P re sen t  address :  D e p a r t m e n t  of Chemis t ry ,  St. And rews  Presby-  
te r ian  College, Lau r inbu rg ,  Nor th  Carolina.  

of the rate curves differed considerably (3). 
Although those previous studies demonstrated the 

impor tant  effect of the anion on oxide topography at a 
given ini t ial  pH, it  did not provide any informat ion 
on the effect of pH on oxide topography. I t  seemed 
probable that another major  variable  or perhaps the 
variable  controll ing polyhedra or smooth film forma-  
t ion could result  from changes either in  the bu lk  
pH of the solution or local changes in  pH near  the 
reacting surface. The present  paper reports results 
obtained in  an at tempt  to check this hypothesis and 
to gain addit ional  evidence as to the val idi ty  of the 
reaction mechanism previously proposed (3). 

Experimental Procedure 
Known crystallographic (111), (100), and (110) 

faces of carefully prepared copper single crystals 
were exposed for 10 rain to O.05N solutions of 
Cu(OAc)2 and CuSO4 main ta ined  at 30  ~ ~ 0.05~ and 
with pH values rang ing  from 4.8 to 3.0 in  increments  
of 0.1 p i t  unit.  The pH of a given solution was ad- 
justed to the desired value by the addition of small  
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Table I. Values of initial and final bulk pH for the CuSO4 system 
after immersion for 10 min 

I n i t i a l  F i n a l  b u l k  p H  
b u l k  p H  (111) (100) (110) 

4.50 4.04 4.10 4.00 
4.30 3.86 3.97 3.97 
3.80 3.74 3.72 3.70 
3.20 3.23 3.21 3.21 
3.10 3.13 3.16 3.14 

amounts of 0.05N Cu(OAc)2  or 0.05N CuSO4 solutions 
which had been adjusted to a pH of 2.0 by addition 
of reagent  grade HOAc or H2SO4, respectively.  After  
immersion, the crystal  surfaces were  washed and rep-  
licated, and the replicas were  examined with  an elec- 
t ron microscope. The detai led procedures  used were  
the same as those described in the previous papers 
(1,2).  

A second series of exper iments  was run  in order 
to determine whe the r  small  changes in pH were  oc- 
curr ing near  the surface of the crystal  face dur ing re-  
action. A small microprobe glass electrode was fixed 
at a distance of approximate ly  1 mm from the flat 
face of the metal. The pH changes in the solution were  
measured and recorded by fol lowing vol tage change 
vs. a mercu ry -mercu rous  sulfate re ference  electrode. 
In order to minimize any effect of anions, the re fe r -  
ence electrode was connected to the solution through 
a Luggin capillary. 

Exper imenta l  Results 

Exper iments  on the determinat ion of pH changes 
approximate ly  1 mm from the surface of the crystal  
face yielded the very  significant fact  that  for the 
CuSO4 (initial pH 4.30) solution the pH dropped al-  
most immedia te ly  on introduct ion of the crystal  into 
the solution to a value  of 4.00. This value remained  
re la t ive ly  constant during the 10-min immersion 
period. 

A similar  series of exper iments  by Barker  and 
Miller  (4) in Cu(OAc)2  showed that  there  was very  
lit t le change in pH at a distance of approximate ly  1 
mm from the surface. This was to be expected, since 
the Cu(OAc)2-HOAc mix ture  served as a buffer 
system. 

The final bulk pH values of the Cu(OAc)2 solutions 
after 10 min  of oxidat ion were  essentially the same 
as the init ial  bulk values, while  there  was a con- 
siderable drop between the initial and final pH in the 
unbuffered CuSO4 solutions. Results in CuSO4 indi-  
cated that  this final bulk pH was approximate ly  equal  
to the va lue  to which the surface pH fell  when  the 
crystal  was first immersed in the solution. 

A summary  of the final bulk pH values for the 
CuSO4 system is given in Table I. 

The effect of pH on oxide topography on the (110) 
face oxidized in CuSO4 solutions is shown in Fig. 1. 
It  can be seen that  as the bulk pH is lowered f rom 
4.30 (Fig. lb)  to 3.10 (Fig. le)  the amount  of exposed 
meta l  surface area increased and the polyhedra  be-  
came wel l  defined with  li t t le running together.  An 
analysis of shadow heights indicated that  the poly-  
hedra decreased in height  as the pH was decreased. 
At pH values below 3.10 no oxide was formed on any 
of the three faces tested. It  should be noted that  the 
oxide formed on the (100) face seems to be more  
unstable than that  formed on the (110) and (111) 
faces, since very  lit t le oxide remained  even at a pH 
of 3.10. By comparing Fig. l a  to Fig. lb  it can be 
seen that  the trend is reversed  as the pH was raised 
f rom pH 4.30 to 4.50. This phenomenon was present  on 
all three faces. 

Figure  2 shows that  this same general  t rend was 
observed on all three faces. F igure  lb, 2a, and 2b 
show, respectively,  the oxide topography of the (110), 
(100), and (111) faces after 10 min in CuSO4 solutions 
at constant pH. These photographs reveal  that  the 

Fig. 1. Effect of pH on oxide growth on the (110) face of Cu 
after immersion in 0.OSN CuSO4 at 30.0~ for 10 min: a, pH 
4.50(4.00); b, pH ~ 4.30(3.97); c, pH ~ 3.80(3.70); d, pH 
3.20(3.20); e, pH ~ 3.10(3.14). pH values listed first are initial 
bulk values and values in parentheses are final bulk values. Mag- 
nification 15,000X before reduction for publication. 

Fig. 2. Effect of pH on oxide growth on the (100) and (111) 
faces of Cu after immersion in 0.05N CuSO4 at 30.0~ far 10 min: 
a, (100), pH ~ 4.30(3.97); b, (111), pH ~ 4.30(3.96); c, (100), 
pH ~ 3.20(3.20); d, (111), pH ~ 3.20(3.23). Values in parentheses 
are final bulk pH values. Magnification 15,000X before reduction 
for publication. 

amount  of bare meta l  surface present  was approxi -  
mately  the same on all  faces at the same p.H. The same 
effect can be seen when  the bulk pH is lowered to 
3.20 by comparing Fig. ld, 2c, and 2d. Thus, it ap-  
pears that  in the CuSO4 system the area of exposed 
metal  surface depends pr imar i ly  on pH and does not  
vary  significantly wi th  face. As noted before, the 
(100) face at a pH of 3.10 represents  an exception to 
this generalization, since very  l i t t le oxide remains at 
this pH. 

The effect of pH on oxide topography on the (110) 
face in Cu(OAc)2 solutions is summarized in Fig. 3. 
Similar  results were  observed for the (100) and (111) 
faces. As the pH was lowered,  the amount  of bare 
meta l  surface area again increased. However ,  by com- 
paring Fig. 3 wi th  Fig. 1, it can be seen that  the 
polyhedra  were  more  run  together  in the Cu(OAc)2  
system than in the CuSO4 system. Thus, al though the 
pr imary  var iable  affecting polyhedra format ion and 
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Fig. 3. Effect of pH on oxide growth on the (110) face of Cu 
after immersion in 0.05N Cu(OAc)2 at 30.0~ for 10 min: a, pH 
4.30; b, pH ~ 4.20; c, p H ~  4.10; d, pH z 4.00; e, pH 

3.90; f, pH ~ 3.80. 

Fig. 4. Effect of pH on oxide growth on the (100) and (111) 
faces of Cu after immersion in 0.05N Cu(OAc)2 at 30.0~ for 
10 min: a, (100), pH ~ 4.10; b, (111), pH ~ 4.10. 

surface coverage appears to be pH, the anion present  
is an additional var iable  that  affects the degree of 
surface coverage. 

The results shown in Fig. 1 and 2 revealed that  at 
the same pH in the CuSO4 system the amount  of oxide 
coverage for the (100), (111), and the (110) faces 
was approximate ly  the same. F igure  4, when com- 
pared wi th  Fig. 3c, shows a similar  comparison at the 
same p i t  in the Cu(OAc)2  system. An examinat ion  of 
these photographs reveals  that  the amount  of ex-  
posed meta l  surface area did vary  with  crystal  face 
in this system in the order  (100) ~ (111) ~ (110). 
The bulk pH at which no oxide remained on the sur-  
face was found to be in the same rela t ive  order (100) 
(pII 3.8) ~ (111) (pH 3.6) ~ (110) (pH --, 3.5). Thus, 
the degree of surface coverage at the same bulk pH 
varied with face in the Cu(OAc)2 system, but re-  
mained essential ly constant wi th  face in the CuSO4 
system. 

Discussion 
In the previous study (1), oxide format ion in CuSO4 

(init ial  pH 4.30) was compared to that  formed in 
Cu(OAc)2 at the same init ial  bulk pH (4.30). It  was 
found that, in general,  oxide polyhedra formed in 
CuSO4 solutions whi le  re la t ive ly  smooth continuous 
films formed in Cu(OAc)2  solutions. 

The present  study revealed  that  in order to de te r -  
mine the effect of anion on oxide topography, the two 
systems should not be compared at the same init ial  
value for the bulk pH. It was shown that  a CuSO4 
solution wi th  an init ial  bulk pH of 4.30 had a pPI of 
approximate ly  4.0 near  the surface during the i m -  

mersion period, while  there  was no drop in pH near 
the surface in Cu(OAc)2-HOAc solutions which act as 
a buffer system. Thus, in order to de te rmine  the effect 
of anion on topography, it is more meaningfu l  to com- 
pare the oxidation in CuSO4, having an init ial  bulk 
pH of 4.30, wi th  oxidation in Cu (OAc)2 wi th  an initial 
bulk pH of 4.00. By comparing Fig. lb  with Fig. 3d, it 
can be seen that  polyhedra tend to form in both sys- 
tems when  the pH near  the surface is constant, al-  
though the polyhedra  are  more run together  in the 
Cu (OAc) 2 system. 

It  is recognized that  even this comparison might  not 
be strictly valid, since the pH was measured at a 
distance of 1 mm from the surface and the pH nearer  
the surface would  probably be lower than 4.00. The 
value  of 4.00 is assumed to be reasonable, however ,  
since at 1 mm from the surface the pH remained es- 
sential ly constant during the react ion and since move-  
ment  of the microprobe electrode closer to the sur-  
face gave no appreciable change in pH. In any case, 
since the pH near  the surface in all of the CuSO4 
solutions tested was 4.00 or lower, the CuSO4 system 
should be compared with  a Cu(OAc)u  solution in 
which the pH is 4.00 or lower. All  such comparisons 
indicate polyhedra  format ion in both systems with 
the format ion of more run  together  polyhedra in the 
Cu (OAc) 2 system. 

Al though polyhedra  formation, and thus the de- 
gree of surface coverage, appear to depend pr imar i ly  
on pH, the degree of surface coverage was definitely 
affected by the anion present. At least three  impor-  
tant  effects of the anion were  observed. First, as men-  
t ioned above, polyhedra  formed in Cu(OAc)2  solu- 
tions were  more run together  than those formed in 
CuSO4 solutions. Second, the amount  of surface cov- 
ered at a given pH apparent ly  did not vary  signifi- 
cantly wi th  crystal  face in the CuSO4 system, whi le  
the degree of surface coverage did vary  with face in 
the Cu(OAc)2 system. Finally,  the pH value below 
which oxide did not form varied in the two systems 
[below 3.5-3.7 in Cu(OAc)2 and below 3.1 in CuSO4]. 
A more detailed in terpre ta t ion of the effect of anion 
on oxidation was given i n  previous papers (2, 3). 

It  is fel t  that  the results reported in this paper are 
consistent with the mechanism for oxidation of cop- 
per  single crystals in solutions of Cu(OAc)2  proposed 
in an earl ier  paper by Porterfield and Miller (3). 
The ra te -de te rmin ing  step was postulated as the mi-  
grat ion of "@"  (positive holes) through the oxide to 
specific react ion sites occurring at crevices or holes in 
the oxide. Continued or enhanced oxide growth of 
individual  polyhedra  was direct ly proport ional  to the 
amount  of bare metal  surface. The over -a l l  net  reac-  
tion was postulated as 

Cu 2+ ~- Cu ~- H20 ~--- Cu20 § 2H + 

Under  a given set of react ion conditions, a balance 
be tween oxide format ion and the reverse  react ion of 
film dissolution would be achieved. The rate  of the 
reverse  dissolution react ion would also be direct ly  
proport ional  to the amount  of bare meta l  surface 
present. 

According to this mechanism, the pH near  the sur-  
face should decrease during oxide formation, as was 
observed in the present  study for the unbuffered 
CuSO4 system. Fur thermore ,  an examinat ion of Fig. 
3c 4a, and 4b shows that  the amount  of bare meta l  
surface exposed in the Cu(OAc)e  system follows the 
order (100) ~ (111) ~(110) ,  which is the same order 
as the oxidation rates determined in the previous 
study (3). The present  study also demonstra ted that, 
as pH decreased, the re la t ive  amount  of meta l  sur-  
face exposed increased. This is also consistent with 
the proposed mechanism since an increase in H + 
would shift the equi l ibr ium to the left  due to the 
common ion effect and less Cu20 would  form on the 
surface. Fur ther  evidence was found in that  the pH 
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below which no oxide formed in Cu(OAc)2  is in the 
same order (100) (pH 3.8) ~ (111) (pH 3.6) ) (110) 
(pH ,-~ 3.5). This mechanism would also account for 
the slight rise in pH found in the CuSO4 system at 
low pH values (<3.2) as shown in Table I. The pres-  
ence of a re la t ive ly  high init ial  concentrat ion of H § 
would  tend to dissolve some or all of the thin film 
of Cu20 formed dur ing polishing and washing and 
thus yield a slight increase in pH. 

Ives and Dawson (5) have given an excel lent  dis-  
cussion of the electrochemical  theory of oxidat ion of 
copper in aqueous solutions. Much of their  discussion 
is consistent wi th  the data obtained in the present  
work, a l though their  duplex  film model  is not ap- 
plicable to the present  system, since it was pro-  
posed for systems containing very  low concentra-  
tions of Cu( I I )  ion. 

One additional result  that  needs to be discussed is 
the fact that  al though the amount  of meta l  surface 
area exposed in the CuSO4 system increased as the 
pH was lowered f rom 4.30 (Fig. lb)  to 3.10 (Fig. l e ) ,  
this t rend was reversed when the pH was raised to 
4.50 (Fig. l a ) .  One possible in terpreta t ion of this un-  
expected resul t  can be offered in terms of the Pour -  
baix diagram for copper (6). According to the Pour -  
baix plot of potential  vs. pH, Cu20 is t he rmodynam-  
ically stable over  a band of pH-potent ia l  values wi th  
Cu20 dissolving to form Cu and Cu +2 at low pH va l -  
ues and with  conversion to CuO at high pH values. 
Thus, ei ther raising or lower ing the pH eventual ly  
results in the thermodynamic  instabil i ty of Cu20. It 
is recognized, however ,  that  this l ine of reasoning 
may not be valid, since it  consists of using a thermo-  
dynamic a rgument  to account for a kinetic phenom-  

enon in a system not at equil ibrium. Addi t ional  ex-  
per imentat ion will  have to be carr ied out in order 
to obtain more informat ion on this phenomenon.  
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Influence of Concentrated Neutral Salt Solutions 

on the Corrosion of Metals 

K. Schwabe and Chr. Voigt 
Technische Universi~t,  Dresden, Germany 

position of this m a x i m u m  with  regard  
pend on the potential.  A qual i ta t ive  
results is proposed. 

ABSTRACT 

The H + act ivi ty  of diluted strong acids, such as HC104 or HCI, rises by 
the addition of such neut ra l  salts as NaCIO4, Ba(ClO4)2 f rom 10 - I  to I0 at 
constant concentrat ion of the acid. The effect of this increase of act ivi ty  on 
the anodic dissolution of Fe, Co, and Ni has been investigated.  Fe and Co show 
the order Z+H+ = --2 wi th  respect  to the H + activity, which was found by 
many other authors wi th  respect  to the H + concentrat ion when  s tat ionary 
measurements  were  accomplished. In accordance with  the Heusler  mechanism 
the order  changed to z+H+ = --1 at unsta t ionary measurements .  The ca- 
thodic process has the order  z -H+ = 0.5 to 0.7 wi th  respect  to the H + con- 
centrat ion and 0.5 wi th  regard  to H + act ivi ty  changed by addit ion of neut ra l  
salts. The anodic dissolution is influenced by the na ture  of the cations (Na + 
< B a  ++ < Li+) .  

On the contrary  the order  of anodic dissolution of Ni is Z+H+ = --0.5 
wi th  regard  to H + concentrat ion as wel l  as to act ivi ty  both at s ta t ionary 
and unstat ionary measurements .  The  cathodic process at Ni has the order  
Z--H+ = q- 1 wi th  regard  to H + concentrat ion and 0.5 wi th  regard  to H + 
act ivi ty  changed by addition of neut ra l  salts. At  the hydrogen 1on discharge 
on the mercury  electrode the order  of react ion Z--H+ with  regard  to H + con- 
centrat ion rises f rom 0.5 to 1 wi th  increasing ionic s t rength according to the 
theory of Frumkin.  The dependence upon all+ at constant H + concentrat ion is 
complicated. The current  density at constant potent ia l  passes through a m a x i -  
m u m  with  increasing H + act ivi ty and content  of neut ra l  salt. Height  and 

to the neut ra l  salt concentrat ion de-  
in terpre ta t ion  of the exper imenta l  

When neut ra l  salts such as NaC104 or LiC104 are 
added to di lute  aqueous solutions of strong acids, a 
l inear  decrease of the pH va lue  (pH = - -  log all+) 
wi th  salt concentration, msalt, is observed, s tar t ing 
f rom about 1 mo le /kg  (1). The concentrat ion of H + 
remains  constant; therefore,  the act ivi ty  coefficient, 
]H+, must  grow exponent ia l ly  wi th  msalt. The gradient  

ApH/Amsalt depends on the ionic radius; the electro-  
static in terpre ta t ion  of the pH shift  is in sufficient 
agreement  wi th  the exper imenta l  results  (2). The 
act ivi ty coefficients of the anions (JCl-, fBr--, etc.) 
r emain  re la t ive ly  constant ( _  0.1) (2) over  a con- 
centrat ion range of the salt which  leads to an increase 
of fH+ by two orders of magni tude  and more.  Equi -  
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Fig. 1. Experimental procedure, the cell 

l ibria in which H + take par t  are shifted by neutra l  
salts according to the increase in their  act ivi ty  (2). 
The present  work  deals wi th  the influence of the pH 
shift by neutra l  salts on the kinetics of electrode 
processes, in par t icular  wi th  the effect of neut ra l  salts 
on the rate  of anodic dissolution of Fe, Co, and Ni 
in the act ive region (at constant acid concentrat ion) 
and on the kinetics of hydrogen ion discharge on 
these metals. Hydrogen ion discharge was also studied 
on the dropping mercury  electrode, at constant H + 
concentrat ion under  var ia t ion of the H + act ivi ty  by 
addit ion of salt as wel l  as at high ionic strength under  
var ia t ion of the H + concentration. 

Exper imental  Procedure 
The electrodes were  rods of metals  such as Fe, Co, 

and Ni which had been molded into a special resin 
(EPOXID).  On their  f ront  side, anodic and cathodic 
cur rent -potent ia l  curves were  measured galvano-  
statically in the cell shown in Fig. 1, according to a 
quasistat ionary method as used, for instance, by Heus-  
ler (3). The potentials were  de termined  by a com- 
pensation method against a calomel electrode inside 
a Luggin capil lary tube (Fig. 1). Before each meas-  
urement ,  the working  electrode was resurfaced, pol-  
ished, and degreased in the same manner.  The salts 
were  purified by repeated recrystall izations.  Traces of 
impuri t ies  which would  have disturbed especially the 
H + deposition were  e l iminated from the acid-sal t  so- 
lution by a preelectrolysis  using an auxi l iary  electrode 
(4). F rom the various cur ren t -potent ia l  curves, the 
values of the current  density, ( j ) ,  belonging to a 
certain constant potent ial  e, were  read off, and f rom 
these the react ion order, ZH+, wi th  respect  to all+ 
was found by plott ing log j against pH. 

Exper iments  on the dropping mercury  electrode 
were  made in an ordinary  polarographic cell. The 
electrolyte  solution was purified in an analogous way. 
Par t  of the values of the current  density were  meas-  
ured at constant potent ial  at a s tat ionary mercury  
electrode (5) as a funct ion of mH+ and of all+ , r e -  
spectively. So far, s tat ionary measurements  have been 
made predominant ly  on all electrodes; at the present  
time, we are working  wi th  a pulse method,  and we 
shall repor t  these results  later. 

Results 
Armco iron.--According to the work  of Heusler  (6) 

and other  authors, the current  density of anodic dis- 
solution of iron in the active region decreases wi th  
the square of the concentrat ion of hydroxyl  ions; the 
Tafel  gradient  d~/d log j is 30 my. Other  authors (7) 
have sometimes repor ted  different (smaller)  expo-  
nents, but they are in any case negat ive  wi th  respect 
to all+ ; that  means the H + inhibi t  the anodic disso- 
lut ion at higher  concentration. When the pH va lue  of 
sulfuric acid is var ied by adding Na2SO4 at constant 
ionic s t rength 3+fe  decreases wi th  al l+ -1,63. In Fig. 2, 

i o / ,// 
\ / / 10-2 

�9 

I ~'N # \ \  

I- ~- 
I0-5 

-800 -720 - 6,$0 - ~ 0  -z so 400 

~ Potential [rnV , SC E ]  

Fig. 2. Anodic and cathodic current-potential curves of the sys- 
tem Fe/H2SO4 4- Na2SO4 (with stirring, t = 25~ bubbling of 
H2 galvanostatic, quasistationary). CH2SO4 4- CNa2SO4 = 0.5N, 
except for curve 4. Curve I, 0.001N H2SO4 4- 0.499N Na2SO4, 
pH 3.66; curve 2, 0.01N H2SO4 4- 0.49N Na2SO4, pH 2.62; curve 
3, 0.1N H2SO4 4- 0.4N Na~SO4, pH 1.51; curve 4, 1N H2SO4. 

the cur ren t -potent ia l  curves are plotted semilogar i th-  
mically, and the anodic and cathodic gradients are 
listed. 

In Fig. 3, (log J + F e )  and (log j - - H + )  Fe a r e  plot ted 
against pH at constant potential,  ~. Thus, the react ion 
order of active iron dissolution with  respect  to H + is, 
as ment ioned above, Z+H+ = --  1.63, and b Fe ~ 30 mv;  
for the hydrogen reaction, we obtain Z--H+ = +0.5 and 
bH2 ~ 120 mv  (the Tafel  slope of H + discharge).  This 
value holds on iron up to high ionic strengths. We 
must  point out that  the addition of Na2SO4 to H2SO4 
not only causes a change in the act ivi ty coefficient 
of H + but also a reduct ion in their  number,  according 
to the shift  of the equi l ibr ium: H + + SO=4 ~.~ HSO-4;  
it is for this reason that  an increase in pH = - -  log 
mH+]H+ can take place. But, when  perchlorates  are 
added to HC104, only the act ivi ty  coefficient grows 
whi le  17~H+ remains constant. 

~ p H  

0 1 2 3 4 6 
0 r 0 

S-1 / -I b 

&-s -3 
-~llJ g Co t.l= ~..0 

-5 -5._-.~ 

l -6 -6 

-7 I -7 

Fig. 3. Cathodic and anodic transfer current densities as a func- 
tion of the pH value, at e = const (taken from Fig. 2). 
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Fig. 4. Cathodic and anodic current-potential curves of the sys- 
tem Fe/0.1M HCIO4 4- various amounts of NaCIO4, and also 
with addition of Na2SO4 (galvanostatic, quasistationary, bubbling 
of H2, with stirring, t ---- 25~ Curve 1, 0.1M HCIO~.; curve 2, 
0.1M HCIO4 4- 1.06 mole/kg NaCIO4; curve 3, 0.1M HCIO4 4- 2.85 
mole/kg NaCIO4; curve 4, 0.1M HCIO4 + 6.72 mole/kg NaCIO4; 
curve 5, 0.1M HCIO4 H- 1.85 mole/kg NaCIO4; curve 6, 0.1M 
HCIO4 + 1.5 mole/I Na2SO4. 

I n  Fig.  4, t h e  a n o d i c  a n d  c a t h o d i c  c u r r e n t - p o t e n t i a l  
c u r v e s  i n  0.1M HClO4 w i t h  a d d i t i o n s  of NaC104 a r e  
s h o w n .  I t  is s e e n  t h a t  t h e  Ta fe l  s lopes  d~]/d log j r e -  
m a i n  n e a r l y  c o n s t a n t ,  w h e r e a s  t h e  c u r v e s  a r e  s h i f t e d  
t o w a r d  m o r e  p o s i t i v e  v a l u e s  w i t h  i n c r e a s i n g  c o n c e n -  
t r a t i o n  of  NaC104. If  n o w  fo r  e ---- - -  420 m v  ( S C E )  
t h e  l o g a r i t h m  of t h e  a n o d i c  c u r r e n t  d e n s i t y  is p l o t t e d  
a g a i n s t  t h e  sa l t  c o n c e n t r a t i o n ,  a s t r a i g h t  l ine  is f o u n d  
(Fig.  5) w h i c h  h a s  a s lope  of - -  0.338 ( m o l e / k g ) - 2  

A c c o r d i n g  to a p H  s h i f t  o f -  0.19 p H / m o l e  NaC104,  
w e  m a y  c a l c u l a t e  f r o m  

J + F e  = K +  [ a  o �9 10K'msa l t ]  Z + H +  

[(~'~.-Fv)F ] 
�9 e x p  R T  e 

1ogj+Fe = log [K  + �9 a o Z + H + ]  

(a �9 n + v ) F  
-{- K �9 msalt " Z + H + Jr" e 

2.303RT 
t h a t  

[ d l o g J + F e ]  = K . z + H +  = - - 0 . 3 3 8  
d T~%salt e 

and ,  u s i n g  t h e  v a l u e  K ---- 0.19, w e  o b t a i n  Z+H+ ~_ - -  
1.8. T h e r e f o r e ,  t h e  a n o d i c  c u r r e n t  d e n s i t y  of a c t i v e  
d i s s o l u t i o n  of i r o n  d e c r e a s e s  a t  c o n s t a n t  n u m b e r  of 
H + ions  w i t h  t h e i r  a c t i v i t y  a n d  a t  c o n s t a n t  ion ic  
s t r e n g t h  w i t h  t h e i r  c o n c e n t r a t i o n .  

T h e  c a t h o d i c  c u r v e s  (Fig .  6) a r e  n o t  so de f in i t e  b e -  
cause  t h e  T a f e l  s lope  c h a n g e s  as s h o w n .  T h e y  g ive  a n  
o r d e r  of H + d i s c h a r g e  w i t h  r e s p e c t  to  a l l+ of Z--H+ 
= + 0.46. A t  c o n s t a n t  H + c o n c e n t r a t i o n ,  t h e  c u r r e n t  

September 1966 

I I 
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~ - _ _ _  .J 
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0 4 8 12 16 20 
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Fig. 5. (log j+Fe), as a function of the NaCIO4 concentration 

(from Fig. 4), at �9 ---- const. 

d e n s i t y  a lso g r o w s  w i t h  t h e  s q u a r e  r o o t  of t h e  H + 
ac t iv i ty .  

A n a l o g o u s  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  w i t h  a d d i -  
t i ons  of  LiC104 a n d  B a ( C 1 0 4 ) 2  w h e r e  t h e  ApH/Amsal t  
were ,  r e s p e c t i v e l y ,  0.26 a n d  0.42 ( m o l e / k g )  -1.  T h e  
o r d e r  of a c t i v e  d i s s o l u t i o n  of i r o n  w a s  ( Z + H + )  Fe 
- -  2.7 fo r  LiC104 a n d  ( Z + H + )  Fe ~ - -  2.2 fo r  Ba(C104)2 .  
I n  Fig. 7, log J+Fe a t  e = - -  420 m v  ( S C E )  is p l o t t e d  
a g a i n s t  t h e  p H  v a l u e  as l o w e r e d  b y  a d d i t i o n  of n e u t r a l  
sa l t s  in  0.1M HC104. I t  s h o w s  t h a t  LiC104 g ives  t h e  
h i g h e s t  dec rease ,  NaC104 t h e  sma l l e s t .  E v i d e n t l y  t h e  
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Fig. 6. Cathodic current-potential curves of the system Fe/0.1M 
HCIO4 -I- various amounts of NaCIO4 (mole/I) (galvanostatic, 
quasistationary, bubbling of H2, with stirring, t = 25~ 
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Fig. 7. (log j+Fe), as a function of the pH value (varied by 
addition of neutral salt) in 0.1M HCIO4 solution. 
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(taken from Fig. 9). 

c a t i o n  is h e r e  of i m p o r t a n c e ,  too. T h e  e x p o n e n t  z+H+ 
i n c r e a s e s  n e a r l y  i n  t h e  s a m e  w a y  w i t h  d e c r e a s i n g  
ionic  r a d i u s  as t h e  g r a d i e n t  ApH/Amsalt, i f  i t  is r e -  
f e r r e d  to e q u i v a l e n t s .  T h e  b Fe va lues ,  h o w e v e r ,  a r e  
i n d e p e n d e n t  of t h e  ca t ion ic  species ,  w i t h i n  t h e  m e a s -  
u r i n g  accu racy .  

In  t h e  case  of h y d r o g e n  ion  d i s c h a r g e ,  h o w e v e r ,  a l l  
t h e s e  sa l t s  h a v e  a b o u t  t h e  s a m e  o r d e r  as NaC104,  t h a t  
is 0.5. In  Fig.  8, ( log  j--H+)~ Fe a t  ~ = - -  560 m v  ( S C E )  
is p l o t t e d  a g a i n s t  t h e  p H  v a l u e  fo r  i n c r e a s i n g  a d d i -  
t i ons  of  p e r c h l e r a t e s .  F o r  H + d i s c h a r g e ,  t h e  ef fec t  of  
v a r i a t i o n  of  t h e  H + c o n c e n t r a t i o n  a t  c o n s t a n t  sa l t  c o n -  
c e n t r a t i o n  h a s  also b e e n  e x a m i n e d ;  in  t h i s  case,  too, 
t h e  v a l u e  of Z -H+  of a b o u t  0.5 w a s  found .  W e  m a y  
c o n c l u d e  f r o m  t h e s e  r e s u l t s  t h a t  b o t h  t he  a n o d i c  a n d  
t h e  c a t h o d i c  e l e c t r o d e  r e a c t i o n  on  i r o n  a r e  f u n c t i o n s  of 
al l+ a n d t h u s  of mH+~H+ , w i t h  IZ+H+I > 1 a n d  z - H +  

0.5. 

Cobalt (99.9%).--The e x p e r i m e n t s  (8) c a r r i e d  o u t  
so f a r  on  c o b a l t  h a v e  s h o w n  t h e  s a m e  r e a c t i o n  o r d e r s  
w i t h  r e s p e c t  to  a l l+ fo r  t h e  a c t i v e  a n o d i c  d i s s o l u t i o n  
as w e l l  as H + d i s c h a r g e  as t hose  f o u n d  on  i ron ,  w h e n  
t h e  H +  a c t i v i t y  w as  r a i s e d  a t  c o n s t a n t  H + c o n c e n t r a -  
t i on  b y  a d d i t i o n  of n e u t r a l  sal ts .  He re ,  too, t h e  T a f e l  
s lope  b co does  n o t  c h a n g e  w h e n  NaC104 is a d d e d  to 
0.1M HC104, as s h o w n  in  Fig.  9, b u t  i ts  v a l u e  (--~- 38 

-320 
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Fig. 9. Anodic current-potential curves for the system Co/0.1M 
HCIO4 + various amounts of NaCIO4 (galvanostatic, quasistation- 
ary, bubbling of N2, with stirring, t = 25~ 

m y )  is s o m e w h a t  h i g h e r  t h a n  on  Fe.  T h e r e  is a l i n e a r  
d e c r e a s e  of log J+co w i t h  sa l t  c o n c e n t r a t i o n  (Fig.  10) ;  
t h e  r e s u l t  is: 3+co cc a--l.TH+. H e u s l e r  (9) h a s  f o u n d  
b co = 29 • 5 m y  a n d  ZH+ = - -  2 _ 0.3, s i m i l a r  r e s u l t s  
h a v e  b e e n  r e p o r t e d  b y  Iofa  a n d  Ve i  B a o - m i n  (10) a n d  
K r a v t s o v  a n d  L o k s h t a n o v a  (11) .  

O n  cobal t ,  too, t h e  Ta fe l  s lopes  of H + d i s c h a r g e  a r e  
no t  v e r y  c o n s t a n t  w h e n  n e u t r a l  sa l t s  a r e  added .  If, d i s ,  
r e g a r d i n g  this ,  t h e  r e a c t i o n  o r d e r  w i t h  r e s p e c t  to  
a l l+ is c a l cu l a t ed ,  one  f inds  a lso Za+ = + 0.5, i n d e -  
p e n d e n t  of t h e  ion ic  s t r e n g t h .  

Nickel (99.9%).--For t h e  a c t i v e  a n o d i c  d i s s o l u t i o n  
of n icke l ,  we  f ind no  s t r a i g h t  T a f e l  l i ne s  b u t  S - s h a p e d  
c u r v e s  w h e n  m a k i n g  s t a t i o n a r y  m e a s u r e m e n t s .  T h i s  
is in  a g r e e m e n t  w i t h  t h e  f ind ings  of o t h e r  a u t h o r s  
(12) .  W h e n  w e  t ry ,  in  sp i t e  of this ,  to c a l c u l a t e  a 
r e a c t i o n  o r d e r  w i t h  r e s p e c t  to a l l+ ,  w e  f ind t h a t  i t  is 
s m a l l e r  ( in  i ts  abSo lu te  v a l u e )  t h a n  --1 (Z+H+ 
--0.5 to  - -0 .6) ,  b o t h  for  a n  i n c r e a s e  in  a l l+ a t  c o n s t a n t  
ionic  s t r e n g t h  w h e n  r a i s i n g  t h e  ac id  c o n c e n t r a t i o n  
a n d  fo r  a n  i n c r e a s e  i n  t h e  a c t i v i t y  coeff ic ient  a t  c o n -  
s t a n t  ac id  c o n c e n t r a t i o n  b y  a d d i t i o n  of n e u t r a l  salt .  
O k a m o t o  (12) r e p o r t e d  Z+H+ = - -  1 w i t h  b Ni = 98 
--120 mv,  b u t  t h e  u n c e r t a i n t y  is r a t h e r  g rea t ,  no t  o n l y  
on  a c c o u n t  of t h e  insuf f i c ien t  l i n e a r i t y  of log  j b u t  
also o n  a c c o u n t  of t h e  p H  d e p e n d e n c e  of  t h e  T a f e l  
s lopes.  

F o r  H + d i s c h a r g e  on  n icke l ,  w e  f ind v a l u e s  fo r  
Z--H+ a t  c o n s t a n t  ionic  s t r e n g t h ,  J ,  w h i c h  g r o w  f r o m  
+ 0 . 5  a t  J ---- 1 to  +{-0.9 a t  J = 10 w h e n  t h e  ac id  c o n -  
c e n t r a t i o n  is c h a n g e d ;  t h e  T a f e l  s lope  is a b o u t  110 inv.  
H o w e v e r ,  i f  NaC104 is a d d e d  (up  to 15 m o l e / k g )  a t  
c o n s t a n t  ac id  c o n c e n t r a t i o n  (0.1M HC104) ,  t h e  o r d e r  
r e m a i n s  a l m o s t  c o n s t a n t ;  i t  c h a n g e s  w i t h  t h e  a d d i t i o n  
of sa l t  f r o m  0.4 to 0.6 (Fig .  11).  T h e  T a f e l  l i ne s  a r e  
we l I  de f ined  a n d  s h o w  a c o n s t a n t  s lope  of  110 my .  

-7,5 r~ -2 , 6 

-3,0 
"7, 

~ - 3 , 8  

-42 

- - , - . -  pH 

-1,0 -0,5 .0 +0,5 + 1,0 

~ O  
O ~  

Fig. 11. (log j - - H + ) e  Ni as a function of the pH value (varied by 
addition of NaCIO4) in 0.1M HCIO:. 
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Table I. Electrochemical reaction order of the transfer reaction of 
H + discharge on Hg with respect to [ H + I  as a function of the 

ionic strength obtained by variation of [H +]  

0 l og  i 
CNaGIO C 
m / k g  O log  mH + 

0.1 0.45 
0.5 0.46 
1 0.61 
5 0.73 

10 0.97 
16 1.04 

log  ( i - ~ + ) ,  = l o g k  �9 m*--H+ + KH " m 

T h e  v a l u e  of ZH+ i n c r e a s e s  w i t h  s a l t  c o n c e n t r a t i o n  
f r o m  0.5 to 1, as s e e n  above ,  a n d  K H h a s  a v a l u e  of 
--0.048 fo r  NaC104 a n d  of - -0.095 fo r  LiC104. Here ,  
too, t h e  s m a l l e r  c a t i o n  h a s  t h e  g r e a t e r  in f luence .  

Discussion 
T h e  i n f l u e n c e  of H + c o n c e n t r a t i o n  on  a c t i v e  i r o n  

d i s s o l u t i o n  h a s  b e e n  k n o w n  f o r  a l o n g  t ime .  I t  is u s u -  
a l l y  r e f e r r e d ,  a c c o r d i n g  to a s u g g e s t i o n  b y  F r u m k i n  

!~10-5 

' I 
U=I80V 175V 

L65v t 
~ ~_ 1,60v 
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..... : ~ . ~ . . ~ _  

...... :::,:~ 
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Fig. 13. Cathodic transfer current on a stationary mercury drop 
as a function of LiCIO4 concentration in 0.001M HCIO4 solution at 

(14) ,  to t h e  ef fec t  of O H - ;  d i f f e r e n t  r e a c t i o n  m e c h -  
a n i s m s  a r e  d iscussed ,  a n d  H e u s l e r  m a i n t a i n s  t h a t  t h e  
O H -  ions  h a v e  a c a t a l y t i c  effect.  O u r  e x p e r i m e n t s  
h a v e  s h o w n  t h a t  t h e  c u r r e n t  d e n s i t y  ( j §  a t  c o n -  
s t a n t  m ~ +  is p r o p o r t i o n a l  to  a n + - P :  1 of course ,  a p r o -  
p o r t i o n a l i t y  to  t h e  a c t i v i t y  of  O H -  ions,  i n t r o d u c e d  b y  
m e a n s  of t h e  ion ic  p r o d u c t  of w a t e r ,  m a y  a lso  b e  c o n -  
s ide red .  I n  t h i s  case,  t h e  sh i f t  i n  t h e  a c t i v i t y  of w a t e r  
c a u s e d  b y  t h e  h i g h  ionic  s t r e n g t h s  m u s t  be  t a k e n  in to  
accoun t .  W e  h a v e  b e e n  a b l e  to s h o w  (2)  t h a t  aoH-- 
m a y  i n c r e a s e  as w e l l  as d e c r e a s e  b y  t h e  a d d i t i o n  of 
n e u t r a l  salts .  W h e n  NaC104 is a d d e d  to a l k a l i n e  so lu -  
t ion,  t h e  p H  v a l u e  f i rs t  d e c r e a s e s ,  a n d  w i t h  i t  aoH--, 
b u t  l a t e r  on, i t  i n c r e a s e s  (Fig .  14),  a n d  w i t h  i t  aoH-- 
i nc reases ,  too. I n  LiC104 so lu t ions ,  t h e  p H  v a l u e  of 
a l k a l i n e  s o l u t i o n s  d e c r e a s e s  m o n o t o n o u s l y  as mLiC104 
i n c r e a s e s ,  b u t  t h e  b e h a v i o r  of 3Me + is a l m o s t  t h e  s a m e  
in  t h e  two  so lu t ions .  F u r t h e r ,  t h e  ion ic  p r o d u c t  mH+ " 
mon- -  c h a n g e s  w i t h  g r o w i n g  a d d i t i o n s  of sal t .  I t  
passes ,  fo r  i n s t a n c e ,  t h r o u g h  a m a x i m u m  a t  1 m o l e / k g  
NaC104 a n d  r e a c h e s  a b o u t  10 -16 ( m o l e / k g )  2 a t  16 
m o l e / k g  NaC104 (13) .  T h i s  is t h e  r e a s o n  w h y  t h e  h y -  

e = const (potentiostatic, bubbling of H2, t = 25~ 

N i c k e l  a lso d i f fe r s  f r o m  t h e  t w o  o t h e r  m e t a l s  w i t h  
r e s p e c t  to t h e  c a t h o d i c  process .  

M e r c u r y  ( d r o p p i n g  c l e c t r o d e ) . - - W e  h a v e  m e a s u r e d  
t h e  ef fec t  of NaC104 a n d  LiC104 o n  t h e  t r a n s f e r  c u r -  
r e n t  ( i - H + )  o n  m e r c u r y  in  o r d e r  to  e x a m i n e  t h e  c o n -  
d i t i o n s  a t  a m e t a l  w h e r e  t h e  t r a n s f e r  r e a c t i o n  of h y -  
d r o g e n  ion  d i s c h a r g e  is v e r y  s t r o n g l y  i n h i b i t e d  a n d  
h a s  b e e n  s t u d i e d  e x t e n s i v e l y .  W e  u s e d  a d r o p p i n g  
e l e c t r o d e  b e c a u s e  e v e n t u a l l y  e x i s t i n g  t r a c e s  of i m -  
p u r i t i e s  w h i c h  m a y  cause  a d r o p  in  o v e r v o l t a g e  c a n n o t  
c o n c e n t r a t e  o n  t h e  ca thode .  P a r t  of t h e  p o t e n t i o s t a t i c  
( c a t h o d i c )  s t a t i o n a r y  c u r r e n t  d e n s i t y - p o t e n t i a l  c u r v e s  
(Fig .  12, 13) h a v e  b e e n  o b t a i n e d  w i t h  a s t a t i o n a r y  
m e r c u r y  d r o p  w h i c h  h a d  no  effect  on  t h e  r e s u l t s  (5 ) .  
F o r  a n  i n c r e a s e  i n  c o n c e n t r a t i o n  of  HC104 f r o m  
1 �9 10 -3  to  50 �9 10 -3  m o l e / k g ,  a t  c o n s t a n t  c o n c e n t r a -  
t i o n  of NaC104 (0.1 m o l e / k g ) ,  t h e  r e s u l t  w a s  
( i - H + ) ~  : k �9 ml/2H+.  W h e n  t h e  c o n c e n t r a t i o n  of 

HCIO4 w a s  v a r i e d  o v e r  t h e  s a m e  r a n g e  fo r  l a r g e r  
( c o n s t a n t )  c o n c e n t r a t i o n s  of NaC104,  t h e  e x p o n e n t  
i n c r e a s e d  to a v a l u e  of 1 (see  T a b l e  I ) .  If,  a t  a c o n -  
c e n t r a t i o n  of 1 �9 10 -8  m o l e / k g  HC104, t h e  NaC104 
c o n c e n t r a t i o n  is b r o u g h t  u p  to s a t u r a t i o n ,  t h e  d e p e n d -  
e n c e  of i--H+ o n  mNaCl04 is a lso  a f u n c t i o n  of t h e  p o -  
t en t i a l .  A t  first,  t h e  t r a n s f e r  c u r r e n t  i nc rea se s ,  h o w -  
eve r ,  a t  h i g h e r  c o n c e n t r a t i o n s  i t  d r o p s  m o n o t o n o u s l y ,  
see  Fig.  12. T h e  m a x i m u m  b e c o m e s  f l a t t e r  as t h e  p o -  
t e n t i a l  i n c r e a s e s  a n d  sh i f t s  to l o w e r  sa l t  c o n c e n t r a -  
t ions ,  as  e v i d e n c e d  b y  m e a s u r e m e n t s  w i t h  LiC104 
(Fig.  13).  I n  t h e  r e g i o n  of  l i n e a r  dec rease ,  o n e  h a s  

f o r  i--H+ , 

d r o x y l  ion  c o n c e n t r a t i o n  d e c r e a s e s  b y  a b o u t  2 p o w e r s  
of t e n  in  ac id  s o l u t i o n s  a t  t h e s e  h i g h  sa l t  c o n c e n t r a -  
t ions .  C o n s e q u e n t l y ,  w e  m i g h t  w r i t e  (j+Me)~' oc mOHq 
o r  (J+Me)e oc aOH q, r e s p e c t i v e l y .  2 Since ,  h o w e v e r ,  t h e  
s u r f a c e  c o n c e n t r a t i o n  of  O H -  is e x t r e m e l y  s m a l l  ( less  
t h a n  1 i o n / c m  2 in  a f i lm of 50A) ,  a n d  aOH- or  m o • -  
are ,  o n  t h e  o t h e r  h a n d ,  n o t  l i n e a r  f u n c t i o n s  of t h e  
s a l t  c o n c e n t r a t i o n ,  w e  w o u l d  p r e f e r  to  a s s u m e  t h a t  t h e  
e q u i l i b r i u m  

l p r e p r e s e n t s  t he  o rde r  of  r eac t i on  w i t h  respec t  to  H+. 

q reDresents  t he  o rde r  of  r eac t i on  w i t h  respec t  to O1- I - .  
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Fig. 14. pH shift in 0.1M NaOH and 0.1M HCIO4 by addition 
of NaCI04, measured with the cells: 

(Pt) H2/HCI04 (0.IM), NaClO4//NaCIsat, Hg~CI2 (s)/Hg 
(Pt) H2/NaOH (0.1M), NaClO4//NaCIsat, Hg2CI2 (s)/Hg 
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Me q- OH2 ~ MeOHad -~ e -  -b H + [1] 

which precedes the t ransfer  react ion brings about a 
dependence on aH +-1. We have  seen that, indeed, 
h igher  negat ive exponents are found on Fe and Co, 
al though recent ly  values o f - - 1  have been repor ted  
(7). The assumption that  a fur ther  proton equi l ibr ium 
takes part  in the electrode process is not  ve ry  plausi-  
ble. We can ascertain, on the other  hand, that  the 
exponents  of an+ which are greater  than uni ty  are 
different f rom 2.0 at constant Tafel  slope. Perhaps 
we may assume that  the H + produce some kind of 
electrostatic inhibition. We know that  these ions 
in terchange very  quickly with  the H atoms of the 
water,  and thus a mean posit ive charge density will  
be produced at the meta l  surface owing to the H20 
molecules present  in the double layer,  and this charge 
wil l  increase wi th  the number  of H + and their  excess 
power, RT In fH+. The meta l  ions going into solution 
have to pass through this posit ive potential  barrier ,  
and hence the anodic dissolution react ion is fur ther  
inhibited. In this way, it is also possible to explain 
qual i ta t ively  the influence of the cations. The smaller  
their  radius, the s t ronger  their  hydrat ion and the 
more wil l  they contr ibute  to the s t ructure  of such a 
positive charge barr ie r  wi th  their  own high charge 
densi ty (when ion pairs are formed on the metal  
surface) and with  that  of the H + ions which a l ter-  
nate  wi th  the H atoms of their  hydra t ion  water.  At 
nickel, a different over -a l l  mechanism of anodic dis- 
solution must  probably be assumed if the react ion 
[1] does not part icipate;  however ,  at least the elec-  
trostatic inhibit ion by H + should be active, and this 
would agree with  the exponents  of 0.5-0.6. 

Of course, this "electrostat ic" inhibit ion effect of H + 
should, first of all, raise the anodic dissolution poten-  
tial, and indeed the overvol tage  increases r emarkab ly  
with increasing a H+ at constant current  density. 

In hydrogen ion discharge, the t ransfer  current  
should increase wi th  the square root of the H + con- 
centration, according to the theory  of F rumkin  (14) 
which gives due regard  to the ~ potential. If at high 
ionic strengths the influence of the ~ potential  ceases, 
the va lue  of the exponent  should increase to 1, as 
verified by Frumkin  on mercury.  According to our 
results, even at high salt concentrations, a significant 
increase of the exponent  wi th  increasing H + concen- 
t rat ion cannot be detected on Fe (and Co), but  it is 
observed on Ni. The theory of F rumk in  is confirmed 
in a par t icular ly  remarkable  way on Hg where  the 
exponent  Z--H+ increases wi th  growing ionic s t rength 
to 1 as mH+ rises. 

If, at mn+ = 0.1 mole /kg ,  all+ is raised by addition 
of salt, the  value of Z-n+  on Ni is found to be 0.4. Ac-  
cording to Frumkin,  Z -n+  is i tself a function of the 
ionic strength;  it should, therefore,  increase to 1 wi th  
growing addition of salt. An inhibi t ion is evident ly  in 
operat ion here  which is especially significant on Hg. 
On this metal,  3 - - H  + decreases with increasing ionic 
s t rength and act ivi ty of H +, even at mH+ ~ constant. 
This dependence is, moreover ,  a function of the poten-  
tial. Quali tat ively,  this may  be explained as follows. 
At  mH+ ---- const and growing salt concentrat ion in 
the double layer, the protons are displaced more  the 
higher  the concentrat ion and the charge density of the 
cations and the more negat ive the potential.  At  ve ry  
negat ive potentials, this may lead to a monotonous de ,  
crease of j--H + with all+ or with salt concentrationl 
respectively.  At  high ionic strength, on the other  hand, 
a growing quant i ty  of I-I + wi l l  produce an inc rease  of 
3-H+. Of course, the question remains o p e n  as yet  
why  we find a va lue  of 0.5 for Z--H+ on Fe  and Co, 
independent  of the ionic s t rength when  we  va ry  mH+ 
and all+. We do not l ike to propose an explanat ion 
for it at this t ime because the measurements  are not 
especially reproducible,  the Tafel  lines are not  wel l  
defined, and the slopes are not constant so that  the 
results do not seem to be certain enough. 
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Summary 
The current  densities of anodic dissolution of Fe, 

Co, and Ni are measured at constant hydrogen ion 
concentrat ion wi th  increasing additions of neutra l  
salts which lead to a rapid increase of the activity of 
H +. The anodic current  density decreases wi th  the 
activity of H +, too, where  J + M e  : K �9 aH+--z +, Z+ 
depends on the cation of the salt and is less than 
uni ty  in the case of nickel. The current  density of H + 
discharge is studied on the same metals  as wel l  as on 
Hg as a function of the addit ion of neutra l  salts. For  
the ferrous metals,  an increase wi th  an+ +0.5 is found; 
on nickel, the exponent  increases at high ionic 
s t rength to 0.9. On mercury,  J -H+ oc mH+0-5 at small  
ionic strength;  the dependence becomes J--H+ oc 
mH+ 1'~ at high ionic strength. The dependence on 
all§ at constant H + concentrat ion is complicated. A 
qual i ta t ive  in terpre ta t ion of the exper imenta l  results 
is proposed. 

Manuscript  received Dec. 20, 1965; revised manu-  
script received May 20, 1966. This paper  was pre-  
sented at the Buffalo Meeting, Oct. 10-14, 1965. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 

SYMBOLS 
Z+H+ Order of react ion with  respect  to H + 

Transfer  coefficient 
n Transfer  valence 

Number  of equil ibriums, preceding and poten-  
tial dependent  

K ~, K Factors of proport ional i ty  
a o Act iv i ty  of H + wi thout  salt addition 
msalt Molality of added neut ra l  salt 
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Deformation of Anodic Oxide Films 

S. F. Bubar and D. A. Vermilyea 

General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

Tanta lum oxide films on smooth, pure substrates can be deformed as 
much as 50% before fracture.  On surfaces containing impur i ty  part icles the 
films contain many flaws which nucleate  cracks after  re la t ive ly  l i t t le  de forma-  
tion. Zirconium oxide films showed some evidence of deformation, but  much 
less than tan ta lum oxide. A luminum oxide films showed no evidence of de-  
formation. 

Protect ion against  corrosion is usual ly afforded by 
a thin film of reaction product. The behavior  of such 
a film dur ing deformat ion of the under ly ing meta l  
would be of great  importance in de termining cor-  
rosion under  such conditions and may play a de-  
cisive role in stress corrosion cracking and corrosion 
fatigue. It is usually assumed that react ion films are 
brittle, and one current ly  popular  theory  of stress 
corrosion cracking asserts that  repeated cracking of 
the passive film allows continued corrosion. Bradhurs t  
and Leach (1) have shown that  ba r r i e r - type  anodic 
oxide films on a luminum are  brittle, whi le  Edeleanu 
and Law (2) have demonstrated that  both porous 
anodic a luminum oxide films and the natura l  corro-  
sion film on a luminum are  britt le.  Young (3), on the 
other hand, reported that  anodic films on tanta lum 
changed color during deformation of the metal  indi-  
cat ing some deformation of the oxide, and Dunn (4) 
has told us that  anodic films on tanta lum deform 
along with the substrate when tan ta lum sheet is 
rolled. In this paper we repor t  the use of a new tech-  
nique to obtain quant i ta t ive  information about the 
deformat ion of anodic films on aluminum, zirconium, 
and tantalum. 

Experimental 
Our technique relies on the fact that  electrons can 

flow (presumably by tunnel ing)  through very  thin 
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Fig. 1. Thickness dependence of electronic current through 
tantalum oxide films. All solutions were 1M in the acid of the 
anion shown and contained 0.1M each of aquo Fe +3 and Fe +2 
ions except for one sulfate solution in which cyanide complexes 
were used. The test potential was about --0.1v on the hydrogen 
scale. 

10_4 

10 .6 

i0 -~ 

o, 

99.9999 % AI 
-SV (H SCALE) 
K~ Fe(CN)6+H3BO ~ 

Z~RCONIUM 
ZONE REFINED, DRAWN 

10-' [ I I I J I 
O IO 20 30 40 50 

FILM THICKNESS (,~) 

Fig. 2. Thickness dependence of electronic current through 
aluminum oxide and zirconium oxide films. For zirconium the solu- 
tion contained 1M H2S04 plus 0.1M each of Fe +3 and Fe +~, 
while for aluminum the solution contained 1M H3B03 plus O,1M 
Fe +3 and Fe +2 as cyanide complexes. 

insulating oxide films to reduce ions in solution, 
while thicker films block such electronic currents.  
Figures 1 and 2 show typical resul ts  obtained with  the 
materials  and solutions used in this study. The data 
for tan ta lum show that  the results are near ly  indepen-  
dent of the nature  of the test solution, but  are s t rong-  
ly influenced by the pur i ty  of the tantalum. We 
found that  the borate  plus f e r r i - f e r ro  cyanide solution 
was sufficiently stable for our purposes and that  the 
attack on the a luminum oxide films dur ing a test was 
negligible. 

In order to detect  film f rac ture  anodized wire  speci- 
mens were  stretched in solutions with a potential  ap- 
plied such that  the new film formed in any bare areas 
generated by f rac ture  was 15-20A thick. F rom the 
current  flowing after s training and the data in Fig. 
1 and 2 the amount  of bare surface was calculated. 
Corrections were  made for changes in specimen area 
as a result  of the decrease in wi re  d iameter  and the 
fact that  grease covered wire  is drawn into the cell 
near the s tat ionary grip; the la t ter  correction was 
very  small. The currents  were  t ime-dependent ,  since 
ini t ia l ly  on any bare surface both anodization and 
reduction of ferr ic ions was occurring. Five minutes  
were  al lowed for the current  to reach a reasonably 
steady value af ter  each increment  of strain. The ap- 
paratus used is shown in Fig. 3. The technique is cap- 
able of detecting a change in the bare surface of 
3x10-4%. 

892 
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GLASS TUBE SLOTTED 
LENGTHWISE, OPEN AT T O P - ~  SPECIME~7 

GREASE - - , ~  " ~  / / G R E A S E  

. . . . . . . . . . .  ' 

~JIJIJhhllJIJ I , I 
~ I MOVING I p! F XED 

GRIP WIRE GRIP 

Fig. 3. Sketch of apparatus 

Specimens were anodized at room tempera ture  in 
1 w/o (weight per cent) ammonium borate solution, 
and the film thicknesses were calculated from the 
applied potential  using 17 A / v  for Ta20~, 20 A / v  for 
ZrO2, and 14/k /v  for A1203. The wires were chemically 
or electrochemically polished before anodizing. For 
tantalum, chemical polishing in  (parts by volume) 
5H2SO4, 2HNOs, 2HF was followed by a 5-sec dip in 
concentrated HF. A l u m i n u m  was either electro- 
polished in 5HC104, 100 glacial acetic or chemically 
polished in  a HNO~-H3PC~ mixture,  both t reatments  
being followed by immersion in either HF or NaOH 
to remove the polishing residue. The results were the 
same after all t reatments.  Zirconium was chemically 
polished in a solution of 5 lactic acid, 5HNO3, 2H20, 
1HF, and the residue was not removed. This zirconium 
polishing solution is uns table  (5, 6) and should not be 
stored. 

Results and Discussion 
Figure 4-8 give curves of per cent bare surface vs.  

per cent elongation of the wire for the metals studied. 
In  the figures the "theoretical" curve was calculated 
from the relat ionship 

% Bare surface = 100 [ 1 - -  ( ~ )  ' /2]  [1] 
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Fig. 4. Bare surface produced during straining of vacuum 
annealed tantalum wires covered with anodic films of the thick- 
nesses shown. Perchlorate solution. 
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Fig. 5. Bare surface produced during straining of as received 
tantalum wire covered with anodic films of the thicknesses shown. 
Perchlnrate solution. 
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Fig. 6. Bare surface produced during straining of vacuum an- 

nealed tantalum wire covered with films formed in air at 300~ 
to the thicknesses shown. Perchlorate solution. 

in which lo is the ini t ia l  specimen length and I is the 
length at any time. Equat ion [1] was derived on the 
assumptions that the volumes of metal  and film are 
constant, that the film cracks at I ---- lo, and that the 
film mainta ins  contact with the metal  while the di- 
ameter  is reduced due to elongation. It should be noted 
that this last assumption requires some deformation of 
the film. 

Figure 1 shows that Ta205 films formed on a very 
pure substrate can undergo extensive deformation be- 
fore fracture. Fi lms up to 1000A showed essentially 
no evidence of fracture before the wire broke, and 
even then the crack area was small despite the very 
great deformation of the metal, which necked down 
to a chisel-shaped point. No evidence of loss of ad-  
hesion was observed. Thicker films also adhere per-  
fectly, but  show less capacity for deformation. On all 
of these specimens deformation was very  nonuniform,  
some grains deforming much more than others with 
extensive local deformation markings  visible. By 
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Fig. 7. Bare surface produced during straining of zirconium wire 
covered with anodic films of the thicknesses shown. Sulfate solution. 
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p r i o r  to n e c k i n g  of t h e  s p e c i m e n  n u c l e a t e d  a t  f laws  in  
t h e  film. I t  w a s  a lso  o b s e r v e d  t h a t  c r a c k s  p a s s e d  v e r y  
c lose  to o t h e r  f l aws  w i t h  n o  o b v i o u s  i n t e r a c t i o n .  

W h e n  th i s  s a m e  m a t e r i a l  w a s  s t r e t c h e d  w i t h o u t  h a v -  
i n g  b e e n  v a c u u m  a n n e a l e d  t h e  c u r v e s  s h o w n  in  Fig. 5 
w e r e  o b t a i n e d .  F o r  c o m p a r a b l e  e l o n g a t i o n s  t h e r e  is a 
m a n y - f o l d  i n c r e a s e  in  t h e  a m o u n t  of b a r e  s u r f a c e  (or  
a m a n y - f o l d  d e c r e a s e  in  f i lm d u c t i l i t y ) .  I t  is b e l i e v e d  
t h a t  t h e  m a n y  f laws p r e s e n t  in  t h e  f i lms on  t h e  less 
p u r e  m a t e r i a l  n u c l e a t e d  c r a c k s  a t  m u c h  s m a l l e r  
s t r a ins .  

F i l m s  f o r m e d  i n  a i r  a t  300~ g a v e  t h e  r e s u l t s  s h o w n  
in  Fig. 6. I t  is e v i d e n t  t h a t  t h e r e  is less d u c t i l i t y  t h a n  
fo r  s p e c i m e n s  h a v i n g  c o m p a r a b l y  t h i c k  a n o d i c  films. 
T h e r m a l  t a n t a l u m  o x i d e  f i lms g r o w n  a t  < 3 5 0 ~  a r e  
a m o r p h o u s ,  as  a r e  t h e  a n o d i c  f i lms,  b u t  i t  is  p o s s i b l e  
t h a t  t h e r e  a r e  c r y s t a l  n u c l e i  p r e s e n t  a n d  t h a t  t h e s e  i n -  
i t i a t e  c racks .  Th i s  h y p o t h e s i s  is s u p p o r t e d  b y  t h e  f ac t  
t h a t  a s p e c i m e n  w h i c h  w a s  a n o d i z e d  to f o r m  a 100A 
film p r i o r  to  h e a t  t r e a t m e n t  a t  3000C for  2 h r  g a v e  no  
i n d i c a t i o n  of f i lm f a i l u r e  u n t i l  t h e  w i r e  b r o k e  a t  ~ 9 . 5 %  
e l o n g a t i o n .  C r y s t a l l i z a t i o n  of a n o d i c  f i lm does  n o t  oc-  
c u r  a t  300~ in  s u c h  s h o r t  t imes .  A 100A a n o d i c  f i lm 
h e a t  t r e a t e d  a t  450~ fo r  2 h r  w a s  c o m p l e t e l y  c r y s t a l -  
l i zed  in  a b a s k e t  w e a v e  p a t t e r n  s i m i l a r  to a W i d m a n -  
s t a t t e n  p a t t e r n  a n d  h a d  g r o w n  to a t h i c k n e s s  of p e r -  
h a p s  700A. S u c h  c r y s t a l l i n e  f i lms c r a c k e d  p r i m a r i l y  a t  
m e t a l  s u b s t r a t e  g r a i n  b o u n d a r i e s ,  a n d  t h e  b e h a v i o r  in  
t h e  t e s t  cel l  i n d i c a t e d  t h a t  t h e r e  w a s  n o  a p p r e c i a b l e  
duc t i l i t y .  

A f ew  s p e c i m e n s  w e r e  p r e p a r e d  f r o m  t a n t a l u m  
w h i c h  w a s  zone  re f ined ,  d r a w n  to 0.030 in. d i a m e t e r ,  
a n d  v a c u u m  a n n e a l e d  a t  1400~ fo r  1 h r  in  th i s  l a b -  
o r a t o r y .  T h e  r e s u l t s  of  t e s t s  u s i n g  s u c h  w i r e  w e r e  es -  
s e n t i a l l y  t h e  s a m e  as t h o s e  u s i n g  v a c u u m  a n n e a l e d  
wi re .  

F i g u r e  7 s h o w s  d a t a  o b t a i n e d  w i t h  f i lms f o r m e d  o n  
a zone  r e f ined  z i r c o n i u m  r o d  w h i c h  w a s  d r a w n  to  0.030 
in. d i a m e t e r  u s i n g  t h r e e  a n n e a l s  a t  700~ fo r  1~ hr .  
T h e  c u r v e s  as a g r o u p  s h o w  ~ 8 0  t i m e s  as m u c h  b a r e  
s u r f a c e  fo r  a g i v e n  s t r a i n  as t h e  v a c u u m  a n n e a l e d  
t a n t a l u m ,  or  s l i g h t l y  less. d u c t i l i t y  t h a n  t h e  a s - r e -  
c e i v e d  t a n t a l u m .  T h e  d e c r e a s e  in  d u c t i l i t y  w i t h  f i lm 
t h i c k n e s s  is n o t  as w e l l  o r d e r e d  fo r  z i r c o n i u m  as i t  is 
fo r  t a n t a l u m .  S o m e  d e f o r m a t i o n  of t h e  z i r c o n i u m  o x -  
ide  f i lms is s u g g e s t e d  b y  t h e  f a c t  t h a t  t h e y  d i d  g e n e r -  
a l ly  m a i n t a i n  c o n t a c t  w i t h  t h e  s u b s t r a t e .  I t  is pos s ib l e  

O o ~ ~  Ioo- - THEORET,CALI 
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Fig. 8. Bare surface produced during straining of aluminum wire 
covered with anodic films of the thicknesses shown. Borate plus 
cyanide complex solution. 

c o m p a r i n g  co lors  a f t e r  d e f o r m a t i o n  i t  cou ld  be  s e e n  
t h a t  r e d u c t i o n s  in  f i lm t h i c k n e s s  as g r e a t  as 20-30% 
o c c u r r e d  on  some  g ra ins .  F r o m  t h e  r e l a t i o n s h i p  

~1/2 
lo ) to [2] t =  - f  

w h e r e  t a n d  to a r e  t h e  f ina l  i n i t i a l  f i lm t h i c k n e s s e s ,  i t  
is d e d u c e d  t h a t  t he  f i lm m u s t  h a v e  e l o n g a t e d  o n  some  
g r a i n s  as m u c h  as  a b o u t  50%. W h i l e  t h e s e  l a r g e  d e -  
f o r m a t i o n s  a r e  p r o b a b l y  p las t i c ,  t h i s  h a s  n o t  b e e n  
p r o v e n .  F o r  one  1150A f i lm e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  
w e r e  o b t a i n e d  w h e n  t h e  f i lm w a s  s t r e t c h e d  in  a i r  i n -  
s t e a d  of i n  t h e  e l e c t r o l y t i c  so lu t ion .  

W h e n  f i lms less  t h a n  500A t h i c k  f r a c t u r e d  m a n y  
s m a l l  j a g g e d  c r a c k s  w e r e  s e e n  in  loca l  r e g i o n s  of h i g h  
s t r a i n  w h i l e  t h i c k e r  f i lms (1000-6000A)  c r a c k e d  c i r -  
c u m f e r e n t i a l l y .  E x a m i n a t i o n  of f i lms d u r i n g  e l o n g a -  
t i on  s h o w e d  t h a t  v i r t u a l l y  a l l  c r a c k s  w h i c h  s t a r t e d  

Fig. 9. Electron micrograph (indirect replica) of an aluminum 
wire surface after straining 14.7%. The wire was originafly cov- 
ered with a 500~, film. 
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that  these zirconium wires contained part icles of oxide 
which produced flaws in the oxide films, and that  bet-  
ter  films would deform more  before fracture.  

The cracks in the anodized zirconium films ran in all 
directions, each grain ( ~ 1 / 5  wire  diameter)  having a 
distinct set of cracks. Only on the 3000A film was there  
some degree of crack continuity across grain boundar-  
ies. The mul t ip le  cracks broke the film into many  t iny 
pieces which occasionally flaked off. There  was no evi-  
dence of film color change due to elongation as was the 
case wi th  tantalum. 

Data obtained for films formed on a luminum speci- 
mens of 99.9999% pur i ty  are shown in Fig. 8. Exam-  
ination af ter  elongation revealed extensive loss of con- 
tact wi th  the substrate as shown in Fig. 9. Evident ly  
the anodic aluminum oxide film is not even sufficiently 
ductile to maintain contact with the wire as the di- 
ameter decreases. The greater than theoretical amount 
of bare surface is further evidence for this loss of 
contact. 

Conclusions 
Anodic tan ta lum oxide films exhibi t  great  ductility, 

as much as 50%. Zirconium oxide films show some 

D E F O R M A T I O N  O F  A N O D I C  O X I D E  F I L M S  895 

ductility, and possibly bet ter  specimens might  show 
much more. A luminum oxide films appear  to be com- 
ple te ly  britt le.  The  technique is l imited to the study 
of oxide films which are insulating, and thus we were  
not able to use it on stainless steel or nickel. We hope 
to use other techniques  to measure  the ducti l i ty of 
oxides on such metals. 

Manuscript  received J u n e  9, 1966. 

Any  discussion of this paper  will  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL 
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Dielectric Properties of Semiconducting Iron Phosphate Glasses 
Kent W.  Hansen and Mary T. Splann 

Research and Development Laboratories, Corning Glass Works, Coming, New York 

ABSTRACT 

The dielectric constant and loss fac to r -o f  glasses containing 55 mole % 
FeOx-45 mole % P205 with  varying Fe+8/Fetotal ratios were  measured  as a 
function of t empera ture  and frequency.  An a-c dispersion was observed be- 
tween 10 -2 and 105 cps wi th  a t empera tu re  dependence equivalent  to the d-c  
conductivi ty t empera tu re  dependence. The dielectric constant was inde- 
pendent  of f requency  and t empera tu re  below the dispersion region. There 
was a distr ibution of re laxat ion  times associated wi th  the dispersion process. 

In a previous paper  it  was suggested that  electr ical  
conduction in i ron-phosphate  glasses containing over 
20 mole  % FeOx is an electronic process (1). The 
charge t ransfer  results  f rom holes (or electrons) mi-  
grat ing be tween  Fe +3 and Fe +2 ions. In the proposed 
mechanism, the carr ier  concentrat ion is essentially 
independent  of temperature ,  whereas  the carr ier  mo-  
bil i ty is a thermal ly  act ivated process. This conduction 
mechanism is similar to that  proposed for LixNil-xO 
and other  t ransi t ion meta l  oxides (2,3) and is often 
re fe r red  to as a "hopping" process. Munakata  pro-  
posed a "hopping" model  for electrical  conduction in 
the vanadate  glasses (4). 

The dielectric loss and mechanical  loss have been 
measured  in LixNil -xO (5) and LixMnl-xO (6). In 
each case the loss data were  correla ted with  the hole 
movement  around the l i thium ion. Snowden and Salts-  
burg (7) measured the a-c conduct ivi ty  of NiO at 
room tempera tu re  as a function of frequency.  They 
observed a dispersion which they at t r ibute  to the hop-  
ping of the hole. 

Dielectr ic  loss measurements  have been made on va-  
nadium-phosphate  and tungsten-phosphate  glasses 
(8). The authors observed that  the slope of the plot 
of the logar i thm of d-c conduct ivi ty  vs. reciprocal  
t empera tu re  was near ly  equivalent  to the slope of the 
logar i thm of f requency  vs. reciprocal  of Tmax, where  
Tmax is the t empera tu re  at which tan 5 was a m a x -  
imum. Ioffe et al. suggested that  conduction involves 
charge t ransfer  be tween  ions of different valencies. 

The dielectric propert ies  of glasses in the As-Te  
system have  also been measured (9). The act ivat ion 
energies for conduction and dielectric re laxat ion were  
found to be near ly  the same. 

This paper  contains work  on the dielectric prop-  
erties of glasses containing 55 mole  % FeOx'45 mole  

% P205 with different Fe+~/Fe +2 ratios. The dielectric 
loss and constant were measured as a function of 
frequency and temperature. A correlation is made be- 
tween the dielectric loss factor and d-c electrical con- 
duction. 

Experimental Procedure 
The glasses included in this paper  were  studied p re -  

viously (1). The preparat ion and character izat ion of 
these glasses are given there. Table I gives the com- 
position, Fe+S/Fe  +2 -~ Fe  +3 ratio, and sign of the 
carr ier  de termined f rom the thermoelect r ic  power. 

The samples were  in the form of polished plates, 
2 in. x 2 in. x 2 mm. Three - t e rmina l  electrodes were  
applied to the samples fol lowing ASTM specifications 
(10). Severa l  electrode mater ia ls  were  used for com- 
parison: Hanovia  Liquid Gold Bright,  vacuum evap-  
orated gold, du Pont  a i r -d ry ing  si lver paint, and vac-  
uum evaporated silver. 

D-C conductivity,  a-c conduct ivi ty  and capacitance 
were  measured as a function of t empera tu re  (from 
room tempera tu re  to N1O0~ and the lat ter  two as a 
function of f requency (from 10 -2 to 105 cps) in an air 
atmosphere.  The accuracy of the electr ical  measure-  
ments  was _--+- 10%. The d-c conduct ivi ty  was meas-  
ured with  a Beckman Ul t rohmeter  at a potential  of 

Table I. Fe+3/FeT ratio and sign of carrier for glasses 
containing 5.5 mole % FeOx-45 male % P205 

]~e+3 
- C o n d u c t i o n  

G l a s s  Fe+~ + Fe+~ c a r r i e r  

1 0 . 7 9 3  n 
2 0 . 4 6 5  n 
3 0 . 1 4 7  p 
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20v. The samples were  ohmic up to at least 300 v /cm.  
Between  10 -2 and 103 cps the a-c conductivi ty and 

capacitance were  measured with  a br idge designed by 
Weingar ten  (11). With this br idge the conductivi ty 
was de termined  f rom the fol lowing equat ion 

1 t 
"YT ~--- ~ X - -  (ohm cm) - t  [1] 

R A 

where  R is resistance, t is sample thickness, and A is 
electrode area. The General  Radio 1610A capacitance 
measur ing assembly was used for the f requency range 
102 to 105 cps. The conduct ivi ty  was calculated f rom 
the measured values of loss tangent  ( tan 5) and re la -  
t ive dielectric constant (K') from the fol lowing re la -  
tionship 

K ' x f x t a n 8  
7T = (ohm cm) - 1  [2] 

1.8 x 10 TM 

where  f is frequency.  
The measured  conduct ivi ty  (given in Eq. [1] and 

[2]) is the total conduct ivi ty  (TT) which is a sum 
of the d-c conduct ivi ty  ('Yd-c) and the a-c conduct iv-  
ity (~a-c). As the tempera ture  increases and /o r  the 
f requency decreases, ('Yd-c) becomes a larger  part  of 
the total conductivity.  In order to s tudy the r e l axa -  
tion peaks, (Td-c) was subtracted from the  measured  
conductivity,  such that 

7a-c : 7 T -  7d-c [3] 

Using the adjusted conductivi ty (Ta-c), the re la t ive  loss 
factor (K") was calculated (12). 

1.8 x i0 TM x ~'a-c 
K" = [4] 

f 
This technique was used by Taylor  (13) and Heroux  

(14) to invest igate  ionic conducting glasses. 
The re la t ive  dielectric constant (K') was calculated 

f rom the fol lowing equation (12) 

t 
K'  = C x [5] 

0.0885 x A 

where  C is the measured capacitance in pica-farads,  
t is the sample thickness in cm, and A is the elec-  
trode area in cm 2. 

Results and Discussion 
Figures la  and lb  contain plots of re la t ive  dielec-  

tric constant (K') and loss factor (K") vs. the l o g -  
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Fig. lb. Dielectric constant and loss factor vs. 

frequency for glass 2. 
logarithm of 

ar i thm of the f requency for glasses 1 and 2, using 
gold electrodes. Only data for representa t ive  t empera -  
tures are shown. The upper  t empera tu re  at which 
meaningful  a-c loss data could be taken was l imited 
by the d-c conduction loss. As can be seen in Fig. 1, 
the loss factor (K") goes through a m a x i m u m  as the 
f requency  goes f rom 100 to 104 cps. This m a x i m u m  
shifts to higher frequencies  as the t empera tu re  in-  
creases. 

The dielectric constant  (K') was found to be inde-  
pendent  of f requency and tempera tu re  below the dis- 
persion range. The level ing-off  of the dielectric con- 
stant at low frequencies  indicates the re laxat ion mech-  
anism is one which does not lead to polarization, such 
as ionic migration. The dielectric constant of i o n i c  
conducting glasses increases rapidly  as the f requency 
decreases in this region (14). The data in Fig. 1 are 
consistent with the electronic conduction mechanism 
proposed ear l ier  (1). 

F igure  2 contains a plot of K" and K' vs. the log-  
ar i thm of the f requency at representa t ive  t empera -  
tures for glasses 1 and 3 with  si lver electrodes. As in 
the case where  gold electrodes were  used, a loss peak 
was observed that  shifted to higher  f requencies  as 
the tempera ture  increased. The magni tude  and tem-  
perature  dependence (see Fig. 3) of the loss factor 
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Fig. la. Dielectric constant and loss factor vs. logarithm of 
frequency for glass 1. 
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quency for glass 3 with silver electrodes. 

were  the same for gold and si lver  electrodes. How-  
ever, the dielectric constant increased rapidly wi th  
decreasing f requency at low frequencies.  It  is be-  
l ieved that  this can be at t r ibuted to si lver migra t ion  
into the surface of the glass. Af ter  the silver electrodes 
were  removed  from glass 1 and gold electrodes re-  
applied, the dielectric constant did not completely 
level  off as shown in Fig. 1. This is fur ther  evidence 
that  s i lver  had migra ted  into the glass surface. 

The logar i thm of the f requency (~max) at which the 
loss factor is a max imum is plotted vs .  1 / T  in Fig. 3. 
Assuming the re laxat ion t ime (~) is given by 

= To e ~/kT [ 6 ]  

where  T is 1/2~]max, To is a constant, and E is an ac-  
t ivat ion energy; the act ivation energies given in Fig. 
3 were  calculated using the method of least squares. 

If the conduction mobil i ty  (t0 is t empera ture  de- 
pendent,  such that  ~ T a e  - ~ / k ~ ,  the d-c conductivi ty can 
best be expressed by ~'d-cT ~ "7aS - E / k T  ra ther  than 
~'d-c = "~o e-E/kT.  The logar i thm of conductivi ty x t em-  
pera ture  vs .  1 / T  is plotted in Fig. 4. The act ivat ion 
energies in the l ow- t empera tu re  region agree very  
wel l  wi th  the act ivat ion energies determined f rom 
a-c loss data in Fig. 3. 
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Fig. 3. Logarithm of frequency at K"max vs. 1/T for glasses 1, 
2, and 3. 
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Fig. 4. Logarithm of d-c conductivity x temperature vs. 1 /T  

Killias (15) has suggested that  the conduction ac- 
t ivat ion energy is t empera ture  dependent  and is given 
by 

where  eo and OR are constants, and T is temperature .  
He suggests the t empera tu re  dependence is due to a 
distr ibution of jump distances. F igure  5 contains a 
plot of the logari thm of the d-c conduct ivi ty  and f re-  

( 1  0 ~ )  
quency at which K" is a m ax im um  vs .  T T 2 for 

glass 1. 0~ was determined using the method of least 
squares. The conductivi ty data do give a straight line 
as predicted by Killias. It can be seen that  the t em-  
pera ture  dependence is the same for both the d-c 
conductivi ty and the loss factor data whether  E is 
assumed to be t empera tu re  dependent  or not. This 
suggests the re laxat ion t ime (~) is associated with  the 
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Fig. 5. Logarithm of d-c conductivity x temperature and logarithm 
fmax vs. (1/T - -  eR/T 2) where OR = 69.4~ 
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conduction mechanism. It  is bel ieved the dielectric 
loss is due to electrons (or holes) hopping be tween  
Fe 8+ and Fe +2 ions. 

For  a the rmal ly  act ivated diffusion process, the 
Nerns t -Eins te in  equat ion relates the conductivi ty and 
re laxat ion t ime as follows 

7d-r = kT  

where  n is the carr ier  concentration, e is electronic 
charge, and d is the jump distance. For glass 3, n cal-  
culated f rom Eq. [8] was found to be 1.5 x 102o cm -8 
and 1.2 x 1020 cm -3 at 45.3 ~ and 69.7~ respectively.  
This compares wi th  n ~ 7 x 1020 cm -a  at 200~ de-  
te rmined  f rom 

--IQIT 
n = Noe ~ [9] 

k T  

where  No is total avai lable  sites, and Q is the the rmo-  
electric power  (1). Considering the accuracy of the 
measurements  and the fact that  two independent  tech-  
niques were  used, this is good agreement  and indi-  
cates the carr ier  concentrat ion is near ly  independent  
of temperature .  The d-c conduct ivi ty  changed near ly  
three orders of magni tude  over  this t empera tu re  
range. The agreement  be tween  n calculated f rom Eq. 
[8] and [9] is fur ther  evidence that  the re laxat ion 
process and the conduction mechanism resul t  f rom 
charge t ransfer  be tween  Fe +3 and Fe +2 ions. 

Fol lowing the procedure  of Yager (16) and Heroux 
(14), it was de termined  that  there  is a distr ibution 
of re laxat ion  times ra ther  than a single time. This is 
not surprising since the glass s t ructure  is amorphous. 
When a single re laxat ion process is in effect, the di-  
electric constant (K's) and loss factor (K"s) are given 
by the fol lowing equations (12, 16) 

K| 
K's = K= + ~ [10] 

i + ~2z2 

and 
K=k~T 

K"s [11] 
I +~2~2 

where  K~ is the dielectric constant at infinite f re -  
quency, k is a constant, and w is 2n x frequency.  
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Fig. 6. Dielectric constant and loss factor vs. logarithm of frequency 

Wagner  (16, 17) proposed a Gaussian distr ibution 
of re laxat ion times which are spread logar i thmical ly  
about a most probable re laxa t ion  t ime (3). F rom ex-  
pressions given by Yager  for dielectric constant  and 
loss, we  have 

K| 2) / ' =  
K ' w =  K| + X/~ 4 

cosh u (262Z~--1) 
exp ( - -bfu 2) x du [12] 

cosh u 
and 

K p t w  
K=bk exp(- -bfZo 2) f o  ~ 

cosh 2b~Zou 
exp ( - -bfu 2) x du [13] 

cosh u 

where  Zo = In ~ ,  Z = In T /~  and u = Z -t- Zo = In 
~T. Using a technique developed by Yager  (16), Eq. 
[12] and [13] were  evaluated.  In Fig. 6 these results  
are compared with  the exper imenta l  values of K" 
and K' for glass 2 and K's and K"s determined  f rom 
Eq. [10] and [11]. The exper imenta l  data fit the Wag-  
ner  curve reasonably wel l  indicat ing there  is a dis- 
t r ibut ion of re laxat ion times ra ther  than a single 
process. I t  can be seen that  the exper imenta l  loss data 
fall  below the theoret ical  curve  at the low frequencies.  
This can be a t t r ibuted to the fact that  there  is a 
greater  er ror  in de termining K" in this region than 
at h igher  frequencies  because 7T approaches 7d-c rap-  
idly as the f requency decreases in this range. 

C o n c l u s i o n s  

1. The d-c conduction act ivat ion energy is equal  
to the act ivat ion energy of the dielectric re laxat ion 
process in the f requency range 10 -2 to 105 cps. 

2. The dielectric constant is independent  of f re -  
quency and tempera ture  below the dispersion region 
when gold electrodes are used. 

3. There  is a distr ibution of re laxat ion t imes ra ther  
than a single re laxat ion  t ime associated wi th  the dis- 
persion process. 

4. The a-c  dispersion be tween  10 -2 and 105 cps and 
the d-c  conduct ivi ty  are probably a result  of charge 
carr iers  jumping  between Fe +a and Fe +2 ions. 
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Some Cross-Substitutional Alloys of CdTe 
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Physics Department, University of Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

The alloys of CdTe with  the cross-subst i tut ionally der ived te rnary  com- 
pounds AgInTe2 and CuGaTe2 are considered. It  is found, in the case of the 
ternaries  themselves,  that  nei ther  is completely  stable and that  both tend to 
decompose under  certain conditions of annealing. The alloys have been pre-  
pared by mel t  and anneal  method, wi th  due regard to the stabili ty of the 
te rnary  concerned. By x - r a y  powder  photograph techniques, the composi- 
t ion ranges for single phase zinc blende or chalcopyri te  s t ructure  or for two-  
phase behavior  have been de termined  and the lat t ice parameter  data are 
given. For  the single phase alloys, values of optical energy gap have been 
determined by the usual I. R. absorption method. 

The development  of t e rnary  compounds f rom binar-  
ies by cross-subst i tut ion is well  known (1-3). In the 
case of A n C VI compounds, it has been shown that  
many of the der ived te rnary  A ~ B In C2 vI compounds 
are stable and the crystal lographic and semiconducting 
propert ies  of these ternaries  have  been invest igated 
(1, 4-6). The ternar ies  der ived f rom zinc blende type 
A n C vI compounds show order ing of the A ~ and 
B nI atoms and hence have  a chalcopyri te  s t ructure 
ra ther  than zinc blende. In the case of tellurides, the 
der ived ternaries,  e.g., AgInTe2, CuInTe2, CuGaTe2, 
etc., have  received some at tent ion (4, 8, 9). 

A fur ther  step in the development  of new mater ia ls  
is the considerat ion of solid solution be tween  an A ll 
C vI compound and a der ived A I B In C~VI compound, 
where  the par t icular  C vI e lement  is common to both. 
The resul t ing alloys can be looked on as the results of 
par t ia l  cross-subst i tut ion in the b inary  compound. 
Such solid solutions which have a l ready rece ived  at-  
tention are ZnS-CuGaS2 and ZnS-AgGaS2 [Apple 
(10)], CdTe-CuInTe~ [Chernyavsky (11) ], and CdTe- 
AgInTe2 and HgTe-AgInTe2 [Rodot (12)]. In these 
cases, complete solid solution was found for the ZnS-  
CuGaS2 and CdTe-CuInTe2 alloys, while  the range of 
solid solution of AgGaS~ in ZnS was found to be l im- 
ited to 5 mole  %. In the case of CdTe-AgInTe2 and 
HgTe-AgInTe2, Rodot (12) invest igated thermoelec-  
tric properties,  and the range of solid solution, etc., 
was not determined. 

Here  we  consider certain alloys of CdTe, viz., CdTe- 
AgInTe2 and CdTe-CuGaTe2. The  ranges of solid solu- 
tion have  been found and the values of latt ice pa ram-  
eters determined by x - r a y  powder  photograph tech-  
niques. The room tempera tu re  optical energy gap has 
been obtained for the single phase samples by normal  
I.R. absorption measurements .  The methods used are 
the same as those used in the invest igat ion of the 
corresponding cross-substi tut ional  alloys of InSb, etc., 
and which have  been described in some detai l  p re -  
viously (13). 

Preparation and Problem~ of Stability of Co~pounds 
The separate compounds were  prepared by mel t ing  

together  the appropr ia te  component  elements.  In the 
case of CdTe, the ingot was mel ted  in a ver t ica l  fu r -  
nace and then slowly cooled by lower ing out of the fu r -  
nace hot zone. The par t  of the ingot which solidified 
first was used to provide  the CdTe required,  this ma-  
ter ial  being p - type  wi th  approximate ly  101~ car-  
r iers/cc.  

The t e rnary  compounds were  produced by mel t ing  
components  and then quenching in water.  With these 

x P resen t  address :  Texas  I n s t r u m e n t s  Inc., Dallas, Texas.  

quenched samples, CuGaTe2 was found to have  lattice 
paramete r  values of ao ~- 6.025A and c/a -~ 1.983, 
while  the optical energy gap Eg was 1.17 ev. The cor-  
responding values for the quenched AgInTe2 were  
ao ~ 6.446A c/a ~ 1.960, and Eg ~ 0.97 ev. P rev i -  
ou~sly reported values for these compounds are (1, 5): 
CuGaTe2 a ---- 6.006A, c/a ~ 1.987; AgInTe2 a ~-- 
6.419A; c/a ~ 1.962, Eg ~ 0.96 ev. 

To check the behavior  of these t e rnary  compounds, 
they were  annealed at various tempera tures  similar  
to those to be used when  the alloys were  annealed. It  
was found that  when CuGaTe2 (mp 870~ was an- 
nealed at 750~ a second phase began to appear. A l -  
though it was difficult to detect the presence of this 
phase with the x - r a y  powder  photographs, the results 
of both photomicrographic  analysis and optical ab- 
sorption measurements  showed its presence. Even in 
the quenched state, a number  of small  needle- l ike  in-  
clusions were  observed; on anneal ing at 750~ these 
inclusions grew, and then the second phase was ob- 
served to segregate out at the grain boundaries and 
to cause large cracks. Correspondingly,  the quenched 
sample gave a normal  absorption curve  with  an ab- 
sorption edge at an energy of 1.17 ev, but  af ter  the 
sample was annealed at 750~ a broad absorption 
peak appeared on the low energy side of the absorp- 
tion edge at photon energies of about 0.7-0.9 ev, and 
the magni tude  of this peak increased wi th  continued 
annealing. When the CuGaTe~ was annealed at lower  
tempera tures  (e.g., 400~ no growth of a second 
phase was observed in the photomicrographs beyond 
the small  inclusions of the quenched state, and the op- 
tical absorption curve did not change with  anneal ing 
f rom that  for the quenched material .  

The behavior  of CuGaTe2 appears similar  to that  
observed for AgSbTe2 which shows a precipi tat ion of 
Sb2Te3 (14) on zone melting. However  the precipi ta ted 
phase in CuGaTe2 would not appear  to be Ga2Te3 as 
this has too high an energy gap to produce the ob- 
served I.R. absorption peak. 

When AgInTe2 (mp 680~ was annealed at 600~ 
no changes in behavior  could be detected f rom that  
for the quenched material .  However  when  samples 
were  annealed at 400~ for 10 days, photomicrographs 
showed the appearance of a second phase (possibly 
te l lur ium) at the grain boundaries.  In an x - r a y  photo- 
graph of this mater ia l  the value  of the latt ice param-  
eter ao (6.455A) was found to be a li t t le higher  
than that  for the samples quenched and annealed at 
600~ 

Thus nei ther  of the te rnary  compounds were  found 
to be stable ~ve r  the whole  tempera ture  range f rom 
room tempera tu re  to mel t ing  point, CuGaTe2 being 
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definitely unstable at 750~ and AgInTe2 apparent ly  
showing a precipi tated phase when annealed at 400~ 
As the main interest  of the work  was in the semicon- 
ducting propert ies  of the materials  and not in phase 
diagram data, the te rnary  compounds were  not invest i -  
gated fur ther .  However ,  as is indicated in the next  
section, i t  was found that  over  a considerable range 
of composition, the solid solutions in CdTe could be 
retained in a homogeneous single phase condition. The 
propert ies of these alloys were  therefore  invest igated 
further .  

Properties o] the Alloys 
In all cases the alloys were  prepared by mel t ing to- 

gether  the appropriate  amounts of CdTe and the t e rn -  
ary compound concerned, and then quenching in water .  
Such samples showed blur red  x - r ay  lines, were  gen-  
era l ly  in nonequi l ibr ium condition and needed anneal -  
ing to give equil ibrium. 
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Fig. 1. Variation of lattice parameters with composition for 
CdTe-AglnTe2 alloys: �9 zinc blende So; �9 chalcopyrite So; X 
chalcopyrite c/a. 
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CdTe-AgInTe2. - -Al loys  were  made up at 10 mole % 
in tervals  across the composition range plus ex t ra  spe- 
cimens at 5, 85, and 95 mole % Ag!nTe2. 2 All  alloys 
were  annealed init ial ly at 600~ Samples in the range 
0-50 mole % AgInTe2 were  in good equi l ibr ium con- 
dition after anneal ing for 30 days, but  those in the 
range 60-95 mole % AgInTe2 needed 60-90 days of an- 
nealing to obtain equil ibrium. The values of lattice 
parameter  for the alloys are shown in Fig. 1. F rom 0 to 
50 mole % AgInTe2, the alloys were  single phase with  
zinc blende structure,  while  f rom 60 mole % onward 
the structures were  chalcopyrite.  The 60, 70, 90, and 
95 mole % alloys were  single phase, but the 80 and 85 
mole % alloys were  two phase, both phases having 
chalcopyri te  structure.  The 70 and 80 mole % alloys 
were  then annealed for 30 days at 400~ Both then 
showed the same two phase behavior.  Thus the mis-  
cibil i ty gap is wider  at lower  temperatures .  

Optical absorption measurements  were  made  on 
samples of all single phase alloys, samples of thickness 
in the range 100-200~ being used. Typical  absorpt ion 
curves are  shown in Fig. 2, and the resul t ing values  
of the optical energy gap Eg are shown in Fig. 3. It  
is seen that  the va lue  of Ee varies smoothly with  com- 

In calculating mole %, CdTe has been treated as Cd,Te~. 
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Fig. 5. Variation of IOglO Io/I with wavelength for transmission 
measurements on typical CdTe-CuGaTe2 alloys. Curve a, CdTe; 
curve b, 90 mole % CdTe 10 mole % CuGaTe2; curve c, 70 mole 
% CdTe 30 mole % CuGaTe2; curve d, 50 mole % CdTe 50 mole 
% CuGaTe2. 
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Fig. 6. Variation of optical energy gap Eg with composition 
for CdTe-CuGoTe2 alloys. 

position and that the onset of ordering in the chalcopy- 
rite s t ructure  has little effect on the value of Eg. 

CdTe-CuGaTe2.--Again alloys were made up at 10 
mole % intervals  across the composition range plus 
alloys at 5 and 95 mole % CuGaTe2. Samples of all al-  
loys were annealed at 750 ~ 650 ~ and 350~ The x - r ay  
results obtained were the same for all three tempera-  
tures, and again annea l ing  t imes of 30-60 days were 
needed at the higher temperatures  to produce good 
equi l ibr ium conditions. Values of lattice parameter  
are shown in  Fig. 4. It is seen that single phase solid 
solution in the zinc blende phase occurs out to the 60 
mole % CuGaTe2 alloy, but  that the 70, 80, 90, and 95 
mole % alloys were two phase. The optical absorption 
curve of the 50 mole % alloy (Fig. 5) showed a small  
absorption peak on the low energy side of the absorp- 

901 

tion edge, indicat ing the presence of a smatl amount  
of second phase. Thus, despite the x - r ay  data shown in 
Fig. 4, this sample would not have been completely 
single phase, probably because of incomplete approach 
to equil ibrium. 

Because of the problems of stabili ty in CuGaTe~ 
described above, no at tempt was made to investigate 
fur ther  the alloys containing more than 50 mole %. 
CuGaTe2 or to determine any small  range of solubili ty 
in the chalcopyrite structure,  which would clearly be 
less than  5 mole %. 

Optical absorption measurements  were made on 
samples in  the composition range 0-50 mole % 
CuGaTe2, the samples again being of thickness in the 
range 100-200~. Typical absorption curves are shown 
in Fig. 5, and the resul t ing var iat ion of Eg is shown in 
Fig. ,6. 

Summary 
1. As with other te rnary  chatcogenides (14, 15), 

complications are caused by the instabi l i ty  of the com- 
pounds. Thus, while AgInTe2 is more stable than 
CuGaTe2, even in the former there appears to be some 
segregation to grain  boundaries  with anneal ing at 
400~ Zalar (15) observed similar behavior in  
CuInTe2. 

2. In  each case, a wide range of solid solution occurs 
in the relat ively stable zinc blende type structure. The 
form of Fig. 1 and 4 indicates that pseudobinary con- 
ditions probably apply in the two sections investigated. 

3. In  the optical energy gap results, for both systems 
the value of Eg drops rapidly as te rnary  compound is 
added to CdTe, and then the Eg vs. composition curve 
levels out. Over the range 0-30 mole % ternary  for 
the two cases, the curves of Eg vs. composition coincide 
wi th in  the limits of exper imental  error. This variat ion 
in Eg is very similar to that for the ZnS-CuGaS2 sys- 
tem (10). The rapid fall in  Eg is probably due to the 
weaker  bonding in the t e rnary  chalcogenides. 
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Growth of Vanadium on Silicon Substrates 

K. J. Miller, M. J. Grieco, and S. M. Sze 
Bell Telephone LaboratorLes, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Vanadium has been grown on ( I l l )  oriented silicon substrates using the 
hydrogen reduct ion of VCI4. The reaction kinetics related to the growth of 
the deposits has been investigated. V-Si diodes fabricated from the de- 
posited vanadium on silicon samples were found to have a barr ier  height of 
0.70 • 0.04v in agreement  with that  theoretically predicted in other studies. 

Recent interest  in the chemical deposition of metals 
on semiconductor substrates has been st imulated by 
potential  appl ica t ions  in the fabrication of diodes and 
metal -base  transistors. Deposition of molybdenum on 
silicon has been reported by Casey et al. (1) and 
Lindmayer  (2); the lat ter  author reported that 100A 
thick molybdenum layers on silicon were not single 
crystal. Crowell et aL (3) have reported deposition 
of polycrystal l ine tungsten  films on silicon, ge rman-  
ium, and gall ium arsenide substrates. The purpose of 
this paper is to present  data on the growth of v a n -  
adium on silicon substrates and to study the feasibility 
of V-Si diode fabrication from these structures. 

A schematic diagram of the deposition apparatus 
used is shown in Fig. 1. The deposition apparatus was 
the vert ical  reactor, RF-hea ted  type, convent ional ly  
used for the hydrogen reduct ion of silicon te t rahal -  
ides (4). The VC14 was prepared by the reaction be-  
tween vanad ium and chlorine. The chlorine was passed 
over vanad ium at 800~176 The chlorine was pur i -  
fied by passing it through graphite heated to 650~ 
The VC14 was condensed at 0~ in a cold finger for 
subsequent  controlled vaporization in  a purified hy-  
drogen flow. During deposition, hydrogen was passed 
over the VC14 at the rate of 0.5 1/min and another  4 
l / ra in  flow of hydrogen bypassed the cold finger and 
flowed into the reactor. The VC14 part ial  pressure was 
controlled by thermostat ing at temperatures  from 
--15 ~ to 25~ The VC14 vapor pressure values used 
for calculating part ial  pressures of VC14 were ob- 
tained by extrapolat ing the data of Simons and Pow-  
ell (5) below 39.5~ It was assumed that  the only 
significant compound formed from the V-CI2 reaction 
was VC14. The vanad ium was obtained from Gal lard-  
Schlesinger Chemical Corporation and was 99.9%. Sil-  
icon substrate samples were 1.5 ohm-cm, n - type  single 
crystal wafers oriented in the (111) plane and were 
electrochemically polished. Over-al l  deposited thick- 
ness was determined by masking a portion of the sub-  
strate with a silicon chip and measur ing  the resul t ing 
step in the vanadium deposit with a Zeiss interference 
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Fig. 1. Schematic diagram of apparatus 
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microscope. Vanadium was deposited with an over-al l  
average thickness up to 10~. 

Variables affecting the deposition rate of vanad ium 
which have been studied are the silicon substrate tem- 
perature  and the part ial  pressure of VC14. The effect of 
tempera ture  was studied between 1140 ~ and 1300~ at 
a VC14 partial  pressure of 0.2 Torr. For study of the 
variat ion of deposition rate with part ial  pressure var i -  
ation, the VC14 was varied be tween 0.08 and 0.9 Torr, 
and silicon substrate  samples were held at 1300~ 
Figure 2 shows the variat ion of the vanad ium deposi- 
tion rate with temperature.  The kinetic data for the 
deposition rate between 1140 ~ and 1300~ could be 
fitted to an Arrhenius  type equat ion 

r ~ Ae-~Ha/RT 

where ~H,, the apparent  act ivation energy for the 
over-al l  reaction, was 72 • 2 kcal/mole.  
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Fig. 4. Electron micrograph of deposited vanadium crystallite. 
Magnification 8000X. 
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Vanadium-si l icon diodes were made from vanad ium 
which was deposited approximately 10~ thick and 
which covered approximately 80% of the silicon sur-  
faces. The diodes were made  using the  procedure pre-  
viously described for tungsten-s i l icon diodes (3) :  Au-  
Sb ohmic contacts were alloyed to the back surface of 
the  silicon substrates a t  370~ 1O rail diameter  gold 
dots were evaporated on the deposited vanad ium sur-  
face, and samples were etched in 10:1 HNOs:I-IF to 
remove vanad ium from the  unmasked areas. Because 
the substrate temperature  dur ing vanad ium deposi- 
tion is 100~ lower than the V-Si eutectic t empe ra -  
ture, and diffraction studies did not  show silicide for- 
mation, the junct ion  is believed to be of the nonal loyed 
type. Current -vol tage  and capacitance-voltage meas-  
urements  were used to investigate the V-Si diode 
characteristics. Typical forward current  densi ty-vol t -  
age plots are shown in Fig. 6. These curves can be 
fitted by the diode equat ion (8) 

J = Js[e(qVa/nkT)--l] 

where Va is the voltage applied across the junction,  n 
is an empirical constant, and Js is the saturat ion cur-  
ren t  density. The value of n obtained from Fig. 6 is 
about 1.1 for current  densities r ang ing  from 10 -4 to  

Fig. 5. Micrographs showing increasing density of deposited 
vanadium crystallites for average deposit thickness from 1 to 5~ 
(left to right). 

Figure  3 shows the effect of the parUal pressure  of 
VCI~ on the deposition rate of vanadium. Over the 
pressure range studied the deposition rate obeyed a 
relat ion of the type 

r = kp"vc14 

The slope of the deposition ra te-pressure  l ine in  Fig. 
3 gives a value of n = 0.9, indicat ing that  the deposi- 
tion reaction is close to first order. It  can be assumed 
that the low part ial  pressures of VC14 used favor a 
heterogeneous reaction. Tyzack and England  (7) have 
concluded that  the following reduct ion reaction of 
VC12 to form vanad ium is ra te-control l ing 

VCI2 -I- H2"-) V -p 2HCI 

Their conclusion is apparent ly  based on the increasing 
positive value of aG ~ with decreasing tempera ture  be-  
low about 1250~ 

Vanadium crystal growth was observed to take 
place by island formation similar to that  observed by 
Manasevit  et al. (6) for epitaxial  silicon growth on 
sapphire. The surface deposits were analyzed for van -  
adium by an electron probe microanalyzer.  The elec- 
t ron probe used for these studies was a Microscan, 
manufac tured  by the Cambridge Ins t rumen t  Com- 
pany. This scanning type electron probe permit ted 
two-dimension displays of the sample surface and 
showed the deposits to be vanad ium particles or clus- 
ters. Transmission electron diffraction pat terns ob- 
tained from vanad ium deposited surfaces indicate that  
the vanad ium crystalli tes are of the same ( i i i )  or ien-  
tat ion as that  of the silicon substrate and are single 
crystalline. No evidence of silicides was observed. Fig-  
ure 4 shows a typical vanad ium crystall i te as viewed 
by electron microscopy. Optical microscopic examina-  
t ion of vanad ium deposited surfaces showed that  the 
deposits consisted of an array of discrete vanad ium 
crystallites. Vanadium crystall i te density varied with 
the over-a l l  average depth of deposited vanadium.  
Figure 5 shows this density variation,  for average 
depth of deposit from 1~ increasing to 5~. 
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10-1 amp/cm 2. The value of Js is (3.0-3.6)><10 -5 
amp/cm 2. The barr ier  height, CB, was found to be 
0.70 -_+-_ 0.04v based on the assumption that  the Rich- 
ardson equation 

Js ~ A*T2e (-qoB/kT) 

can be used to relate the barr ier  height, CB, and Js 
(3). A theoretical value of A*, 258 amp/cm2/K 2, has 
been used (9). The Js is the sum of the currents  for 
V-Si and Au-Si  diodes, because, as discussed above, 
approximately 80% of the areas are covered by vana-  
dium and 20% covered by gold. However, the barr ier  
height of Au-Si  diode is about 0.80v (16) which is 
0. lv  higher than  the present ly measured barr ier  height. 
The correction in CB of V-Si diode is less than  0.025v. 
The reverse characteristics of the diodes were qual i -  
tat ively consistent with the diode equat ion with a re -  
verse current  density of the order of 10 ma /cm 2 at 10v. 

Capacitance-voltage measurements  on V-Si diodes 
are shown in Fig. 7. The doping level, ND, determined 
from resistivity measurement ,  was 3.8X1015 cm -3, and 
from the slope of the 1/C 2 vs. Va plot 4.3X1015 cm -3. 
The barr ier  height can also be determined from the 
data in Fig. 7 by use of the equation (3, 11) 

,bs = V~ + V s -~ k T / q -  A,~ 

where V~ is the voltage intercept, 0.48 • 0.04v, V I, the 
depth of the Fermi  level below the conduction band, 
is 0.288v for 1.5 ohm-cm, n - type  silicon, and he is the 
image force barr ier  lowering (12), approximately 15 
mv for V-Si diodes. Thus ~B was found to be 0.71 • 
0.04v. Since the measured capacitance over the voltage 
range wil l  only be affected by the combined diode sys- 
tem to less than 2%, the correction for CB of V-Si di-  
ode is again of the order of 0.025v. 

The consistency of the value of the barr ier  height 
obtained from the above measurements  and the fact 
that  n is close to uni ty  and 1/C 2 is l inear ly  dependent  
on Va indicate the existence of a Schottky junction.  
The barr ier  height obtained in  this study has been 
found to be in reasonable agreement  with that  pre-  

dicted theoretically by Cowley and Sze (13) based on 
the assumptions that  the contact between the metal  
and the semiconductor has an interfacial  layer  of the 
order of atomic dimension and the surface state dens- 
ity at the interface is a property only of the semicon- 
ductor surface. 
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Selective Epitaxial Deposition of Gallium Arsenide in Holes 

Don W. Shaw 

Texas  Ins t rument s  Incorporated, Dallas, Texas  

ABSTRACT 

Epitaxial  deposition of gal l ium arsenide in  holes etched into gal l ium 
arsenide substrates was investigated. Single crystal deposits with excellent 
surfaces were obtained. The effect of substrate orientat ion on the degree of 
lateral  overgrowth above the substrate surface was studied. Depositions in 
{100} oriented substrates produce faceted deposits, whose upper  surfaces 
are several microns above the substrate surface. Epitaxial  hole deposits with 
surfaces level with or near ly  level with the substrate surface are obtained 
with accurately oriented { l l l } -B  substrates. 

The importance of selective epitaxial deposition has 
long been realized in integrated circuit  technology. 
Genera l ly  the technique involves epitaxial  deposition 
onto the substrate only in  certain areas which are ex- 
posed by windows in a protective film (e.g., SiO2). 
This technique has been investigated both for silicon 
(1) and gall ium arsenide (2) substrates. 

Extension of the technique to include selective dep- 
ositions in  substrate holes has not been widely re-  
ported. The investigations which have been reported, 
such as the recent  studies by Jackson (3), have been 
directed toward the epitaxiaI deposition of silicon in  
holes etched into a silicon substrate. However, the 
selective deposition of gal l ium arsenide in substrate 
holes has been general ly neglected. 

Due to the availabil i ty of semi- insula t ing  gall ium 
arsenide, the three-dimensional  integrated circuit or 
funct ional  electronic block has become increasingly 
promising (4). In  view of this as well  as ~he ac- 
celerating importance of integrated circuits in general, 
an invest igat ion of the na ture  of epitaxial  deposition 
of GaAs in substrate holes was under taken.  

Experimental 
Both semi- insula t ing (Cr doped) and n - type  (Te 

doped) gall ium arsenide substrates were employed. 
The crystals were x - ray  oriented and cut into 25 mil  
thick slices, which were then polished with a sodium 
hypochlorite solution according to the method of Reis- 
man  and Rohr (5). Either {100} or { l l l } - B  surfaces 
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Fig. 1. Epitaxial deposits of GaAs in 8 x 10 mil hales etched 
15~ deep into a (100} GaAs substrate. 

were  uti l ized for all depositions. The slices were  
coated with  protect ive SiO2 layers by pyrolysis of 
te t rae thyl  orthosil icate in an evacuated system. Gen-  
eral ly the SiO2 thicknesses var ied be tween 2500 and 
4000A. 

Windows were  formed in the SiO2 films by masking 
with  photoresist  (Kodak Metal -Etch Resist) and etch- 
ing away the unmasked areas. Then holes were  formed 
in the substrate at the areas exposed by the windows. 
Three  techniques were  used to form the substrate 
holes: (i) etching with  a Br2:CH~OH (1:1000) solu- 
tion at room tempera ture ;  (ii) etching with  a H2SO4: 
H202:H20 (5:1:1) solution at 65~ and (iii) vapor  
etching wi th  HC1 at 850~ in the epitaxial  deposition 
reactor. The method of hole format ion did not have  
a significant effect on the appearance of the final 
deposit. 

The deposition process utilizes a vapor  phase re-  
action of Ga and GaAs with AsC13 in an open flow 
system similar  to that  previously  described (6, 7). The 
source t empera tu re  was mainta ined at 825~ while  
the t empera tu re  of the substrate zone was var ied  be-  
tween 750~176 The substrate t empera ture  was 
adjusted exper imenta l ly  to the point that  the deposi- 
tion was so selective that  no extraneous GaAs de-  
posits were  obtained on the reactor  walls or the pro-  
tect ive SiO2 mask. The AsC13 flux was 1.0 x 10 -4 
mole /min ,  while  the total gas flow (AsCI~ ~- Ha) 
amounted to 380 ml /min .  Under  these conditions the 
( l l l } - B  was found to be the slowest growing orienta-- 
tion. 

Results and Discussion 
Figure  1 i l lustrates typical  deposits of epitaxial  

GaAs in holes etched into a {100} substrate. The upper  
{100} surfaces are ve ry  smooth, and the single crys-  
tal character  of the deposits is indicated by the pres-  
ence of facets. The deposits shown in Fig. 1 have an 
average  height  above the substrate surface of 27/~ 
while  the original  hole depths averaged 15/~. 

In order  to invest igate  the crysta l lography of the 
{100} deposits, slices were  cleaved along the {110} 
cleavage planes so that  cross sections of the deposits 
were  revealed  (Fig. 2). Measurements  of the in te r -  
facial angles be tween the {100} upper surface and the 
two side facets such as revea led  in Fig. 2b yield 
values of 55 ~ for each side. Al though occasionally side 
facets which were  perpendicular  to the upper  (100} 
surface were  observed in the c leavage cross sections, 
by far  the greatest  major i ty  of the side facets were  
inclined at an angle of 55 ~ wi th  the upper  surface. 
Since the (111)-(100) in terp lanar  angle is 54~ ', it 
indicates that  four of the slow growing side facets 
(i.e., the  ones revealed  by (110) cleavage cross sec- 
tions) in {100} oriented deposits are {111} faces. 

There are only two cleavage planes perpendicular  
to the surface of {100} oriented slices. Thus it is im-  
possible to determine  the angles be tween the r emain -  

Fig. 2a (top). Epitaxial GaAs deposits in {100} GaAs substrate 
showing relative position of (110} cleavage plane. 

Fig. 2b (bottom). Cross-sectional view along cleavage plane of 
center deposit shown in upper micrograph. 

ing four side facets (the "corner"  facets in Fig. 1 and 
2) and the upper  {100} surface by measurement  of a 
cleavage cross section through them. The direct ion of 
the axes of intersections of the corner  facets and the 
{100} upper  surface is 45 ~ f rom the axis of in tersec-  
tion of the {111} side facets and the upper  surface. 

{100} SUBSTRATE 
CORNER FACET 

--- t--<Oil> ~ 

{,oo) & 
UPPER SURFACE 

{.if ~/ 
Fig. 3. Sketch of crystallography of epitaxial GaAs deposits ob- 

tained from holes etched into (100) GaAs substrates. 
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This indicates that  (110} would be a l ikely orientat ion 
for the remaining four facets. Due to the inclined na-  
ture of the side and corner facets, prolonged deposi- 
tion in holes etched in a {100} substrate should pro-  
duce deposits with a pyramidal  morphology.  The 
crysta l lography of these deposits in {100} substrates 
is summarized by Fig. 3. 

The tendency of {100} substrates to form deposits 
bounded on the sides by these wel l -def ined facets 
results  in a novel  phenomenon if the hole walls are 
not oriented paral le l  to the {110} cleavage planes. 
This is i l lustrated by Fig. 4, where  each of the de- 
posits appears to have been rotated about an axis per-  
pendicular  to the {100} surface when compared wi th  
the shape of the original holes. However  if the hole 
walls are  or iented paral le l  with the {110} cleavage 
planes, no apparent  rotat ion occurs (Fig. 3). The ap- 
parent  rotat ion is due to the fact that  the {100}-{111} 
zone axes (<110>)  are in the same directions as the 
directions of the {110} cleavage planes. Thus if the 
hole walls are oriented at an angle wi th  respect  to the 
direct ion of the {110} cleavage planes, then the axes 
of intersection of the surface facet and the {111} side 
facets in {100} oriented substrates wi l l  be t i l ted at 
the same angle with respect  to the hole walls and the 
deposit wil l  appear to have "rotated" when  compared 
with the original holes. In addition, misa l ignment  of 
the hole walls f rom <110> directions wi l l  result  in 
enhanced sizes of the corner facets re la t ive  to the 
sizes of the {111} side facets and an increased la tera l  
overgrowth  over  the mask. Such a var ia t ion in the 

size ratios of the corner  and side facets is evident  
f rom a comparison of Fig. 2 and 4. 

Deposition in { l l l } - B  substrates was invest igated 
in an at tempt  to obtain deposits wi th  upper  surfaces 
level  wi th  or near ly  level  wi th  the substrate surface 
by taking advantage of the slow growth character -  
istics of { l l l } - B  faces. Init ial  deposits had excel lent  
surfaces which were  t i l ted f rom 3 ~ to 6 ~ with  respect  
to the substrate surfaces (Fig. 5). Careful  x - r a y  
orientat ion studies revealed that  the substrates them-  
selves were  slightly misor iented f rom the <111> 
direct ion by an amount  equal  to the surface t i l t  of the 
epi taxial  deposit, indicating that  the upper  surface was 
indeed a { l l l } - B  facet. In each deposit  the lowest  
port ion of the surface facet was flush with  the sub- 
strate surface. This indicated that  deposits wi th  sur-  
faces level  with the substrate surface could be ex-  
pected with  accurately oriented { l l l } - B  substrates. 

Addit ional  substrates were  very  precisely x - r ay  ori-  
ented in the <111> direction, and each slice was 
checked after polishing. The resul t ing substrates were  
oriented to <0.5 ~ f rom the <111> direction. Deposits 
in holes etched into these substrates produced very  
flat deposits (Fig. 6) wi th  heights above the sub- 
strate surface of <2~. 

Comparison of the {111} deposits wi th  the original  
holes revealed that  some la teral  overgrowth  occurred. 
Since the upper  { l l l } - B  facet is a ve ry  slow growing 
surface in GaAs, prolonged deposit ion should resul t  in 
overgrowth  in a la tera l  direct ion over  the SiO2 film. 
Indeed considerable la teral  overgrowth  has been ob- 

Fig. 5. Epitaxial GaAs deposits in holes etched into a slightly 
misoriented ( ~  6 ~ (111 }-B GaAs substrate. 

Fig. 4a (top). Holes etched into {100} GaAs substrate prior to 
deposition. 

Fig. 6. Epitaxial GaAs deposits in holes etched into an accurately 
Fig. 4b (bottom). Epitaxial GaAs deposits obtained from above holes oriented {111}-B GaAs substrate. 
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~ / 
EPITAXIAL THICKNESS 

t 

EP|TAX|AL 1 THICKNESS 
GROWTH FACET 

ETCHED HOLES I N ' - - - / ~  ~"-SiO 2 MASK 
d S U ~  

- , A S K  

Fig. 7. Simplified sketches illustrating formation of growth facets 
with large area deposition (a, b, c) and with deposition in holes 
(d, e). Substrate slightly misoriented, a, Polished substrate prior 
to deposition; b, initial stage of deposition; c, later state of large 
area deposition; d, substrate with etched holes; e, after epitaxial 
deposition in substrate holes. 

served (2) on <111> oriented GaAs exposed in win-  
dows formed in a protect ive SiO2 film. 

The upper  surfaces of the epi taxial  hole deposits are 
highly reflective and are considerably smoother  than 
the usual large area epitaxial  deposits. Al though the 
la t ter  may appear  smooth under  ordinary  micros-  
copy conditions, they usual ly exhibi t  growth steps 
when examined wi th  an in ter ference  contrast  micro-  
scope. However ,  these steps are only ra re ly  observed 
on the upper  surfaces of the hole deposits. This sur-  
face qual i ty  difference may be explained in terms 
of the re la t ive  upper  surface areas avai lable for 
growth. As shown in Fig. 7b and 7c, as epi taxial  
growth proceeds over  a large area, growth steps are 
formed whose propagat ion effectively results  in 
growth perpendicular  to the substrate surface. How-  
ever  the step at the ex t reme left  edge in Fig. 7b in-  
creases in area as growth progresses (Fig. 7c), slnce 
no "macroscopic" steps are growing over  it. This re -  
sults in a small  surface facet at one edge of the 
large area epi taxial  deposit. Such facets are observed 
exper imenta l ly  on large area deposits. 

During deposition in holes, the upper  surface areas 
are restr icted by the sizes of the holes. Thus when  the 
hole is filled a re la t ive ly  small  upper  surface area 
(<100 sq mils) is avai lable  for growth. In this case 
the growth steps propagate  across the entire upper  
surface of the hole deposi t  (Fig. 7d and 7e). This re -  
sults in ve ry  smooth upper  surfaces or facets. Since 
these growth facets correspond to low- index  planes, 
the upper  surfaces wil l  be t i l ted with  respect to the 
substrate surface by an amount  equal  to the degree 
of substrate misor ientat ion (Fig. 5). In v iew of this 
it is not surprising that  smooth and highly reflective 
upper  surfaces are obtained independent ly  of the 
roughness or i r regular i ty  of the hole bottoms or walls. 
The substrate holes formed by vapor  etching quite 
often had ve ry  rough sides and bottoms, but  the epi-  
taxial  deposits in these holes inevi tably possessed 
excel lent  faceted surfaces. This is significantly dif-  
ferent  f rom the usual epi taxial  deposition where  the 
surface qual i ty  of the substrate is of ex t reme  impor-  
tance to the qual i ty  of the deposit. Of course such an 
independence be tween the appearance of the deposit  
surfaces and the original  hole surfaces would  be 
real ized only when  the growth conditions tended to 
produce faceted deposits. 

Al though accurate growth rate  comparisons be-  
tween growth in holes and ordinary surface growth 

Fig. 8. Incomplete deposition of GaAs in holes etched into sub- 
strates of different orientations, a, {100}; b, misoriented ( ~  6 ~ 
(111)-B; c, accurately oriented (111)-B. 

were  not made, in general,  less t ime is requi red  to fill 
a hole of a given depth than to grow an ordinary 
surface layer  of the same thickness. This may be re-  
lated to the fact that  growth in holes proceeds f rom 
the walls inward  as wel l  as f rom the bot tom upward. 
Due to this growth mechanism, " incomplete"  deposi- 
tions resul t  in deposits wi th  cavities or depressions in 
the upper  surfaces such as shown in Fig. 8. As i l lus- 
t rated by Fig. 8, the shape of the depressions depends 
on the substrate orientation. For  example,  holes 
etched into { l l l } - B  substrates (Fig. 8c) tend to fill 
p r imar i ly  f rom the walls inward  with re la t ive ly  l i t t le  
g rowth  f rom the bot tom upward.  A similar  phenome-  
non was observed by Gabor (8) wi th  deposition of 
GaAs in channels etched into Ge crystals. Al though 
the interiors of the cavities in Fig. 8a and 8b are 
rough and irregular ,  the par t ia l ly  formed upper  sur-  
face facets are very  smooth. This i l lustrates the phe-  
nomenon of obtaining smooth upper  surfaces regard-  
less of the i r regular i ty  of the original  hole surfaces. 

The selection of the slowest growing orientat ion as 
the substrate orientat ion allows close control of the 
amount  of deposition. Holes etched to a given depth 
in accurately oriented { l l l } - B  GaAs substrates fill 
rapidly  unti l  the s low-growing { l l l } - B  surface facet 
is formed, whereupon  the deposition ra te  drops con- 
siderably. Such, a phenomenon allows one to fill holes 
of different  depths during the same deposition and ob- 
tain surfaces which are near ly  even with the sub- 
strate surface for each of the deposits. 

Summary 
It has been shown that  excel lent  epi taxial  deposits 

can be obtained in holes etched into GaAs substrates. 
The growth proceeds from the walls inward  and f rom 
the bottom upward  so as to form a cavi ty in incom- 
pletely filled holes. Depositions in holes etched into 
{100} substrates produced deposits whose upper  sur-  
faces were  somewhat  above the substrate surface. 
However  these deposits were  bounded on the sides 
by well-defined facets which tended to prevent  ex ten-  
sive la teral  overgrowth.  Epi taxia l  deposition in ac- 
curately or iented { l l l } - B  substrates yielded deposits 
wi th  very  flat { l l l } - B  upper  surfaces which  were  
near ly  level  wi th  the substrate surface. Prolonged 
depositions in { l l l } - B  holes did not produce deposits 
with significant heights above the substrate  surface; 
a l though some la teral  overgrowth  was observed. 
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High-Temperature Oxidation 
III. Zirconium and Hafnium Diborides 

Joan B. Berkowitz-Mattuck 
Arthur D. Little, Inc., Cambridge, Massachusetts 

ABSTRACT 

The oxidation of zone melted specimens of ZrB2 and HfB2 was studied at 
temperatures  of 1200~176 and at oxygen part ial  pressures of 1-700 Torr  
in helium. Parabolic rate behavior was observed. For ZrB2 above 1400~ a n  
activation energy of 77 _ 5 kcal /mole  was determined. Below 1400~ the ac- 
t ivat ion energy is much lower, and the mechanism of oxidation is different, 
probably because of the presence of boron oxide in  the condensed phase. Be- 
low 1300~ the parabolic rate constant appears to be directly proport ional  to 
oxygen part ial  pressure; at 1830~ the rate constant  is independent  of oxygen 
pressure. For HfB2 in the range 1480~176 an activation energy of 
47 • 4 kcal/mole was observed. Around 1970~ the transi t ion temperature  
for the monoclinic to tetragonal  phase change in HfO2, there is a sharp in -  
crease in the rate of oxidation. The parabolic rate constant  for total oxygen 
consumption increases as the 0.4 • 0.1 power of the oxygen part ial  pressure 
at 1630 ~ and  1760~ 

The oxidation of ZrB2 was studied by Brown in the 
temperature  range 649~176 in  pure  oxygen and 
moist dry air (1). Since Brown worked with porous 
compacts of the diboride, his ini t ial  surface areas are 
unknown,  and undoubtedly  changed due to s inter ing 
dur ing the course of exposure at high temperatures.  
He was able to conclude qual i ta t ively that  ZrB2 is 
oxidized more rapidly in oxygen than in  dry air in  
the range 650~176 and much more rapidly in 
moist air than in dry at 650~ 

Samsonov (2) oxidized ZrB2 in air at 1000~ and 
measured a depth of corrosion of 0.45 mm after 150 hr. 
For mater ial  of theoretical density, this would corre- 
spond to stoichiometric oxidation of 0.274 g/cm 2 of the 
alloy, or to a total oxygen consumption of 0.0873 
g/cm 2. The net  weight change cannot be computed 
since an u n k n o w n  port ion of the B203(1) must  cer- 
ta inly  have evaporated dur ing  the experiment.  From 
metallographic examinat ion of the oxide scale, Sam-  
sonov postulated the existence of ZrO (s) immediately 
adjacent  to the alloy and a molten layer of 8203 at the 
surface of the oxidized specimen. He assumed that, 
with increasing time of exposure, oxygen would dif- 
fuse through the 8203(1) to the alloy and react with 
ZrO(s)  to form ZrO2(s), while at the same time B208 
would vaporize gradually. 

More recently,  the oxidation of ZrB2 was studied by 
Kuriakose and Margrave (3), who measured net  
weight change of fully dense samples with time, at  
temperatures  of 1218~176 and oxygen pressures 
between 100 and 760 Torr. They were able to fit their 
data to a parabolic rate law, with an activation energy 
for net  weight gain of 19.8 • 1.0 kcal /mole.  The oxi-  
dat ion rate was independent  of carrier  gas flow rate 
and directly proport ional  to the oxygen part ial  pres-  
sure in helium. 

No quant i ta t ive  data have been reported in  the l i t -  
erature for the oxidation of HfB2. Samsonov exposed 
HfB2 in  air in a series of screening experiments  and 

reported intensive oxidation above 600~176 and dis- 
integrat ive oxidation at 1000~176 (4). 

The present  work was unde r t aken  to obtain data on 
the oxidation of ZrB2 over a wider tempera ture  and 
pressure range than  that covered in  previous studies, 
and to compare the oxidation of ZrB2 and  HfB2 ex- 
perimental ly.  In  addition, in  order to evaluate  the ef- 
fect of B203 volati l i ty on the oxidation of ZrB2, several  
measurements  of total oxygen consumption were made 
under  conditions for which Kuriakose and Margrave 
(3) had obtained net  weight change data. 

Experimental Method and Data Analysis 
Samples of ZrB2 were synthesized by the zone mel t -  

ing technique described by West rum and Feick (5). 
Hafnium diboride was prepared by the same technique 
with a h igh-pur i ty  powdered s tar t ing mater ia l  sup- 
plied by Wah Chang Corporation. The resu l tan t  zone 
refined bars contained less than 0.1% of zirconium. 

The procedure for the oxidation experiments  has 
been described in detail in earlier publications (6, 7). 
The only essential change necessitated in the work 
with borides was the subst i tut ion of p la t inum or 
rhodium support rods for the A1203 or ThO2 fingers 
used previously. The B2Oa formed in the oxidation of 
diborides reacts with refractory oxides. P l a t inum was 
suitable for sample temperatures  up to 1600~ rho- 
dium was required for higher tempera ture  runs. 

Specimens in  the form of pellets, 0.3 cm long and 
0.7 cm in diameter, were polished through diamond 
dust, cleaned, and degassed in hel ium prior to oxida- 
tion. A thermal  conductivi ty apparatus was used both 
to monitor  degassing and to measure  the ne t  oxygen 
consumed dur ing the oxidation of induct ively heated 
samples in  a s tream of hel ium and oxygen at a total 
pressure of one atmosphere. 

A degassing tempera ture  of about 1870~ was em- 
ployed, and heat ing was cont inued unt i l  the signal 
from the monitor ing thermal  conductivi ty bridge in -  
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dicated a cessation of permanent  gas evolut ion (ap- 
proximate ly  30 min) .  Net weight  changes during the 
degassing period were  always less than 2 x 10 -4 g. 
Tempera tures  were  read with a Micro-Opt ical  p y r o m -  
eter, and were  corrected for sample emissivi ty (as- 
sumed equal  to 0.6) and the measured  transmission 
characterist ics of the optical system. A spectral  emis-  
sivity of 0.6 ___ 0.1 was measured  ear ly  in the program 
both in inert  and oxidizing atmospheres by comparing 
observed tempera tures  of diboride surfaces wi th  ob- 
served tempera tures  of a black body cavi ty dri l led u l -  
trasonically in the samples. Within  exper imenta l  error  
the measured emissivi ty did not vary  enough during 
oxidation to affect the necessary correction factor ap- 
preciably. The var ia t ion in measured t empera tu re  dur -  
ing an exper iment  is about __5~ A carr ier  gas flow 
rate of 95 cc /min  was used in most experiments ,  cor-  
responding to a l inear flow veloci ty in the ne ighbor-  
hood of the sample pellet  of about 3.1 cm/sec.  

In the oxidation experiments ,  a he l ium-oxygen  
stream is passed through the reference  cell of a the r -  
mal conduct ivi ty  bridge and over  an induct ively  
heated sample pellet  which removes  some of the oxy-  
gen by reaction. The  gas stream, depleted in oxygen, 
is passed through the sampling cell of the thermal  
conductivi ty bridge. The reference and sampling cells 
form two arras of a Wheatstone bridge, whose output  
is continuously recorded. The signal obtained is pro-  
port ional  to the difference in oxygen part ial  pressure 
or gas density in the two cells. Since the measure-  
ments  are carr ied out in an open flow system, the 
total pressure is eve rywhere  close to 1 atm. Thus, 
when  an exper iment  is run  in pure  oxygen,  a zero 
signal is obtained, in spite of the fact that  oxygen  is 
consumed. 

The output  f rom the bridge, S, in mil l ivol ts  is pro-  
port ional  to the difference in oxygen density in g/cc  
(pl--p2) in the reference and sampling cells, respec-  

tively. 
S ~--- k ( p l ' - - p 2 )  [ 1 ]  

where  k is a proport ional i ty  constant. Since oxygen is 
consumed, the flow rates in the two cells must  be dif-  
ferent.  If  vl  (cc /min)  is the flow rate  through the re f -  
erence cell and v2 is the flow rate  through the sam- 
pling cell, then the desired rate  of oxygen consumption 
by the sample under  investigation, din~dr (g/cm2-min)  
is given by 

d m / d t  = (mY: - -  p2v~) [2] 
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Fig. 1. Typical parabolic plot of zirconium diboride oxidation data 
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Fig. 2. Temperature dependence of the rate of total oxygen con- 
sumption for zirconium diboride-Arrhenius plot of parabolic rote 
constants, PO2 = 37.5 Torr. 

where  m is total  oxygen consumption in grams and t 
is t ime in minutes. The  flow of hel ium must  be con- 
stant throughout  the system. Hence 

p 1 , H e V l  = P 2 , H e V 2  [ 3 ]  

where  pl,He and P2,ne are the densities of hel ium in the 
reference  and sampling cells, respectively.  Solving [3] 
for v2, and substi tuting in [2], one derives wi th  the 
aid of [1] and the perfect  gas laws an expression for 
the rate  of oxygen consumption, dm/d t ,  in terms of 
measured quanti t ies  

din~dr = v : ( S / k ) / { 1 - - p l  -Jr R T ( S / k ) / M }  [4] 

where  M is the molecular  weight  of oxygen, T is the 
tempera ture  at which the flow rate  vl is measured 
(298~ R is the gas constant, and Pl is the oxygen 
part ial  pressure in the init ial  gas s tream in atmos- 
pheres. Since p2 -~ 0, it follows that  in [4] RT ( S / k ) / M  

Pl. Therefore,  if p,  is a small  fraction of an atmos-  
phere, the rate  of oxygen consumption, dm/d t ,  is di-  
rect ly  proport ional  to the observed signal, apar t  f rom 
the previously discussed (6) effects introduced by the 
separat ion of react ion and detection sites. At  high oxy-  
gen part ial  pressures,  Eq. [4] must  be used to in terpre t  
the results. In practice, the denominator  in [4] is ve ry  
near ly  constant throughout  any given exper iment .  

Results 
Zirconium diboride. - -The oxidation of zirconium di-  

boride was studied in the t empera tu re  range 1200 ~ 
1820~ at oxygen part ial  pressures of 8-700 Torr. Para -  
bolic ra te  behavior  for total  oxygen consumption was 
observed after an init ial  period of 10-30 min. The total  
oxygen consumed, m, represents  the amount  of oxy-  
gen in all  of the product  oxides, volat i le  or nonvolati le,  
formed during the oxidation experiment .  A typical 
parabolic plot of m 2 vs. t, constructed f rom the cor-  
rected area under  the exper imenta l  thermal  conduc- 
t iv i ty  curve according to Eq. [4] is shown in Fig. 1. 
The t empera tu re  dependence of the parabolic ra te  con- 
stants for total oxygen consumption is shown on a log 
kp vs. 1 /T plot in Fig. 2. Results were  independent  of 
carr ier  gas flow rate  in the range 59-119 cc/min.  Above  
1400~ an act ivat ion energy of 77 __ 5 kca l /mole  was 
calculated for the over -a l l  oxidat ion process by the 
method of least squares. Below 1400~ the act ivation 
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energy is clearly much less and wil l  be discussed be- 
low in conjunct ion with  the work of Kur iakose  and 
Margrave  (3). 

The wide scat ter  of points about the least squares 
s t raight  line in the h igh- t empera tu re  range is due to 
the high absolute value of the act ivat ion energy and 
to the presence of cracks in the as -prepared  samples. 
Since the act ivat ion energy is high small  errors  in 
t empera ture  measurement  or small fluctuations in 
t empera tu re  dur ing a run  wil l  resul t  in large uncer -  
tainties in measured oxidation rates. For example,  at 
1500~ an error  or fluctuation of 10 ~ in exper imenta l  
t empera ture  will  be reflected in more  than  a 15% er-  
ror in kp. The presence of cracks, introduced in the 
zone-refining process, results in a difference be tween 
real  and geometr ic  surface areas. It  wi l l  be shown be-  
low that the surface of a crack that extends into the 
bulk specimen is oxidized just  as if it were  externa l  
surface. Since the number  of cracks is cer ta inly not 
constant  f rom one sample to another,  the area used 
in computing kp should real ly  be the sum of gross 
geometr ic  surface area and surface areas of cracks. 
The use of the former  alone can introduce the ob- 
served scatter in the data. 

The pressure dependence of oxidation rate  was in- 
vest igated briefly. The data suggest that  rates increase 
l inearly wi th  pressure in the l ow- t empera tu re  range 
investigated, but  become independent  of pressure  at 
h igher  temperatures .  Kuriakose and Margrave  (3) es- 
tablished that  the rate  of oxidation is l inear  at 1329~ 
over  the  oxygen pressure range 100-760 Torr. In rea-  
sonable agreement ,  we found an increase in parabolic 
ra te  constant of a factor  of 13 (from 5.8 x 10 -9 to 
75.7 x 10 -9 g2/cm4-min)  with a pressure increase of 
a factor of 18 (from 37.5 to 694 Torr ) .  On the other  
hand, we detected no change in oxidation ra te  wi th  
pressure at 1560~ over  the range 8-40 Torr  and at 
1830~ over  the range 20-700 Torr. 

The data on both t empera tu re  and pressure depend-  
ence indicate that  there  is a fundamenta l  difference in 
the mechanism of oxidation of ZrB2 at  low and high 
temperatures .  Below 1330~ oxidation proceeds wi th  
an act ivation energy of about  20 kca l /mole  and seems 
to depend strongly on oxygen pressure. Above  1550~ 
the act ivat ion energy is greater  than 70 kca l /mole ,  and 
the rates become much less dependent  on oxygen 
pressure. 

Severa l  samples were  mounted and polished for 
metal lographic  examinat ion  of the oxide films. A typi-  
cal specimen, oxidized for 114 rain at a t empera ture  
of 1805~ and an oxygen par t ia l  pressure of 19.9 Torr,  
is shown in Fig. 3. The  oxide in every  photomicro-  
graph shows considerable porosity, but  we do not 
know whether  it developed during oxidation at the 
high temperature ,  dur ing cooling, or dur ing polish- 
ing. Since ZrO2 undergoes a phase transit ion with a 
change in density on cooling f rom 1805~ to room 
temperature,  the physical propert ies  of the oxide layer  
may  be quite different during oxidat ion and after  
quenching. Hence, the micros t ructura l  observations 
must  be in terpre ted  with some caution. Figure  3a 
taken at a magnification of about 90X, shows clear ly  
both the grain s t ructure  of the bulk mater ia l  and the 
dense columnar  oxide which forms on the surface dur-  
ing oxidation. Figure  3b is similar, but  shows a region 
with an extensive crack running  paral le l  to the ZrB2 
surface. F igure  3c at a magnification of about 450X 
focusses on the oxide wi th in  such a crack. The product  
is ve ry  similar  to that  on the surface of the ref rac tory  
and appears to grow into the bulk mater ia l  at certain 
prefer red  growth sites. Figures 3d, e, f, and g show 
the surface oxide once more  at h igher  magnifications 
than Fig. 3a. The oxide is seen to be crystal l ine in na-  
ture, wi th  the grains running for the most part  per -  
pendicular  to the ZrB2 surface. The ox ide-meta l  in ter -  
face is clearly not  smooth, but  the points of m a x i m u m  
growth rate  do not seem to be re la ted in an obvious 
way to the s t ructure  of the substrate. The interest ing 
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Fig. 3. Photomicrographs of oxidized Zr82. a (left) 90X; b (right) 
90X before reduction for publication. 

Fig. 3. Photomicrographs of oxidized ZrB2. c (left) 4SOX; d (right) 
170)( before reduction for publication. 

Fig. 3. Photomicrographs of oxidized ZrB2. e (left) 240X; f (right) 
240X before reduction for publication. 

Fig. 3g; Photomicrograph of oxidized ZrB2. 450X before reduction 
for publication. 

Fig. 3. Photomicrographs of oxidized ZrB2. h (left) 30)(; i (right) 
90X before reduction for publication. 

photomicrograph in Fig. 3h at a magnification of 30X 
(and the same area at 90X magnification in Fig. 3i) 
shows the oxidation behavior  of ZrB2 in the neighbor-  
hood of a crack that  intersects the surface. The sur-  
face of the crack as seen in these pictures is almost  
cer tainly the surface of the original  a11oy. Therefore,  
the oxide must  grow by inward  diffusion of oxygen. 
The columns of oxide are seen to run  perpendicular  
to the outer  surface of ZrB2, and in l ike manner ,  are 
seen to run  perpendicular  to the surface of the crack 
(paral lel  to the sample surface).  A crack then effec- 
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t ive ly  increases the surface area  of the alloy above 
that  of the outer or geometr ic  surface area. 

X - r a y  analysis of the oxidized surfaces of all of the 
ZrB2 samples showed lines for monoclinic ZrO2, and 
no extraneous lines. Analysis was of course per formed 
at room tempera ture  on quenched samples and there-  
fore does not necessari ly reflect accurately  the s t ruc-  
ture of the h igh- t empera tu re  oxide. Evidence was not 
found in ei ther  the photomicrographs or in x - r a y  for 
the existence of a lower oxide adjacent  to the alloy 
substrate. 

Gross oxidation behavior  is typically moni tored  by 
net  weight  change or total  oxygen consumption. In 
order to compare results obtained by the two methods, 
it is necessary to take into account any volat i le  oxides 
that  may  be formed. The  oxidation of ZrB2 is expected 
to yield the oxides ZrO2 and B203. The la t ter  has an 
appreciable vapor  pressure, ranging f rom 2.3 x 10-a 
atm at 14O0~ to 5.4 x 10 -2 atm at 2000~ (8). Thus 
the total oxygen consumption measurements  reported 
above represent  the sum of the amounts  of oxygen in 
each of the product  oxides. The net  weight  change 
measurements  of Kuriakose and Margrave  (3) r ep re -  
sent the sum of a weight  gain due to format ion of con- 
densed oxides and a weight  loss due to vaporizat ion 
of boron as B203 (g). The impor tance  of oxide vola t i l -  
i ty in the over -a l l  oxidation process must  therefore  be 
evaluated.  

If it is assumed that  the composit ion of the boride 
is not changed dur ing oxidation, then the oxidation 
react ion may be considered in terms of two nonele-  
menta ry  steps as follows 

ZrB2(c) -{- (5/2) O2(g) -> ZrO2(c) + 8203(1) [5] 

B203(1) --> B203(g) [6] 

The measured oxygen consumption, m, up to some 
t ime t, may  be wr i t ten  as 

2[0]  3 [0]  
m Wzr02(c) + ~ " WB203(1) [7] 

[ZrO2] [B203] 

where  Wx is the number  of grams of product  X 
formed per unit  boride surface area up to t ime t, and 
the symbols in brackets  are molecular  weights.  Since 
the oxidation is supposed to be nonpreferent ial ,  the 
number  of moles of ZrO2(c) formed must  be equal  to 
the number  of moles of B203(1) formed in the same 
t ime period. The measured  oxygen consumption m and 
the net  weight  change Wnet differ by the amount  of 
8203 vaporized 

Wnet ~ 99% --  WB203(g) [8] 

If the amount  of B20~ that  vaporizes is negligible, 
then 

Whet ~ W% [9] 

If 8203 vaporizes as rapidly as it forms, then WB203(g) 
WB203(I), and 

Wnet~ 5[O] m [10] 

The equi l ibr ium rate  of vaporizat ion of B2Oz in 
vacuum is known. At a total pressure of 1 atm, the 
rate of vaporizat ion is expected to be a factor of 10 
to 1000 t imes less than the equi l ibr ium rate  (9). For  
the purposes of this discussion, it wi l l  be assumed 
that  during the oxidat ion of ZrB2, B203 vaporizes 
l inear ly  at one one-hundredth  of the equi l ibr ium rate 
G as long as l iquid 8203 is present.  If  the rate  of 
format ion of B203 (1) is smaller  than 0.01G, the l iquid 
will  vaporize as rapidly as it forms. 

Since the measured oxygen consumption was found 
to fol low a parabolic ra te  law, it  follows f rom [7] and 
f rom the assumption of stoichiometric oxidation that  
the condensed oxides ZrO2(c) and B203(1) must  also 
grow parabolically.  Hence, at any tempera ture ,  there  
wil l  be some t ime to af ter  which the ra te  of vapor iza-  
tion of B203(g) wil l  exact ly  balance the rate  of for-  
mation of 8203 (1). At  to 

d~OB203(g) dWB203(1) 
- -  [11] 

d t  d t  

On the basis of the preceding discussion 

dwB2o3(g) 
0.01G [12] 

d t  

d m  kp 
[13] 

dt 2m 
and hence 

dWB203(D (kp) 1/2 [B203] 
[14] 

dt (2) t  '/2 (5) [O] 

where  kp is the parabolic rate  constant for measured 
oxygen consumption. Equat ing [12] and [13], one can 
solve for the t ime to 

0.19 • 104 kp 
to = [15] 

G 2 

where  k,  values can be taken f rom Fig. 2 and G 
values f rom the l i terature.  

At  1330~ to ---- 570 rain, and the loss of B203(g) 
over  the 2-hr  period of the present  oxidat ion exper i -  
ments is negligible. Therefore,  to an excel lent  ap- 
proximation,  at all tempera tures  below 1330~ weight  
gain and total oxygen consumption should be iden-  
tical. At 1440~ and above, to --~ 5 min. Hence above 
1440~ 8203 should vaporize as rapidly  as it forms, 
and the relat ionship between weight  gain and total 
oxygen consumption should be given by Eq. [10]. 
Al though we did not do chemical  analysis on the 
oxides formed on the diboride surfaces, i t  may  be 
noted that  a dark gray glazed surface appeared be-  
low 1400~ while  a whi te  crystal l ine oxide was 
formed at higher  temperatures .  

For  purposes of comparison in Fig. 2, the weight  
change data of Margrave  and Kuriakose (3) obtained 
at an oxygen pressure of 1 atm were  conver ted  to total  
oxygen consumption values at an oxygen pressure of 
37.5 Torr  by means of Eq. [9] below 1330~ and Eq. 
[10] above 1440~ with  the assumption of l inear  
pressure dependence. On this basis, agreement  be- 
tween the two laboratories  is good. 

From thermodynamic  considerations, one might  
also expect  BO2(g) to be a significant volat i le  species 
formed on h igh- t empera tu re  oxidation. However ,  the 
re la t ive  amounts  of B203 (g) and BO2 (g) produced in 
the oxidation exper iment  would depend on kinetic 
factors and would  have to be determined by inde-  
pendent  measurement .  Nonetheless, under  our exper i -  
menta l  conditions, any BO2(g) formed at the oxidiz-  
ing surface would  condense on the cool walls of the 
react ion chamber  to B203(c) wi th  release of oxygen. 
Therefore,  our measured oxygen consumption values 
would correspond to the s toichiometry of reactions 
[5] and [.6]. 
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Fig. 4. Parabolic plots of HfB2 oxidation data. Temperature 
1720 ~ 1600 ~ and 1490~ Po2 = 19.9 Tarr. 
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Hafnium diboride.--The oxidation of HfB2 was 
studied at tempera tures  of 14800-2000~ and oxygen 
par t ia l  pressures of 1-700 Torr. For  all of the condi- 
tions investigated, the data could be fitted to a para-  
bolic rate  equation. Results of several  exper iments  in 
which the tempera ture  was var ied dur ing the run, are 
plot ted parabolical ly in Fig. 4, 5, and 6, respect ively.  

The parabolic ra te  constants for total oxygen con- 
sumption are plotted in the form log kp vs. 1/T in 
Fig. 7 at an oxygen pressure of 37.5 Torr. The acti-  
vat ion energy for total oxygen consumption is 47 • 4 
kca l /mole  in the range 1480~176 Around  1970~ 
the t ransi t ion tempera ture  for the monoclinic to te-  
t ragonal  phase change in HfO2, there  is a r emarkab ly  
abrupt  increase in the ra te  of oxidation. Fol lowing the 
analysis presented earl ier  for ZrB2 it  is found that  at 
tempera tures  above 1488~ the lowest  t empera tu re  
investigated,  the rate  of vaporizat ion of B203 should 
be equal  to its ra te  of formation, and HfO2(c) should 
be the only condensed oxide on the surface of HfB2. 
Therefore,  the change in slope of the Arrhenius  curve 
is not due to a change in the re la t ive  rates of forma-  
tion of 8203  (1) and B2Oa (g) as it might  be in the ZrB2 
case, and it can be correlated direct ly wi th  a phase 
change in the meta l  oxide. Measurements  above the 
oxide transit ion t empera tu re  cover too small  a range 
for a rel iable numerica l  est imate of act ivat ion energy. 

The data taken at 1630 ~ and 1760~ for oxygen par -  
tial pressures be tween 1.4 and 694 Torr  are plotted as 

/ 
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Fig. 5. Parabolic plots of HfB2 oxidation data. Temperature 1650 ~ 
and 1542~ Po2 = 19.9 Torr. 
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Fig. 8. Pressure dependence of the oxidation of hafnium diboride 
at 1760 ~ and 1630~ 
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Fig. 6. Parabolic plots of Hf82 oxidation data. Temperature 1860 ~ 
and 1970~ Po2 = 18.5 Torr. 

a function of oxygen part ial  pressure on a log- log plot 
in Fig. 8. A least squares analysis of the data yields 
a pressure coefficient for total oxygen consumption 
of 0.4 • 0.1, i.e. 

kp cc ~0.4• 

Severa l  samples were  mounted  and polished for 
metal lographic examinat ion after  oxidation. Oxide 
was polished off one circular face reveal ing  the alloy 
beneath  and leaving the oxide at the outer  rim. A 
photomicrograph of a pellet  that  had been oxidized for 
2 hr  at 1760~ and 26.8 Torr  is shown in Fig. 9. The 
s t ructure  of the oxide is quite  different f rom that  
shown in Fig. 3 on zirconium diboride. Two layers  are 
clearly visible, a thin outer  region and a thicker  inner  
one. The patches of oxide at the left, apparent ly  un-  
connected with  the oxide at the  outer  rim, are  prob-  
ably areas of the surface which were  oxidized more 
rapidly than the bulk alloy, and hence were  not 
polished away dur ing prepara t ion of the sample. The 
oxidation rate  may  be a funct ion of the crystal l ine ori-  
entat ion of the diboride. The crack in the r igh t -hand  
quar te r  of the figure may be filled wi th  oxide, sug- 
gesting that  the oxide grows in par t  by outward  dif-  
fusion of hafnium. 
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Fig. 9. Photomicrograph of oxidized hafnium diboride. Tempera- 
ture 1760~ P02 ~-~ 26.8 Torr. 

Photomicrographs of the surface of a pellet  that  had 
been oxidized for 2 hr  at 1864~ and for 2 hr  at 
1971~ at an oxygen part ial  pressure of 18.5 Torr  are 
shown in Fig. 10. The thicker  outer  l ayer  of oxide was 
probably formed at the higher  tempera ture ,  the nar -  
rower  inner  layer  at the lower, again suggesting mo-  
tion of hafnium. In Fig. 11 a photomicrograph of a 
pellet  that  had been oxidized for 2 hr  at 1654~ and 
for two hr at 1542~ at an oxygen pressure of 19.9 
Torr  is shown. The oxide is ve ry  similar  to that  shown 
in Fig. 9. A layered  s t ructure  due to the change in 
t empera tu re  in the middle  of the run  could not be 
posi t ively identified. 

Discussion 

In order to compare  the zirconium diboride and 
hafn ium diboride results in the 1400~176 range, 
the parabolic ra te  constants for oxygen consumption 
were  conver ted to an alloy consumption basis on the 
assumption of nonpreferent ia l  oxidation of the alloys 
to B20~(g) and meta l  dioxide. Results are compared 
in an Arrhenius  plot  in Fig. 12. In this t empera tu re  
range, the parabolic ra te  constants for oxidat ion of 
HfB2 are almost an order of magni tude  less than  the 
corresponding constants for ZrB2. In  Fig. 2 and 7 it  is 
seen that  the rate of oxidation of zirconium diboride 
increases sharply near  1400~ whi le  the rate  of oxi-  
dation of hafnium diboride shows a similar increase 
around 1970~ In the case of ha fn ium diboride, the 
jump  in oxidation rate  is clearly due to the mono-  
clinic to te t ragonal  transi t ion in the oxide. In the case 
of zirconium diboride, the phase t ransi t ion in ZrO2 
does occur around 1400~ but the increase in oxida-  
tion ra te  might  also be due to the fact that  B203(1) is 
present  on the surface of the alloy in the l ow- t em-  
pera ture  range, but vaporized as rapidly as it is 

Fig. 10. Photomicrographs of oxidized hafnium diboride. Tem- 
perature 1970~ Po2 z 18.5 Torr. Top left, 65X; top right, 130X; 
center, 130X all before reduction for publication. 

Fig. 11. Photomicrograph of oxidized haEnium diboride. Tem- 
perature 1650 ~ and 1540~ Po2 ~ 19.9 Torr. 

3 0 0 0  1 8 0 0  1 6 0 0  1 4 0 0  I Z 0 0  s  

0 Z r B  z 

fi] H f B  z 

? 
i 0 8  H f B z  n 

�9 5 0 0  . 6 0 0  . 7 0 0  . 8 0 0  

1 0 3 / T  

Fig. 12. Comparison of parabolic rate constants far oxidation of 
hafnium diboride and zirconium diboride as a function of tem- 
perature. 

formed at h igher  temperatures .  In any case, for both 
ZrB2 and HfB2 the monoclinic oxide appears to impar t  
grea ter  oxidat ion resistance than the te tragonal  
modification. 

It  has been suggested that  the vaporizat ion of 
B~O3 (g) dur ing the oxidation of ZrB2 and HfB2 might  
influence the micros t ructure  of the ZrO2(c) or 
HfO2(c),  p resumably  formed simultaneously.  If 
B203(g) were  produced at the bor ide /d ioxide  in te r -  
face, it would be expected to cause rup ture  and /or  
porosity in the dioxide film and hence resul t  in an en-  
hanced net ra te  of oxidation. If  on the other  hand, the 
rate  of diffusion of boron through the dioxide film 
were  much more  rapid than the rate  of oxidation, 
gaseous B203(g) would  be formed at the d ioxide /  
ambient  interface, and the s t ructure  of the dioxide 
would  be l i t t le  affected. In the lat ter  case, boron 
would  have  to be present  in the dioxide film and 
should be detectable by appropria te  techniques. 

Al though the exper imenta l  data for both zirconium 
diboride and hafn ium were  fitted to a parabolic ra te  
equation, the mechanism of oxidat ion is not clear. 
ZrO2 and HfO2 are normal ly  considered to be anion 
deficit semiconductors,  and one might  expect  the oxi-  
dation of HfB2 and ZrB2 to be controlled by diffusion 
of oxygen ions via vacancies in the respect ive meta l  
oxides. If this mechanism were  valid, however ,  the ac-  
t ivat ion energy for diffusion should be equal  to the 
act ivation energy for oxidation, and the rate of oxi-  
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dation should be independent  of oxygen part ial  pres- 
sure (10). The l inear  pressure dependence for oxi- 
dation of ZrB2 found by Margrave and Kuriakose at 
1329~ over the range 100-760 Torr  and confirmed 
by us at 1200~ precludes a simple diffusion mech- 
anism via anion vacancies in this tempera ture  range. 
Above the phase t ransi t ion tempera ture  for ZrO2, dif- 
fusion data is not available. However, the activation 
energy of 77 • 5 kcal /mole  found for oxidation is not 
an unreasonable  energy for diffusion if one estimates 
the activation energy as the sum of the energy for 
formation of a vacancy plus that for motion of a va-  
cancy (11). Fur thermore ,  at 1830~ the parabolic 
rate constant  for total oxygen consumption was found 
to be independent  of oxygen pressure. Alternat ively,  
one of the referees, in  reviewing the manuscript ,  
pointed out that  the activation energy for oxidation 
corresponds very closely to the energy of formation 
of BO2(g) from B203(1) and O2(g). The significance 
of gaseous BO2(g) in  the oxidation of the borides ob- 
viously warrants  addit ional exper imental  study. 

The oxidation of HfB2 to monoclinic HfO2(c) and 
gaseous B203(g) was found to depend on the 0.4 • 0.1 
power of the oxygen pressure, which again is too high 
to be consistent with a diffusion mechanism via oxy- 
gen anion vacancies. In  fact, the oxidation behavior  
in  the neighborhood of a crack and the layered struc-  
ture observed when the temperature  was raised or 
lowered in the middle of a r u n  suggested that  haf-  
n ium is the major  diffusing species dur ing  the oxida- 
tion of HfB2. 
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Deposition of Silica Films by the Glow Discharge Technique 
D. R. Secrist 1 and J. D. Mackenzie 

Rensselaer Polytechnic Institute, Troy, New York 

ABSTRACT 

Noncrystal l ine SiO2 films were deposited on various substrates at low 
temperatures  and pressures by decomposing te t raethoxysi lane by oxygen 
species from an R. F. induced oxygen plasma. The rate of deposition was 
controlled by physical adsorption; the apparent  heats of adsorption of silica 
on NaC1, Pt, fused SIO2, A1, and A12Oa were determined. A mechanism for 
formation is presented. The decomposition of the tetraethoxysi lane obeyed a 
first order ra te  law. The specific rate constant  was calculated at 310~ and 
250~ pressure. 

Studies and uti l ization of thin films, both metallic 
and nonmetall ic,  have experienced considerable 
growth in the last decade. Silica films, in part icular ,  
have enjoyed a mul t i tude  of applications. For  instance, 
masks for semiconductor devices or dielectric capac- 
itors for minia tur ized solid-state circuits are con- 
venien t ly  formed with glassy silica. Silica films can 
be formed by many  techniques (1), most of which 
necessitate relat ively high temperatures.  The "glow 
discharge" method to be described facilitates the de- 
position of glassy silica films from the vapor phase at 
low temperatures  and pressures by the decomposition 
of te traethoxysi lane wi th  energized oxygen species 
from the discharge. A_lt et al. (2) and Ing and Davern  
(3), for example, have prepared amorphous silicon 
oxide films of u n k n o w n  stoichiometry in  one form of 
the glow discharge technique. We have modified this 

1 P r e s e n t  a d d r e s s :  I n t e r n a t i o n a l  B u s i n e s s  M a c h i n e s  C o r p o r a t i o n ,  
Poughkeepsie, N e w  Y o r k .  

technique by the use of a microwave glow-discharge. 
The effects of temperature,  pressure, metal-organic  
flow (evaporation) rate, and na tu re  of the substrate 
on the rate of film growth are reported in  this paper. 

Experimental 
Matevials.--Tetraethoxysilane (C~HsO)4Si, and te- 

traethysilane, (C2H~)4Si, were obtained from Metal-  
lomer Laboratories, Maynard,  Massachusetts, and were 
of ~98% purity.  

Apparatus.--The glow discharge apparatus consisted 
basically of a modified bell  jar  which could be ma in -  
tained at low pressures under  sustained gas flow. A 
schematic drawing of the flow system is i l lustrated in  
Fig. 1. Molecular oxygen was admit ted to the system 
through a 0.003-in. precision bore capil lary which 
was positioned be tween the legs of a mercury  manom-  
eter. With a pressure differential of 770 ram, the in -  
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Fig. 1. Schematic drawing of glow discharge apparatus 

coming gas flow rate  was exper imenta l ly  determined 
to be 1.76 __ 0.05 cm3/min at 25~ A Py rex  tube, 2.54 
cm in diameter ,  served as the glow discharge cham-  
ber. The electrodeless discharge was produced with  
a Raytheon PGM-10 Microwave Generator.  This unit  
could supply 100w of microwave  energy at a fixed 
f requency of 2,450 Mcps. The R.F. energy, as generated 
by a magnetron,  was t ransfer red  by a coaxial  cable 
to the antenna (labelled wave  guide in Fig. 1) for 
dissipation. 

The predominant  exci ted product  f rom a low-en -  
ergy and low-pressure  oxygen discharge has been 
identified as atomic oxygen in the ground state (4, 5). 
The atomic oxygen and other  energized species thus 
formed were  al lowed to flow into the bell  ja r  through 
a 0.5-in. d iameter  Py rex  tube. By the use of a n i t ro-  
gen dioxide- t i t ra t ion technique (4), it was est imated 
that about 10% of the flowing molecular  oxygen en-  
tered the bell  ja r  as atomic oxygen. Tet rae thoxys i lane  
(as contained in a graduate  cyl inder  immersed  in a 
constant t empera tu re  bath) was int roduced into the 
bell  j a r  through a 5 mm diameter  Pyrex  tube under  
its own vapor  pressure. The meta l -organic  evaporat ion 
ra te  (flow rate)  at any par t icular  bath  t empera tu re  
could be al tered by adjust ing a 1 mm bore Teflon 
stopcock, which served as the inlet  va lve  into the bell  
jar. A constant t empera tu re  bath could be mainta ined 
inside an insulated two l i ter  Dewar  flask for long 
periods. 

Init ial  exper iments  indicated that  when  the sub- 
strate was mainta ined at tempera tures  below 180~ 
water  was present  in the films (6). Two n ichrome-  
wound furnaces were  therefore  designed to "contain" 
the gas reaction. The major i ty  of the studies were  
per formed inside an a luminum furnace  2V4 in. in di-  
ameter  and 4 in. long. A fused silica cyl inder  1% in. 
in d iameter  and 2�89 in. long was used as the second 
furnace core. In each case, the top of the furnace was 
covered wi th  a t ransi te  lid. The constant t empera tu re  
zone for these furnaces extended 1 cm above and be-  
low the gas inlet  port  wi th  a max imum radial  t em-  
pera ture  var ia t ion of _ 5 ~  for points 1 cm from the 
cyl inder  axes. The substrate t empera tu re  was meas-  
ured  under  deposit ion conditions wi th  a cal ibrated 
chromel -a lumel  thermocouple.  The corresponding fu r -  
nace wal l  t empera tu re  was noted and used in sub- 
sequent  exper iments  for t empera tu re  control. 

The ul t imate  vacuum achieved in the glow dis- 
charge system was 240~ wi th  an oxygen  flow rate  of 
1.76 cm3/min. Periodic pressure measurements  were  
made wi th  a Stokes McLeod gauge and did not include 
the part ial  pressures of condensable gases such as 
water .  Two l iquid ni t rogen cold traps were  placed in 
the line leading to the vacuum pump to r emove  ob-  
ject ionable  mater ia ls  f rom the system. A thermo-  
couple vacuum gauge was employed to moni tor  the 
exhaust  pressure on a continuous basis. 

Film deposition.--Depending on the na ture  of a p a r -  
t icular  exper iment ,  the substrate on which a film was 
to be deposited was suspended from either a quartz  
hel ix  balance or the furnace roof. P re l imina ry  inf ra-  
red transmission studies were  conducted for the pur-  
pose of ident i fying the film deposited; wafers  of NaC1 
and KBr  were  used as substrates. The substrates em-  
ployed in the kinetic studies were  hung f rom the fused 
silica balance and were  l imited in weight  by the load 
capacity of the balance, which was 20 rag. For  this 
work, the desirable weight  of a specimen was arbi-  
t ra r i ly  set at 10 ___ 1 mg. The fused silica substrates 
were  of i r regular  shape and approximate ly  0.75 cm 
in diameter .  A luminum and p la t inum foils were  avai l -  
able in the fo rm of 1 cm diameter  pans. To examine  
the effects of A1203 on the deposition rate, an a lumina 
(Lucalox) substrate  was prepared  by gr inding a 
wafer  of the mater ia l  to a thickness of 0.002 in. A 
sodium chloride disk 1 cm in d iameter  was formed by 
the compaction of NaC1 powder  in a die at 12,000 psi 
pressure. 

With the exception of the sodium chloride sub- 
strate, the general  cleaning procedure  adopted con- 
sisted of the rapid dipping of the specimens into a 
48% solution of hydrofluoric acid, fol lowed by r ins-  
ing with  distil led water.  All  substrates were  posi-  
t ioned in the react ion vessel in the same manner,  with 
their  wide dimension perpendicular  to the gas inlet  
tube. (The thin dimension is perpendicular  to the 
inlet  tube in Fig. 1.) Approx imate ly  1 hr  was re -  
quired for the furnace to at tain the rmal  equil ibrium. 
During the period when the furnace t empera tu re  was 
increasing, the system was purged with  tank pur i ty  
oxygen gas supplied by the Linde Company (assay 
99.7% oxygen) .  The average dew point of the gas was 
determined to be --56~ (0.071 mg wa te r / l i t e r )  and 
was re la t ive ly  constant f rom cyl inder  to cylinder.  
When the furnace had reached the rmal  equil ibrium, 
the glow discharge was ini t iated wi th  a Tesla coil and 
the substrate was bombarded with  atomic and other  
excited oxygen species for 10-15 min as an additional 
cleaning procedure.  In this work, the microwave  gen- 
era tor  was operated at 90% of its ra ted power  output. 
On opening the meta l -organic  inlet  valve,  approxi-  
mate ly  5 min were  required for the system to re tu rn  
to thermal  equil ibrium. The t empera tu re  var ia t ion 
thereaf te r  was l imited to _2~ The total pressure of 
the glow discharge system (excluding condensable 
gases) increased by about 10% and was reproducible  
for specific organic evaporat ion rates. 

The fused silica balance used in this study had a 
sensi t ivi ty of 1 c m / m g  (Microchemical  Specialties 
Company, Berkeley,  California) .  A weight  of 1 mg 
caused an extension of 10.1 mm from zero, and 98.6 
mm after  an appropr ia te  load of 10 mg (approximate  
substrate weight ) .  A typical  weight  gain exper iment  
would extend the hel ix  by 1-2 mm. Over  this l imited 
working range, the hel ix  extension per uni t  weight  
gain was linear.  A Bausch and Lomb optical reader  
was employed to determine  the cumula t ive  weight  of 
the film deposited. The telescope combined a 5 mm 
diameter  object ive  field wi th  a filar micrometer  eye-  
piece containing a cross-l ine divisible to 5000 parts. 
The  min imum extension detectable wi th  this a r range-  
ment  was 0.005 mm, which corresponded to a weight  
gain of approximate ly  0.5 ~g (or a 15A layer  of SiO2 
on a 1 cm diameter  pan) .  Measurements  were  made 
every  5 or 10 rain for the durat ion of the deposition 
period, which general ly  lasted f rom 1�89 to 2 hr. The 
incoming gas flow rate  was slow enough so that  the 
substrate was stable in the position perpendicular  
to the flow inlet  tube. The damping period of the hel ix  
was pract ical ly instantaneous;  no oscillation was ob- 
served under  equi l ibr ium conditions. At the end of 
an exper iment ,  the volume of the meta l -organic  
evaporated was measured to ___0.025 cm 3. 
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Table I. Gas analyses 

P e r  c e n t  G a s  O u t l e t  S a m p l e  F u r n a c e  S a m p l e  

0 5  12 7 
CO~ 20 23  
CO 38 52 
H z  2 0  18 
H e O  80/L/250/~* T r a c e  
(C,_,H80) ~Si T r a c e  T r a c e  
C H ~  T r a c e  - -  
A l c o h o l s  - -  - -  

* T o t a l  g a s  s a m p l e  p r e s s u r e  = 250/~; p a r t i a l  p r e s s u r e  o f  w a t e r  -- 
80/L; p a r t i a l  p r e s s u r e  of  n o n c o n d e n s a b l e  g a s e s  : 1701z. 

( C ~ H s O ) j S i ,  d e n s i t y  = 0 , 9 3 5 6  g / e m 8  a t  2 0 ~  e v a p o r a t i o n  r a t e  = 
0 .12  c m ~ / h r  a t  2 5 ~  o x y g e n  f l o w  r a t e  = 1 .76  e m ~ / m i n  a t  2 5 ~  a n d  
770  m m  H g ;  f u r n a c e  t e m p e r a t u r e  = 3 1 0 ~  

Results and Discussion 
Gas anatysis.--A q u a n t i t a t i v e  a n a l y s i s  of t h e  gase -  

ous  r e a c t i o n  p r o d u c t s  w as  m a d e  b y  m a s s  s p e c t r o m e t r y .  
Resu l t s  a r e  s h o w n  in  T a b l e  I. T h e  d e c o m p o s i t i o n  is 
s e e n  to p r o d u c e  e x t e n s i v e  a m o u n t s  of w a t e r .  W i t h  a 
m e t a l = o r g a n i c  e v a p o r a t i o n  r a t e  of 0.12 c m 3 / h r ,  t he  
p a r t i a l  p r e s s u r e  of  w a t e r  f o r  a gas  s a m p l e  co l l ec t ed  
f r o m  t h e  o u t l e t  s y s t e m  w a s  a b o u t  30% of t h e  t o t a l  
p r e s s u r e .  T h e  w a t e r  p r o d u c e d  in  t h i s  m a n n e r  cou ld  b e  
c h e m i c a l l y  i n c o r p o r a t e d  i n t o  t h e  o x i d e  f i lms w h e n  
t h e  s u b s t r a t e s  w e r e  h e l d  b e l o w  a c e r t a i n  t e m p e r a t u r e ,  
w h i c h  d e p e n d e d  on  t h e  m e t a l = o r g a n i c  f low r a t e  (6) .  
F o r  e x a m p l e ,  w i t h  a (C2H50)4Si  e v a p o r a t i o n  r a t e  of 
0.015 c m 3 / h r ,  si l icic ac id  was  o b s e r v e d  to f o r m  b e l o w  
180~ as d e t e r m i n e d  b y  i n f r a r e d  t r a n s m i s s i o n  s tud ies .  
T h e  ac id  e x h i b i t e d  a c h a r a c t e r i s t i c  a b s o r p t i o n  b a n d  a t  
a p p r o x i m a t e l y  l l n .  In  add i t i on ,  t h e  m a j o r  Si=O ab= 
s o r p t i o n  m o d e  w a s  mod i f i ed  b y  a " s h o u l d e r "  a t  ap= 
p r o x i m a t e l y  8.5~. W h e n  t h e  e v a p o r a t i o n  r a t e  w a s  in= 
c r e a s e d  to 0.15 c m 3 / h r ,  t h e  p r e s e n c e  of ac id  was  ob= 
s e r v e d  a t  t e m p e r a t u r e s  as h i g h  as  290~ 

Film evaluation.--The r e f r a c t i v e  i nd ices  of t h e  s i l ica  
f i lms w e r e  m e a s u r e d  as 1.458 __ 0.002, b y  t h e  " B e c k e  
L i n e "  m e t h o d .  S p e c i m e n s  w e r e  o b t a i n e d  f r o m  t h e  
s u b s t r a t e  a n d / o r  gas  i n l e t  tube .  T h e  i n d e x  of r e f rac=  
t ion  fo r  h i g h - p u r i t y  s i l ica  g lass  ( s u p p l i e d  b y  t he  Gen=  
e r a l  E l e c t r i c  C o m p a n y )  w a s  m e a s u r e d  as  1.458 -+- 0.002, 
in  good a g r e e m e n t  w i t h  t h e  f i lm va lues .  T h e  f i lms 
w e r e  i s o t r o p i c  w h e n  o b s e r v e d  w i t h  p o l a r i z e d  l i g h t  
a n d  w e r e  a m o r p h o u s  b y  x = r a y  d i f f rac t ion .  A c o m p a r i =  
son  of t h e  i n f r a r e d  a b s o r p t i o n  s p e c t r u m  of a s i l ica  f i lm 
d e p o s i t e d  on  a NaC1 s u b s t r a t e  w i t h  t h a t  of f u s e d  s i l ica  
g lass  is s h o w n  in  Fig. 2. T h e  i n f r a r e d  b a n d  a t  1080 
c m  -1 h a s  b e e n  iden t i f i ed  as a de f in i t e  S i -O=Si  b o n d  
s t r e t c h i n g  v i b r a t i o n .  T h e  b a n d  a t  800 cm -1 is n o t  w e l l  
u n d e r s t o o d ,  b u t  h a s  o f t en  b e e n  a s soc i a t ed  w i t h  t h e  
o c c u r r e n c e  of r i n g  g r o u p s  in  t h e  g las sy  s t r u c t u r e .  T h e  
m a j o r  Si=O s t r e t c h i n g  m o d e  fo r  t h e  f i lm h a s  s h i f t e d  
to a s o m e w h a t  l o w e r  f r e q u e n c y .  A s i m i l a r  s h i f t  of t he  
s a m e  a b s o r p t i o n  b a n d  h a s  b e e n  r e p o r t e d  fo r  s a m p l e s  
of s i l ica  glass  w h i c h  w e r e  h i g h l y  s t r e s s e d  a n d  den= 
sif ted b y  e i t h e r  t h e  a p p l i c a t i o n  of v e r y  h i g h  pres=  
su re s  or  b y  n e u t r o n  i r r a d i a t i o n  ( 7 , 8 ) .  P l i s k i n  a n d  
L e h m a n  (9) h a v e  s h o w n  t h a t  p o r o s i t y  in  t h e  f i lms a n d  
b o n d  s t r a i n  c a n  af fec t  t h e  s p e c t r u m  in  t h e  s a m e  m a n =  
ner .  I t  is a lso  pos s ib l e  t h a t  a v a r i a t i o n  of t h e  S i - O - S i  
a n g l e  o r  a c h a n g e  in  t h e  o r i e n t a t i o n  of s i l ica  t e t r a=  

wAvu~,~m {~u~oNs) 
, ~ ~ s ~ ~ ~ 6 z ~ , ~o )2 ~ 

- - o - , , ,  

Fig. 2, Comparison of the infrared absorption spectra of a 
noncrystalline silica film prepared by vapor deposition, and fused 
silica glass. 

h e d r a  cou ld  occur  d u r i n g  t he  b u i l d = u p  of a s i l ica  net= 
w o r k  b y  v a p o r  d e p o s i t i o n  a n d  cause  a shi f t .  

T h e  r e l a t i v e  t h i c k n e s s  of t h e  f i lms d e p o s i t e d  o n  t h e  
f r o n t  a n d  b a c k  f aces  of a l=in.  d i a m e t e r  NaC1 w a f e r  
was  d e t e r m i n e d  b y  m e a s u r i n g  t h e  a r e a  u n d e r  t h e  m a i n  
i n f r a r e d  a b s o r p t i o n  b a n d .  T h e  s p e c t r u m  fo r  b o t h  f i lms 
was  r e c o r d e d  a n d  t h e n  r e - e x a m i n e d  a f t e r  one  f i lm 
h a d  b e e n  r e m o v e d  f r o m  t h e  w a f e r .  T h e  a r e a  u n d e r  
t h e  S i - O  b a n d  fo r  b o t h  f i lms w a s  a p p r o x i m a t e l y  t w i c e  
t h e  a r e a  r e c o r d e d  for  t h e  s i n g l e  film. I n  t h i s  way ,  
t he  f i lms w e r e  d e t e r m i n e d  to be  of a p p r o x i m a t e l y  t h e  
s a m e  t h i c k n e s s ,  w h i c h  s h o w e d  t h a t  t h e  " s i l i c o n - o x y -  
gen  spec ie"  c o n c e n t r a t i o n  in  t he  gas  p h a s e  i m m e d i =  
a t e ly  s u r r o u n d i n g  t he  s u b s t r a t e  was  r e l a t i v e l y  uni= 
fo rm.  T h e  t h i n  s i l ica  f i lms (5000A) a d h e r e d  w e l l  to 
a l l  of t h e  s u b s t r a t e s .  F i l m s  3p. in  t h i c k n e s s  w e r e  
r e a d i l y  d e p o s i t e d  on  t h e  a l u m i n u m ,  f u s e d  sil ica,  or  
a l u m i n a  s u b s t r a t e s ,  b u t  s p a l l e d  off f r o m  p l a t i n u m  foi l  
w h e n  t h e  t h i c k n e s s  e x c e e d e d  a b o u t  5000A. T h i s  be= 
h a v i o r  cou ld  n o t  be  a t t r i b u t e d  to t he  d i f f e r e n c e s  in  
t he  t h e r m a l  e x p a n s i o n  coeff ic ients  of t h e  s u b s t r a t e s .  
S o m e  of t he  f i lms w e r e  r e = e x a m i n e d  a f t e r  t h r e e  
w e e k s '  e x p o s u r e  to t h e  a t m o s p h e r e .  T h e  r e f r a c t i v e  
i nd ices  a n d  i n f r a r e d  a b s o r p t i o n  s p e c t r a  w e r e  u n -  
c h a n g e d .  

Kinetics of deposition.--The d e c o m p o s i t i o n  of t he  
(C2H50)4Si  was  s t u d i e d  in  a f lowing  s y s t e m  ma in=  
t a i n e d  a t  250 _ 10~ p r e s s u r e .  B y  th i s  m e t h o d ,  t h e  
r e a c t i o n  p r o d u c t s  w e r e  r e m o v e d  f r o m  t h e  sy s t em,  a n d  
t he  s e c o n d a r y  r e a c t i o n s  w e r e  s u b s t a n t i a l l y  r e d u c e d .  
T h e  ef fec t  of t e m p e r a t u r e  o n  t h e  d e p o s i t i o n  r a t e  of t h e  
g lassy  s i l ica  f i lms w a s  s t u d i e d  w i t h  a c o n s t a n t  me ta l=  
o r g a n i c  e v a p o r a t i o n  r a t e  of 0.15 • 0.01 c m a / h r .  T h e  
effect  of m i n o r  p r e s s u r e  v a r i a t i o n s  w a s  f o u n d  to be  
neg l ig ib l e .  F o r  e x a m p l e  w h e n  t h e  t o t a l  gas  p r e s s u r e  
was  i n c r e a s e d  to 500~ ( b y  t h e  use  of a v a l v e  l e a d i n g  to 
t h e  v a c u u m  p u m p ) ,  no  c h a n g e  was  d e t e c t e d  in  t he  
r a t e  of depos i t ion .  H o w e v e r ,  a n y  f u r t h e r  i n c r e a s e  of 
t h e  t o t a l  p r e s s u r e  r a p i d l y  d e c r e a s e d  t h e  r a t e  of dep= 
os i t i on  due  to ( i)  p o i s o n i n g  effects  f r o m  the  reac= 
t i on  p r o d u c t s  a n d  (ii) a n  i n c r e a s e d  r e c o m b i n a t i o n  
r a t e  of t h e  o x y g e n  a t o m s  in  t h e  gas  phase .  U n d e r  
e q u i l i b r i u m  cond i t i ons ,  t h e  r a t e  of d e p o s i t i o n  w a s  
c o n s t a n t ,  as  s h o w n  in  Fig.  8. T h e  v a r i a t i o n  of t h e  d e p -  
o s i t i on  r a t e  w i t h  t e m p e r a t u r e  cou ld  b e  d e s c r i b e d  b y  
t he  A r r h e n i u s  e q u a t i o n  a b o v e  290~ 

r = A e x p  ( - -H/RT)  [1] 

w h e r e  r is t h e  d e p o s i t i o n  r a t e  ( m g / c m 2 / m i n ) ,  A a 
cons t an t ,  H t h e  a p p a r e n t  h e a t  of  a d s o r p t i o n  - - ( k c a l /  
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Fig, 3. Linear relation of silica deposition with time 
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mole) ,  R gas constant (1.99 ca l / deg ree /mo le ) ,  and T 
substrate t empera tu re  (~  

The relat ionship be tween  logar i thm r and recip-  
rocal t empera tu re  is shown in Fig. 4. The data have 
been spread to show the t empera tu re  dependence of 
the deposition rate  on each substrate. F rom Fig. 4, it 
is apparent  that  the deposition rate  is re la t ive ly  in-  
sensit ive to t empera tu re  at least for p la t inum below 
about 290~ Above this tempera ture ,  the rate  de-  
creases wi th  increasing temperature .  In addition, the 
rate  of deposition on sodium chloride, fused silica, and 
plat inum is equivalent ,  but  different  f rom the deposi-  
tion ra te  on a luminum and a lumina (for all practical  
purposes, the a luminum substrate, can be considered 
as alumina, since a surface layer  of the oxide is al- 
ways present) .  As previously mentioned, silicic acid 
was identified as a major  const i tuent  in the films 
formed below 290~ when  the meta l -organic  evapora-  
tion ra te  was 0.15 cm3/hr. The re la t ive ly  constant dep-  
osition rate noted in Fig. 4 below approximate ly  
290~ can be associated with  this acid formation. 
However ,  this does not imply that  the acid is formed 
on the substrate surface. Brady (10) has stated that  
both S i (OH)4 and S i20(OH)6  probably  exist  in the 
vapor  phase when  steam is equi l ibrated with  a sili- 
ceous molecule  at re la t ive ly  high pressures, and 
Straub (11) has suggested that  silicic acid can be 
formed in the vapor  phase. In addition, Brewer  and 
Elliott  (12) have proposed that  S i (OH)~ �9 3H20 can 
exist as a volat i le  specie. It is conceivable,  therefore,  
that  the silicic acid observed in the present  s tudy 
could be formed in the vapor  phase. Since about 30% 
of the total gas pressure of the system was due to the 
water  formed in the decomposit ion process, it was 
apparent  that  the mix tu re  of "s i l icon-oxygen species" 
and wate r  molecules or "hydra ted  s i l icon-oxygen 
species" bombarding the substrate surface was wel l  
in excess of the number  which could be deposited. 
It  is proposed that  a m a x i m u m  adsorption of the mix -  
ture occurs unti l  a t empera tu re  is reached when the 
incorporat ion of water  into the film is the rmody-  
namical ly  unfavorable,  in this case, 290~ Above  this 
temperature ,  silica is deposited. Support ing evidence 
for this mechanism is offered by the work  of Hockey 
and Pethica  (13), who reported that  the hydra t ion  of 
silica made  by burning SIC14 in a hydrogen-oxygen  
mixture  occurred as chemisorbed hydroxyl  groups 
bonded to surface silicon atoms. In their  studies, the 
surface hydroxyl  groups could be removed  f rom the 
silica surface by heat ing in the range  200~176 

The decrease in the deposition rate  above 290~ is 
characterist ic of an adsorpt ion-control led process. In 
order  for the free energy of the system to decrease, 
heat  must  be evolved, and the rate  of an exothermic  
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Fig. 4. Relation of logarithm silica deposition rate and 1/T for 
deposition on various substrates. 

process wil l  general ly  decrease wi th  increasing t em-  
perature.  From an atomistic viewpoint ,  in this study, 
the "s i l icon-oxygen specie" could be imagined to 
possess a mean l i fe t ime in which to select a site on 
the substrate surface. As the tempera ture  is raised, 
more kinetic energy would be impar ted  to the specie, 
and the mean l i fet ime for adsorption would be de-  
creased. Kle re r  (14) has proposed a similar  mechan-  
ism for the deposition of organic po lymer  films on 
silicon below 250~ 

The apparent  heats of adsorption of silica glass on 
the various substrates were  calculated f rom the slopes 
of the lines in Fig. 4. A regression analysis of the 
data was made to de termine  the most probable slopes 
and the s tandard deviations. The apparent  heat  of 
adsorption of silica on the fused silica, NaC1, and 
pla t inum substrates was calculated to be 12.7 kca l /  
mole, wi th  a s tandard deviat ion of 0.2 kcal /mole .  For 
the a luminum or a lumina substrates, the apparent  
heat  of adsorption was calculated to be 9.5 kcal /mole ,  
wi th  a standard deviat ion of 0.3 kcal /mole .  The mag-  
nitudes of the heats of adsorption are typical of those 
repor ted  for physical adsorption processes, e.g., the 
heat  of adsorption of CO2 on silica gel is approxi -  
mate ly  7.1 kca l /mole ;  that  of water  on charcoal is 
about 10.0 kca l /mole  (15). 

In general,  it may be stated that  the heat  of ad- 
sorption of the same adsorbate on different substrates 
is approximate ly  the same (16). For mul t imolecular  
adsorption, the init ial  substrate  surface is masked 
after  several  monolayers  of adsorbate have  been de- 
posited. For  example,  in this study all subsequent  con- 
densate wil l  fall  on a SiO2 layer  ra ther  than the origi-  
nal substrate surface. For this reason, the rate  of 
deposition on all substrates should be similar. The 
difference in the apparent  heat  of adsorption of silica 
on the platinum, silica, or NaC1 substrates and the 
a lumina or a luminum substrates is real  and much 
larger  than the l imit  of error  imposed by the stand- 
ard deviations. It  was concluded that the nature  of the 
a luminum oxide surface was responsible for the dif-  
ference in the apparent  heats of adsorption observed. 
The react ion of a lumina wi th  silica to form a com- 
pound was not considered, since the rate  of deposition 
of silica became constant soon after the meta l -organic  
vapor  was admit ted to the react ion furnace. In addi-  
tion, the rate  of such a react ion would probably  be 
quite  slow at 300~176 

The chemical  na ture  of a substrate surface has 
been repor ted  to influence a number  of processes, 
even though the surface is covered with  many  molec-  
ular  layers of adsorbate. For  example,  a mica sub- 
strate will  affect the crystal l ization behavior  of am-  
monium iodide through a film of cellulose acetate or  
rubber  1000A in thickness (17). A similar  observation 
was made in the present  study when a potassium 
bromide substrate  was used in place of a NaC1 disk 
for the identification of silicic acid below 290~ 
Silicic acid inclusions were  not detected by infrared 
analysis w h e n  the  films were  formed on NaC1 sub- 
strates held at 290~ (for meta l -organic  evaporat ion 
rates up to 1 cm3/hr) .  However ,  under  s imilar  condi-  
tions of t empera tu re  and pressure,  but  wi th  an al tered 
organic evaporat ion rate of 0.15 cm3/hr, silicic acid 
was observed to form in the film deposited on a KBr  
substrate. (The NaC1 and KBr  substrates were  single 
crystals and showed no evidence of water  by inf ra -  
red analysis pr ior  to these experiments . )  F rom this 
experiment ,  it was concluded that  the hydrophil ic  
na ture  of the KBr  surface could account for the selec- 
t ive absorption of wa te r  into the silica structure.  

The  adsorpt ive propert ies  of an oxide surface are 
usual ly dependent  on the degree of hydra t ion  and the 
chemical  state of the hydra ted  surface (when the ad- 
sorbates can form hydrogen  bonds).  Per i  and Hannon 
have reported that  both hydroxyl  groups and wate r  
molecules are held on the surfaces of ,~-alumina (18). 
In thei r  work, the water  molecules were  desorbed on 
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h e a t i n g  in  a v a c u u m  to 400~ b u t  a b o u t  40% of t h e  
s u r f a c e  a r e a  r e m a i n e d  c o v e r e d  w i t h  h y d r o x y l  g roups .  
A s i m i l a r  s t a t e  of h y d r a t i o n  p r o b a b l y  e x i s t e d  on  t h e  
s u r f a c e  of t h e  a l u m i n a  d i sk  u s e d  in  t h i s  s tudy .  I n  t he  
s a m e  w a y  t h a t  t h e  K B r  s u b s t r a t e  a d s o r b e d  w a t e r ,  i t  
is p r o p o s e d  t h a t  a h y d r a t e d  a l u m i n a  s u r f a c e  w o u l d  
t e n d  to i n c o r p o r a t e  f u r t h e r  h y d r o x y l  g r o u p s  i n to  t he  
s i l ica  film. T h e  a d s o r p t i o n  of h y d r o x y l  g r o u p s  w o u l d  
a c c o u n t  fo r  t h e  d i f f e r e n c e  in  t he  a p p a r e n t  h e a t  of 
a d s o r p t i o n  o b s e r v e d  w i t h  t he  a l u m i n a  su r faces .  

Reaction order and specific rate constant . - -The d e p -  
o s i t i on  r a t e  of s i l ica  w a s  d i r e c t l y  p r o p o r t i o n a l  to t h e  
c o n c e n t r a t i o n  ( e v a p o r a t i o n  r a t e )  of  t e t r a e t h o x y s i l a n e  
fo r  e v a p o r a t i o n  r a t e s  b e l o w  0.13 c m 3 / h r .  T h i s  r e l a t i o n -  
sh ip  is i l l u s t r a t e d  in  Fig.  5 fo r  s i l ica  g lass  d e p o s i t e d  
on to  p l a t i n u m  a n d  a l u m i n u m  foil. F o r  e v a p o r a t i o n  
r a t e s  b e l o w  0.13 c m 3 / h r ,  i t  is  e v i d e n t  t h a t  t h e  d e c o m -  
p o s i t i o n  of t h e  m e t a l - o r g a n i c  o b e y e d  a f i rs t  o r d e r  r a t e  
l a w  of t h e  f o r m  

2.303 a 
k = - -  log  ~ [2] 

t (a - -  x)  

w h e r e  k is t h e  specif ic  r a t e  c o n s t a n t ,  sec -1,  t t h e  r e a e -  
t i o n  t ime ,  sec, a t h e  m e t a l - o r g a n i c  e v a p o r a t i o n  ra t e ,  
cmZ/h r ,  a n d  x t h e  m e t a l - o r g a n i c  d e c o m p o s i t i o n  r a t e ,  
c m 3 / h r .  F o r  e v a p o r a t i o n  r a t e s  in  excess  of 0.13 c m 3 / h r ,  
t h e  s u b s t r a t e  a r e a  w as  r a t e  l i m i t i n g .  

T h e  m a x i m u m  a m o u n t  of t e t r a e t h o x y s i l a n e  w h i c h  
cou ld  b e  d e c o m p o s e d  in  t h e  o x y g e n  p l a s m a  w a s  n o t  
d e t e r m i n e d  i n  t h i s  i n v e s t i g a t i o n ,  H o w e v e r ,  a n  i n d i c a -  
t i on  of t h e  a m o u n t  of t e t r a e t h o x y s i l a n e  d e c o m p o s e d  
cou ld  b e  o b t a i n e d  f r o m  t h e  t o t a l  p r e s s u r e  of t h e  sys -  
tern.  A s l igh t ,  b u t  p r o g r e s s i v e  i n c r e a s e  in  p r e s s u r e  w a s  
n o t i c e d  w h e n  t h e  m e t a l - o r g a n i c  e v a p o r a t i o n  r a t e  w a s  
i n c r e a s e d  f r o m  0.13 to 0.16 c m 3 / h r .  Hence ,  t h e  a m o u n t  
of a i l ane  d e c o m p o s e d  w as  n o t  r a t e  l imi t ing .  T h e  d e p -  
o s i t i on  r a t e  o n  t h e  a l u m i n a  s u b s t r a t e  w a s  g r e a t e r  t h a n  
t h a t  on  t h e  p l a t i n u m  s u b s t r a t e  b e c a u s e  of a v a r i a t i o n  
in  t h e  " s i l i c o n - o x y g e n  spec ie"  c o n c e n t r a t i o n  ( t h e  
v o l u m e  of t h e  f u s e d  s i l ica  f u r n a c e  w a s  a b o u t  o n e -  
t h i r d  of t h a t  fo r  t he  a l u m i n u m  f u r n a c e  w i t h  t h e  s a m e  
o r g a n i c  f low r a t e ) .  T h e  i n c o r p o r a t i o n  of h y d r o x y l  
g r o u p s  in to  t h e  s i l ica  f i lm d e p o s i t e d  o n  t h e  a l u m i n a  
s u b s t r a t e  w o u l d  a c c o u n t  f o r  t he  d i f f e r ence  in  t h e  
s lopes  of t h e  t w o  l ines  i n  Fig.  5, as  p r e v i o u s l y  d i s -  
cussed.  

I n  o r d e r  to a p p l y  Eq.  [2] to a f low s ys t em,  F r o s t  
a n d  P e a r s o n  (19) r e d e f i n e d  t h e  t i m e  v a r i a b l e  as 
t = V /u ,  w h e r e  V is t h e  v o l u m e  of t h e  r e a c t i o n  c h a m -  
b e r  a n d  u is t h e  gas  f low ra te .  T h e  t i m e  v a r i a b l e  
V / u  was  a m e a s u r e  of t h e  t i m e  t h a t  a gas  r e a c t a n t  
w o u l d  s p e n d  i n  p a s s i n g  t h r o u g h  t h e  r e a c t i o n  vessel .  
I n  d e r i v i n g  th i s  e q u a t i o n ,  i t  w as  a s s u m e d  t h a t  t h e  r a t e  
of t h e  gas  f low t h r o u g h  t h e  r e a c t i o n  f u r n a c e  w a s  c o n -  

s t a n t  a n d  t h a t  the  gases  d id  n o t  mix .  A n  a p p r o x i m a t e  
v a l u e  of t h e  specific r a t e  c o n s t a n t  for  t h e  d e c o m p o s i -  
t i on  of t e t r a e t h o x y s i l a n e  c a n  b e  c a l c u l a t e d  f r o m  th i s  
l a t t e r  e q u a t i o n .  T h e  f o l l o w i n g  a s s u m p t i o n s  w e r e  
m a d e :  (a )  t h e  r a t e  of gas  f low t h r o u g h  t he  f u r n a c e  
was  c o n s t a n t ;  (b )  gas  m i x i n g  d id  no t  occur ;  (c)  t h e  
t o t a l  r e a c t i o n  took  p l ace  in  t h e  f u r n a c e ;  (d)  t h e  i n l e t  
gas  t e m p e r a t u r e  w a s  s i m i l a r  to  t h e  f u r n a c e  t e m p e r a -  
t u r e ;  (e )  t h e  idea l  gas  l aw  was  a p p l i c a b l e  to  b o t h  
o x y g e n  a n d  t e t r a e t h o x y s i l a n e .  

T h e s e  a s s u m p t i o n s  a r e  no t  u n r e a s o n a b l e .  T h e  c o n -  
s t a n t  s i l ica  d e p o s i t i o n  r a t e  w o u l d  i n d i c a t e  t h a t  t h e  
flow r a t e s  w e r e  f a i r l y  c o n s t a n t .  T h e  r e a c t a n t  gases  
w e r e  f ed  in to  t h e  f u r n a c e  t h r o u g h  i n d i v i d u a l  i n l e t  
t u b e s  a n d  d id  no t  p r e m i x .  T h e  r a t e  of d e p o s i t i o n  of 
s i l ica  d e c r e a s e d  r a p i d l y  as t h e  s u b s t r a t e  w a s  l o w e r e d  
in  t h e  r e a c t i o n  f u r n a c e ,  w h i c h  s h o w e d  t h a t  t h e  r e -  
a c t i o n  t ook  p lace  p r e d o m i n a n t l y  in  t h e  f u r n a c e  vesse l .  
T h e  i n l e t  gas  t e m p e r a t u r e  was  s i m i l a r  to t h e  f u r n a c e  
t e m p e r a t u r e  b e c a u s e  t h e  r a d i a l  t e m p e r a t u r e  v a r i a -  
t i on  in  t h e  f u r n a c e  w a s  n o t  a p p r e c i a b l e  u n d e r  f low 
cond i t ions .  F o r  t h e  t e m p e r a t u r e  a n d  p r e s s u r e  c o n d i -  
t ions  of t h e  e x p e r i m e n t ,  o x y g e n  does  no t  d e v i a t e  a p -  
p r e c i a b l y  f r o m  t h e  i dea l  gas  law.  T h e  o x y g e n  flow 
r a t e  was  m u c h  l a r g e r  t h a n  t h a t  of t he  m e t a l - o r g a n i c  
vapor ,  so t h a t  e v e n  if  t h e  i dea l  gas  l a w  w e r e  no t  
o b e y e d  b y  t h e  l a t t e r ,  t h e  effect  on  t h e  c a l c u l a t i o n s  
i n v o l v e d  w o u l d  be  m i n o r .  

A c a l c u l a t i o n  of t h e  r a t e  c o n s t a n t  was  m a d e  for  
t he  f u s e d  si l ica f u r n a c e  ( v o l u m e  = 62.5 cm 3) f o r  a 
m e t a l - o r g a n i c  e v a p o r a t i o n  r a t e  of 0.12 c m 3 / h r .  T h e  
a m o u n t  of t e t r a e t h o x y s i l a n e  d e c o m p o s e d  w a s  es t i -  
m a t e d  f r o m  a k n o w l e d g e  of t h e  r e a c t a n t  p r o d u c t s  a n d  
t h e i r  r e s p e c t i v e  c o n c e n t r a t i o n s .  In  v i e w  of t he  r e a c -  
t ion  p roduc t s ,  i t  w a s  e v i d e n t  t h a t  t h e  o x i d a t i o n  of t h e  
t e t r a e t h o x y s i l a n e  w a s  q u i t e  c o m p l e t e .  F r o m  T a b l e  I, 
t h e  t o t a l  n u m b e r  of mo le s  of o x y g e n  c o m b i n e d  as 
e i t h e r  c a r b o n  m o n o x i d e  or  c a r b o n  d i o x i d e  is s e e n  to 
be  s i m i l a r  for  t he  t w o  gas  s a m p l e s :  t he  a m o u n t  of 
o x y g e n  p r e s e n t  in  e a c h  case  w o u l d  be  e q u i v a l e n t  if  
t h e  c o n d e n s a b l e  w a t e r  v a p o r  p r e s s u r e  w a s  t a k e n  
i n to  a c c o u n t  (02  = 12% b a s e d  on  n o n c o n d e n s a b l e  gas  
p r e s s u r e ,  O2 = 8% i n c l u d i n g  w a t e r  p r e s s u r e ) .  B y  
c o m p a r i n g  t h e  t o t a l  n u m b e r  of mo le s  of o x y g e n  c o n -  
s u m e d  ( i n c l u d i n g  o x y g e n  a v a i l a b l e  f r o m  t h e  t e t r a -  
e t h o x y s i l a n e )  w i t h  t h e  a m o u n t  of o x y g e n  r e q u i r e d  
fo r  t h e  c o m p l e t e  c o m b u s t i o n  of t h e  t e t r a e t h o x y s i l a n e  
a c c o r d i n g  to t he  a n a l y s i s  in  T a b l e  I, i t  w a s  e s t i m a t e d  
t h a t  85% of t h e  t e t r a e t h o x y s i l a n e  was  d e c o m p o s e d  
u n d e r  e q u i l i b r i u m  cond i t i ons .  A 10% e r r o r  i n  th i s  
e s t i m a t e  w o u l d  cause  a 37% e r r o r  in  t h e  specif ic  r a t e  
c o n s t a n t .  

T h e  t o t a l  gas  f low r a t e  w a s  c a l c u l a t e d  b y  a s s u m i n g  
t h a t  t h e  i dea l  gas  l a w  h e l d  fo r  b o t h  t h e  o x y g e n  a n d  
t e t r a e t h o x y s i l a n e .  T h e  gas  f l0w r a t e  d e t e r m i n e d  in  
th i s  w a y  was  1.96 c m 3 / m i n  a t  25~ a n d  1 a r m  p r e s s u r e .  
Th i s  flow r a t e  w a s  c o r r e c t e d  fo r  a t e m p e r a t u r e  of  
310~ ( f u r n a c e  t e m p e r a t u r e )  a n d  250~ p r e s s u r e  b y  t h e  
a p p l i c a t i o n  of t h e  i dea l  gas law.  T h e  v a l u e s  w e r e  t h e n  
s u b s t i t u t e d  i n t o  Eq.  [2],  a n d  t h e  specif ic  r a t e  con -  
s t a n t  w a s  c a l c u l a t e d  to b e  5.85 sec -1. In  v i e w  of  t h e  
a s s u m p t i o n s  r e q u i r e d  fo r  t h i s  ca l cu l a t i on ,  t h e  l i m i t s  of 
e r r o r  w e r e  e s t i m a t e d  to b e  _ 5 0 % ,  or  k = 6 --4--- 3 
sec - I  a t  310~ a n d  250t, p r e s s u r e .  

Mechanism of f i lm format ion . - - In  t h i s  s tudy ,  t h e  
e n e r g y  n e c e s s a r y  fo r  t h e  d e c o m p o s i t i o n  was  s u p p l i e d  
in  t h e  f o r m  of a n  o x y g e n  p l a s m a  p r o d u c e d  in  a g low 
d i scha rge .  T h e  p r e d o m i n a n t  spec ie  o b t a i n e d  f r o m  a n  
o x y g e n  d i s c h a r g e  h a s  b e e n  i d e n t i f i e d  as a t o m i c  o x y -  
gen  i n  t h e  g r o u n d  s t a t e  ( 4 , 5 ) .  T h e  h o m o g e n e o u s  
r e c o m b i n a t i o n  of a t o m i c  o x y g e n  in  t h e  gas  p h a s e  is 
a c c o m p a n i e d  b y  t h e  r e l e a s e  of 59.1 k c a l / m o l e  of 
a t o m i c  o x y g e n  (20) ;  i t  was  p r e s u m e d  t h a t  t h e  a m o u n t  
of e n e r g y  l i b e r a t e d  w h e n  t h e  o x y g e n  a t o m s  i n t e r a c t e d  
w i t h  t h e  m e t a l - o r g a n i c  m o l e c u l e s  was  of a s i m i l a r  
o r d e r  of m a g n i t u d e .  

A m e c h a n i s m  fo r  t h e  d e c o m p o s i t i o n  c a n  be  p o s t u -  
l a t e d  f r o m  a c o n s i d e r a t i o n  of t h e  b o n d  e n e r g i e s  w i t h i n  
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the molecule  and the reaction products. The te t ra-  
e thoxysi lane molecule can be represented as 

R H H 
I I I 

R - - S i - - O - - C - - C - - H  where  R = (C2H50) 

R H H 

The bond energies involved are taken f rom Cottrel l  
(20) and are  as follows: 

S i - -O  (108 kca l /mole)  
C - - O  ( 86 kca l /mole)  
C - - H  ( 9 6 k c a l / m o l e )  
C - - C  ( 8 3 k c a l / m o l e )  

From these data, it was apparent  that  the Si-O 
bond would be the least l ikely to rupture.  The C-O 
bond is compara t ive ly  weaker,  and rupture  of this 
bond would free a C2H5 group. At  the same time, hy-  
drogen could be detached from the molecule. Al -  
though the subsequent  reactions are too numerous to 
list, it is probable that  the fol lowing pre l iminary  re-  
actions are among those which occurred 

C2H5 --> CxHy 

H ~ - H ~ H 2  

CxHy + O + 02-~ CO2 + H20 

[3] 

[4] 

[5] 

To de termine  whe ther  the decomposit ion was in- 
fluenced by the chemical  na ture  of the furnace vessel, 
exper iments  were  conducted in both a fused silica 
furnace (volume ~ 62.5 cm ~, surface ~ 81 cm 2) and an 
a luminum furnace (volume = 202 cm 3, surface ~ 181 
cm2). The apparent  heats of adsorption of silica on an 
a lumina substrate were  found to be similar  (see Fig. 
4). This indicated that  the mechanism of the decom- 
position was independent  of the react ion chamber.  In 
order  to establish whe the r  thermal  energy contr ibuted 
to the decomposition rate, two weight  gain exper i -  
ments were  conducted at 400~ without  a glow dis- 
charge and under  both static and dynamic conditions. 
No decomposition or  adsorption of the organic vapor  
occurred on a p la t inum substrate dur ing an 8-hr 
period, which demonst ra ted  that  silica was not being 
deposited under  these conditions. 

Ing and Davern  (3) have deposited silicon oxide 
films of unknown stoichiometry by decomposing te-  
t rae thoxysi lane  by a glow discharge operated at 0.5 
megacycle. A mechanism for film growth was pro-  
posed, based on the h igh-energy  part ic le  bombard-  
ment  decomposit ion of te t rae thoxysi iane  in the gas 
phase to yield silicon oxide clusters. It  was thought  
that  the clusters were  subsequent ly  deposited on a 
substrate surface and that  any at tached Organic groups 
were  then fur ther  dissociated. 

Glassy silica films were  prepared in our studies by 
decomposing te t rae thoxysi lane  in an argon plasma. 
The index of refract ion of the films was measured 
as 1.458 __+ 0.002, in agreement  wi th  the value for 
silica glass. The infrared adsorption spectra of these 
two monocrystal l ine  solids were  also similar, and ex-  
hibited absorption bands at 9.2 and 12.5~. This exper i -  
ment  showed that  the "s i l icon-oxygen specie" was 
avai lable f rom the meta l -organic  molecule.  Evident ly  
the meta l -organic  molecule  can absorb sufficient en- 
ergy to cause bond rupture  and a s i l icon-oxygen 
specie is formed. The rate  of film growth in the argon 
plasma was exceedingly slow; a film of approximate ly  
2000A in thickness was deposited af ter  6 hr. This sug- 
gested that  the rate  of the decomposit ion was depend-  
ent on the s imultaneous oxidation of the molecule. 
However ,  the amount  of energy t ransferred in an 
argon plasma may be rate  control l ing and was not 
determined.  

In order to ascertain whether  the silicon oxygen 
specie could be formed ent i re ly  in the vapor  phase, 
tetraethylsi lane,  (C~Hs)4Si, was decomposed in an 
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Fig. 6. Relation o[ Iogorithm silica deposition rote end 1/T for 
noncrystolline silico films prepored by the vapor phose decomposi- 
tion of tetroethoxysilone ond tetroethylsilone. (Deposition on 
plotinum foil). 

oxygen plasma. It  was found that  the silica films de-  
posited in this manner  were  indist inguishable f rom 
the silica films fo rmed  from (C2H50)4Si. The ref rac-  
t ive indices and infrared adsorption spectra were  
similar;  the apparent  heats of adsorption on plat inum 
were  also the same, as de termined f rom the t empera -  
ture dependence of the deposition rate, which is 
shown in Fig. 6. With a (C2H5)4Si evaporat ion rate 
of 0.08 cm3/hr, the deposition rate  of silica on a plat i-  
num foil kept  at 306~ was 4.15 x 10 -4 m g / c m  2 rain. 
Under  s imilar  conditions, the deposition rate  with 
(C2H~O)4Si was 6.9 x 10 -4 m g / c m  2 min. These depo- 
Sition rates are not too different. It was concluded, 
therefore,  that  the s i l icon-oxygen specie which formed 
the S i -O-Si  ne twork  could be synthesized direct ly in 
the vapor  phase. Since the deposition of silica was 
possible in an argon plasma, it is reasonable to suspect 
that  the main role of an oxidizing atmosphere  was to 
remove  the hydrocarbon portions of the meta l -organic  
molecule. 

Based on the foregoing experiments,  the fol lowing 
mechanism is proposed for the growth of a silicon di- 
oxide film: The meta l -organic  molecules and ener-  
gized oxygen species, predominant ly  atomic oxygen, 
enter  the react ion furnace and collide. As a result, 
some of the meta l -organic  molecules absorb sufficient 
energy to cause bond rupture.  A simultaneous oxida-  
tion of the hydrocarbon portions of the molecule  as- 
sists the decomposit ion process and s i l icon-oxygen 
species are rapidly formed in the gas phase. Each 
specie is then imagined to possess a mean l i fe t ime in 
which to select a site on the substrate and become 
physically adsorbed. The S i -O-S i  ne twork  is formed 
when additional s i l icon-oxygen species are adsorbed. 
These species are not necessari ly SiO2 molecules, but 
may correspond to "free radicals" of the type SiO, 
SIO3, or SIO4, which are avai lable f rom the meta l -  
organic molecule. The adsorbed "radicals" may then 
crosslink to form a ne twork  of SiO4 te t rahedra,  and 
the over -a l l  composition of the film deposited would 
correspond to SiO2. As previously mentioned,  the re-  
f rac t ive  indices and infrared adsorption spectra of all 
silica films deposited in this study were  similar  to the 
s a m e  propert ies of silica glass formed by fusion and 
subsequent  cooling. Silicon dioxide always forms a 
network,  whe ther  it is crystal l ine quartz, cristobalite, 
t r idymite,  or a glass. It  appears that  the ne twork  is 
s t ructural ly  the most stable form of the solid. 

Conclusions 
1. Noncrystal l ine SiO2 films can be deposited at low 

temperatures  by the decomposition of te t rae thoxy-  
silane by a gaseous plasma produced with  a glow dis- 
charge. These films are s t ructura l ly  s imilar  to silica 
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glass prepared by conventional  fusion techniques, as 
evidenced by their infrared absorption spectra and 
refractive indices. 

2. The decomposition of te traethoxysi lane by an 
oxygen plasma produces extensive water. This water  
can be chemically incorporated into the oxide films 
when the substrates are held below a certain temper-  
ature, which deper~ds on the organic flow rate. 

3. The decomposition of te traethoxysi lane by an 
oxygen plasma obeys a first order rate law at 250~ 
pressures and temperatures  near  300~ 

4. The deposition rate of silica is directly propor-  
t ional  to the (C2H~O)4Si evaporat ion rate below a 
l imit ing value, which is dependent  on the available 
surface area of the substrate and its temperature.  

5. The si l icon-oxygen species which form the silica 
ne twork  are physically adsorbed by the substrate be-  
low 410~ The apparent  heat of adsorption of silica 
on NaC1, Pt, or fused SiO2 is 12.7 • 0.2 kcal/mole.  
The apparent  heat of adsorption on A1203 or A1 is 
9.5 _ 0.3 kcal/mole.  The difference in  the apparent  
heats of adsorption of silica is most l ikely due to the 
incorporat ion of hydroxyl  groups into the silica film 
deposited on the a lumina  or a luminum substrates. 
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Electrical Conductance Study of Na + Ion Mobility in 
Silicogermanate, Aluminogermanate, and Aluminosilicate Melts 

E. F. Riebling 
Research and Development Laboratories, Corning Glass Works, Co~ning, New York 

ABSTRACT 

Correlations between Na + ion mobility, as determined by electrical con- 
ductance measurements,  and s t ructure  changes were examined for t e rnary  
oxide melts between 1100 ~ and 1700~ Positive h and  negative AH~r de- 
viations for 25 mole % Na20 si l icogermanate melts, as well  as negative A and 
positive hHAr deviations for high silica or germania  content  melts with 
A1/Na < 1.0, can be related to (a) the oxygen packing around the Na + ion, 
and (b) the local e lectroneutral i ty  requi rements  (Na + remains  near  A104- 
portion of anions).  Specific differences between the lat ter  melts appear to be 
related to s t ructural  dissimilarities. The cation mobil i ty  increase that  accom~ 
parties the gradual  subst i tut ion of equimolar  amounts  of A1203 and Na20 for 
either GeO2 or SiO2 suggests the formation of more open, cristobali te-l ike 
liquids as the 1/1/2 composition is approached in each system. Similari t ies 
between glass and melt  conductance phenomena are also discussed. 

Recent exper imental  studies have examined the  
tempera ture  and compositional dependence of vis-  
cosity and density for t e rnary  melts in the Na20.SiO2. 
GeO2 (1), Na20-A1203-GeO2 (2, 3) and Na20-A1203. 
SiO2 (4) systems. Various part ial  molar  volume mod-  
els were developed to explain the observed molar  
volumes and other properties. Thus, GeO6 octahedra 
were found to disappear by the t ime 50% of the GeO2 
is replaced in 25 mole % Na20 melts  in the first sys- 
tem. The GeO6 octahedra stabili ty l imits in  the sec- 
ond system apparent ly  lie within the te rnary  com- 
positions bounded by a 10 mole % semicircular sweep 
of the 23 mole % Na20 point  on the b inary  sodium 

germanate  system. The aluminosil icate study revealed 
A104 tetrahedra at all melt  compositions with A1/Na 

1.0. 
A previous electrical conductance s tudy of b inary  

alkali  germanate  melts  (5) showed that  it  was pos- 
sible, to a l imited degree, to correlate equivalent  
conductance (h) t rends with both the cation field 
s trength and the s t ructure  changes that were known  
to occur with the addit ion of alkali  oxide to mol ten  
GeO2. These findings prompted the a t tempt  of a s im- 
i lar survey for selected series of related, bu t  re la-  
t ively more complicated t e rnary  oxide melts  that  con- 
tained two network forming species. 
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This paper presents electr ical  conductance results 
for the fol lowing series of melts:  (a) 25 mole % Na20 
sil icogermanates,  (b) A1/Na = 1.0 germanates,  (c) 
25 mole % Na20 aluminogermanates ,  (d) 75 mole % 
Gee2 sodium aluminogermanates ,  (e) A1/Na = 1.0 
silicates, (f) 20 mole % Na20 aluminosilicates,  and 
(g) 75 mole  % SiO2 sodium aluminosilicates.  The 
main object ive was to search for possible correlat ions 
be tween  sodium ion mobil i ty  and the previously pos- 
tulated mel t  s t ructure changes. The influence of an- 
ion variat ions on cation mobil i ty  was of specific in-  
terest. 

Experimental 
The individual  glasses were  prepared in Pt .20% Rh 

crucibles from Baker  Reagent  Grade analyzed Na2CO3 
and A1203, Eagle Picher  Electronic Grade Gee2, and 
200 mesh Pennsylvania  Glass Sand Company ceramic 
Grade SiO2. Prepara t ive  techniques and chemical  
analysis procedures, including spectrographic analysis 
of the Gee2 and SiO2 powders, have been described 
in detail  e lsewhere (1, 2, 4). 

A dipping electrode a r rangement  (paral lel  Pt .40% 
Rh wires)  was used to measure  the mel t  resistances. 
Details of the ins t rument  and its cal ibrat ion proce-  
dures are described in greater  detail  e lsewhere (6). 
Resistances were  measured  at 10 kc for an electrode 
immersion depth of 8 mm. Any  contributions to the 
total impedance by capacit ive reactances in the mel t  
were  negligible at that  frequency.  Capacit ive effects 
were  ra ther  small  be tween  1 kc ( ~  0.02 ~f) and 10 
kc ( ~  0.001 /~f). While the normal  resistance decrease 
amounted to 1-5% over  the 1 to 10 kc range, less 
than a 1% decrease was general ly  observed be tween  
5 and 10 kc. The capacitance level  and f requency de-  
pendence of the sodium aluminosil icate melts  were  
slightly larger  than the above values. 

Previous  density and viscosity exper iments  (4) 
with sodium aluminosil icate melts had shown the 
need to use an argon atmosphere in order to e l im-  
inate reboil  bubbles. 1 Consequently,  the electrode ar-  
rangements  were  adapted to allow placement  of an 
alumina argon inlet  tube just  above the radiat ion 
shield. The argon rate  was approximate ly  1-1/3 I /hr .  
Argon  was used only for the sodium alumino-s i l icate  
melts. 2 

The exper imenta l ly  de termined  resistances, includ-  
ing a known tempera tu re  dependent  contribution f rom 
the leads (~2.5 ohm),  ranged f rom 3.5 to 5 ohms for 
the Na20"SiO2.GeO2 melts, f rom 3.5 to 30 ohms for 
the Na20"A120~.GeO2 melts, and f rom 3.5 to 7 ohms 
for the Na20"A1203.SiO2 melts. 

Results 
All of the specific conductance (K) data observed 

the Arrhenius  relat ionship with  respect  to t empera -  
ture. Tempera tu re  cycling during each run  produced 
no hysteresis effects. This a l lowed the use of a least 
squares t r ea tment  for the K values. Table I gives the 
least squares constants of the log K equations for each 
composition studied in the three systems to be dis- 
cussed. 

As before (5), the fol lowing equation was used to 
calculate equivalent  conductances (n) 

A ---- 100 ~M/pmZx [1] 

where  M is the molecular  weight  of MxOy, p is the 
mel t  density (g /cc) ,  m the weight  % MxO~, Z the 
charge on M, and x the number  of M atoms per mol-  
ecule of MzO~. The equivalent  conductance so calcu-  

x O x y g e n  r ebo i l ,  w h i c h  c a n  o c c u r  a t  a p l a t i n u m - o x i d e  m e l t  i n t e r -  
f ace ,  r e s u l t s  f r o m  t h e  d i s c h a r g e  of a c o n c e n t r a t i o n  or  t h e r m a l  ce l l .  
F o r  m o r e  d e t a i l s  see 3.  H.  C o w a n ,  W. M.  B u e h l ,  a n d  J .  R. H u t c h -  
ins ,  I I I ,  to  be  p u b l i s h e d  i n  J .  A m .  Ceram.  Soc.  

E x p e r i m e n t s  s h o w e d  t h a t  a n  a i r  o r  o x y g e n  a t m o s p h e r e  cause s  
a b o u t  a 10% r e d u c t i o n  of t h e  speci f ic  c o n d u c t a n c e  (K) f o r  t h e s e  
m e l t s .  R e - i m p o s i t i o n  of a n  a r g o n  a t m o s p h e r e  does  n o t  c a u s e  a c o m -  
p l e t e  r e t u r n  to t h e  o r i g i n a l  K l eve l .  R e b o i l  b u b b l e  f o r m a t i o n  a n d  
on ly  p a r t i a l  r e m o v a l  i n  t h e s e  v i s cous  s i l i c a t e  m e l t s  c o u l d  e x p l a i n  
t h i s  e f f e c t .  

Table I. Specific conductance equations for ternary oxide melts 

L o g  K = a -- b • 1 0 4 / T ( ~  

Na~O. SiO,z. GeO,~ S y s t e m  

% G e e 2  
C o m p o s i -  M o l e  % r e p l a c e d  T,  ~ 
t i on  No.  Na~O by SiO2 a b r a n g e  

1 23.7 5.04 2.3260 0.3340 1140-1350 
2 23.9 10.7 1.9134 0.2872 1100-1330 
2R 24.0 a 9.4 1.1755 0.1672 1130-1360 
3 24.4 21.3 2.0825 0.3082 1140-1360 
4 25.3 28.2 1.5394 0.2358 1140-1310 
4R 24.0 b 29.2 1.6132 0.5218 1100-1310 
5 25.4 33.1 2 .0309 0.2982 1100-1320 
5R 25.4 c 33.1 1.6608 0.2503 1090-1330 
0 24.0  40.1 1.6531 0.2643 1160-1350 
6R 24.1 b 41.2 1.8068 0.2832 1130-1350 
7 23.9 52.1 1.8223 0.2734 1080-1300 
8 23.1 59.0 1.8012 0.2727 1110-1340 
9 24.3 69.6 1.7138 0 .2684 1110-1330 

10 24.6 80.0 1.7928 0 .28 ]5  1100-1350 
11 24.7 89.8 1.9945 0.3103 1100-1340 

Na~O.AI~O~.GeO,  S y s t e m  

C o m p o s i -  M o l e  c/~ Mole  % T,  ~ 
t i o n  No.  N a 2 0  G e e 2  ~ a b r a n g e  

12 24.4 71.7 2.0384 0.3153 1180-1330 
13 24.4 65.4 2 .1974 0.3516 1210r1360 
14 24.3 58.4 2,5293 0 .4313 1190-1370 
15 24.4 54.9 1.8819 0.3338 1230-1360 
16 22.1 74.5 2.2162 0.3500 1240-1360 
17 19.4 74.6 1.9486 0.3354 1200-1360 
18 16.8 75.7 2.1478 0.3927 1170-1350 
19 14.4 76.1 2.6590 0.5065 1230-1370 
20, 20R 4.51 90.3e 2.0933 0.5405 1270-1380 
21 12.1 75.5 1.5913 0.3634 1180-1370 
22 14.7 71.3 1.2875 0.2973 1200-1420 
23 22.8 54.9 1.4349 0.2722 1260-1370 

Na20.Al~O~-SiOz S y s t e m  

C o m p o s i -  M o l e  % Mole  % T,  ~ 
t i o n  No.  N a 2 0  SiO~ ~ a b r a n g e  

24 12.3 75.2 0.8785 0.2467 1460-1670 
24R 12.3 75.2e 0.8085 0.2344 1510-1680 
25 16.3 66.5 1.1073 0 .2599 1500-1680 
26 20.1 60.0 1.1810 0.2470 1380-1600 
27 22.1 55.8 1.1650 0.2330 1480-1650 
28, 28R 24.7 50.15 1.8988 0 .3721 1560-1700 
29 19.9 74.7 2.0756 0.4030 1390-1000 

a S a m e  m a s t e r  s a m p l e ,  n e w  a n a l y s i s .  
b N e w  s a m p l e .  
v S a m e  m a s t e r  s a m p l e .  

M o l e  % A1,Oa can  be  o b t a i n e d  by  d i f f e r e n c e .  
e R e r u n  of s a m e  s a m p l e .  

lated is that  due to one gram equivalent  per cubic 
cent imeter  and is f ree of concentrat ion effects. A com- 
position dependent  change of A can therefore  be asso- 
ciated with a change of cation mobility. 

The A isotherms are depicted as a function of com- 
position for all of the melts studied in Fig. 1 through 
7. Figure 1 shows A isotherms for 1100 ~ and 1300~ 

i 
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1 I O  I I i I = 1 i I I 
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Fig. 1. Equivalent conductance isotherms vs. composition for 
No20' Si02" Ge02 melts. 
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Fig. 2. Equivalent conductance isotherms vs. mole % Na20 for 
equimolar sodium aluminate substituted germanate melts. 
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Fig. 3. Equivalent conductance isotherms and activation energy 
vs. AI/Ge ratio for 25 mole % Na20 aluminogermanate melts. 
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Fig. 4. Equivalent conductance isotherms and activation energy 
vs. AI /Na ratio for 75 mole % Ge02 melts. 
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Fig. 5. Equivalent conductance isotherms vs. mole % bia20 for 
equimolar sodium aluminate substituted silicate melts. 

as a function of per  cent GeO2 replaced by SIO2. Three  
of the four reruns  produced differences at 1300~ that  
all but  disappeared at l l00~ These differences (15- 
20%) were  larger  than the usual level  of reproducibi l -  
i ty ( <  5%). The  reason for the bet ter  agreement  at 
l l00~ is that  the log ~ vs.  1 / T ( ~  plots for these 
six runs and reruns  tend to intersect  near  the lower  
temperature .  All  four reruns  were  completed with  
the same electrode arrangement ,  which did not change 
cal ibrat ion with  use. 

The 1100 ~ and 1300~ equivalent  conductance iso- 
therms for the A1/Na = 1.0 germanate  melts, the  25 
mole % Na20 a luminogermanate  melts, and the 75 
mole % GeO2 sodium a luminogermanate  melts are 
shown as functions of the mole % Na20 in Fig. 2, of 
the A1/Ge rat io in Fig. 3, and of the A1/Na ratio in 
Fig. 4, respectively.  A reproducibi l i ty  check of one 
mel t  (composition No. 20) gave K results that  agreed 
to within 5%. 

The 1500 ~ and 1700~ equivalent  conductance iso- 
therms for the A l / N a  = 1.0 silicate melts, the 20 
mole % aluminosil icate melts, and the 75 mole % 
SiO2 sodium aluminosil icate melts  are shown as func-  
tions of the mole  % Na20 in Fig. 5, of the AI /S i  rat io 
in Fig. 6, and of the A l / N a  ratio in Fig. 7, respectively.  
A small  amount  of react ion was noted at the mul l i te  

tip for samples No. 27 and 28, pr imar i ly  because of 
their  h igher  Na20 contents and the high temperatures .  
A fresh sample of No. 28 was re run  (No. 28R) at 
lower tempera tures  for shorter  times. No mul l i te  cor- 
rosion was observed and the ~ points all agreed wi th  
the first few ~ points f rom No. 28. Sample  No. 24 was 
re run  as a check and showed a good level  of repro-  
ducibil i ty (Table I).  

Discussion 
The  Na20" SiO2" GeO2 S y s t e m  

The A1300oc fluctuations observed in the 0-50% GeO2 
replaced region (Fig. 1) could be associated with  the 
previously suggested (1) s t ructure change (disappear-  
ance of GeO6 octahedra)  for these melts. However ,  
because of the lower net  resistances at the higher 
tempera tures  and because of the lack of complete  re-  
producibili ty,  the above association is difficult to jus-  
tify. Instead, the A1100oc isotherm ( ~  mp of GeO2) 
wil l  be assumed to more  closely resemble  real i ty  for 
in te rpre t ive  purposes. 

The calculat ion of the A values was per formed in 
such a fashion as to e l iminate  concentrat ion or re la-  
t ive number  of charge carr iers  as a factor. Thus, the 
fact that  A1100oc exhibits  posit ive deviations f rom 
ideali ty (or addit ivi ty)  of up to 25% with the sub- 
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Fig. 6. Equivalent conductance isotherms and activation energy 
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Fig. 7. Equivalent conductance isotherms and activation energy 
vs. AI/No ratio for 75 mole % SiO2 melts. 

sti tution of SiO2 for GeO2 is suggest ive of an enhanced 
Na + ion mobility. The deviat ions f rom addit ivi ty  are 
cer ta inly greater  than the normal  exper imenta l  un-  
cer ta inty associated with  these measurements .  

Of significance is the fact that  cation mobil i ty  is 
enhanced for melts  wi th  greater  than 50% GeO2 re-  
p lacement  as wel l  as for those melts wi th  lesser GeO2 
replacements.  The density and viscosity results  indi-  
cated an absence of GeO6 octahedra, wi th  just  GeO~ 
and SiO4 te t rahedra  present, for  the higher  SiO2 con- 
tent  melts. Thus, enhanced cation mobil i ty  does not 
appear  to be direct ly re la ted to the coordination n u m -  
ber of germanium (IV).  

One factor that  can influence cation mobil i ty  is 
cation size or field strength. Thus, ALl+ ~ ANa+ ~ AK+ 
for the binary alkali  germanates  (5). Each Na + ion 
in these oxide melts  can be thought  of as possessing 

t 20  

.~ t5 

I 

. I ~ '25.'LE -,.'.~ t 

i I , i , I , I , I 
20 40 60 80 I00 

- -  GeO 2 REPLACED BY S i 0 2 ~  

Fig. 8. Activation energy vs. composition for Na20"SiO2"Ge02 melts 

an oxygen polyhedron.  The most plausible par t ia l  
molar  vo lume model  for these 25 mole % Na20 melts  
(1) involves smaller  than ideal ( ~  13%) part ial  
molar  volumes for Na20 (VNa20)- I t  is ent i re ly  pos- 
sible that  cation mobil i ty  could become enhanced if 
the oxygen packing of an NaO4 or NaO6 grouping 
were  more  efficient. This assumes that  the ent ire  ca- 
t ion-oxygen polyhedron is in some way  involved in 
the act ivated process of ionic migrat ion in a weak 
applied a-c electric field. 

The above reasoning does not  imply that  the same 
oxygen envi ronment  moves with  the cation (in this 
case, the Na + ion) during the process (mechanism) 
of act ivated complex formation. A simple cooperat ive 
positional ad jus tment  of the surrounding oxygens 
could afford the Na + ion the opportuni ty  to move a 
short distance. This cooperat ive rea r rangement  could 
be easier to accomplish, thereby increasing cation 
mobil i ty  (as observed) ,  if  the oxygen packing around 
the Na + ion were  to become less voluminous (as 
seems to be the case). The negat ive  AH~ K depar tures  
f rom ideali ty (Fig. 8), which suggest a more  favorable  
energy barrier,  tend to support  the above explanat ion 
of the enhanced cation mobility. 

Bockris et al. (7) used Eyrings '  theory of absolute 
react ion rates to develop an equat ion for  the entropy 
of act ivation (ASCA) for mol ten  binary alkali  silicate 
melts. That  equat ion (5) was used to calculate ~SCA 
values which are of the order  of 0 t o - - 3 . 0  e.u. for 
the present  t e rnary  oxide melts. This produces AHr 
T~Sr ratios that  lie be tween 3 and 20. Thus, as wi th  
the binary alkali  germanates  (5), h H r  h appears to be 
the predominant  and hence the significant t e rm in the 
expression for ~F~  A. This reinforces the re la t ive  role 
played by AHCA in the above analysis. 

Another  possibility is that  the hole size and n u m -  
ber distributions in the mixed anion melts are such 
that  they enhance cation mobil i ty  to the extent  of 
about 25%. Molar vo lume deviations can be associated 
in an approximate  fashion with  a change in the degree 
of openness in a l iquid [mel t ing point vo lume changes 
have been re la ted to a change in the number  of holes 
(8) ]. However ,  the molar  vo lume deviat ions from ad- 
ditivity, wi th  respect to the exper imenta l ly  deter -  
mined end members  of this system, amount  to only 
about -t- 0.2% at the most (1). 

The Na20" A12Oa' GeO2 System 

Equimolar sodium aluminate melts .--The general  
t rend of cation mobil i ty  is to increase wi th  increase of 
alkali  oxide content  as the Na20.A120~.2GeO2 (1/1/2) 
mel t  composit ion is approached (Fig. 2). This is an 
indication that  the mel t  s t ructure is being al tered to 
the extent  that  the Na + ion mobil i ty  increases by a 
factor of four times. However ,  the cation mobil i ty  at 
l l00~ in the 1/1/2 te rnary  mel t  is still only 40% 
of the value  obtained for a binary 25 mole % Na20 
germanate  mel t  (dashed lines in Fig. 2). The same re -  
lationship holds for binary and ternary  melts con- 
taining only 10 mole % Na20. 
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The above results suggest that  the te rnary  mel t  
s t ructures are somewhat  different f rom the previously 
postulated ra ther  extensive ne twork  breakup asso- 
ciated with  the format ion of GeO6 octahedra in binary 
alkali  germanate  melts (9). Thus, the lower  cation 
mobili t ies support  the density model  of these te rnary  
melts. That  is, these equimolar  sodium aluminate  
te rnary  melts tend to re ta in  a three-dimensional  type 
of l iquid that  gradual ly  loosens as the 1/1/2 composi-  
t ion is approached. 

Of significance is the fact that  whi le  the cation mo-  
bil i ty increase is l inear ly  re la ted  to the per cent Na20 
in the 5-25 mole % Na20 region, mobil i ty  changes are 
small for the 0 to 5 mole % Na20 region (Fig. 2). The 
kll00oc isotherm actual ly appears to go through a min-  
imum when  it is compared with the binary results. 
This phenomenon could be associated wi th  the pre-  
viously repor ted  re tent ion of a " random damaged 
ne twork"  to lower GeO2 or SiO2 contents in the pres-  
ence of A1203 (2, 4, 10). 

The act ivat ion energy dependence on composition 
for these A1/Na = 1.0 germanate  melts  (Fig. 9) is not 
as conclusive as the conductance trends. Al though the 
AHr decrease is less pronounced for the 0 to 5 mole 
% te rnary  melts when it is compared to the b inary  
mel t  trends, and hence agrees wi th  the analysis of 
that  conductance data, the slight AHCK trend observed 
for larger  Na20 content te rnary  melts  is unusual. It  
is possible that  the slight change of mechanism sug- 
gested by the entropy of act ivat ion data for the 5 to 
25 mole % NafO te rnary  melts  does not  show up in 
the a H r  K comparison (~H~ h > T• The ~SCA 
values are more negat ive (by about 2 to 3 e.u.) for 
these te rnary  melts. This suggests a sl ightly more re -  
stricted configuration for the act ivated complex in 
the te rnary  melts, which is in general  agreement  with 
their  t ighter  three  dimensional  nature.  

75 Mole % GeO2 mel ts . - -Two t rends of the A vs. 
A1/Na ratio plots presented in Fig. 4 suggest mel t  
s t ructure  changes, first, the A decrease that  accom- 
panies the substi tut ion of A1203 for Na20. This agrees 
wi th  the postulated extensive GeO6 octahedra con- 
centrat ion that  exists at the binary point  and the 
three-d imens ional  na ture  of melts  on the A1/Na ~- 
1.0 line. Second, the negat ive depar tures  f rom ideali ty 
(addit ivi ty)  which can amount  to as much as 25-50%. 
These deviat ions suggest that  cation mobil i ty  is some- 
how re tarded more than expected as A104 te t rahedra  
substitute for the GeO4 te t rahedra  that  l ink clusters 
of GeO6 octahedra. 

If one assumes that  the VNa2O alone governs the Na + 
ion mobili ty,  the results must  be in terpre table  in 
terms of a re la t ive ly  constant VSa20 of about 35 cc 
(3). Examinat ion  of Fig. 4 shows that  this is not  com-  
pletely possible because the largest  a deviat ions occur 
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Fig. 9. Activotion energy vs .  mole % hlo20 for equimolor sodium 
oluminote substituted germonote melts. 

for A1/Na ratios > 0.5 and coincide with a pronounced 
_~H#~ max imum at about A1/Na = 0.7. Clearly, cation 
mobil i ty  and the conductance mechanism in this case 
are influenced to a greater  extent  by the s t ructure  
changes than by the packing of oxygens around the 
Na + ion. Cation location (near a charged AIO4- 
grouping) ~ could be more restr ict ing for the in te rme-  
diate compositions because of the l imited positional 
possibilities for the A104 tetrahedra,  which appear to 
replace GeO4 tetrahedra,  not GeO6 octahedra, at in-  
termediate  compositions. 

25 Mole % Na20 mel ts . - -The  A minima and the 
~ H ~  m ax im um  in Fig. 3 occur close to A1/Ge ---- 0.6, 
which corresponds to an A1/Na ratio of 0.7. This A1/ 
Na ratio is close to the value  at which similar  phe-  
nomena occur for the 75 mole % GeO2 melts (Fig. 4). 
It appears that  a aH~K ridge and a a va l ley  occur 
along the A1/Na = 0.7 te rnary  line. 

It was uncertain (3) as to whe ther  the el imination 
of GeO6 octahedra at the 25 mole  % NafO level  was 
(a) sudden or (b) gradual. The viscosity (2) and 
expansion coefficient results (3) favored the first pos- 

sibility, which involved a sharp VNa2O min imum below 
A1/Ge --~ 0.3 (as opposed to a gradual  VNa20 change 
for the second model) .  Al though the hHCK increases 
slightly, the A deviations are minimal  for these low 
alumina melts (Fig. 3). 

Most of the conductance i r regular i t ies  thus occur 
for a lumina substitutions that  are higher  than an-  
t icipated from the molar  vo lume models. It  is diffi- 
cult to say whether  these A and ~Hr deviations are 
direct ly connected wi th  the disappearance of GeO6 
octahedra or whe ther  they simply reflect the gross 
s t ructure  change f rom a re la t ive ly  fluid binary l iquid 
to a te rnary  l iquid that  is three-d imensional ly  ori-  
ented. Ei ther  of these effects seems to outweigh the 

VNa20 factor for the series under  discussion. 
Certainly,  the absolute value  of cation mobil i ty 

drops more sharply (with most of the concurrent  
•162 increase) below A1/Ge = 0.5 (Fig. 3). One 
could infer  that  most  of the gross s t ructure change 
does occur before the A1/Ge rat io exceeds 0.5. This 
conclusion would agree with the most l ikely molar  
volume model  (3). 

The NafO. A1203" SiO2 System 

Equimolar sodium aluminate mel ts . - -There is some 
degree of s imilar i ty be tween these conductance re-  
sults (Fig. 5) and those just  discussed for the  anal-  
ogous germanates  (Fig. 2). Cation mobil i ty  appears 
to increase in the 10-20 mole % Na20 region for  both 
systems. This s t rengthens the conclusion that  more 
open carnegiei te- l ike  ne twork  liquids are obtained as 
the 1/1/2 composition is approached. 

However ,  there  are specific cation mobil i ty  differ- 
ences be tween the silicate and the germanates  that  
outweigh the above similarity.  First,  the Na + ion mo- 
bil i ty in the silicate melts  can be about four t imes the 
value in the germanate  melts. For  example,  A1700oc --- 
52.5 in the silicate vs. All00oc ~ 13.2 in the germanate  
(both for the 15 mole % Na20 composition).4 Second, 
the Na + ion mobili t ies can be similar  for the binary 
(7) and ternary silicate melts  (Fig. 5). This is not 
the case for the germanates  where  the mobili t ies were  
considerably less in the t e rnary  melts  (Fig. 2). Third, 
the Na + ion mobil i ty  increases by a factor of 89% for 
the 10 and 20 mole % Na20 te rnary  germanates  com- 
pared to only a 31% increase for similar  silicate 
melts. It  appears that  the re la t ive  s t ructure  change 
that  accompanies substi tut ion of A1203 and Na20 is 
greater  for the A1/Na = 1.0 germanate  melts. This 

8 Th i s  fac to r  does no t  ex i s t  for  t he  s u b s t i t u t i o n  of SiO4 t e t r a -  
h e d r a  for  GeO~ t e t r a h e d r a  and  GeO6 oc tahedra .  

4 These  r e fe rence  t e m p e r a t u r e s  are close to  the  m e l t i n g  p o i n t s  of 
the  r e s p e c t i v e  n e t w o r k  f o r m i n g  oxides .  A s i m i l a r  c o m p a r i s o n  be-  
t w e e n  the  b i n a r y  a l k a l i  d i s i l i ea te  a n d  d i g e r m a n a t e  m e l t s  r e v e a l e d  
q u i t e  s imi ]a r  s o d i u m  ion  m o b i l i t i e s  (5). 
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conductance based conclusion agrees wi th  the pre-  
vious density and viscosity based conclusions. 

The Na + ion mobil i ty  differences be tween these 
te rnary  silicate and germanate  melts  with an A1/Na 
ratio of 1.0 do not appear  to be re la ted to VNa20. That 
pa ramete r  takes a value  of about 35 cc in the best 
part ial  molar  vo lume models for the 1/1/2 melt  com- 
position in both series. 

The ~ H ~  plot shown for these melts  in Fig. 10 is 
in agreement  wi th  most of the above discussion. Thus, 
the AHr values in the 10 to 20 mole % Na20 te rnary  
region are similar to those repor ted  by Bockris et al. 
(7) for the corresponding binary melts. 5 However ,  
•  K for mol ten carnegiei te  is about 50% greater  
than the va lue  obtained for its germanate  analogue 
(Fig. 9). This contrasts wi th  much higher cation mo-  
bil i ty (by a factor of three times) in the 1/1/2 silicate 
mel t  compared to the 1/1/2 germanate  mel t  at the 
melt ing tempera tures  of the respect ive ne twork  fo rm-  
ing oxides. A possible explanat ion of this paradox 
may be found in the fact that  hH# K is strongly pro-  
portional to cation volume for low alkali  content  melts  
( <  10 mole % M20) that  contain a high concentra-  
tion of ne twork  forming te t rahedra  (as per the melts  
under  discussion). It  was implied that  hole size could 
thus play a significant role in the conductance mech-  
anism (5). The present  A H ~  observations may be a 
manifes ta t ion of just  such a parameter .  

75 Mole % SiO2 ~ e l t s . i T h e  A decrease that  ac- 
companies the substi tution of A12Os for Na20 (Fig. 7) 
is par t ia l ly  expected because the Na20 content is re -  
duced f rom 25 to 12.5 mole  % in the process. A sim- 
ilar A decrease was observed by Bockris et al. for 
binary alkali  silicates in the 25-19 mole % Na20 re-  
gion (7). Of more significance is the s tructure change 
later  postulated for these part icular  b inary melts by 
Bockris et al. (11). The decrease of alkali  content  was 
visualized as being accompanied by an increase of 
the size of s i l ica-l ike "icebergs," wi th  the alkali  ca- 
tions located be tween  "icebergs." A random damaged 
silica ne twork  was supposed to be formed at about 
12 mole % Na20. This phenomenon has recent ly  been 
proposed for molar  volume models of the te rnary  
mel t  compositions under  discussion (4). The  now ob- 
served cation mobil i ty  t rend agrees with this over -a l l  
picture. 6 

The A deviat ions f rom addit ivi ty  are negat ive (Fig. 
7), but  do not exhibi t  the type of t rend observed for 

5The reason for the AH k increase at the 1/1/2 composition is 

u n c l e a r .  T h e  K a n d  AH k d a t a  r e p r o d u c e d  to w i t h i n  s e v e r a l  p e r  
c e n t  f o r  r u n s  w i t h  c o m p l e t e l y  d i f f e r e n t  c a r n e g i e i t e  s a m p l e s .  

T h e  g e n e r a l  A d e c r e a s e  o b s e r v e d  f o r  t h e s e  75 m o l e  % SiO~ 
m e l t s  c o u l d  a lso  he  e x p l a i n e d  in  t e r m s  of t h e  VNa~O i n c r e a s e  t h a t  
OcCurs as  t h e  A 1 / N a  = 1.6 l ine is  a p p r o a c h e d  (4) .  

similar  75 mole % GeO2 melts  (Fig. 4). The  m ax imum 
~ deviations appear to occur at lower A1/Na ratios in 
the silicates. The same might  be said~ of the A H ~  
maximum (Fig. 7). Indeed, the fact that  these m a x -  
imum deviations occur at different A1/Na ratios in 
the two systems only serves to emphasize the struc- 
tural  differences. The fact that  the trends are sim- 
ilar, in spite of the vast ly different s tructures involved, 
could be due to coincidence or to an in terplay  of the 
parameters  that  influence cation mobil i ty  and the as- 
sociated mechanism. As with  the te rnary  a lumino-  
germanates,  one of the parameters  influencing these A 
deviations could be the restr ict ion that  the Na + ion 
be near  a charged A104- grouping. 

20 M~le % Na20 mel t s . - -The  electrical  conductance 
results for the 20 mole % Na20 series, a l though there  
is just  one in termedia te  point close to the binary in 
composition, do suggest the presence of A1700 and AH~K 
maxima  (Fig. 6). These observations differ from the 
previously discussed A minima (and ~ H ~  maximum)  
that were  found for  the 25 mole % NasO alumino-  
germanate  melts  at a A1/Ge ratio of about 0.6 (Fig. 3). 

The A1700 m ax im um  is slight while  the A1500 iso- 
therm changes very  lit t le wi th  composition (Fig. 6). 
Lower  tempera tures  would probably produce a A 
minimum, thereby creating a A and ~ H ~  situation 
below the mel t ing point of SiO2 that  would  be anal-  
ogous to the germanate  case for tempera tures  above 
the mel t ing  point of GeO2. The lower  tempera ture  A 
minima, as well  as the AHr K increase, can be rat ional-  
ized in terms of the VNa20 increase that  has been pos- 
tulated for these par t icular  silicate melts  (4). The in-  
fluence of this parameter  could be more tempera ture  
dependent  for this series than with the other melts  
studied. This might  be associated with  the postulated 
gradual  change f rom a si l ica-l ike iceberg binary l iq-  
uid to an open; cr is tobal i te- l ike te rnary  l iquid con- 
taining 60 mole % SiO2 (4). 

Comparison o] Melts  and Glasses 

A recent  electr ical  conductance and transport  num-  
ber study of several  A1/Na < 1.0 sodium aluminosi l i -  
cate glasses (12, 13) has confirmed the glasses to be 
essentially ionic conductors, wi th  the Na + ion ca r ry -  
ing most of the current.  Similar  results have been 
reported for b inary  alkali  silicate melts (8). This sug- 
gests the possibility of a s imilar i ty be tween conduc- 
t ive processes in the glass and liquid states for a 
given sodium aluminosil icate composition. This cor-  
relat ion is known to exist for binary alkali  germanate  
compositions (5) where  for example,  the ratio of AH~K 
mel t /hHr  glass for a 25 mole % Na20 germanate  is 
about 0.67 in spite of a much greater  cation mobil i ty  
in the melt.  

A comparison of the act ivat ion energies obtained by 
Isard (14) for A1/Na : 1.0 sodium aluminosil icate 
glasses wi th  the present  values for the corresponding 
h igh- tempera tu re  melts  (Fig. 10) reveals  a close s im- 
ilarity, again in spite of higher  mel t  mobilities. Isard's 
AH~ K values show a progressive decrease f rom about 
17 to 13 kcal for ~ 20 mole  % Na20 glasses be tween 
the binary and the A1/Na = 1.0 line. These energies 
are similar in magni tude  but different in t rend to 
those repor ted  for the corresponding melts  in Fig. 
6. I t  is interest ing that  Isard explained his glass state 
results in terms of an expansion of the coordination 
shell around sodium ionS, b u t  only for glasses wi th  
A1/Na < 1.0, that  was caused by el iminat ion of non-  
br idging oxygens with  the addition of A1203. 

The above electrical  conductance similari t ies be-  
tween the glass and liquid states for a given te rnary  
oxide composition series are unders tandable  in l ight 
of the recent ly  discovered molar  vo lume similari ty 
for some of these sodium aluminosil icate glasses and 
liquids (4). The  volume models for these liquids in-  
volved VNa20 values that increased wi th  increase of 
A1203 content, regardless of the A1/Na ratio. 
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Conclusions 
In general,  the equivalent  conductance informat ion 

obtained for these te rnary  oxide melts  agrees wi th  
previously proposed molar  volume structural  models 
and data. In contrast  to simple mol ten  salt mixtures  
such as KI-KBr ,  where  cation mobil i ty  deviat ions can 
be correlated with  anion differences, no one par t icu-  
lar  factor seems to govern  cation mobi l i ty  in all  of 
these te rnary  oxide mel t  systems. The gross mel t  
s t ructure  changes are much more  pronounced and are 
much more  specific to each system for most of the 
mol ten oxide mixtures  thus far  studied. This situation 
serves to produce a somewhat  incomplete  unified in-  
te rpre ta t ion  of cation mobil i ty  for these te rnary  ox-  
ide melts. 
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The Permeation of Electrolytic Hydrogen through Platinum 
E. Gileadi, 1 M. A. Fullenwider, and J. O'M. Bockris 

The Electrochemistry Laboratory, John Harrison Laboratory of Chemistry, 

University ol Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The absorption and permeat ion of electrolyt ical ly genera ted  hydrogen 
through thin p la t inum foils have been observed direct ly by an electrochemical  
method. The diffusion coefficient and the associated apparent  energy of ac- 
t ivat ion were  determined.  The concentrat ion of absorbed hydrogen was 
obtained, and it was shown that  atomic hydrogen  tends to concentrate  in areas 
of high strain in the meta l  where  it can be in a lower  energy state. Hydrogen  
embr i t t l ement  phenomena similar to those found in iron and steel were  ob- 
served. The var ia t ion  of cathodic overpotent ia l  wi th  t ime was explained 
in terms of the change in hydrogen  concentrat ion in the bulk of the meta l  
near  the cathodic surface. 

The diffusion of hydrogen through pla t inum from 
the gas phase at high tempera tures  of 70O~176 
was repor ted  by Richardson et al. (1) in 1904. The 
diffusion coefficient was not obtained, but  the apparent  
energy of act ivation for the over-a l l  permeat ion  proc- 
ess was calculated. I t  was also stated in this work  
that  "it  is a we l l - known  fact that  pla t inum through 
which hydrogen diffuses becomes br i t t le  and wil l  
break under  small  stress." In 1956, Hoare and Schul-  
diner  (2) used a membrane  electrode (bi-e lectrode)  
to observe the var ia t ion of overpotent ia l  on one side 
of the membrane  as a function of the applied cathodic 
current  density on the other  side. In the exper imenta l  
setup used by these authors the cathodic and anodic 
sides w e r e  not  connected to one another  e lec t ro-  
lyrically, and the change in overpotent ia l  on the 
anodic side could only arise due to diffusion of atomic 
hydrogen  f rom the cathodic side through the m e m -  
brane. Hoare and Schuldiner  used this method to 
study the kinetics of hydrogen evolut ion on Pd. They 
also observed a ve ry  small  change (1 mv)  in the po-  
tent ial  of a p la t inum membrane  only when  the cath-  
odic side was poisoned wi th  a small  amount  of As203 
added to the solution. Kheifetz  and Kras ikov  (3) ob-  
served a change in the potent ial  of zero charge of 
the anodic surface of a Pt  membrane  with t ime dur-  
ing constant current  hydrogen  evolut ion on the cath-  
odic side. This was in terpre ted  as due to the change 
in the concentrat ion of absorbed hydrogen  in the 
metal.  

�9 P r e s e n t  addres s :  D e p a r t m e n t  of C h e m i s t r y  T e l - A v i v  U n i v e r s i t y ,  
T e l - A v i v ,  I s rae l .  

Analysis of galvanostat ic  transients on Pt  has re-  
cently (4) led to the conclusion that  both hydrogen 
and oxygen are absorbed to an appreciable extent  in 
Pt. 

While the above evidence strongly implies that  hy-  
drogen can diffuse into plat inum, there  is no direct  
evidence so far  for the permeat ion of e lec t ro ly t ic -hy-  
drogen through platinum, and the diffusion coefficient 
for this process has not yet  been reported.  

In this paper the permeat ion of electrolyt ical ly pro-  
duced hydrogen through Pt  at re la t ive ly  low tem-  
peratures  (50~176 has been observed directly. F u r -  
ther, the diffusion coefficient and its var ia t ion with 
tempera ture  have been determined.  The concentra-  
tion of absorbed hydrogen is obtained and a model  
for the state of absorbed hydrogen in the meta l  is 
proposed. 

Experimental 
Method of measurement . - -A simple, yet  accurate  

and sensitive method for measur ing  the rate  of hy-  
drogen permeat ion through thin meta l  foils has been 
devised by Devana than  and Stachurski  and described 
in detail  e lsewhere  (5). In essence it consists of a bi-  
electrode (2) in the form of a thin foil  which  sep- 
arates two identical  e lectrochemical  cells. On the 
cathodic side of the foil, hydrogen  is evolved at a 
fixed rate, while  the diffusion side is kept  at an anodic 
potential  such that  the concentrat ion of adsorbed 
atomic hydrogen on this surface is essential ly zero. 
Thus, hydrogen which diffuses through the membrane  
and emerges on the anodic side is immedia te ly  ionized, 
and the current  passed to main ta in  constant potent ia l  
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o n  th i s  s u r f a c e  is d i r e c t l y  p r o p o r t i o n a l  to t h e  h y d r o -  
g e n  p e r m e a t i o n  r a t e .  

C a l c u l a t i o ~  of  D and  C o . - - A n a l y s i s  of t h e  d i f fus ion  
p r o b l e m  w i t h  t h e  b o u n d a r y  c o n d i t i o n s  i m p o s e d  on  
t h e  sys t em,  i.e., C (o , t )  = Co; C ( L , t )  ~ 0 a n d  C ( x , o )  
= 0 a l l o w s  one  to c a l c u l a t e  t h e  d i f fus ion  coeff ic ient  
f r o m  t h e  f o r m  of t h e  p e r m e a t i o n  t r a n s i e n t  as  s h o w n  
e l s e w h e r e  (5, 6) .  Thus ,  t h e  p e r m e a t i o n  r a t e  J t  d u r i n g  
t h e  t r a n s i e n t  is g i v e n  b y  

2 1 
Jr~J| = - -  - -  e x p  ( - -1 /4T)  [1] 

~1/2 T1/2 

w h e r e  �9 is a d i m e n s i o n l e s s  p a r a m e t e r  

x = Dt/ I . f l  [2] 

F o r  J t / J~  ~ 0.50, one  f inds  z = 0.138, a n d  t h u s  b y  
m e a s u r i n g  t h e  t i m e  r e q u i r e d  to r e a c h  t h i s  f r a c t i o n a l  
p e r m e a t i o n  ra t e ,  t h e  d i f fu s ion  coeff ic ient  m a y  b e  ca l -  
cu l a t ed .  I n  g e n e r a l  one  c a n  w r i t e  Eq.  [2] i n  t h e  f o r m  

t v = x~ L 2 / D  [3] 

w h e r e  t v is t he  t i m e  r e q u i r e d  for  t h e  p e r m e a t i o n  r a t e  
Jt  to  r e a c h  a f r a c t i o n  "r of i t s  s t e a d y - s t a t e  v a l u e  J~, L 
is t h e  t h i c k n e s s  of t h e  m e m b r a n e ,  a n d  D is t h e  d i f -  
f u s i o n  coefficient .  U n d e r  s t e a d y - s t a t e  d i f fus ion  c o n d i -  
t ions  F i c k ' s  f i rs t  l a w  app l i e s  g i v i n g  

J~ = F D  ( C o -  CL) / L  = F D C o / L  [4] 

w h e r e  J~ is t h e  p e r m e a t i o n  r a t e  in  u n i t s  of c u r r e n t  
dens i ty ,  Co -~ C(o , t )  = c o n s t a n t ,  a n d  CL =-- C ( L , t )  
= 0. F r o m  Eq. [3] a n d  [4] b o t h  t h e  d i f fus ion  coeffi- 
c i e n t  a n d  t h e  c o n c e n t r a t i o n  of h y d r o g e n  in  t h e  m e t a l  
j u s t  u n d e r  t h e  c a t h o d i c  s u r f a c e  can  b e  c a l c u l a t e d  on  
t h e  bas i s  of a s i n g l e  p e r m e a t i o n  e x p e r i m e n t .  

E l e c t r o d e s . - - P l a t i n u m  foi ls  of t h i c k n e s s  r a n g i n g  
f r o m  2 to 5 x 10 -3  cm w e r e  u s e d  in  t h e s e  e x p e r i m e n t s .  
T h e  fo i l s  w e r e  f i rs t  d e g r e a s e d  b y  r e f l u x i n g  o v e r n i g h t  
in  1:1 m e t h a n o l - b e n z e n e  a n d  t h e n  h e a t e d  fo r  3 h r  a t  
600~ in  a n  a t m o s p h e r e  of a r g o n  to e n s u r e  zero  h y -  
d r o g e n  c o n c e n t r a t i o n  in  t h e  m e t a l .  C a l c u l a t e d  v a l u e s  
of D a n d  Co a re  a l l  b a s e d  o n  t h e  f i rs t  t r a n s i e n t .  O n l y  
t r a n s i e n t s  w h i c h  h a v e  t h e  t h e o r e t i c a l l y  e x p e c t e d  s h a p e  
w e r e  a c c e p t e d  fo r  t h e  c a l c u l a t i o n  of  D. T h i s  c a n  b e  
t e s t e d  in  a s i m p l e  m a n n e r  in  t h a t  D s h o u l d  no t  v a r y  
s y s t e m a t i c a l l y  w i t h  7. C r a c k s  in  t h e  m e t a l  fo i l  a l l o w -  
ing  c o n t a c t  b e t w e e n  t h e  e l e c t r o l y t e  o n  t h e  t w o  s ides  
of t h e  m e m b r a n e  a r e  eas i ly  de t ec t ed .  F o r  s u c h  a 
m e m b r a n e ,  t u r n i n g  on  t he  c a t h o d i c  c u r r e n t  i m m e -  
d i a t e l y  af fec ts  t h e  c u r r e n t  r e c o r d e d  on  t h e  a n o d i c  
side, w h i l e  fo r  a n  u n c r a c k e d  e l e c t r o d e  a c e r t a i n  t i m e  
e l apses  b e f o r e  t h e  effect  of a c h a n g e  on  t h e  c a t h o d i c  
s u r f a c e  is p r o p a g a t e d  t h r o u g h  t h e  m e m b r a n e  a n d  can  
b e  o b s e r v e d  on  t h e  a n o d i c  side. 

S o l u t i o n  p r e p a r a t i o n . - - A  0.1N s u l f u r i c  ac id  s o l u t i o n  
p r e p a r e d  f r o m  r e a g e n t  g r a d e  H2SO4 a n d  c o n d u c t i v i t y  
w a t e r  w a s  u sed  on  t h e  c a t h o d i c  side. T h e  s o l u t i o n  was  
p r e e l e c t r o l y z e d  e x t e r n a l l y  in  a n  a u x i l i a r y  c o m p a r t -  
m e n t  a n d  t r a n s f e r r e d  to t he  ce l l  w i t h  n i t r o g e n  p r e s -  
sure .  A r s e n i c  ox ide  w a s  a d d e d  in  a c o n c e n t r a t i o n  of 
5 m g  As203 p e r  l i te r .  No p e r m e a t i o n  c u r r e n t  cou ld  
be  o b s e r v e d  w h e n  h y d r o g e n  e v o l u t i o n  o c c u r r e d  in  
u n p o i s o n e d  s o l u t i o n  (2) .  

O n  t h e  anod ic  s ide  a 0.2N N a O H  s o l u t i o n  w a s  used.  
A n a l y t i c a l  g r a d e  N a O H  a n d  c o n d u c t i v i t y  w a t e r  w e r e  
u s e d  to m a k e  u p  t h i s  so lu t ion .  T h e  p u r i t y  of t h e  so lu -  
t i on  on  t h e  a n o d i c  s ide  is i m p o r t a n t  in  t h a t  i t  d e t e r -  
m i n e s  l a r g e l y  t h e  b a c k g r o u n d  c u r r e n t  a n d  h e n c e  l i m -  
i t s  t h e  s e n s i t i v i t y  of t h e  m e a s u r e m e n t .  S t a b l e  b a c k -  
g r o u n d  c u r r e n t s  of  t h e  o r d e r  of 1 ~ a / c m  2 w e r e  o b -  
s e r v e d  a n d  p e r m e a t i o n  r a t e s  as l o w  as a f e w  t e n t h s  of 
a m i c r o a m p e r e  cou ld  be  m e a s u r e d .  

Results and Discussion 
S h a p e  o f  the  p e r m e a t i o n  t r a n s i e n t . - - T h e  s h a p e  of  a 

t y p i c a l  se t  of p e r m e a t i o n  t r a n s i e n t s  o b t a i n e d  a t  70~ 
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Fig. 1. Shape of successive permeation transients with increasing 
cathodic current density. L ~ 3.8 x 10 - 3  cm, 70~ 

for  a fo i l  t h i c k n e s s  of 3.8 x 10 -3  cm is s h o w n  in  Fig. 
1. T h e  d i f fus ion  coeff ic ient  was  c a l c u l a t e d  f r o m  t h e  
s h a p e  of t h e  f i rs t  t r a n s i e n t ,  o b t a i n e d  w i t h  a p o l a r i z a -  
t i on  c u r r e n t  d e n s i t y  of 0.5 m a / c m  2. 

A t  h i g h e r  c u r r e n t  d e n s i t i e s  t h e  i n i t i a l  r i s e  of t h e  
p e r m e a t i o n  r a t e  is f o l l o w e d  b y  a s l o w e r  d e c r e a s e  t o -  
w a r d s  a s t e a d y  s ta te .  A s i m i l a r  b e h a v i o r  w a s  o b s e r v e d  
b y  Bockr i s ,  M c B r e e n ,  a n d  N a n i s  (7, 8) fo r  t h e  p e r -  
m e a t i o n  of h y d r o g e n  t h r o u g h  i r o n  a n d  s t ee l  m e m -  
b r a n e s  a n d  w a s  a s s o c i a t e d  t h e r e  w i t h  t he  o n s e t  of h y -  
d r o g e n  e m b r i t t l e m e n t .  Thus ,  w h e n  t h e  c o n c e n t r a t i o n  
of h y d r o g e n  in  t h e  m e t a l  e x c e e d s  i ts  s a t u r a t i o n  va lue ,  
c o r r e s p o n d i n g  to a c r i t i ca l  c a t h o d i c  c u r r e n t  d e n s i t y  
/crib t h e  h y d r o g e n  a t o m s  d i f fuse  to t h e  s u r f a c e  of s m a l l  
c r ev i ce s  a n d  vo ids  in  t h e  m e t a l  a n d  r e c o m b i n e  t h e r e  
to f o r m  gaseous  H2, w h i c h  can  g e n e r a t e  a h i g h  i n -  
t e r n a l  p r e s s u r e ,  e x p a n d  t h e  c r ev i ce s  a n d  voids ,  ancl 
cause  f u r t h e r  c r a c k i n g .  I n  v i e w  of t h e  s i m i l a r i t y  in  
t h e  f o r m  of t h e  p e r m e a t i o n  t r a n s i e n t s  a t  h i g h e r  c u r -  
r e n t  d e n s i t y  fo r  P t  a n d  Fe,  a n d  t h e  e a r l y  o b s e r v a t i o n  
(1) t h a t  h y d r o g e n  e m b r i t t l e m e n t  of P t  does  i n d e e d  
occu r  a t  h i g h  t e m p e r a t u r e ,  i t  m a y  b e  c o n c l u d e d  t h a t  
t h e  " o v e r s h o o t s "  in  t h e  p e r m e a t i o n  t r a n s i e n t s  fo r  
P t  a r e  i n d i c a t i v e  of a s i m i l a r  e m b r i t t l e m e n t  p h e n o m -  
enon .  

A t  70 ~ t h e  v a l u e  of t h e  c r i t i ca l  c u r r e n t  d e n s i t y  ac -  
c o r d i n g  to Fig. 1 is j u s t  b e l o w  1.0 m a / c m L  Q u a l i t a t i v e  
e v i d e n c e  i n d i c a t e s  t ha t ,  u n l i k e  in  t h e  case  of i ron ,  
icrit, d e c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  

E v i d e n c e  for  d i f f u s i o n  c o n t r o l l e d  p e r m e a t i o n . - - I n  
Fig. 2 t h e  s t e a d y - s t a t e  p e r m e a t i o n  r a t e  J| is p l o t t e d  
as a f u n c t i o n  of 1 / L  fo r  t h r e e  t h i c k n e s s  of P t  foi l  a t  
70~ A l i n e a r  p lo t  is o b t a i n e d  go ing  t h r o u g h  t h e  
o r ig in ,  as e x p e c t e d  a c c o r d i n g  to Eq.  [4].  T h e  s lope  of 
t h e  s t r a i g h t  l i ne  e q u a l s  FDCo. W i t h  D c a l c u l a t e d  i n :  
d e p e n d e n t l y  f r o m  t h e  s h a p e  of t h e  t r a n s i e n t  (Eq.  [ 3 ] ) ,  
t h e  c o n c e n t r a t i o n  of h y d r o g e n  a t  x = o, n a m e l y ,  j u s t  
b e l o w  t h e  c a t h o d i c  sur face ,  c a n  be  o b t a i n e d .  

A s e c o n d  t e s t  of  t he  a s s u m p t i o n  of  d i f fus ion  c o n -  
t r o l l e d  p e r m e a t i o n  r a t e  is b a s e d  o n  Eq.  [3]. Thus ,  a 
p lo t  of t~ vs.  L 2 s h o u l d  b e  a s t r a i g h t  l i ne  go ing  t h r o u g h  
t h e  or ig in .  T h i s  is s h o w n  to b e  t h e  case  in  Fig.  3 fo r  
~/ = 0.5 a t  70~ F i g u r e s  2 a n d  3 s h o w  t h a t  t h e  p e r -  
m e a t i o n  of h y d r o g e n  t h r o u g h  P t  is d i f fus ion  c o n t r o l l e d  
b o t h  d u r i n g  t h e  t r a n s i e n t  a n d  a t  s t e a d y  s ta te .  F r o m  
t h e  s lopes  of Fig. 2 a n d  3, one  o b t a i n s  

DTooc = 3.4 x i0  - 9  cm2 / sec  

Co70oc = 2.7 x 10 -~  g r a m  a t o m / c m  3 

I t  s h o u l d  b e  n o t e d  t h a t  w h i l e  b o t h  t h e s e  q u a n t i t i e s  
d e p e n d  o n  t h e  b u l k  p r o p e r t i e s  of t h e  m e t a l ,  t h e  c o n -  
c e n t r a t i o n  Co is a lso a s e n s i t i v e  f u n c t i o n  of t h e  s t a t e  
of t h e  sur face .  I t  w i l l  d e p e n d  on  t h e  a p p l i e d  c a t h o d i c  
c u r r e n t  d e n s i t y  a n d  o n  t h e  c o m p o s i t i o n  of t h e  so lu -  
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Pig. 2. Permeation rate as a function of 1/L. Cathodic current 
density 0.5 ma cm-2 ,  70~ 

"0 
1 5 0 0  

x 

5 0 0  - x 

x 

0 I 0  2 0  

L 2 x 10 6 ( c m )  

Fig. 3. Half rise time (t~ for ~, = 0.5) as a function of L 2. 
Cathodic current density 03 ma cm -2 ,  70~ 

tion, in par t icular  the amount  and nature  of surface 
poison added, while  D is independent  of these quan-  
tities. 

Heat of activation ]or dif]usion.--The diffusion co- 
efficient was studied as a function of t empera ture  over  
the range of 50~176 using a polarizat ion current  
density of 0.5 m a / c m  2. A straight  semilogari thmic 
plot was obtained up to 70~ giving an apparent  en-  
ergy of act ivation of 9.6 kca l /mole  for the diffusion 
process (Fig. 4). 

Above 70~ the va lue  of D dropped sharply, as 
shown by the three lower points in Fig.  4, taken at 
72.5 ~ 75 ~ and 80~ However ,  when  the polarizing 
current  density was reduced to 0.2 m a / c m  2, higher  
diffusion coefficients were  measured,  which fall  on 
a straight line with values obtained at lower t em-  
peratures,  as shown in Fig. 4. 

The in terpre ta t ion of this phenomenon lies in the 
decrease of critical current  density icrit, at which em-  
br i t t lement  occurs with increasing temperature .  Thus, 
at 70~ or below, the cathodic current  applied was 
less than icrit., and a regular  t ransient  resulted. Above  
70~ /crit. < 0.5 m a / c m  2 and the form of the t ransient  
is distorted, giving rise to an apparent  low value  of 

O 

I / I I I 
2.8 2 9  3.0 3.1 3 .2  

( I / T ) x l O  3 

Fig. 4. Semilogarithmic plot of D vs. 1/T.  L = 3.8 x 10 - 3  cm 

0.8 

~ 0.6 

0.2 

J J J I 
2 4 6 8 IO 12 
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Fig. 5. Plots of (normalized) cathodic overpotential and permea- 
tion rate as a function of t ime. L = 3.8 x 10 - 8  , 70~  

D. When the polarizing current  is reduced to 0.2 
m a / c m  -2 (which is less t h a n  icrit, at 80~ a value of 
D is obtained which is consistent wi th  those at lower 
temperatures .  It  may  be concluded, hence, that  the 
diffusion coefficient is independent  of the applied 
cathodic current  density, as long as this is kept  below 
a critical value. This may be regarded  as fur ther  evi-  
dence that  the permeat ion process is diffusion con- 
trolled in these systems, and that  a critical change 
in the internal  s t ructure  of the meta l  takes place at 
i c r i t . -  

Variatio~ o} overpotential with ti~r~e.--Figure 5 
shows the var ia t ion of cathodic overpotent ia l  with 
t ime dur ing a permeat ion t ransient  at 70~ Both the 
overpotent ia l  ~ and the permeat ion rate  J are plotted 
on a normal ized scale as ~ / ~  and J/J| in the same 
experiment .  It may be seen that  the overpotent ia l  
reaches its s teady-sta te  value  when  J/J~ = 0.35, i.e., 
at a t ime t v corresponding to ~, -~ 0.35. Repeated ex-  
periments  under  a var ie ty  of conditions show that  
~ / ~  approaches uni ty  at t imes tv corresponding to 
7 = 0.25-0.50. The  steady va lue  of the overpotent ia l  
reached after  a re la t ive ly  short  t ime in these exper i -  
ments is in contrast  to the long t ime var ia t ion of 
observed in hydrogen evolut ion studies on pla t inum 
(9). 

The variat ion of ~ with t ime during the t ransient  
may  be in terpre ted  in terms of a change in the prop-  
erties of the electrode due to hydrogen absorption. 
Thus, when s teady-sta te  permeat ion is at tained the 
concentrat ion of hydrogen at any point in the meta l  
reaches a constant, t ime- independent  value  and no 
fur ther  change in overpotent ia l  wi l l  occur. The ques-  
tion still remains why  the overpotent ia l  reaches a 
s teady-state  value  when  Jt/J~ is substantial ly smaller  
than unity. Figure  6 shows the calculated concentra-  
t ion profile of hydrogen  in the meta l  at t imes t~ cor- 
responding to -~ ~ 1.0; 0.5; 0.35; 0.25. At low values of 
x / L  (i.e., close to the cathodic surface) the concentra-  
tion approaches its s teady-s ta te  value  when  ~ > 0.25. 
Figure  7 shows the var ia t ion  of C wi th  t ime at a dis- 
tance x f rom the cathodic surface such that  x /L  
1/16. The concentrat ion of hydrogen inside the meta l  



Vol. 113, No. 9 PERMEATION OF ELECTROLYTIC HYDROGEN 929  

I.C 

0 . 8  ~ ( ~  =1,0 

~ 0.6 

\ \  
o O g . -  

o 

o 0.2 ~'=0.25 ~ 

I 
0-25 05 0.75 

xk  
Fig. 6. Calculated concentration profiles of absorbed hydrogen 

in the metal  foil a t  various t imes during the transient. 

1,0 

:~0.8 

0.6 
v 
_~ 
_. o4 

(12 

~Y =0.0 ~= Q25 

Y:0.35 ~=0,5 ~:1 

I I I 
200 400 600 

Time (seconds) 

Fig. 7. Variation of hydrogen concentration in the foil as a 
function of time at a plane x/L z 1/16. 

rises ini t ial ly ve ry  rapidly and reaches 91% of its 
s teady-state  value  at the b reak- th rough  time. ~ At  
"v = 0.25 the concentrat ion has reached 96% of its 
s teady-sta te  value and thereaf ter  it changes very  slowly 
wi th  time. Since the cathodic overpotent ia l  depends on 
the state of the surface and perhaps a region in the 
bulk of the meta l  close to the surface ( x / L  < <  1) it 
wil l  not be expected to change much with  t ime when 

has reached a value  of 0.25-0.5, in agreement  wi th  
experiment .  

At room tempera ture  D is about  one order of mag-  
ni tude smaller  than at 70 ~ The t ime required for a 
wire  electrode of 0.5 mm diameter  to become saturated 
with hydrogen under  these conditions is of the order 
of 50 hr, and the overpotent ia l  may hence be expected 
to change with t ime at constant current  density for 
at least 10-20 hr. 

Support  for the v iew that hydrogen absorption in 
Pt  can affect the kinetic parameters  on the surface 
is found in recent  studies of the potential  of zero 
charge of Pt  (10) which was found to depend cri t i -  
cally on the presence of absorbed hydrogen. Also, t ime 
var ia t ion of the overpotent ia l  for hydrogen evolut ion 
on Pd cathodes was observed by F rumkin  and Alad-  
galova (11) and in terpre ted  s imilar ly in terms of the 
changes in the meta l  s t ructure  caused by absorption of 
hydrogen. 

T h e  b r e a k - t h r o u g h  t i m e  h a s  b e e n  d e f i n e d  (6) a s  t h e  t i m e  e l a p s e d  
b e t w e e n  t u r n i n g  o n  t h e  c a t h o d i c  c u r r e n t  a n d  t h e  e m e r g e n c e  o f  t h e  
f i r s t  m e a s u r e d  a m o u n t  o f  h y d r o g e n  o n  t h e  a n o d i c  s i d e .  

,j 
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Fig. 8. Successive permeation transients through a foil. L = 2.5 
x 10 - ~  cm, 70~ cathodic current density = 0.1 ma cm -~ .  

Stabil i ty  of absorbed hydrogen in p la t inum. - -Re -  
sults of an exper iment  in which the cathodic polar iza-  
tion current  density was switched on and off several  
t imes are shown in Fig. 8. The observations in this ex-  
per iment  may be summarized as follows: (A) The 
first t ransient  differs substantial ly f rom fol lowing 
transients. The difference be tween the second and 
third transient,  on the other hand, is small. (B) When 
the cathodic current  is switched off the t ransient  de-  
cays rapidly (the permeat ion current  goes to zero 
within  3-4 rain).  (C) With the cathodic current  
switched off and the anodic potent ia l  mainta ined 
(i.e., a condition where  the hydrogen a l ready in the 
meta l  is being "pulled out" while  no new hydrogen is 
introduced) the membrane  recovers ve ry  slowly to its 
original  state. In the exper iment  shown in Fig. 8, 150 
min  were  not  quite  enough to res tore  the original  
state of the membrane,  even  though the t ransient  
taken after  this t ime resembles much closer the first 
t ransient  than the second and third transients,  which 
were  taken a few minutes  after the current  was 
switched off (cf. Fig. 8). 

In the case of hydrogen permeat ion through iron 
it has been shown (7,8) that  hydrogen diffuses 
through the latt ice and not along grain boundaries.  If 
this applies also to Pt, then hydrogen wil l  move f rom 
one interst i t ial  site to another,  and in its interst i t ia l  
position wil l  cause a cer ta in  strain in the latt ice struc- 
ture. It  can easily be shown (12) that  under  these con- 
ditions an uneven  distr ibution of hydrogen in the 
meta l  will  result, and points of local s train wil l  con- 
stitute "islands" where  the concentrat ion of hydro-  
gen wil l  be larger  than in the bulk. 

A simple equi l ibr ium of the type 

kl 
Hb ~ Hi [5] 

k-1  

may now be considered, where  Hb is a hydrogen atom 
in a lattice site in the bulk of the meta l  and Hi is an 
atom of hydrogen in an island. If Hi represents  a sub- 
stantial ly more  stable state than Hb, then the equi-  
l ibr ium constant K = k l / k - 1  will  be much larger  than 
unity. Thus most atoms will  reside on islands ra ther  
than in the bulk, and the  rate  of reaching an island 
wil l  be much larger  than the ra te  of escape f rom it. 

Consider now the exper imenta l  evidence shown in 
Fig. 8 in the l ight of this model. During the first 
transient,  hydrogen diffuses slowly through the meta l  
because most of it is used to saturate the islands of 
high strain. When the cathodic current  is switched off, 
hydrogen atoms from the bulk lat t ice diffuse out 
re la t ive ly  quickly, but  their  escape f rom the islands 
of high strain is slow and does not occur to an ap- 
preciable extent  wi thin  a few minutes. When the 
cathodic current  is switched on again, diffusion occurs 
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through a hydrogen- loaded  membrane,  i.e., one in 
which the islands of strain have already been satu- 
ra ted with  hydrogen. Diffusion through such a m e m -  
brane occurs much  faster, as evidenced by the shorter  
t ransient  (cf. the second and third transients in Fig. 
8). When the cathodic current  is switched off for 
several  hours the hydrogen atoms absorbed in islands 
of high strain slowly diffuse out, and the initial state 
of the membrane  can be restored. 

An order of magni tude  type calculation of the ratio 
of rate  constants in Eq. [5] may be made on the basis 
of the data presented in Fig. 8. 

From the shape of the second and third transients 
it may be inferred that  saturat ion of the islands has 
almost, but not quite  reached equi l ibr ium during the 
first t ransient  which lasted 18 min. On the other  hand, 
the original  state of the m e m b r a n e  was almost  re -  
stored in 150 min  be tween  the third and the four th  
transient. The amount  of hydrogen taken out f rom the 
membrane  after  the current  is switched off may be ob- 
tained f rom the area under  the permeat ion  decay 
transients in Fig. 8. The charge measured is Q = (2-4) 
x 10 -4 coulombs. Thus 

Co = 2C = 2Q/FV [6] 

where  C is the average concentratiorL of f ree  hydrogen 
in the metal,  Q is the measured charge during decay, 
and V is the vo lume of the membrane.  For  a 1 cm ~ 
membrane  having a thickness of 2.5 x 10 -3 cm, this 
gives Co -~ (1.6-3.2) x 10 -6 gram a tom/cm 3, as com- 
pared to a total  concentrat ion of 2.7 x 10 -5 gram 
a t o m / c m  3 obtained above. Thus about 85-95% of all  
the hydrogen absorbed in P t  is concentrated in areas 
of high strain, and K ~ 8-17. 

The diffusion coefficient calculated f rom the third 
t ransient  is about 7 t imes that  obtained f rom the first 
transient.  It is this diffusion coefficient which should 
be used in Eq. [4] to obtain the concentrat ion (Co) 
of f ree  hydrogen absorbed in the bulk of the metal.  
This gives rise to Co ~ 3.8 x 10 -6 gram a tom/cm  3 and 
K ~ 6. It  may  thus be concluded that  85-95% of the 
hydrogen absorbed in P t  is concentrated in islands 
of local strain which are in slow equi l ibr ium with  
hydrogen absorbed in the bulk. The equi l ibr ium con- 
stant for the t ransfer  of hydrogen atoms from the 
bulk to an island (Eq. [5]) is in the range of 6-17, 
and the t ime requi red  to saturate  an island is about 
ten times shorter  than the t ime requi red  to e l iminate  
all  the hydrogen f rom the meta l  under  a given set of 
conditions. 

Conclusions 
The permeat ion of e lectrolyt ical ly  generated hydro-  

gen through Pt  membranes  has been observed direct ly  
in the t empera tu re  range of 50~176 The process is 
shown to be diffusion control led at s teady state and 
during the transient.  The diffusion coefficient at 70~ 

is 3.4 x 10 -9 cm~/sec, and the apparent  energy of ac- 

t ivat ion for the diffusion process is 5H D ----- 9.6 kca l /  
gram atom. The total  concentrat ion of absorbed hy-  
drogen just  below the cathodic surface is Co ~ 2.7 x 
10 -5 gram a tom/cm 3. Most of the absorbed hydrogen 
is concentrated in regions of local s train in the crystal  
and only some 5-15% is f ree  to move through the 
lattice. Hydrogen atoms absorbed in regions of local 
strain are re la t iveIy stable and take much longer  to 
diffuse out than in. 

Hydrogen permeat ion becomes detectable only when  
the cathodic surface of the membrane  is poisoned, as 
others have  found (2). Hydrogen  embr i t t l ement  was 
found to occur, as in the case of iron and steel (7, 8). 
The overpotent ia l  for hydrogen evolut ion was shown 
to depend on the concentrat ion of absorbed hydrogen 
just  under  the cathodic surface. Calculat ion using an 
exper imenta l  value of the diffusion coefficient shows 
that  in a typical exper iment  at room tempera tu re  a 
var ia t ion of cathodic overpotent ia l  due to this effect 
could be observed for up to 10-20 hr. 
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Electrochemistry of the Lithium Hydride Cell 
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ABSTRACT 

The hydrogen / l i th ium hydride electrode, which is of interest  in  thermal ly  
regenerat ive fuel cells, has been studied in  fused LiCI-KCI eutectic at 375~ 
by vol tammetr ic  and chronopotentiometric techniques. The diffusion co- 
efficient of LiH under  these conditions is 1.67 • 0.04 x 10 -5 cm2/sec. Differ- 
ences between anodic chronopotentiograms obtained using tungs ten  and iron 
flag electrodes are discussed. 

Considerable at tent ion has been directed toward 
thermal ly  regenerat ive ionic hydride cells as direct 
energy conversion devices (1). As a consequence, a 
study of the electrochemistry involved in the opera- 
t ion of such cells is of potential  interest.  Such an in -  
vestigation is described in this paper. 

Lewis (2) ini t iated the electrochemical studies of 
saline hydrides when he showed that  molten l i thium 
hydride will  conduct electricity. Moers (3), Peters 
(4), and Potter  and Bockris (5) have studied the 
electrolysis of solid l i th ium hydride. In  all cases, si- 
mul taneous cathodic deposition of l i th ium and anodic 
evolution of hydrogen were observed. Bardwell  (6) 
dissolved calcium hydride in mol ten purified LiC1-KC1 
eutectic at about 365~ electrolysis of these solutions 
evolved hydrogen at the iron anode in amounts  cal-  
culated from Faraday 's  law for the discharge of hy-  
dride ion. This work has been questioned by Potter  
and Bockris (5) who were unable  to detect any  
anodically evolved hydrogen from a solution of cal- 
cium hydride in this eutectic. 

Johnson et al. (7) concluded from LiH-LiC1 solid- 
l iquid equi l ibr ium studies tha t  polymerizat ion of 
l i th ium hydride in l i th ium chloride does not  occur. 
Similar  studies (8) of the LiH-NaC1 reciprocal sys- 
tem yield evidence for the existence of unionized 
monomeric l i th ium hydride in  dilute solutions in 
mol ten chlorides. Johnson and Heinrich (9) have 
made equi l ibr ium potential  measurements  on cells of 
the type H2(g) / IAH(x) ,  LiCl(1- -x) /Lio( l iq . )  using 
iron as the iner t  electrode material.  The concentrat ion 
dependence of the potential  corresponded to one elec- 
t ron /LiH and the pressure dependence to two elec- 
t rons /hydrogen molecule. The electrochemical equi-  
l ibr ium was apparent ly  established at the three-phase 
solid i ron-fused salt e lectrolyte-hydrogen gas in te r -  
face. 

Quali tat ive data on thermal ly  regenerat ive fuel 
cells using l i th ium hydride have been reported (10- 
13). Indig and Snyder  (14) have studied the l i th ium 
hydr ide-hydrogen electrode in  LiCI-KC1 eutectic and 
have shown apparent  one-electron Nerns t ian  behavior  
in concentrat ion cells. These authors in terpre ted their 
coulombic efficiency data on the basis of two com- 
peting reactions, LiH -> Li + + J/2H2 + e -  and LiH 
--> Li + + H + + 2e- .  Addit ional  evidence cited for 
the occurrence of the lat ter  was the evolution of 
hydrogen at the cathode, presumably  from discharge 
of H +. Inasmuch as the reaction H + + LiH --> H2 
+ Li + can be expected to occur in  any mel t  contain-  
ing l i th ium hydride, the two-electron oxidation ap-  
pears unl ike ly  and the cathodic hydrogen evolution 
is probably due to some reaction involving impuri t ies;  

1 P resen t  address :  D e p a r t m e n t  of Chemis t ry ,  Un ive r s i t y  of Al- 
berta ,  Edmonton,  Alber ta ,  Canada.  

2 P r e s e n t  address :  Metals  and  Controls Division,  Texas  Ins t ru -  
men t s  Inc., Attleboro, Massachuset ts .  

Presen t  address: N o y e s  Labora to ry  of Chemis t ry ,  Un ive r s i t y  of 
Illinois, Urbana ,  Illinois. 

such reactions have been studied in this solvent 
(15, 16). 

Experimental 
Ap~aratus.--Any investigation of a system involv-  

ing molten alkali  metals and their salts requires the 
main tenance  of an inert  atmosphere of high puri ty.  
These conditions have been achieved by the develop- 
ment  (17) of a he l ium-atmosphere  purification unit.  
In  normal  operation, the impur i ty  levels in  the iner t -  
atmosphere box are less than 0.5 ppm water  and less 
than 10 ppm total for oxygen and nitrogen. 

The cell was operated in a furnace well  attached 
to the base of such a box. The reactivi ty of mol ten 
l i thium and mol ten salt solutions of this metal  
severely limits the cell design. Molten l i th ium has a 
finite solubili ty in LiC1-KC1 eutectic. Up to the pres- 
ent time, no suitable electrical insulator  has been 
found capable of wi ths tanding prolonged attack by 
mol ten l i thium or mol ten-sa l t  solutions of this metal. 
Accordingly, all electrodes must  be suspended from 
an insulator  above the solution. 

A diagram of the cell is shown in Fig. 1. All  mate-  
rials except  the pin vise, which was nickel-plated 
steel, and where otherwise stated, was type 316 stain-  
less steel. The two l i th ium cup electrodes and the two 
stainless steel-sheathed chromel-a tumel  thermo-  
couples (Pyro Electric, Inc., Walkerton,  Indiana)  
were symmetr ical ly  located with respect to the central  
indicat ing electrode, which was supported by the pin  
vise. 

The inner  crucible fitted into the furnace well. To 
reduce thermal  gradients, the outer surface of the 
well was covered with % in. nickel-plated copper 
over a length 5 in. from the base. With an electrolyte 
depth of 1~/2 in., the electrolyte surface tempera ture  
was 371~176 when the bu lk  tempera ture  was ma in -  
ta ined at 375~ The l iquid l i th ium electrodes were 
held below the electrolyte surface on cylindrical  metal  
sponges fitted into the stainless steel cups. The s ta in-  
less steel sponge (Huyck Metals, Milford, Connecti-  
cut) was wetted by l iquid l i th ium at 600~ and held 
it with great tenacity;  the l i th ium did not  detach from 
its support  on immersion in the mol ten electrolyte. By 
placing a cap with a small  central  orifice on top of the 
cup, the rate of solution of l i th ium in the electrolyte 
was rendered negligible. The thermocouple sheaths 
and electrode leads passed through ny lon- l ined  brass 
tubes which extended from the bottom of the cell head 
base into the box. At the head of each brass tube was a 
modified, ny lon- l ined  brass vacuum coupling (Type C, 
Vacuum Electronics Corporation, Chicago, I l l inois) .  
The electrode leads were connected to micrometer  
depth gauges (No. 605, Brown and Sharpe Manufac-  
tur ing  Company, Providence, Rhode Is land) .  A step- 
less tempera ture  controller  (JYSCR set point  unit ,  
PSCR-27-120 power uni t ;  West Ins t rumen t  Corpora- 
tion, Schiller Park,  Illinois) operated the furnace 
(Marshall  Products Company, Columbus, Ohio). Tem-  
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Fig. I. Schematic diagram of molten salt cell: 1, aluminum 
depth gauge support; 2, Micarta insulating bar; 3, micrometer depth 
gauge; 4, cell head base; 5, base of box; 6, furnace well; 7, "0"  
ring seal; 8, water cooling coils; 9, gas inlet; 10, copper sheath; 11, 
crucible; 12, lithium cup electrode; 13, thermocouple; 14, wire 
micraelectrode or flag electrode; 15, pin vise; 16, electrode lead 
rod; 17, insulating disk; 18, nylon-lined brass tube; 19, insulating 
vacuum coupling; 20, thermocouple connector block; 21, nylon 
insulating connector; 22, electrolyte. 

peratures  in the furnace were  moni tored with  a re -  
cording potent iometer  (Honeywell ,  Minneapolis,  
Minnesota) .  The bulk electrolyte  t empera ture  was 
controlled to •176 The dispari ty in the areas of the 
microelectrode and the l i th ium cup electrode was such 
that, for  the minute  currents  which passed through 
the cell, the la t ter  electrode remained unpolarized. 

A Model XV polarograph (E. H. Sargent  and Com- 
pany, Chicago, Illinois) was used to obtain the vo l tam-  
metr ic  data. Chronopotent iometr ic  measurements  were  
made using conventional  solid-state circuits specifi- 
cally designed for a low- impedance  system; the cur-  
r en t - t ime  traces were  displayed on a Model 7664 oscil- 
loscope equipped with a Model 453-A1 Polaroid cam- 
era (Fairchi ld Dumont  Laboratories,  Clifton, New 
Je rsey) .  

Materials.--Lithium hydride  was prepared  and ana-  
lyzed as described by Johnson, Wood, and Crout-  
hamel  (7). Li th ium metal  (Foote Mineral  Company, 
Philadelphia,  Pennsylvania) ,  supplied sealed under  an 
argon atmosphere,  had an impuri ty  level  less than 
0.003% with  respect  to sodium, potassium, chlorine, 
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and nitrogen. Pr ior  to use in the cell, the requisi te  
amount  of l i thium was taken and t r immed  to a br ight  
surface. The LiC1-KC1 eutectic (59 mole % LiC1, mp 
352~ (18); Anderson Physics Laboratories,  Inc., 
Champaign, Illinois) had been purified with  HC1 (19) 
fol lowed by displacement  of heavy  metal  impuri t ies  
wi th  magnesium. Commercial  hydrogen gas was pu-  
rified by a s i lver -pa l ladium alloy diffusion apparatus 
(Milton Roy Company, Pa rk  Ridge, I l l inois) .  The 
vol tammetr ic  microelectrode was a 0.009 in. i ron wi re  
(B and A Reagent,  Al l ied Chemical  Company, New 
York) .  The chronopotent iometry  flags were  cut f rom 
0.01 in. Armco ingot iron sheet or fabricated f rom 
0.04 in. sheet tungsten flags welded to tungsten wires 
under  helium. 

The crucible, electrodes, and thermocouples which 
came in contact wi th  the mol ten electrolyte  were  
cleaned mechanical ly,  r insed in water  and acetone, 
evacuated, and stored in the hel ium atmosphere box. 
These components were  assembled to the cell head, 
heated in hydrogen at 900~ for 16 hr, and evacuated 
to remove  any remaining oxide films prior to loading 
of the cell. All  cell materials  were  weighed, t r immed,  
and loaded into the cell inside the h igh-pur i ty  hel ium 
atmosphere box. The t ime expended in these opera-  
tions was kept  to a minimum, and the furnace wel l  
containing the cell was sealed f rom box atmosphere  
with the gastight head. The wel l  a tmosphere  was 
evacuated and the wel l  refilled with  hydrogen or 
hel ium before the cell was heated to 375~ 

Procedures.--The LiC1-KC1 eutectic held at 375~ 
was saturated with  l i thium prior to studies of the 
l i th ium hydride system by immers ing a fiber meta l  
sponge soaked wi th  l i thium metal  in the mel t  for sev-  
eral  days. Displacement  of potassium by l i th ium did 
not become noticeable as long as the tempera ture  was 
kept below 450~ 

To obtain reproducible  vo l tammetr ic  data it was 
necessary to record the cell current  at each potent ial  
unti l  a s teady-sta te  condit ion (• ~a) was attained; 
the t ime required var ied  f rom 3 to 30 rain. Al though 
the geometr ic  area of the microelectrode could not be 
determined accurately since it was not defined by an 
insulat ing material ,  it was est imated to average  
5 x 10 -3 cm 2 by microscopic examinat ion at the con- 
c]usion of several  experiments.  The geometr ic  area 
of each flag electrode used in the chronopotent io-  
metr ic  studies was measured with  a micrometer .  

The currents  applied to the chronopotent iometry  
cell were  such that  the transi t ion t imes were  one sec- 
ond or less. Five minutes  were  al lowed to elapse 
be tween successive cur ren t  pulses; delays of 5, 10, and 
30 min be tween pulses produced identical  chronopo-  
tentiograms, but  delays of less than 5 rain produced 
shorter  t ransi t ion times. Mechanical  st irr ing of the 
cell be tween pulses was not feasible, and it was the re -  
fore necessary to re ly  on convect ive mixing in the 
cell. 

Analyses of solutions of l i th ium and l i thium hydr ide  
in the melt  were  carried out by acidimetric t i t ra t ion 
of hydrolyzed samples. 

Results and Discussion 

Curves A and B in Fig. 2 show the cur ren t -potent ia l  
relationships for the electrolyte  and l i th ium-sa tura ted  
electrolyte  respectively,  both in a he l ium atmosphere.  
In the fused salt e lectrolyte  alone the iron dissolution 
potential  was W1.48v (all potentials  are given with  
respect  to the L i~  + re fe rence  electrode) .  In 
the  l i th ium-sa tura ted  electrolyte,  the iron dissolution 
potential  is ~2.13v. The discrepancy of W0.65v can 
be explained by assuming that  on introduct ion of the 
l i thium electrode into the unsatura ted  electrolyte  a 
displacement react ion 2Li ~ -b Mg ++ -> Mg ~ W 2L i+ 
proceeds and magnesium is deposited on the surface 
of the electrode. This creates a Mg~ + + electrode 
system, whose standard potent ial  (20) is ~0.72v. The 
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Fig. 2. Voltammetric data for the lithium hydride cell, LiCI- 
KCI eutectic, 375~ iron microelectrode. (A) Electrolyte alone, 
helium atmosphere, 760 mm Hg; (B) lithium-saturated electrolyte, 
helium atmosphere, 760 mm Hg; (C) lithium-saturated electrolyte, 
hydrogen atmosphere, 760 mm Hg. 

potential  of this magnesium quasireference electrode 
is less posit ive than the standard potent ial  due to the 
low concentrat ion of magnesium ion in solution. 

The section of curve B, Fig. 2, f rom 0 to +0.6v is 
characterist ic of the oxidation of soluble li thium. The 
succeeding step can be analyzed using the Heyrovsky-  
I lkovic equat ion (21) which gives El~2 ~ +0.74v and 
n = 1.1. This step appears to be characterist ic of l i th-  
ium hydr ide  oxidation. Al though nei ther  l i thium hy-  
dride nor hydrogen was added to the cell, residual  
hydrogen from the preheat ing of the metal l ic  parts 
in hydrogen could form l i thium hydr ide  by react ion 
with  l i thium meta l  dissolved in the fused salt. Since 
the stainless steel apparatus weighed several  ki lo-  
grams, it can be calculated (22) that  more than 
enough hydrogen to produce the observed amount  of 
LiH could have come from the stainless steel compo- 
nents. This amount  of hydrogen would  not, however ,  
be sufficient to r emove  all l i thium f rom solution, and 
thus the l i thium oxidation wave  should also be pres-  
ent. 

Curve C, Fig. 2, was obtained for the same sample 
of l i th ium-sa tura ted  electrolyte,  containing no added 
LiH, which had been held under  1 a tm of hydrogen 
for two days. The shape and position of this curve, 
whose E1/2 is the same as that of B, is characterist ic 
of the l i thium hydr ide -hydrogen  system (compare 
with curve  B, Fig. 3, which was obtained for the same 
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Fig. 3. Voltammetric data for the lithium hydride cell, LiCI- 
KCt eutectic, 375~ iron microelectrode, hydrogen atmosphere, 
760 mm Hg. (A) Lithium hydride-saturated electrolyte, ca. 5 mole 
% LiH; (B) unsaturated electrolyte, 8 x 10 - 2  mole % LiH. 

electrolyte  sample wi th  solid LiH added).  Between 
0 and +0.66v activation effects appear to contr ibute 
toward the cathodic polarization inasmuch as the cur-  
rent  is nowhere  independent  of the potent ial  applied. 
A mass t ransfer - l imi ted  oxidation rate is at tained at 
potentials more posit ive than +0.70v; this conclusion 
is supported by Fig. 4. The data of curve C, Fig. 2, 
are in accordance with the l inear relat ionship shown 
in Fig. 4 on the assumption that  all of the dissolved 
l i th ium was conver ted to l i th ium hydr ide  by reac-  
tion with the hydrogen atmosphere  over  the two-day  
wai t ing period. Fur ther  evidence for this assumption 
is the fact that  the blue color and anodic l i thium wave  
characterist ic of the l i th ium-sa tura ted  solvent disap- 
peared during this time. 

Curve  B, Fig. 3, was observed for a dilute l i thium 
hydr ide  solution. As the microelectrode is made in- 
creasingly posit ive ( forward polarizat ion),  at +0.40v 
the cathodic current  approaches zero rapidly and be-  
comes anodic (broken l ine).  Between +0.48 and 
+0.52v, the anodic current  becomes unstable, falls to 
zero, and finally attains a cathodic value  commen-  
surate wi th  the extrapolat ion of the prepeak  curve. 
Beyond this region steady currents  are observed unti l  
the l imit ing anodic region is reached. In the l imit ing 
anodic region (+0.7 to +2.1v) the random current  
fluctuations observed are probably due to bubble for-  
mat ion during hydrogen gas evolution. The anodic 
l imit ing currents  are direct ly proport ional  to the LiH 
concentrat ion (Fig. 4). On reverse  polarization, sim- 
ilar peaking behavior,  but in a cathodic direction, is 
observed. If a s teady-sta te  condition is at tained at 
each potential  setting, this cathodic dip can be great ly  
minimized;  such is not the case for the forward  po- 
larization anodic peak. Curve  A, Fig. 3, is the cur ren t -  
vol tage relat ionship for a saturated l i thium hydride 
solution (ca. 5.0 mole % LiH).  Stable currents  are 
observed throughout  except  for random fluctuations 
in the anodic hydrogen evolut ion region. Curve  B 
approaches A as the concentrat ion of LiH increases. 
The peaking effect is observed unti l  saturat ion is at-  
tained. For both forward  and reverse  polarization, the 
potential  of m ax im um  current  increase in the unstable 
region is +0.42v. Similar  peaking was observed when  
the iron microelectrode was replaced by a tungsten 
microelectrode of comparable  size. 

For  a revers ible  electrochemical  system containing 
soluble oxidized and reduced species and yielding com- 
posite anodic-cathodic polarization data, a form of 
the Heyrovsky- I lkov ic  equat ion is valid (23). In Fig. 
5, curve  B of Fig. 3 is reproduced together  with its 
analysis according to this equation. The value of the 
anodic l imit ing current  /L,A was 73.0 ~a. There  is no 
wel l -def ined cathodic plateau region, but  the slope of 
the curve  is min imal  at +0.32v; the current  at this 
potent ial  was arbi t rar i ly  taken  as the cathodic l imit -  
ing current  IL,C. From eleven such plots obtained at 
different hydrogen pressures and hydr ide  concentra-  
tions the mean n in the anodic region (line A) was 
1.079, s tandard deviation, ~, 0.040, e lectrons/LiH.  The 
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Fig. 4. Effect of lithium hydride concentration on anodic limiting 
current, LiCI-KCI eutectic, 375~ iron microelectrode; hydrogen 
atmosphere, 760 mm Hg. 
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Fig. 5. Heyrovsky-Ilkovle analysis of voltammetrlc curve, LiCk 
KCI eutectic, 375~ iron microelectrode, 8 x 10 -2  mole % till, 
hydrogen atmosphere, 760 mm Hg. 

slope of the log plot l ine B varies in a random man-  
ner wi th  the hydrogen pressure and amount  of added 
hydride;  in all cases, however ,  i t  is significantly less 
than that  of A, as would be expected if the reduct ion 
occurr ing in this potent ial  region involves at least one 
slow stage. The change of slope occurs at the zero cur-  
rent  potential.  Analysis  of all the polarization data 
indicates that  the cathodic reduct ion of hydrogen,  but  
not the anodic oxidation of hydride,  is character ized 
by an appreciable  act ivat ion polarization under  dif-  
ferent  exper imenta l  conditions. 

If charge t ransfer  processes are ra te -de te rmin ing ,  
this rate  can be expressed in terms of the equat ion 
below (24-26) 

S e p t e m b e r  1966 

I ~ I - ~ R T  [ln Ic-- ln I l --exp ( --[nlkF > ] 

RT 
- -  - -  I n  I c  ~ 

where  Ic ~ is the exchange current,  /~ the symmet ry  
factor, ~ the cathodic overpotential ,  and k the electron 
number.  The electron number  is n/~ where  v is the 
stoichiometric number  (24). 

Curve  A, Fig. 6, is a graph of t~1 as a funct ion of 
the cathodic current.  It  is difficult to be cer ta in  of 
the currents  when  the cathodic overpotent ia l  is much 
greater  than 0.1v due to the proximi ty  of the unstable 
peaking region. When I~I is be tween 0 and 0.1v there  
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Fig. 6. Overpotential analysis of cathodic voltammetric curve, 
LiCI-KCI eutectic,  375~ iron mlcroeleetrode, 8 x 10 - e  mole % 
kill; hydrogen atmosphere, 760 mm Hg. (A) t~1 vs. Ioge Ic; (B) 

[~1] vs. Ioge 'c - - Ioge [ 1 . 0 -  exp < --[~l[ ~.F ) ]  , = 2.0; 

(C) ,Tl[ vs. 'age Ic - - 'age  [ 1 . 0 - - e x p  (--]~],;~F ) ] , ~  = 1.0. 
RT 

is no l inear (Tafel)  region, which indicates that  the 
data should be analyzed in terms of the equat ion 
given above. 

A plot  of Inl vs. the logar i thmic te rm in square  
brackets will  be l inear  if and only if the correct  value  
of k is chosen. Examples  of such plots are shown by 
curves B and C, Fig. 6. For  2 > ~ > I, a fam-  
ily of curves in te rmedia te  be tween  B and C is ob- 
tained; for 1 > ~ > 0 similar  behavior  is observed 
wi th  curva tu re  in the opposite sense. As can be 
seen, the correct  choice is k = 1.0. Similar  anal-  
yses of data obtained at lower  hydrogen pressures 
yield the same result. It  is therefore  concluded 
that  the over -a l l  kinetics of the electrochemical  
reduct ion react ion are governed by e i ther  a slow 
one-e lec t ron t ransfer  step or a one-e lec t ron t ransfer  
step coupled with  a slow chemical  step. Al though the 
uncer ta in ty  in the electrode area does not  pe rmi t  ac- 
curate de terminat ion  of the exchange current  density, 
it appears to be about 1 m a / c m  2. This is considerably 
lower than the exchange currents  for me ta l -me ta l  
ion couples in LiC1-KC1 eutectic at 450~ (27). 

The t ime-cur ren t  relat ionship at constant current  
for an electrode process under  l inear  diffusion con- 
trol  (28) is I~ 1/s = 1/2 nFAD1/2~/2C where  I is the 
current  (amp),  �9 is the t ransi t ion t ime (sec), C is 
the bulk concentrat ion of the diffusing ion (moles 
cm-~) ,  D is the diffusion coefficient (cm2sec-1),  A is 
the electrode area (cmS), and the remain ing  terms 
have their  usual significance. If the react ion is diffu- 
sion-controlled,  I~ 1/2 is independent  of I for a given 
concentrat ion of electroact ive species. The amount  
of LiH present  used in the calculat ion of the  bulk 
concentrat ion was the sum of the amount  of LiH 
added and the amount  formed from the l i th ium-sa tu -  
ra ted LiC1-KC1. 

Chronopotent iometr ic  measurements  were  made 
using tungsten flag electrodes. These anodic chrono-  
potent iograms (Fig. 7) consistently contained four  
separate plateaus, A-D. Pla teau  D, due to chlorine 
evolution, occurs at +3.1v. A transi t ion t ime could 
not be measured for plateau B, which appeared only 
as a change of slope in the po ten t ia l - t ime curve  and 
is probably due to the presence in the mel t  of an 
oxidizable impur i ty  whose concentrat ion is 10-4M or 
less. 

Pla teau A is ascribed to the oxidation of l i th ium 
hydr ide  since the  transi t ion t ime increased on the 
addition of l i thium hydr ide  to the cell. The potent ial  
of this plateau ranged  f rom +0.5 to +0.7v, in agree-  
ment  wi th  the potent ia l  at which the vo l tammet r ic  
hydr ide  wave  was observed. The length and potent ial  
of this plateau appeared to be independent  of hy-  
drogen pressure. The value  of I~ 1/2 remained  constant 
as the current  densi ty  was var ied  from 0.1 to 4 a m p /  
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Fig. 7. Chronopotentiogram with tungsten electrode, LiCI-KCI 
eutectie, 375~ electrode area 0.345 cm s, current 129.7 too, 
LiH 0.2568M. 
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Table I. Chronopotentiometric data, tungsten electrode* 

IoTAI/3, IoTcl/2 
C u r r e n t ,  T r a n s i t i o n  T r a n s i t i o n  a m p  secl/~ a m p  seen/~ 

a m p  t i m e  A ,  see  t i m e  C, see  c m  ~ cm-2  

0.0817 0.4110 0.0600 0.1525 0.0583 
0.1297 0.1690 0.0260 0.1548 0.0580 
0 .1889 0.0795 0.0150 0 .1545 0.0672 
0.1889 0.0808 0 2 1 3 8  0.1557 0.0643 
0.2455 0.0480 0.0088 0.1565 0.0670 
0.3049 0.0305 0.0046 0.1545 0.0600 
0.3636 0 .02025 0.00365 0.1501 0.0638 
0.4241 0.0155 0,00265 0 ,1530 0 .0832 
0.4658 0.01195 0 ~ 0 2 5  0.1539 0 .0704 
0.6093 0.00758 0.0017 0.1536 0.0728 
0.7345 0.00526 0.0012 0.1545 0.0736 
0 .9877 0.00283 0.0008 0.1525 0.0812 
1.2425 0.00180 0.00055 0 .1528 0.0846 
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Fig. 8. Chronopotentiogram with iron electrode, LiCI-KCI eutectic, 
375~ electrode area 0.823 cm 2, current 860.2 ma, LiH 0.2662M. 

* Ce l l  h y d r o g e n  p r e s s u r e  760 m m  Hg;  t e m p e r a t u r e  375.0 "4- 0.5~ 
e l e c t r o d e  a r e a  0.345 cme; L i H  c o n c e n t r a t i o n  0 .2568M. 

cm 2. Data f rom a representa t ive  run  are given in 
Table I. It  is assumed that  the over -a l l  react ion on 
tungsten must  be the two-e lec t ron  process 2LiH --> H2 
q- 2Li + + 2e- ,  as indicated by potent iometr ic  studies 
(9). The over -a l l  react ion cannot be LiH + M-H -> 
H2 + Li + + e -  because the solubil i ty of hydrogen 
in tungsten is negligible (29) and the values of I t  are 
such that  an adsorbed monolayer  could not supply 
enough hydrogen. On this basis the mean va lue  of 
D was 1.67 x 10 -5 cm2/sec, ~, 0.04 x 10 -5 (2.2%), 
from 39 determinat ions  at hydrogen pressures f rom 
0.5 to 1.0 a tm and l i th ium hydr ide  concentrations 
f rom 0.1 to 0.3M, over  the range of current  densi-  
ties given above. This is in good agreement  with 
the range  of 0.6 to 3.5 x 10-5 cmg-/sec and precision 
of 2.6% reported for the diffusion coefficients of sev-  
eral  meta l  ions in this eutectic at 450~ (30). 

Pla teau C was less wel l -def ined than A and the 
changeover  from C to D was often indistinct. The  
length and potential  of C were  independent  of the 
amount  of l i th ium hydr ide  added to the cell and the 
hydrogen pressure above it; plateaus B, C, and D, but  
not A, were  observed even with no added l i thium hy-  
dride. Under  all conditions I-d~2 remained  approxi-  
mate ly  constant as the current  was varied. The po-  
tent ial  (at x/4) of this p la teau was +2.6 to +2.8v. 
The mean va lue  of nCD 1/2 calculated for  this plateau 
on the basis of l inear diffusion control  is 8 ___ 1 x 10 -7 
cm -2 equiv  sec -1/2 using data taken over  the ranges 
of conditions given above. 

This plateau is ascribed to the oxidat ion of hydro-  
gen to hydrogen ion, the standard potential,  EM o, of 
which is +2.61v (31). Quant i ta t ive  analysis of this 
plateau does not appear  to be possible even though 
IT 1/2 is approximate ly  constant wi th  I, indicating a 
diffusion-control led process. It  has been shown (32) 
that  for stepwise reduct ion of diffusing species T2 = 
3T1 when nl-~n2; the calculat ion is equal ly  applicable 
to stepwise oxidation. In every  LiH cell exper iment ,  
Te and xl were  near ly  equal  wi th  T2 being, in most 
cases, less than Xl. This behavior  can be explained on 
the basis that  much of the hydrogen produced electro-  
chemical ly leaves the electrode other  than by diffu- 
sion; since the mel t  is saturated wi th  hydrogen,  s u c h  
an explanat ion does not appear  unlikely.  The con- 
centrat ion of H~ in the mel t  calculated f rom the value  
of nCD 1/2 given above would be about 0.1M. This is 
about one order of magni tude  greater  than the solu- 
bi l i ty of HF in mol ten fluorides (33) and three orders 
of magni tude  greater  than that  of the rare  gases in 
the same solvent (34, 35); it cannot be considered a 
t rue  measure  of the solubili ty of hydrogen in the 
melt. 

Armco  iron has been studied as an anode mater ia l  
in l i thium hydr ide  cells (36). For  this reason chrono-  
potent iometr ic  studies were  made using Armco iron 
as the flag electrode. These ehronopotent iograms (Fig. 
8) consistently contained only two plateaus. The sec- 
ond plateau corresponds in potent ial  (20) to the ox-  

idation of i ron to F e ( I I ) ,  which would occur wi thout  
t ransi t ion at an i ron electrode. The first plateau is 
ascribed to the oxidation of l i th ium hydr ide  since 
the t ransi t ion t ime increased on addit ion of l i thium 
hydr ide  to the cell. Both T and IT 1/2 decreased wi th  
decreasing hydrogen pressure at all l i th ium hydr ide  
concentrat ions studied. The value  of nei ther  I t  nor 
IT 1/2 was constant when  the current  density was 
var ied under  o therwise  constant conditions. At  low 
concentrations of l i thium hydride,  I'~ 1/2 increased with 
increasing I; as the concentrat ion of l i thium hydr ide  
was increased, the re la t ive  increase in I-~1/2 with I be -  
came less. The values of D calculated using the equa-  
tion for l inear  diffusion control  ranged f rom 3 times 
to 4000 t imes those de termined  wi th  the tungsten elec-  
trode; the lowest  values were  obtained at high l i th ium 
hydr ide  concentrations. Data f rom a representa t ive  
run  are given in Table II. 

Aqueous studies (37, 38) have shown that  adsorp- 
tion of the electroact ive species causes the value  of 
Ix ~/~, and hence the calculated value of D, to increase 
wi th  increasing current.  Graphical  a t tempts  were  
made to fit all of the data taken using iron to each 
of the models discussed in these papers. Al though no 
model  could be successfully applied to all  the data, 
the model  in which an adsorbed layer  is electrolyzed 
first fol lowed by the diffusing species gave the best 
fit. These calculations are shown in Table III. The 
values of surface excess were  calculated using the 
equat ion 

I o x =  1/2 n F C  ~112D112"~1/2 -~- ~t.FF 

for this model  and the value  of D calculated f rom the 
tungsten electrode studies. The slopes of the IoT - -  
31/2 plots w e r e  independent  of hydrogen pressure 
while  the surface excess calculated f rom the in te r -  
cepts increased wi th  hydrogen pressure. The surface 
excesses correspond to about 100 LiH monolayers,  
which is too thick a layer  to be ascribed to an adsorp- 
tion process. For  this reason the adsorption models do 
not appear to explain these observations adequately.  

These large surface excesses would  be more  rea -  
sonable if there  were  evidence for an increase in the 

Table II. Chronopotentiometric data, iron electrode* 

T r a n s i t i o n  Io'rl/z, 
C u r r e n t ,  a m p  t i m e ,  sec  a m p  see1/~ c m  ~ 

0 .2455 0 .5840 0 .2279 
0.3636 0 .2200 0.2072 
0 .4858 0 .1256 0.2092 
0.6093 0.0820 0.2120 
0.7345 0 .0594 0.2175 
0.8602 0.0457 0 .2234 
0.9877 0.0372 0.2315 
1,1142 0.0313 0.2395 
1.2425 0 .0270 0.2481 
1.3681 0.0237 0 .2559 
1.4974 0.0212 0.2649 
1.6220 0 .0186 0.2688 
1.7486 0.0175 0.2811 
1.8732 0.0155 0.2832 
1.9978 0.0146 0 .2934 
2 .1224 0.0135 0.2997 

* H y d r o g e n  p r e s s u r e  760 m m  Hg;  t e m p e r a t u r e  375.0  ~ 0~5~ 
e l e c t r o d e  a r e a  0.823 cm~; L i H  c o n c e n t r a t i o n  0 .2662M. 
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Table III. Diffusion-adsorption model calculations < 6.c 

L i t h i u m  h y d r i d e  H y d r o g e n  S u r f a c e  
c o n c e n t r a t i o n ,  p r e s s u r e ,  exce s s ,  ~- 5.0 

m o l e  l i t e r  -~ m m  H g  coul  cm-~ 

> 

0.0208 760 0.0290* > 4.0 
0.0208 190 0.0094 
0.0208 380 0.0120 
0.0208 760 0.265* + 
0.0419 380 0.0150 ~ 3.0 
0.0419 760 0.0202 
0.0746 380 0.0119 
0.0746 760 0.0229** 
0.2662 360 0.0135 2.0 
0.2662 760 0.0262 
0.6349 380 0.0415" 
0.6349 760 0.0200* 
1.005 380 0.0130"* 
1.005 760 0.0130" ~ 1.0 

t )  

O A 

* P l o t  m a r k e d l y  n o n l i n e a r .  { [ [ { I ] [ 
** C o n s i d e r a b l e  s c a t t e r  to t h e  da t a .  0 2 0 0  4 0 0  6 0 0  8 0 0  

t rue  surface area of iron electrodes. Such evidence 
exists; in all experiments ,  only that  part  of the iron 
electrode in contact with the electrolyte  appeared to 
be roughened,  as indicated by a marked  blackening 
of the surface. The remainder  of the iron electrodes, 
and the ent ire  surface of the tungsten electrodes, 
remained  bright. The blackening did not appear to 
increase wi th  successive runs, which is not unex-  
pected as the surface was renewed for each pulse 
by going to iron dissolution. 

When transi t ion t imes were  moni tored repet i t ive ly  
at iron with  decreasing t ime intervals  be tween  ap- 
plication of successive pulses and other  conditions 
constant, the transit ion t imes decreased steadily for 
intervals  of less than 5 min. They were  constant 
when  the intervals  were  longer than 5 min, suggest-  
ing some interact ion that  is slow but complete in 
about 5 rain. 

Both T and I~ 1/2 decreased with  decreasing cell 
hydrogen pressure when iron electrodes were  used 
(Fig. 9). The transi t ion t imes observed for the first 
t ransi t ion on tungsten were  not affected by the hy-  
drogen pressure. This observation, coupled with the 
longer t ransi t ion t imes observed on iron and the de- 
pendence of surface excess on hydrogen pressure, 
cannot be explained except  by the existence of some 
interaction, on iron, wi th  the hydrogen gas above 
the melt. In this connection it should be noted that  
the solubili ty of hydrogen in iron, 0.34 cm 3 ( S T P ) /  
100g at 375~ (39), is much greater  than that  in 
tungsten (29). There  appears to be no significant 
difference in the potent ial  at which the oxidation 
occurs on i ren (E~/4 = 0.7 - -  0.8) and tungsten 
(ET/4 = 0.6 --  0.7), implying that  this interact ion 
occurs before the current  is applied and does not affect 
the oxidation potential.  

The act ivat ion overpotent ia l  observed in the cath-  
odic reduct ion of hydrogen may be involved wi th  
this slow interaction, and the interact ion could give 
rise to the vo l tammetr ic  anodic and cathodic peaks. 
An a l te rna t ive  explanat ion for the peaking consistent 
wi th  the above discussion is given in the thesis of 
the first author. 

In conclusion, the chronopotent iometr ic  indication 
of a large value  of surface excess on i ron could be 
explained in part  by a larger  t rue  surface area of 
the electrode and in par t  by the existence of some 
interact ion be tween iron, l i thium hydr ide  in the melt,  
and hydrogen.  A more quant i ta t ive  unders tanding of 
these processes does not appear  to be possible at 
this time. Quant i ta t ive  analysis of the vo l tammet r ic  
work  is difficult, since the meniscus region at which 
the microelectrode touches the mel t  can be quite  
complex as shown by aqueous work  (40, 41). In the 
absence of suitable insulat ing mater ia ls  this prob-  
lem cannot be avoided. Quant i ta t ive  analysis of the 
chronopotent iometr ic  data for iron is difficult due 

CELL HYDROGEN PRESSURE, mm. Hg. 

Fig. 9. Effect of hydrogen pressure on cathodic current at 
-I-0.32v, LiCI-KCI eutectic, 375~ iron microelectrode. (A) Un- 
saturated electrolyte; (B) lithium hydride-saturated electrolyte. 

to the complexi ty  of the system, as wel l  as a lack 
of general  physical  data re la ted to hydr ide -me l t  
systems. 
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Thermopotential Measurements of Alkali Halides 
Jacob Greenberg 

National Aeronautics and Space Administration, Lewis Research Center, Cleveland, Ohio 

ABSTRACT 

Thermopotent ia l  measurements  of NaC1, KC1, NaI, KI, and CsC1 were 
made using inert  ( tungsten)  electrodes. For  NaC1 and KC1, the maxima for 
the Seebeck coefficients were observed, one corresponding to a negative 
polari ty at the hot junct ion  and another corresponding to a positive polari ty 
at the hot junction.  

Experimental  Procedure 
Anhydrous  salts were prepared by washing with 

liquid ammonia.  The more conventional  methods of 
pur i fying metal  halides involve heat ing the salt and 
t reat ing the melt  to remove hydrolysis products. The 
heating of the salts in the presence of water produces 
hydrolysis products, which are then responsible in 
part  for the corrosive action of the melts. By treat ing 
the solid with liquid ammonia  at low temperatures,  
the introduct ion of hydrolysis products is limited. The 
water  present  in the halides becomes associated with 
the ammonia  and is carried out in  the diffusion stream 
(1). 

The salts were purified in 300-ml round-bot tom 
flasks. After  the system was sealed off from the vac- 
uum line, these halides were then t ransferred from 
the flasks to a quartz cell fitted with two tungsten  
electrodes by t i l t ing the apparatus. The tungs ten  elec- 
trodes were ini t ia l ly beaded with a grading glass of 
slightly lower mel t ing point  than quartz. This was done 
in such a manner  that  the tungs ten  surface in contact 
with the graded glass was free of oxides. The seal 
was formed essentially by the compression of the 
metal  in the glass. The tungsten  electrodes that  were 
beaded in this m a n n e r  were then fused into the quartz 
container. A diagram of the cell used is shown in 
Fig. 1. In the cases of NaC1 or KC1 measurements  
were also made by filling the quartz cell directly and 
attaching the cell to a vacuum line. In  such instances 
slowly rais ing the tempera ture  of the solid while 
main ta in ing  a pressure of less than  10 -4 mm Hg gave 
satisfactory results. 

The quartz cells were fitted with chromel-a lumel  
thermocouples and covered with asbestos after having 
been sui tably wrapped with h igh- tempera ture  resis- 
tance wire. The heat ing wire  was carefully wrapped 
to reduce the presence of tempera ture  gradients, and 
the desired tempera ture  differentials were imposed by 

use of a 10-0hm coil of resistance wire placed about  
one electrode. These heat ing units  were supplied by 
two variable  s tepdown transformers  and steady-state 
temperatures  could be controlled to wi th in  1%. Volt-  
age measurements  were made by means of a vol t -  
meter  with a high in te rna l  impedance and cur ren t -  
voltage plots were made with an X-Y recorder. 

It  was found that if a salt hydrate  was submit ted 
to the ammonia  t rea tment  (e.g., LiI-3H20),  a solu- 
tion formed that  persisted at room temperature.  P re -  
t rea tment  of the hydrate,  which involved heat ing it 
in vacuum, was necessary in these cases. A volume 
expansion of the salt was observed in each system as 
a result  of the ammonia  treatment.  In  order that  no 
residual  ammonia  would be present  while  measure-  
ments  were being made, the cell was heated with a 
yellow flame unt i l  no pressure rise above 10 -4 mm Hg 

--..Stopcock 

Ground- ""(~" 
glass joint~ 

Liquid I-" I 

l , ,,-Graded seal 
l }  / quartz to Pyrex 

300 ml / "  Quartz 
round- ( 
bottom ,/~. 
flask J "~, ~alt ~=~uxlliary heater 

~ , ~  --Ch romel- 
J "~,, ,  Alumel 

Chromel- ,~ // thermocouple 
Alurnel " ,J-Tungsten electrodes 
thermocouple J 

Fig. 1. Diagram of apparatus used to purify salts and measure 
thermopotentials. 

To vacuum 
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was  obse rved �9  T h e  cel l  w a s  t h e n  r e m o v e d  f r o m  t h e  
v a c u u m  l ine .  

Resul ts  

T h e  u se  of i n e r t  e l e c t r o d e s  i m p l i e s  t h a t  t h e  e l e c t r o d e  
does  no t  h a v e  a n  ion  in  c o m m o n  w i t h  t h e  e l e c t r o l y t e  
as is t h e  case  w i t h  c o n v e n t i o n a l  t h e r m o c e l l s .  I n  m e a s -  
u r i n g  t h e  p o t e n t i a l  some  m i n i m a l  c u r r e n t  m u s t  f low 
w i t h  t h e  c o n s e q u e n t  e l e c t r o l y s i s  of t h e  e l ec t ro ly t e .  I n  
t h e  case  of NaC1 th i s  w o u l d  r e s u l t  in  t h e  f o r m a t i o n  
of  d e c o m p o s i t i o n  p r o d u c t s  of s o d i u m  a n d  c h l o r i n e  a t  
t h e  e l e c t r o d e s  in t e r f aces �9  T h e s e  e l e m e n t a l  c o m p o n e n t s  
w i t h  t h e i r  c o r r e s p o n d i n g  ions  in  t h e  e l e c t r o l y t e  t h e n  
c o n s t i t u t e  h a l f - c e l l  r e a c t i o n s  t h a t  i n s u r e  e l e c t r i c a l  
c o n t a c t  to t h e  e l e c t r o l y t e  b y  p r o v i d i n g  a m e a n s  fo r  
c h a r g e  t r a n s f e r .  T h e  p r e s e n c e  of s u c h  h a l f - c e l l s  c o n -  
s t i t u t e s  a b a c k - e m f  s ince  t h e  e l e c t r o l y s i s  of t h e  s a l t  
w i l l  occu r  i n  s u c h  a m a n n e r  as to n e g a t e  t h e  p r e s e n c e  
of t h e  t h e r m o p o t e n t i a l .  T h i s  w o u l d  i n d i c a t e  t h a t  t h e  
o b s e r v e d  v o l t a g e  r e a d i n g s  w e r e  s o m e w h a t  l o w e r  t h a n  
w h a t  w o u l d  b e  e x p e c t e d  if  such  h a l f - c e l l s  d id  no t  
exis t .  T h e  o b s e r v e d  v o l t a g e  of t h e  ce l l  c an  t h e n  b e  
c o n s i d e r e d  to b e  a n a l o g o u s  to a d e c o m p o s i t i o n  ce l l  
w h i c h  was  i n f l u e n c e d  b y  t h e  p r e f e r e n t i a l  m i g r a t i o n  of 
ions  in  t h e  t h e r m a l  g r a d i e n t � 9  

T h e  v a l u e s  of t h e  S e e b e c k  coeff ic ient  S o b s e r v e d  a r e  
p l o t t e d  in  Fig.  2, a n d  v a l u e s  fo r  t h e  d i s c h a r g e  c u r -  
r e n t s  in  CsC1 a r e  s h o w n  in  Fig.  3. T e m p e r a t u r e  g r a -  
d i e n t s  of 10 ~ to 50~ w e r e  m a i n t a i n e d  b e t w e e n  t h e  
e l ec t rodes .  A l l  m e a s u r e m e n t s  w e r e  m a d e  w h e n  t h e  

m 
Nal NaCl 

.~ ~ <~- ~. ~ 1 1  ''Kcl mp 

u~" junctl~ mP -I ~L, ]Nacl mp 
: I ,  ,.,== TAV (~ 

-4 I I I I I I I 600 650 ~ 750 800 850 900 950 
Average temperature, Tar, ~ 

Fig. 2. Seebeck coefficients of alkali halides. �9  Value from 
ref. (4). 

1 i 
E 

a ~-~('~ ~----.-/.Changes in position 
"- - -  ~ % .  ~ I of applied voltage 

"'-o. 

200 400 600 800 
Voltage, V, mV 

Fig. 3. Plot of continuous discharge currents for cesium chloride. 
Polarity at hot junction; temperature range, 720~176 average 
temperature, 852~ Seebeck coefficients, 2.39 mv/~ 
Momentary fast-scan discharge; - - �9 - -, continuous discharge. 

v o l t a g e  r e a d i n g s  b e c a m e  r e p r o d u c i b l e  a f t e r  b e i n g  a t  
l e a s t  1 h r  a t  t h e  t e m p e r a t u r e  of t h e  m e a s u r e m e n t .  

I n  o r d e r  to o b t a i n  a p o s s i b l e  i n d i c a t i o n  of  t h e  n u m -  
b e r  of m o b i l e  spec ies  p r e s e n t ,  t h e  cel ls  w e r e  a l l o w e d  
to d i s c h a r g e  u n d e r  t h e i r  o w n  t h e r m o p o t e n t i a l .  T h e  
s h o r t - c i r c u i t  c u r r e n t s  o b s e r v e d  w e r e  of t h e  o r d e r  of 
m i l l i a m p e r e s ;  h o w e v e r ,  b e c a u s e  of  p o l a r i z a t i o n  b y  d e -  
c o m p o s i t i o n  p r o d u c t s  t h e s e  c u r r e n t s  w e r e  s h o r t - l i v e d .  
H o w e v e r ,  CsC1 d id  m a i n t a i n  s t e a d y - s t a t e  c u r r e n t s ,  
p o s s i b l y  b e c a u s e  of t h e  i n c r e a s e d  s o l u b i l i t y  of d e c o m -  
pos i t i on  p roduc t s �9  

O n e  of t h e  p r i n c i p a l  sou rce s  of e r r o r  in  t h e  m e a s -  
u r e m e n t s  was  i n t r o d u c e d  b y  too r a p i d  a h e a t i n g  or  
coo l ing  r a t e .  I n  a l l  cases,  t h e  s a l t  w a s  i n i t i a l l y  m e l t e d  
to e n s u r e  t h e r m a l  e q u i l i b r i u m � 9  To d e t e r m i n e  t h e r m o -  
p o t e n t i a l  v a l u e s  b e l o w  t h e  m e l t i n g  po in t ,  i t  w a s  n e c e s -  
s a r y  to o b t a i n  as n e a r l y  a s i n g l e  c r y s t a l  as poss ible �9  
Too r a p i d  a coo l ing  r a t e  w o u l d  r e s u l t  in  a p o l y c r y s -  
t a l l i n e  m a t e r i a l .  B o t h  of t h e s e  c o n d i t i o n s  l ed  to n o n -  
r e p r o d u c i b l e  m e a s u r e m e n t s  of t e m p e r a t u r e  a n d  v o l t -  
age. I n  a d d i t i o n ,  too r a p i d  a coo l ing  r a t e  a f fec ted  t h e  
q u a r t z - t u n g s t e n  seals .  S i n c e  t h e s e  sea l s  a r e  e s s e n t i a l l y  
of a c o m p r e s s i o n  type ,  t h e y  w o r k  w e l l  a t  h i g h  t e m -  
p e r a t u r e s .  W h e n  t h e s e  sea ls  w e r e  coo led  to l o w e r  
t e m p e r a t u r e s  qu ick ly ,  a c r a c k  w o u l d  s o m e t i m e s  d e -  
ve lop .  

A l t h o u g h  t h e  l i t h i u m  h a l i d e  sa l t s  w e r e  r u n  r e -  
p e a t e d l y  no  r e p r o d u c i b l e  r e s u l t s  w e r e  ava i l ab l e �9  Th i s  
m a y  h a v e  b e e n  d u e  to t h e  f a i l u r e  to r e m o v e  a l l  i m -  
p u r i t i e s  (H20 ,  NH3) as  w e l l  as  t h e  a c c u m u l a t i o n  of 
i n s o l u b l e  d e c o m p o s i t i o n  p r o d u c t s  a t  t h e  e l ec t rodes .  

Discussion 

T h e  t h e r m o p o t e n t i a l  of  t he  ce l l  ~ is a f u n c t i o n  of  
s e v e r a l  t e r m s  (2) .  

A~b ~ A~hom -~ A~het -~- A~e 1 

w h e r e  A~hom i$ t h e  t h e r m o p o t e n t i a l  e v o l v e d  i n  s a l t  as 
r e s u l t  of t h e r m a l  g r a d i e n t ,  A~het is t h e  p o t e n t i a l  d u e  
to r e a c t i o n  a t  e l ec t rodes ,  a n d  Aq~el is t h e  p o t e n t i a l  due  
to h a v i n g  m e t a l  e l e c t r o d e s  a t  t w o  d i f f e r e n t  t e m p e r -  
a t u r e s .  

S i n c e  AgUe1 is of  t h e  s a m e  o r d e r  of  m a g n i t u d e  as  ob -  
s e r v e d  fo r  m e t a l l i c  t h e r m o c o u p l e s  a n d  is of  t h e  o r d e r  
of m i c r o v o l t s ,  i t s  effect  c a n  b e  c o n s i d e r e d  as b e i n g  
n e g l i g i b l e  fo r  t h e s e  sy s t ems .  S i n c e  t h e r e  is a n e g l i g i b l e  
c u r r e n t  f lowing  t h r o u g h  t h e  ce l l  a n d  t h e r e f o r e  t h e r e  
a r e  m i n i m a l  e l e m e n t a l  c o m p o n e n t s  w i t h  w h i c h  to 
c o n s t i t u t e  a h a l f - c e l l  a t  t h e  e l ec t rodes ,  A~het m a y  be  
c o n s i d e r e d  as  b e i n g  n e g l i g i b l e  (3) .  T h e  o b s e r v e d  
t h e r m o p o t e n t i a l s  a r e  t h e r e f o r e  a f u n c t i o n  of A~hom 

A~hom oc - -  Tar [1] 

w h e r e  tR = t r a n s f e r e n c e  n u m b e r  of spec ies  R, ZR --- 
a l g e b r a i c  v a l e n c e  of spec ies  R, Q R  xz  = r e d u c e d  h e a t  
of t r a n s p o r t ,  T ( S R  x - -  SR),  SR z = e n t r o p y  of t r a n s p o r t  
of spec ies  R, SR : p a r t i a l  e n t r o p y  of spec ies  R, a n d  
Tar = a v e r a g e  t e m p e r a t u r e .  T h e  o b s e r v e d  t h e r m o p o -  
t e n t i a l ~ b e i n g  a f u n c t i o n  of a~hom, c a n  b e  w r i t t e n  

A~ o c -  ~-R Tar [2] 

F o r  NaC1 th i s  is 

Tar Tav 

I f  t h e  effects  of t e m p e r a t u r e  on  t h e  v a l u e s  of Eq.  
[3] a r e  e x a m i n e d ,  a q u a l i t a t i v e  d e s c r i p t i o n  of  t h e  ion  
p r o c e s s e s  i n v o l v e d  w h e n  t h e  NaC1 sys t em,  fo r  e x -  
ample ,  is h e a t e d  f r o m  a b o u t  700 ~ to 900~ c a n  b e  
evo lved �9  I t  is k n o w n  t h a t  t h e  e l e c t r i c a l  c o n d u c t i o n  of 
so l id  a l k a l i  h a l i d e s  is a f u n c t i o n  of c a t i o n  m i g r a t i o n  
(4) �9 T h e  l o w e r  t e m p e r a t u r e  v a l u e s  of t h e  t h e r m o p o -  
t e n t i a l  a r e  t h e r e f o r e  d u e  to c a t i o n  m i g r a t i o n  f r o m  t h e  
ho t  to t h e  cold  zone�9 T h i s  r e s u l t s  in  a n e g a t i v e  po -  
l a r i t y  a t  t h e  ho t  j u n c t i o n .  S i n c e  t h e  v a l u e s  fo r  t he  
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reduced heats of t ransport  QR xz increase wi th  t em-  
perature,  the value  of the thermopotent ia l  in the 
solid, where  it is p r imar i ly  a funct ion of cation move-  
ment,  can only go through a m a x i m u m  if the t rans-  
port  number  of the cation decreases. This would  be 
due to the onset of anion conduction. A decrease in 
cation t ransport  number  wi th  increasing t empera tu re  
has also been observed in other  systems (5). When 
the anion begins to contr ibute  to the conduction of 
the system, it does so not only because of the influ- 
ence of heat, but  also because of the electr ical  po- 
tential  established by the prior  migra t ion  of cations. 
The ra te  of change of the entropy of t ransport  for the 
anion as the t empera tu re  increases must  therefore  be 
large. The result  of this is that, a l though the t rans-  
port  number  of the anion is low, the product  of the 
t ransport  number  and the reduced heat  of t ransport  
of the anion is large and the value  of the Seebeck 
coefficient goes to zero and then to a m a x i m u m  of 
opposite polar i ty  at the hot junct ion to the one ini-  
t ial ly observed at lower  temperatures .  As the tem-  
pera ture  is raised fur ther ,  the values of the t ransport  
numbers  and associated ion entropies become near ly  
equal  and the value  of the Seebeck coefficient be-  
comes minimal.  In effect, therefore,  in NaC1 the t rans-  
port number  of Na + goes f rom 1.0 to --0.5 and the 
transport  number  of C1- goes f rom 0 to ~0.5. 

Since the value  of the thermopotent ia l  in Eq. [3] 
is the resul t  of the difference be tween  two terms, it 
is possible to show this by graphical ly  represent ing  
the terms themselves.  This is shown in Fig. 4. 

F rom the magni tude  of the potentials  measured  it 
can be assumed that  only a fract ion of the ions present  
are actual ly  mobile. An  est imate of the number  of 
mobile species can be made f rom the shor t -c i rcui t  
currents  observed when  the cells were  al lowed to dis- 
charge under  their  own thermopotent ial .  For  a dis- 
charge t ime of 1 sec, the number  of equivalents  of 
salt which are dissociated to form mobile species are 

--~ 10 - s  equivalents  
10-3A X 1 sec 

96 500 C 

The discussion of t ransport  phenomena concerns a 
re la t ive ly  small  f ract ion of dissociated species moving  
with  respect  to a much larger  mass of undissociated 
species. The observed discharge currents  were  much 
higher  (ma) than those observed for ZnC12 and PbC12 
(~a) (6). This would  indicate a la rger  degree of 
dissociation and consequent ly higher  electr ical  con- 
ductivi t ies  observed in alkali  hal ide melts. 

It is interest ing to note that  the inflection points for 
the plot  of Seebeck coefficients of NaC1 and KC1 as a 
funct ion of t empera tu re  occur re la t ive ly  close to the 
mel t ing  point. This is not  the case for NaI. In the 
lat ter  case it appears that  the anion contr ibut ion to 

tK+ ~ 7 .__ ~ J thermopotential 
/ ~  values 

~ 

o-  r 

" / / . 4  

7/4 4 I I I 
7OO 7.50 8OO 850 90O 

T(~ 
Fig. 4. Thermopotentials of potassium chloride plotted by dif- 

ference of ion functions. 
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the thermopotent ia l  does not  appear unti l  about 50~ 
above the mel t ing  point. Thermopotent ia l  measure -  
ments  of this kind can be used to make  some infer -  
ences concerning the  migrat ion of the ion species as 
a funct ion of tempera ture .  

It should also be noted that, when the Seebeck co- 
efficients f rom a thermocel l  wi th  iner t  electrodes are 
subtracted f rom the Seebeck coefficients of the rmo-  
cells with revers ib le  electrodes, values of the single- 
ion entropies can be obtained. The thermopotent ia l  of 
a cell wi th  iner t  electrodes is assumed to be a func-  
tion pr imar i ly  of the t ransference numbers  and heats 
of t ransport  of the ions consti tut ing the electrolyte  
(Eq. [1] ). However ,  in a classical thermocel l  wi th  elec-  
trodes that  are revers ible  to one of the ions of the 
electrolyte,  the thermopotent ia l  is in addition a func-  
tion of the change in entropy that  occurs at the elec-  
t rode wi th  the passage of one Faraday.  

AS ~ tR QR xx 
F ~ - -  ~,. Iner t  electrodes 

AT R ZR Tar 

AS ~-~ ta QR xx 
F - -  a --  X.r AS Revers ib le  electrodes 

AT R ZR Tar 

It  is, therefore,  possible to eva lua te  AS by subtrac-  
tion when thermopotent ia ls  are avai lable  for both 
systems. Data are avai lable  on NaC1 and KC1 the rmo-  
cells wi th  chlorine electrodes (7). In this case AS 
may be defined as follows: 

For  the react ion C1- -~ J/2C12 -5 e 

AS  = V2S~ + Se - -  S c l -  

where  SOc12 = molar  entropy of chlorine gas at t em-  
perature;  Se = entropy of electron in electrode; and 
Scl_ = part ial  molar  ent ropy of chloride ion in the 
electrolyte  at temperature .  

Since S~ wil l  be of the order of 1% of YzS~ it can 
be neglected for a first approximation.  The values of 
SOc~2 are listed; and we, therefore,  can calculate  the 
single-ion entropy of the chloride ion. 

The lowest  t empera tu re  for which reproducible  
results are repor ted  for the CI~ - -  NaCI, C12 - -  KCI 
thermocells  is 927~ At this t empera ture  the Seebeck 
coefficient for  the cell wi th  iner t  electrodes is zero. 
This was explained as due to the fact that  the t rans-  
ference numbers  and reduced heats of t ransport  for 
the cation and anion are  equal. It was assumed that  
there  are an equal  number  of dissociated, equal ly  
mobile ions of opposite charge so that  a charge separa-  
tion cannot be maintained.  The Seebeck coefficient 
repor ted  for the chlorine thermocel l  at this t empera -  
ture is, therefore,  direct ly  proport ional  to the AS at 
the electrodes. 

Chlorine thermocel l  at 927~ 

F ---- - - A S a S c l -  - -  - -  S~ 
2 

aS ---- --0.480 X 10 -~ v / ~  [NaC1--  C12 at 927~ 
AT 

•162 

~T 
=--0.475 • 10 -3 v/~ [KCI - -  Cl2 at 927~ 

F -- 9.65 X 104 coulombs; 0.239 cony. to calories; 

1 
SOc12 ---- 32.3 e.u. 

2 

Sc l -  ---- 21.2 e.u. (NaC1 - -  C12 at 927~ ; 

Sc l -  ---- 21.9 e.u. (KC1 - -  C12 at 927~ 

These results, considering that  we have  neglected 
Se, are  in agreement  wi th  the approximat ion that  the 
entropy of a system such as NaC1 or KC1 is equal ly  
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divided be tween  cation and anion (8). Using this ap- 
proximat ion  wi th  a small  correct ion factor for the 
mass effect on diffusional entropy 

Sc l -  = 21.9 e.u. (NaC1 - -  C12 at 927~ ; 

S c l - =  22.12 e.u. (KC1 --  C12 at 927~ 

A deviat ion f rom this assumption is expected below 
927~ since the max ima  and minima observed are  
essential ly due to the asymmet ry  in the number  of 
al lowable states (entropy) of the cation and anion. 
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Kinetics of Electrode Reactions 
Mark Salomon 

Wright Laboratory, Rutgers, The State University, New Brunswick, New Jersey 

ABSTRACT 

The use of absolute ra te  theory to predict  rates of electrode reactions is dis- 
cussed. I t  is shown that  the rate  of react ion at an electrode can be calculated 
f rom first principles if the absolute single electrode potent ial  and its t empera -  
ture  coefficient are  known. The  single electrode potent ia l  can indeed be cal-  
culated and therefore  used to predict  the exchange current  density for any 
electrode reaction. Exchange current  densities calculated f rom first principles 
for various mechanisms in the oxygen and h2drogen evolut ion reactions are 
in good agreement  wi th  the present ly  accepted mechanisms. 

The electrochemist  has always main ta ined  that  the 
advantage  of s tudying kinetics at electrodes is that  
the act ivat ion energy can be control led simply by con- 
t rol l ing the electrode potential.  Despite this "advan-  
tage" the electrochemist  cannot use absolute ra te  
theory (1) to calculate react ion rates for single elec-  
trodes. Instead he is a lways left  wi th  at least one un-  
definable constant such as the "e lect rochemical"  ra te  
constant. If the rates at single electrodes could be 
calculated f rom first principles the electrochemist  
would  have  an addit ional  method by which he could 
ver i fy  react ion mechanisms. It is the purpose of this 
paper  to discuss and extend a new t rea tment  of e lec-  
trode kinetics in which absolute rate  theory is used 
to predict  the exchange current  density. Calculations 
are based on the concept of single e lectrode potentials  
and the absolute entropies for half -cel l  reactions. Due 
to the impor tance  of the single electrode potent ia l  and 
its t empera tu re  coefficient in the present  calculations, 
a br ief  r ev iew is given on its evaluation,  fol lowed by 
exchange current  density calculations for various 
mechanisms in the oxygen  and hydrogen evolut ion 
reactions. 

Kinetic pvinciples.--For a ra te -de te rmin ing  step in-  
volving a single electron transfer,  the ra te  in am-  
peres cm -2 is 

~Ici'Yi 
i = k F ~  

74 

where  k is the e lectrochemical  ra te  constant, ci is the 
concentrat ion of the i - th  species, and y is the act ivi ty  
coefficient. For  the act ivated complex, y~ wil l  be as-  
sumed to be unity. The electrochemical  ra te  constant 
differs f rom the famil iar  nonelectrochemical  one in 
that  in the former,  the act ivat ion energy is a funct ion 
of electrode potential  according to ((2, 3) 

k = A e x p - -  [Eo ~- B(r  ~x)zF]/RT [1] 

Here  Eo is the act ivat ion energy ( including zero-  

point energies) which is modified by some fraction, ~, 
of the electrode potent ial  ~. The potential  ~1 is that  
at the outer  Helmhol tz  plane and can be calculated 
f rom Sterns theory of the double- layer  (4). For  unit  
charge t ransfer  z is uni ty  and denotes "direct ion" of 
the reaction, i.e., whether  an anion or a cation is the 
species being discharged. Hence for an anodic process 
involving such species as O H - ,  CI - ,  CH3COO-,  zF is 
negative, whereas  for cathodic discharge of species 
such as H +, Ag +, Na +, zF wil l  be positive. Combining 
the above two equations and replacing the f requency 
factor A by its usual terms involving par t i t ion func-  
tions (1, 3) we have  for the ra te  of discharge at the 
revers ible  potential,  ~r, 

kT Q~/vr  
io -- ~F ~ ci~ �9 - -  �9 exp - -  leo -t- fi (~r - -  ~1) zF]/RT 

h IIQJr 
[2] 

where  T is the t ransmission coefficient which  is uni ty  
(1), Q is the par t i t ion funct ion per  uni t  vo lume (q /v )  
or per  uni t  area (q /A) ,  and r is a statistical factor 
denoting the number  of react ion paths which is used 
instead of the symmet ry  number  since use of the la t ter  
can lead to er ror  (5, 6). For  the case of proton dis- 
charge, Eq. [2] becomes 

au3o + kT q~ 
io = ~ F  CM (1 - -  0)anso+ 

a~ h qM QH3o+ 

e x p - - ( 1 - - ~ ) ~ l F / R T "  e x p - - [ E o  + ~r [3] 

where  the additional te rm i n - - ~ I F / R T  arises f rom the 
use of bulk H30 + act ivi ty instead of the surface ac- 
t iv i ty  (7). The revers ib le  potent ia l  Cr is that  corre-  
sponding to the ha l f -ce l l  react ion 

1 
HzO + + eM ,~ ~-  H2 + H20 [4] 



V o l .  113, N o .  9 

w h e r e  the  subscr ip t  in eM ind ica tes  t ha t  Cr is d e p e n d -  
en t  on the  m e t a l  w h i c h  suppl ies  t h e  e lect rons .  T h e r e  
a re  e s sen t i a l ly  two  u n k n o w n s  in Eq. [3], n a m e l y  r 
and Eo ( q #  is k n o w n  if Eo is k n o w n ) .  H e n c e  if any  
one  of these  quan t i t i e s  is known ,  say Eo, we  can  use 
the  e x p e r i m e n t a l  v a l u e s  of QH3o+, io, ~, and ~l to ca l -  
cu la te  ~r- The  p r o b l e m  i n v o l v e d  in  the  ca lcu la t ion  of 
Cr t h e r e f o r e  r e q u i r e s  the  e v a l u a t i o n  of  Eo. P l a c i n g  al l  
the  cons tan t  t e r m s  in Eq.  [3] in a cons tan t  A and 
f r o m - - # F  = a H -  TaS ,  w e  n o w  h a v e  

io = F A  CM(1 ~ ~) aHao+ exp  - - ( 1  - - ~ ) ~ I F / R T  

�9 e x p - - ~ A S / R  �9 e x p - - [ E o -  ~ A H ] / R T  [5] 

w h e r e  AS and AH are,  r e spec t ive ly ,  t h e  e n t r o p y  and  
e n t h a l p y  fo r  t he  h a l f - c e l l  r eac t ion  [4]. The  r e l a t i o n  
b e t w e e n  the  e x p e r i m e n t a l  e n e r g y  of ac t i va t i on  and 
f r e q u e n c y  fac to r  w i t h  the  t h e o r e t i c a l  r e l a t i ons  a re  
(1 ,3) .  

Eexptl = Eo -~- R T -  ~AH [6] 
and 

Aexptl ---- A exp  - -  ~ S / R  [7] 

The  abso lu te  s ingle  e l ec t rode  po ten t i a l  was  ca l cu la t ed  
(3) by  us ing  a p o t e n t i a l  e n e r g y  su r f ace  to fit Eo and  
A. We found  Cr for  the  h.e.r, a t  m e r c u r y  to equa l  
--0.225v at  25~ and ~0 .185v  at  85~ (3)�9 H a v i n g  ob-  
t a ined  r fo r  reac t ion  [4] at a m e r c u r y  e lec t rode ,  i t  
fo l lows  tha t  the  d i f fe rence  in Cr for  Hg  and  any  o the r  
m e t a l  is s imp ly  equa l  to t he  d i f fe rence  in w o r k  f u n c -  
t ions of the  two  meta ls ,  i.e. 

~r,M - -  ~r, Eg ---- CM ~ ~H~ [8] 

This  r e su l t  m u s t  be  t r u e  if  the  m e a s u r e d  p.d. b e -  
t w e e n  two  r e v e r s i b l e  h y d r o g e n  e lec t rodes  at d i f fe ren t  
me ta l s  is to be  zero  and  can  be  conf i rmed  by  a s imp le  
cons ide ra t ion  of t he  po ten t ia l s  of t he  va r i ous  phases  
p r e sen t  [e.q. see (4),  (10)] .  F r o m  [8] i t  fo l lows  tha t  
aS  is i n d e p e n d e n t  of t he  n a t u r e  of t h e  m e t a l  and  tha t  
aH  wi l l  v a r y  accord ing ly .  A p p l y i n g  this  m e t h o d  n o w  
to p r ed i c t  io and Eexptl va lues  for  p r o t o n  d i s cha rge  at 
Ga and Cu cathodes ,  we  found  our  ca l cu la t ed  va lues  
of io and  Eexptl to ag ree  w i t h i n  5% of t he  o b s e r v e d  
ones  (3) .  T h e  t r e a t m e n t  can  n o w  be  e x t e n d e d  to o the r  
m e c h a n i s m s  in the  o x y g e n  and  h y d r o g e n  e v o l u t i o n  
react ions .  

Recombina t ion  rate  of  Pt  ca thodes . - - I t  is g e n e r a l l y  
b e l i e v e d  (11-14) tha t  t he  r a t e - d e t e r m i n i n g  step at  P t  
ca thodes  is the  r e c o m b i n a t i o n  of  adsorbed  H - a t o m s ,  
i.e. 

2MH--> 2M ~ H2 [9] 

As  f u r t h e r  p roo f  of this  mechan i sm ,  t he  r a t e  of r e -  
combina t i on  wi l l  n o w  be ca l cu la t ed  f r o m  first p r i n -  
ciples.  M a k i n g  the  a s s u m p t i o n  t h a t  a l l  p r e - r a t e - d e t e r -  
m i n i n g  steps a re  in  q u a s i - e q u i l i b r i u m ,  t he  r a t e  of 
r e c o m b i n a t i o n  a t  t he  r e v e r s i b l e  p o t e n t i a l  is g i v e n  by  

i o =  2~2H3O+ F k T  ( a H 3 o + )  2 q2H2oQr 

(r2H20 q~ ~ \ aH20 (1 - -  9) 2 q2H30+ 

e x p - - E o / R T -  e x p - - 2 r  [10a] 

In  Eq.  [10] we  h a v e  t r e a t e d  the  adsorbed  H a toms  as 
be ing  mob i l e  en t i t ies  so tha t  t h e  c o n c e n t r a t i o n  of 
m e t a l  si tes does no t  en t e r  in to  t he  r a t e  e q u a t i o n  (15, 
16). W e  can s impl i fy  this  e q u a t i o n  s l igh t ly  by  t a k i n g  
t h e  p r o d u c t  of r eac t i on  pa th s  and p a r t i t i o n  func t ions  
as be ing  equa l  to u n i t y  (see  a p p e n d i x )  and  aH2o : 1 
SO tha t  

k T  
io----- 2F (aH30+) 2 ( 1 - - e ) 2  exp  �9 - - E o / R T  

h 
�9 e x p - -  2 r  [10b] 

Us ing  ~r as ca l cu la t ed  f r o m  Eq. [8], we  cou ld  ca l -  
cu la te  io by  v a r y i n g  t h e  i n p u t  p a r a m e t e r s  to a s e m i -  
e m p i r i c a l  po t en t i a l  e n e r g y  su r face  to fit Eexptl w h i c h  
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is ~ 6  kca l  m o l e  -1  for  t he  h.e.r, a t  p l a t i n u m  (17). 
H o w e v e r ,  this  m e t h o d  g ives  r i se  to s eve ra l  p rob lems .  
Firs t ,  for  the  f o u r - c e n t e r  ac t i va t ed  complex ,  t he  
s e m i - e m p i r i c a l  m e t h o d  for  e v a l u a t i n g  Go m u s t  be  used  
and  the  a u t h o r  prefers ,  f o l l o w i n g  the  c r i t ic i sms  of 
J o h n s t o n  (8, 9),  no t  to c o m m i t  h imse l f  to such  a q u e s -  
t ionab le  me thod .  The  second diff icul ty i nvo lves  the  use  
of  t he  t a b u l a t e d  v a l u e  (18) of t he  m e t a l l i c  w o r k  
func t i on  ~Pt. The  w o r k  func t ions  for  r a n d o m l y  o r i -  
en t a t ed  me ta l s  do no t  exceed  5 e v  w i t h  t he  e x c e p t i o n  
of tha t  for  P t  (18). The  v a l u e  of �9 = 5.3 e v  for  P t  
appea r s  to be  m u c h  too h i g h  in  c o m p a r i s o n  to t h e  
o the r  meta ls ,  and this  ar ises  f r o m  the  use of va lues  
v a r y i n g  f r o m  6.3-6.4 ev  in the  a v e r a g i n g  process.  In  
fac t  i f  we  o m i t  a l l  va lues  of  �9 in excess  of  6 ev, t h e n  
the  a v e r a g e  v a l u e  is 4.94 ev  w h i c h  seems to be  m o r e  
reasonab le .  

In  v i e w  of these  difficulties,  we  could  t h e n  p roceed  
to ca lcu la te  io in an  a l t e rna t ive ,  bu t  m o r e  val id ,  m a n -  
ner.  By  subs t i tu t ing  Eq. [6] in to  [10b] no t ing  tha t  
- -~rF ~ a H -  TAS  we h a v e  

e k T  
io = 2 F ~  (aH3o+) 2 ( 1 - - o ) 2 e x p - - 2 h S / R  

h 
- e x p - - E e x p t l / R T  [11] 

and  for  0.1N acid  so lu t ion  

io = 4.65 �9 1011 (1 _ # ) 2 .  e x p -  2 a S / R  �9 e x p - - ~ e x p t l / R T  

S ince  i S  = 15.48 e.u. (3) and  Eexptl - -  6 kca l  mo le  -1  
(17) 

io = 0..12 (1 - -  0) 2 a m p  cm -~  

To a r r i v e  at  a v a l u e  for  io, the  c o v e r a g e  by  adsorbed  
hydrogen ,  6, m u s t  be  k n o w n  at the  r e v e r s i b l e  p o t e n -  
tial.  I t  is f a i r l y  w e l l  e s tab l i shed  tha t  e is l a rge  (19, 
20), and f r o m  our  o w n  H / D - i s o t o p e  w o r k  (14) w e  
found  tha t  w e  could  p red ic t  t he  e x p e r i m e n t a l  r a t e  
cons t an t  rat io,  kH/kD, by  f i t t ing t h e  c o v e r a g e  of 
H - a t o m s  to 0.8-0.9. H e n c e  t ak ing  CH --  0.85 we  find 
tha t  io --  2.7 �9 10 -~  a m p  cm -2  w h i c h  is in good a g r e e -  
m e n t  w i t h  t he  o b s e r v e d  va lues  (11, 12, 17, 21) wh ich  
r a n g e  f r o m  10 -4  to 5.10 -3  a m p  cm -2. 

Rate  of discharge in o x y g e n  evo lu t i on . - -One  can 
n o w  e x t e n d  the  above  m e t h o d  to ca l cu l a t e  t he  r a t e  
of d i scharge  in the  o x y g e n  e v o l u t i o n  reac t ion .  T h e  
h a l f - c e l l  r eac t ion  in  ac id  so lu t ion  is w r i t t e n  as 

1 
2H30 + ~- ~ - O 2  -b 2 e M ~ 3 H 2 0  [12] 

A c c o r d i n g  to M a c D o n a l d  and  C o n w a y  (22),  the  dis-  
cha rge  occurs  f r o m  a w a t e r  m o l e c u l e  in e i t he r  acid  
or  basic  solut ion,  and we  can  w r i t e  t h e  f o l l o w i n g  d is -  
cha rge  m e c h a n i s m  

M -~ H20  --> M - -  O H -  -~ H + s low 

M -  O H -  -~ M O H  + eM fas t  

so that ,  in  effect, t he  O H -  species  is i n v o l v e d  in the  
r a t e - d e t e r m i n i n g  c h a r g e  t r a n s f e r  step. T h e  r a t e  of dis-  
c h a r g e  of O H -  at  the  r e v e r s i b l e  po ten t i a l  is t h e n  

~H2o k T  q~  
io----- F CM ( 1 -  ~) aH2o 

~# h qMQH20 

e x p - - [ E o  -t- f l ( r  # I ) Z F ] / R T  [13] 

In  Eq.  [13] the  c o n c e n t r a t i o n  of m e t a l  si tes m u s t  be  
cons ide red  because  adso rbed  ox ide  species a re  no t  
m o b i l e  (15, 16). Also  the  ~1 p o t e n t i a l  can  be  ca l cu -  
l a t ed  f r o m  S t e r n s  t h e o r y  [cf. (4)]  t ak ing  the  po t en t i a l  
of zero  cha rge  for  an  ox ide  c o v e r e d  e l e c t r o d e  to be  
abou t  0.5v vs. the  n o r m a l  h y d r o g e n  e l e c t r o d e  (23). To 
e v a l u a t e  io for  the  d i s cha rge  of O H -  at  a P t  anode  in  
0.1N ac id  solut ion,  we  sha l l  p roceed  in  a m a n n e r  
s imi la r  to t ha t  used  above.  W e  shal l  no t  a t t e m p t  to 
ca lcu la te  Cr for  r eac t i on  [12] bu t  ins tead  le t  us n o w  
s impl i fy  [13] as fo l lows:  t a k i n g  q~/qM ---- 1 and  
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QH2O --~ 32.6 (see appendix)  and noting that  zn2o -- 2 
and aH20 ~ 1, we have  

ekT CM (1--~)  
io = 2F - -  e x p - - ~ I F / R T  

h QH20 

�9 exp [~AS/R �9 exp --EexpJRT [14] 

The entropy change for the half -cel l  react ion [12] 
can be easily calculated as follows: combining the 
half -cel l  reactions in [4] and [12], the over -a l l  en-  
t ropy change is 

AScelI = ASo2 ~- 2ASH2 [15a] 

whe re  ASH2 ~ --15.38 e.u. as calculated previously 
(3) and described above. AScell can be calculated f rom 
standard entropy values such as those given by Lat i -  
mer  (24) f rom 

AScell = S H 2 0 -  ~'/zSo2 - -  SH2 [15b] 

F rom Lat imer ' s  tables hScell = --38.96 e.u. and f rom 
[15a], ~So2 = --8.21 e.u. Taking Eexptl = 22.1 kcal 
mole -~ (25), fl = Vf, r = 0.0950v, and C p t  : 1.66 �9 
10 -9 mole cm -2, Eq. 14 becomes 

io = 2.11 �9 10 - l ~  (1 - -  o) amp cm -2 

Since coverage by oxides is usually qui te  high (26) 
it follows that  io is of the order  of 10 -11 amp cm -2 
which is in satisfactory agreement  wi th  the exper i -  
menta l  values which have  been found to vary  f rom 
10 - s  to 10 -12 amp cm -2 (22, 25, 28). 

Discussion 
The method used here  to predict  ~o values is de-  

pendent  on the knowledge  of ~r and Eexptl. The use 
of Eexptl r a ther  than Eo to calculate io does not 
alter  the rel iabi l i ty  of the method because if 
Eo were  used, one would have  to va ry  the input  
parameters  to the semi-empir ica l  method  and fit 
Eo to Eexptl by Eq. [6]. One major  source of er-  
ror  is of course the exper imenta l  quanti t ies since 
they have  been found to vary  considerably from 
one laboratory  to another.  For  example,  in the 
o.e.r., io values f rom 10 - s  to 10 -12 amp cm -2 have  
been reported, Eexptl values range f rom 18-25 kcal 
mole -1, and values for ~ range f rom 0.4 to 0.65 (22, 
25-29). Despite these variations,  the io value  calcu- 
lated here  agrees satisfactorily wi th  the present  as- 
s ignment  of a r a te -de te rmin ing  O H -  discharge at 
plat inum. Simi lar  conclusions are reached concern-  
ing the calculated io values for atom recombinat ion 
in the h.e.r. There  is essentially no l imit  as to the 
type of electrode react ion for which we could calcu- 
late io values. The requi rements  are that  we know 
the exper imenta l  E, i, and t~ values and that  the re -  
action proceeds in a classical manner ,  i.e., quantum 
mechanical  tunnel ing contributions to the over -a l l  
ra te  of react ion are negligible. The calculat ion of 
Cr for react ion [4] on Hg cathodes is based on a 
pure ly  classical mechanism, and significant proton 
tunnel ing would therefore  detract  f rom the accuracy 
of this calculation�9 We have  presented both theoret ical  
and exper imenta l  evidence to show that  tunnel ing 
of protons at Hg is negligible (2, 3, 30) and we feel  
our results  are sufficient to counter  the opinion that  
tunnel ing is significant (31, 32), in this reaction. There  
are  several  other  metals  which do appear  to involve 
substantial  tunnel ing of protons; e.g., recent  work  on 
Ni indicates that  tunnel ing effects are quite  large (33). 
In fact, one can offer support  of the tunnel ing  mech-  
anism indirect ly  by using the method present  above. 
According to Bell  (34) if we  could calculate A and E 
f rom absolute ra te  theory  (i.e., corresponding to a 
classical mechanism) ,  then both of these values should 
be larger  than the exper imenta l  values if significant 
proton tunnel ing is involved.  P re l iminary  calculations 
for the h.e.r, at Ni cathodes do in fact  indicate that  
the calculated A and ~ values are too large (35) 

thereby indicating a tunnel ing mechanism according 
to Bell 's  criteria. 
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A P P E N D I X  

In simplifying Eq. [10a] and [13], it was assumed 
that  the rat io of par t i t ion functions is unity. The 
val idi ty  of this assumption can be demonstra ted by 
evaluat ing the part i t ion functions for translation, ro-  
tation, and vibrat ion as follows: 

The vibrat ional  par t i t ion can be wr i t ten  as 
3n--6 

qvib : I I  (1 - -  e x p - -  hcv/kT) -1 [16] 

Provid ing  ~(in cm - I )  is large, which  is the usual  
case for real  vibrations, qvJb is essentially unity. 

For  the rotat ional  part i t ion function, an equation 
similar  to [16] was used because species in solution 
are subject  to strong interactions by neighboring mole -  
cules or ions (e.g., as in hydrogen bonding) and the 
molecule  wil l  not  be free to rotate but  wi l l  exhibi t  
l ibrat ional  motion. Using the harmonic  oscillator ap- 
proximat ion  [c.f. ref. (36)] qrot can be calculated f rom 
[16] replacing 3 n -  6 by the degrees of rotat ional  
freedom. Since such l ibrat ional  f requencies  have been 
observed to be around 650 cm -1 the  assumption that  
qrot "-> 1 is a fa i r ly  good one. Ratios of qrot approach-  
ing uni ty  is even a bet ter  approximation.  

The t ranslat ional  par t i t ion funct ion for three  degrees 
of f reedom is 

qtr = 1.877 �9 1020 (MT) 3/2 vf [ 17] 

where  vf is the free vo lume and M is the molecular  
weight  in a.m.u. Taking vf : 4.4 �9 10 -25 cm s for H20 
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(38) and HsO + (3), qtr : -  32.6 and 35.35, respectively.  
For  two degrees of t ranslat ional  f reedom 

qtr ~ 3.279 �9 1013 2r Af [18] 

where  Af is the f ree  area. Since oxides are immobile,  
only the H2 complex is considered to be mobile  so that  
at 25~ 

qtr ~ 1.915 • 1016 Af 

The act ivated complex possesses two degrees of t rans-  
lat ional f reedom with in  the area Af occupied by the 
site and this corresponds to Af ----" 10 -16 - -  10 -17 cm 2 
so that  qtr -- 1 (16). 

The rotat ional  p.f. for two degrees of rotat ional  
f reedom is given by 

8~ 2 l kT  
qr [19] 

h 2 

and taking I ~ 4.6 �9 10 -41 g cm 2 as an approximate  
value,  qr "~ 3 at 25~ Since the coverage by both 
adsorbed H and water  dipoles is high, one would 
expect  some type of restr ic ted rotat ion and perhaps 
even a l ibrat ion as in the case of wa te r  molecules. 
It is therefore  reasonable to assume that  qtotal for 
H-a tom recombinat ion is uni ty  so that  f rom Eq. [1Oa], 
the ratio 

a2H3o + q2i~i2oQ~ 
--'1 

~2H2Oa~ q2H30 

is a val id assumption for ZH30+ ---- 3, as20 ---- 2, z~ = 2. 
However  the ratio qr  QH2O in Eq. [13], does not  

equal  unity. For  an immobi le  act ivated complex q~ 
and qM ~ 1 (15, 16), but  QH2o ---- 32.6, and this value  
was used in s implifying [13]. 

Optical Studies of Electrolyte Films on Gas Electrodes 
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ABSTRACT 

The geometry  of s table e lectrolyte  films has been established on nickel  
and si lver surfaces par t ia l ly  immersed  in aqueous caustic solutions. Such films, 
which are very  sensi t ive to factors affecting interfacial  energies and may  be 
useful  for their  determinat ion,  appear  to be impor tant  for the mass t ransfer  
in certain gas diffusion electrodes. 

The charge t ransfer  at gas-consuming electrodes 
has long been assumed to occur at the top of the 
l iquid meniscus where  the gas, solid, and l iquid 
phases, are in contact wi th  each other. Al though the 
concept of such a " l ine of react ion"  leads one to pos- 
tulate ve ry  large local current  densities, and early ob- 
servations by Grove (1) had indicated contr ibutions 
of a finite electrode area, it was only recent ly  that  
Wagner and Will called at tent ion to the fact that  
nei ther  gas diffusion through the bulk l iquid near  
the meniscus nor surface diffusion of adsorbed gase-  
ous species to the l iquid phase, where  react ion would  
take place as suggested by Schmid (3) and Jus t i  (4), 
could account for many exper imenta l  results. Will  
(2) demonstra ted that  a re la t ive ly  large electrode 
area part ic ipated in the electrode reaction. Similar  
conclusions can be d rawn f rom computations by Icz- 
kowski  (5). The current  distr ibutions de te rmined  by 
Bennion and Tobias (6) and la ter  by Maget  and 
Roethlein (7) direct ly  showed the spacial dis t r ibu-  
tion of the electrochemical  charge t ransfer  reaction. 
Theoret ical  analysis of porous gas diffusion electrodes 
by Rocket t  (8) and Grens (9) and exper iments  by 
Katan  et  aL (10) have  supported the concept of elec-  
t ro lyte  films inside pores of some gas electrodes which 
are of pract ical  interest .  

Purpose o] this study.--The finite current  densities 
observed away from the apparent  e lectrolyte  menis-  
cus suggested the existence of an e lect rolyte  cover ing 

on the apparent ly  dry meta l  surface, and it has been 
the purpose of this work  to de te rmine  the ex ten t  of 
this e lectrolyte  film on ver t ica l ly  or iented electrodes 
of simple geometry.  In particular,  the film thickness, 
which is an impor tant  pa ramete r  for the quant i ta t ive  
description of mass t ransfer  on f i lm-bear ing gas elec- 
trodes, and the factors which affect it were  to be 
studied. The rec tangular  and cyl indrical  electrodes 
employed may be regarded  as highly idealized models 
of the capil laries in a porous body. The study was 
l imited to mechanical ly  polished nickel  and si lver 
electrode surfaces for reasons of optical reflection. 
Only cathodic polarizat ion was employed in order to 
mainta in  the propert ies  of the meta l  surface as much 
as possible. 

Film i~zterference.--Several techniques have  been 
considered for the measurement  of e lectrolyte  film 
thickness as a funct ion of position and t ime: Mechan-  
ical techniques,  a l though independent  of electrolyte  
and electrode materials,  resul t  in discontinuous, point-  
to-point  measurements  which may  not be sensit ive 
enough and also disturb the film. Electr ical  measure -  
ments  could be made continuously;  however ,  they 
depend on the electrolyte  conduct ivi ty  which  is not  
wel l  known and is a funct ion of position. Electr ical  
conduct ivi ty  measurements  also presuppose a uni form 
film over the tes t -dis tance and suffer f rom disturbance 
of the object by the probes. Of different optical tech-  
niques, l ight in ter ference  was finally chosen because 
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of the possibility of making  continuous observations 
with a min imum of dis turbance to the object, l i t t le  
r equ i rement  for un i form film geometry,  and good sen- 
si t ivity for the dimensions involved.  A disadvantage of 
this technique is that  it requires  a knowledge  of the 
ref rac t ive  index of the film. The uncer ta in ty  of this 
quant i ty  due to concentrat ion variations,  not  a priori 
known, amounts,  however ,  only to a few per cent. 
Light  in ter ference  for the study of supported l iquid 
films has recent ly  been used by Bascom et al. (11) 
and Deryagin  et al. (12). 

F i lm interference,  wel l  known f rom the appearance 
of soap bubbles or oil spots on water,  is due to part ial  
reflection of an incident light wave  on front  and back 
sides of the film. The in terference causes a tapered 
film to show, under  monochromat ic  i l lumination,  al-  
te rnat ing  bright  and dark fr inges which indicate con- 
tour  lines spaced at distances corresponding to one 
wave leng th  optical path increment.  The optical path 
difference AS in the film be tween  in ter fer ing reflec- 
tions depends on ref rac t ive  index n, film thickness d 
and angle of ref rac t ion  ~' as shown in Eq. [1]. I t  can 
also be expressed as a delay in phase, 5rnm, given in 
Eq. [2] in radians where  ~ is the l ight wave leng th  
in vacuum. 

AS = 2nd cos~' [1] 

~film ~- AS 2d~/~ [2] 

The use of white light results in interference colors 
which are often more sensitive to small film thickness 
variations than the corresponding monochromatic in- 
tensity variations, and which admit an easy distinc- 
tion between the first few orders of interference. The 
colors can be calibrated by comparison with mono- 
chromatic patterns in a continuously tapered film; 
thus, the characteristics of the photographic color ma- 
terial do not affect the results. The observations on 
cylindrical electrodes are more difficult, but not ba- 
sically different. A discussion of curved films has been 
given by Barakat (13). 

As had been noted by Blodgett and Langmuir (14, 
15), it is advantageous to use linearly polarized light 
to simplify the analysis of film interference. These 
authors also describe the improved contrast of an 
interference pattern when observed at a grazing angle 
of incidence. Similar observations are reported by 
Gaudin (16). A detailed analysis of interference in a 
transparent film on an absorbing substrate, which 
takes multiple reflections into account (17), shows 
that with light polarized parallel and normal to the 
plane of incidence (p and s polarization) "optimum 
angles of incidence" can be found for which the 
amplitudes of the interfering waves are equal, thus 
resulting in optimum interference contrast. The op- 
timum angle of incidence is larger  for p than for s 
polarization, it increases wi th  increasing reflect ivi ty 
of the meta l  substrate  and decreases wi th  increasing 
ref rac t ive  index of the film. For many  metal - f i lm 
combinations 75 ~ angle of incidence has been found 
to be a good in termedia te  value  for observat ion with  
both s and p polarization. 

For  the quant i ta t ive  in terpre ta t ion of in terference 
pat terns  in terms of film thickness, the phase change 
suffered by the l ight on reflection at the two film 
boundaries has to be taken into account as pointed 
out, e.g., by Mayer  (18), and discussed in a different 
context  by Lindberg (19). The total phase difference 
5 be tween the in ter fer ing  reflections is composed of 
a par t  5film due to the optical path in the film ( taken 
negat ive  as a re la t ive  delay in t ime) and the com- 
bined effect ~refl. of the reflections as expressed in 
Eq. [3]. The la t ter  quant i ty  in turn  represents  the 
difference be tween the phase changes in dielectric 
and metal l ic  reflections at the two film boundaries 
wi th  respect to the incident wave  (Eq. [4] ). 

= ~film -F ~refl. [3]  

~refl. ~ ~diel. ~ ~metal [4] 

E R o R I R z R 3 R 4 

Air  

Film 

~ / / / ~ ~ / / ~ M M  et a//I / 

Id  

Fig. 1. Multiple beam interference from a transparent film on a 
metal suhstrate: E, incident wave; R, reflected waves; ~b, angle of 
incidence on the film; ~,', angle of refraction in the film. 

s-polarization (J.) p-polarization (II) 

f i rm 
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RO 
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Fig. 2. Effect of phase changes in dielectric and metallic reflec- 
tion on double beam film interference. (a), (b) vector representa- 
tion of phase relationships between interfering waves R0 and R1 
shown in Fig. I; (c), (d) predicted interference intensity distribu- 
tion in a wedge shaped film. 

The phase changes in reflection affect the position 
of the origin of the film thickness scale deduced from 
the in terference fr inges and become par t icular ly  sig- 
nificant for film thicknesses of a wave leng th  of l ight 
or less. If only the first two of the mul t ip le  reflections 
in the film are considered for a moment  (R0 and R1 in 
Fig. 1), the phase relationships can be visualized in a 
vector  diagram i l lustrated in Fig. 2. This representa-  
tion shows phase and ampli tude a s a n g u l a r  and radial  
coordinates, respectively,  and takes the t ime- inde-  
pendent  phase of the incident  wave  E at the gas-film 
interface as a reference.  For an aqueous 3.4N KOH 
film (n = 1.365) on a nickel substrate  and 75 ~ angle 
of incidence ~ on the film, for instance, (angle of in-  
cidence on the meta l  ~' = 45 ~ phase shifts 8metal for 
the metal l ic  reflection of I12 ~ and 48 ~ in the sense of 
a phase advance have  been computed for s and p 
polarization, respectively,  f rom the optical constants 
of the interface measured  by el l ipsometry (20). These 
values are indicated by the positions of the vectors 
RI in Fig. 2a and b. The vectors R0 show a 180 ~ or 0 ~ 
phase change, wi th  s and p polarization, respectively,  
characterist ic of the dielectric reflection at the gas- 
film interface under  angles of incidence larger  than 
Brewster ' s  angle. Since a film of increasing thickness 
increasingly delays reflection RI indicated by the 
double arrows in Fig. 2a and b, the sum of the two 
complex ampli tudes R0 and RI, a measure  of the ob- 
served in terference intensity, as a funct ion of film 
thickness goes first through a min imum for s polar-  
ization (Fig. 2c) but  a m a x i m u m  f o r  p polarization 
(Fig. 2d). Thus, the in ter ference  pat terns  wi th  the 
two polarizations are approximate ly  complementary  
to each other. Because the characteris t ic  in ter ference  
fr inges which can be used for a quant i ta t ive  in te rpre -  
tation correspond to different film thicknesses in the 
two polarizations, the simultaneous use of both yields 
twice the number  of measured contour lines. 
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Fig. 3. Optical arrangement for slow motion movie photography 
of film formation. A, lamp; B. condenser; C, iris diaphragm; D, 
neutral density and color correction filters; E, collimator lens; F, 
polaroid filters with transmitted electric vector in and normal to 
the plane of the drawing; G, film covered surface; H, mirrors; 
I, objective; K, face of clock; L, objectives; M, mirrors; N, photo- 
graphic film. 

Exper imental  

The electrolytic cells employed contained optically 
polished 1 metal  electrodes of rectangular  (1.5• cm 
high) or cylindrical  (2X13 cm high) geometry made 
of nickel or silver and iner t  counter  electrodes of large 
surface area located in separate cell compartments  
(to avoid possible contaminat ion of the electrode sur-  
face by corrosion products from the anode).  Open- 
ings were provided to control the electrolyte level  and 
to main ta in  atmospheres of known  composition in  the 
cell volume not occupied by the liquid. The ni t rogen 
or oxygen gas was kept  water -sa tura ted  with solution 
of the bulk  concentration. After  careful mechanical  
degreasing, the electrodes were electrolytically 
cleaned by hydrogen evolution. It  is impor tant  that  
every trace of grease be excluded from the cell, par-  
t icular ly in working with dilute solutions, where even 
deposits from the laboratory atmosphere have been 
found to spread from the outside of the cell through 
open ports onto the electrode surface. Most experi-  
ments  were init iated by rapidly lowering the l iquid 
level in the cell to 5 mm above the lower electrode 
edge and observing the subsequent  drainage of the 
film as a function of time. The optical a r rangement  
used for this observation is given in Fig. 3 as a plan 
view diagram. Two collimated light beams A-F  polar-  
ized parallel  and normal  to the plane of incidence are 
directed toward the film-covered surface G under  an 
angle of incidence r The respective reflections are 
collected by two objectives L and placed by a set of 
first surface minors M side by side on the frame N 
of a 16 mm movie  camera geared for single f rame 

1 Mieroripple small compared to the wavelength of l i g h t ,  

L L ~  
0 ~ L i I I I 

I 2 5 
d (~) 

Fig. 4. Formation of electrolyte films on flat nickel plates after 
partial withdrawal from 3.4N KOH solution, selected film profiles; 
h, vertical dimension of electrode; d, film thickness, LL, position 
of liquid level after withdrawal. (a) Unpolarized electrode, nitrogen 
atmosphere; (b) cathodically polarized electrode (65 ~a/cm), oxygen 
atmosphere. 
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exposure. The image of a clock K was also placed on 
each frame by the objective I and the two mirrors  
H in  order to record elapsed time. A n  automatic i n -  
terval  t imer activated the camera shutter  and turned  
the i l luminat ion  off between exposures in order to 
avoid heat ing by light absorption. 

Results 

The evaluat ion of interference pictures from typical 
experiments  along the vert ical  center l ine of the 
electrode results in  film profiles given in  Fig. 4a and 
b. After the ini t ia l  drainage, a s ta t ionary film geom- 
etry is reached after a period in the order of 10 hr. 
This period is shorter and the resul t ing stat ionary film 
is thicker for an oxygen-consuming electrode as com- 
pared to the same meta l -solut ion system not electro- 
chemically polarized. The stat ionary film geometry has 
been asserted not to change in selected experiments  
over periods of several weeks. 

If viscous and gravi tat ional  forces only are con- 
s~dered for the th inn ing  of the electrolyte film, Eq. 
[5] can be derived (21) for the dependence of film 
thickness d on vert ical  coordinate z (measured from 
the upper electrode edge down) and t ime t 

d = O,/pg) ~/2zl/~t -1/~ [5] 

where ~ is the viscosity, p the density, and g the gravi-  
tat ional  acceleration. Under  these assumptions, a plot 
of film thickness vs. inverse square root of t ime would 
resul t  in a straight line through the origin for a given 
electrolyte composition and electrode position. Such an 
analysis of the previously shown film profiles (Fig. 4) 
1 cm above the liquid level results in the curves of 
Fig. 5. I t  can be seen that  the expected relationship 
holds down to about  1~ film thickness. With no elec- 
trochemical polarization of the electrode (Fig. 5a), 
the rate of film th inn ing  gradual ly  deviates from that  
of a free-flowing l iquid due to the effect of interracial  
forces unt i l  a steady state value of 0.31~ is reached 
after 20 hr. The film th inn ing  with concurrent  cathodic 
oxygen consumption under  constant  current  (Fig. 5b) 
exhibits an abnormal ly  rapid th inn ing  rate before 
reaching a steady state va lue  of 0.39# after 6 hr. The 
rapid film th inn ing  may be due to electroosmotic el-  

t ( hou rs )  
}00  ]0  3 t 0 .5  0 . 2  O.I 

4 I I I I I 

(O) 

2 

I 

~ o , r "  ~ ,, I i , I i I i i o 

I/i../ 

(b)  

5 

2 

/ 
r I I I I I 

00~" I 2 3 4 5 
t "=/z (sec " j /2  x I 0  z )  

Fig. 5. Deviations from purely gravitation drainage of 3.4N KOH 
film on polished nickel surface at small film thickness observed 
1 cm above the liquid level. (a) Unpolarized electrode, nitrogen 
atmosphere; (b) cathodically polarized electrode (65 ~a/cm), oxygen 
atmosphere. 
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Fig. 6.(a) Stationary film profiles on flat (0 )  and cylindrical 
( A )  nickel electrodes at different current densities, 3.5N KOH, 
02;  (b) stationary film profiles on different metals. 3.5N KOH, 
02,  S0/~a/cm. 

fects, the es tabl ishment  of a concentrat ion profile, and 
the nonuni formi ty  of e lectrochemical  polarization. 
Two s teady-s ta te  film profiles measured on the same 
electrodes under  different load are shown in Fig. 6a. 
The response of film thickness to changes in cathodic 
polarizat ion occurs wi th  a t ransi t ion t ime in the order  
o f  10 hr. The same s teady-s ta te  profiles are at ta ined 
f rom previous ly  higher  or lower polarization. Such 
changes can be expected to take place in fuel  cell 
electrodes under  var iab le  load. 

Sta t ionary film profiles of KOH solution on nickel  
and silver, two electrode mater ia ls  of practical  in-  
terest, are compared in Fig. 6b. They reflect the dif-  
ferent  surface propert ies  and electrochemical  polar iza-  
tion characterist ics of the two metals. 

The dependence of the s teady-s ta te  film thickness 
on the l iquid composition has been invest igated with  
different potassium hydrox ide  concentrations;  the film 
thickness has been found to increase wi th  increasing 
concentration. For  this reason, a 3.5N KOH film could 
be grown upward  on a ver t ica l  nickel  surface pre-  
viously in equi l ibr ium wi th  disti l led water ,  which 
forms a coverage just  barely  observable by the in-  
ter ference method. Such a film growth, measured 1 
cm above the l iquid level, is i l lustrated in Fig. 7. It 
can be seen that  the transition, again, takes in the 
order  of 10 hr. 

Discussion 
The exper iments  conducted have  established the 

geometry  of stable e lect rolyte  films on polished nickel  
and si lver surfaces par t ia l ly  immersed  in aqueous 
caustic solutions. The film geometry  reflects a balance 
o f  interracial  forces and therefore  depends on the 
propert ies  of the  liquid, those of the solid and the 
electr ical  potential  applied between the two phases. A 
satisfactory theory of film behavior  wil l  have  to take 
into considerat ion that  stable configurations are 
reached both wi th  and wi thout  react ion occurr ing in 
the film. Gradients  of concentrat ion and other  prop-  
erties in the film can be expected to affect its geom- 
etry, but  these do not seem to be the principal  cause 
of film stability. The nature  of the interfacial  forces 
at p lay cannot be defined at present;  however ,  i t  can 

I I I 1 0 . 4  : = . :o:t _ f  
0 I 0 20  

t ( h o u r s )  

Fig. 7. Film growth of 3.SN KOH on a vertical, unpolarized 
nickel surface previously covered with a stationary distilled water 
film, observed 1 cm above the liquid level. 
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be speculated on thermodynamic  grounds for an equi-  
l ibr ium situation that  wi th  a typical  heat  of immers ion  
o f  100 e rg / cm 2 for metals  in water ,  considerable en-  
ergy is avai lable for film formation,  pract ical ly all o f  
which is used for establishing the fi lm-gas interface 
that  typical ly requires  75 e r g / c m  2. 

Whi le  the e lect rolyte  films studied are of a much 
s impler  nature  than those presumably  exist ing inside 
certain porous gas diffusion electrodes, where  the 
presence of capi l lary and pressure forces may  lead 
to different film geometries,  the results obtained sug- 
gest fur ther  studies in this area. These include the 
pract ical  significance of the unexpectedly  long t ransi -  
t ion times to steady state, the effects of electrode sur-  
face pretreatments ,  and the complex in ter re la t ion  o f  
film geometry  with  the spatial distr ibution of current,  
potential,  concentrat ion and t empera tu re  in the film. 
Resul t ing changes in contact angle of the l iquid men-  
iscus inside capi l lary electrodes have  been repor ted  
by Bonnemay et al. (22), and oscillating phenomena 
suggested for this area (23) have  recent ly  been re -  
ported by Bockris et al. (24). 

The accuracy of the technique employed great ly  de- 
pends on the optical propert ies  of the substrate which 
de termine  the phase change in metal l ic  reflection. 
These propert ies were  computed f rom the complex 
re f rac t ive  index of the so lu t ion-meta l  in terface  
measured before and after  each exper iment .  Various 
possibilities explored to check the phase relat ionships 
used in the evaluat ion of the in ter ference  fr inges in-  
dicate a m ax im um  error  in film thickness of 0.1~. 
The first such check is based on the dependence of  
the optical path AS in the film on the angle of re f rac-  
tion V' expressed in Eq. [1]. This dependence should 
ext rapola te  to zero for a given film v iewed under  dif-  
ferent  angles, and thus ascertain the origin of the film 
thickness scale. According to Snell 's  law, there  is 
only a l imited range of values which the angle of re -  
fract ion can assume for the m a x i m u m  var ia t ion  in 
angle of incidence. Therefore,  this test requires  a long 
extrapolat ion and can detect  only gross errors in 
phase (Fig. 8). I t  is, however ,  sensit ive enough to re -  
veal  an error  of a ful l  in ter ference  order possible by 
a mis in terpre ta t ion  of fr inges in the data evaluation.  
Another  test can be based on the wave leng th  de-  
pendence of the film in ter ference  seen in Eq. [2] and 
requires  observat ion of the same film under  a given 
angle of incidence with  monochromat ic  l ight  of differ- 
ent  wavelengths.  This presupposes a knowledge of the 
dispersion of the optical constants of meta l  and film. 
A third possibility consists in observing the sequence 
o f  in terference colors as a film of a low solute content  
is rapidly  evaporated to dryness by the int roduct ion o f  
a wa te r - f r ee  gas phase. The var iab le  ref rac t ive  index 
of the film which represents  another,  al though minor, 
source of e r ror  could possibly be de termined  by 
measur ing  Brewster ' s  angle of incidence at which the 
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Fig. 8. Interference in the same film under different angles of 
incidence. Extrapolation of optical path length at different film 
levels h to check phase changes used in evaluation. 
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interference pat tern  completely disappears in  p po- 
larization (17). Finally,  el l ipsometry offers the pos- 
sibili ty of s imul taneously  de termining refractive in-  
dex and thickness of the film provided that the op- 
tical constants of the f i lm-metal  interface and the 
approximate  value of the film thickness are known. 
This check wil l  have to be performed at a later time. 

Exper iments  are in progress with larger flat elec- 
trodes in order to approach the behavior of an in-  
finitely extended surface suitable for the analysis of 
surface forces and the derivat ion of interfacial  ther-  
modynamic data. A detailed unders tanding  of elec- 
trolyte films on polarized electrodes may permit  one 
to der ive  the electrocapillari ty of solid electrodes. 
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Polarization Phenomena in Commercial Ion-Exchange Membranes 
M. Block s and J. A. Kitchener 

Department o~ Mining & Mineral Technology, Impevia~ Co.Liege, Londan, England 

ABSTRACT 

Polarization phenomena occurring at ion-exchange membranes  have been 
investigated with a number  of commercial membranes  of the type used in 
electrodialysis cells for desalting. Polarizat ion is most marked with very 
dilute electrolyte solutions and with conditions favoring stagnation of the 
l iquid films near  the membrane ;  in particular~ a horizontal  membrane  with 
upward  direction of migrat ion of counterions minimizes convection. Chrono- 
potentiometric studies with this system have shown that the early stages of 
concentrat ion polarization conform approximately to Sand's  theory. Later, 
however,  complicated phenomena  are observed. At high current  densities all 
of the cat ion-exchange membranes  tested and certain of the anion-exchange 
membranes  showed rapidly rising resistance, but  certain other an ion-exchang-  
ers were found capable of carrying high currents  continuously,  main ly  in the 
form of hydroxyl  ions. Exper iments  with rad io t racers  indicated that  these 
differences did not arise from co-ion leakage or electroosmotic streaming. 
A possible explanat ion is that  ease of passage of H + or O H -  ions through 
these membranes  is dependent  on the 
affects the possibility of t ransport  by the 

The permselectivi ty of most commercial  ion-ex-  
change membranes  in di lute salt solutions is of the 
order of 90-100%, more or less, depending on the in -  
te rna l  concentrat ion of funct ional  groups and the 
concentrat ion of external  electrolyte solution. In  other 
words, when  a direct current  is passed through the 
system, about 90-100% of it is carried by migrat ion of 
the counterions and the remainder  by the movement  
of the co-ions of in terna l  ("Donnan")  electrolyte in 
the opposite direction. There  is also some net  t rans-  
ference of in terna l  electrolyte solution by electroos- 

1 Presen t  address :  Vokes  Ltd.,  Guild.ford, Sur rey ,  England.  

degree of microheterogeneity,  which 
Grotthus mechanism. 

mosis in the direction of migra t ion of the counter  ions. 
I t  is impor tant  to note, however,  for the present  prob- 
lem, that  these membranes  are free from electronic 
conductivity,  as shown by the fact that  no  evolut ion 
of oxygen or hydrogen gas is observed even when 
the membranes  are subjected to very  large potent ial  
gradients, i.e., they do not behave as bipolar elec- 
trodes, but  are purely  electrolytic conductors. 

Passage of current  therefore leads to a reduct ion of 
concentrat ion of electrolyte on the side which donates 
the counterions and an increase on the receiving side. 
Consequently,  diffusion gradients are bui l t  up in  the 
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vicini ty of the faces of the membrane  and these con- 
sti tute a type of concentrat ion polarization, corres- 
ponding to the back emf that  is detectable by means of 
Luggin capillary electrodes. Cooke (1) has made care- 
ful investigations of this type of membrane  polariza- 
tion. If the two solutions are stirred or otherwise re-  
newed by flow, the extent  of the diffusion regions is 
l imited and a steady state is quickly reached in 
which diffusional t ransport  up to and away from the 
membrane  balances electrolytic t ransport  through the 
membrane.  

On the other hand, if convective t ransport  is absent, 
or is inadequate in relat ion to the current  passing, a 
more complicated sequence of events occurs. As ex- 
tensive diffusion regions develop, the concentrat ion 
of ions near  the ent ry  side of the membrane  falls, and 
consequently an increasing potential  gradient  must  be 
applied to main ta in  a given current  density. The 
changes of density of the layers of solution and the 
differential heat ing may produce convection. Even tu -  
ally, the local concentrat ion of ions may become in-  
finitesimal (e.g., <10-TN),  and then an al ternat ive 
process can take a significant part  in  carrying current,  
namely,  the t ransport  of one of the ionic species of 
water. With a cat ion-exchange membrane  H + ions 
may be carried through, resul t ing in a rise of pH on 
the donating side and fall on the receiving side; with 
an anion-exchange membrane,  t ransport  of O H -  
would produce the opposite pH changes. Such pH 
changes in electrodialysis have been known  for many  
years and have been investigated by Bethe (2), Bethe 
and Toporoff (3), and more recent ly by Kressman 
and Tye (4), Fr i le t te  (5), Peers (6), Rosenberg and 
Tirrel l  (7), Uchino et al. (8), Cowan and Brown (9), 
Cooke (1), and Koblianski  and Uli t in  (10). 

The conditions described in the preceding paragraph 
occur only at relat ively high current  densities and 
will be referred to as "high polarization" for brevi ty  
and to distinguish it from the simple steady-state 
concentrat ion polarization. It is general ly  assumed 
that  a certain critical current  density is required to 
achieve high polarization, but  the value necessary 
na tu ra l ly  depends on the set-up, the concentrat ion 
and degree of agitation of the electrolyte, etc. The 
present  work has shown that there is also considerable 
variat ion in polarization properties of different types 
of membrane.  

It  is general ly accepted also that  pH changes are 
more prominent  with anion-exchange than with ca- 
t ion-exchange membranes,  even above the supposed 
critical current  density. For example, Cooke (1) found 
only 0.1% of the current  to be carried by H + (from 
0.05N solutions) whereas up to 60% transport  by O H -  
was found with anion-exchange membranes.  (For this 
reason, in electrodialysis cells the di luate  compart-  
ments  general ly  become acidic and  the concentrates 
alkaline.) These findings appear anomalous in re la-  
t ion to the theory of concentrat ion polarization (see 
below).  

In  order to study the peculiarites of the high po- 
larization regime, the conditions used in the present  
work were chosen to favor the onset of the condition, 
namely,  high current  densities, low electrolyte con- 
centrations, absence of forced convection, and min-  
imal na tura l  convection. Under  these conditions, not 
only is the permselectivi ty of the membranes  prac- 
tically unity,  but  also the diffusion zones approximate 
to the ideal p lane-para l le l  layers required for Sand's  
we l l -known theory of concentrat ion changes near  an 
electrode to be applicable. 

According to Sand's theory, which describes elec- 
trolysis at constant  current  under  the influence of 
diffusion and electromigration and in absence of con- 
vection, the t ime required for the concentrat ion of 
electrolyte to fall to zero at the plane of the electrode 
(membrane) ,  the so-called "transit ion time," T, is 
given by 

=z2F2DC ~ 

412 ( l - - T )  2 

where z is the valency of the cur ren t -car ry ing  ion 
(i.e., the counterion for a membrane) ,  F is Faraday 's  
constant, D and C the diffusion coefficient and bulk 
concentrat ion of the electrolyte, I the current  den-  
sity, and T the t ransport  number  of the counterion in 
the solution. After  the t ransi t ion t ime has been passed, 
the current  of counterions would fail to main ta in  I; 
if some other process takes over, a higher voltage 
will  be required to main ta in  the current  constant. 

It follows that all membranes  of a given ionic sign 
and with closely similar permselectivities should 
show the same t ransi t ion time, irrespective of their 
chemical or physical structure.  Similarly,  if high po- 
larization starts with depletion in the solution layers, 
the t ransi t ion times for anion-  and cat ion-exchange 
membranes  should be in the inverse ratio of the 
squares of the t ransport  numbers.  The subsequent  
processes should depend on the mobilit ies of O H -  or 
H+ in the membranes.  As earlier published work had 
suggested that these ions would be especially mobile 
in  the water-fi l led pores of strong-acid and strong- 
base ion-exchangers,  a certain symmetry  in the break-  
through of acid or alkali  was to be expected, in con- 
tradiction to reported observations. 

The exper imental  work described below was di- 
rected toward elucidation of these anomalies. Some 
unexpected results were obtained. 

Experimental 

Membranes . - -The following membranes,  k indly  
given by their manufacturers ,  were employed in  the 
experiments  (see Table I).  Sometimes there were ap- 
preciable variat ions between replicate samples cut 
from different parts of the same sheet; fur thermore  
certain membranes  appeared to have asymmetric  
properties. However, only wel l -marked  effects are re-  
ported here. 

Methods.--The main  technique employed was chron-  
opotentiometry with horizontal  membranes  at a series 
of selected current  densities, in absence of stirring. 
(Various auxi l iary experiments  are ment ioned later.) 
The electrolyte was general ly degassed 0.01N NaC1 
on both sides of the membrane,  and the direction of 
applied potential  was usual ly  such that  the counter-  
ions passed upward, thus causing di lut ion of the layer 
of solution below the membrane  and concentrat ion 
above it, the "stable" a r rangement  for minimizing 
convection. 

Apparatus . - -The cell shown in Fig. 1 is se l f -explan-  
atory. The large s i lver-si lver  chloride electrodes could 

Table I. List of commercial ion-exchange membranes investigated 

M e m b r a n e  d e s i g n a t i o n  
Trade  

N a m e  of  n a m e  of Ca t ion -  A n i o n -  
m a n u f a c t u r e r  m e m b r a n e s  e x c h a n g e r s  e x c h a n g e r s  

A s a h i  C h e m i c a l  Ind .  ACI  C; CK-1 A; CA-1 
L td .  ( Japan)  

A s a h i  G la s s  Co. S e l e m i o n  - -  A M G :  A M T :  A M P :  
( Japan)  A S G :  A S T :  DMT* 

A m e r i c a n  M a c h i n e  A M F i o n  C-60; A-60 
a n d  F o u n d r y  Co. 
(U.S.A.) 

Ionae Chemical Co. - -  MC 3142 MA3148:MA3236 
(U.S.A.) 

Ion ic s  Inc.  (U.S.A.) N e p t o n  61 A Z L  111 B Z L  
The  P e r m u t i t  Co. P e r m a p l e x  C-20 A-20 

Ltd .  (Gt.  B r i t a i n )  
R o h m  and  Haas  Co. A m b e r p l e x  C-1 A-1 

(U.S.A.) 
Toyo Soda iVIfg. Co. Toso C A 

(Japan) 

* I n  add i t ion ,  the  m a n u f a c t u r e r s  k i n d l y  s u p p l i e d  spec ia l ly  pre-  
p a r e d  m e m b r a n e s ,  S e l e m i o n  AM, AS,  a n d  CS, m a d e  w i t h o u t  t he  
u s u a l  r e i n f o r c i n g  fibers.  
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Fig. 1. Cell used for polarization measurements: a,a, glass 
flange joints; b,b, clamping brackets; e,e, silver/silver chloride 
gauze electrodes; d, membrane assembly. INSET (1A) exploded 
view of membrane mounting. 1, 2, 3, 4, "Perspex" plates (2 carries 
inlet and outlet channels); m membrane; 0,0 O-rings; e, cellophane 
sheet (when required). 
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Fig. 2. Chronopotentiometric curves for anion-exchange membrane 
(ACI:A) at low current densities. A point at which indicator color 
change was perceptible on the upper face. Figure beside lines 
is current in ma passing through disk of diameter 1 cm. Electrolyte: 
0.01N NaCI; . . . . . .  results obtained in normal laboratory; 

c~ results obtained with minimal disturbance. (Arrows indi- 
cate theoretical transition points). Inset: Graph of 1/• against 12. 

carry 50 ma for 30 min, or 200 ma for short periods, 
without  gassing. For small  currents  a stabilized con- 
stant current  supply buil t  according to the design of 
Reil ley (11) was used: when higher  voltages were  
needed, a 0-750v stabilized vol tage supply was dropped 
across a bank of 10 kohm, 25w resistors, and the cur-  
rent  through the cell was kept  steady by manual  ad- 
jus tment  of rotary  switches. The voltage, V, across 
the whole  cell was recorded as a function of t ime at 
selected currents,  both with  and wi thout  the m e m -  
brane. The voltage differences be tween  the curves 
indicated the ex t ra  potent ial  drop across the m e m -  
brane and its adjacent  l iquid films produced by po- 
larizat ion (since the processes occurr ing around the 
electrodes and in the bulk solution were  the same, at 
a given current,  whether  a membrane  was present  
or not.) 

Results of Chronopotent iometry  
Low currents.--Figure 2 shows typical  results for 

V as a function of t, for a series of low current  d e n ,  
sities through the membrane.  The rise of vol tage 
corresponding to complete  deplet ion (of C1- ions) 
at the membrane  is obvious, but  under  ordinary  lab-  
oratory conditions the t ransi t ion t ime was not sharply 
defined. 

Conversely,  when the counterions were  made to pass 
downward,  the current  ei ther  remained constant (0.4- 
0.6 ma)  or oscillated (0.8 ma) .  These effects are  
clearly due to convection arising f rom density changes. 

In order to prove that  beyond t z ~ cur ren t  was 
being carr ied by O H -  ions f rom water,  some m e m -  
branes impregnated  with  phenolphthale in  were  used 
in chronopotent iometr ic  tests and the point at which 
alkal ini ty appeared, as indicated by a red color on 
the upper face of the membrane,  was noted. These 
points are indicated by tr iangles in Fig. 2. The change 
in pH could not have been due to counte r -cur ren t  
leakage of H + co-ions, as the change in color was 
seen first at the di luate side of the membrane  and it 
then spread through it. Break through  of alkali  is 
seen to occur short ly af ter  the vol tage has begun to 
rise, the delay presumably  corresponding to pene t ra -  
tion through, and saturat ion of, the an ion-exchange  
membrane.  

It was observed that  the chronopotent iometr ic  
curves, such as those shown in Fig. 2, were  sensitive 
to vibrat ions and thermal  fluctuations. When the ap- 
paratus was t ransferred to a laboratory where  v ibra-  
tions and draughts were  minimal,  the rise of voltage 
was sharper, as indicated by the continuous lines in 
Fig. 2. The apparent  t ransi t ion times interpolated on 
the curves for 0.3, 0.4, 0.5, 0.6, and 0.8 ma are  11.2, 5.8, 
3.13, 2.30, and 1.13 min, respectively,  and the inset to 
Fig. 2 shows that  these results are in rough agreement  
with Sand's equation, though the points correspond to 
somewhat  la rger  values of �9 than predicted theoret i -  
cally. This is almost  cer ta inly due to some residual  
dis turbance of the l iquid layers, the discrepancy being 
re la t ive ly  smaller  at the higher  current  densities. As 

is inversely  proport ional  to i2, it was not practicable 
to obtain the necessary readings wi th  the present ap- 
paratus at current  densities much above 1 ma/cm2; 
however ,  there  is no reason to doubt that  the theory 
is valid. 

Chronopotent iometr ic  curves obtained with  cation- 
exchange membranes  at low current  densities were  
similar in form to those wi th  an ion-exchange  m e m -  
branes (Fig. 3). Again  the rise in vol tage was pro-  
gressively closer to the theoret ical  value  predicted by 
Sand's equation the higher  the current  density (see 
arrows) .  Apparen t ly  the diffusion layers did not re -  
main undisturbed for more than about 1 min with 
ei ther  type of membrane ;  but, as �9 was theoret ical ly  
63.2 sec for an anion-exchange  membrane  at 1 m a / c m  2 
and 28.1 sec for a ca t ion-exchange membrane,  the rise 
of voltage appears sharper  at a given cur ren t  density 
wi th  the lat ter  membranes.  

Al though different manufacturers '  membranes  gave 
somewhat  different values, and even specimens f rom 
the same sheet were  not identical,  it was general ly  
observed (cf. Fig. 2 and 3) that  the vol tage rose to 
higher  values wi th  the ca t ion-exchange than with  the 
anion-exchange  membranes ,  suggesting that  an easier 
cur ren t -ca r ry ing  mechanism was present  in the lat ter  
ra ther  than the former  (af ter  exhaust ion of the dif-  
fusion of sodium chloride) .  The obvious possibili ty is 
that, af ter  the t ransi t ion has been reached, fur ther  
current  is carr ied by the ions of water .  
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Fig. 3. Chronopotenfiometric curves for cation-exchonge mem- 
brane (ACI.~.) at low current densities. (Arrows indicate theoret- 
ical transition points. Electrolyte: 0.01N NaCh) 
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Fig. 4. Chronopotentiometric curves for anion-exchange membrane 
(Amberplex AI) at high current densities. (A, counter ions passing 
upward; B, counterians passing downward; numbers on curves are 
ma passing through disk of 1 cm diam. Electrolyte: 0.0tN NaCI.) 

At first sight this theory is contradicted by the 
apparent ly  greater t ransport  of O H -  by an ion-ex-  
changers than  of H + by cation-exchangers.  To check 
this impor tant  point, experiments  were needed to de- 
termine the amounts  of alkali  and of acid t ransported 
respectively, and also the quanti t ies of co-ion leaking 
through the membranes.  However, to obtain measure-  
able quanti t ies for analyt ical  determination,  it was 
necessary to employ higher currents  than those used 
in  Fig. 2 and 3, and as certain other phenomena  were 
then  encountered,  the chronopotentiometric data for 
higher currents  will  be considered next  (Fig. 4 and 
5). 

High current densities.--With 5 m a / c m  2 or more, 
the theoretical t ransi t ion t ime is 3 sec or less, and 
therefore too quick to be convenient ly  followed with 
the present  apparatus. The first point  recorded was 
arbi t rar i ly  taken immediate ly  after the ini t ial  sharp 
movement  of the vol tmeter  needle was complete. The 
phenomena responsible for the forms of Fig. 4 and 5 
are, therefore, subsequent  to the exhaust ion of supply 
of diffusing counter  ions from the solution, i.e., they 
refer to events after the t ransi t ion time. 
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Fig. 5. Chronopotentiometric curves for anion-exchange membrane 
Toso A at high current densities. (A, counter ions passing upward; 
B, counter ions passing downward. �9 Measurements with 
agar gel disk below the membrane.) Electrolyte: 0,01N NaCI. 

The voltage indicated in Fig. 4A and B refer to the 
total emf across the cell and therefore include the 
voltage drop across the electrolyte and polarization 
back emf's at the electrodes. It  was not, however, 
necessary to determine these separately and subtract  
them from the total, as tests showed that, if just  the 
membrane  was omitted from the cell, the voltage re-  
quired to pass a given current  through the electro- 
lyte plus reversible electrodes remained constant. 
Therefore, the significant feature is the change of 
voltage with time, corresponding to changes in effec- 
t ive resistance of the membrane  and its adjacent  
layers of solution. 

These experiments,  unl ike  those at low c.d., re-  
vealed str iking differences be tween  different com- 
mercial  membranes.  All  cat ion-exchange membranes ,  
whether  nomina l ly  "homogeneous" or "heterogeneous" 
in type, and certain anion-exchange membranes  gave 
a set of curves similar to those of Fig. 4A, namely,  
with voltage rising with time, more and more steeply 
the higher the current  passed. With the higher cur-  
rents, the dissipation of power in  the region of the 
membrane  was so great (under  static conditions) that 
eventual ly  degassing and boiling brought  the run  to 
an end. (Tempera ture  changes were checked by means 
of a small  thermistor  inserted below the membrane . )  
Application of the same power input  in  the form of 
a-c current  produced no comparable local heat ing ef- 
fects. Anion-exchange  membranes  fall ing in  this 
class included ACI.A; ACI CA- l ;  Selemion AMT, 
AMP and DMT; AlYIFion A-60; Ionac MA 3236; Pe r -  
maplex A-20; Amberplex  A-1. 

In  contrast  to the first type of membrane,  certain 
other anion-exchange  membranes  yielded sets of 
curves of the k ind  shown in Fig. 5, the voltage de- 
creasing with t ime and eventual ly  levell ing out to a 
constant  value which could be main ta ined  for long 
periods with only minor  fluctuations. This class in -  
cluded TOSO A, Selemion AM, AS, AMG, ASG, AST 
and Nepton 111 BZL. The insert ion of agar gel disks 
below the membrane  increased the steepness of the 
curves similar to Fig. 4A but  did not affect those simi- 
lar  to Fig. 5A. 

For simplicity, the first type of membrane  is re-  
ferred to as "polarizing" and the second as "non-  
polarizing." The lat ter  evidently possesses an adequate 
conduction mechanism to carry, for example, 50 m a /  
cm 2 cont inuously and even four times this value 
for short periods, whereas the former lacks such a 
mechanism. 

I t  mus t  be emphasized that  these phenomena  were 
observed only with a r rangements  conducive to stag- 
nat ion of the solutions adjacent  to the membrane  
(cf. Fig. 1). If the current  was passed in the opposite 
direction (i.e., counterions downward) ,  curves of the 
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second type were  obtained with  all  membranes ;  this 
is due, of course, to convection. The  same applied to 
operat ion with  the membrane  vert ical ,  or s imply wi th  
reduct ion in thickness of the l imit ing orifice (1 cm 
thick) below the membrane.  On the other hand, st ir-  
r ing of the solution above the membrane  had no such 
effect. Therefore,  the rising resistance of the polariz-  
ing membranes  is associated wi th  the membrane -  
diluate region. 

Observat ions of the solution layers near the m e m -  
brane were  made during passage of current  by means 
of the schlieren cell shown schematical ly in Fig. 6; 
the schlieren optical equipment  was kindly made 
avai lable  by Sawistowski  (Depar tment  of Chemical  
Engineering,  Imper ia l  College).  Polarizing membranes  
at current  densities of 14-66 m a / c m  2 showed violent  
turbulence in the di luate layer  near  the membrane,  
whereas  nonpolarizing membranes  showed no turbu-  
lence, even at 130 m a / c m  2. Instead, a thin layer  of 
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Fig. 7. Break-through of alkali with A. polarizing membrane 
(ACI A), and B. nonpolarizing membrane (Selemion ASG) at 66 
ma/cm 2. Flow-rate across upper face of membrane: 24 ml/min. 
Electrolyte 0.0IN NaCI. 
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Fig. 6. Diagram of Schlieren cell: a; steel cylinder with screw 
ends and observation windows; b, b; "Perspex" electrode compart- 
ments; c, c; glass cylinders; m; membrane; g, g; gaskets; e, e; 
electrodes. 

diluate just  below the membrane  appeared dark on 
the schlieren screen and gradual ly  increased in depth. 
With a current  density of 66 m a / c m  2 convectional  cir-  
culation in the concentrate  compar tment  commenced 
after about 10 sec. 

pH changes during electrolysis.--To measure the 
amount  of alkali  generated during electrolysis wi th  
a nonpolarizing anion-exchange  membrane ,  the cell 
was modified as in Fig. 1A so that a slow current  of 
solution could be flowed across the top surface of the 
membrane  and the pH of the effluent was determined.  
(To el iminate electr ical  dis turbance of the pH-mete r  
it was necessary to cause the effluent to fall  as drops 
inside a polythene tube, thus electr ical ly isolating the 
glass electrode vessel f rom the electrolysis cell.) 

Results obtained with  one polarizing and one non-  
polarizing anion-exchange membrane  at 66 m a / c m  2 
are shown in Fig. 7. Both membranes  passed consider-  
able amounts of alkali, but  the lat ter  possessed a more  
facile conduction path and a steady state could be 
reached. In the steady state, the amount  of alkali  
being released was sufficient to mainta in  the pH of 
the upper  solution, flowing at 24 ml /min ,  at about 
11.2; this corresponds to a t ransport  number  for O H -  
of 0.93. It  is certain, therefore,  that  pract ical ly  ai1 
the current  passing through the nonpolarizing m e m -  
branes is carried by O H -  ions. 

With  the polarizing anion-exchange  membrane  of 
Fig. 7A, a steady state could not be reached, but, 
clearly, far less alkali  had been generated for the same 
quant i ty  of current  passed. The pH was still r ising 
after 19 min, but  up to this t ime the bulk of the cur-  
rent  must  have been carr ied by other  ions. Similar  
results were  obtained with  ca t ion-exchange m e m -  
branes (all polar izing):  at most, only 6% of current  
was ever  obtained in the form of H + transport,  even 
at 66 m a / c m  2. The problem is therefore  to account 
for the current  that  does pass in the highly polarized 
condition of the membrane.  Severa l  possible theories 
were  tested by direct exper iment  (see below).  

Leakage of co-iens.--The t ransport  number  for co- 
ions through commercial  ion-exchange membranes  is 
normal ly  only a few per cent, but  i t  seemed possible 
that  under  high polarization the value  might  increase. 
Measurements  of t ransport  of Na + and Cs + through 
four different anion-exchange membranes  were  the re -  
fore made, by means of 22Na and 137Cs, with 0.01N 
solutions of NaC1 and CsC1 as electrolytes and a cur-  
ren t  density of 66 m a / c m  2. The durat ion of the  elec-  
trolysis ranged f rom 1.5 to 16 min. 

The results  showed co-ion t ransport  numbers  
around 0.01 (ranging f rom 0.002 to 0.03, wi th  results 
for Cs + being 2-3 times those for Na+) .  Therefore,  
conductance by co-ion.s is a negligible factor in the 
polarization current.  

These conclusions were  supported by exper iments  
in which a long-chain amine, "Hyamine  1622" (Rohm 
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and Haas Company) ,  and a basic dye, methy lene  blue, 
both being cations too large to migra te  through the 
membrane ,  were  used as anolyte;  the polar izat ian re-  
sponse of the membranes  was unaffected. These ex-  
per iments  show that  the diluate side is ra te -con-  
trolling. 

Electro osmotic flow.--It seemed possible that  non-  
polarizing membranes  might  contain small  pores 
through which solution s t reamed under  high poten-  
tials, wi th  consequent  disturbance of the diffusion 
layers. Tests for electroosmotic flow were  made by ad- 
ding glucose, labelled with  14C, to the catholyte  and 
determining,  by the method of Edwards  and Ki tchener  
(12), the amount  of glucose t ransported into the ano- 
lyre. The assumption was made that  glucose would 
diffuse through homogeneous membranes  at a negl i -  
gible rate, would be l i t t le  adsorbed by the membrane,  
but would indicate any hydrodynamic  s t reaming of 
catholyte  through capillaries. The glucose t racer  was 
at 10-5M in 10-4M inact ive carr ier ;  for analyt ical  
convenience, 0.01N NaOH was used as carr ier  e lectro-  
lyte. A current  of 66 m a / c m  2 was passed for 30 min. 
These exper iments  were  done with  a U- tube  ap- 
paratus, with ver t ical  membrane,  in order to make  it 
possible to continue electrolysis at high current  den-  
sity. It  was argued that  if pores were  present  in some 
but not other  membranes,  they should lead to differ- 
ences of electroosmotic t ransport  of glucose tracer. 

The results showed t ransference of about 3 x 10 -5 
moles of glucose per Faraday,  the values being of the 
same order for polarizing as for nonpolarizing m e m -  
branes. Therefore,  differences of electroosmotic flow 
could not be the explanat ion of the difference of 
polarization properties.  

Stratified heterogeneity.--It seemed possible that  the 
surface layer  of a membrane  might  va ry  in p roper -  
ties, depending on whe the r  it was cast on glass or 
exposed to air, as has been repor ted  for cellulose ace- 
tate membranes  by Sour i ra jan  (13) and Keil in (14). 
Fur thermore ,  membranes  are known to be sensit ive 
to surface contaminat ion;  therefore  a membrane  might  
behave in different ways when clean or when  fouled 
dur ing manufacture  or handling. A fur ther  possibility 
wi th  membranes  made by introducing ionogenic 
groups into preformed hydrophobic  plastic sheets is 
a chemical  difference across the thickness of the 
sheet, if the react ion is not carried to complet ion (for 
example,  to prevent  the membrane  becoming too 
br i t t le) .  The polarizing character  of a membrane  
might  be affected by such s t ructural  factors. 

However ,  these expectat ions were  not borne out by 
exper iment ,  despite the fact that  some of the m e m -  
branes presented,  surprisingly, a hydrophobic exterior,  
for nei ther  abrasion of the surface with  glass-paper  
nor creation of fresh surfaces by scraping with a 
scalpel changed the polarizing character.  

E~ect of hair-line cracks.--It was noticed that  
certain br i t t le  membranes  (containing reinforcing 
meshes) ,  when  subjected to gentle bending, developed 
microscopic cracks on the convex faces. These were  
pract ical ly invisible to the naked eye, but  could be 
seen clear ly  under  the microscope if the specimen 
was stained with  a dye that  did not  diffuse into the 
resin matr ix,  for example,  "Chlorazol  Sky Blue" 
(I.C.I. Ltd.) for an ion-exchange  membranes.  The 
cracks were  seen to penet ra te  only as far  as the re in-  
forcement,  the concave side being free f rom cracks. 

A remarkab le  observat ion was made on the polar iz-  
ing propert ies  of these membranes,  namely,  that  when  
a noncracked membrane  or a cracked membrane  wi th  
the cracked side uppermost  (i.e., facing the concen- 
t rate)  was subjected to current,  it polarized strongly. 
Correspondingly,  in the schlieren cell violent  convec-  
t ion was observed prior  to boiling of the diluate. On 
the other hand, when  the very  same cracked speci- 
mens were  tested with  the cracks facing the diluate, 

nonpolarizing characterist ics were  observed; for ex-  
ample, a current  of 66 m a / c m  2 could be passed for 
30 rain without  marked  heat ing or var ia t ion of vol tage 
with t ime once the steady state had been reached. 
This behavior  was reproducible  wi th  anion-exchange 
membranes  made by different companies (viz., 
Selemion AMG, ASG and AST: TOSO A; Ionics 
1 l l B Z L ) .  

The change f rom polarizing to nonpolarizing re-  
sponse could not be brought  about  by abrading the 
surface, by forming a fresh surface by means of a 
scalpel, by cutt ing ver t ical  lines in the surface with  
a razor blade, or by applying wet t ing  agents (anionic, 
cationic, or non-ionic)  to genera l ly  hydrophobic m e m -  
branes. A possible explanat ion of these phenomena 
is proposed later. 

"Poisoning" by colloids.--"Orange G," an anionic 
dye of small  molecular  size, diffused into nonpolar iz-  
ing membranes  and had a small  effect. But  "Chlorazal  
Sky Blue," a la rger  dye that  did not diffuse in, was 
found to restore the polarizing character  of a de- 
l iberate ly  microcracked bri t t le  membrane.  Apparent ly ,  
the freshly formed surfaces wi th in  the microcracks 
were  blocked as t ransport  paths because of sorption 
of the dye. Similarly,  t r ea tment  of inherent ly  non-  
polarizing membranes  wi th  an alkal ine solution of 
an anionic polyelec t ro ly te  (a high mol. wt  v inyl  ace- 
t a te - -male ic  anhydr ide  copolymer  flocculant) con- 
ver ted  them into polarizing membranes .  As such poly-  
electrolytes cer ta inly cannot penetra te  into ion -ex-  
change resins, their  effects are confined to exposed 
functional  groups. Not only are such groups e l imi-  
nated as anion-exchangers ,  but the surface layer  may  
be converted into a thin ca t ion-exchanger  which acts 
as a Donnan barr ier  to anions. 

Discussion 
The main facts requi r ing  explanat ion are as follows: 
(A) Certain commercial  an ion-exchange  m e m -  

branes were  found capable of car ry ing  large currents  
(in the exper imenta l  set-up described) largely  by 
means of O H -  ions, whi le  others were  not; (B) None 
of the cat ion-exchange membranes  tested was found 
able to sustain substantial  currents  under  comparable  
conditions. 

These observations appear surprising only when 
considered in conjunct ion with  the fact  that  all  the 
membranes  possessed high permselec t iv i ty  and low 
resis t ivi ty in e lectrolyte  solutions; therefore  the de- 
ve lopment  of concentrat ion polarizat ion should fol low 
the same path, in all  cases, as indicated by Sand's  
theory, as, indeed, it does, so far  as t ransport  of C1- 
or Na + ions is concerned. The auxi l iary  exper iments  
repor ted  show that  the anomalies do not arise f rom 
differences of co-ion transport,  leakage, or electroos- 
motic streaming. Fur thermore ,  they appear  to be con- 
fined to v i r tua l ly  sa l t - f ree  membranes .  

The only hypothesis that  has been found to fit all 
the facts is the admit tedly  tenta t ive  suggestion that  
all the ca t ion-exchanger  membranes  tested are re la -  
t ively  poor conductors of H + ions, that  all  the non- 
polarizing anion-exchangers  are good conductors of 
O H - ,  and the polar izing anion-exchangers  are re la -  
t ive ly  poor. As H + and O H -  are normal ly  the most 
mobile cation and anion, respectively,  this hypothesis 
seems, at first sight, improbable,  but  there  is some 
evidence (discussed below) in favor  of the idea. Fu r -  
thermore,  a l though the curves in Fig. 4A and 4B ap-  
pear  s tr ikingly different, a qui te  small  change of con- 
ditions (e.g., the int roduct ion of microcracks) sufficed 
to cause a switch f rom one class to another,  and it 
is therefore  l ikely  that  a delicate dynamic balance 
exists (under the test conditions) which requires  only 
small  differences of t ransport  to upset it. Schl ieren 
observations showed considerable convection in all 
the tests at high current  density, and disturbances 
would  presumably  vary  with  t ransport  rate. 
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It is generally accepted that  the reason for the high 
mobil i ty of H + and O H -  ions is their  special t rans-  
port mechanisms, the Grotthus chain, by which a 
charge is passed along a chain of hydrogen-bonded 
water  molecules without  actual migrat ion of atoms. 
Now it has been found [Block (15)] by microscopic 
staining methods that  all commercial  membranes  are 
highly heterogeneous and many  are patchy and even 
part ial ly hydrophobic. The manufac ture  of certain 
membranes  by incomplete chemical attack on both 
sides of a sheet of polymer already introduces the 
probabi l i ty  of a greater  concentrat ion of exchange 
sites near  the surfaces than at the center, where hy-  
drophobic barr iers  might  be present. Indeed, recent  
diffusion experiments  have suggested the existence of 
such barr iers  [Crabtree and Glueckauf  (16)]. Fu r the r -  
more, the plastic sheets from which membranes  of this 
type are made almost certainly contain amorphous 
and crystal l ine regions which would exhibit  differ- 
ential  resistance to penetra t ion of reagents. Therefore 
it seems very l ikely that  the Grotthus chains are in-  
terrupted, more or less frequently,  by hydrophobic 
barriers,  through which ions have to migrate  by a 
jump mechanism. Thus the advantage normal ly  held 
by H + and O H -  would be reduced and might  con- 
ceivably be reversed if these jumps required dehy-  
drat ion of the ions. 

This theory cannot apply to t ru ly  homogeneous 
resins, and, indeed, conductance measurements  on 
phenolsulfonic acid condensation resins show that H + 
retains its usual  high mobil i ty in highly swollen resins 
[Jakubovic, Hills and Kitchener  (17)]. None of the 
commercial membranes  available for test was homo- 
geneous. However, Gregor and Peterson (18) have re-  
cently reported unique results obtained with a com- 
mercial ly obsolete membrane  ("Nalfilm I", Nalco 
Chemical Company, Chicago). This membrane  showed 
a t ransport  number  for H + ions above the ini t ia l  cur-  
rent  density of 0.4-0.7. The membrane  is believed to 
have been of the polymer mixture  type which are 
cast from a solution in dimethylformamide or di- 
methyl  sulfoxide [Gregor (19)];  evaporation of sol- 
vent  leaves the polyelectrolyte (po]ystyrenesulfonic 
acid) entangled with a water - insoluble  plastic. These 
membranes  were thin (96~) and of low permeabil i ty,  
but  it seems possible that continuous conduction paths 
for the Grotthus mechanism would be present. 

Accurate conductance data for the various com- 
mercial  membranes  in counter- ion forms including H + 
(or O H - ) ,  in absence of in terna l  salt, would provide 
a check of the hypothesis that heterogeneity handi -  
caps the ions of water  by breaking Grotthus chain 
conduction paths; but  unfor tuna te ly  no suitable data 
are available at present.  (Although the experiments  
reported here were  in 0.0IN NaC1, the membrane  must  
presumably  be v i r tual ly  salt-free after a very short 
time.) 

The influence of microcracks on the diluate side 
might  also fit into the same model, as follows. 

Application of Sand's equation for the concentrat ion 
of electrolyte in the plane of electrolyte just  above 
the membrane,  namely,  c = co ~- 2F~/t/=D, shows an 
increase in salt concentrat ion from 0.01 to 0.6N in 10 
sec and 1.5N after 1 min  at the current  density of 66 
ma /cm 2 general ly used. The concentrat ion of sodium 
hydroxide would be somewhat smaller, and would 
apply after exhaust ion of the diluate layer  adjacent  to 

the membrane.  Glueckauf and Watts (20) have shown 
that when an ACI A membrane  sample was t rans-  
ferred from 0.01N sodium chloride to 0.4N, the equi-  
l ibr ium concentrat ion of electrolyte wi th in  the mem-  
brane  increased 160-fold and in the case of 1.0N 
solution increased 600-fold. It is therefore probable 
that the upper  part  of a polarized membrane  has lost 
its permselect ivi ty and that the critical zone is that 
part  of the membrane  adjacent  to the diluate. 

Therefore, if hydrophobic barriers are the l imiting 
factor, microcracks through these barr iers  may be 
sufficient to main ta in  the current.  When, however, 
such paths are poisoned, the membrane  as a whole 
reverts  to polarizing type. 
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Technical Notes 

A Dynamic Method of Determining the Internal 
Resistance of Fuel Cells and Batteries 

L. Reid, D. Cole, and I. Trachtenberg 

Texas Instruments Incorporated, Dallas, Texas 

Current  in terrupt ion techniques (1,2) have been 
used successfully to study fuel  cells and batteries. One 
impor tant  parameter  which can be measured by these 
techniques whi le  the cell is on open circuit  or under  
a steady d-c drain is the internal  resistance. These 
in ter rupt ion  techniques permit  use of reference elec- 
trodes wi thout  requi r ing  a cumbersome Luggin capil-  
lary. However ,  all of these techniques are l imited by 
the t ime requi red  to in ter rupt  the current  and meas-  
ure the vol tage change. Errors as large as several  
tenths of a vol t  can occur if polarizations, other  than 
ohmic polarization, have re la t ive ly  short t ime con- 
stants compared with  the t ime requi red  for the meas-  
urement .  

The previously  reported single current  in ter rupt ion  
technique (1) uti l ized a mechanical  re lay which de- 
pended on mercury  wet ted  contacts to give repro-  
ducible opening and closing wi thout  appreciable re lay  
chatter. The make -be fo re -b reak  condit ion of this re-  
lay introduces an error  in de termining the exact cur-  
rent  and vol tage immedia te ly  prior to interruption.  
Also, some difficulty is always encountered in adjust ing 
the oscilloscope delay circuits because of slight va r i -  
ations in the make -be fo re -b reak  t ime of the relay. 
One usual ly looks at only the vol tage change at the 
break t ime on the shortest  possible t ime scale. With 
the single current  in ter rupt ion  methods, t ime scales 
shorter  than 1 ~sec/cm on an oscilloscope could not be 
used. Most internal  resistance measurements  wi th  this 
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Fig. I. Block diagram of circuit used for current interruption 
studies. 

Fig. 2. Schematic diagram of circuit used for current interruption 
studies. 

technique can be made wi th in  2-5 ~sec after  current  
interruption.  

The method described here  employs an electronic 
switch to in ter rupt  a constant current  which is im-  
posed on the cell in its s teady-sta te  condition (open 
circuit  or a steady d-c  drain) .  

A block diagram of the circuit  is shown in Fig. 1, 
and a detailed circuit  d iagram is given in Fig. 2. The 
power source is l15-v 60-cycle, and the only auxi l ia ry  
piece of equipment  is a fast rise oscilloscope such as 
the Tekt ronix  545B with  a type W high gain differ- 
ential  p lug- in  preamplifier.  This system has a rise t ime 
of 44 nsec on the most sensi t ive ranges. The clock 
circuit  generates a 250 cps square wave  pulse ap- 
proximate ly  100 ~sec long wi th  a rise and fall  t ime 
of less than 0.1 ~sec. It also provides a t r igger  signal 
for the oscilloscope which allows the operator  to view 
the leading edge of the pulse. By proper  synchroni-  
zation a fixed display on the scope is achieved. The 
clock f requency and pulse durat ion were  arbi t rar i ly  
chosen. No provisions were  made in this design to vary  
these parameters ;  however ,  wi th  suitable circuit  modi-  
fications, they could be made var iable  wi thout  affect- 
ing the system performance.  

The gate circuit  amplifies and shapes the pulse, 
which is then coupled through an ampli tude control 
potent iometer  to the base of a passing transistor. 
This transistor is a h igh- f requency  silicon power  de- 
vice in series wi th  the fuel  cell or battery.  The elec-  
t rochemical  cell provides the collector voltage to the 
transistor. Bias is adjusted so some known direct  cur-  
rent  will  flow. The magni tude  of this current  is deter- 
mined by measur ing the vol tage drop across the 1-ohm 
precision resistor at the "cal ibrate"  terminals.  

Current  levels as low as a few mil l iamperes  and as 
high as several  hundred  mil l iamperes  have  been used 
with equal ly  good results. 

If  polarizing the electrochemical  cell to a greater  
extent  by drawing larger  currents  is desired, a paral le l  
ex te rna l  load may  be connected. This allows a static 
load of any reasonable magni tude  to be drawn from 
the electrochemical  cell whi le  only a hundred  mi l l i -  
amperes  or so is interrupted.  

When the amount  of d.c. flowing is set wi th  the bias 
control, the oscilloscope is connected direct ly to the 
electrochemical  cell terminals ;  and the pulse ampli -  

Table I. Comparison of battery resistance measurement techniques 

C u r r e n t i n t e r r u p t o r  A - C  b r i d g e  
t e c h n i q u e  t e c h n i q u e  

Res i s t ance  C u r r e n t  Res i s t ance  
Battery i n  ohms  in  m a  in  ohms  

No. 6 cel l  0.030 80 0.026 
0.031 200 
0.031 400 

D cel l  0.18 80 0.20 
0.19 200 

954 
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tude is adjusted so dur ing  the 10O-~,sec pulse the pass- 
ing transistor  is dr iven  to cut off. This in ter rupts  
current  flow. By measur ing  the ampli tude of this pulse 
at the "turn-off" t ime one can calculate the cell's 
in te rna l  resistance. 

Corrections need not  be made for lead resistance 
wi th  this technique,  an  advantage not  offered by the 
a-c bridge technique. 

Table I lists typical  examples of resistance meas-  
urements  of Leclanch~ cells made by cur ren t  in ter-  
ruptions and with a Genera l  Radio Type No. 1650-A 
Impedance Bridge. The test data in  Table I were taken 
on used batteries. 

Figure  3 i l lustrates a typical oscilloscope trace for a 
"D" size Leclanch~ cell. P re in te r rup t ion  current  was 
80 ma, and the voltage change after 1 ~sec was 15 mv. 

This method has been applied to fuel cells contain-  
ing a s lurr ied molten carbonate electrolyte. One ap- 
paren t ly  typical  group of five such fuel cells, in which 
the geometric areas of the anodes and cathodes were 
8 in. 2, had m i n i m u m  resistances of 0.012-0.014 ohm. 
The resistances of these cells varied be tween 0.012 and 
0.025 ohm dur ing  operation. 

Fig. 3. Typical oscilloscope trace for "D" size Leclanch~ cell. 
Preinterruption current 80 ma; horizontal scale 1 x 10 - e  sec/divi- 
sian; vertical scale 10 my/division. 

Manuscript  received March 17, 1966; revised m a n u -  
script received May 23, 1966. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be publ ished in the June  1967 JOURNAL. 
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Preparation of Homogeneous HgTe-ZnTe Alloys 
E. C r u c e a n u  and N.  N is tor  
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In  view of the interes t ing properties of the mixed 
crystals of the CdxHgl-xTe system, and especially the 
extremely high mobil i ty of the electrons observed in 
compositions with x ~ 0.2 (1, 2), par t icular  a t tent ion 
has been focused on this system. 

Although a n u m b e r  of similarities exist between the 
CdTe-HgTe and ZnTe-HgTe systems, the lat ter  has 
been studied to a lesser extent.  This may be due 
par t ly  to the difficulties encountered in obtaining cer- 
ta in  compact and homogeneous alloys suitable for 
electrical work. These difficulties are l inked not only 
to the comparat ively high temperatures  of the l iquidus 
curve of the system, but  especially to the accentuated 
s t ructural  differences that  exist between the substi-  
tu t ing atoms (Hg-Zn) ,  which lead to long homoge- 
nization periods and a marked tendency to the ap- 
pearance of pseudo-eutectic structures. 

The possibility of obtaining solid solutions in the 
whole range  of HgTe-ZnTe compositions was demon-  
strated by Woolley and Ray (3), who also established 
the solidus curve of the system by the x - r ay  method. 
The l iquidus curve of the system has recent ly  been 
determined (4) by normal  cooling-curve technique, 
checking at  the same t ime the solidus temperatures  of 
several  of the compositions. The electrical properties 
of the system have been studied up to the present  only 
for the compositions close to HgTe (5);  variat ions in  
the optical energy gap with composition have been 
discussed in  ref. (6) for th in  layers. 

Here the preparat ion of solid ZnzHg~-~Te solutions, 
suitable for the de terminat ion  of their  semiconductor 
properties is discussed. 

Preparation o~ solid specimens.--In the case of the 
two methods considered (a) the Br idgman-Stock-  
barger  method, and (b) slow zone recrystall ization, 
for the preparat ion of ZnxHgl-zTe alloys, solid solu- 
tions in the form of powders, obtained in separate 
experiments  after very  prolonged hea t - t r ea tmen t  of 
the appropriate amounts  of HgTe and ZnTe (3), were 
used. 

The Bridgman-Stockbarger method.--The vert ical  
Br idgman-Stockbarger  method can be successfully 
employed for the preparat ion of compact, monocrys-  
ta l l ine  alloy ingots, with X ----- 0.12, provided the rate 

of movement  of the quartz ampoules is lower than 2 
m m / h r  and a small  tempera ture  gradient  (5~176 
cm) is used. In  order to obtain bet ter  homogeneity, 
the ingots are fur ther  annealed  (400-500 hr) at tem- 
peratures  immedia te ly  below the re levant  solidus 
tempera ture  and then studied from the microstruc-  
tura l  and x - r ay  viewpoints. The ingots obtained were 
single phase along their whole length, and the high-  
angle x - r a y  reflections were clear-cut  and intense, 
test ifying to good equi l ibr ium conditions. 

All  the samples for electrical determinations,  cut 
perpendicular  to the displacement direction of the 
ampoules, showed a p- type  conductivity,  wi thout  any  
special heat - t rea tment ,  with carrier  concentrat ions at 
77~ ( ranging in  terms of the composition) of from 
6.101S/cm ~ for x ~ 0 to 4.4 �9 10 is for x = 0.08. The 
fact that, after annea l ing  in  Hg vapor at temperatures  
close to 200~ the concentrat ion of acceptors falls to 
8.1016 cm -3 would suggest that  the na ture  of the ac- 
ceptors is l inked to the presence of mercury  vacancies 
in  the crystal l ine lattice of the alloys. 

With increase in  ZnTe concentrations,  i.e., x ~ 0.12, 
it is difficult to obta in  solid solutions by the Bridg-  
man-Stockbarger  method, because of the high work-  
ing temperatures  and long periods in which the quartz 
ampoules must  be kept at these temperatures.  

Slow zone recrystal l izat ion has proved, in  this in -  
stance, a good method. Quartz ampoules (140-160 m m  
long) were used in  a set-up that  permits  slow move-  
ment  of the ampoule along the three tempera ture  
zones used. The mater ia l  was melted with h igh- f re -  
quency currents,  inducing the necessary temperatures  
in  graphite cylinders containing the quartz  ampoules. 
The zonal tempera ture  was determined with an optical 
pyrometer  and its value fixed according to the l iquidus 
curve established in  (4) and shown in  Fig. 1. 

Tempera ture  values in the two lateral  background 
tempera ture  zones were chosen in separate experi-  
ments  carried out for the de terminat ion  of the vapor 
pressure of solid solutions at various temperatures  
and were fixed at 500~ for x = 0.6 and 550~ for 
x -~ 0.8. 

The velocity of the ampoule along the fixed zone 
was approximately  1.5 m m / h r ,  and the length of the 
mol ten zone was main ta ined  b e t w e e n  10 and 20 mm. 
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Fig. I. Phase diagram of HgTe-ZnTe system. Liquidus curve, 
a-Cruceanu et al. (4); solidus curve, O-Woalley and Ray (3). 
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Fig. 2. Variation of composition of cross-sectional slice as a func- 
tion of position in zone recrystallized ingots. 

Two init ial  compositions were  used, one with a higher  
molar  HgTe (Zn0.3Hg0.~Te) composition, and the other  
wi th  a higher  molar  ZnTe (Zn0.6Hg0ATe) composition. 
In order to obtain bet ter  homogeneity,  after moving 
the zone along their  whole length, the ingots were  
annealed for approximate ly  300 hr at 650~ The mi-  
crostructural  and x - r ay  analysis showed the ingots to 
be single phase in the center, over a length of 12-14 cm, 
the composition vary ing  along the ingot according to 
the curves plotted in Fig. 2 [the composition was 

determined by the x - r ay  powder  method in a @ 114 
mm camera, using the data on the var ia t ion of the 
lattice constant wi th  composition, obtained in (3) 
(4)].  

It is of interest  to note that  al though the aspect of 
the curves in Fig. 2 is, in general,  similar to that  of 
the InSb-InAs  system curves (7), our results differ 
f rom those of Woolley and Warner  in that  we found 
one phase in the center  of the ingot whereas  they 
found the ingot to be homogeneous at the two ends. 
Moreover,  our metal lographic  studies have demon-  
strated the existence of two phases at the ends of the 
ingot, over  a distance of 1-2 cm, wi th  a pseudo-eutec-  
tic structure,  yielding ei ther  broader  x - r ay  lines or 
two completely separate systems of lines. Hence, the 
composition could not be determined accurately,  and 
in Fig. 2 the data for the ends of the ingot have  been 
omitted. 

Al though the results on the electrical  propert ies of 
alloys will  be published elsewhere,  we deem it of use 
to indicate that  the solid solutions obtained by this 
method (with 0.35 ~ x - -~  0.74) are all p - type  and 
have  extrinsic carr ier  concentrat ions of approximate ly  
2.1016 cm -3 (at 77~ 

To conclude, zone recrystal l izat ion may be consid- 
ered one of t he -mos t  useful  methods for obtaining 
massive and homogeneous HgTe-ZnTe alloys, with 
pract ical ly any composition, and wil l  probably play an 
impor tant  role in the development  of fur ther  studies 
on this system. 
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Temporary Protection of Silicon Surfaces by Iodine Films 
R. Lieberman and D. L. Klein 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

Silicon surfaces are normal ly  covered with mixtures  
of oxide, hydroxide,  and fluoride groups subsequent  
to chemical  etching. This coverage results f rom the 
necessity of te rminat ing  the free or dangling bonds 
that  are generated on new silicon surfaces. These 
terminat ions are responsible for the hydrophobic 
character  observed on freshly etched silicon. 

In an effort to e l iminate  this surface act ivi ty a 
barr ier  technique involving the format ion of iodine 
films has been developed. The function of the iodine 
is to prevent  format ion of oxides and to displace 
fluoride and hydroxide terminat ions normal ly  found 

on etched silicon. Atomical ly  clean silicon surfaces 
can then be generated by removing  these iodine films 
by sublimation. 

Procedure 
The procedure consists of quenching a freshly 

etched silicon surface in a saturated or concentrated 
solution of iodine in an anhydrous solvent. This 
quenching must immedia te ly  (~1-2  sec) follow the 
removal  of the slice f rom the etchant. The  anhydrous 
proper ty  of the solvent serves to prevent  hydrolysis  
of the Si- I  bonds formed during quenching. Several  
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solvents suitable for the iodine are chloroform, car-  
bon tetrachloride,  and methanol.  Af te r  removing  a 
silicon slice f rom the iodine solution, a gross iodine 
film can be observed on the surface for approximate ly  
5 to 10 min  in room ambient.  A more  t ight ly bound 
chemisorbed iodine layer  is present  on the surface and 
can be effectively r emoved  by the rmal  t reatment .  In 
practice tempera tures  of about 500~176 have been 
employed to remove  the chemisorbed iodine in vacua 
(e.g., ~ 10 -8 Torr) ,  or at a tmospheric  pressure in 
iner t  ambients. The removal  of the iodine is accom- 
plished in several  minutes  under  these conditions. 

Unti l  the gross iodine film is r emoved  by subl ima-  
tion it is impor tan t  to l imit  the t empera tu re  of t rea ted 
surfaces to ~ 600~ Otherwise,  direct react ion of the 
silicon and iodine can occur and result  in surface 
etching via the formation of SiIa. 

When slices must  be stored subsequent  to the iodine 
quench they can be left  immersed  in the iodine solu- 
tion. Samples have been stored in this manner  for 
extended periods (up to 72 hr)  wi thout  loss of sur-  
face protection. 

Discussion 

The iodine t rea tment  was found to produce a tomi-  
cally clean and wel l  ordered silicon (111) surfaces 
as de termined by low-energy  electron diffraction 
studies. 1 The diffraction pat terns were  observed after  
remova l  of the iodine by heat ing the samples at pres-  
sures of ~10 -9 Torr. Results of the diffraction meas-  
urements  indicate ttiat the coverage of adsorbates 
(e.g., oxygen)  was less than a small  fraction of a 
monolayer.  The success of this technique may  be due 
to several  factors. These include the displacement re -  
action of fluorinated silicon surfaces direct ly wi th  
iodine as wel l  as the physical adsorption of iodine 
on silicon surfaces. 

The displacement of the fluorinated silicon surface 
probably results f rom the react ion of the iodine with 
the fluorine bonded to the silicon to form an in ter -  
halogen compound. 2 This type of react ion could ac- 
count for the effective r emova l  of fluorine f rom sili- 
con surfaces. Hydroxyl  groups can also be displaced, 
in this case, through the format ion  of HOI. 

The physical adsorption of iodine on a f reshly 
etched silicon surface results  in the format ion of a 
t emporary  barr ier  to other  reactions. 

St ronger  van der Waals forces should exist be tween  
iodine and the silicon surface than be tween ei ther  
fluorine or oxygen and the surface. The chemical  for-  
mation, therefore,  of S i -F  and Si-O bonds wil l  be in-  
hibited since these reactions depend on pre l iminary  
physical adsorption of the reactants. The combinat ion 
of  a re la t ive ly  large covalent  radius (1.33A), solubil i ty 
in nonaqueous solvents and sublimation propert ies  
serve to make  iodine an ideal mater ia l  for a t emporary  
barr ier  film. 

The model  that  has been used to explain the effec- 
t iveness of the iodine t rea tment  is a simplified de- 
scription. A more  detailed study of the in teract ion of 
silicon and iodine by means of low-energy  electron 
diffraction has been reported by Lander  and Morrison 
(1). 

Applications 

Oxide film prevent~on.--This process has been ut i l -  
ized to e l iminate  in ter fer ing surface oxides during 
closed vacuum system diffusion of arsenic into silicon. 
Oxide- f ree  silicon surfaces are necessary for this type 
of diffusion in order that  uniform junctions can be 
formed. Photomicrographs  (Fig. 1) of angle lapped 

1 The  e l ec t ron  d i f f r ac t ion  s tud ie s  we re  p e r f o r m e d  by  E. G. McRae  
and  J .  Mor r i son  of  these  L a b o r a t o r i e s  w h o  obse rved  7th  o rder  pa t -  
terns .  

I t  is  r ecogn ized  t h a t  the  S i - I  bond  e n e r g y  (51 kcal)  is  cons ide r -  
a b l y  less  t h a n  t he  e n e r g y  of  t he  S i - F  b o n d  (143 kea l ) .  H o w e v e r ,  
the  d i s p l a c e m e n t  of t he  f luor ine  can p r o b a b l y  be  e x p l a i n e d  on t he  
bas i s  of mass  act ion.  The  a v a i l a b i l i t y  of l a rge  q u a n t i t i e s  of i o d i n e  
i n  so lu t ion  a n d  t he  c o o r d i n a t i o n  of a n y  l a b i l e  f luor ine  e n t e r i n g  t he  
i o d i n e  so lu t i on  cou ld  be  expec t ed  to r e s u l t  in  a h i g h  p r o b a b i l i t y  of  
f luor ine  r e p l a c e m e n t .  
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Fig. 1. Effect of 12 quench on junction formation; double furnace 
diffusions, As at 600~ Si at 1050~ Top, without 12 quench; 
bottom with I~ quench. Angle lapped surfaces, 2 ~ bevel. Magnifica- 
tion approximately I ~X .  

samples, with and wi thout  the use of the I2-methanol 
quench, have demonstrated a marked  difference in 
junct ion uniformity.  The el iminat ion of oxide on the 
iodine t reated silicon surface prior to diffusion prob-  
ably accounts for the improvement  in the qual i ty of 
the junction. 

Control of defects in passivating films.--Normally, 
silicon surfaces etched in the presence of HF  are  ini-  
t ial ly hydrophobic.  Silicon surfaces fol lowing iodine 
quenching and subsequent  iodine remova l  are hydro-  
philic in character.  The hydrophil ic  na ture  of the 
iodine quenched surface appears to influence the uni-  
formi ty  of surface oxide formation. Marked decreases 
of oxide defects, such as pinholes, have been demon-  
s trated in oxide films formed by steam (1050~ 1 
atm) oxidation of silicon. Examinat ions  of oxides on 
silicon surfaces subjected to the I2-methanol  quench 
have  shown a significant decrease in the number  of 
pinholes. These pinholes were  exposed by a discr imi-  
natory wa te r -amine-pyroca techo l  etch. 2 Pinhole  
counts of s team oxidized (1 hr, 1 atm, 1050~ silicon 
samples which were  pre t rea ted  with  I2 quenches ex-  
hibited 230 p inholes /cm 2. The defect  density of control 
samples prepared by quenching in water  was found 
to be 900 p inholes /cm 2. 
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Influence on semiconductor junctions.--In order to 
investigate the possibility of deleterious effects caused 
by I2-solvent quenches on devices, leakage currents  
of silicon detector diodes were measured following 
such treatment .  These n -p  diodes are large area, 10,000 
ohm-cm resist ivity mesa devices and as such are very 
sensit ive to surface effects. Leakage currents  of these 
diodes given either an I~-methanol or an I2-carbon 
tetrachloride quench following a 5-sec HNOa-HF 
(40-1) etch displayed no degradation. Results after 
10-min cycling in dry 02 and wet N2 did not differ 
from those obtained on control diodes. This would in -  
dicate that  the iodine surface t rea tment  did not  de- 
grade the electrical characteristics of these sensitive 
junctions.  

Conclusions 
The technique of I2-nonaqueous solvent  quenching 

has been investigated, and p re l iminary  exper iments  
indicate that  it will  temporar i ly  prevent  oxide, hy-  
droxide, and fluoride formation normal ly  experienced 
in  silicon technology. This has been demonstra ted by 

low-energy  electron diffraction studies and by the 
application of the technique to several device proc- 
essing procedures. Since the iodine films are readi ly  
removed, the procedure serves as a simple means  of 
prepar ing atomically clean surfaces just  prior to de- 
vice processing. 
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Enhanced GaAs Etch Rates Near the Edges 

of a Protective Mask 
Don W .  Shaw 

Materials Science Research Laboratory, Texas Instruments Incorporated, Dallas, Texas 

It  has been observed in  the author 's  laboratory that  
holes etched into gal l ium arsenide through windows 
in a protective silica etch mask are deeper near  the 
edges of the mask than at the center of the hole. 
This phenomenon is i l lustrated by the angle- lapped 
section shown in  Fig. 1. I t  is obvious from the mor -  
phology of the hole bottoms that  the etch rate was 
greater near  the mask edges than  at the centers of 
the holes. This "edge effect" presents a severe prob-  
lem to the fabricat ion of device structures by selec- 
tive etch and deposition techniques. 

The edge effect occurs when  GaAs holes are etched 
with such etchants as b romine-methano l  (l:10O0), 
hydrogen peroxide-sulfur ic  acid-water  (1:5:1) ,  and 
3% sodium hypochlorite solutions. It  is also observed 
to a lesser degree wi th  holes formed by HC1 vapor 
etching at temperatures  up to 800~ The magni tude  
of the effect tends to decrease as the hole depths in -  
crease, i.e., the deeper holes have flatter bottoms. The 
phenomenon is independent  of the window dimensions 
wi th  the exception that  with very  small  windows the 
regions of enhanced etch rate near  opposite walls may 
overlap. 

The enhanced etch rates near  the mask edges could 
be due either to localized stresses occurring at  the 
mask-GaAs interface or to surface diffusion of ad-  
sorbed molecules along the protective mask which 
effectively results in  a greater flux of etchant at the 
mask edges. As will  be shown below, the exper imenta l  

Fig. 1. Micrograph showing 5 ~ angle-lapped section through holes 
etched into GaAs with an unstirred bromine-methanol (1:1000) solu- 
tion. 

results provide strong support  for the surface dif- 
fusion explanation.  

Stresses present  at the mask-GaAs interface could 
be related to the differences in  thermal  coefficients of 
expansion between the silica film and GaAs. They 
would be imposed when  the silica-coated GaAs crys-  
tal is cooled from the 450~ silica deposition tem-  
perature  (oxidative te t raethyl  orthosilicate process) 
to room temperature.  To investigate fur ther  the effect 
of stress at the mask-GaAs interface, a polymerized 
KMER (Kodak Metal-Etch Resist) etch mask was 
employed. This mask was applied to the GaAs crystal 
at room temperature,  but  in this case also the edge 
effect was still present  at the etched holes. Later  a 
silica etch mask obtained by a room temperature,  
te t raethyl  orthosilicate, glow discharge process was 
employed. Since the holes were then etched at room 
temperature,  the effects of stress at the mask-GaAs 
interface should be minimized. However the etch 
rates were still greater  near  the mask edges than  to- 
ward the center  of the hole. 

When a masked GaAs slice is placed in contact with 
the etchant, the etchant molecules are s tr iking the 
protective mask as well  as the GaAs exposed at the 
windows. Some of the molecules which strike the 
protective film are adsorbed and migrate  across the 
surface for some distance before desorbing. A port ion 
of these molecules wil l  diffuse to the exposed GaAs 
and may react causing dissolution. Thus the exposed 
GaAs near  the mask edge is receiving etchant  mole- 
cules from surface diffusion as well  as by "direct" 
diffusion. If the etch rate were l imited by diffusion of 
etchant  molecules to the react ion surface, then  the 
above-ment ioned process would result  in an enhanced 
ini t ia l  etch rate near  the mask edge as compared with 
the etch rate near  the center of the hole. This ex-  
planat ion is supported by the shapes of the hole bot- 
toms shown in the angle- lapped section of Fig. 1. The 
holes on either side of the ar ray  have unsymmetr ica l  
edge effects, i.e., the etch depth is greater near  the 
edge having the largest adjacent  area of protective 
mask. Since these edges have greater  adjacent  mask 
areas, they receive more etchant  molecules from sur-  
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Fig. 2. Micrograph showing 5 ~ angle-lapped section through holes 
etched into GaAs with a 0.7M H~O2-1M NaOH solution. 

face diffusion. The three inner  holes exhibi t  equal  and 
symmetr ical  edge effects because they have equal 
adjacent  mask areas. The exposed regions near  the 
corners of the windows have the greatest adjacent  
mask areas and would be expected to exhibit  the 
greatest edge effect. This is confirmed exper imenta l ly  
by observation of the hole bottom contours with an 
interferometer.  It should be noted that the greatest 
contr ibut ion of etchant molecules due to surface dif- 
fusion would be realized at the ini t ial  stages of etch- 
ing. This is in agreement  with the exper imenta l  ob- 
servation that  the magni tude  of the edge effect de- 
creases with increasing hole depth. 

It  has been found that the etch rate of GaAs with 
a 0.7M hydrogen peroxide- lM sodium hydroxide solu- 
tion is l imited by the rate of chemical reaction ra ther  
than by the diffusion rate (1). If surface diffusion of 
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adsorbed molecules along the protective mask is re -  
sponsible for the enhanced GaAs etch rates near  the 
mask edge, then the effect should be el iminated by 
etching with the above ment ioned H202-NaOH solu- 
tion. Figure  2 shows an angle- lapped section through 
GaAs holes formed by etching with this solution. The 
holes have flat bottoms, and no evidence of an  en-  
hanced etch rate near  the mask edge is noted. These 
results provide strong support for the explanat ion of 
the edge effect based on surface diffusion of etchant 
molecttles adsorbed on the protective mask. 
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The Effect of Concentration on the Interdiffusion 

Coefficient of Chromium in Chromium-Iron Alloys 
G. A. Davies, A. B. Ponter, G. C. Wood, and D. Whittle 

The University of Manchester Institute of Science and Technology, Manchester, England 

An invest igat ion into the mechanism of oxide for- 
mat ion of chromium-i ron  alloys for a tempera ture  
range 800~176 has resulted in  determinat ions of 
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0 

Fig. I. Plot of diffusion coefficient vs. chromium concentration. 
A ,  Gorbunov; Q ,  authors. 

the interdiffusion coefficients of chromium. The con- 
centrat ion profiles of chromium in the alloy were 
measured using an electron probe microanalyzer  and 
metallographic techniques. The results which are pre-  
sented in  Fig. 1 exhibit  a m i n i m u m  value of diffusivity 
at 60% chromium concentrat ion for a tempera ture  of 
1000~ The values of Gorbunov et al. (1) for chro- 
mium concentrat ions of 84.5% and 29.4% Cr at 1000~ 
agree well  wi th  these data. Krwoglaz and Smernov 
(2) have indicated that  the phenomenon of exhibi t-  
ing mi n i mum values is not common, but  has been 
observed for diffusion in  ~-brass. Some anomalous 
predictions of chromium-i ron  behavior in their alloys 
may be at t r ibuted to the use of average values of in -  
terdiffusional coefficients over the range where a min i -  
mum exists. Here it is par t icular ly  impor tan t  to use 
the discrete values reported. 
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Optical Phenomenon in LiNbO  Single Crystals 
W .  J. C r o f t  and  M .  Kest ig ian  

Sperry Rand Research Center, Sudbury, Massachusetts 

Large, single crystals of LiNbO3 are grown by the 
Czochralski technique and are or iented for physical 
measurements  by the back-reflect ion Laue x - r ay  tech-  
nique. The de terminat ion  of the c-crysta l lographic  
direction presents somewhat  of a problem in this 
rhombohedra l  crystal  (1), as there  are three pseudo- 
tr igonal  directions. It is the practice of this Laboratory  
to cut a slice perpendicular  to the c-direct ion for mi-  
croscopic confirmation of the axis using convergent  
polarized light. One crystal  showed the presence of 
apparent  oriented in tergrowths  with h igh-order  in ter -  
ference colors (Fig. l a ) ,  under  low magnification in 
paral le l  polarized light (crossed nicols). Most of the 
area of the slice remains dark during rotat ion of the 
microscope stage except  for the nar row bands. The 
bands make a t r iangular  pat tern and are perpendicu-  
lar  to the a-axis  directions of the crystal. The dark 
areas of the crystal  show a normal  uniaxial  in te r fe r -  
ence figure. The bright  bands in convergent  polarized 
l ight show a "flash" phenomenon. A shadowy cross 
appears four  times during complete rotat ion of the 
crystal  slice. Examinat ion  of Fig. la  and b, which are 
opposite sides of the same slice in paral le l  polarized 
light, show a peculiar  phenomenon.  On one side of the 
slice (Fig. la ) ,  the bands are sharp on the inside of 
the V and diffuse on the outside. On the other  side of 
the slice (Fig. lb) ,  the  opposite is true, and the bands 
are sharp on the outside of the V and diffuse on the 
inside. 

A series of back-reflect ion Laue x - r a y  photographs 
were  taken across one of these bands extending f rom 
one dark area to the other. All  of the pictures gave 
the same c-axis orientat ion diagram. 

The slices were  cut from crystals which had been 
t ight ly  bound with p la t inum wire  during hea t - t r ea t -  
ment  (1200~ This phenomenon is caused by an ap- 
parent  s t ress- induced incipient c leavage development.  

From the measured thickness of the slice and the 
apparent  width of the bands, as seen in the micro-  
scope, the plane of c leavage makes an angle of ap- 
proximate ly  59 ~ with  the basal plane. This cleavage 
can be indexed to be along the {113} (hexagonal)  
planes. 

Another  phenomenon observed in Czochralski-  
grown LiNbO3 single crystals is l inear rows of fine 

Fig. lb. Same section viewed from the opposite surface. 

Fig. la. Section of LiNbO3 crystal cut perpendicular to c axis 
and viewed in parallel polarized light. Fig. 2. I.iNbO3 single crystal boule showing row of growth notches 
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chips paral le l  to the growth direct ion of the boules 
(Fig. 2). These rows, to a degree, reflect the symmet ry  
of the boule. When the growth  axis is in a [0.001] 
direction, there  are three equal ly  spaced rows aligned 
wi th  the lines joining the points at which the a axis 
intersects the surface of the crystal. In the case of 
a-axis  grown crystals, there  are usual ly four  rows 
in sets of two and the boule forms in an or thogonal  
section ra ther  than the round or t r igonal  section of 
c-axis  crystals. Under  the microscope these chips are 
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curved ra ther  than flat and probably represent  some 
incipient face growth. 

Manuscript  received June  8, 1966. 

Any discussion of this paper wil l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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High-Speed Measurement of Reversible Electrode Potentials 
T. Hagyard and K. M. Chapman 

Department oS Chemical Engineering, University of Canterbury, Christchurch, New Zealand 

During measurements  of the potential  of a luminum 
electrodes in aqueous solutions (1), it was deduced 
that  a quickly formed a luminum surface reached its 
equi l ibr ium potent ial  in microseconds and in ref. (2) 
anodic polarization curves were  based on a luminum 
electrode potentials taken during the first 30~. Using 
the same apparatus, it seemed desirable to de te rmine  
if, indeed, a meta l  electrode could establish its usual 
equi l ibr ium potential  in so short a time. For this pur-  
pose a meta l  was needed in which hydrogen evolut ion 
would not occur at a percept ible  rate  at the equi l ib-  
r ium potential  and whose rate  of ionization was known 
to be fast. The work  of Randles (3) indicated that  the 
lat ter  condition would be met  by cadmium in equi-  
l ibr ium with  the ni trate  and, since cadmium also fu l -  
fills the first condition, metal l ic  cadmium was tested. 

Cadmium of analysis Zn 0.019, Pb 0.013, Cu 0.002, Fe 
0.002% was used, but  was too soft to be used exact ly  
as described in ref. (2). The electrode used in the 
lat ter  measurements  was machined f rom 1/4 in. d iam- 
eter a luminum rod so that  a thin insulated flange was 
formed and subsequent ly cut by impact  of the ruby 
cutter, thereby exposing a new surface in about 6~. For  
the present  exper iments  it was not possible to use 
such an integral  electrode. Instead, a thin cadmium 
disk was mounted  on the end of a dura lumin  rod, t h e  
disk being backed by fused h igh-dens i ty  polyethylene 
and the whole insulated with  a fused layer  of low-  
density polyethylene.  Difficulty was still exper ienced 
due to deformat ion of the cadmium during cutt ing and 
lack of adhesion of the insulat ing layers. This re -  
sulted in most of the oscil lograph traces showing i r -  
regular i t ies  ascribed to crack formation. Nevertheless ,  
the more successful traces, such as that  in Fig. 1, 
showed a rapid approach to a steady potential.  

F igure  1 was obtained with cadmium in M/1000 
CaC12 ~ M �9 KC1 swept wi th  purified hydrogen and 

Fig. 1. High speed measurement rise with electrode potential 

shows at A the 10,000 cps t ime base and zero potent ial  
lines, at B the insulated electrode potent ial  before 
cutting, at C the potential  at the instant  of cutting, 
and at D the very  rapid rise to a more negat ive po- 
tential.  This rise occurred in some 10~, and thereaf ter  
the potential  remained substantial ly constant except  
for the momenta ry  deviat ion at E. The lat ter  is char-  
acteristic of i r regular i t ies  f requent ly  met  wi th  in this 
work  and is ascribed to defect ive adhesion of the in-  
sulation around the newly  cut surface. In this figure, 
line F is the Weston cell potent ial  calibration. Meas- 
u rement  of the potential  of the electrode 10-30~ 
after  cutt ing gives the va lue  o f - - 0 . 8 7 9 v  on the N 
calomel scale for this trace fal l ing to --0.875v after  
200~ and thereaf ter  unchanged. Measurements  on nine 
similar  traces gave a mean  value  of --0.864 with  stand- 
ard deviat ion 0.062v. 

Static potential  measurements  with the same meta l  
in massive form in the same solution swept wi th  pur i -  
fied hydrogen, requi red  about 1 ~/2 hr  to reach equi l ib-  
rium, presumably  due to slow el iminat ion of oxygen 
from the electrode surface and f rom the solution. Re-  
sults depended somewhat  on surface preparat ion:  

E t c h e d  s u r f a c e  
T i m e ,  r a i n  20 40 60 80 95 120 140 
P o t e n t i a l  v N.C.  

s ca l e  - -0 .817  0.842 0,854 0.852 0 ,864 0.865 0.865 

A b r a d e d  w i t h  e m e r y  
T i m e ,  10 40 55 70 85 115 130 
P o t e n t i a l  - -0 .843  0 .849 0.850 0.850 0.851 0.850 0.851 

It  is considered that  agreement  be tween  the 10-30~ 
oscillographic observations and the static observations 
is reasonably good. 

With ni t ra te  solutions the oscillograph traces for 
the fast measurements  were  much more  i r regular  than 
for the chloride solutions, and a similar  comparison 
wi th  static measurements  was less satisfactory pos- 
sibly because of the metas tabi l i ty  of n i t ra te  solutions 
in the presence of hydrogen. Nevertheless ,  agreement  
was in general  wi th in  some 20 mv [for details see 
Chapman (4) ]. 

It  is concluded that  there  is reasonable agreement  
be tween  measurements  of the equi l ibr ium potentials 
of cadmium in chloride solutions by the present  oscil- 
lographic technique and by the usual static method 
and that  the methods used in ref. (1) and (2) are rea-  
sonable for fast electrode processes. 

Manuscript  received,  May 4, 1966. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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The Electrode Potential of Evaporated Aluminum Films 
in Chloride Solution 

T. Hagyard, W. B. Earl) K. J. Kirkpatrick, and I. G. Watson 2 

Department of Chemica~ Engineering, University o.f Canterbury, Christchurch, New Zealand 

Potent ia l  measurements  as negat ive  as --1.67 EHO 
volts in 1N KC1 solution pH 3.2, have been measured  
on a f reshly  cut a luminum surface by a technique 
devised by Hagyard  and co-workers  (1, 2). A poly-  
thene-coated  a luminum rod immersed  in 1N KC1 solu- 
tion was cut by a ruby t ravel l ing  at 1000 cm/sec.  Po-  
tent ial  measurements  were  made using a h igh- im-  
pedance cathode fol lower coupled to an oscilloscope. 
From the instant  the cut was made into the aluminum, 
its potential  was recorded by photographing a single 
t raverse  of the oscilloscope trace. A typical  potential  
measurement  is shown in Fig. 1. 

The init ial  rapid potential  rise to the peak was at-  
t r ibuted to the dissolution of a luminum charging the 
double layer. Af te r  reaching the peak potential,  only 
a small  fract ion of the electrode surface was thought  
to remain  act ively anodic whi le  the slower hydrogen  
discharge process took place over  most of the meta l  
surface. The exponent ia l  fal l  in potent ial  was at-  
t r ibuted to the polarizat ion of the anodic and cathodic 
processes. The informat ion gained using this tech-  
n ique enabled the kinetics for a luminum dissolution 
and hydrogen discharge on a luminum to be studied. 

The object of the present  work  was to confirm the 
val idi ty  of the measurements  made  by the above 
technique. The  possible a l ternat ive  explanat ions of 
the potential  behavior  of f reshly cut a luminum that  
were  considered by the authors were  (a) that  in-  
stantaneous high tempera tures  were  generated at the 
cut surface by the shearing action of the ruby cutter ;  
the high tempera tures  would  be rapidly  reduced by 
heat  dissipation into the bulk of the metal,  (b) 
severe  stressing and dislocation of the a luminum elec-  
t rode surface fol lowed by re laxa t ion  of the surface 
structure;  the peak in this case would be a stress po- 
tential. 

Vacuum evapora ted  a luminum films were  used in 
this work  to obtain an uncontaminated  ox ide- f ree  a lu-  

~Present  address: Shawinigan Chemicals Ltd., Montreal  East, 
Quebec, Canada.  

2p resen t  address: Monsanto Chemicals Ltd., Acrefair, Denbigh- 
shire, North Wales. 

minum surface comparable  wi th  that  exposed by the 
previous technique. The a luminum film was formed 
in an evacuated,  degassed, P y r e x  glass bulb by evap-  
orat ing 99.99% a luminum f rom a s t randed tungsten 
wire  that  was supported on tungsten leads. The tar-  
get area was a smoothly ground glass button. Elec-  
tr ical  contact wi th  the a luminum film was made by 
a tungsten wire  sealed through the  center  of the 
button. Figure  2 is a sectional d rawing  of the bulbs 
used. To l imit  the area on which the measurements  
were  made, the shape of the but ton was designed so 
that  wi th  straight line evaporat ion only the front  
surface of the but ton was coated wi th  a luminum. 

The glass bulbs were  evacuated to a vacuum bet ter  
than 0.1~ by a two-s tage  G.E.C. mercury  diffusion 
vacuum pump wi th  l iquid n i t rogen  trap. The bulbs 
were  baked under  vacuum for  more  than 2 hr  at 
400~ Af ter  baking, the a luminum was evapora ted  
rapidly (3-5 sec) to give a thick (2-10~) nontrans-  
parent  coating of a luminum over  the inter ior  of the 
bulb. Holland (3) recommends  rapid evaporat ion for 
high qual i ty  films. At  the start  of evaporat ion alu-  
minum vapor  was rel ied on to act as a get ter  of any 
residual  gases. Subsequent  deposits of a luminum were  
assumed to be uncontamina ted  and oxide free. At  the  
complet ion of the evaporat ion process, the bulb was 
sealed off f rom the vacuum pump. 

~lercu'D i 

Fig. 2. Diagrammatic section of glass bulb 

Fig. 1. Electrode potential of freshly cut aluminum vs. time. 
[From ref (1)]. IN KCI + HCI to pH 3.2, 300 cps sine wave has 
base at zero volts N calomel scale and is 1 S. Weston in amplitude, 
D peak potential, E mixed potential.  

Fig. 3. Electrode potential of evaporated aluminum vs. time. 
Solution IN KCI -I- HCI to pH 3.2. Square wave 1000 cps. 
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Potent ia l  measurements  were  made in a IN Analar  
KC1 solution contained in a polythene  beaker. The 
reference electrode was a normal  calomel electrode. 
The electr ical  measur ing circuit  was a fast response 
(0.1 ~sec) cathode follower,  input  impedance 107 
ohms, coupled to a Cossor 1065 pulse oscilloscope. 
The potent ia l  of the evapora ted  a luminum film was 
measured by breaking  the evacuated  bulb under  so- 
lution wi th  a poly thene-coated  steel cutter. The cut-  
ter  was dr iven  through the bulb by a spr ing- loaded 
hammer  device. A continuous photographic record of 
the potent ial  change was obtained for the 10 msec 
fol lowing contact be tween  the a luminum film and the 
KC1 solution. 

Figure  3 is an example  of the po ten t ia l - t ime trace 
obtained f rom evapora ted  films. Each trace reached a 
peak potent ial  of --1.67 EH volts then decayed in a 
similar but  not ent i re ly  reproducible  manner  to the 
trace shown. The potent ial  could be measured  to 
bet ter  than ___O.05v. The authors be l ieve  that  the dif-  
ference in the potent ial  decay characterist ics be tween  
the t w o  techniques is associated wi th  the different 
mode of wet t ing  the electrode surface. With the p re -  
vious technique the electrode was a small  v notch that  
was dr iven past the solution. The total t ime to cut and 
wet  the electrode surface in this case was of the order  
of 1O ~sec. The electrode area for the evapora ted  film 
method was approximate ly  1 cm ~. In  this case the 
electrode was wet  by the solution rushing into the 
evacuated glass bulb. I t  seems probable  that  the re l -  
a t ively  large electrode area is wet  progress ively  over  
possibly a mill isecond or more.  A peak  potent ia l  was 
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to be expected the instant  the solution made  electrical  
contact wi th  the solution. Thereaf te r  unt i l  the total  
e lectrode surface was wet ted  a mixed  potent ial  would 
resul t  be tween  that  par t  of the electrode surface 
being wet ted  and that  par t  a l ready wet. The two 
jumps  in potent ia l  at A and B, (shown in Fig. 3) 
were  quite  reproducible  and could be associated wi th  
shock waves.  A vigorous discharge of gas bubbles 
f rom the a luminum surface was observed immedia te ly  
after  the bulb was broken. It was s t rongly suspected 
that  the gas discharged was hydrogen.  

The conditions for the a l te rna t ive  explanat ion of 
the peak poterLtials obtained by the previous tech-  
nique were  absent  f rom the evapora ted  a luminum 
films. When exposed to solution the films were  ne i ther  
at a high t empera tu re  nor in a severe ly  stressed con- 
dition. The fact  that  the same peak potent ial  has been 
obtained by two independent  techniques Js strong 
evidence  that  potent ia l  measurements  by the earl ier  
technique are valid. 

Manuscr ipt  received May 4, 1966. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Double Layer Studies 
Paul Delahay 

Department of Chemistry, New York  University, New York,  New York 

A B S T R A C T  

This paper covers four invest igat ions deal ing with  h i ther to  neglected or 
ha rd ly  studied aspects of the electr ical  double layer.  Topics are: (a) specific 
adsorption of inorganic cations; (b) resolut ion of s imultaneous anion and 
cation specific adsorption;  (c) double layer  in media  of low electr ical  con- 
duct ivi ty;  (d) in te rpre ta t ion  of double layer  capacity measurements  for e lec-  
trodes wi th  a charge t ransfer  reaction. 

Double Layer with Specific Adsorption of an 
Inorganic Cation 

This study was made for the par t icular  case of thal -  
l ium fluoride and fol lowed the same general  approach 
of s imilar  work  for inorganic anions exhibi t ing spe- 
cific adsorption. No such detai led invest igat ion has 
been made before to the wr i te r ' s  knowledge  al though 
the possibility of ra ther  strong specific adsorption of 
some inorganic cations on mercury  was conclusively 
shown some t ime ago (1). Details are  given e lsewhere  
(2), and only the essential  points wi l l  be mentioned.  

The T1F/Hg system was selected for the fol lowing 
reasons: specific adsorpt ion of T1 + is quite pronounced 
even at potentials at which there  is v i r tua l ly  no T1 
deposition; specific adsorption of F -  can reasonably  be 
neglected;  complexat ion  in solution does not interfere.  

Electrocapi l lary  curves and differential  capacity 
data were  in terpre ted  in three  steps: (a) t he rmo-  
dynamic calculat ion of the charge density q on the 
electrode and of the re la t ive  surface excesses r+  and 
r -  of T1 + and F - ;  (b) application of the Gouy-Chap-  
man  theory  on the assumption of no F -  specific ad- 
sorption and calculat ion of the amount  of specifically 
adsorbed T1 + and of the potentials  in the outer  plane 
of closest approach and across the compact double 
layer;  (c) examinat ion  of isotherms. 

Both r+  and r -  were  posi t ive over  the range af q 
being covered (2-12 microcoulombs �9 cm -2) and 
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Fig. 1. Plot of amount of specifically adsorbed TI*  against the 

charge on the electrode for different concentrations of TIF (M). 
Vertical scale for 0.3M; all other curves equally spaced dolnward 
by 0..5 unit for 0.2M, by 1 unit for 0.164M~ etc. (2). 

var ied  l inearly wi th  q. r+  reached up to 10 ~coul �9 era2. 
Such posi t ive values of r+  for marked ly  posit ive q's 
resul t  f rom cation specific adsorpt ion since 1~+ for 
KF  tends toward  an asymptotic negat ive value  (3) 
(l i t t le specific adsorpt ion of K + ) .  The slope - - ( O r + /  
Oq) at constant T1F chemical  potential  g was equal  
to the slope of the Esin and Markov plot  (OE-/O~) 
at constant q as expected. 

The charge ql + corresponding to specifically ad-  
sorbed T1 + was computed f rom the amount  of T1 + in 
the diffuse double layer  according to Grahame 's  me th -  
od (3). The bulk dielectr ic  constant was used for the 
diffuse double layer  (not a source of serious er ror ) .  
Plots of ql + against  q are essentially l inear  (Fig. 1) 
much as for  I -  specific adsorption (4). Note, how-  
ever,  that the highest  ql + (~12.3 ~coul �9 cm -2) for 
T1 + was lower  than q l -  ~ 40 ~coul �9 cm -2 for I - .  
Deposition of T1 preven ted  explorat ion at more  nega-  
t ive  q's where  specific adsorption is enhanced. 

The computat ion of ql + invo lved  as an in termedia te  
step the calculat ion of the potent ial  ~2 in the outer  
plane of closest approach (from F -  and the Gouy-  
Chapman theory) .  The resul t ing r were  all positive, 
and their  dependence on E appeared quite  normal.  The  
difference of potent ial  ~bM - -  ~b2 across the compact  
double layer  could now be computed at constant 
charge in the scale of ra t ional  potentials.  ~M --  r was 
then divided into two parts (5), qi+/Ka + q/Kb where  
the K's are in tegra l  capacities. Thus g a  ~ 16 to 17 
and Kb ~ 32 to 34 # f /cm 2. These values  are about 
o n e - h a l f  those for (4, 5) C1- and I - .  I t  is be l ieved 
that  the formal  division of CM - -  r into these two 
components,  according to electrostatics, is open to 
quest ion in this par t icular  case. Using Ka and Kb for 
wha t  they are  wor th  one finds (x~ -- x l ) / x 2  = Kb/Ka 

0.5 to 0.6, where  x l  and x2 are the distances of the 
inner  and outer  plane, respect ively,  to the electrode. 
Since this rat io equals 0.4 for I -  and 0.2 for C1- it 
would  seem that  T1 + approaches the electrode more  
closely than I -  and cer ta inly  more  than C1-. 

The last step in the in terpre ta t ion  dealt  wi th  the 
isotherm for T1 +. If one assumes that  this isotherm is 
of the form f ( q l  +) = ~a+ where  a+ is the act ivi ty  of 
T1 + and ~ is solely a funct ion of the charge on the 
electrode one can deduce the dependence of ~ on q. 
[See Parsons (6) for an approximate  t rea tment  and 
Pa r ry  and Parsons (7) for a more  r igorous approach.] 
The corresponding plot of log ~ against  q is l inear  
(Fig. 2), and this seems to indicate that  the standard 
f ree  energy of adsorption hG ~ for  T1 + varies l inear ly  
wi th  q [~ = exp(--~Go/RT)] .  A similar  dependence 
holds for other  inorganic cations, e.g., I - .  (The de-  
pendence for  uncharged adsorbates is not the same 
and wil l  not be discussed here.) 

Among  the various cri ter ia  which can be applied to 
isotherm assignment  the one recent ly  used by P a r -  
sons (8) was selected, namely,  the plot  of ( l / C )  
(1/Cb) against log a+ at constant q (C is the differ-  
ent ial  capacity of the compact double layer,  Cb the 
same datum in the absence of specific adsorption; Cb 
can be computed f rom data on NaF.) This plot should 
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Fig. 2. Variation of the standard free energy of adsorption of 

TI + with the charge on the electrode. Line with points corresponds 
to calculation with correction for diffuse double layer. Other line 
is without this correction (2). 

be symmetr ica l  for the F rumkin  isotherm as was es- 
sent ial ly the case. The F lory-Huggins  isotherm (with 
a F rumkin  interact ion factor) ,  also tested by Pa r -  
sons (9), might  provide  a bet ter  approximation,  but  
the data obtained here did not  just i fy  this approx-  
imation. The numerica l  value  of the interact ion pa-  
ramete r  in the F rumkin  isotherm (A = 9.6 for the 
isotherm wr i t ten  with  log~o) indicated a strong r e -  
pulsion be tween  T1 + ions. 

The fol lowing conclusions can be drawn from this 
study: (a) T1 + specific adsorption can be described 
by the F rumkin  isotherm; (b) the s tandard free en-  
ergy of adsorption appears to va ry  l inear ly  wi th  the 
charge on the electrode; (c) T1 + ions approach the 
electrode more  closely than C1- or I - .  

Double Layer with Simultaneous Specific 
Adsorption of Inorganic Anion and Cat ion 

Analysis  of s imultaneous specific adsorption of 
anions and cations is the next  logical step after  the 
study of separate  anion or cation specific adsorption. 
This problem has not received a detai led analysis to 
the wri ter ' s  knowledge.  Thal l ium ni t ra te  was se- 
lected for this study because of avai lable  re levan t  
informat ion on T1 + (see above) and NO3-  (10) 
[see also F rumkin  (1)].  Complexat ion  is minor  (pK1 

0.33 for T1NOs) and easily corrected for. Detai led 
results  are avai lable  e lsewhere  (11), and only the 
essential points wi l l  be covered.  

Thermodynamic  analysis yielded r+  and r -  for 
T1 + and NO3- and indicated the enhancement  of T1 + 
adsorption by NO3- specific adsorption. This effect is 
shown in Fig. 3 in which the ~r+ be tween  the ( r + ) ' s  
for T1NO3 and T1F for the same electrolyte  concen- 
trat ion is plot ted against q. Moreover,  the plot of F -  
for T1NO3 against  q exhibi ted a min imum (0.1 to 
0.2M) caused by increased specific adsorption of T1 + 
as q decreased. I t -  in the absence of cation specific 
adsorption increases un i formly  with  q; see KNO3 
(3) .] 

The separat ion of F r  + into the specifically adsorbed 
charge q;+ and the charge q2-~ + in the diffuse double 
layer  and the s imilar  separat ion of F r -  into q l -  and 
q 2 - s -  is not possible by Grahame's  method (3). We 
adopted the fol lowing approach based on the Gouy-  
Chapman theory and a simple electrostatic model, al-  
ready used [e.g., (12, 13)] in other  problems. We 
wr i t e  

tM - -  r + = (4~/D qx l  + [ 1 ] 

. 2  
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Fig. 3. Difference between surface excesses for TINOz and TIF, 

et constant concentration of TI(I) salt, against charge on the 
electrode. 

r + - - r  = (4g/e) (q + ql +) ( x l -  - - x l  +) [2] 

r  --  r = - -  (4a/~) q2-s  ( x ~ - - x , - )  [3] 

where  the superscript  + corresponds to T1 +, the su- 
perscript  - -  to NO3-  and e pertains to the compact 
double layer. Note that  we assume two inner  planes 
at distance Xl + and Xl -  f rom the electrode (Xl + < 
X l - ) .  We also wri te  three other  equations expressing 
the charge q2-s as a funct ion of r in the outer  plane 
(Gouy-Chapman) ;  the e lec t roneutra l i ty  of the in ter -  
face and the equal i ty  be tween FF+ and ql + + q2-s +. 
A system of six independent  equations wi th  the six 
unknowns is obtained: r +, r r ql +, q l - ,  and 
q2-s. Resolution by interact ion is possible provided 
Xl +, Xl- ,  and ~ are known. An a l ternat ive  approach 
would be to wri te  three  additional equations based on 
a more detailed model, e.g., one taking into account 
discreteness effects. The method involving an a p~iori 
selection of xl +, Xl - ,  and e has the mer i t  of s im- 
plici ty and is not as a rb i t ra ry  as might  appear. (A 
more detailed model  might  not  be free ei ther  of ad- 
jus table  parameters . )  

We s e l e c t e d x l  + = 2A, X l -  = 3.15A, and ~ = 6,8,  
or 9.6 for the compact double layer. (We used the bulk 
value of e in the Gouy-Chapman  theory.)  It  turned 
out that  self-consistent  results were  obtained for e = 
6 which is precisely the dielectric constant chosen by 
Macdonald and Bar low in a recent  paper (14) on dis- 
creteness effects. The choice of xl  + was prompted  by 
previous  work of T1F, and we verified that  this choice 
was not cri t ical  for 1.8 --~ Xl + ~ 2.2A. The va lue  of 
x l -  = 3.15A was selected on the basis of discreteness 
effect analysis (13) we made of Payne 's  results  (10) 
for NO3- specific adsorption at low concentrations 
(--~ 0.05M). Variations of x l -  f rom 3 to 3.5A did not 
affect the results considerably. 

The charge qz + at constant T1NOa concentrat ion 
var ied quite  l inearly wi th  q except  at the more posi- 
t ive q's ( ~  15 gcoul /cm -~) where  it tended to ap- 
proach zero. The enhancement  of T1 + specific adsorp- 
tion caused by NO8- specific adsorpt ion is shown in 
Fig. 4. (Negat ive aql+ 's ,  which  are small  anyhow, 
probably result  f rom the uncer ta in ty  of calculation.) 
The charge q l - ,  plot ted against  q, exhibi ted a min-  
imum just  as the comparable  plot of P -  against q (see 
above) .  

Values of te were  negat ive  (between --0.045 and 
--0.075v) and showed qual i ta t ive ly  a normal  de- 
pendence on q and T1NOa concentration. Negat ive  
r instead of the posit ive r found for  T1F, a re  
to be expected since NOa-  undergoes stronger specific 
adsorption than T1 + in the conditions preva i l ing  in this 
work. It  turned out that  r (and also r + and r  was 
much more sensitive to the selection of e than ql + 
and q l - .  In fact calculated r for e = 8 and e = 9.6 
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Fig. 4. Difference between the amounts of specifically adsorbed 
TI + for TINO3 and TIF, at constant concentration of TI(I) salt, 
against charge on the electrode. 

were  completely abnormal  in their  dependence on q 
and T1NOa concentration. This influence of the choice 
of e is also evident  for Fig. 5 showing r + against  q. 
The potent ia l  r + appeared qui te  independent  of 
T1NO3 concentrat ion for e = 6 and var ied  quite  l i-  
near ly  wi th  qi. The same remark  applied to the r  
vs. q plot a l though there  was some concentrat ion de-  
pendence. 

Adsorpt ion was in terpre ted  by means of two s imul-  
taneous F r u m k i n  isotherms of the types proposed by 
Pa r ry  and Parsons (24). By using the T1 + - -  T1 + in-  
teract ion paramete r  Al l  = 9.6 f rom our T1F study, 
we found that  the NO3-  - -  NO3- interact ion param-  
eter A22 varies  f rom 2.0 to 5.5 for 4 ~ q -~-- 10 ~coul �9 cm -2 
and that  the T1 + --  NO3- interact ion parameter  Ale 
(=  A21) varies f rom --6 t o - - 9  for 4 ~ q ~ 10 ~coul �9 
cm -2. The magni tude  and sign of these parameters  
indicate repulsion be tween NO~- ions and strong as- 
sociation be tween T1 + and NO3-.  The results  cannot 
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Fig. 5. Potential in the plane xz against charge on the electrode 
for different TINO~ concentrations (M). Lower curve calculated 
for e = 6; group of curves calculated for �9 = 8 (11). 
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be regarded  as quanti tat ive,  but  they probably  de-  
scribe qual i ta t ively  interactions. 

In conclusion, a re la t ive ly  simple method is tenta-  
t ively  proposed for resolution of simultaneous cation 
and anion specific adsorption. This approach does depend 
on an a priori selection of parameters ,  but  self-con-  
sistency of results imposes ra ther  severe restrictions 
in the selection, par t icular ly  wi th  respect  to the di-  
electric constant in the compact double layer.  A more  
detai led model  analysis would be desirable, but  
might  prove  qui te  involved.  

Double Layer in M e d i a  of Low Electr ical  
Conduct iv i ty  

This phase of our work, in a ve ry  different vein  
f rom the previous two investigations, covers an aspec t  
of the double layer  which has not been touched on, 
namely,  the electr ical  double layer  for media  of low 
conductivity,  e.g., for a meta l  in contact  wi th  very  
dilute (below 10-SM) aqueous solution of strong elec-  
trolytes, electrolytes in nonaqueous solvents of low 
dielectr ic  constant, solids wi th  ionic conduct ivi ty  
(e.g., ice), etc. The main problem, aside f rom theory, 
is the  development  of a suitable technique for the 
measurement  of the double layer  differential  capacity. 
The convent ional  bridge fails, even at low f requen-  
cies, because the cell resistance is ve ry  much higher  
than the electrode impedance. This problem was 
solved by the fol lowing differential  coulostatic method 
(15). 

Two identical  electrodes el and e2 (but not neces-  
sarily of the same area) are coupled with  a re fe rence  
electrode in a single cell. The potent ial  of el and e2 
is set at a known, identical  value  wi th  a potent iom- 
eter. The potent iometer  circuit  is opened, and a small  
known charge is supplied to el by discharge of a small  
capacitor (I~E{ < 5-10 mv) .  The difference of po- 
tential  across el and e2 is recorded (e lect rometer  and 
oscilloscope or fast recorder)  against  t ime and ex-  
t rapolated back to zero time. Extrapola t ion is neces-  
sary because small  spurious faradaic processes cause 
a dr i f t  of potent ia l  at open circuit. This source of 
in ter ference  is minimized by the above differential  
technique. 

Applicat ion was made to H g / N a F  system in the 
10 -3 to 10-SM range. The electrodes were  hanging 
mercury  drops expel led f rom microsyringes.  This sys- 
tem was selected because capacities can be computed 
f rom Grahame's  data in the 1 to 10-SM range on the 
basis of two reasonable assumptions: (a) the Gouy-  
Chapman theory is valid;  (b) the differential  capacity 
of the compact  double layer  at constant q is inde-  
pendent  of the electrolyte  concentration. Agreemen t  
be tween  theory  and exper iment  for 10 -3 , 10 -4 , and 
10-sM is good (Fig. 6). These are the first measure -  
ments of double layer  capacity in ve ry  dilute solution 
of which  we  know. 

Measurements  at lower concentrat ions and wi th  dis- 
t i l led water  were  still en t i r e ly  feasible al though the 
cell resis tance reached several  megohms,  but  two 
difficulties were  encountered:  lack of pur i ty  of wa te r  
and drift  of potent ial  at the junct ion wi th  the ref -  
erence electrode. It  is expected that  these two diffi- 
culties wil l  be eliminated.  

This method is less accurate  than the bridge 
method  because it  is direct  reading, and faradaic 
processes (e.g., reduct ion of res idual  oxygen)  in-  
te r fere  more. ( In ter ference  by a fast process is also 
serious wi th  the bridge because of the resul t ing 
pseudocapacity.) A detailed study of residual  oxygen 
was also made (16) in this connection. Finally,  elec-  
trodes of constant area are more  easily contaminated 
than the dropping mercury  electrode. Applicat ion of 
the lat ter  type of electrode to the present  method 
is complicated by the var ia t ion  of potent ial  resul t ing 
f rom var ia t ion of the electrode area at open circuit  
(17). 
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Fig. 6. Differential capacity af double layer for lO-nM NaF in 
contact with Hg at 25~ Values of n on each curve; paints are 
experimental, curves are calculated (15). 

In  conclusion, a method is available for measur ing  
double layer capacities with media of low conductiv-  
ity. Fur ther  application is now being p lanned (dis- 
tilled water, ice) or has actually been made [0.5 to 
10-SM potassium acetate in  anhydrous  acetic acid 
(18) ]. Mass t ransfer  general ly  poses no problem as an 
approximate t rea tment  (unpubl ished)  showed, but  
this aspect is now being reexamined more rigorously. 

Double Layer for Electrodes with a Charge Transfer 
Reaction in Nonsteady-State Measurements 

The double layer  at an electrode on which a charge 
t ransfer  reaction occurs has attracted li t t le a t tent ion 
since emphasis has been placed over the last two 
decades on the ideal polarized electrode. Correct ion 
for charging of the double layer in kinetic measure-  
ments, i.e., in presence of a large excess of support ing 
electrolyte, is general ly  made on the assumption that  
the double layer capacity is essentially unaffected by 
the presence of the reactants  and products at low 
concentration. I t  is only recent ly that  Sluyters  and  
co-workers developed (19) a method for separat ing 
the double layer capacity from the electrode impedance 
in electrode impedance measurements .  (See his series 
of papers in  Rec. tray. chim.  since 1960.) These work-  
ers showed that  the foregoing empirical  correction for 
double layer charging is not satisfactory in some 
cases because the double layer capacity is strongly 
affected by the reactants  and /o r  products even with 
a large excess of support ing electrolyte. In  view of 
this very interest ing result, it seems necessary to 
question what  is actual ly measured in  charging of 
the double layer  under  such "dynamic" conditions as 
in impedance measurements  or any other relaxat ion 
or per turba t ion  method for fast processes (in contrast  
to the "static" conditions in electrocapillary curve 
measurements ) .  This problem was recent ly  examined 
by us (20), and our conclusions will  be reviewed here. 

There is no problem from the thermodynamic  point  
of view since this question was settled long ago [see 
Grahame's  review (21)] and was re -examined  more 
recent ly (22, 23). Thus, the derivat ive or the in te r -  
facial tension with respect to potential,  all other va r i -  
ables being kept  constant, e.g., for the reversible 
electrode M +z + z e = :~/, is q -b zFr+ where r+  is 

the re la t ive  surface excess of M +z. This der ivat ive is 
equal  to q for an ideal polarized electrode. Interfacial  
tension measurements  for a reversible electrode thus 
yield q + zFr+.  The question is whether  this is also 
the case for dynamic  measurements .  

The essential idea is the recognit ion that  a pr/ori  
separation of faradaic and charging processes, as gen-  
erally assumed [ including Sluyters  (19)], is not jus t i -  
fied or physically conceivable for a nonideal  polarized 
electrode under  nonsteady-s ta te  conditions. Impos- 
sibili ty of a pr/ori  separat ion arises because there is, 
in addit ion to charging by ionic t ransfer  of M +z, 
charge separation or recombinat ion  at the interface 
without  external  current .  The lat ter  process occurs ac- 
cording to the react ion M +z + z e  = M and depends 
on the kinetics of this reaction. If the exchange cur-  
rent  io for this reaction is sufficiently low, charging 
occurs almost ent i re ly  by ionic transfer,  just  as far 
an ideal polarized electrode, and the differential ca- 
pacity of the double layer  is essentially dq /dE .  Con- 
versely, when  io is sufficiently high, charging occurs 
almost ent i re ly  by charge separat ion or recombina-  
tion, and the differential capacity is then that  of a 
reversible electrode, namely,  d ( q  + z F r + ) / d E  for a 
metal  ion-pure  metal  electrode. [The expression is 
different for a metal  ion-amalgam electrode (25).] 
Any  capacity be tween these two values can be ob- 
tained for in termediate  values of io and, fur thermore,  
the capacity is then f requency-  or t ime-dependent  in 
nonsteady-s ta te  measurements .  Correction for double 
layer charging, based on a constant  capacity, is then 
in error to an extent  that can be serious. 

These ideas led (20) to three general  equations 
which, after solution for any  part icular  conditions, 
allow the detailed analysis of nonsteady-s ta te  and 
periodic electrode processes. The three equations are 
very general  and apply to metal  ion-pure  metal  elec- 
trodes, metal  ion-amalgam electrodes, redox elec- 
trodes, etc. Detailed analysis has already been com- 
pleted for impedance measurements  (25) and for the 
usual re laxat ion methods and the in te r rup te r  method 
(26). 

No a prior/ separation of faradaic and  charging 
processes is postulated in the wri t ing of the three gen- 
eral equations. A posteriori  separation of the charging 
process is feasible by e l iminat ion of the faradaic 
component corresponding to the usual  t rea tment  (no 
double layer  charging).  This a posteriori  separation 
is purely  formal, bu t  it has the advantage of ex- 
pla ining double layer charging in terms of a famil iar  
model. It is found in this way that, at t ime zero, (or 
for infinite frequency) charging occurs as an ideal 
polarized electrode for any finite exchange current .  
(This is because there is no t ime for charge separa- 
tion or recombinat ion to occur.) Conversely, for t ime 
approaching infinity (or for zero f requency)  charging 
occurs as an ideal reversible electrode for any finite 
exchange current.  If the exchange current  is supposed 
to be infinite, charging occurs always as an ideal re-  
versible electrode. The t ransi t ion from one behavior  
to the other occurs in a range  of t ime or f requency 
which f requent ly  corresponds to actual exper imental  
conditions. Fur thermore,  the difference between the 
two l imit ing values of the capacity can be significant, 
even in  the absence of specific adsorption. This may 
account, at least in  part, for some discrepancies in  
kinetic parameters  obtained by different methods. 
It  is suggested some of the results obtained by dif- 
ferent  methods be r e -examined  and possibly revised 
in the light of the foregoing ideas and t rea tments  de- 
r ived from them. In  some cases, correction wil l  t u rn  
out to be negligible but  in other cases the error resul t -  
ing from a priori  separation of faradaic and charging 
processes may be serious. 
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SYMBOLS 
a act ivi ty of solute 
A interact ion pa ramete r  in F rumk in  isotherm 
c concentration, mole �9 cm -3 or mole  �9 1-1 (speci- 

fied) 
cs bulk concentration, same units as c 
C differential  capacity, t~f �9 cm -2  
e charge of the electron, cgs units 
E electrode potential ,  v 
E_+ potential  against  a reference  electrode revers ib le  

toca t ions  (E+)  or anions ( E - ) ,  v 
Ez potential  at zero charge, v 
Ee equi l ibr ium potential,  v 
E~ field in the compact  double layer,  cgs units  
F faraday, coulombs 
aG ~ s tandard free energy of adsorption, cal �9 mole -1 
io exchange current  density, amp �9 cm -~ 
K integral  capacity of double layer,  ~f �9 cm -2 
N number  of electrons corresponding to a given 

energy level  
q charge density on electrode, t~coul �9 cm -2 
ql--- charge density of specifically adsorbed cations 

(ql +) or anions ( q l - ) ,  ~coul �9 cm -2 
q2-s charge density in diffuse double layer,  ~coul 

em 2 
R gas constant 
t time, sec 
T absolute t empera tu re  or transmission coefficient 

(no confusion) 
x distance f rom electrode, cm 
x~ distance f rom electrode to the inner  plane of 

closest approach, cm 
x2 distance f rom electrode to the outer  plane of 

closest approach, cm 
W energy, ergs 
Wa sum of the  Fe rmi  level  energy and the work  

function, ergs 
z ionic va lence  on ion 

defined by ~ ---- exp (--  Go/RT) 
7 interfacial  tension dynes �9 c m -  ~ 
r •  re la t ive  surface excess of cations ( r + )  or an- 

ions ( r - ) ,  mole �9 cm -2 
e dielectric constant 

overvoltage,  v 
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t~ chemical  potential,  cal �9 mole -1 
~bM potent ia l  in metal,  v 
~1 potent ia l  in inner  p lane  of closest approach, v 
~2 potential  in outer plane of closest approach, v 
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Discussion 

Roger Parsons: I would l ike to suggest that  the  as-  
sumed constancy of the distances xl  + and x l -  and 
the dielectr ic  constant of the inner  region e is only 
a first approximation.  F rom the data we  a l ready have  
on systems involv ing  only a single specifically ad-  
sorbed species it seems l ikely  that  these parameters  
are charge dependent.  

Hence I bel ieve it is impor tant  that  the calculat ion 
of specific adsorption in a mixed  system should be 
done wi thout  making  such approximations.  This can 
be done fol lowing the method  proposed independent ly  
by Hurwi tz  I and by Dutkiewicz and myself  2 and used 
by us for the KI  -t- KF  system. For  the T1NO3 system 
this would  involve  measurements  in two series. 

(a) say (1--x)MT1F ~ xMT1NO3 

(b) say ( l - - x )  MKNOs ~ xlVIT1NOs 

In (a) the appropr ia te  form of the Gibbs equat ion 
at T,p constant is 

- -  d~/= qdE + -F FF-- d/~WlF ~- rNo3-- dttwlNO3 -- ,  
= qdE + + RTF F-  d In ( l - - x )  -}- RTrNos-  a m x  

if act ivi ty  coefficients may  be assumed constant in a 
medium of constant ionic strength. Hurwi tz  t rea ted a 
more elaborate  situation. Hence 

1 H. R. Hurwitz ,  J. ElectroanaL Chem. ,  10, 35 (1965). 

2 ]~. Dutkiewicz  and R. Parsons,  tb/d., 11, 100 (1966). 

{ x } 
- - d T - ~ q d E  + ~ - R T  r N O 3 - - - -  1 - - x  r F -  d l n x  

-= qdE + ~- RTr'NO 3- d In x 

since the te rm ( x / l - - x ) r  F -  is just  equal  to the sur -  
face excess of NO3- in the diffuse layer  only. Thus 
this exper imenta l  series gives the specifically ad-  
sorbed amount  of NO 8- subject  to the approximat ion 
that  F -  and NO3- have equal  distances of closest 
approach to the electrode in the nonspecifically ad-  
sorbed state. This approximat ion may  cause t rouble  
if the diffuse layer  is negat ive ly  charged but  wi l l  be 
ve ry  good if it is posi t ively charged. 

Simi lar ly  in series (b) the Gibbs equat ion becomes 

- -  d'y ~ q d E -  Jr rwl+ d/~T1SO 3 -~ r K +  dttKNO 3 
= q d E -  ~- RTrTI+ d in x ~ RTFK+ d In (1 - -  x)  

- -  r K +  d I n x  = q d E -  ~ - R T  rTl+ 1 - - X  

----- q d E -  ~- RTr'TI+ d In x 

It  should now be possible to ext rapola te  the resul t  
in each series of exper iments  to x = 1 to obtain 
I~'T1 - and r ' s o  3-  in 1M T1NO~, and other  measure -  
ments  would lead to s imilar  resul ts  at other  total ionic 
strengths. 
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Also in connection with the results in T1NO3 I 
would  l ike to ask whe ther  there  is any evidence for 
TI+NO~ - ion-pai r  formation.  This would  be expected 
in the low dielectr ic  constant medium of the inner  
layer  since pK is 0.33 in bulk water .  

Paul Delahay: Dr. Parsons '  suggestion is a ve ry  good 
one. At  first sight I have  no objection to it except  
perhaps the possibility of difference in behavior  sim- 
i lar  to that  found by Dr. Payne  for adsorption of 
N O s -  in pure  KNOs solution and in mix tures  of 
NH4NO3 ~-NH4F. However ,  the exper iments  should 
be run. 

With regard  to your question about ion pairs, there  
is indeed strong association be tween  T1 + and NO3-,  
as shown by the magni tude  and sign of the corres-  
ponding interact ion parameter  for two simultaneous 
F rumkin  isotherms of the type you advocated (r ~ 1 
to simplify mat te rs ) .  I shall  present  some results on 
this point af ter  presentat ion of your  paper,  and de-  
tai led data are given in ref. (11) of my paper. 

B. E. Conway: In  regard  to your second charge-sep-  
arat ion effect involving no t ransfer  of electrons in the 
externa l  circuit, would  this not be equiva len t  to the 
reverse  of what  occurs on open-ci rcui t  decay of emf 
of electrodes which are not ideal ly polarizable, e.g., 
as t reated in the theory of But ler  and Armst rong  8 
for emf decay at Hg? If this is so, i t  may  help to 
clar ify the significance of the effect you propose. 

Paul Delahay: Your comparison is interest ing but I 
see there  more  an analogy than an equivalence.  It  
is general ly  stated that, in open circuit  decay, dis- 
charge of the double layer  provides the faradaic  cur -  
rent. You consider, I suppose, the opposite proposition, 
namely,  that  faradaic current  charges the double layer. 
Actually,  the situation is more  complex because of 
the in terplay of ionic fluxes, variat ions of the r 's, and 
finally the faradaic  current.  One rea l ly  should con- 
sider charge separat ion or recombinat ion in the anal -  
ysis of open potential  decay (at least when  the ex-  
change current  is high enough to war ran t  the anal-  
ysis).  This we  have  a l ready done. This is why  I think 
that  your suggested equivalence  is misleading. 

F. C. Ansen: I have  not been able to fol low all  of 
Professor Delahay's  ve ry  s t imulat ing arguments  and 
I hope to clar ify my own thinking by asking him to 
comment  on the fol lowing thought  experiment .  

Suppose one has a reversible,  wel l -poised  meta l -  
meta l  ion electrode at equi l ibr ium at potential  E1 in 
a sodium fluoride support ing solution. With an all but  
perfect  potentiostat  the electrode potent ial  is stepped 
to a more cathodic potential,  E2. The charge-potent ia l  
characterist ic for the electrode in sodium fluoride is 
known so that  the electronic charge on the meta l  elec- 
t rode is known to be ql at E1 and q2 at E2. Thus the 
total  electronic charge that  wil l  have to be supplied to 
the electrode to change its potent ial  f rom E1 to E2 wil l  
b e  q2  - - q l .  

I had thought  that all of this charge, q2 - -  q~, would 
be supplied to the electrode f rom the potentiostat.  
However ,  as I understood Professor Delahay, he be-  
l ieves that  some part  of this charge may  be supplied to 
the electrode by the faradaic  react ion of the electrode 
itself according to 

M ~  M "+ + h e -  [5] 

What  I cannot unders tand is how such a net  anodic 
react ion could have  been induced to proceed by the 
application of a cathodic potent ial  step. Fur thermore ,  
even if this react ion did somehow occur, the meta l  cat-  
ions it produced would  not help to satisfy the cationic 

8 g. A. V. Bu t l e r  a n d  G. A r m s t r o n g ,  Proc.  Roy.  Soc. London,  137A, 
604 (1932). 
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charge required by the diffuse layer  to match the 
negat ive  electronic charge injected into the electrode 
by the potentiostat  because each meta l  action pro- 
duced by this react ion releases n electrons into the 
electrode so that  the re la t ive  charges on the electrode 
and in the diffuse layer  would remain  unchanged. 

Paul Delahay: First  I must  correct  a s ta tement  made 
in Professor Anson's question, and then I shall answer 
his question. 

If the potential  of the electrode M + z +  z e = M is 
changed from the equi l ibr ium potent ial  E1 to some 
other value  E2 by an ideal potentiostat ,  one should not 
consider the charge density q on the electrode but 
some function of q and F+ (of M+z). Under  ideal 
revers ible  behavior  one has a var ia t ion of ( q +  
zFF+)E1 to (q + zFF+)E~ where  q and r+  at E2 cor- 
respond to the act ivi ty of M +z just  outside the diffuse 
double layer  at E2. This point, however ,  does not 
change the gist of Professor Anson's  question. 

The answer is a simple one: I always re fe r red  to 
charge separation or recombination,  and by this meant  
that the reaction M +z + z e  = M can occur in  the 
forward  (recombinat ion) or backward  (separation) 
directions. 

When E varies f rom E1 to E~, q may  ei ther increase 
or decrease depending on the values of E1 and E2. 
Likewise F+ can vary  in ei ther direction. Let  us as- 
sume that 

( F + ) E 1  > (r+)E2 

and that  r+  is posit ive at these two potentials (the 
situation Professor Anson wants, I bel ieve) .  Variat ion 
from E1 to E2 causes recombinat ion (and not separa-  
t ion),  and consequently the ionic flux of M +z at the 
electrode is grea ter  than if recombinat ion did not 
occur. Hence, recombinat ion must  be considered. 

At  t = 0, charging occurs as an ideal polarized elec- 
t rode for a finite exchange current.  Charge recom-  
bination comes into play for t > 0. If the exchange 
current  is supposed to be infinite, charging occurs as 
an ideal revers ible  electrode for t ~ 0. This problem 
has already been worked  out in collaboration with  Mr. 
Susbielles (unpublished work) .  

In conclusion, I think that  Professor Anson's ques-  
tion indicates that  he  considered only charge separa-  
tion and not the opposite effect. I never  made a sug- 
gestion along these lines. 

F. C. Anson: Professor Delahay has stressed that  the 
separat ion of a measured current  into faradaic and 
nonfaradaic components cannot be made  rigorously. 
I wonder  if this difficulty could not be par t ia l ly  over -  
come if the total charge that  passes, ra ther  than the 
current,  were  the measured parameter .  The total non- 
faradaic charge which passes as a result  of a potential  
step, for example,  should be calculable a priori in 
favorable  cases f rom a knowledge of the charge-po-  
tential  characterist ic of the pure  support ing electro-  
lyte. 

Paul Delahay: The answer to Professor Anson's ques-  
tion is "No". Integrat ion of the current  is only a 
mathemat ica l  t ransformat ion of the signal which does 
not modify  the basic premises on which theory is 
based. Integrat ion (or differentiation, etc.), however ,  
may facil i tate analysis of results, minimize errors, etc. 

I t  turns  out that  in tegrat ion may  minimize  errors 
of results obtained by classical analysis based on 
a p~ori  separat ion of faradaic and charging current.  
The reason is as follows. 

The double layer  charging contribution, as cal- 
culated by a posteriori separation, often depends on 
the derivatives,  wi th  respect  to potential,  of q and the 
r 's. The r ' s  in part icular ,  can vary  ve ry  rapidly 
with E over  a nar row in terva l  of potential. Hence, the 
der ivat ives  can be high. Use of a technique in which 
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the signal depends on the r ' s  (and other  factors) over  
a wide in te rva l  of E ra ther  than on the dr/dE's  over 
a na r row in te rva l  of E may  then be advantageous.  In 
this sense, in tegrat ion may help, but  it does not re-  
move the basic difficulty. I bel ieve that  the real  answer  
is to solve a par t icular  p roblem wi thout  assuming 
charge separat ion or recombination,  and then com- 
pare the solution wi th  the one obtained with  a priori 
charge separation. The error  can then  be evaluated.  

H. Gerischer: It  is cer ta inly  very  necessary to recon-  
sider the basic concepts of our approaches to the 
study of electrode react ion kinetics as Professor  
Delahay has done in the four th  par t  of his paper. But 
to my regret ,  I have not yet  unders tood why  he as- 
sumes that  the here tofore  used concepts of discussing 
transients are  not adequate.  These concepts have 
been developed for describing nonequi l ibr ium condi-  
tions. In principle  the der iva t ive  of interfacial  tension 
with  respect  to potential ,  all  other  var iables  being 
kept  constant, cannot  be measured  for a revers ib le  
electrode since the potent ia l  in a revers ib le  system 
can only be changed by var ia t ion  of the composition of 
one of the two phases in contact (at constant T and p) 
wi thout  leaving equi l ibr ium conditions. This der iva-  
t ive  is therefore  basical ly associated wi th  the concept 
of the ideal polarized electrode. In kinetics, one 
studies the question of wha t  goes on when  we depar t  
f rom equi l ibr ium conditions? This is reached for elec-  
trode reactions by br inging addit ional  electr ical  
charges f rom an externa l  cur ren t  source to the elec-  
trode interface. This charging process can be done 
very  fast (in principle wi th  an infinitely high vol t -  
age source infinitely fast) .  If  the reactants  in the 
electrode process are ions, and this is always t rue  for 
at least one of the reactants,  the accumulat ion of 
charge in the double layer  can be due par t ia l ly  to 
these ions themselves  depending on their  re la t ive  
concentrat ion and their  specific charge, b u t  I cannot 
see that  this makes quest ionable the concept of dis- 
t inguishing be tween  faradaic and charging currents.  

As a l imit ing case, the double layer  can be charged 
by an ex t remely  high externa l  cur ren t  pulse mo-  
menta r i ly  wi thout  noticeable faradaic discharge of the 
in terface  condenser.  The  deviat ion f rom this idealized 
charging behavior  indicates to us the faradaic loss. 
The pure ly  electrostatic par t  of such a charging p r o c -  
ess is defined by the assumption that  the charge dis- 
t r ibut ion is changed wi thout  chemical  reaction; that  
means wi thout  any chemical  change in the composi-  
t ion of the electrode ha l f -ce l l  as a whole. In  this pic- 
ture, the change in distr ibution of those ions which 
take par t  in the electrode react ion is assumed to 
occur by movemen t  of ions al ready present  in the elec-  
trolyte. It  is fu r the r  assumed that  the distr ibution 
of charges in the double layer  reaches equi l ibr ium 
immediately.  

All  current  flowing of a faradaic nature  through 
the electrode interface is combined with  changes in 
chemical  composition. The  products of the chemical  
reactions wi l l  change the composition of the e lectro-  
lyte  and (often of the electrode also) at and next  to 
the phase boundary.  We are accustomed to describe 
this as concentrat ion polarizat ion when  we  ask how 
this chemical  change al ters  the dr iving force for the 
faradaic process. This change in composit ion includes 
also a change in the  distr ibut ion of ionic charges 
in the double layer. But  this means only, I believe, 
that  the electrostatic capacity may  va ry  somewhat.  
Al l  this has to be included in the model  as concen- 
t ra t ion polarizat ion and this can be done by in t ro-  
ducing into this mode l  the kinetics of diffusion proc-  
esses, adsorption, and format ion of in termediates  in-  
side and outside the double layer.  We all know that  
this can become ex t remely  complicated. 

I t  is obvious that  this model  of dist inguishing be-  
tween electrostatic and chemical  effects can only be 
verified exper imenta l ly  when  the energy barr iers  for 

the t ransfer  of charge through the double layer  are  
essentially higher  than those for the t ransport  of ions 
in solution over  the same distances. Only then do 
we have  the chance to apply the electrostatic force 
at the electrode interface faster  than the chemical  re-  
action can follow. Otherwise we come immedia te ly  to 
a situation which is controlled only by the other  rate  
processes which are involved,  such as t ransport  and 
chemical  reactions. These cases wil l  be found and are 
found, I think, but  this is a l ready included in the as- 
sumptions hi ther to  made. 

I would  l ike to add that  this p roblem of dist inguish- 
ing be tween the effects of electr ical  forces and chemi-  
cal forces on the electrode react ion is closely re -  
lated to the problem of dist inguishing between elec-  
trical and chemical  potentials for ionic species in 
electrolytes. We assume in our usual t rea tment  that  
equi l ibr ium is preserved in the double layer  wi th  
respect  to the electrostatic interact ion in spite of 
nonequi l ibr ium conditions wi th  respect  to the elec-  
t rode reaction. This is cer ta inly  a somewhat  dubious 
assumption when  we  discuss the influence of the con- 
centrat ion distr ibut ion in the double layer  on kinetics. 
It seems to me  that  it is this problem which Professor 
Delahay tries to avoid. But  at the moment  I have 
not yet  understood in what  way  this can be done wi th-  
out re ly ing  on any mechanist ic  in terpre ta t ion of these 
indeed very  complex processes. 

Paul Delahay: To answer Professor Gerischer 's  ques-  
tion I shall consider two points: (a) Is the approach 
I suggest justified? (b) Does this approach lead to r e -  
sults that  are significantly different f rom those ob- 
tained by the usual a pr/or/  separat ion of faradaic and 
charging processes. 

I shall begin wi th  the first question and t ry  to 
answer it in two ways: (i) by introducing the con- 
cept of charge-separa t ion or charge recombinat ion 
wi thout  ex terna l  current ;  (ii) by considering the 
three general  equations I proposed (and wi thout  use 
of the charge-separa t ion  concept) .  The answer is 
the same by both methods. To simplify matters,  I 
shall consider only a meta l  ion-pure  meta l  electrode 
(M +z ~- z e  ---- lYI), but  the analysis can be transposed 
to other  types of electrodes. I hope to re fu te  in this 
way, Professor Gerischer 's  arguments,  inasmuch as I 
unders tand them. Fur ther  details can be found in a 
recent  paper, 4 and application to electrode impedance 
measurements  is made  in another  paper. 5 

Consider the electrode M +~ ~ z e =  M at equi l ib-  
r ium and assume that  some per turbat ion is applied 
(current,  potential,  etc.). Fur ther ,  assume that  the 
double layer is at equi l ibr ium wi th  respect  to the 
ionic concentrations (activities) just  outside the dif-  
fuse double layer.  (This is reasonable  provided the 
t ime scale of measurements  is large in comparison 
wi th  the re laxat ion t ime of the double layer.) Finally,  
let  us first suppose that  all ions needed in the charg-  
ing of the double layer  are supplied (or removed)  by 
ionic transfer.  Then, the charging current  is propor-  
t ional to the charge density q on the electrode or the 
differential  capacity dq/dE (E potential)  depending 
on t h e  charging conditions. (More complicated de-  
pendence need not be considered here.) This follows 
f rom the definition of q 

q ---- - -  ~zjFrj  [1] 

where  zj is the ionic valence of each ionic species 
wi th  sign, r~ the corresponding surface excess ( re la-  
t ive ~ absolute; di lute solution) and F the faraday. 
This behavior  is characterist ic of an ideal polarized 
electrode and has been assumed in previous t reat -  
ments  of nonsteady-sta te  processes. I be l ieve  there  is 
no disagreement  here. 

P.  Delahay,  J. Phys.  Chem., in  Dress. 

P. Delahay  and  G. G. Susbielles,  J. Phys.  Chem.,  in press .  
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Consider now the same electrode and assume that  
all  ions but  NI +~ are supplied by ionic transfer.  Let  
us leave for a moment  the reason for making this 
assumption (see below),  and let us proceed as before. 
The current  for charging of the double layer  is now 
proport ional  to - -  Z z~Fjr~ or to the der ivat ive  

j~:M +z  

of this quant i ty  wi th  respect to E. One has by defini- 
t ion of q in Eq. [1] 

--  z z jFr j  = q + zFr+  [2] 
j#:M +z  

where  z is the ionic valence of M +z and F+ is the 
surface excess of M +z. We see that  the charging cur-  
ren t  is now different f rom that of an ideal  polarized 
electrode. Also note that  the quant i ty  q + zFr+ is 
that  appearing in the equat ion for the eleetrocapiI lary 
curve  for an ideal revers ible  electrode (metal  ion-  
pure  meta l ) .  More about this point later. 

I now re turn  to the assumption I made, namely,  
that  M +~ ions are not supplied (or removed)  by ionic 
transfer.  This assumption amounts to stating that  
there  is charge separat ion or recombinat ion by the 
react ion M +z -F z e -~ M without  ex terna l  current.  
Thus a M +~ ion is supplied by this reaction, and the 
electronic charge --Iz e I is left  on the electrode. This 
concept follows direct ly  f rom the idea of exchange 
current.  If we assume that  the exchange current  is 
infinite, any dr iving force, no mat ter  how small i t  is, 
wil l  cause some charge separation or recombination.  
When we disturb the system f rom equil ibrium, some 
dr iving force is exerted,  and the above mechanism 
must  be considered. The contr ibution to charging by 
this mechanism, as compared to ionic transfer,  de-  
pends on the exchange current  and also on mass 
t ransfer  characteristics. Hence, t ime or f requency 
must  be considered. 

I have used thermodynamics  as guiding posts, but  
I like to stress that  the problem is a kinetic one. This 
brings me to the second approach in which we simply 
consider balance conditions (1 equat ion for a meta l  
ion-pure  meta l  electrode; 2 equations for amalgam, 
redox electrodes, etc.). In wr i t ing  the third equat ion 
I s imply recognize that  only ionic fluxes (converted 
to an electronic current  at the counter  electrode) 
can be measured.  I make  no assumption, in the wr i t -  
ing of the first two equations, about the explici t  form 
of the faradaic current.  Of course, in applying these 
equations one needs some specific form for the faradaic 
current  in terms of overvoltage,  exchange current,  
concentrations, etc. Models then come into play, but  
only at that  stage. No mention need be made of 
charge separation wi thout  external  current,  but the 
previous transit ion from ideal polarized to ideal re -  
versible electrode follows natural ly  f rom the general  
equations. 

One also finds f rom this t rea tment  that  at t ----- 0 
(or at infinite f requency) ,  charging occurs as an ideal  
polarized electrode provided the exchange current  
is finite. (If the exchange current  is supposed to be 
infinite, the ideal revers ible  electrode behavior  always 
prevails.)  I agree wi th  Professor Gerischer  on this 
point, but  I l ike to emphasize that  behavior  as an 
ideal polar ized electrode prevai ls  only for t ---- 0 (or 
infinite f requency) .  For  t > 0 (or a finite f requency)  
there is a progressive transit ion toward ideal r eve r -  
sible electrode as t increases af ter  the initial pe r tu r -  
bation. 

I hope these arguments  are quite convincing, but  
anyhow let me now consider the second point, namely,  
is the effect significant? It  turns out that  it is more  
often than one might  think, especially when  the 
charging current  is proport ional  to the potent ial  de-  
r ivat ives  of the quanti t ies  I mentioned. If one assumes 
no specific adsorption, one can show f rom diffuse 
double layer  theory and the Nernst  equat ion that  
zF(dr+/dE)  can easily be larger  than dq/dE. Specific 
adsorption may  make  the difference larger  or smaller.  

In conclusion, I shall res ta te  what  I said before: 
a priori separation of faradaic and charging processes 
is not justified in nonsteady-s ta te  electrode processes. 
Such a separat ion is not needed in the detai led t rea t -  
ment  of nonsteady processes. The difference be tween 
the results obtained by the method I outl ined and the 
classical one can be significant. Of course, there  may 
be many cases (concentrated support ing electrolytes, 
i.e., 1 NI of 1-1 electrolytes) in  which the difference 
is not par t icular ly  great. Finally,  I might  add that  I 
explici t ly separated the charging process in the dis- 
cussion to express myself  in terms of a fami l ia r  model. 

I shall  not discuss the separat ion of chemical  and 
electrochemical  forces, Professor  Gerischer  considered, 
as I do not see how it is direct ly  re levan t  to the prob-  
lem, at least as I t reated it. However ,  I do not see 
there  a refutat ion of the ideas I put  forward.  

G. C. Barker: I have  a number  of comments  to make  
on Professor Delahay's  interest ing paper. First  it 
should be ment ioned that  s trong adsorption of meta l  
on mercury  ions often is observed with  hal ide solu- 
tions, and there is now evidence in many cases that  
the adsorption is due ei ther  to the interact ion of the 
meta l  ions wi th  specifically adsorbed halide ions or 
to simple extract ion by the interface of ion pairs or 
complex ions present  in the solution. As it is known 
that  T1 + is fair ly readi ly  complexed by NO3- is would 
seem l ikely that  the enhanced adsorption for ni trate  
solution is part ly if not ent i re ly  due to the presence of 
undissociated T1NOa in the interfacial  region, and I 
wonder  what  the consequences of such adsorption may 
be when  it comes to analyzing the data. 

The adsorption which is observed wi th  fluoride 
solutions seems more  unexpected and may  be con- 
nected with weak format ion of an intermetal l ic  com- 
pound between mercury  and thall ium. There  is ev i -  
dence for such compound format ion in the case of 
platinum. It  would be of interes t  to study the depend-  
ence of the adsorption on tempera ture  in the mercury  
case to el iminate the slight possibility that  the ad- 
sorption is connected with  pair  formation. Usually 
when there  is strong adsorption arising f rom complex 
ion format ion the surface excess falls rapidly  as the 
tempera ture  rises whereas  there  is some (not whol ly  
conclusive) evidence s suggesting that  the t empera tu re  
coefficient, when the adsorption is due to the fo rma-  
tion of in termetal l ic  compounds, is re la t ive ly  small. 

My next  point has to do with  mass t ransport  effects 
when double layer  capacities are  measured in solu- 
tions of low ionic s t rength by the coulostatic method  
described by Professor Delahay. Some studies of the 
mass t ransport  problem made a few years ago led us 
to bel ieve that  the equivalent  circuit  for the double 
layer  is not pure ly  capacitative, but  contains also a 
transmission line connected in series wi th  the zero- 
f requency capacity. 7 Thus w h e n  charge is in jec ted  the 
potential  should at first overshoot its final value and, 
provided the subsequent  decay is small compared with  
the potential  excursion, the amount  by which the po- 
tential  exceeds the equi l ibr ium value should be in-  
versely related to the elapsed t ime to the power  1/2. 
It  would be of interest  to know whether  this theo-  
ret ical  expectat ion is realized, but  even more  im-  
portant  is the fact  that  the overshoot is dependent  on 
the rate  of change with potent ia l  of the surface ex-  
cesses of anions and cations at the interface. Thus 
there  is a slight possibility of using the dynamic  tech-  
nique developed by Professor Delahay to study sur-  
face excesses. This might  provide  a check on the data 
cur rent ly  obtained by less direct  methods. 

F ina l ly  I would  like to make  a comment  on the 
s t imulat ing paper  dealing with  the influence of 
changes in reactant  concentration caused by a faradaic  

6 G. C. Barker ,  Unpubl ished.  

G. C. Barker ,  "Transac t ions  of  the  S y m p o s i u m  on Electrode 
Processes ,"  E. Yeager ,  Editor,  J o h n  Wiley & Sons, Inc., N e w  York  
(1961). 
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process on the apparent  double layer capacity of the 
interface. I unders tand  the points that Professor 
Delahay is making,  and I fully agree that  changes in 
reactant  concentrat ion (regardless of whether  the re-  
actant  is specifically or nonspecifically adsorbed) do 
influence the double layer charge and hence affect the 
apparent  differential double layer capacity. My com- 
ment  is that  this effect has been taken account of in  
an earlier paper by myself and in one by Delahay 
and Senda, s al though I would agree that the implica- 
tions of interactions be tween faradaic and nonfaradaic 
phenomena have not been previously discussed ade- 
quately. I believe that  it would be well  to emphasize 
that  general ly  errors resul t ing f rom neglect of the de- 
pendence of double layer charge on reactant  concen- 
t rat ion are small  compared with the errors which 
occur when  one neglects the influence of nonspecific 
or specific adsorption on the faradaic impedance or on 
the aperiodic equivalent  circuit for the faradaic par t  
of the interfacial  impedance. Thus when studying the 
kinetics of fast or slow reactions by any l inear or 
nonl inear  relaxat ion technique one should always first 
give regard to the lat ter  complication. To omit doing 
this and to apply only corrections for the dependence 
of double layer charge on reactant  concentrat ion 
would be disastrous in many  instances, but  I suspect 
that this is not what  Professor Delahay is advocating 
in the paper which he has described briefly. One final 
point  may  be ment ioned which I am sure Professor 
Delahay will  agree with;  this is that  when  one con- 
siders the aperiodic circuit for the interface, it  is 
evident  that  the influence of changing reactant  con- 
centrat ions on double layer  charge can be allowed for 
by a cur ren t  generator  shunt ing the differential 
double layer capacity for constant  reactant  concen- 
tration. Specific or nonspecific adsorption of the re -  
actant  in question can be allowed for with a high de- 
gree of accuracy, if the integral  adsorption coefficient 
changes slowly with potential,  by capacity shunt ing 
the diffusion impedance for the reactant  in  ques- 
tion. One can see in tui t ively  that, when  the surface 
excesses are small  and the system at equi l ibr ium is 
l inear  as regards reactant  adsorption at constant po- 
tential,  the current  associated with the aforementioned 
current  generator  [see Fig. 8, ref. (2)] is l inear ly  re-  
lated to the current  flowing through the capacity 
shunt ing the diffusion impedance. All  therefore turns  
on the magni tude  of the two currents,  and I believe 
that in  the major i ty  of exper imental  systems the 
former current  is much smaller  than  the lat ter  largely 
because adsorption coefficients (nonspecific or specific) 
change only slowly with potential  whereas the reactant  
concentrat ion may change relat ively rapidly with po- 
tential. However, there undoubtedly  are exceptions 
(organic reactants) ,  and in  these cases due regard 
must  be given to interact ion between the faradaic and 
nonfaradaic parts of the interracial  impedance. Pro-  
fessor Delahay is to be congratulated on drawing 
at tent ion to these involved matters. 

Paul Delahay: I completely agree with your  sugges- 
t ion that  T1NO5 is formed, i.e., that  there is strong 
T1 + -- NO-8 association between specifically ad- 
sorbed T1 + and NO-s .  This is shown, at least qual i -  
tatively, by analysis on the basis of s imultaneous iso- 
therms. (Cf. my reply to Dr. Parsons '  question.) 

With respect to your comment  on the coulostatic 
method, I believe that an answer is provided by 
analysis on the basis of the three general  equations 
I gave in  the discussion of my paper. This problem 
has now been solved, and one can show that  there 
is a progressive t ransi t ion from behavior  as an ideal 
polarized electrode at t ---- 0 to an  ideal reversible  
electrode at t ~ oo. The si tuation is similar to the 
one I discussed for impedance measurements.  You 
are quite r ight  in  stating that  one cannot regard the 

s M. Senda and P.  D e l a h a y ,  J. Phys .  Chem. ,  65, 1580 (1961).  

double layer  as that of an ideal polarized electrode 
(except at t =- 0, and there we disagree I believe),  
but  I believe that  we approach the problem in dif- 
ferent  ways. It  would be of interest  to see whether  
our conclusions are similar or identical. 

I shall now take up your point about previous 
t reatments  of how to modify the equivalent  circuit to 
account for adsorption (specific or not) .  These t reat-  
ments  have indeed been developed. My present  posi- 
tion is that the problem can be attacked from a differ- 
ent point  of view without  a priori  separation of double 
layer and faradaic processes. One can develop models 
for the wr i t ing  of the faradaic current  and solve the 
three general  equations I presented. The effect of ad- 
sorption then comes out na tura l ly  from the t reat-  
men t  (frequency dependence) rather  than from some 
modification of the equivalent  circuit. On the basis 
of our calculation, I disagree with your s tatement  
that  small  effects can be expected in most cases. De- 
tailed analysis of actual systems and measurements  
will  provide the best answer. 

D. M. Mohilner: Why is it  that  for the case of the re-  
versible (very fast) charge transfer  you at t r ibute  the 
entire change in the surface excess of the electro- 
active species to charge separat ion-recombinat ion? I 
should have thought  that even for this species a part  
of zFdr+ required  in t ime dt could be furnished by 
ion transport.  

Paul Delahay: If we consider dynamic conditions, as 
prevai l ing in nonsteady state measurements,  ideal re-  
versible behavior  implies an infinite exchange cur-  
rent.  Hence, any dr iving force (e.g., concentrat ion 
gradient) ,  no mat ter  how small it is, causes charge 
separation or recombination. The contr ibut ion to 
charging, as far as M +z is concerned, by ionic t rans-  
fer in  solution can then be neglected for a finite dif-  
fusion coefficient of M + z. 

I could also answer your question in another  way 
by considering the charging process and showing 
that by assuming pure charge separation or recom- 
binat ion (M +z + z e  = M), one indeed finds that the 
charging current  depends on q + zVr+ (or the der iv-  
ative of this quant i ty  with respect to E depending on 
charging conditions) for a pure meta l -meta l  ion elec- 
trode. Details are given in my paper [ref. (20) ]. 

Richard Buck:  The thermodynamic  arguments  for 
coupling of an exchange current-control led  Faradaic 
process and the double layer charging process in  an 
over-al l  reversible process under  nonsteady state con- 
ditions should be reinforced by an electrostatic t reat -  
ment  of this problem. The paper by Bass 9 may provide 
the necessary formalism although nei ther  Bass nor 
Levich l~ treated the t ransient  state. By combining 
Poisson's equat ion with the Nerns t -P lanck  flux equa-  
tions for each ion of a b inary  salt, Bass was able to 
give the potential  distr ibution from the interior  of the 
solution (where electroneutral i ty  prevails)  to the 
inner  Helmholtz plane both for the case of zero cur-  
rent  (Gouy-Chapman result)  and for finite current.  
Presumably  the potential  d is t r ibut ion for the n o n -  

steady state could be treated this way perhaps with 
the aid of a computer. From the potential  distribution, 
the charge and capacitance can be found. 

It would be surpris ing if this calculation gave any -  
thing different from the previously assumed result,  
e.g., that charging occurs early in  t ime and is not com- 
plicated by the faradaic process. It seems to me that  
Professor Delahay's suggestion implies that the diver-  
gence of the flux (divergence of the quant i ty-DgradC 
•  where D is the diffusion coefficient, C the 

9 L.  Bass ,  Trans. Faraday Sot . ,  59, 1656 (1963). 

lo L.  B a s s  a n d  L e v i c h ,  " P h y s i c o c h e m i c a l  H y d r o d y n a m i c s , "  Chap .  
6, Prentice Hall, New York (1962). 
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species concentration, z the ionic charge, e the elec-  
tronic charge, u the mobili ty,  and ~ the electric field 
strength) is not zero at the electrode surface (even 
for zero not current  as was assumed by Bass) for an 
ion which can exchange electrons wi th  the electrode. 
This means that  a vo lume source of s t rength pro-  
port ional  to the exchange current  density must  be 
added. 

It would be interest ing to fol low through wi th  the 
above assumptions to see whe the r  or not there  is a 
verification of the coupling of faradaic and charging 
processes suggested by Professor Delahay. Would 
Professor Delahay care to comment  on these points? 

Paul Delahay: Dr. Buck may be qui te  right, and I 
only wish to correct a s ta tement  he made, namely  that  
I developed the analysis by thermodynamic  means. 
I did introduce thermodyanmic  considerations to show 
the need for a transit ion f rom an ideal polarized elec-  
t rode to an ideal revers ib le  electrode. However ,  the 
three general  equations I gave are of kinetic ra ther  
than thermodynamic  character.  This point is fur ther  
discussed in my reply to Dr. Breiter.  

James N. Butler: We have attempted, in our studies of 
gal l ium and gal l ium amalgam electrodes 11 (Cleveland 
Meeting) to measure  the surface charge direct ly  
by observing cu r ren t - t ime  curves at a dropping 
electrode whose potential  is held constant. Un-  
der the assumption that  there  is no interact ion be-  
tween the charging process and the faradaic proc-  
ess, a theoret ical  form of this dependence may  be 
predicted, and this has been verif ied exper imen-  
tal ly for double layer  charging of gal l ium in the 
presence of hydrogen evolution, and on Ga-Hg al-  
loys in the presence of gal l ium dissolution. These re -  
sults are consistent wi th  Professor Delahay's  theo-  
ret ical  a rguments  in spite of his suggestion that  for 
some situations there  may  be strong deviat ions f rom 
the approximat ion of independent  double layer  and 
faradaic currents.  

In the case of s imultaneous double layer  charging 
and hydrogen evolut ion  in 0.1M HC104 solutions, the 
faradaic process can contr ibute only a cathodic cur-  
rent.  The react ion ra te  in the opposite direct ion is so 
slow that  the electrode behaves as an ideal ly polarized 
electrode except  for  the discharge of hydrogn ions; 
and the charging current  and faradaic current  are 
strictly additive. 

In the case of gal l ium dissolution, the t ime-depend-  
ence of the current  indicates that  the double layer  
charging current  is independent ly  addi t ive to a dif-  
fusion-control led anodic current.  Because of the mi -  
nute  concentrations of Ga +s in the solutions, the r e -  
verse  react ion is probably very  slow, and thus the 
currents  are again independent.  

The effects which Professor Delahay has predicted 
are  impor tant  in systems where  the react ion occurr ing 
at the electrode has approximate ly  the same t ime scale 
as the t ransient  measurement .  We have  observed 
deviations f rom strict ly addi t ive behavior  under  con- 
ditions where  the concentrat ion of gal l ium ions in the 
solutions becomes large enough so that  the re laxat ion  
t ime of the Ga --~ Ga +3 react ion is probably com- 
parable to the t ime scale of the measurements ,  about 
0.01-1 sec. Such conclusions would  have  to be verified 
by direct measurements  of the ra te  of this reac-  
tion, but  could provide an impor tant  test of this 
theory. 

Paul Delahay: There  is no problem for the processes 
you refer  to because the exchange current ,  under  con- 
ditions of your  measurements ,  is ve ry  low. I pointed 
this out precisely in my  paper  in some detail  and 
showed a plot of the double layer  capacity (a pos- 
teriori separat ion) as a funct ion of f requency  for dif-  

Abstract  No. 171, Cleveland Meeting, May 1966. 

October  1966 

ferent  exchange currents.  The same order magni tude  
for the t ime scale applies to other  techniques than 
impedance measurements .  

In your paper  TM you implici t ly  assumed algebraic 
addi t ivi ty  of the faradaic and charging currents  at 
a dropping mercury  electrode. You give no hint  that  
this might  not be the case. You may  expect  t rouble  in 
some of the applications you predict  in your  note, 
par t icular ly  for thal l ium amalgam, whenever  the po- 
tential  is such t h a t  the exchange current  is high. 

We independent ly  developed the same technique, as 
you did, and made extensive measurements  TM on the 
Hg +2 -b 2e ~ Hg system whi le  I was still at Louisiana 
State Univers i ty  (spring of 1965). It  was this work  
(and also that  of Sluyters)  which led me to think 
about the whole problem of double layer  charging 
with  concomitant  charge t ransfer  reaction. The anal-  
ysis of the type of analysis you used is now being 
worked  out on the basis of the three general  equations 
I presented. 

Your last comment  is in agreement  wi th  the views 
I expressed in the paper. 

M. W. Breiter: It  appears that  the distinction resul t -  
ing from the thermodynamic  t rea tment  of the " ideal ly 
polarizable electrode" and the  "revers ib le  electrode" 
is not useful  here. In the absence of specific adsorption 
of ions a capacitance may be due to the amount  of 
potent ia l -de termining  ions in the diffuse double layer 
under  certain exper imenta l  conditions. If adsorbed 
intermediates  are formed in an adsorption react ion 
(for instance, H-a toms in the Volmer  react ion) ,  a 
large capacitance of up to several  thousand ~F/cm 2 
may  be measured at low frequencies.  This capacitance 
has been designated as "faradaic capacitance," and 
the thermodynamics  of this case is t reated by F rumkin  
and co-workers  in a paper  which follows. 

Paul Delahay: One can approach the problem in 
two ways (which I used) : (a) Point  out the difference 
be tween  charging of an ideal polarized electrode and 
an ideal revers ible  electrode and then examine  the 
transi t ion from one case to the other  for nonsteady-  
state measurements ;  (b) wri te  the three general  
equations which I gave and deduce implications by 
solving the problem for the par t icular  conditions pre-  
vai l ing in any given method. 

The wri t ing of the first two equations involves 
only balance considerations. The third equation, how- 
ever, is a l i t t le more  subtle and, to ar r ive  at it, I 
found it useful to introduce the concept of charge 
separat ion or recombinat ion wi thout  external  current.  

I agree wi th  your  comments  on the hydrogen elec-  
trode, but I wish to point out that  the three  general  
equations also apply to this case. The t rea tment  of this 
electrode for impedance measurements  ought  to be 
reexamined  but the difference be tween  the resul t  and 
the one now used may not be significant (except  for 
high exchange currents) .  We have plans for examin-  
ing this and similar problems. 

Finally,  I bel ieve the t e rm "faradaic capacity" is 
misleading because of the impossibil i ty of a pr/or~ 
separation of charging and faradaic processes. I t  is 
be t ter  to refer  to e lectrode capacity, resistance, or 
impedance. 

G. J. Hills: Professor Delahay's  proposals, if cor-  
rect, requi re  the revision of many  electroanalyt ical  
procedures. His faradaic  charging term is wr i t t en  as 

z F r -  
and the associated current  as 

d r+  
z F - -  

dt 

J. N. Butler  and M. L. Meehan,  J. Phys .  Chem. ,  69, 4051 (1965). 

G. Tessari, J .  Murphy,  R. de Levie,  and P. Delahay,  Unpub-  
lished w o r k .  
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This can be equated to 

dr + d~ dE 
z F ~  

d~• dE dt 

where  ~,i is the chemical  potent ial  of the potent ia l -  
de te rmining  species. For  a revers ib le  electrode 

O~i zF 

OE RT 

and for a par t icular  f requency  or t ime-scale  the sig- 
nificance of the faradaic charging current  depends 
therefore  on 0r+/0~+ which wi l l  be small  for non-  
specifically adsorbed ions in the presence of excess 
support ing electrolyte.  The  faradaic admit tance of ad- 
sorbable species is a l ready taken care of. 

Paul Delahay: First, I did not say or suggest that  
e lectroanalyt ical  procedures  ought  to be modified as a 
resul t  of my  work. The difference be tween  my ap- 
proach and the classical one may be of no part icular  
significance as far  as analyt ical  procedures are con- 
cerned. Fur ther  thought  is requi red  on that  point. 
What  I did say, however ,  was that  the determinat ion 
of kinetic parameters  by nonsteady-s ta te  methods 
ought  to be reexamined.  

Now to your  question. I am not sure I under -  
stand what  you mean by "faradaic charging term," 
but  anyhow your  point is that  dr+/d~+ is small  in 
the absence of specific adsorption, i.e., that  the effect 
I discussed ought to be small. This conclusion is not 

d r+  d~+ 
correct  as you can ascertain by calculat ing zF 

d~ + dE 

or more  simply zF ~ f rom diffuse double layer 
d r+  % 

dE ] 
theory  and the Nernst  equation. The  calculation is 
given in the t rea tment  of the faradaic impedance 14 
based on the ideas I expressed. One easily reaches 
100 ~,f �9 cm -2 for realistic conditions in 0.1M of a 1-1 
electrolyte  (no specific adsorption).  Hence this t e rm 
cannot be neglected in comparison with  dq/dE or 
the capacity component  of the usual faradaic impe-  

I ~ P .  Delahay and G. G.  Susb ie l l e s ,  J. Phys.  Chem., in  p re s s .  

dance. I should add that  in 1M support ing electrolyte,  
for the same conditions as above, the effect is less pro-  
nounced (about 7 ~,f �9 cm-2) .  This may explain why  
abnormal  behavior  has escaped at tent ion in exper i -  
menta l  work. Workers  were  simply not looking for  it, 
and the temptat ion to ascribe abnormal  behavior  to 
kinet ic  complications (often real!)  could not be re-  
sisted I suppose. 

Finally,  I do not  unders tand what  you mean by 
"The faradaic admit tance of adsorbable species is al-  
ready taken care of." I did not make  any distinction 
be tween specifically and nonspecifically adsorbed ion 
in wr i t ing  r 's. These are surface excesses in the 
thermodynamic  sense. 

H. D. Hurwitz: It  is interest ing to note the importance 
of the influence of the diffuse layer  composition (cf. 
the work  of Dr. R. Payne) .  In this respect  the method 
of mixed  electrolytes at constant ionic s t rength ~5,~6 
appears to be able to throw fur ther  l ight in this di-  
rection and to correct  some ear l ier  assumptions based 
upon the model  of Gouy-Chapman.  

It is also no tewor thy  that  such results may be ob- 
tained from measurements  of double layers in media  
of low electrical  conductivi ty as shown by Professor 
Delahay in his paper. One must, however ,  stress the 
point that  even at ve ry  low concentrat ion the theory 
of Gouy-Chapman is inconsistent unless a l ineariza-  
tion of Poisson-Boltzmann equation is performed,  the 
solution of which does not yield a cosh behavior  of 
the differential  capacity. Nevertheless,  some less r igor -  
ous approach 17 may lead to some st imulat ing results. 
For  example,  the smaller  exper imenta l  values of C 
near  the m ax im um  on the cathodic side of Fig. 6 in 
Professor Delahay 's  work  could be in te rpre ted  as re -  
sult ing f rom electrostr ic t ive effects of the adsorbed 
Na + in the diffuse layer.  ~7 In this respect, it is advis-  
able to repeat  such exper iments  with different cations. 

E. D u t k i e w i c z  a n d  1~. P a r s o n s ,  J. ElectroanaL Chem., 11, 100 
(1966). 

lo H.  D.  t i u r w i t z ,  J. EtectroanaL Chem., 10, 35 (1965).  

lVH. D.  H u r w i t z ,  A.  San fe l t ,  a n d  A.  S t e i n c h e n - S a n f e l t ,  Electro- 
chim Acta,  9, 929 (1964). 
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ABSTRACT 

A convenient  general  method for calculating potentials and fields arising 
from p lanar  arrays of discrete adions under  a variety of imaging conditions 
is described and illustrated. Adions are perfectly imaged by one conducting 
plane (single imaging) and are also imaged by a dielectric constant discon- 
t inui ty  at a plane on their other side. The method employs only solutions 
of the single imaging problem, is readi ly applied wi thout  a computer,  and 
is per t inen t  to the usual  electrolyte compact layer adjoining either an elec- 
trode or a dielectric material,  which may be air. The single image solutions 
used in calculating more complex imaging results may be exact values ob- 
tained from a previous rather  complicated approach, or for ease in calcu- 
lation, may f requent ly  be approximate but  quite accurate values calculated 
by a simple method described herein. Using the exact approach, one can 
calculate, for the ful l  range of the dielectric reflection parameter ,  fields and 
potentials along any line perpendicular  to the conducting plane. Here we 
are pr imar i ly  concerned with potentials and fields along the l ine through a 
removed adion, and the approximate single imaging solution is especially 
useful. Although we apply the method to regular  hexagonal  arrays, in the 

. . . .  ' " 1 lat ter  case it is equal ly apphcable to arrays described by. Grahame s part la  ly 
smeared, cut-off model for single imaging. Some comparison with the results 
of this model is presented. In addit ion to calculating and i l lustrat ing the var i -  
ation of field and potential  wi th in  the compact layer and the adjoining di-  
electric medium, we have examined in detail the difference between the 
micropotential  and the macropotential  for many  different imaging situations. 
The present  study includes the previously treated single conductive plane 
imaging and also the (infinite) conduct ive-conduct ive imaging situations as 
special cases. It  is found that  special care is needed to describe the lat ter  
si tuation by the present  model. Finally,  the effect of possible conductive 
imaging by the electrolyte diffuse layer  is considered quali tatively.  

The system we shall consider in this paper is the 
electrolyte compact double layer (1). We shall as- 
sume it consists of a monolayer  of ions (effective 
charge zve and average surface charge density qz) 
bounded on one side by a plane interface which we 
shall  call the electrode-surface p lane  (ESP),  gener-  
ally (but  not  always) associated with an adsorbing 
conductor, and on the other side by an imaginary  plane 
mark ing  the points of closest approach of the charge 
centroids of ions in the electrolyte, or diffuse layer. 
The plane of closest approach is known  as the outer 
Helmholtz plane (OHP),  and the plane passing through 
the charge centroids of the adions in  the monolayer  
is the inner  Helmholtz plane (IHP).  We shall  define 
to be the distance between the OHP and the IHP 
and ~ to be the IHP-ESP  separation; d --- /9 + "r is 
therefore the total thickness of the compact layer. 

REGION I 
- ( ( I )  '1' REGION "iT ((~) " 

ESP IHP OHP 

�9 .. 0 0 O 0 0 0 O 0 ..- 
�9 -. 0 0 0 0 0 0 0 0 .o. 
�9 .. 0 0 0 0 0 0 0 0 "'" 

O R I G I N ~  "--t- -v~-VA CA N CY Z-AXIS 

�9 . . o o  ooJoo.  o o . . .  
�9 .o 0 0 0 0 0 0 0 0 ..- 
�9 . .  0 0 0 0 0 0 0 0 . o .  

I T I 1 IMAGES IMAGES IMAGES IMAGES 
(-~Zve) (-Zve) (-~Zve) (-~2Zve) 

IMAGES CHARGES IMAGES IMAGES 
(~Zve) (Zve) (,,vzv e) (m2Zv e ) 

Fig. 1. Cross-sectional diagram of the double layer region show- 
ing charges, and some of their images applicable for calculating 
potential in region I, and the distances #, % and z. 

The si tuation is i l lustrated in Fig. 1. The circle cen- 
ters denote the positions of adion charge centroids. 
The diagram is not to scale since /9 is roughly equal 
to an ionic radius, and the m i n i m u m  distance between 
spherical adions in  the plane is thus approximately 
2;~. The present treatment of course applies for ad- 
sorption on a curved electrode surface such as a 
mercury drop provided, as is the case in practice, 
that the radius of curvature of the surface is much 
greater than the characteristic microscopic distances 
involved in the situation such as d and the effective 
Debye length in the diffuse layer. 

The possibility immediately arises that other mate- 
rial besides the ions, such as adsorbed water mole- 
cules, may reside in the compact layer; to represent 
this possibility approximately as well  as to take into 
account to the same degree of approximat ion the finite 
polarizabili ty of the adions themselves, we regard 
these ions as point  charges lying on the IHP and take 
the dielectric constant  of the compact layer in  which 
they reside to be el. We have discussed the in t roduc-  
tion of such an ~1 in some detail  elsewhere (1-4). 

The present paper is concerned pr imar i ly  with the 
determinat ion of the electrical potential  wi th in  the 
compact layer; this is because the potential 's  be-  
havior is central ly  related to v i r tual ly  every meas-  
urable  electrochemical property of the system (5). 
As it turns  out, the potential  wi th in  the system is 
sensitively dependent  on certain s t ructural  aspects of 
the system; not  only is it necessary to take the dis- 
creteness of the elements into account (6), but  cor- 
respondingly one may only do so if reasonable models 
a r e  used for the spatial dis t r ibut ion of the discrete 
adions wi thin  their p lane (7). What  is "reasonable" 
depends, it seems, on the temperature,  the surface 
density of the monolayer,  the quanti t ies zv, P, and % 
and other, more subtle, characteristics of the system. 
In  the present  work we shall usual ly assume that  
the ions form a perfect hexagonal  array with lattice 

978 



Vol.  113, No. 10 D I S C R E T E N E S S - O F - C H A R G E  M I C R O P O T E N T I A L S  979 

constant rl, a l though our general  analysis is applicable 
even without this specific restriction. This is a popu- 
lar model (3, 4, 7a, 8); and even though it is by no 
means applicable under  all conditions (7), it seems 
to be a model which is approximately valid for many  
conditions of interest. As might  be suspected, the 
hexagonal  model begins to become inapplicable at 
low surface densities and /or  high temperatures;  fu r -  
ther discussion of the applicabili ty of this and other 
models appears elsewhere (7). 

There is one other major  consideration involved 
before one can determine the potential  in the compact 
layer: What is the effect of those charges outside the 
compact layer on the potential? If one of the bounding 
planes is the surface of a conductor, the effect of 
those charges on and beyond this plane is s traight-  
forward; the conductor acts as an electrical imaging 
plane, and  charges on the .conductive surface in ex- 
cess over those (proport ional  to ql) involved in the 
imaging process set up an additional uni form electric 
field in the compact layer. If one or both of the 
bounding surfaces is that of a neu t ra l  dielectric in-  
sulator, then again a type of imaging is involved. A 
more difficult question, one which is responsible for 
much of the variety in  the various theories of double 
layer s tructure and whose solution has significant im-  
pact on the expected properties of such systems, is 
the effect of the diffuse layer on the potential  in the 
compact layer. One possible approximation is simply 
to neglect any variat ion in charge density or polariza- 
t ion wi thin  the diffuse layer along directions parallel  
to the OHP; that is, to assume that  these quanti t ies  
vary only in  the direction perpendicular  to the OHP. 
That  this is not strictly true is a result  of the dis- 
creteness-of-charge in the compact layer; that this 
assumption might still be a good approximation rests 
on the thermal  motion of the ions in  the diffuse layer, 
motion which tends to disrupt  any "shadowing" 
within this layer  of the charge densi ty variations on 
the IHP through pair ing of adions with counterions 
in the diffuse layer. If one makes this approximation, 
the explicit effect of the diffuse layer  goes to nought,  
and the potential  wi th in  the compact layer is deter-  
mined completely by the monolayer  ions and the 
boundary  conditions at the other interface. Several  
more or less correct, exact or approximate,  t reatments  
of this model have appeared in  pr in t  (4, 8c-f, 9, 10). 
The above situation, with a metal  electrode, has been 
termed by the present  authors the "single- imaging" 
case in  a t rea tment  (4) hereafter  referred to as II. 

At the extreme opposite end of things, another 
model of the diffuse layer 's  effect has been proposed 
and treated (3,7b, 8b-f, 11). This might  be termed 
the "Ershler model" after its first proponent;  the 
present  authors ha,ve dealt with this model in some 
detail and have termed it the "infini te-imaging" case 
in  a t rea tment  (3) hereafter  referred to as I. As the 
latter terminology implies to some of us, this model 
assumes that mobile diffuse-layer ions are capable of 
a r ranging  themselves so as to make the OHP an equi-  
potential  surface. Effectively then, the OHP becomes 
a second conduct ive- imaging plane (exactly as though 
i t  were a metal  surface) and the outcome of this is 
an infinite set of images, as in a hal l  of mirrors.  

Unfor tuna te ly  it has not been possible to establish 
unequivocally,  either exper imental ly  or theoretically, 
which of these two models more near ly  represents 
the actual behavior of the diffuse-layer ions. An ade- 
quate t rea tment  of the diffuse layer in  the vicini ty of 
the OHP, where the influence of the discrete compact- 
layer ions is greatest and the usual  approximations 
most hazardous, may be as yet an unfinished assign- 
ment. The most promising approaches have been those 
of St i l l inger  and Kirkwood (12) and some of the 
Russian workers (13); however, even these t reatments  
invoke expansions involving the ratio of electrical 
energy to thermal  energy in  the diffuse layer, and 
for concentrat ions of interest  the val idi ty of such 

theories is uncertain.  The exper imenta l  problems are 
almost as sticky: The quanti t ies actually measured 
are only related to local potentials after an " interpre-  
t ive process" which is somewhat  questionable;  for 
example, isothermal measurements  leading to adsorp- 
tion coverages (ql) only yield adsorption potentials 
vs. coverage if the form of the isotherm is known. 
Furthermore,  it is possible that  the state of ionization 
of the monolayer  elements may change over certain 
ranges of surface coverages for some systems (2, 14, 
15). 

Re turn ing  to the refuge of our idealized situation, 
however, there is one diffuse-layer effect which should 
exist independent  of the behavior  of the diffuse-layer 
ions: In  most situations there is a fair ly abrupt  
change in the dielectric constant  in going across the 
OHP. If we denote the dielectric constant  of the bulk  
electrolyte, containing no excess ions, by ~2, the dif- 
ference e 2 -  E1 will  induce dielectric imaging at the 
OHP. [We should note that  the major  dielectric con- 
s tant  change may not occur precisely at the OHP, so 
that the imaging p lane  may lie somewhat wi thin  the 
compact layer (16). This possibility wil l  be neglected 
here.] When this imaging is accompanied by metallic 
imaging at the ESP, resul t ing in an infinite set of 
imperfect images, as though in  a hal l  of imperfect  
mirrors, we have described this dielectric-conductive 
si tuation as the "par t ia l - imaging" case. This case has 
the following features of par t icular  interest.  First, 
this type of imaging should be present in most sys- 
tems, whatever  addit ional  effect may be present  due 
to the diffuse-layer ions. The dielectric discontinuity, 
or an approximation thereto, would be expected in 
most cases, forming a "background effect" for any ad-  
dit ional  action by the diffuse-layer ions. In  view of 
this effect, it is in  fact difficult to construct an elec- 
trolytic system which displays "single imaging," and 
we now regard this case to be of interest  only in ref-  
erence to nonelectrolyte  systems or as a least - imaging 
l imit ing case for electrolytes. 

Since we plan  to compare many  of the theoretical 
single, partial,  and infinite imaging discreteness-of- 
charge t reatments  ment ioned above in a forthcoming 
review (17), we shall omit much of such cross-com- 
parison from the present  paper. It  is perhaps worth 
ment ion ing  that  the present  work contains in  a cer-  
tain sense all the results of the l imit ing cases I and II 
and also yields a continuous bridge between them. 
Although the present  paper does not include a t reat -  
men t  of dielectric-dielectric imaging, a case treated 
to some extent  by Levine et al. (7b), our  present, 
easily applied methods require,  as we shall  show 
elsewhere, only simple modifications to apply to this 
si tuation as well. 

General Analysis 
In  the remainder  of this paper  we shall be pr imar i ly  

concerned with the  potential  which results when  a 
single vacancy is present  in an otherwise perfect 
hexagonal  array of adsorbed ions. As has been dis- 
cussed in I and II, this leads to the interest ing par t  
of the micropotential ;  the effects of omitted self- 
images .are independent  of q and ql and may be sub-  
sumed into the "chemical" part  of the adsorption po- 
tential. The potential  ~ in our present  work consists 
of two contributions:  a discrete-charge contr ibut ion 
~a which is always present  whatever  the charge on 
the ESP and a uni form-displacement  component  Ce 
which results from an addit ive constant  D field nor -  
mal  to the ESP and vanishing when the ESP is 
grounded so its charge q becomes equal  to - -q l  for 
dielectric-conductive imaging. We first determine the 
discrete-charge contr ibut ion ~a. The basic method is 
to replace the ESP and OHP interfaces wi th  a system 
of fictitious "image charges;" the part icular  system 
depends on whether  we seek the potential  on the 
metal  side or the solution side of the OHP. Thus, 
refer r ing to Fig. 1, the potential  be tween the metal  
and the OHP (region I) wil l  derive from an  infinite 
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Fig. 2. Cross-sectional diagram of the double layer region shaw- 
ing effective charges and some of their virtual images applicable 
for calculating potential in region IL 

set of images (for each charge on the IHP) as though 
the whole space were  of dielectric constant ~l; r e fe r -  
r ing to Fig. 2, the potent ia l  on the solution side of the 
OHP (region II) wil l  l ikewise involve  an infinite set 
of images, and the whole  space of region II is to be 
regarded as having dielectric constant e2. The sets of 
images for each charge on the IHP are  chosen so that  
the resul t ing potentials satisfy the appropriate  condi-  
tions on the ESP and OHP. In part icular ,  the resul t -  
ing potential  should be zero on the ESP, continuous 
across the OHP, and resul t  in a continuous var ia t ion  
in the normal  component  of electric displacement 
across the OHP. It may be verified by inspection that  
the set of images indicated in Fig. 1 and 2 lead to 
potentials satisfying these conditions. 

We shall set up a coordinate system as follows: The 
posit ive z-axis  is taken normal  to the ESP, extending 
outwards  towards the OHP. The x and y axes lie in 
the ESP, and the origin of coordinates is on the ESP 
and the normal  line passing through the vacancy. 
Al though the methods of the present  paper may be 
readi ly  extended to give potentials for positions other  
than x = y = 0, in the fol lowing we shall only be 
concerned with actual ly calculat ing the potential  (and 
field) along this line. 

Let  us now define ~ - (~2 - -  ~1)/(~2 -F ~,), a n d  ~1 
--- 1 -t- ~ = 2e2/(~1 -F ~2). Refer r ing  to Fig. 1, we  see 
that  the ar ray  of adions and their  images giving rise 
to Wa in region I form sheets of nonideal  dipoles 
whose centers lie on the planes z = z ,  ~ 2rid where  n 
is an integer.  The separat ion be tween the posi t ive 
and negat ive charge of each nonideal  dipole is 2/~, 
and the s t rength of the dipole sheets drops off as ~1-1. 
Similarly,  re fer r ing  to Fig. 2, it may  be seen that  the  
potent ial  Wa in region II derives f rom a set of non-  
ideal dipoles similar  to those per ta ining to region I. 
The  differences be tween  the sets for the two regions 
are  that  the pos i t ive-n  sheets are missing for the re -  
gion II calculation and the dipole strengths are  all  
mul t ipl ied by the factor 0. 

If we now define @ao(X,y,z) to be the potent ial  pro-  
duced at (x,y,z) by our a r r ay  of adions in the s ingle-  
image regime (the quant i ty  known as @a in II) we 
may take the foregoing into account and wri te  
~ (x ,yz )  = r (x,y,z) 

+ ~ ~" {@ao(X,y,z "t- 2nd) -- Wao(X,y, 2rid-- z) } [1] 

in region I, and in region II 

Sa(X,y,z) = (~lel/e2) ~ ~" ~ao(X,Y,Z + 2rid) [2] 

w h e r e  1]el/e2 = 1 - -  ~. Thus, we have  expressed the 
par t ia l - image  potent ia l  in terms of a single series 
(instead of the double or t r iple  series used by others) 
involving the accurately known (4) s ingle- image po- 
tentials. Levine  et at. (7b, 11) have  employed a sim- 
i lar  approach (for the infinite imaging case),  in which 
they used Grahame 's  cut-off model  (8c) for the single 
image potent ial  tao(0,0,z). Similar ly,  defining ~a as 
the electric field associated wi th  %a in the present  
reg ime  and gao as the field associated with the s ingle-  
imaging potential  tao, one obtains in regions I and II, 
respect ively  

~a (X ,y ,Z)  ~- ~ a o  (X ,y ,Z)  

+ ~ ~n{gao(X,Y,Z -t- 2nd) -F ~ao(X,y,2nd-- z)} [3] 

~a(X,y,z) = (~lez/e2) ~ =nSao(X,Y,Z + 2rid) [4] 
n~O 

These s ingle-summat ion expressions for ~ba and ~a  
converge quite rapidly;  even for ~ = 1, the expres-  
sion for potential  in region I converges well. As ~ ap- 
proaches unity, the value of Wa in region II is bounded 

n~ 0 

where  the upper bound, ~ ,  is defined as in II; thus 
~ =- 4n~ql/E1. In carrying out the sums for Wa(0,0,z) 
- Wa (z) it was usual ly found to be more convenient  to 
use an approximate  but highly accurate analytic 
expression for ~ao(0,0,z) -- ~ao(Z) than to use the exact 
results  obtainable f rom II. The approximat ion used and 
its accuracy is discussed fur ther  in ref. (18) and in the 
Appendix.  Calculation of ~ o ( z )  by this approximat ion 
is far simpler than by the lengthy expressions given in 
II, yet  yields adequate  accuracy. The accuracy of the 
results in the present  paper  have, in fact, been 
checked by calculat ing many of them with  both exact 
and approximate  values for Wao(Z). 

To complete  the potential,  we must  add the uniform 
D field part, ~e. The boundary  conditions at the ESP 
requi re  that, if the total  surface charge density on the 
ESP is q, then the uni form field produced is simply 
4n(q + ql) .  Taking the zero of We to lie on the ESP, 
we obtain We = --(4~/~!) (q -F qDz for region I and 
te = --4~(q -F ql) [(d/~l) -F { ( z -  d)/~2}] for region 
II. We note, incidentally,  that  if Waic and ~aic (see II) 
are substi tuted for Wao and 8ao in the foregoing equa-  
tions, the resul t ing potentials and fields are the ones 
per ta ining to a complete adion array. 

Before  present ing detai led results of our calcula- 
tion of potentials,  fields, and other quantit ies of in-  
terest, we point out an interes t ing feature  per ta in ing 
to the l imit  ~ --> 1. In tu i t ive ly  one might  expect  ~a (in 
region I) to approach the inf ini te- image (conduct ive-  
conductive)  ~a as ~ approaches unity. As it turns out, 
however ,  this preconceived notion is ent i re ly  wrong:  
The l imit ing behavior  of the present  ~a is distinctly 
different from the ~a de termined  in I, which we shall 
here denote as Wacc. Thus one cannot simply take 

= 1 herein and direct ly obtain ~acc. What does occur 
for given q and ql is that  the l imit ing value  of the 
present  W = Wa "~ ~e is identical  to the value  of 
r 1 6 2  We obtained by redefining We (in I) so as to 
place its zero on the ESP (as has been done with  our 
present  par t ia l - imaging  We). In other  words, the actual 
l imit ing behavior  of the present  Wa is given by lira 

~-~1 
Wa = tacc ~ (4aqlz~/eld). In particular,  at the OHP 
where  @ace is zero, l im @a = W| This behavior  repre -  

~)-->1 
sents a real  physical effect and not just  a t r iv ia l  defi- 
nition of the zero of potential.  The physical or igin  of 
the effect lies in the fundamenta l  difference be tween 
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a d i e l ec t r i c ,  n o  m a t t e r  h o w  " s t r o n g , "  a n d  a c o n d u c t o r .  
O n l y  t h e  c o n d u c t o r  a l l o w s  c h a r g e  to b u i l d  up  on  i ts  
s u r f a c e  so as to r e n d e r  t h e  f ield i n s i d e  e x a c t l y  zero.  

Normalized Equations 
F o r  p r e s e n t a t i o n  a n d  c o m p a r i s o n  p u r p o s e s ,  i t  is 

c o n v e n i e n t  to d e a l  w i t h  n o r m a l i z e d  e q u a t i o n s  w h e n -  
e v e r  p r ac t i ca l .  W e  s h a l l  n o r m a l i z e  p o t e n t i a l s  w i t h  t he  
V| i n t r o d u c e d  a b o v e  a n d  s h a l l  d e n o t e  s u c h  q u a n t i t i e s  
as Vao/V| a n d  Va/V| a s  Vao N a n d  Va N, r e s p e c t i v e l y .  No te  
t h a t  s ince  ~l occu r s  in  V~, a p o t e n t i a l  s u c h  as  V in  
r e g i o n  II, w h e r e  e ---- E2, is s t i l l  n o r m a l i z e d  b y  a q u a n -  
t i t y  i n v o l v i n g  ~1, n o t  ~2, in  t h i s  c o n v e n t i o n .  I t  w i l l  
p r o v e  c o n v e n i e n t  to n o r m a l i z e  f ie lds  i n  a n  e q u i v a l e n t  
way ,  u s i n g  ~| -- - -  4nql/el. F i n a l l y ,  w e  wi l l  n o r m a l i z e  
e l ec t r i c  d i s p l a c e m e n t s  w i t h  ~)~ -- ~ 4 ~ q l .  

F r o m  n o w  o n  l e t  u s  t a k e  x = y ---- 0 a n d  def ine  
Z -- z/~ a n d  Ri - rl/~. F u r t h e r ,  l e t  ~ / ~  ~- r ,  
Zo - 1 + r - d/~, a n d  p -- 2Zo. T h e n  t h e  I H P  occurs  
a t  Z = 1 a n d  t h e  O H P  a t  Z ---- Zo. F o r  s o m e  p u r p o s e s ,  
as w e  s h a l l  see, i t  is u s e f u l  a lso to u s e  t h e  n o r m a l i z e d  
v a r i a b l e  } -- Z/R1 -- z/rl .  

W e  m a y  n o w  o m i t  r e f e r e n c e  to x a n d  y a n d  w r i t e  in  
p l a c e  of [1] a n d  [2] 

Va N~- VaN(Z;R1)  = VaoN(Z;R1)  

eo  

-~- ~-~ (on{Vao N (rip ~- Z ; R 1 )  - -  Vao N (rip - -  Z;nl) ) [5] 
n = l  

( r e g i o n  I, O --~ Z ~ Zo) 
oo  

VaN~-~-~ ( 1 - - c o )  ~ n V a o N ( n p + Z ; R 1 )  [6]  
n= 0 

( r e g i o n  II, Z ~ Zo).  

E q u a t i o n s  f o l l o w i n g  f r o m  [3] a n d  [4] m a y  b e  s i m i l a r l y  
w r i t t e n ;  i n s t ead ,  s ince  i t  p r o v e s  m o r e  c o n v e n i e n t  to  
p l o t  d i s p l a c e m e n t s  t h a n  fields, w e  g ive  e q u a t i o n s  fo r  
~ a  s ~ ~ a / ~ ,  e q u a l  to  e l~a/e l~ |  i n  r e g i o n  I a n d  to 
e2~a/el~ i n  r e g i o n  II. To o b t a i n  8a  N in  r e g i o n  II, w e  
n e e d  o n l y  m u l t i p l y  ~)a N i n  t h i s  r e g i o n  b y  (ei/~2) ---- 
(1 - -  ~ ) / ( 1  + r T h e  r e s u l t s  fo r  ~ a  N a r e  

D ,  ~ = ~,o  N ( Z ; R D  

"~- ~ ~on{~aoN(np -~-Z;R1)  -~- ~aoN(np--Z;R1)} [7]  

( r e g i o n  I )  

D~N = (1 + ,~) ~ ~ 'g~oS(np  + Z;R1) [8] 

( r e g i o n  1i) 

F o r  use  i n  c o m p a r i n g  w i t h  e x p e r i m e n t a l  r e su l t s ,  
i t  is  f r e q u e n t l y  u s e f u l  to h a v e  a v a i l a b l e  c o m p l e t e  p o -  
t e n t i a l s  a n d  fields w h i c h  i n c l u d e  t h e  u n i f o r m  D field 
c o n t r i b u t i o n s .  W e  m a y  w r i t e  

V N = Va N -~- Ve N [9]  

6 N = ~a  N -~- ~e N [10]  

w h e r e  ea N = ~)a N a n d  { ( 1 - - ~ ) / ( 1  + ~)}~)a s in  r e g i o n s  
I a n d  II, r e s p e c t i v e l y ,  a n d  

Ve N = - -  {1 -]- (q/ql)}Z "l [II]  
O~_Z ~_Zo 

~e N = - -  {1 + (q /q l ) }  [12] 

V e N = - - { I +  (q /q l ) }[Z~  I} [13] 
+ ((1-- ,~) / (1 + ~) } ( Z - -  Zo) Z~Zo 

~e N = --{I -b (q/q,)}[(l --  ~ ) / ( I  + ~) [14] 

There is, of course, no average D field contribution 
when q ~ --  ql and the ESP is grounded. 

The mieropotential Vi is related to the energy re-  
quired to move an ion at the OHP to its adsorbed 
position at the IHP. This definition does not include 
the small p. d. V2 in the diffuse layer between the 
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O H P  a n d  t h e  b u l k  of  t h e  so lu t ion .  I t  is  a c t u a l l y  
V1 + V2 w h i c h  a p p e a r s  in  a n  a d s o r p t i o n  i s o t h e r m ,  
b u t  w e  s h a l l  n e g l e c t  V2 h e r e a f t e r  s ince  i t  d e p e n d s  on  
q a n d  ql  a n d  c a n  be  a d d e d  i n  w h e n e v e r  p e r t i n e n t .  
R e m a r k ,  h o w e v e r ,  t h a t  u n l e s s  t h e  O H P  is t a k e n  as a n  
e q ~ i p o t e n t i a l  su r f ace ,  w h i c h  imp l i e s  c o n d u c t i v e  i m a g -  
ing  t h e r e ,  t h e  u s u a l  o n e  d i m e n s i o n a l  d i f f u s e - l a y e r  
t h e o r y  is i n c o n s i s t e n t  w i t h  t h e  r e q u i r e m e n t  t h a t  t h e  
p o t e n t i a l  be  c o n t i n u o u s  across  t h e  OHP.  O n  t h e  o t h e r  
h a n d ,  e v e n  w h e n  t h e  O H P  is n o t  a n  e q u i p o t e n t i a l ,  t h e  
v a l u e  of V2, n o w  a f u n c t i o n  of x a n d  y, w i l l  p r o b a b l y  
b e  q u i t e  close to t h a t  p r e d i c t e d  b y  t h e  u s u a l  o n e - d i -  
m e n s i o n a l  t h e o r y .  

F r o m  t h e  a b o v e  d i scuss ion ,  w e  h a v e  Vi -- V(~) 
- -  V ( d ) .  W e  w i s h  to c o m p a r e  t h i s  p. d. to t h e  a v e r a g e  
p. d., VI, ac ross  t h e  i n n e r  r eg ion .  T h e  a v e r a g e  p o t e n -  
t i a l  i t se l f ,  V ( z ) ,  m a y  b e  w r i t t e n  in  n o r m a l i z e d  f o r m  
as (3) 

V N ( Z )  = -  [Z(q /q l )  + ( Z - - 1 )  ] [15] 

f o r  Z --~ 1. I t  is t a k e n  ze ro  a t  Z = 0. Vi  s is t h e n  
- - V N ( Z o ) .  I t  w i l l  b e  c o n v e n i e n t  to  i n t r o d u c e  t h e  n o r -  
m a l i z e d  q u a n t i t y  k -- ~/d = r / ( 1  + r )  = rZo  -1.  F o r  
V1N w e  r e a d i l y  o b t a i n  

V1N = vaN(I)  - - V a N ( g o )  Jr r{1 + (q /q t ) }  [16] 

As  in  II, l e t  us  f o r m  t h e  r a t i o  ( a p p l i c a b l e  fo r  Z o -  1) 

A ~- vI/Vl = --vIN/VN(Zo) ~ ~,(1 -~ A) 

r{1  + ( q / q l ) }  ~- AVa N 
[17] 

1 ~ -[- ( i  -b F) (q/ql) 

where A is defined in [17] and AVa N - VaN(1) 
--VaN(Zo). The quantity A, which measures the de- 
viation from linear proportionality of the micropo- 
tential to Vi, follows from [17] and may be written 

1 + )~--IAVaN 
= [18] 

r + (I + r )  (q/ql) 

When q = 0, we define A - Ao, where 

Ao = r-ill + ;~,-IAVaN] [19] 

Discussion of Results 
Conducting ESP 

In  t h i s  sec t ion ,  w e  s h a l l  c o n s i d e r  t h e  u s u a l  e l e c t r o -  
l y t e  s i t u a t i o n  s h o w n  in  Fig. 1 of a c o n d u c t i n g  e l ec -  
t rode ,  a c o m p a c t  i n n e r  l aye r ,  a n d  a d i f fuse  l a y e r  e x -  
t e n d i n g  b e y o n d  t h e  OHP.  W e  shal l ,  f o r  t h e  t i m e  be ing ,  
i g n o r e  effects  a r i s i n g  f r o m  m o v e a b l e  ions  in  t h e  d i f -  
f u se  l a y e r  a n d  s h a l l  o n l y  b e  c o n c e r n e d  w i t h  t he  ef fec t  
of t h e  r - -  ~ d i e l e c t r i c  d i s c o n t i n u i t y  a t  t h e  OHP.  

S u g g e s t e d  v a l u e s  of ~1 i n  t h e  c o m p a c t  l a y e r  h a v e  
r a n g e d  f r o m  6 to a b o u t  15 [see r e f  ( 1 ) ] .  T h e  v a l u e  of 
~2 fo r  a n  a q u e o u s  e l e c t r o l y t e  c an  b e  no  g r e a t e r  t h a n  
81 a t  r o o m  t e m p e r a t u r e  a n d  w i l l  l i k e l y  b e  a p p r e c i a b l y  
r e d u c e d  in  t h e  d i f fuse  l a y e r  b e c a u s e  of  d i e l e c t r i c  s a t u -  
r a t i o n  a r i s i n g  f r o m  t h e  a v e r a g e  f ield t h e r e  a n d  t h e  
effects  of c lose ly  n e i g h b o r i n g  ions  (1, 19, 20) .  A r e a -  
s o n a b l e  a p p r o x i m a t e  l o w e r  v a l u e  fo r  e2 m i g h t  t h e r e -  
f o r e  b e  50. T h o s e  c o m b i n a t i o n s  of t h e  a b o v e  v a l u e s  
of el a n d  e2 w h i c h  g ive  t h e  s m a l l e s t  a n d  l a r g e s t  ~ 's  
l e ad  to ~mln - -  0.54 a n d  r ~ 0.86. T h e  s m a l l e r  is ~, 
t h e  less  is d i e l e c t r i c  i m a g i n g  a l o n e  l i k e l y  to a p p r o x i -  
m a t e  w e l l  to  t h e  a c t u a l  e l e c t r o l y t e  s i t u a t i o n  i n c l u d i n g  
d i f fuse  l a y e r  c o n d u c t i v e  i m a g i n g .  I n  t h e  s u c c e e d i n g  
f igures ,  h o w e v e r ,  w e  h a v e  s h o w n  r e s u l t s  fo r  a v a r i e t y  
of v a l u e s  of ~ b e t w e e n  -El a n d  --1 ,  f o r  c o m p l e t e n e s s ,  
fo r  c o m p a r i s o n  w i t h  t h e  r e s u l t s  of I a n d  II, a n d  b e -  
cause  some  of t h e  n e g a t i v e  v a l u e s  a r e  p e r t i n e n t  to  
t h e  s i t u a t i o n  d i s c u s s e d  in  t h e  n e x t  sec t ion .  

F i g u r e s  3 a n d  4 s h o w  the  d e p e n d e n c e  of n o r m a l i z e d  
p o t e n t i a l  a n d  d i s p l a c e m e n t  o n  n o r m a l i z e d  d i s t a n c e  
f r o m  t h e  E S P ,  ~, f o r  a n u m b e r  of  ~, v a l u e s  f o r  t h e  
cho ice  R1 ---- 5 a n d  s e v e r a l  v a l u e s  of r .  T h e s e  v a l u e s  
of r p r o b a b l y  c o v e r  t h e  e x p e r i m e n t a l l y  l i k e l y  pos -  
s ib i l i t i es  fo r  s u c h  e l e c t r o l y t e s  as KI .  W e  h a v e  u s e d  
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Fig. 3. Normal ized discrete potential  V/N = V/a N vs. normalized 1(5 2 
distance from ESP, ~ = Z /R1 ,  for R~ = 5 and r _= ,~/fl equal 0 0.4 0.8 1.2 
to 1~, I ,  and 2. The parameter is ~ ~ (e2 - -  e l ) / (e2  Jr- el) .  

t h e  p a r a m e t e r  ~ h e r e  i n s t e a d  of  Z i t s e l f  b e c a u s e  w e  
h a v e  f o u n d  e l s e w h e r e  (4, 18) t h a t  f o r  s i n g l e  i m a g -  
i n g  (~, = 0) V/a N = V/ao N is a f u n c t i o n  p r i m a r i l y  of 
a n d  d e p e n d s  o n l y  s l i g h t l y  o n  Rz s e p a r a t e l y .  T h e  p r e s -  
e n t  c u r v e s  m a y  t h u s  b e  c o m p a r e d  d i r e c t l y  w i t h  o t h e r s  
p l o t t e d  vs .  ~. U n f o r t u n a t e l y ,  w h e n  ~ r 0, s u c h  v i r t u a l  
i n d e p e n d e n c e  of RI is less  m a r k e d ,  as  w e  s h a l l  d e m o n -  
s t r a t e  e l s e w h e r e .  

F o r  g r e a t e s t  c l a r i t y  a n d  d i s t i n c t i o n  b e t w e e n  curves ,  
w e  h a v e  t a k e n  q = - - q ;  in  Fig.  3 a n d  4. T h i s  cho ice  
h a s  t h e  ef fec t  of m a k i n g  ~ s  _~ V/a N a n d  Z)N = Z)aN. 
A l t h o u g h  q s e l d o m  e q u a l s  - - q l  i n  e l e c t r o l y t e  s i t u a -  
t i ons  of t h e  k i n d  d i s cus sed  in  t h e  p r e s e n t  sec t ion ,  
V/N a n d  f)N f o r  q r - - q ;  m a y  be  r e a d i l y  d e r i v e d  f r o m  
t h e  c u r v e s  g i v e n  t h r o u g h  t h e  use  of Eq.  [9] a n d  [10],  
[11],  a n d  [12],  a n d  t h e  k n o w n  r e l a t i o n s  b e t w e e n  ~N 
a n d  Z) N. W e  h a v e  e l ec t ed  to p lo t  Z) N in  Fig.  4 r a t h e r  

(c) 
Fig. 4. Normal ized discrete displacement ~ N  = ~ a  N vs. ~ for 

R; = $, F = l/z, 1, 2, and a variety of , values. 

t h a n  ~N to a v o i d  t he  d i s c o n t i n u i t i e s  w h i c h  w o u l d  
o t h e r w i s e  a p p e a r  a t  t h e  OHP.  I t  is i n t e r e s t i n g  to n o t e  
t h a t  d i s c o n t i n u i t i e s  s t i l l  a p p e a r  i n  t h e  f i rs t  d e r i v a t i v e  
of �9 e x c e p t  w h e n  • ---- 0. B e c a u s e  of t h e  i n f in i t e  d i s -  
c o n t i n u i t i e s  w h i c h  occu r  in  some  q u a n t i t i e s  a t  ~ ---- 1 
a n d  --1,  ou r  p r e s e n t  r e s u l t s  do n o t  s e r v e  to y i e l d  
~a N fo r  Zo ~-- 1 w h e n  ~ ---- - -1 ,  b u t  t h e y  do s h o w  t h a t  
~a N ~ 0 fo r  Zo ~ 1 w h e n  ~ ---- 1. T h e  m i s s i n g  ~a  N p o r -  
t i o n  fo r  ~ = --1 c a n  b e  r e a d i l y  c a l c u l a t e d  d i r e c t l y  
f r o m  Eq. [8], h o w e v e r ,  b y  f i rs t  m u l t i p l y i n g  i t  b y  
(1 - -  ~ ) / ( 1  + ~) a n d  t h e n  l e t t i n g  ~ = ~ 1 .  

A l t h o u g h  t h e  p r e s e n t  m e t h o d  of c a l c u l a t i n g  V/N a n d  
~ N  f o r  a n y  p e r t i n e n t  v a l u e s  of ~, Z, a n d  Rz is suffi-  
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ciently simple that  no computer  need be used to 
achieve 1% or bet ter  accuracy, we have requi red  
for this paper so many values of these and other  
re la ted quantit ies that  we have, in fact, used a com- 
puter  for their  calculation. We have made a careful  
comparison between the results of the approximate  
formulas for ~ao N and ~ao N given in the Appendix  and 
very  accurate values of these quanti t ies calculated as 
in II. This comparison shows, for example,  that  R1 ---- 
5 the use of the (3/3) approximant  for P(D given as 
(a) in Table I of the Appendix  yields values of ~a ~ 
for any reasonable Z, r, and ~ choices which general ly  
differ f rom the accurate ones by only a small  amount  
in the fifth significant figure. The results for ~a N a r e  
thus at least as accurate as those for P(O itself and 
are usual ly more accurate. This approximant ,  or an 
even simpler  one given in ref. (18), can be used in 
calculat ing results such as those shown in Fig. 3 and 
4. An  approximant  such as the (2/3) one given for 
F ( D  in the Appendix  is also requi red  in calculat ing 
~)a N by the modified cut-off method. When an ap- 
p rox imant  for p (O  der ived for R1 = 5 is used to cal- 
culate values for ~ao N o r  ~ao  N when R1 ~ 5, almost as 
high accuracy as wi th  Rz = 5 can be expected when 
Rz > 5 since, as stated, ~ao N depends very  l i t t le on 
Rz alone but pr imar i ly  on ~. In particular,  R1 = 5 
values are ve ry  close to R1 ---- oo values of ~a N for a 
given ~ (18). When R~ is < 5, there  is somewhat  more  
dependence on R~, a l though the difference is still  smal l  
even for R~ ---- 2, the smallest  va lue  of R1 that  usual ly 
need be considered (18). For example,  using the R~ 
= 5 (3/3) P(D approximant  to calculate values of 
~N  for Rz ---- 4 leads to deviations be tween accurate 
and approximate  values of ~a ~ which usually occur 
in the four th  significant figure and ra re ly  in the third. 
As discussed and listed in ref. (18), even simpler  
approximants  than those given here  in the Appendix  
may ordinar i ly  be used to obtain adequate  accuracy 
in calculated fields and potentials. 

In order  to achieve high accuracy in the present 
computer  results, we summed such series as those of 
Eq. [5] to [8] to fa i r ly  high order  and /o r  used the 
epsilon algori thm (21) to ext rapola te  to accurate  
final values when  necessary. The series are all ve ry  
rapidly convergent  when ~ < <  1. They are general ly  
most s lowly convergent  when  ~, = 1 so we examined 
this limit. When o~ ---- 1, the series of Eq. [5] is only 
condit ionally convergent.  Even so, it genera l ly  con- 
verges quite rapidly. Thus for R~ ---- 5, r ---- 1, and Z 
= 1 we find that  ~a~ is wi thin  1.7% of its final va lue  
when  only three  (accurate)  terms of the series are 
used. With five terms the percentage is 0.71, and if 
the epsilon algori thm is used on these five terms, the 
percentage drops to 0.28. 

Since [5] is only condit ional ly convergent  when  
---- 1, r ea r rangement  of its terms should change its 

value. We have  found that  this c ircumstance can be 
put to good use in calculat ing h ~  - ~ b a N ( 1 )  

~a N (Zo) in the infinite imaging case where  ~ = 1 and 
convergence is slowest. Ordinar i ly  this quant i ty  would  
have to be calculated by two separate evaluations 
of ~a s using [5]. Af te r  a slight r ea r rangement  of the 
terms of [5], we find the surprising result, however ,  
that  

A~a N = ~ao~ (1; Rt) -- ~aoN(p -- I; R1) 

DO 

q- ~-~ {~aoN(~o q- 1; Rz) -- ~aoX[(n -F 1),o-- 1; R1]} [20] 
n = l  

(~ = 1 only) 

a series whose convergence is stil l  genera l ly  good. 
The above is a lucky result ;  even it  is unnecessary,  
however ,  if  we note that  when ~, = 1, ~o~(Zo) - 1. 
Thus, when  ,o = 1, h~a N can stil l  be calculated using 
[5] only once to first obtain +aN(l). 

In II, we noted the ex t raord inary  constancy of ~ (d) 
for /~ = 3A, ~ ---- 0, and r = 2/3 over  a wide range of 

q. There, Grahame's  (22) values for qz as a function 
of q, determined f rom measurements  on a 1N KI 
electrolyte at 25~ were  used in calculating g. The 
above result  suggested to us that  it would  be wor th -  
while  to examine  the field at the IHP, ~ (~), for several  
r and ~ values. Results are shown in Fig. 5. We have  
chosen to look at the field at Z = 1 since its value  at 
the site of a removed  ion is per t inent  to ionic polar-  
ization, dielectric saturation, and ionic compressibi l i ty 

- - ~ '  I I I '  I '  I '  1 I I '  I I I -  

"~-- ""-.'"- r = 112 
Zv.-, -1 

_ - - -  _ 

_~I I I I I I ~ I i I I I J I J I I 1% 
16 12 8 4 0 -4 -8 -12 -16 

q (FC/Cm ~) 
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~  I i I i 1 I I I I i I I I m I l I : : : : : . . .  
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_21 t t I f I f I r I f I r I I I f 1%,  
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Fig. 5. Full electric field at the IHP, 8(~) ,  vs .  average electrode 
charge density, q, using Grahame's KI ql(q) data for 1N and 
0.025N concentrations; r = V2, 1, 2; ~ = 2~; and several values 
of Cal. 
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effects  (1) .  W e  s h o w  r e s u l t s  i n  Fig. 5 u s i n g  G r a h a m e ' s  
ql(q) d a t a  fo r  b o t h  1N a n d  0.025N c o n c e n t r a t i o n s  fo r  
t h e  cho ice  8 = 2A, w h i c h  w e  n o w  b e l i e v e  is a m o r e  
l i k e l y  v a l u e  t h a n  t h e  3A u s e d  i n  II. T h e  r e s u l t s  i n  
Fig.  5 w e r e  c a l c u l a t e d  u s i n g  t h e  ( b )  a n d  (c)  a p p r o x -  
i m a n t s  of T a b l e  I in  t h e  A p p e n d i x .  T h e  ( b )  a p p r o x -  
i m a n t  fo r  P ( D  is p a r t i c u l a r l y  a p p r o p r i a t e  h e r e  s ince  
Z is f ixed a t  one  fo r  t h e s e  c a l c u l a t i o n s  a n d  R1 va r i e s .  
T h e  r e s u l t i n g  a p p r o x i m a n t  is t h e r e f o r e  s o m e w h a t  su -  
p e r i o r  to t h a t  in  (a )  w h e r e  R1 is f ixed a t  5 a n d  Z 
v a r i e s  to p r o d u c e  c h a n g e s  in  4. S i n c e  F ( O  is a s m a l l  
c o r r e c t i o n  t e r m ,  i t s  R1 = 5 a p p r o x i m a n t  is q u i t e  a d e -  
q u a t e  i n  t h e  p r e s e n t  case.  

I t  w i l l  b e  s e e n  f r o m  Fig.  5 t h a t  ~ (8)  r e m a i n s  q u i t e  
c o n s t a n t  w h e n  ~ = 0 a n d  r e m a i n s  so a lso  e v e n  w h e n  
~, ~ 1 fo r  r - -  2. F o r  r = 1, 8 ( ~ )  fo r  t h e  0.025N c o n -  
c e n t r a t i o n  goes  t h r o u g h  z e r o  i n  t h e  e x p e r i m e n t a l  
r a n g e  of q w h e n  ~ is a b o u t  0.4 or  g r e a t e r .  F i n a l l y ,  
w h e n  r = �89 a l l  of  t h e  c u r v e s  s h o w n  c h a n g e  s ign  
in  t h e  e x p e r i m e n t a l  r a n g e  e x c e p t  t h o s e  fo r  ~ = 0. 
I f  w e  a s s u m e  t h a t  t h e  r a p p r o p r i a t e  to t h e  a c t u a l  e x -  
p e r i m e n t a l  s i t u a t i o n  is 1 or  less  a n d  t h a t  0.7 < ~ ~ 1, 
t h e n  i t  is e v i d e n t  t h a t  ~ (8)  wi l l  v a r y  suf f ic ien t ly  o v e r  
t h e  q r a n g e ,  fo r  e i t h e r  1N or  0.025N c o n c e n t r a t i o n s ,  
t h a t  i t  w i l l  n o t  b e  a good  a s s u m p t i o n  to t a k e  el c o m -  
p l e t e l y  s a t u r a t e d  a n d  e q u a l  to  6 o v e r  t h e  e n t i r e  q 
r a n g e .  F o r  r = 1, ~ = 0.9, a n d  t h i s  c o n s t a n t  v a l u e  of 
~1, t h e  a p p r o p r i a t e  c u r v e  s h o w s  t h a t  ~ ( 8 )  v a r i e s  f r o m  
a b o u t  3.5 x 107 v / c m  to 4 x 106 v / c m  as q goes f r o m  
--18 to + 1 8  ~C/cm~.  W i t h  e, b e c o m i n g  less  s a t u r a t e d  
a n d  ~ u s  l a r g e r  as ~ ( 8 )  d e c r e a s e s  (20) ,  ~ ( ~ )  a t  q = 
18 ~ C / c m  2 m i g h t  b e  as s m a l l  as 2 x 106 v / c m .  W e  
r e m a r k  aga in ,  h o w e v e r ,  t h a t  t h e  i n t r o d u c t i o n  of a n  ,~ 
a t  a l l  i n  t h e  p r e s e n t  s i t u a t i o n  is a c o n s i d e r a b l e  a p p r o x -  
i m a t i o n ,  m a k i n g  a n y  conc l u s i ons  a b o u t  i t s  v a r i a t i o n  
u n c e r t a i n .  

F i g u r e  6 s h o w s  t h e  n o n l i n e a r i t y  p a r a m e t e r  4o fo r  
t h e  u s u a l  v a l u e s  of r a n d  m a n y  p o s i t i v e  v a l u e s  of ~. 
T h e s e  r e s u l t s  f o r m  a b r i d g e  b e t w e e n  t h e  ~ = 1 r e -  
su l t s  of I a n d  t h e  ~ = 0 r e s u l t s  of II.  H e r e  a n d  e l s e -  
w h e r e  i n  t h i s  p a p e r  a l l  w = 1 a n d  ~ = 0 r e s u l t s  a g r e e  
e x c e l l e n t l y  w i t h  t h o s e  p r e v i o u s l y  g i v e n  in  I a n d  II. 
W e  c a n  n o w  f o l l o w  i n  d e t a i l  t h e  c o n t i n u o u s  c h a n g e  
f r o m  one  l i m i t i n g  case  to t h e  o the r ,  h o w e v e r .  I t  s h o u l d  
b e  n o t e d  t h a t  in  t h e  p r e s e n t  p a p e r  t h e  w v a l u e s  0 a n d  1 
r e p r e s e n t  o n l y  l i m i t i n g  s i t u a t i o n s  a n d  a r e  no t  e x a m -  
i n e d  i n  de t a i l ;  m o r e  r e s u l t s  fo r  t h e s e  specif ic  v a l u e s  
t h u s  a p p e a r  in  I a n d  II  t h a n  a r e  g i v e n  he re .  

I t  w i l l  b e  n o t e d  f r o m  Fig.  6 t h a t ,  e x c e p t  fo r  
v a l u e s  e q u a l  to or  v e r y  n e a r  u n i t y ,  ~o is b y  no  m e a n s  
n e g l i g i b l e  o v e r  m o s t  of t h e  r a n g e  of Rz shown .  A t  
t h e  top  of  Fig.  6a is s h o w n  a q~ scaI'e f o l l o w i n g  f r o m  
t h e  R~ sca le  w h e n  8 = 2A, p r o b a b l y  a r e a s o n a b l e  
v a l u e  fo r  t h e  K I  sys t em.  T h e  R,  = 2 va lue ,  w h i c h  is 
t h e  s m a l l e s t  pos s ib l e  R~ for  c l o s e - p a c k e d  s p h e r i c a l  
ad ions ,  c o r r e s p o n d s  to a q~ of 115.6 ~ C / c m  ~ fo r  t h i s  
cho ice  of 8. O n  t he  o t h e r  h a n d ,  t h e  l a r g e s t  v a l u e  d e -  
r i v e d  f r o m  G r a h a m e ' s  (22) e x p e r i m e n t s  is a b o u t  43 
~ C / c m  2 ( c o r r e s p o n d i n g  to R~ ~ 3.3 fo r  8 = 2 A ) ,  i n -  
d i c a t i n g  a m a x i m u m  a d i o n  s u r f a c e  c o v e r a g e  of a b o u t  
37% fo r  t h e s e  e x p e r i m e n t s .  

T h e  d a s h e d  a n d  d o t t e d  l i ne s  of Fig.  6b a r e  c a l c u -  
l a t e d  fo r  t h e  u s u a l  cu t - o f f  m o d e l  of  t h e  i n n e r  r e g i o n  
(8c, 18),  n o t  f o r  a h e x a g o n a l  a r r a y .  T h e y  u s e  v a l u e s  
of ~ao s o b t a i n e d  f r o m  Eq. [ A - l ]  w i t h  c o n s t a n t  p v a l -  
ues,  a n d  [ A - l ]  is a p p l i e d  fo r  a l l  Z a n d  R~ c o m b i n a -  
t i ons  s ince  [ A - 4 ]  is o n l y  a p p l i c a b l e  to t he  h e x a g o n a l  
a r r a y .  T h e  d o t t e d - c u r v e  v a l u e  p = (~/3--/2~)~/2 
0.5250376 is G r a h a m e ' s  o r i g i n a l  f igure.  I t  is  t h e  v a l u e  
a p p r o p r i a t e  fo r  a s m e a r e d  a r r a y  of c h a r g e s  a n d  is 
t h u s  also t h e  v a l u e  f o r  t h e  f ixed h e x a g o n a l  a r r a y  
w h e n  ~ --> r I t  is t h e  s m a l l e s t  v a l u e  of p pos s ib l e  
fo r  s u c h  a n  a r r a y .  T h e  d a s h e d - c u r v e  v a l u e  p = 4~ /  
~ / 3  ~ 0.65752059, w h e r e  ~ ~ 11.034175, is t h e  v a l u e  
a p p r o p r i a t e  fo r  a n  a r r a y  of idea l  d ipo les  w h e n  ~ -> 
0 [see ref .  ( 1 8 ) ] .  T h i s  p is t h u s  t h e  l a r g e s t  v a l u e  
poss ib le  w i t h  a h e x a g o n a l  a r r a y .  I t  is i n t e r e s t i n g  t h a t  
o v e r  m u c h  of t h e  R1 scale  of i ~ t e r e s t ,  t h e  a c c u r a t e  
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Fig. 6. The nonlinearity parameter 4o vs. Rz for r ~ 1/~, 1, 2 
and positive values of m. Dotted lines were calculated using 
Grahame's cut-off  model involving the constant value of p, p| ~ -  
0.52.50376. Dashed lines were calculated similarly with p again 
constant and equal to po ~ 0.65752059. The nonlinear ql  scale at  
the top of (a) is applicable for the choice fl  -~-- 2,~, only. 

h e x a g o n a l - a r r a y  r e s u l t s  l ie  b e t w e e n  t h o s e  o b t a i n e d  
w i t h  t h e  a b o v e  t w o  l i m i t i n g  v a l u e s  of p. O n  t h e  o t h e r  
h a n d ,  in  t h e  r e g i o n  of a p p r e c i a b l e  I H P  c h a r g e  dens i t y ,  
s ay  2 ~ R1 < 6, w h e r e  t h e  f ixed  h e x a g o n a l  a r r a y  

m o d e l  is m o s t  a p p r o p r i a t e  a t  r o o m  t e m p e r a t u r e ,  w e  
n o t e  r e g i o n s  of v e r y  a p p r e c i a b l e  d e v i a t i o n  o f  t h e  
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F i g .  7 .  Q u a n t i t y  A ---- 4 2 / V 2  vs.  G r o h o m e ' s  d e r i v e d  q 2 ( q )  f o r  
= 2 . ~ ,  :F = ] /2 ,  ] ,  2 ,  a n d  s e v e r a l  p o s i t i v e  v a l u e s  o f  (o. D a s h e d  

l i n e s  d e n o t e  n e g a t i v e  v a l u e s .  

f ixed-p results f rom the hexagonal  a r ray  results. In 
such a region, the hexagonal  model  is definitely p re -  
ferable  to a constant-p cut-off model. The exact  
charge density where  the la t te r  might  be more p re -  
ferable is difficult to de termine  [see (7, 17)], however .  

F igure  7 shows the ratio of the micropotent ia l  to 
the macropotential ,  A -- 42/Vz, vs. q2 for r = �89 1, 
and 2, and several  values of ~. Here  again Grahame's  
(22) q2(q) values for 1N KI were  employed in calcu-  

lating A from Eq. [17]. For  a given q, the correspond- 
ing qz was used to calculate Rz, using # = 2A, then 
A4a N was calculated and was finally used in Eq. [17]. 
This calculat ion of A4a N, and also most  of those for 
Ao in Fig. 6, used the Rz = 5 (3/3) approximant  for 
P(D discussed in the Appendix  together  wi th  Eq. 
[A- l ]  and [A-4]. We do not show A curves for the 
0.025N concentration, but calculations for this case 
showed them to be quite  similar to the 1N curves. 
We have elected to show A curves here  instead of the 
corresponding ~ curves given in I and II because 
turns out to be ve ry  appreciable for most of the 
curves (nonl inear  distance dependence of 4 N) and the 
ratio A is i tself then of most direct interest.  

Equat ion [17] shows that  when 5 = 0, A = L This 
is, of course, the case at the r ight  of the A curves in 
Fig. 7 where  qz ~ 0. Dashed lines are used in Fig. 
7a to indicate negat ive values of A. These arise be-  
cause Vt may change sign, leading to a pole in A 
near  qz = --35 ~,C/cm ~. Al though both 41 and V2 are 
continuous, their  ratio need not  be. The peculiar  be-  
havior  of the ~ = 1 curve in Fig. 7a is evident ly  pro-  
duced by a zero in 4z near  but  not at that  of Vz. 

The quant i ty  of most interest  for adsorption iso- 
therms is 42 itself. It  can, of course, be readi ly  ob- 
tained f rom the A values given here by mul t ip ly ing  
by calculated values  of V1. In this paper, we  shall not 
be direct ly  concerned with adsorption isotherms and 
wi th  the 41 which enters them, reserv ing  such dis- 
cussion for another  place (17). It is wor thwhi le  to 
point out, however ,  that  when  A is neglected (often 
a good approximat ion for infinite imaging)  and 41 
is then  taken as kV1, Grahame (22) and Grahame and 
Parsons (23) have found that  the 42 der ived by using 
exper imenta l  results in a simple adsorption isotherm 
leads to a var iab le  L Al though this specific approach 
can probably be improved,  it does lead to ~ var ia t ion 
wi th  q or q2 of much the same form as that  of A in 
Fig. 7b and c. In particular,  ~. is found to increase 
continuously for KI  as q increases f rom --18 ~C/cm 2 
to 18 ~C/cm 2. Reasonable values of r and ~ can even 
be selected that  lead to A var ia t ion quant i ta t ive ly  
very  similar  to that  found for k, but we do not wish 
to stress this agreement  even  though the Grahame-  
Parsons k(=42/V2)  determined as above is formal ly  
ful ly  equivalent  to our A and they both equal  the 
constant ~ (a ratio of distances) of the present  paper 
when  q2 = 0. 

Dielectric ESP  
While  in the foregoing work  metal l ic  imaging is 

assumed to occur at a conducting electrode and di-  
electric imaging at the OHP, our mathemat ica l  model  
also pertains approximate ly  to an ent i re ly  different 
system: At  an e lect rolyte-die lect r ic  interface, we 
may  also have a surface phase in which ions are 
hexagonal ly  ar rayed on an "IHP."  Separat ing this 
phase f rom the bulk electrolyte  would be an "OHP;"  
separat ing it f rom the bulk dielectric would  be an 
"ESP." While  ex terna l  charged electrodes might  be 
present  near  the surface layer, producing a uni-  
form field 4e, these electrodes need only be a micro-  
scopically large distance removed  from the layer  (a 
probable s i tuat ion here)  for their  effect upon 4a to 
be negligible. 

Our model  in the present  situation is that  the OHP 
approximates  to a metal l ic  imaging plane and the 
ESP forms a dielectric imaging plane. Clearly, the 
OHP wil l  approximate  bet ter  and bet ter  to a con- 
duct ive imaging plane the higher  the concentrat ion 
of ions in the diffuse layer. To mainta in  our pre-  
vious equations wi th  min imum change requires  that  
we now define # as the I H P - O H P  separation, 7 as 
the I H P - E S P  separation, q as the total surface 
charge density on the OHP, that  we measure  z f rom 
the OHP (thus z = # + 7 at the ESP) ,  and that we 
define e] and e2 to be the effective dielectric constants 
of the surface phase and bulk dielectric, respect ively 
(see Fig. 8). 
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Fig. 8. Cross-sectional diagram showing appropriate situation 
and distances when the OHP is taken as a conducting plane. 

There  still r emain  certain differences between our 
system and the original  compact  layer  for which  our 
equations were  derived. Most impor tant  of these is 
that  the adion density on the IHP wil l  now depend 
on the potential  difference be tween the IHP and the 
conductive plane;  thus, 4, -- 4(fi) - -  4(0) = 4(fi),  
where  "/Y' here  is probably numer ica l ly  equal  to the 
"~" of our original  system. The reason for the pres-  
ent  invo lvement  of the conductive plane potential,  
which is of course zero, is that  in this system the ions 
are presumed to originate (again neglect ing V2) 
f rom the conductive (outer  Helmholtz)  plane whereas  
earl ier  they or iginated f rom the dielectric imaging 
plane, and there  the finite potential  at the dielectric 
discontinuity had to be incorporated in the micropo-  
tential. Finally,  apart  f rom the numer ica l  differences 
expected between new and old /~'s, 7's, q's, and so 
forth, we  may now obtain wi th  greater  l ikel ihood 
negat ive  values  for the paramete r  ~. Lev ine  et  al. 
(7b, 11) have  discussed, to some extent,  a situation 
where  ~2 is taken as 15, per ta in ing to s i lver  chloride, 
and el taken as 10 or 15. In these cases, ~ = 0.2 and 0, 
respectively.  On the other  hand, the impor tant  a i r -  
e lectrolyte  interface is a more  common situation. For  
e, = 10 and 5, ~ is about--0 .82 and --0.67, respect ively,  
for such a boundary.  

We have already plotted in Fig. 3 and 4 normalized 
discrete potentials  and displacements for q = - - q ,  
and negat ive values of w. To make use of these curves 
in the present  situation, however ,  we  must  in terpre t  
the plane marked  OHP in those figures as being the 
ESP, and the plane ~ = 0, in the ear l ie r  case the ESP, 
as the OHP. The IHP is the same in both situations. 
The different in terpreta t ions  now given to /~ and -/ 
resul t  in probable changes in the  numer ica l  values  
appropr ia te  to these quantit ies;  correspondingly,  the 
numerical  va lue  of 4| is l ikely to be different. Note 
that  if  the numer ica l  values of 7 and p are s imply 
interchanged in going f rom a conduct ive ESP to a 
dielectric ESP situation, then r in the dielectric 
si tuation has a magni tude  which is just  the reciprocal  
of that  in the usual situation. Al though we have only 
shown curves of potential  and field applying when  
q --  ---ql, the  extension to the more general  case is 
s t raightforward.  The expression for 4~ in the present  
si tuation is identical  to that  given for the case of a 
conducting electrode. 

Finally,  we wish to define and calculate a quan-  
t i ty  A analogous to that  defined for our original  sys- 
tem. In the present  situation, we shall  again define 

i ~ 411Vl = d/(fi)/Vl = 4N(1)/VN(Zo) 

[1 + (q/q,)] - - ~ N ( 1 )  
= [21]  

r + (1 + F) (q/q,) 

This equat ion shows that  when  q, ~ - -q  A --> (1 + 
r ) - *  = Zo -1 = r - l k  as R, -> Do for fixed q. Special -  
izing now to the case most interest ing and per t inent  
for the present  situation, q = - -q , ,  we find A = 4aN(l), 

just  the discrete-charge contr ibut ion to the normal ized 
potential  at the IHP. The choice q = - - q ,  means 
that  the charge on the IHP is ent i re ly  balanced by 
that  in the diffuse layer,  here  taken to be on the (con- 
ducting) OHP. One would  only expect  q ~ --qz in 
the present  situation when the inner  layer  was ex-  
posed to an ex terna l ly  applied field. 

We have plot ted curves for A vs. R1 in Fig. 9. For  
completeness and because some authors have  taken 
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Fig. 9. Quantity A = 4 1 / V 1  appropriate when the OHP is taken 

conducting vs .  R1 for F = ~ ,  1, 2 for a full range of m values. 
Here q = - - q l  and A = 4a( f l ) /4 |  pertinent to the conducting 
ESP case as well. 
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the OHP to be a metal l ic  imaging plane in situations 
where  the mater ia l  beyond the ESP may  lead to a 
positive value  for ~, we show curves for posit ive 
values as wel l  as negat ive ones. It  wil l  be noted that  
as R1 increases all  the ~ = 1 curves approach the 
l imit ing value  (1 + r ) - 1  : /~/(/~ q_ -x). In this s i tua-  
tion, ~1 ---- ~a(/~) is just  the proper  l inear proportion, 
~/(/~ -k 7), of V~ ----- ~| and A, here  defined through 
A _= r - l ~ ( 1  + ~), would  be zero as it should be. 
Again, we have presented curves of A ra ther  than 
since we bel ieve A to be more significant in the 
present  case. 

The curves of Fig. 9 are par t icular ly  valuable  since 
when q = - -q l ,  A = ~a(/~)/~| and the curves show 
immedia te ly  how large the discre te-charge potent ial  
at the IHP is compared to the total  potential  (at 
large distances) set up by the array, r174 These re -  
suits for ~a N(1)  are, of course, jus t  as appropriate  for 
the situation of a conducting ESP discussed in the last 
section since they immedia te ly  give the re la t ive  ~a 
at the IHP in this case as well. Note fur ther  that  
since the average  potential  at the IHP, V(~),  is also 
~ for q =--ql, the curves show in addition how ~a(~) 
differs f rom the average  potential  at the IHP. 

In the present  paper, we  have  made calculations 
based on a model  in which there  is one conductive 
imaging plane and one dielectric imaging plane (and 
have also included results appropr ia te  for two con- 
ducting planes).  These calculations were  re fe r red  to 
two physical  situations. In the first situation treated, 
the e lect rolyte  was assumed to behave l ike a simple 
dielectric, mobile ions in the diffuse layer were  not 
expl ici t ly  taken into account, and the OHP therefore  
was considered a dielectric imaging plane. In the 
second situation, the OHP was considered effectively 
to be a conduct ive imaging plane, and the dielectric 
imaging occurred elsewhere, at the surface of a t rue  
dielectric. How val id  is our model  for these two si tua- 
tions? 

The theoret ical  difficulties associated with  the first 
system have  already been discussed somewhat  and 
preclude a precise answer  to this question for this 
case. However ,  we may make some reasonable guesses 
as follows. Inasmuch as the ions in the diffuse layer  
w i n  cause the OHP to become to some extent  a con- 
duct ive imaging plane, we anticipate that the present  
model  wil l  not accurately por t ray the first system 
except  possibly at ionic concentrat ions so low that 
the effective Debye lengths are larger  than other  
characterist ic dimensions of the system (e.g., ~ and 
r~), concentrat ions which are often lower  than those 
of most  interest.  Note that  the Debye length for 0.025N 
at 25~ is about 20A. If /~ ---- 2A, this corresponds to 
R1 ----- 10, and complete  neglect  of any diffuse layer 
conductive imaging would probably then only be 
justified for R1 values appreciably smaller  than 10 
for this bulk  concentration. Al though one m i g h t  be 
tempted  to apply the present  model  by using an ef-  
fect ive ~, larger  than that  calculated on the basis of 
dielectric constants alone, which hopeful ly  would  ap-  
p rox imate ly  take into account the mobile ions, we 
do not here  advocate  this procedure  as an ent i re ly  
satisfactory solution to the problem for two reasons: 
Our own est imates of the impor tance  of conduct ive 
imaging at the OHP for ionic concentrat ions such as 
1N would imply effective ~ values exceedingly close 
to unity, for which the Ershler  model  is appropriate.  
Fur thermore ,  any actual small  difference between the 
predict ions of the Ershler  model  and those of the 
present  model  wi th  ~, ~ 1 would  probably be no 
larger  than the errors introduced into the present  
t rea tment  by the a t tempt  to subsume the action of 
the diffuse-layer  ions into an effective ~. Neve r the -  
less, the present  approach adequate ly  i l lustrates for 
the first t ime the effects of the ever -presen t  under ly -  
ing dielectric imaging. 

Concerning the second system considered, where  the 
OHP is taken to be a conduct ive imaging plane, our 

evaluat ion of the model  val idi ty  is accordingly con- 
siderably higher. The foregoing arguments  which fa-  
vor taking the OHP as just  such an imaging plane a r e  

as encouraging in this situation as they were  dis- 
couraging in the former  one. We therefore  feel that  
the present  t rea tment  pertains to a dielectric ESP 
(for the usual appreciable ionic concentrat ions) fair ly 
well. If an accurate fu ture  theory should demon-  
strate that  our present  opinions are overest imates  of 
conductive imaging at the OHP, then we would have 
to in terchange our evaluations of the applicabil i ty of 
the present  model  to the two situations. 
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A P P E N D I X  
In another  paper (18), we have discussed in some 

detail  how Grahame's  (8c) cut-off approximat ion for 
single imaging discre teness-of-charge potential  cal-  
culations can be modified in a simple way  to yield 
highly accurate results for hexagonal  planar  arrays 
of ideal or non- ideal  dipoles. Here, we thus shall only 
quote  results used in the present  work. 

For  ~bao N and 8ao N we may wri te  

~bao N ----- 1/2 { [ ( p R 1 )  2 -[- ( Z  -[- 1 )2 ]  1/2 

- -  [(pR1) 2 + ( Z - -  1)2] 1/2} [ A - l ]  

Z + 1 - -  [(pR1)2/Z]F 
~a~ ---- 1/2 [ (pR1) 2 q- (Z q- 1)2] 1/2 

Z - - l - -  [ (pR1)2/Z]F "l 
[(PR1)2-b ( Z - - l ) 2 ]  1/2 f [A-2] 

In these equations, p and F (which are  constant 
and zero, respect ively  in Grahame's  work)  are p r i -  
mar i ly  functions of } -- Z/R1 but  depend slightly on 
R1 as wel l  (18). Here  F =_ --dlnp/dln}.  Using Cheby-  
chev rat ional  funct ion approximat ion methods, we  ob- 
tained in ref. (18) ve ry  accurate, yet  simple, approx-  
imations of the p and F functions which make  [A- l ]  
and [A-2] exact  for hexagonal  arrays. This method 
of approach was used because it was found that  p 
changed only over  a l imited range for any fixed R1 
when } var ied f rom 0 to oo and F was small  over most 
of the range, reaching a m ax im um  of about 0.14 near  
}-----1. 

The rat ional  function approximat ions  for p and F 
are all of the type 

f ( , )  : ~ a i ,  i / ~ b~' [A-3] 
i=0 / i=0 

and may be te rmed (n /m)  approximants.  Note that  
bm - 1. In Table I we give the coefficients of (3/3) 
and (0/2) approximants  for p(~) and of a (2/3) ap-  
proximant  for F(~). Coefficients of other  simpler ap-  
proximants  are given in ref. (18). Here,  we  have  
used more complicated approximants  than would  nor-  
mal ly  be necessary in order to ensure accuracy of at 
least several  decimal places in all the results  calcu- 
lated. In Table I, (a) values are  for a fit which rain-  

Table I. Rational function coefficients for (a) p(~) (RI = 5 fit),  
(b) p(~) (Z = 1 fit) and (c) F(/~) (R1 = 5 fit) 

(a) #.~ = 1.355 • 10-~ (b) ,~  = 1.261 • 10-8 
(c )  #~  = 3 . 9 6 5  • 10 -~ 

t a~ b~ 

O (a) -- 41.607035 -- 63.857680 
(b) 6.2168220 9.4332222 
(c) O -- 3.3093430 

1 (a) 27.059236 41.149777 
(b) - -  0.72151658 
(c) -- 0.21067153 6.4039198 

2 (a) --33.039613 --69.285095 
(b) -- 1.0 
(c) 0.058259894 - 5.2036756 

3 (a) 0.75227306 1.0 
(b) -- - -  

(e) - -  1.0 



988 JOURNAL OF THE ELECTROCHEMICAL SOCIETY October  1966 

imized the absolute value of the relat ive deviations, 
6R, while (b) and (c) values were for fits which min -  
imized the absolute values of the absolute deviations, 
6A, between accurate values and approximate pre-  
dictions. Values of the per t inent  8R and 5A'S are 
shown in the table and i l lustrate the high accuracy 
of the approximants.  

We have used the above expressions for ~ao N and 
~ao  N for a hexagonal  ar ray  for Z < 1 + 3R1. When 
Z --~ 1 + 3R1, however, the results of II reduce to 

fao N --~ 1 - -  (~/3/4n) JR12/(Z 2 -  1) ] [A-4] 
and 

~ao N --~ (~/3/2;~) [ZR12/(Z 2 --  1) 2] [A-5] 

accurate to about eight figures when Z ---- 1 -{- 3R1 and 
becoming even more accurate as Z/R1 increases fur -  
ther. Therefore, these simple expressions were em-  
ployed in place of [A- l ]  or [A-2] when  Z --~ 1 + 3R1. 

GLOSSARY 
Basic Parameters of System 

e Charge of proton 
ql Average surface charge density on IHP 
q Total surface charge density on conductive 

plane 
zv Effective valence of surface-layer  ions 
~ Effective dielectric constant of surface region 
~2 Effective dielectric constant  of dielectric region 

Distance from IHP to conductive plane 
-~ Distance from IHP to dielectric imaging plane 
d ~ + 7 = thickness of surface region 
rl Lattice spacing of surface-layer  ions 
W (e 2 - -  e l )  / (e 2 -~- e l )  
,] 1 -}- w : 2e2/(~2 n a el) 

r ~,I~ 
p 2dl~ 
(x,y) Coordinates in a plane parallel  to IHP, gen- 

erally set to zero here 
z Coordinate of position normal  to ESP 
Z zl~ 
R1 rl/~ 
Zo 1 + r = d/3 

ZIR1 = z/r l  

Unnormalized Potentials and Fields 
~a + .% = actual  potential  at a point  (x,y,z) 

~e Port ion of potential  arising from a uni form elec- 
tric displacement 

r Port ion of potential  arising from discrete sys- 
tem of charges and images 

fao Discrete potential  in single image regime 
~acc Discrete potential  in infinite image regime 

Actual  electric field, associated with 
~a Field associated with ~a 
@ao Field associated with r 
Z)a Displacement associated with ~, 

Potential Di~erences, Average Quantities, and 
Normalizing Facfors 

r Micropotential -- ~(a t  IHP) - -  r  OHP) 
V1 Average potential  drop across surface layer  
V2 Potential  drop across diffuse layer 
V (z) Average potential  in a plane z = constant  
r174 (4~qffeO = average potential  drop arising from 

discrete ar ray  of charges and images; used as a 
normalizing factor 

~| Normalizing quant i ty  for fields - - -  ~ / ~  
~ Normalizing quant i ty  for displacements -- elg| 

Normalized Potentials and Fields 

~.oN ~.o/~,~ 
~]e N ~,J~,| 
~ N  ~1/~,~ 
VI N Vll~| 
VN(Z) V(z)I~| 
a ~  N ~a ~ (i) - -  ~.~ (Zo) 
~N ~I~| 

~ao N ~aol~| ~N ~ / ~  
D. N D.I  D| 

Other Quantities 
A ~l/V1 - a quant i ty  measur ing ratio of micro-  

potential  to ful l  surface layer  average p.d. 
A quant i ty  measur ing depar ture  from a strict 
proport ionali ty between 41 and V1. When the 
ESP is conductive, A -- k(1 + 4) ;  when  the ESP 
is dielectric, A = r - l ~ ( 1  + 4) 

4o Value of 4 for q = 0 
p,F Quanti t ies used in  our modified cut-off approx-  

imation for ~a and ~a 
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Discussion 

H. D. Hurwi tz:  It must  be stressed that  the value  of 
the micropotent ial  is not sufficient to account for the 
total coulombic interact ion among adsorbed particles. 
This is shown easily by deriving, as indicated next, 
the total  coulombic energy of interact ion for a set of 
charges of species a adsorbed at the inner Helmhol tz  
plane ( IHP) ,  assuming as usual that: 1, the in terac-  
tion a-solvent  is implici t ly  stated in the definition of 
the local dielectric constant eo and of the pair correla-  
tion function gl,2 introduced below; 2, the interact ion 
a-diffuse layer  charge is described by a simple aver -  
age electrostatic effect in which the ionic distr ibution 
in the diffuse layer is smeared out over  paral le l  planes 
to the electrode; 3, the dielectric discontinuity near  
the outer Helmhol tz  plane (OHP) leads to part ial  or 
total reflection of the charge e~ of a. 

Under  these conditions we assume that  the surface 
density of ~ is p~. Hence pal  gives the probabil i ty  to 
find a at one given position, 1, of the IHP. The proba-  
bil i ty to encounter  a neighbor to a at position 2 is 
then by definition gl,2 p2 where  gl,2 is the radial  
distr ibution function. The coulombic interact ion be-  
tween these two particles is (e2J,o)71,2 where  71,2 
represents  the reduced coulombic potential  at 2 cor- 
responding to an isolated charge located at the IHP 
at 1. The quant i ty  71,2 includes the effects of par t ia l  
or total infinite reflections into the dielectric dis- 
continuities of the model. 

The probable  pair interact ion for positions 1 and 2 is 

e2a 
71,2 gl,2 pal  pa2 [1] 

eO 

Let  us sum over all particles on the IHP considered 
to interact  with ~ at 1 and over  all central  posi- 
tions, 1, in order to get finally the total interact ion 
energy 

e2~  
Z 71,2 gl,2 pal pa2 [2] 

2Co 1 2 

(Because of symmet ry  of ~1,2 gI,2 the quadrat ic  sum 
is divided by 2.) Instead of summing over  all 1 and 2 
we may  integrate  over -a l l  distances s12 between 1 
and 2 and over -a l l  positions 1 in order  to gee finally 

e 2 a  
9 f gl,2 71,2 p 2  dSl2 [3] 

2go 

where  II is the total area of the IHP. 

The change of interact ion energy on introduction of 
one part ic le  a is obtained through differentiat ion of 
[3]. Therefore  

e2a 0 
2co S7(s12) Op~ (g(si2) p2~)ds12 [4] 

It  is clear that  [4] is the contr ibution of coulombic 
interactions among specifically adsorbed charges to 
the change of potential  energy of adsorption.~A more  
convenient  way to wr i te  [4] is to decompose this ex-  
pression in the fol lowing manner  

ea P~ ~eo f ~(sl2)dSl2 + P= ea f T(Sl2)[g(sl2)--  

e2a 0 
~- Y~ P ~ a - - f T ( s l 2 )  ' g(sze)dsle [5] 

�9 o 0 ph 

In v iew of the fact  that  the first t e rm in [5] corre-  
sponds to the effect at [1] of charges uni formly  dis- 
t r ibuted over  the IHP, it is readi ly  inferred that  by 
definition this te rm pertains to the average electro-  
static potent ial  (macroscopic potent ia l ) .  
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The second term is then a correction which results 
f rom discre teness-of-charge effects [g(s12) is different 
f rom unity] and the first and second term together  
represent  the so-called micropotential .  

At  this point we have to real ize that  whenever  we 
introduce in our system at position 1 an ion a we 
do not alter only the local density Pa, but  we  modify 
s imultaneously the radial  distr ibution of particles. 
This in turn gives rise to some interact ion energy. 
The last term of [5] reflects such an effect of radial  
redistr ibution.  The contribution of this effect to the 
free energy of adsorption has yet  been considered only 
f rom a qual i ta t ive  viewpoint  1,2 and is general ly  ne-  
glected. However ,  a careful  evaluat ion based on a 
simple model  for gl,2 has led 3 to the conclusion that  
such work  of redis t r ibut ion is not negl igible  at all and 
may even be of the order of magnitude of the dis- 
creteness-of-charge correction as given by the second 
term in expression [5]. In the crude hexagonal lattice 
approximation of Ershler, in which no allowance is 
made for thermal motion, the gl,2 functions are rep- 
resented by delta Dirac functions. 

C. A. Barlow, Jr.: Three points seem to have been 
raised here. First, "that the value of the micropotential 
is not sufficient to account for the total coulom.bic in- 
teraction among adsorbed particles;" second, "that the 
work of redistribution is not negligible at all and may 
even be of the order of magnitude of the dicreteness- 
of-charge correction;" and third, that the hexagonal 
lattice approximation is crude, the use of exact two- 
particle correlation functions being preferable. 

We disagree with the first point; however, the dis- 
agreement possibly stems merely from a different use 
of words: We assert 4 that the total coulombic energy 
U(N) of a system of N charges is given by a sum 
over all particles of the local potential times one- 
half the charge; in other words, we agree entirely 
with Dr. Hurwitz's Eq. [2] within the approximation 
of the model. Now except for a contribution, V2, from 
the diffuse layer, the "local potential" occurring above 
is just the micropotential. To equate the two involves 
the neglect of V2 in the micropotential, to be sure, 
but this is discussed in our present paper just after 
Eq. [14], and this doesn't seem to be Dr. Hurwitz's 
objection. His objection, as seen f rom the second point 
raised, is that  we are somehow neglect ing r ea r range -  
ment  energy. This is not true;  in the first place, in the 
present  paper we did not need to calculate the energy 
of adsorbing one addit ional  ion, hU - U ( N  + 1) - -  
U ( N ) .  We have  shown explici t ly 4 that, having found 
the micropotential ,  we have a means of calculat ing 
the related quant i ty  U(N)  in accordance with the 
foregoing. In the second place, our approach does lead 
to the redis tr ibut ion energy in essentially the same 
way  that  it arises in Dr. Hurwitz ' s  discussion when 
one finally gets down to the business of calculat ing ~U, 
the energy of adsorption. The  only difference in ap- 
proach is that  we ini t ial ly calculate U(N)  and save 
the differencing with respect  to N unti l  the very  last 
(as may be seen f rom our papers 5,6 where  we deter-  
mine the total  energy for adsorbing an additional 

z D.  C. G r a h a m e ,  Z.  Elektrochem., 62, 264 (1958). 

C. A .  B a r l o w ,  J r .  a n d  J .  R.  M a c d o n a l d ,  J. Chem. Phys., 43, 2575 
(1965).  

a I-I. D.  H u r w i t z ,  Z. physik. Chem., T o  b e  p u b l i s h e d .  

C. A.  B a r l o w ,  J r .  a n d  J .  It .  M a c d o n a l d ,  J. Chem. Phys., 43, 
2575 (1965).  

s J'. R .  M a c d o n a l d  a n d  C. A.  B a r l o w ,  J r . ,  " T h e  P e n e t r a t i o n  P a -  
r a m e t e r  fo r  an  A d s o r b e d  L a y e r  of  P o l a r i z a b l e  I o n s , "  J. Appl. 
Phys., To  be  p u b l i s h e d  i n  1966. 

6 J .  R.  M a c d o n a l d  a n d  C. A,  B a r l o w ,  J r . ,  Can. J. Chem., 43, 2985 
(1965). 
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ion).  We agree with Dr. Hurwitz 's  s ta tement  about 
orders of magni tude;  we  were, in fact, the first to 
make  a correct  quant i ta t ive  study of redis tr ibut ion 
energy in the present  system. Indeed, a l though this 
question was considered quant i ta t ive ly  by us in the 
work  cited by Dr. Hurwi tz  4 and a curve  plot ted to 
show the numerica l  magni tude  of the effect for a 
wide range of surface coverages, in his discussion 
Dr. Hurwi tz  only references his own unpublished 
work  to support  "the conclusion that  such work  of 
redis tr ibut ion is not negligible at all and may even 
be of the order of magni tude  of the discreteness-of-  
charge contribution." It  is of interest  to note that  in 
our previously published work  4 we explici t ly state 
that  the work  of redis t r ibut ion is of the same order 
of magni tude  as the full  adsorption energy and is 
not  at all negligible. Dr. Hurwi tz  seems to have  missed 
noticing the significance of the quant i ty  n in our 
paper, 4 since he refers  to this paper  as considering 
the quest ion "only f rom a qual i ta t ive  viewpoint ."  
Fur the r  quant i ta t ive  t rea tment  of this mat ter  wil l  
soon appear.~ 

Finally,  that  the hexagonal  model  may be "crude"  
cannot be denied. We have  already presented a dis- 
cussion of just  how crude it may  be under  some con- 
ditions. 6 If the proper  correlat ion functions were  
known, they would cer ta inly be preferable  to the 
g-function lattice model. They are not known, how-  
ever,  so our approach has been to try to keep the 
fol lowing s ta tement  (concerning statistical physics) 
of Richard Feynman  7 in mind: 

"Anyone who wants to analyze the propert ies of 
mat te r  in a real  problem might  want  to start  by 
wri t ing down the fundamenta l  equations and then 
t ry  to solve them mathematical ly .  Al though there  
are people who t ry  to use such an approach, these 
people are the fai lures in this field; the real  successes 
come to those who start  f rom a physical  point of view, 
people who have  a rough idea where  they are going 
and then begin by making  the r ight  kind of approx-  
imations, knowing what  is big and what  is small  in 
a given complicated situation. These problems are so 
complicated that  even an e lementary  understanding,  
a l though inaccurate and incomplete,  is wor th  whi le  
having . . . .  " 

We bel ieve the hexagonal  ar ray  approach to be the 
"r ight  kind of approximat ion"  for a ql range of prac-  
tical importance.6 

Richard Payne: According to the results in Fig. 7, 
the ratio of ~1/V1 is uni formly larger  for the single 
imaging l imit  than for the infinite imaging limit. This 
does not seem consistent wi th  the Esin and Shikov 
and Grahame calculations for the single imaging case 
which overexpla ined the Esin and Markov effect (i.e., 
r too smal l ) ;  whereas  Ershler 's  t rea tment  of the 
infinite imaging case gave larger  values of ~1/V1. It  
seems, therefore,  that  the t rend in Fig. 7 as ~ varies 
is inverted.  

J. Ross Macdonald and C. A. Barlow, Jr.: The apparent  
discrepancy pointed out  by Dr. Payne is not signifi- 
cant for several  reasons. First, the s ingle- imaging 
t reatments  of Esin and Shikov and Grahame not only 
t reat  a physically very  different si tuation than the 
present  s ingle- imaging one but  the si tuation t reated is 
much less physically appropriate  than is ours. Second, 
we proper ly  include the uni form D field contr ibution 
to the s ingle- imaging micropotential ,  omit ted by other 
authors. The Es in-Shikov and Grahame t reatments  are 
not  real ly  s ingle- image ones at all since they consider 
fixed arrays of adsorbed ions each with a r igidly paired 
counter ion in the diffuse layer. The counterions are 
not taken as images of the adions but  as real  asso- 
ciated ions a fixed perpendicular  distance from the 

R. Feynman,  R. B. Leighton,  and M. Sands, "The  F e y n m a n  Lec- 
tures  on Physics,"  Vol. I, p. 39-2, Addison-Wesley,  Reading, Mass. 
(1963). 
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adions. Ershler  has modified this approach by con- 
sidering single imaging of the adions in the diffuse 
layer, a preferable  assumption. This is indeed a single- 
imaging treatment ,  but it necessari ly still  disagrees 
with our ~, = 0 results in Fig. 7 since there we  take 
imaging in the electrode instead of the solution, take 
q variable,  and include the D field contribution. 

The significant point regard ing  Fig. 7 is that for 
reasonable r values the ~ = 1 curves general ly  yield 
micropotent ial  values which are smaller  than they 
should be to explain the Es in-Markov effect (A too 
small) while the ~ = 0 results yield micropotentials  
which are too large to explain it. For  an appropriate  
value  of r, it appears possible to pick a ~ value  near 
but  less than unity which wil l  lead to results which 
wil l  explain the Es in-Markov  effect (within the l im- 
itations of the present  t rea tment)  bet ter  than will  
results wi th  ei ther ~ = 1 or 0. 

Richard Payne: It  is not clear why  grounding of the 
electrode should affect the charge on the meta l  since 
the whole system is electr ical ly neutral .  If the effect 
of grounding the electrode were  to e l iminate  the uni-  
form displacement component  ~e, then it would be 
possible to de termine  the point of zero charge simply 
by measur ing the potential  of the grounded electrode 
with  respect to a reference electrode. 

J. Ross Macdonald and C. A. Barlow, Jr . :  Actual ly  one 
could not measure  the ecm potent ial  in this way wi th-  
out additional information about the system: The 
condition that the electrode is grounded is not the 
same as the condition of zero charge. The charge on 
the electrode which produces the ground condition de- 
pends on the imaging situation which applies, as well  
as the adsorbed surface charge density. Specifically, 
for single and for dielectric imaging the condition is 
that q = --ql ,  whereas  for inf ini te-conduct ive imaging 

,y 
we have q -- - -  ql at the ground condition. How-  

ever,  if one knew the physical ( imaging) situation and 
measured ql wi th  the electrode grounded, one might  
be able to infer  from the average potent ial  drop 
across the compact layer  what  the ecru potential  is. 

Richard Payne: I think it is impor tant  to point out 
that  ~ in the Grahame-Parsons  analysis is not  ful ly 
equivalent  to ~l/V1 in this t rea tment  as stated by the 
author  for the fol lowing reason. In the G r a h a m e - P a r -  
sons analysis k is obtained f rom the exper imenta l  re -  
sults by invest igat ing the concentrat ion dependence 
of the adsorption energy at constant charge in the 
electrode. ~ is therefore  an average value  over a 
range of concentrations and amounts adsorbed. In 
other words, the imaging conditions in the diffuse 
layer  are not kept  constant during the calculation 
whereas  the calculations g iven here  re fer  to definite 
imaging conditions in the solution. 

J. Ross Macdonald: Our A - ~l/V1 is formal ly  equiv-  
alent, as stated, to Grahame and Parson's  (~i _ ~o)/~u, 
which they set equal  to ~ on the basis of an approx-  
imate inf ini te- imaging treatment .  Exper imenta l  re -  
sults seem to indicate that  the ratio ( ~  - -  ~ o ) / ~  de-  
pends only slightly, if at all, on the concentration. 
It  therefore  seems reasonable to compare our the-  
oretical  results, which assume a definite degree  of 
dielectric imaging at the OHP, with exper imenta l ly  
der ived results obtained using various concentrations. 
We do not expect  much  change of ~ wi th  concentra-  
tion, and the change in the average  charge density 
in the diffuse layer  apparent ly  does not  affect the 
ratio wi th  which we compare appreciably. The com- 
parison thus appears useful even though there  are 
approximations involved which preclude perfect  
agreement  between theory and experiment .  
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Richard Payne: The authors have  pointed out that  
the va lue  of }, (and hence 41) obtained in the Gra -  
hame-Parsons  analysis is dependent  on an assumed 
form of the isotherm which I think is an impor tant  
point. Incidentally,  I would also like to point out 
that  ~. also depends on whe the r  the anion act ivi ty  or 
the salt act ivi ty is used in the isotherm. 

In this context, it seems to me that  the F rum kin  
isotherm or bet ter  the F lory-Huggins  modification 
of the F rumkin  isotherm introduced by Parsons offers 
an excel lent  start ing point for the exper imenta l  study 
of discreteness of charge effects for the fol lowing rea-  
sons. If we wr i te  down the S tern  form of the isotherm, 

8 
- - - - - -  a___ exp [(41 -5 r  [1] 
1 - - 0  

and compare this wi th  the F rumkin  isotherm in the 
form 

= - exp - - - - + f ( q ) - - A 0  [2] 
1 - -  e rs RT 

it seems reasonable to equate the specific adsorption 
potential  ~ wi th  the standard free energy of adsorp-  
tion at zero coverage --AG ~ , i.e. 

Fr  = --AG o- In rs [3] 

and to wr i t e  41 as 

= 1(q) --A0 [4] 
RT 

where f(q) is the form of the charge dependence of 
the standard free energy of adsorption at zero cov- 
erage and A is the lateral interaction coefficient of the 
adsorbed anions. I think it is clear from [4] that the 
Frumkin isotherm with a constant value of A repre- 
sents the infinite imaging limit to a close approxima- 
tion since the adsorption energy is linearly dependent 
on the amount adsorbed. Deviation from the linear e 
dependence of the la teral  interactions,  e.g., a e a/2 
dependence for single imaging should show up as 
var ia t ion  in A when the F rumkin  isotherm is applied. 
It is interest ing to note that  apparent  var ia t ion of A 
is often found for adsorption of anions f rom solutions 
of a single salt. 

A fur ther  point I would  like to make  here  is that  
the infinite imaging case also leads to l inear charge 
dependence of --AG ~ providing the effect of replace-  
ment  of or iented solvent dipoles is neglected and 
providing the dielectric constant is assumed constant:  

"r V1 ~ 4 ~ [  "r ] = _ _  q +  . q l  ~ q _ , , /  4 1 =  ~ + v  ~ + v  �9 ~ + v  

m7 4~ ~2 
- -  q +  . . . .  ql 

Deviat ions f rom the l inear  charge dependence of 
--AG ~ can arise (i) f rom replacement  of oriented di-  
poles which would  contr ibute  a te rm 4~n~/e to VI 
where  n is the number  of dipoles replaced by each 
ion and ~ i s  the mean normal  component  of the dipole 
moment  and (ii) through deviations of 41/V1 f r o m  
constancy resul t ing from imperfec t  imaging in the 
solution. 

J. Ross Macdonald and C. A. Barlow, Jr.:  We do not 
,y 

agree that  41 is given by - -  V1 only that  the uni -  

form field part  is given by this quant i ty  in the infinite- 
conductive imaging situation. The l ineari ty of 41 with  
charge on the electrode, q, is independent  of this, how-  
ever, and in fact  does not depend on the type of imag-  
ing present. We only refer  to the explicit  dependence 
of ~1 on q. Since evident ly  as q changes ql will  gen-  
eral ly change as well,  we do not include all q -depend-  

ence in the present  discussion. We are in fact re fe r r ing  
to the l inear i ty  of 4i wi th  q under  hypothet ical  c i r -  
cumstances where  the constitution of the compact 
layer  is held fixed and only q is al lowed to change. Ac-  
cordingly, we agree with  the s ta tement  that  41 wil l  
be expl ici t ly  l inear  wi th  q, but  disagree with the 
reasoning which led to this conclusion and with  the 
comments  concerning causes for "deviat ions from the 
l inear charge dependence o f - - A G o .  ' ' On the other 
hand, the remarks  about "deviat ions . . . (etc .)"  are 
interest ing and per t inent  if by "charge dependence" 
is meant  "dependence on ql." Note, however ,  that  if 
one is concerned wi th  the dependence of 41 on ql, he 
must  include the contr ibution f rom the discrete ions 
and their  images  (r and that  such inclusion wil l  
i tself  destroy the l inear i ty  wi thout  the addit ional  
help of the two effects cited by Dr. Payne.  

Roger Parso~,~: I think it is fair to say that  the gen-  
eral  idea of the discreteness of charge effect is widely  
accepted and is supported by several  pieces of exper i -  
menta l  evidence. However ,  it is much more  difficult to 
demonst ra te  exper imenta l ly  the fine details of the 
models proposed, e.g., whether  imaging is par t ia l  or 
infinite, whe ther  the hexagonal  latt ice or the dis- 
ordered models provide the closest approximat ion to 
reality. I should emphasize the impor tance  of at-  
tempt ing to ver i fy  these models by exper imenta l  test. 
We have  t r ied to examine  imaging in the  diffuse layer  
recent ly  8 and suggest that  it is not complete. How-  
ever, this work  does not test the efficiency of imag-  
ing in the dielect ive jump. 

In connection with  the problem of the rmal  motion, 
is it correct to say that  some of the difference be-  
tween you and Levine  et al. is due to the fact  that  
you assume a lower dielect ive constant in the inner  
layer? A value of 6 or 7 seems more  reasonable 
than 15. 

I would l ike to point out that  the var iab le  ~. ob- 
tained by Grahame  and Parsons was fur ther  analyzed 
by Pa r ry  and Parsons 9 and an improved  model  sug- 
gested. 

Finally,  I think it  is interest ing to note that  the 
elegant  method of summat ion proposed in this paper 
has some rela t ion to the in tui t ive  way in which David 
Grahame discussed the potent ial  drop in the inner  
layer  10. 

J. Ross Macdonald and C. A. Barlow: We believe this 
difference of opinion as to the proper  value  of the 
dielectric constant to use in these circumstances is 
the only significant d isagreement  be tween  Levine  and 
his co-workers  and ourselves al though there  are  
small  per turbat ions  on the final numbers  for lat t ice 
stabili ty coming from slight differences in stabili ty 
criteria,  etc. In a recent  paper  by Bell, Mingins, and 
Levine  11 the inner - layer  dielectric constant is taken 
to be 10. As you have pointed out we have  general ly  
taken 5 or 6 to be more typical  of the inner - l aye r  
dielectric constant, to the ex ten t  that  one can define 
such an object. This choice  was mot iva ted  by our 
prior work  on differential  capacitance in the electr ical  
double layer. However ,  in la ter  theoret ical  studies on 
electrode work  function change, we calculate that the 
dielectric constant in some systems may  be completely  
different f rom bulk values insofar as work  function 
effects are concerned. The significant phrase is "inso- 
far  as work  funct ion effects are concerned." It  turns 
out that  the  use of a single dielectr ic  constant  to 
characterize dielectr ic  effects in the inner  layer  is 
incorrect,  since this region is so completely  different 
f rom three-d imens ional  bulk  matter .  We have  re -  

S E.  D u t k i e w i c z  a n d  R.  P a r s o n s ,  J. Eleetroanal. Chem.,  11, 100 
(1966). 

D 5. M. P a r r y  a n d  R,  P a r s o n s ,  Trans. Faraday Soe., 59, 241 (1963). 

"to F i g .  5 in  Z. Elektroehem.,  6"$, 264 (195B). 

Bel l ,  M i n g i n s ,  a n d  L e v i n e ,  Trans. Faraday Soc., 62, 949 (1966).  
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cently est imated the dielectric constant effective in 
reducing the lateral  interact ion be tween adions and 
find that  it is no greater  than 2, and more l ikely to 
be closer to unity. So you see the question of the proper  
dielectric constant to use is a ra ther  confused one. 
It  seems to us that  all previous estimates of latt ice 
stabili ty in the inner - l aye r  ( including our own) have 
employed a dielectric constant which is at least 3 
t imes too large, and possibly much worse than that. 

It  is completely correct  that  our image summation 
method stems from that original ly used (for ~ -= 1) 
by Grahame. We have general ized the approach to 
include the I~1 < 1 case. In this connection, we think 
it  is interest ing to note a certain difficulty not fu l ly  

appreciated by Grahame which t roubled us for a 
while:  Whereas the summation technique used here 
is absolutely convergent  for all I~l < 1, the series is 
only condit ionally convergent  for ~ = 1. As it hap-  
pens, the part icular  a r rangement  of terms employed 
by Grahame and ourselves in the ~, = 1 case leads to 
the potential  appropriate  for q = --ql .  Since this does 
not coincide with  the condition q ~ - ~/ql/(~ + ~) 
obtaining when both imaging planes are at zero po- 
tential, this accounts for Grahame 's  conclusion that  
the infinite set of images and the adions contr ibute 
to the total p.d. across the inner layer, an incorrect  
conclusion for the model  wi th  conductive imaging at 
the OHP. 

The Adsorption of Aromatic Sulfonates at a Mercury Electrode 
II. Sodium p-Toluenesulfonate--An Example of Two-Position Adsorption 

J. M. Parry 1 and R. Parsons 
DeparSment  o~ Phys ica l  Che~nistry,  The  Un iver s i t y ,  Bris to l  Er~gland 

ABSTRACT 

The adsorption of the p- to luenesulfonate  ion on a mercury  surface f rom 
aqueous solut ion has been studied by measur ing the interfacial  tension and 
the capacity of the electrode as a funct ion of concentration. An in terpre ta t ion  
of the results is proposed in terms of two orientat ions of the adsorbed ion. 
A simple model  of this type of system is proposed, at first neglecting in te r -  
action be tween adsorbed ions other  than due to their  space-fill ing properties.  
A very  approximate  al lowance for interact ion is introduced, and it is con- 
cluded that  consideration of interact ion is essential for a fu l l  description of 
the system. 

In the previous paper of this series (1), we de-  
scribed the adsorption of the benzene m-disulfonate  
(BMDS) ion which may be t reated by methods 
closely analogous to those used for simple ions such 
as the halides. This is essentially because adsorption 
of this ion occurs with the plane of the benzene r ing 
or iented para l le l  to the plane of the mercu ry  solution 
interface over  the whole of the exper imenta l ly  ac- 
cessible range. As we ment ioned previously,  the be-  
havior  of the p- toluenesulfonate  (PTS) ion is more  
complicated and, as we shall show in the present  pa-  
per, it cannot be analyzed by using the surface pres-  
sure in a simple way. This is due to the existence 
of the adsorbed species in more than  one orientation, 
and we bel ieve that  this system provides a c lear-cut  
example  of two position adsorption. This problem 
has been discussed in a qual i ta t ive  way by Damaskin 
et al. (2); here a more quant i ta t ive  description is a t -  
tempted. 

Experimental 
Measurements  of differential  capacity and in te r -  

facial  tension were  carr ied out as described previously 
(1). Sodium p- toluenesulfonate  was recrystal l ized 
three times f rom equi l ibr ium water;  it crystallizes as 
the hemihydra te  from concentrated solutions. The  
water  content  was determined by heat ing and weigh-  
ing and also volumetr ica l ly  after exchanging the Na + 
for H + on an ion exchange resin. 

Results 
The concentrat ion dependence of the capacity at 

constant t empera tu re  is shown in Fig. 1. It  is evident  
f rom these data that  the behavior  of PTS is qual i ta-  
t ively  different f rom that  of BMDS as shown in Fig. 
1 of ref. (1). At  the lower concentrations up to 0.1M 
the capacity curves for both ions are similar in 
showing a marked  peak at a potential  of about --0.6v 
(SCE).  However ,  as the concentrat ion is increased 
above 0.1M this peak is lowered, eventual ly  being 

1 P r e s e n t  address :  Tyeo Labora to r i e s ,  Inc.,  Wa l tham,  Massachu-  
set ts .  
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Fig. !. Differential capacitance per unit area of a mercury 

electrode in aqueous solutions of sodium p-toluenesulfonate at 
30~ plotted as a function of potential with respect to a saturated 
calomel electrode: a, 0.0113M; b, 0.0227M; c, 0.0567M; d, 0.113M; 
e, 0.227M; f, 0.567M; g, 1.134M; h, 2.268M. 

replaced by a minimum,  whi le  a higher and nar rower  
peak develops at more negat ive  potentials (up to 
--1.4v vs. SCE).  These results suggest that  at low bulk 
concentrations the PTS ion is lying flat on the mer -  
cury surface l ike the BMDS ion whi le  at h igher  con- 
centrat ions re -or ien ta t ion  occurs to allow closer pack-  
ing of the PTS ion. 

The capacity curves were  in tegrated numer ica l ly  
using a digital computer  (Ell iot t  803) as described 
previously (3). The integrat ion constants were  ob- 
tained f rom the electrocapi l lary curves and are  given 
in Table I. The potent ial  of zero charge was found 
from the electrocapil lary curve  by ext rapola t ing  the 
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Table I. Coordinates of the electrocapillary maximum for 
aqueous sodium p-toluenesulfonate 

20~ 30oc 40~ 50oc 
'7 ~, 7~, ,y~, .T=, 

10 ~ e, --E=, dyne/ --Ez, dyne/ --E z, dyne/ --E=, dyne/  
m o l e / 1  m y  c m  m v  c m  m v  c m  m y  e m  

1.134 558 421.6  560  421.1 561 420.3 556 419.3 
2 .268 570 420.5 569 420.0 569 419 .4  572 419 .0  
5.67 596  416.8 591 416.0 592 415.3 590 414.8  

11.34 6OT 413.2 605 412.7 598 412.1 600 411.9  
2 2 . 6 8  619 409.3 618 408.8 616 408.2 616 408.0 
56.7 627 401.7 620 401.8 619  401.3 630 401.7 

113.4 617 394.3 619 393.8 630 393.0 628 392.1 
226.8 569 387.2 577 387.1 579 386.9  587 386.4  

Potent ia ls  a r e  m e a s u r e d  w i t h  r e s p e c t  to  t h e  s a t u r a t e d  c a l o m e l  
electrode at the temperature  of t h e  e x p e r i m e n t .  

diameter  in the region of the maximum.  The agree-  
ment  be tween  the integrated capacity curves and the 
exper imenta l  e lectrocapil lary curves was within the 
exper imenta l  accuracy expected (approximate ly  0.5 
dyne cm -1) except  at negat ive  charges where  the dis- 
crepancy rises to about 3.5 dynes in the most concen- 
trated solution. This may be due to the measured 
capacity in the region of the cathodic peak being 
somewhat  lower than the t rue equi l ibr ium value, al- 
though no f requency dependence or increase of series 
resistance was observed. In this region, therefore,  the 
electrocapil lary measurements  were  used in p re fe r -  
ence to those der ived f rom capacity curves. 

The measured potentials were  conver ted to an E + 
scale assuming that  the l iquid junct ion potential  be- 
tween the test solution and saturated potassium 
chloride is independent  of the concentrat ion of the 
test solution. Act iv i ty  coefficients for sodium p- to lu-  
enesulfonate (4) were  extended to concentrat ions be-  
low 0.1M using the values for KNO3 as a guide (5). 
Values of the function (6) 4+ = 7 + qE + were  cal-  
culated and plotted against (2RT/F) In a_+ (a_+ is the 
mean act ivi ty of the salt) for integral  values of q. 
These plots were  differentiated graphical ly  to obtain 
the component  of charge ( q - )  on the solution side of 
the double layer  due to the anion. The cation was 
assumed not to be specifically adsorbed, and the sur-  
face charge contr ibuted by it was used to calculate 
the charge due to anion in the diffuse layer. Classical 
diffuse layer  theory (7) was used as it causes l i t t le 
error  in this type of calculat ion (8). The resul t ing 
values of the charge due to the specifically adsorbed 
anions are shown in Fig. 2. It is not possible to obtain 
more  accurate values by fitting the 4+ - -  log a+ curves 
with an integrated adsorption isotherm as described 

. . . . . .  ~ ' . / " ~ ' x  ' ' ' / ~  
.40 ~z/A ~ - 
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Fig. 2. Amount of specifically adsorbed p-toluenesulfonate ion 
per unit area of a mercury electrode expressed as charge plotted 
against the charge on, the mercury electrode at 30~ Letters have 
the same significance as those in Fig. 1. 
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Fig. 3. Potential drop across the inner layer plotted against 

the amount of p-toluenesulfonate ion specifically adsorbed at con- 
stant values of the charge on the electrode indicated in /~C cm -2  
by figure near each line; temperature 30~ 

previously because the adsorption isotherm for this 
system is too complex owing to the change in or ienta-  
t ion of the adsorbed species. 

We may note f rom Fig. 2 that  at the lower concen- 
trations the adsorption behavior  is ve ry  similar  to that  
of BMDS as noted above. As the charge on the meta l  
becomes more positive, the amount  adsorbed appears 
to approach a l imit  corresponding to complete  cover-  
age by flat adsorbed ions. The l imit ing charge of 
about 30 ~C cm -2 corresponds to an area per ion of 
53 A 2, close to the calculated area of the flat ion. We 
may also note that  the monotonic rise in the adsorp-  
tion as q increases in this concentrat ion range is con- 
sistent wi th  a s tandard free energy of adsorption which 
is l inear ly  dependent  on the electrode charge. In con- 
trast  at the highest  concentrat ion studied the adsorp- 
tion rises to 50 ;~C cm -2 corresponding to an area per 
ion of 32 A 2 which is too small  for ions lying flat, but  
is consis tent  with an or ientat ion of the benzene r ing 
wi th  its plane perpendicular  to that of the interface. 
Further ,  the existence of a m ax im um  in the amount  
adsorbed in Fig. 2 is s imilar  to the behavior  of neutral  
molecules and suggests that  the ver t ica l ly  oriented 
molecules have a standard f ree  energy of adsorption 
which depends on the square of the charge. 

Fur the r  evidence for the or ienta t ion of the adsorbed 
ion may  be obtained f rom the relat ion be tween the 
potential  drop across the inner layer  (0m-2) and the 
amount  of specifically adsorbed ion. 0m-2 was cal- 
culated in the usual way by subtract ing f rom the 
measured potential  difference the potent ial  drop across 
the diffuse layer  and a constant which is the potential  
of the point of zero charge in the absence of specific 
adsorption. The resul t ing plot is shown in Fig. 3. 
Two regions again may be distinguished: at low 
amounts  adsorbed the lines are  approximate ly  paral le l  
and the slope corresponds to a capacity (Oq-1/oom-2)q 
which is several  t imes the inner  layer  capacity. This 
is similar  to the behavior  of BMDS (and indeed to 
that  of halides, etc.) and may  be taken as character -  
istic of the flat orientation. At  higher  adsorbed con- 
centrat ions the lines become much flatter and even 
begin to slope in the opposite direction when the 
electrode is posi t ively charged. Thus the capacity 
(0q-1/aOm-2)q becomes infinite or negative.  An in-  
finite value of this capacity would be expected if the 
distance x2 - -  Xl be tween the inner  and outer  He lm-  
holtz planes became zero, i.e., the charge on the spa- 
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Fig. 4. Integral capacity of the inner layer at constant amount 

of specifically adsorbed p-toluenesulfonate ion at 30~ plotted 
against the charge on the mercury electrode. Amount of specifically 
adsorbed charge in ~C cm - 2  is indicated near each l i n e .  

cifically adsorbed ion was located on the outer Helm-  
holtz plane or actually wi th in  the diffuse layer. This is 
consistent with orientat ion of PTS with the methyl  
group toward the electrode and the sulfonate group 
toward the bulk  of the solution. 

However, if the only change in  s tructure of the 
double layer  were the movement  of the charge into 
the diffuse layer  (x2 - -  ~cl -> 0) the lines in  Fig. 3 
should become horizontal  and remain  paral lel  at high 
coverages. The actual divergence of these lines can 
best be understood in terms of the other component  of 
the inner  layer  capacitance (Oq/O~m-2)q_l which is 
inversely proport ional  to the vert ical  distance between 
adjoining lines in Fig. 3. With the charged head group 
of the molecule outside the inner  layer this capacity 
is determined by the ratio of the average dielectric 
constant to the thickness of the inner  region: ,m-S/x2 
just  as in  a system in  which neu t ra l  organic mole-  
cules are being adsorbed. The integral  capacity at 
constant  amount  of adsorbed PTS ion is shown in 
Fig. 4, which shows that  there is very little effect 
on this capacity up to a surface coverage of 20 ~C 
cm -2 in  which region the ion is lying flat. On the other 
hand, the lowering between 20 and 30 ~C cm -2 is 
marked in agreement  with the proposed reorientat ion 
of the adsorbed ion. Results for surface concentrat ions 
above this are very limited, and the lowering of 
capacity could be reasonably interpreted either as an  
increase in  thickness, as a decrease in dielectric con- 
s tant  of the inner  layer, or as a combinat ion of both. 
Perhaps the predominant  effect is the increase of 
thickness since the dielectric constant  might  tend to 
increase as the proport ion of molecules oriented per-  
pendicular ly  increases because the polarizabil i ty of the 
benzene r ing is greater in directions parallel  to the 
r ing  than in the perpendicular  direction (9). 

A simple two-position adsorption isotherm.--We 
have shown above that the exper imental  results on 
PTS require the assumption of at least two different 
orientations of the adsorbed species. We now invest i -  
gate the properties of a simple model allowing for 
t w o  orientat ions having different areas per molecule. 
It  has become evident  recently (10) that  the most 
useful  basis for an adsorption isotherm is the equa-  
t ion derived originally by Zhukovitskii  (11) which 
is also known  as the Flory-Huggins  isotherm by anal -  
ogy with the equations for polymer solutions: when  
the adsorbed species forms a monolayer  at the elec- 
trode and replaces r molecules of the solvent the ad-  
sorption isotherm may be wr i t ten  

8 
= pa [1] 

r(1 -- 8) r 

where  0 is the fraction of surface covered by the 
adsorbate, a is the lat ter 's  activity in the bulk  of the 
solution, and ~ is the adsorption coefficient; - -RT  In 
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8 = aG ~ the s tandard free energy of adsorption, the 
s tandard states being uni ty  activity in the bulk  of the 
solution and 8" on the surface where 8" = r ( 1 - - 0 * )  r 
while the reference states are infinite di lut ion for both 
surface and bulk. Equat ion [1] assumes that  the ad-  
sorbate and solvent are noninteract ing,  and a sug- 
gestion was made previously (12) of a way in  which 
interact ion could be introduced approximately.  

The derivation of Eq. [1] may  easily be extended to 
the adsorption of more than one species, for example 
by the quasi-chemical  method (13). This leads to the 
expression for the fraction of surface covered by the 
i ' th species 

#i 
= p~m [2] 

r~(1 - -  Z0~) r~ 

If the surface, in the absence of adsorbed species, is 
covered with Ns solvent molecules then the surface 
excess of the i ' th species is 

r~ = N s s J n - -  ( xJxs )Ns (1  -- ~o~) [3] 

from the usual  definition of this quanti ty,  where x~ 
and xs are the mole fractions of i and of s, respec- 
tively, in the bulk  of the solution. 

We now consider a system in which one adsorbed 
species is present  in the adsorbed state in  two differ- 
ent orientations, flat in  which it replaces r l  solvent 
molecules and perpendicular  in which it replaces rf. 
Then  we may wri te  adsorption isotherms for the two 
forms 

81 
= file [4] 

r l  (1 - -  @ - -  02) rl 
and 

0s 
= Zfa [5] 

rf(1 - -  0i - -  02)r~ 

where /h and 82 are the adsorption coefficients for 
the flat and perpendicular  forms, respectively, and 
the bulk activity for both forms is of course identical. 
The total coverage due to adsorption of both forms is 

o = Ol + os [6] 

and the surface excess is 

r = Ns#l/rl + NsOf/rs-- (x /xs )Ns(1  - - e )  [7] 

where x is the mole fraction of the adsorbate in  the 
bulk. 

We now require  to solve the adsorption isotherms 
[4] and [5] to obtain the surface excess. From Eq. [4], 
[5], and [6] we cart obtain an equation for e in the 
form 

{ r28~ ( 1 - -  0) r~-rl } [8] 
a = arl/~l(1 - -  e)ri i -{- r18-----~ 

To solve this equation for 0 we mus t  first describe the 
relat ion between ~l and 82. 

We have suggested above that the PTS ion in  its 
flat or ientat ion behaves like the BMDS ion and  there-  
fore that  the free energy of adsorption for this or ienta-  
tion, - -RT  In 81, is approximately a l inear  funct ion of 
the charge on the electrode. On the other hand, the 
perpendicular ly  oriented ion behaves like a neut ra l  
molecule and, therefore, - -RT in  ~2 may be taken to be 
quadratic in the charge on the electrode. Using the 
form of equations for these two cases derived previ-  
ously (20) we wri te  

AGI o 
-- In [~i = - -  Jr aq [9] 

RT 

and 
AGsmax 

- - l n p s . =  - -  ~- b (q  m a x -  q)S [10] 
RT 

It  is convenient  to express 82 in  terms of 81 which 
may then be used as the variable  represent ing the 
charge dependence. Let 
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AG1 o 
- -  i n  ~1 max = - -  ~- aq max [11] 

RT 
and 

AG2max 
- -  !n ~2 . . . . . .  [12] 

RT 

so that Eq. [9] may be written 

--In ~ =g In ~ima------- ~. [13] 

where H = b/a S . Equation [13] expresses the rela- 
tionship between the adsorption coefficients of the two 
forms as they vary with the charge on the electrode. 
To substitute this relation into Eq. [8], we need the 
ratio of fl2/fll, i.e. 

- -  exp --H In 
/~1 ~I ~I max 

- -  ~2max ( ~lmRX e x p { - - H  /h 
~I max \T ) (In ~I max )2} 

[14] 

in te rms  of the ratio (~d~max). The parameters  
which characterize the form of the relat ion be tween 
the two adsorption coefficients may thus most con- 
venient ly  be taken as  ~2max/~l  max = S which repre -  
sents the re la t ive  strength of adsorption of the two 
forms at the point where  the perpendicular  form is 
most s trongly adsorbed and H which represents  the 
ra te  at which the f ree  energy of adsorption of this 
form falls off on ei ther  side of this point. Now Eq. 
[8] may  be solved for 0 as a function of log ( a r l  ~1) 
with the given values of the parameter  /~1 max rl, 9"2, S, 
and H. This is best done by i terat ion on a digital com- 
puter  owing to the awkward  form of Eq [8]. Once 8 
is obtained 01 is found from Eq. [4] in the form 

0, ---- a rl  ;~1 (1 - -  0) r~ 

and 02 f rom Eq. [6]. Final ly  r is calculated f rom Eq. 
[7], most simply by assuming dilute solutions, so that  
the last te rm may be neglected. 

Some typical  results are shown in Fig. 5 where  r /Ns  
is plotted against  lOgl0fll for constant values of the 
act ivi ty of the adsorbate in the bulk of the solution. 
They were  obtained wi th  the aid of an IBM 1620 com- 
puter. It is clear f rom these results that, as the bulk 
act ivi ty  increases, the shape of the curve  changes 
f rom the monotonic rise wi th  log t~l characterist ic 
of simple adsorption to one wi th  a rapid rise to a high 
value  of r fol lowed by a fal l  to a lower  l imit ing value. 

i i ! ~ i 0"8 

0 7 r / N ,  

'0"2 

Fig. 5. Calculated values of tins plotted against log ~1 for a 
two-position isotherm without interaction, rl = 2 ;  r2 = 1; H = 
0.434; S = 12. The interval of Iogloa between successive curves is 
0.5. 
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In fact  the general  shape of the curves in Fig. 5 is 
quite  similar  to those in Fig. 2. However ,  there  are 
quant i ta t ive  differences which may be expressed by 
saying that  the change in shape of the curves occurs 
over a na r rower  range of concentrat ion than is found 
with the theoret ical  curves. This appears to be t rue  
over a wide range of parameters  used for the calcu- 
lated curves. 

This discrepancy may be fur ther  explored by using 
the model  to calculate the potential  across the inner 
layer due to adsorption and thence the double layer  
capacity. In doing this, we must  first note that the 
simple routes described previously (14) for this type 
of calculation cannot be used because this adsorption 
isotherm is not congruent,  i.e., it is not of the form 
r = r (~a ) .  Nevertheless,  it is possible to start  f rom 
the general  re la t ion [15] 

The potential  of the mercury  electrode wi th  respect  
to a reference electrode revers ible  to the cation in 
solution may be expressed 

E + = r  2 I_ r - - r 1 7 6  (RT/F)  In a+ [16] 

where  r is the potential  across the inner layer  and 
r that  across the diffuse layer  of the mercury  elec-  
trode, b~ is the standard potential  across the re fe r -  
ence electrode and a+ the act ivi ty of the cation in 
solution. If the var ia t ion of r is neglected and a+ is 
put  equal  to the mean  activi t iy a• we  may  wr i te  
Eq. [15] in the form 

RT 01nas q 2F O ln ~l aq 

= a 0 In ~1 
using Eq. [9] also, 
thence 

S: ,s 0 ( r /Ns)  
r r (as = O) = NsRTa 0 In ~ d In as 

RT 
+ In as [17] 

2F 

and the differential  capacity of the inner  layer  can be 
found from 

Oq 

Oq "% 0 In ~1 

0 fo,s o(r/N~) = _ NsRTa2 ~ d In as [18] 

Values of o(r /Ns) /O In th were  calculated f rom data 
l ike that  shown in Fig. 5 and were  then numer ica l ly  
in tegrated to obtain the reduced reciprocal  capacity 
change, i.e., { ( l / C )  - -  (1/Cb)}/NsRTa ~ which  is plot ted 
in Fig. 6 against log f~ for various bulk concentrations. 
This theoret ical  calculation of the capacity curve  is 
compared wi th  the exper imenta l  results in the form 
of 1/C against q in Fig. 7. The  comparison may be 
made direct ly since C b does not vary  much with  q 
as seen in Fig. 4. Al though some qual i ta t ive  s imilar-  
ities can be seen it is again evident  that  the predic-  
tions of the simple theory show a less rapid change 
of the form of the curve  wi th  concentrat ion than is 
found exper imental ly .  There  is also the impor tant  
qual i ta t ive  difference that  the calculated capacity 
curve  is more  l ike that  of a neut ra l  compound than 
the exper imenta l  curves for PTS. 
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Fig. 6. Calculated reduced capacity curves for the two-position 
isotherm without interaction. The parameters have the same values 
as in Fig. 5, but the interval of Iogloa between the successive 
curves is 1.0. 

! I I , I 

7 / ~ 
100/C -- o 

;o_o 
(\-\ / /  o- 

o? / 
/  \oXO o / e / 

--o q/NC cm-, ko 

1,0 5 ~ -5 -II0 ~n~ 
Fig. 7. Experimental curves of reciprocal capacity plotted against 

charge an the mercury electrode for aqueous sodium p-toluene- 
sulfonate at 30~ Letters on the curves have the same significance 
as those in Fig. 1. 

A two-position adsorption isotherm with crude al- 
lowance for interaction.--The discrepancies between 
exper iment  and the simple theory described in the 
previous section cannot be overcome by var ia t ion of 
the parameters  rl, 72, S, and H, so that  it must  be 
concluded that one of the postulates of this theory is 
incorrect. The one most l ikely to cause errors is the 
assumption that  the adsorbed ions do not interact  
with one another. However, the difficulties in al low- 
ing for interact ion in any realistic way are great. 
It  has been suggested previously (12) that Eq. [1] 
could be modified to allow for interact ion by in t ro-  
ducing an exponential  dependence on e by analogy 
wi th  F rumkin ' s  modification (16) of Langmuir ' s  iso- 
therm 

8 
e AO = fla 

r ( 1 - - 0 )  r 

where  A is a coefficient depending on interact ion be-  
tween adsorbed particles which may be in terpre ted 
as related to the two-dimensional  second vir ial  co- 
efficient (17). The extension of such an equation lo 
mixed adsorption would lead to [cf. Temkin  (18) ] 

Oi 
exp (~ Aij 0j) = ~i ai [19] 

ri (1 -- ~80 ri 

where  A o expresses the interact ion between adsorbed 
particles of the i ' th and j ' t h  type, and both summa-  

tions are over all  types of adsorbed particles except 
the solvent, al though the effect of the lat ter  must  
be included in  the calculation of the A~j. Even with 
the analogues of Eq. [4] and [5] 

and 

81 

r 1 ( 1 - - 8 1 - -  82)rl 
exp (An el + Als 8s) ---- ~la [20] 

82 
exp (Aul el + A22 e2) = ~2a [21] 

r 2 ( 1 - -  81--  82) r 

which might  be applied to the present  system the 
solution is difficult. 

We have at tempted to assess the effect of interac-  
t ion on the two-posit ion adsorption isotherm by s im- 
plifying [20] and [21]. It  seems l ikely that the in te r -  
action between two PTS ions oriented flat will  be 
repulsive, i.e., A n  is positive, because the ionic groups 
are ent i re ly  wi th in  the inner  layer, while the in ter -  
action between two vert ical ly oriented ions wil l  be 
attractive, i.e., A22 is negative, since it is known that 
adsorbed hydrocarbon chains attract one another (19) 
and the ionic groups are in the diffuse layer where 
they are screened by the counter  ions. The interac-  
tion between flat and vert ical ly oriented ions may be 
weakly attractive due to polarization interactions;  we 
shall assume that ]A21] = ]A121 < <  [A22[ and IA111 
and shall neglect their interactions. We also note that, 
owing to the opposite signs of An and A22, the in- 
clusion of both has the same qualitative effect of 
favoring the adsorption of the vertical form as its 
adsorption increases, while adsorption of the flat 
form is hindered. We shall, therefore, be able to 
investigate the effect of this interaction on the shape 
of the adsorption curves by introducing the coefficient 
A22 only, although its value will be larger (and nega- 
tive) to allow for the other, neglected interaction 
coefficients. From Eq. [6 ] ,  [20], and [21] Au 
= A12 = A21 = 0, we obtain (20) 

~ = arlfll (1--O)rl{  1--r2f12 exp-A22e2 } 

[22] 

which differs from Eq. [8] only in  the exponent ial  
factor in the last term. This equation may be solved 
using the results of the previous section and a simple 
graphical construction. Equat ion [8] is solved as 
described, for a series of values of S and 82, calculated. 
Log S is then plotted against e2. On this plot the value 
of 01 satisfying [22] is given by the intersection of 
this l ine with a straight line of slope --A22. The posi- 
tion of this straight l ine can be characterized by the 
parameter  So, i.e., the value of S in the absence of 
interaction. 

A set of curves of rs/N against  log ~, calculated in 
this way with one set of parameters  fll max, rl, r2, So, 

I I e i 

-0.8 

'0"7 r/N, 

.0-6 

.0.2 

Fig. 8. Calculated value of r/Ns plotted against log fll for a 
two position isotherm with crude approximation for interaction. 
rl = 2; r2 = 1; H = 0.434; So = 2; A2~ = - -2 .  The interval 
of Iogloa between successive curves is 0.5. 
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Fig. 9. Calculated reduced capacity curves for the two-position 
isotherm with crude approximation for interaction. The parameters 
have the same values as in Fig. 8, but the interval of Iogloa be- 
tween the successive curves is 1.0. 

H, and A22 is shown in Fig. 8. I t  is evident  f rom this 
that  the introduction of interact ion in this way im-  
proves the agreement  wi th  exper iment  in that  the 
change of shape of the curve  occurs more rapidly 
with concentration. Capacity curves calculated by 
the route  described in the previous section are shown 
in Fig. 9. Again  there  is some improvement  in the 
agreement  be tween  the shape of these curves and 
those found exper imenta l ly  as shown in Fig. 7. Never -  
theless one major  qual i ta t ive  difference remains 
clearly expressed. This is the le f t -hand  min imum in 
Fig. 9 at the highest  concentrat ion which would  cor-  
respond to a marked  peak at the le f t -hand side of 
Fig. 1. Comparing Fig. 8 and 2, we can see that this 
discrepancy is due to the fact that  the displacement  
of the ver t ical ly  oriented ions by fiat ones at high 
concentrat ions occurs too rapidly. This may  be 
ascribed to our neglect  of the cross-coefficients Az2 

A2I which, as we suggested above, will  correspond 
to an a t t ract ive force. This wil l  act so as to sta- 
bilize the predominant  form and will  therefore  
lower  the slope of the curve on the le f t -hand side of 
the max imum in Fig. 8. Li t t le  effect is to be ex-  
pected on the r igh t -hand  side of the max imum owing 
to the fact that  the concentrat ion of the flat form is 
negligible in this region. 

We therefore  conclude that  to account ful ly for the 
form of the exper imenta l  curves it is necessary to 
use the complete  pair  of Eq. [20] and [21]. 

Discussion 
In this paper we have  compared the predictions of 

a simplified model  a l lowing adsorption of an ion in 
two-posi t ions wi th  exper imenta l  results for a system 
in which simple behavior  of this type is observed. 
There  seems l i t t le  doubt that  the general  features  of 
the model  are correct  and that  proper  al lowance for 
interact ion be tween  the adsorbed ions would lead to 
a semiquant i ta t ive  account of this system. However ,  
apart  f rom the practical  difficulties of obtaining a so- 

lution for the s imultaneous t ranscendental  equations, 
i t  must  be noted that  the model  based on Eq. [20] 
and [21] together  wi th  [9] and [10] would  requ i re  
at least 9 parameters  to be fixed for a given set of 
curves even if no account is taken of deviations f rom 
[9] and [10] or var ia t ion of qmax with  concentration. 
It therefore  seems scarcely profitable to pursue the 
quant i ta t ive  evaluat ion of the model  fur ther  at pres-  
ent. Fur ther  exper imenta l  work  on systems showing 
similar  behavior  may permit  us to establish trends 
which may be correlated with the var ia t ion of in-  
dividual  parameters .  The invest igat ion of this type of 
model  also provides a basis for the general  problem 
of mixed  adsorption which is of great  importance in 
e lect rode kinetics. 

Finally,  we should note that  this system provides a 
very  clear example  of an adsorption isotherm whose 
shape changes wi th  change of the electr ical  pa ram-  
eter, i.e., the isotherms at different charges are not 
congruent,  because of the varying proportions of the 
two forms. Thus, the only satisfactory method for the 
calculation of surface concentrat ions is the direct use 
of the thermodynamic  equations by graphical,  or an- 
other  type of, differentiation. 
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Discussion 

P. Delahay: My main comment  on this paper pertains 
to the application of simultaneous isotherms (Eq. 
[19]) to the s imultaneous adsorption of T1 + and N O s -  
in T1NOs solution in contact with mercury.  The r e -  
sults, which are summarized in my paper  at this 
meeting, wil l  now be discussed more  fully. 

Calculations were  made by assuming that  the pa- 
rameters  r for T1 + and N O 3 -  a r e  equal  to unity. An 
a t tempt  to de termine  these parameters  did not  seem 
justified because of the uncer ta in ty  on the amounts  
of specifically adsorbed T1 + and NOs- .  Fur thermore ,  
data fitting with  a ra ther  large number  of adjustable 

parameters  would  not have  been very  convincing. Our 
results cannot be regarded as quanti tat ive,  but  they 
do indicate a strong at t ract ion between specifically 
adsorbed T1 + and N O s -  ions. The NO3- - -  N O s -  
repulsion is significant and will  be discussed in con- 
nection with  Dr. Payne 's  on KNO3 adsorption. 

I would now like to ask Dr. Parsons a question he 
may  not find surprising, namely, is one justified in 
using the concepts of average charge and potential  in 
deal ing with  a surface that  is par t ia l ly  covered wi th  
ra ther  large ions? Dr. Parsons pointed out in 19591 

z K .  M.  J o s h i  a n d  R. P a r s o n s ,  Electrochim. Acta,  4, 129 (1961) .  
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the need for a three-d imens ional  solution of the Pois-  
son equation. Moreover,  one would also have  to con- 
sider other  interactions than purely  electrostatic ones. 
The case corresponding to x2 -- xl  < 0 cer ta inly 
should give some trouble. What  is then the signifi- 
cance of eM --  ~b2? I realize that  an answer to my 
question could wel l  be, you give us a be t ter  way  of 
t reat ing such cases, but Dr. Parson 's  thoughts on this 
question should be of interest.  

Finally,  I would like to ask Dr. Parsons his present  
position on the selection of the electrical  variable,  
charge on the electrode vs. potential,  in the t rea tment  
of adsorption. The dust has not settled, and this ques-  
t ion has led to ra ther  spiri ted discussion. It  is un-  
for tunate  that  Professor F r u m k i n  is not present, as 
he certainly would  also have had something to say 
on this point. Anyhow, the arguments  of one school 
of thought  should be of general  interest.  

Roger Parsons: The analysis of the T1NOs system is 
most  interesting,  and the interact ion coefficients seem 
reasonable. Use of both r parameters  equal  to uni ty  
seems l ikely to be fa i r ly  near  to the correct  value. 

In the case of flat or ientat ion of large ions I do not 
think that  the errors in the use of average  potentials  
and charges are more  serious than in the case of small  
ions at the same adsorbed charge density. I agree that  
the ver t ica l  or ientat ion gives more  trouble,  and this 
is included in a very  qual i ta t ive  way  in the idea of 
screening the sulfonate charge in the diffuse layer. 
Undoubtedly  a more  sophisticated model  is desirable, 
but  not much progress has been made  in this d i rec-  
tion as far  as explaining exper imenta l  results  is 
concerned. 

I bel ieve that  there  is some degree of agreement  
that  charge is the preferable  var iable  for ionic ad-  
sorption, but  this is not so for neut ra l  molecule  ad- 
sorption. I still  re tain the opinion that  it is preferable  
in the la t ter  case, but  it is ve ry  difficult to make  a 
conclusive test of this or the opposite view. Tests can 
be devised for congruent  isotherms (those for which 
the interact ion parameters  are independent  of elec- 
t r ical  conditions),  but  there  is no a pr/or~ reason to 
assume that  the isotherm for a g iven substance is 
congruent.  

E. Giteadi: Equation [1] in this paper  takes into ac- 
count the obvious act ivi ty coefficient of the species in 
solution, but  seems to neglect  act ivi ty coefficients on 
the surface. Apar t  f rom lateral  in teract ion effects 
which cause a change in the free energy of adsorp- 
tion, there  is an impor tant  entropy te rm which must  
be introduced when  an adsorbed species occupies more  
than one site on the surface (r > 1). This accounts 
for the nonrandom distr ibut ion of occupied (and free)  
sites on the surface. Calculations of this type have  
been  given by Miller  2 for the re la t ive ly  simple case 
of r =- 2, but  as far  as I know none have  so far  been 
published for higher  values of r. Some pre l iminary  
calculations by Hurwi tz  and Gileadi  for r = 4 show 
~hat this effect can be qui te  substantial  and can al ter  
the shape of the isotherm. The addit ional  difficulty 
which  arises here  is that  the form of the entropy term 
depends not only on the value  of r but  also on the 
shape of the adsorbed molecule.  

It  would  seem therefore  that  the isotherms given 
here  are applicable main ly  for l iquid electrodes and 
would  not apply to solid electrodes wi th  wel l -def ined 
and localized adsorption sites. 

Roger Parsons: Yes, I agree that  Eq. [1] is l ikely to 
be useful  only for l iquid electrodes where  there  are 
no definite sites on the meta l  surface. In  this case the 
entropy contr ibution is included according to the 
F lory-Huggins  model. 

s A.  R.  Miller, Proe. Cambridge  Phil.  Soc., 35, 293 (1939) .  

Richard Payne: I think several  important  points 
arise from this paper. 

1. It is stated that  the lines in Fig. 3 are approx-  
imately paral lel  at low coverages, whereas  in actual 
fact, they diverge. The slope at q = - -  10 ~C/cm 2, for 
example,  is 0.019 cm2/~F; whereas  at q = 8 ~C/cm 2, it 
is 0.0043 cm2/~F. This suggests s trongly that  the 
standard free energy of adsorption of the flat form 
falls off f rom the l inear charge dependence assumed 
in the analysis. I think this is confirmed by the dis- 
crepancy between the measured and calculated charge 
dependence of the amount  adsorbed which the authors 
a t t r ibute  to neglect of cross- interact ion coefficients. 
The discrepancy could also be a t t r ibuted to decrease 
of d In ~l/dq with q which would  mean that  the flat 
form would not replace the ver t ica l  form as rapidly  
as predicted by the theory. 

2. I would also l ike to make  two other points in 
connection with the peaks in Fig. 3. It  is suggested that  
the lines should become horizontal  if the center  of 
charge of the adsorbed species is in the diffuse layer. 
I disagree with  this, since it neglects the contr ibut ion 
to ~m-2 of replaced solvent dipoles. I think it would 
be difficult to explain the charge dependence of the 
amount  adsorbed for many  neut ra l  adsorbates wi thout  
taking this factor into account. Second, the authors 
state that  the divergence of the lines in Fig. 3 at high 
coverages can be explained in terms of (Oq/Oem-2)q., 
the capacity measured  at constant  amount  adsorbed 
which I think is only par t ia l ly  true. It is not possible 
to explain the zero and negat ive slopes of ~m-2 vs. q' 
at constant q wi thout  taking into account the con- 
t r ibut ion of the replaced solvent  dipoles. 

3. The value  of the parameters  used in the calcu- 
lation which are listed under Fig. 5 seem unrealist ic 
in certain respects. If  the area occupied by a solvent 
molecule  is taken as 10A 2 then according to the ex-  
per imental  saturation areas of the two forms, Le., 53 
and 32 A 2 in the corresponding values of r l  and r2 
should be roughly 5 and 3, respectively,  ra ther  than 
the 2 and 1 assumed in the calculation. How sensit ive 
is the calculation to the values chosen for rt  and r27 

I think the value fll max = 1 should read In ~1 max ~ 1. 
This leads to AG1 max ---- 576 ea l /mole  which is more  
than an order of magni tude  lower than the usual 
values found for ionic adsorption ( ~  20 kca l /mole ) .  
Using the value S -~ 12 we  find AG2 max = - -  1.43 kcal 
which again is much too low. It seems that  wi th  this 
value of S the difference be tween  AG1 max and AG2 max 
is also unreal is t ical ly large (i.e., a factor of 2.303 log 
12_~ 2.5). Can the authors comment  on this point? 

Roger Parsons: 1. This explanat ion is cer tainly a pos- 
sible one. I had assumed that  the flat or ientat ion of 
the toluene sulfonate would  behave in the same way 
as the benzene in disulfonate reported previously.  
In fact, the number  of points in this low coverage 
region in Fig. 3 is ra ther  small  (4 concentrat ions or 
so), and the slopes of these ptots cannot be given 
with complete confidence. 

2. I do not ent i re ly  agree. As I suggest in the re-  
marks on your paper, it is possible to obtain the 
quadrat ic  dependence of f ree  energy of adsorption 
on charge if only the thickness of the inner  layer  is 
increased by the adsorption. Then the change of 
sign of the slope of ~m-2 vs. q' follows wi th  the 
charge corresponding to zero slope (max imum ad-  
sorption) depending on dipolar or ionic properties.  
An a l ternat ive  explanat ion is in terms of the average  
dielectric constant of the inner  region in which the 
dipoles may  also play a part. In the real  system it 
may  wel l  be that  all these phenomena contribute. 

3. I have  discussed the va lue  of the paramete r  r 
for some single adsorption systems briefly e lsewhere  3 
and suggested that  the value  found was smaller  than 
would be expected f rom the known size of the water  

R o g e r  P a r s o n s ,  J. Electroanalyt .  Chem. ,  8, 93 (1964) .  
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molecule and that this might  be due to the existence 
of clusters of water  molecules on the mercury  sur-  
face. Variation in the relat ive values of rl  and re 
changes some features of the curves such as those 
in Fig. 5. In part icular ,  the l imit  at large positive 
changes ( lef t -hand side of Fig. 5) is 0 = r2/rl so that 
this ratio determines the relat ive heights of the peak 
and the saturat ion coverage at positive charges. 

The caption under  Fig. 5 should read In ~i max. 
This value is arbi t rary,  and the actual  value would 
depend on the concentrat ion range for which the 
curves in the figure apply. The difference between 
AG1 max and AG2 max, however, does have real  signifi- 
cance. In  the absence of similar analyses for simpler 
systems, it is only possible to express an opinion about 
the magni tude  used here, but  I believe this difference 
is not too large; if it were much smaller it would 
become close to RT, and there would be no clear pre-  
dominance of the vertical  form over any range of the 
variables. 

J. R. MacdonaLd: Your implicit  assumption that  there 
are no stable in termediate  states for the adsorbed 
molecules between completely flat and s tanding-up  
straight conditions seems reasonable to me. On the 
other hand, in the situation where  there are appre-  
ciable concentrations of molecules in  both these two 
stable states, one would expect thermal  equi l ibr ium 
between them; thus a proport ion of them at any in-  
s tant  should be undergoing transi t ions from one state 
to the other. Should not your  t rea tment  include the 
effects of the molecules in these in termediate  posi- 
tions? 

Roger Parson, s: It  is indeed true that under  conditions 
where the energies of the two forms of adsorbed spe- 
cies are comparable in termediate  orientations must  
also have similar energies. However, the solution of 
the complete problem of the energy of the system 
as a funct ion of orientat ion of each toluene sulfonate 
ion would be difficult. It  seems l ikely that  the ma in  
features of the present  simplified solution would still 
be present  since in  most regions one form or the 
other would predominate.  
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B. E. Conway: It may be of interest  to note  that  a 
two-posit ion t rea tment  for adsorption also applies to 
the neutra l  molecule, pyridine. This iS indicated by 
the fact that  (a) the apparent  s tandard  free energy 
of adsorption of pyr id ine  on Hg decreases in  a dis- 
continuous manne r  with increasing coverage 0 ex- 
pressed to the power ~/2 to allow for dipole repulsion 
effects; 4 and (b) by the fact that the surface pres-  
sure S-surface excess r re lat ion shows two l inear re-  
gions with different slopes which can best be in -  
t e rpre ted  in  terms of a disor ientat ion-or ientat ion 
t ransi t ion in the double layer.~ Similar  effects are 
observed in the sorption of pyr idine in  montmor i l -  
lonite. 6 

In  regard to the Flory-Huggins  type of t rea tment  
you ment ioned in  which the different areas of the 
adsorbate molecules (solvent and solute) are taken 
into account, it may be mentioned that Shinoda and 
Hildebrand ~ have found for the analogous lattice 
problem in  three-dimensional  solutions of spherical 
molecules of different sizes that  the required  volume-  
fraction statistics represent  the solution behavior  less 
satisfactorily than  do mole fraction statistics. This 
may be due to the shapes of the molecules involved. 
However, for t e t raa lky lammonium salts the size fac- 
tor can be significant in the activity coefficients, s The 
lattice theory may be quant i ta t ive ly  applicable only 
to those solutes that  approach the ideal condition of 
occupying some simple mult iple  number  of the solvent  
sites lateral ly (as in polymer solutions, or diphenyl  
in benzene) .  Similar  p~oblems would, it seems, arise 
in the case of the Flory-Huggins  type of t rea tment  
for a two-dimensional  phase. 

4 B.  E. C o n w a y  a n d  R.  G.  B a r r a d a s ,  Electrochim,  Acta,  5, 319, 
349 (1961). 

B.  E. C o n w a y ,  R.  G.  B a r r a d a s ,  P .  G.  H a m i l t o n ,  a n d  J .  M. P a r r y ,  
J. ElectroanaZ. Chem.,  10, 480 (1965); of. L.  G ie r s t ,  " T r a n s a c t i o n s  of  
S y m p o s i u m  on  E l e c t r o d e  P r o c e s s e s , "  P h i l a d e l p h i a  1959, p. 109, E .  
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The Structure of the Mercury-Solution. Electrical Double Layer in 
the Presence of Adsorbed Oxyanions 

Richard Payne 
Air Force Cambridge Research Laboratories, L. G. Ha~scom Field, Bedford, Massachusetts 

ABSTRACT 

The unusua l  adsorption characteristics of oxyanions are described with 
special reference to the adsorption of ni t ra te  ions from KNO~ solutions. The 
adsorption energy is shown to be l inear ly  dependent  on the charge in contrast 
to the behavior previously found for mixed solutions of NH4NO8 (and also 
NH4C104) with NH4F at constant  ionic s t rength where the dependence is 
approximately quadratic. The reasons for the differences are discussed in  
terms of the s tructure of the inner  region of the double layer. The capacity 
of the inner  region of the double layer is analyzed and related to the form 
of the adsorption isotherm and the Esin and Markov coefficient. Arguments  
are advanced in favor of using the mean  ionic activity rather  than the salt 
activity in the isotherm. 

The unusua l  electrocapillary properties of inorganic 
oxyanions like n i t ra te  and perchlorate were first 
recognized by Grahame and Soderberg (1) in  a sys- 
tematic study of the specific adsorption of anions. 
They concluded from their  measurements  that  the 
ni t ra te  ion i s  relat ively weakly adsorbed, probably by 
Van der Waals- type adsorption forces ra ther  than the 
stronger forces characteristic of the adsorption of 
the iodide ion for example. This viewpoint  seemed to 
be confirmed by recent  measurements  of the adsorp- 

t ion of ni t ra te  (2) and perchlorate (3) ions from 
mixed solutions of NI-I4NO3 and NH4C104, respec- 
tively, with NH4F at constant  ionic strength, which 
suggested that specifically adsorbed anions are re -  
placed by solvent  molecules at sufficiently positive 
values of the electrode charge in  much the same way 
that  weakly held organic adsorbates are desorbed at 
the extremes of polarization. However, studies of 
KNO3 and HC104 solutions appear to indicate funda -  
menta l  differences in the characteristics of the ad-  
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sorption process for a given anion depending on the 
nature  of the solution. Thus the adsorption of ni trate  
ions f rom pure  KNO3 solutions more closely resembles 
that  of the strongly adsorbed iodide ion than the ad- 
sorption of n i t ra te  ions f rom the mixed  ammonium 
salt solutions. This resul t  is somewhat  surprising and 
apparent ly  casts some doubt on the val idi ty  of Gra-  
bame's  analysis (4). The problem is here  reconsidered 
with  special reference  to the behavior  of the KNO3 
system. 

Exper imental  
The differential  capacity of the double layer  at a 

dropping mercury  electrode was measured for seven 
concentrations of KNO3 ranging f rom 0.01-1M using 
the a-c br idge method  described previously (5). The 
internal  precision of the measurements  was bet ter  
than 0,05%. The potential  was measured with a pre-  
cision of 1 mv  with  respect  to a calomel reference  
electrode in 0.1M KC1. In order to minimize uncer ta in-  
ties due to variat ions in the l iquid junct ion poten-  
tial (LJP) ,  a 0.1M KNO3 solution was always main-  
tained in contact wi th  the reference electrode. The 
l iquid junct ion was made in a solut ion-sealed stopcock 
and was left  undis turbed throughout  the measure-  
rnents. As before, a second liquid junct ion of the type 
KNO3 (0.1M)IKNO3(a:M) was del iberate ly  introduced. 
The junct ion was again maintained in a solution- 
sealed stopcock. The L J P  in this ease could be calcu- 
lated from the Henderson equation using published 
values (6) of t +, the cation t ransference number.  
Since t + is close to 0.5 for KNO3 solutions, the L J P  is 
small  and can be accurately computed. The reproduci-  
bil i ty of this a r rangement  was repeatedly  checked by 
measur ing the potential  of zero charge (pzc) using the 
s t reaming mercu ry  electrode method (7), and also by 
checking the pzc against published values (8) and the 
va lue  found independent ly  (9) for 1M KNO3 using a 
1M KCI calomel reference  electrode in direct contact 
wi th  the KNO3. The agreement  found was usual ly 
better  than 1 mv. 

Solutions were  prepared volumetr ica l ly  from per-  
manganate  distil led water  and AR grade KNO3 prev i -  
ously recryst,allized f rom the same water.  No trace of 
e lectroreducible  or surface act ive impuri t ies  was de-  
tected during the measurements .  Mercury  was purified 

I4(l 

in the usual way by extract ion with  dilute HNO3 
followed by mult iple  disti l lation in  vacua.  Capillaries 
were  prepared and silicone t reated as described p re -  
viously (10). Solutions were  freed f rom oxygen by 
bubbling with  filtered and pres 'aturated oxygen- f ree  
nitrogen. The pzc was measured for each solution by 
the method of the s treaming mercury  electrode (7). 
All  measurements  were  made in a water  thermostat  
controlled to +_0.05~ 

Results 
The differential  capacity of the double layer  is 

shown as a function of the potent ial  for seven concen- 
trations of KNO3 in Fig. 1. The characterist ic capacity 
hump which occurs close to the pzc decreases in height  
as the bulk concentrat ion of KNO3 decreases due to 
the effect of the diffuse layer  capacity at the lower 
concentrations. The occurrence of specific adsorption 
at the pzc, even in the most  di lute solution, is sug- 
gested by the fact that  the capacity min imum due to 
the effect of the diffuse layer capacity occurs at a 
potential  of ~60 mv  more negat ive  than the pzc owing 
to the effect of the superimposed steeply rising inner 
layer capacity. It wil l  be shown, however ,  that  most 
of the concentrat ion dependence of the capacity in Fig. 
1 is due to the effect of the diffuse layer, in con- 
trast wi th  the behavior  of the halide anion systems 
where  the concentrat ion dependence of the inner  layer 
capacity is much more  important.  

The capacity was in tegrated twice with respect to 
the potential  using a digital computer  (Elliot 803) as 
described previously (10). In tegra t ion constants were  
taken f rom the measured zero charge potentials and 
published interfacial  tension data of Gouy (11). The 
measured potentials were  conver ted to an E -  scale 
with the aid of published values of the mean act ivi ty 
coefficient and cation t ransference number  (6). The 
computed data were  in the form of values of the 
capacity (C), potential  measured with respect to a 
hypothet ical  anion revers ib le  electrode ( E - ) ,  in ter -  
facial tension (7) and the function ~- = ~ + q E -  
all interpolated to integral  values of the surface 
charge density on the meta l  (q).  The capacity poten-  
tial and interracial  tension for each solution at the 
pzc are recorded in Table I. 

The surface excess of cations ( r  +) was calculated in 
the usual way (12) by plot t ing 4- against 2 R T / F  In 
a+ for constant values of q and differentiat ing graphi-  
cally according to the thermodynamic  equation 

- - d ~ -  = 2 R T / F  �9 r + d l n a + _ - - E -  d q  [1] 

where  a_+ is the mean act ivi ty  and constant t empera -  
ture  and pressure are understood. 

The charge dependence of r + is shown for several  
concentrations of the salt in Fig. 2. The flatness of the 
var ia t ion on the anodic side first noted by Grahame 
and Soderberg  (1) distinguishes this system from 
systems like KC1 and KI  where  r + goes through a 
wel l -def ined min imum (13). This difference is due to the 
smaller  charge dependence of the specific adsorption 
of the ni trate  ion as wil l  be shown. The flat m ax imum 

Patential vs. O.INcal (V) 

Fig. 1. Differential capacity of the electrical double layer at a 
mercury electrode in contact with aqueous KNO3 solutions at 25~ 

Table I. Coordinates of the electrocapillary maximum and values 
of the cathodic minimum capacity for aqueous KNO3 solutions 

at 25~ 

C, Groin, --~zero(a), ~/zero(b), Czero, 
mole / l i t e r  ~F/crn~ v d y n e / c m  /LF/cm~ 

0.01 15.89 0.548 425.2 18.30 
0.025 15,94 0.554 424.9 23.11 
0.05 15.96 0.560 424.5 26.34 
0.1 16.00 0.571 424.1 28.67 
0.2 16.05 0.565 423.4 30.40 
0.5 16.22 0.600 422.1 31.53 
1 16.56 0.617 420.9 31.59 

(a) Ezero is emf  of the  cell  
Hg I Hg~Cl~ { 0.1M KCI i 0.1M KNO3 i zM KNOB ] Hg 

(b) Interpolated from data of Gouy (11). 
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Fig. 2. Charge due to the surface excess of cations as a function 
of the concentration of KNO3 and the charge on the metal. 

in r + for the 1M solution close to q = 4~C/cm 2 sug- 
gests that  the anion adsorption approaches saturat ion 
coverage (14), al though this effect may  be an ar t i fact  
resul t ing f rom errors inherent  in the graphical  differ- 
entiation. Since r + is close to zero for q > 4~C/cm2 
in the 0.OlM solution, the charge on the solution side 
of the interface (qs) is almost whol ly  due to spe- 
cifically adsorbed anions in this region if specific ad- 
sorption of cations is discounted. Al though measure-  
ments in solutions more  dilute than 0.01M were  not 
made, the results in Fig. 2 suggest that  a plot of r + 
vs. log a•  would be asymptotic to r + = 0 at infinite 
dilution, in which case a similar plot of the surface 
excess of anions ( r - )  would be asymptotic to the 
value - -q /F .  Since there  is no diffuse layer  charge 
all of qs is made up of the charge due to specifically 
adsorbed anions (ql) so that  ql apparent ly  approaches 
the v a l u e - - q  at infinite dilution. This is somewhat  sur-  
pris ing since ql should presumably  approach zero 
when  the bulk concentrat ion of anions is zero. Because 
of the uncer ta in ty  in the diffuse layer  calculation 
under  conditions where  r + is close to zero (15), it 
could be assumed that  this effect is due to errors in 
the measurements  or the analysis. This point is dis- 
cussed in more  detail  below. 

The values of r + were  used to calculate the sur-  
face excess of anions ( r - )  by difference f rom qs/F 

r -  = qs/F ~ r + [2] 

The charge due to diffuse layer  anions (qd) was then 
calculated f rom Gouy-Chapman  diffuse layer  theory  
assuming no specific adsorption of cations. The charge 
due to specifically adsorbed anions was found by sub- 
t ract ing the diffuse layer  concentrat ion from the  total  
surface excess of anions 

q l , =  F r -  - -  qd [3] 

The values of ql obtained in this way were  then used 
direct ly in the subsequent  analysis which was de-  
veloped by Parsons (12) and Grahame  (4). 

In Fig. 3 ql is shown as a funct ion of q for sev-  
eral  concentrat ions of KNO3. It  is evident  that  the 
curves are approximate ly  l inear  and paral le l  for 
q ~ 4~C/cm 2, the slope of the l inear segment  being 
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Fig. 3. Charge due to specifically adsorbed nitrate ions as a 
function of the charge on the metal and concentration of KN03. 

close to 1.0 in good agreement  wi th  the resul t  found 
by Grahame and Soderberg  for 0.1M KNO3. The sys- 
tematic  deviat ions f rom the l ine of unit  slope for the 
most concentrated solution can be reasonably at-  
t r ibuted to errors of graphical  differentiat ion which 
are most serious at the ext remes of the concentrat ion 
range. The m a x i m u m  deviat ion is ,-~0.8 ~C/cm ~, which 
is probably wi th in  the exper imenta l  error.  The po-  
tent ial  difference (r generated across the inner  
region of the double layer  by specifically adsorbed 
anions was calculated by subtracting R T / F  In a•  and 
the potential  difference across the diffuse layer  (r 
f rom E - .  The resul tant  values of r were  then 
plotted against ql for in tegra l  values of q. The  results  
of this plot are shown in Fig. 4. As was found pre-  
viously for KC1 (16) and sodium benzenedisulfonate 
solutions (14) the data can be represented  by a series 
of paral le l  s traight  lines. The appreciable  scatter of 
the points is again at t r ibutable  to errors introduced 
by the graphical  differentiation. This is par t icular ly  
t roublesome at the lower  concentrat ions where  r + is 
close to zero. Under  these conditions the calculation 
of r and qd f rom diffuse layer  theory is ex t remely  
sensitive to errors in r +. 

The capacity was analyzed with  the aid of diffuse 
layer  theory and values of dql /dq obtained by graphi-  
cal differentiat ion of the plots in Fig. 3. The capacity 
of the inner region (C9 was first obtained through 
the relat ionship 

1/C = 1/C i -{- 1/Cd(1 -I- dql /dq)  [4] 

) . ~ i .  ~ ' ' ' I  2 q ( ]  J c O u l - / c m z )  
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12  

. ~  

o 
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Specifically adsorbed charge ql (,ucoul./cm 2) 

Fig. 4. Potential difference generated across the inner region of 
the double layer by specifically adsorbed anions. 
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where C a is the capacity of the diffuse double layer. 
C ~ was then fur ther  resolved into components meas-  
ured at constant  charge and at constant amount  ad- 
sorbed through the ident i ty  

l i C  k = 1/qC ~ -5 l l q l C  i �9 dqVdq [5] 

where qC ~ the capacity of the inner  layer measured at 
constant  amount  adsorbed and q,C i the capacity meas-  
ured at constant  charge on the metal  are defined by 

qC ~ -~- (OqlOr m-2) ql [6] 
and 

q l C  i" -~- (OqllOr m-2) q [7] 

As in all previously studied systems q~C ~ is independ-  
ent of the amount  adsorbed (in view of the l inear i ty  
of the plots in Fig. 4) and can therefore be replaced by 
the corresponding integral  capacity q,Kq The value  
of q~K i in the present  system is 96 ;~Flcm 2. 

The total inner  layer capacity C i and the capacity 
at constant  amount  adsorbed ~C i are shown as a ffinc- 
tion of q for several concentrat ions of KNO3 in Fig. 5 
and 6. The curves in both cases are almost independ-  
ent  of the salt concentration. This is somewhat sur-  
prising since C i is expected to depend strongly on 
specific adsorption of the anion and hence on the bulk  
concentrat ion of KNOs. It appears that most of the 
concentrat ion dependence of the measured capacity 
in Fig. 1 can be at t r ibuted to variat ion of the diffuse 
layer capacity. The constancy of qC~ is to be expected 
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Fig. 5. Differential capacity of the inner region of the double 
layer as a function of the charge on the metal and concentration 
of KNOB. 
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stant amount adsorbed as a function of the charge on the metal 
and concentration of KN03. 
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since the plots of r vs. ql in  Fig. 4 are parallel.  
qC ~ could also have been calculated for each experi-  
menta l  point  in Fig. 4 by interpolat ing r at the 
appropriate value of ql and then differentiating the 
corresponding values of q with respect to ~b m - 2 .  Since 
the lines are parallel,  the results of this calculation 
are independent  of qZ. 

Discussion 

Adsorption Isotherr~ 
The data were fitted to a single constant charge 

isotherm using the method described by Par ry  and 
Parsons (14). In  order to test the correctness of 
main ta in ing  constant charge rather  than constant  po- 
tential  in  this system the cri terion devised by F r u m k i n  
et al. (17) was applied. According to F r u m k i n  the 
charge (q) and potential  (r in  the case of a constant  
charge isotherm are related by the equat ion 

q = ( r  - -o) ICo + 01C'] [8] 

where CN is the pzc corresponding to a coverage 0 ---- 1. 
r and CN are measured with respect to the pzc for 
0 = 0. Co and C' are the capacities corresponding to 
0 ---- 0 and 0 ---- 1, respectively. When q = 0; i.e. at the 
pzc, Eq. [8] reduces to 

Cq=o = OCN [9] 

so that the pzc should be a l inear  funct ion of the 
coverage if a constant  charge isotherm is obeyed. 
Figure 4 shows that this is so for the present  system 
as was found previously for n i t ra te  and perchlorate 
ion adsorption from mixed solutions of NH4F with 
NI-t4NO~ and NH4C104, respectively. However, it  
should be pointed out as ment ioned by F r u m k i n  
et al. that  if Co = C' the corresponding equations for 
constant  potential  adsorption 

q _-- Cor 0) + C'(r CN) e [i0] 

Cq=o ---- r CJC' ( l - o) -5 8] [II] 

also reduce to Eq. [9]. Although this condition sel- 
dom occurs in adsorption of organic compounds, it 
appears in view of the small dependence of C / on 
concentration (Fig. 5) in this system that Co and C' 
may be similar so that the value of the test is cor- 
respondingly reduced. It is possible within the limi- 
tations of the somewhat crude approximations of 
Frumkin's treatment to extend the argument to con- 
sider adsorption at constant values of q other than 
zero. In this case the constant charge equation, Eq. 
[8], can be rearranged to give 

=- q/Co -5 e[r -5 q ( l l C ' - -  !~Co)] [12] 

whereas the constant  potential  equation, Eq. [10], 
gives 

= [q + C'OCN]I[Co(I--o) + C'] [13] 

According to Eq. [12] r should be a l inear  funct ion 
of e with a slope that increases (or becomes less 
negative) with increasing q by an amount  (1/C' 
--1~Co), whereas Eq. [13] predicts a more complex 
dependence. The relat ionship of Eq. [12] to the plots 
of r  vs. ql in Fig. 4 is obvious. Since these plots 
are paral lel  it follows that C" ~ Co in this system as 
was shown earlier (Fig. 5). Again  this does not  
necessarily confirm the correctness of the constant  
charge isotherm since both [12] and [13] reduce to 
the common equat ion 

~b = q/Co "~- OdpN [14] 

when C' = Co. However, in the NH4NOs -5 NI-I4F sys- 
tem C' and Co are not equal and the plots of r 
vs. ql (or 0) are linear with a slope which becomes 
increasingly positive with q in agreement  with Eq. 
[12]. It  appears, therefore, that  a constant charge 
isotherm is appropriate to this system, and in the ab-  
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Fig. 7. Composite curve of the surface pressure of nitrate ions 
specifically adsorbed from KNO3 solutions. The range of q 
covered is 0-18/~C/cm ~. 

sence of any indications to the contrary it seems 
reasonable to assume that  the same is t rue  for  the 
present  system. 

The surface pressure (~) of specifically adsorbed 
anions was calculated as described elsewhere (14, 18). 
The individual  curves of r vs. log a_  for various con- 
stant values of q were  fitted together  to give the com- 
posite curve shown in Fig. 7. The solid line was cal- 
culated f rom a F r u m k i n  isotherm (19), 

ln[0/ (1  - - ~ ) ]  -t- Ae ---- in (pa_+/r~) [15] 

with the fol lowing constants 

A/2.303 = 3 
rs ---- 1.59 • 10 z4molecule /cm 2 

q s  1 = 25.4 ~C/cm 2 
log/~ = 14.83 Jr 0.205 q [16] 

whe re  A is the dimensionless la tera l  interact ion co- 
efficient, rs the saturat ion coverage, qs ~ is equal  to 
Fr , ,  and /~ is re la ted to the s tandard free energy of 
adsorption at zero coverage (~G ~ by 

/~ = exp (--~Go/RT) [17] 

The variation of AG ~ with q (Fig. 8) showed a slight 
sigmoid tendency which was regarded as small enough 
to be neglected. The largest deviation of r from the 
common curve in Fig. 7 was no more than 0.3 dyne/ 
cm. 

The constants of the isotherm are remarkably simi- 
lar to those previously found for the adsorption of 
nitrate ions from NI-14NOs ~- NH4F solutions (2) 
which also obeys a Frumkin isotherm with A/2.303 
----- I, qs I -~ 24.7 ~C/cm 2 and log fl=14.95 -k ](q)*. 
Thus the anomalously large apparent area of the ad- 
sorbed nitrate ion (~6:0' A 2) is again emphasized. The 
lateral interaction coefficient is larger by a factor 
of 3 for the KNO3 system. This has the effect of 
spreading the adsorption over a wider concentration 
range in the lower and intermediate range of cover- 
age. This suggests that the lateral interactions may be 
screened out to some extent by the constant high elec- 
trolyte concentration in the mixed electrolyte sys- 

1 f (q) in this sys tem is  nonlinear.  
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Fig. 8. Charge dependence of tee standard free energy of ad- 
sorption of nitrate ions from KNO3 solutions. 

tem. The same factor would lead to var ia t ion of the  
interact ion coefficient wi th  concentrat ion in the KNO3 
system which would  mean  that  the adsorption could 
not be represented by a single isotherm. 

It  is interest ing to note that  the plot of r vs. ql 
at q ,= 0 in Fig. 4 does not extrapolate  to ~bm-2 = 0 
at ql = 0 but to a value  which is ~25 m v  positive. 
When the isotherm values of qZ are used to calculate 
the diffuse layer  potential  difference, the same plot  is 
curved but now proper ly  extrapolates  to the origin, 
suggesting therefore  that  the isotherm values of qZ 
may be more  accurate than the values obtained by 
graphical  differentiation. The source of this discrep- 
ancy appears to be the diffuse layer  potent ial  differ- 
ence which, according to the graphical  analysis, does 
not approach zero at low concentrations. This is an-  
other way of stating that  the specifically adsorbed 
charge appears to be asymptotic to a value  of - -q /F 
ra ther  than zero at infinite dilution as was discussed 
earlier. The d ivergence  of the r vs. qZ plots cal-  
culated direct ly and f rom the isotherm at q = 0 can 

q/ / ~  oI 
.o "1 

. / o  o o ~ ' "  

o -  ?o - ~ . ;  - , . o  - 0 ; 5  

log a~ 

Fig. 9. Comparison of tee charge due to specifically adsorbed 
ions calculated directly according to Eq. [1] (open circles) with 
values calculated from the isotherm (closed circles). 
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Fig. 10. Change of the inner layer capacity produced by adsorp- 
tion of nitrate ions from KN03 solutions as a function of the 
amount adsorbed. 

evident ly  be accounted for by a systematic error  in 
( -  of no more  than 0.2 dyne/cm.  This is due to the 
ex t reme sensi t ivi ty of the calculation of 02 from dif-  
fuse layer theory to the va lue  of ql under  these con- 
ditions. In Fig. 9 are compared the values of q~ cal-  
culated by the two methods. It is apparent  that  the 
direct ly calculated values are asymptotic to a value 
close to ql = _ q  at the low concentrat ion end whereas  
the isotherm values are asymptotic to ql = 0 (as 
they clearly must  be if they are to fit a single common 
isotherm).  This behavior  is also evident  in other sys- 
tems. 2 Thus, al though the deviations in Fig. 9 could be 
accounted for by very  small  errors in the measure-  
ments, they are  never theless  bel ieved to be real  and 
represent  a small  dependence of the isotherm con- 
stants on the charge or concentrat ion or both. For  this 
reason the direct ly  calculated values of qZ were  used 
in the analysis. 

As is wel l  known, the change of the capacity pro-  
duced by adsorption is characterist ic of the adsorp-  
tion isotherm and under  favorable  circumstances can 
be used to identify the isotherm and evaluate  its 
constants (20,21). The change of the inner - l aye r  
capacity (--A1/C~ _=_ 1/C i -  1/qC~) is shown as a func-  
t ion of ql in Fig. 10. As ment ioned earlier,  ~ I / C  ~ 
reaches a l imit ing value  as was found previously for 
the adsorption of iodide ions f rom formamide  solutions 
(18). Now according to Eq. [5] 

- -A1 /C  i = 1 /q lK  i �9 d q l / d q  [18] 
or 

- - •  1 /q lK i .  d l n  ~/dq  �9 d q l / d l n ~  [19] 

The last factor on the R.H.S. of Eq. [19] is character-  
istic of the adsorption isotherm. Since qlK ~ and d In 
f l /dq are constant in this system, it follows that  the 
shape of the --A1/C / vs. q~ curve is the same as that  
of d q l / d  In ~ vs. q~. It  is easily shown that  the F r u m -  
kin isotherm leads to the relat ionship 

d q l / d l n r  q l s { [ ( 1 - - o ) ] - I  - I -A} -1 [20] 

leading to a max imum value of d q l / d  In ~ at 0 = 0.5 
whereas  a vi r ia l  type of isotherm gives 

d q l / d  In ~ = (1/q  1 -t- 2 B / F ) - 1  [21] 

where  B is the second vi r ia l  coefficient leading to the 
l imit ing value  of F / 2 B  when 2B > >  F / q l .  It  appears, 
therefore,  that  the present  system might  be bet ter  
described by a vir ial  form of isotherm. The value  of 
B given by Eq. [19] and [21] is 440A2/mol. 

See for  e x a m p l e  ref .  (16). 

As was pointed out previously,  this ambigui ty  be- 
tween the F rumkin  and vir ial  forms of the adsorption 
isotherm can arise when  the la teral  interact ion co- 
efficient A is large because under  these conditions 
(and at sufficiently small values of e) the F rumkin  
isotherm reduces to the vir ial  equation. However ,  it 
follows f rom Eq. [18] that  where  the plots of 0 m-2 vs. 
ql (Fig. 4) are l inear and plots of q i  vs. q (Fig. 3) 
are also paral le l  at the high concentrat ion end, a l / C  i 
must  reach a l imit ing va lue  which in general  wil l  be 
different for each value of q. This behavior  was noted 
by Parsons (20) for the aq. KI  system in which  the 
charge dependence of the l imit ing value of A1/C i is 
evident ly  due pr imar i ly  to the var ia t ion of qlK i r e -  
ported by Grahame (4) for this system. Where  qlK i 
is also independent  of q (paral lel  plots of 0 m-2 vs. q~ 
in Fig. 4) and the qZ vs. q plots are both l inear  and 
paral lel  at the high concentrat ion end, ~1/C i wil l  
reach a common l imit ing value  for all values of q as 
found in the present  system. 

A modification of isotherms based on the Langmuir  
isotherm to take into account the different sizes of the 
adsorbing particles and the solvent molecules they 
replace was recent ly  proposed by Parsons (22). The 
modified F rumkin  isotherm is 

3a = oeaO/r(1 ~ o) r [22] 

where  r is the number  of solvent molecules replaced 
by one adsorbate molecule. This isotherm leads to a 
max imum in dO/d In /~ when 0 = (1 -I- ~ / r ) - 1  so that 
when  r is large the curve  of do/d  In ~ (or - - ~ 1 / C  ~) 
against  0 is highly asymmetric.  This seems l ikely to 
be the case in this system in view of the low satura-  
tion coverage and may account for the apparent  l imi t -  
ing value of - - •  i. In other words the descending 
branch of the curve  to the r ight  of the m ax im um may 
have been el iminated by the assumptions ment ioned 
previously.  In this case the fit to a simple F rumkin  
isotherm would have  to be regarded as empirical.  
From the value  of 59A 2 previously deduced for the 
saturat ion area and a value of 6A 2 taken as the area 
occupied by a water  molecule  we obtain a value  for 
r of ~10 leading to a m ax im um  in --A1/C~ when  0 
0.25 or ql ~ 7 ~C/cm 2. According to Fig. 1 0 - - ~ I / C  i 
indeed reaches its m ax im um  value  close to this point. 
It therefore  seems reasonable to conclude that  Par -  
sons' modification of the F rumkin  isotherm wil l  de-  
scribe the adsorption and that  the l imit ing va lue  of 
- - A I / C  i found is due to small  errors introduced by 
the simplifying approximat ions  necessari ly made in 
the analysis. 

Capaci ty  of  the I n n e r  Region  

The component  of the capacity of the inner  region 
measured at constant amount  adsorbed (qC i) is inde- 
pendent  of the amount  adsorbed wi th in  the exper i -  
mental  error. Similar  behavior  has been observed for 
all previously studied systems of anion adsorption 
f rom solutions of a single salt (4, 14, 16, 18). A small 
charge dependence of qlK i ( the reciprocal  slope of 
the plots of 0 m-2 vs. ql in Fig. 4) observed for the 
adsorption of iodide ions f rom both aqueous and 
formamide solutions of KI is of doubtful  significance. 

The behavior of the KNO3 system contrasts sharply 
wi th  that  of mixed  solutions of NH4NO3 and NH4F 
at constant ionic s t rength (2) in which the adsorp- 
tion of the ni t ra te  ion results  in a marked  decrease 
of qC ~ with  increasing amount  adsorbed. The same be- 
havior  was also found for perchlora te  ion adsorption 
under  similar conditions (3). The change in the total 
inner  layer capacity produced by the adsorption of 
ni trate  ions f rom the mixed  solutions is shown as a 
function of concentra t ion  and electrode charge in 
Fig. 11. As was noted previously, these curves closely 
resemble those f requen t ly  found in the adsorption of 
neut ra l  organic substances [see for example  ref. (23) ] 
and, as shown by Parsons (21), are characterist ic of 
a quadrat ic  charge (or potent ial)  dependence of the 
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Fig. 11. Change of the inner layer capacity resulting from ad- 
sorption of nitrate ions from mixed solutions of NH4NO~ and 
NH4F as a function of the charge on the metal and composition 
of the solution. 

s tandard  free energy of adsorption. They can be com- 
pared with the corresponding curves for the KNO3 
system in  Fig. 12 which apparent ly  exhibit  the l imi t -  
i n g  value of - -AI/C l characteristic of a virial  form 
of the adsorption isotherm with a l inear  charge de- 
pendence of the adsorption energy as discussed earlier. 

Since the specific adsorption of ions presumably  
results in the replacement  of adsorbed solvent mole-  
cules it seems reasonable to assume that the capacity 
will  depend on the amount  adsorbed and, because the 
ions will  in general  be less polarizable than the re-  
placed solvent molecules, the capacity would be ex- 
pected to decrease. At the same t ime the average 
effective thickness of the layer will  depend on the 
amount  adsorbed and also on the size of the ion. For 
an ion like the ni t ra te  ion which presumably  adsorbs 
in  a flat position on the electrode, the thickness of 
the layer should be little affected. It seems unlikely,  
therefore, that  the expected decrease in  the dielectric 
constant (J) of the inner  layer  resul t ing from the 
adsorption would be compensated by a corresponding 
decrease in  ~he thickness (x2) as suggested by Gra-  
hame (4). Certainly the general  occurrence of this 
effect in  both aqueous and nonaqueous solutions 
(which of course was not known  to Grahame) makes 
the possibility of accidental compensation of this k ind 
seem unlikely.  It is suggested, therefore, that the be-  
havior of the mixed electrolyte system rather  than 
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Fig. 12. Change of the inner layer capacity resulting from ad- 

sorption of nitrate ions from KN03 solutions as a function of 
concentration and the charge on the metal. 

that of the KNOs system is more consistent with a 
realistic physical model of the inner  region. 

The fundamenta l  change in  the character of the ad-  
sorption of ions like ni t ra te  and perchlorate when the 
composition of the solution is changed is difficult to 
understand.  The quadrat ic  charge dependence of the 
adsorption energy found for the mixed electrolyte 
system was previously at tr ibuted,  by analogy with the 
adsorption of organic substances, to competitive ad-  
sorption of the ion with solvent dipoles. However, the 
fact that  the pure KNOs solutions behave differently 
suggests that  the fluoride ion, which is supposedly 
nonspecifically adsorbed, ra ther  than the solvent is 
the competing species. It  seems likely that the fluoride 
ion is specifically adsorbed to some extent  at ex- 
t reme positive polarizations al though this possibility 
unfor tuna te ly  can only be inferred, as in  the case of 
inorganic cations (24), from indirect  evidence be-  
cause of the gross uncertaint ies  in  the diffuse layer 
correction ment ioned earlier. It  does not seem likely 
on the other hand that  fluoride ions could be suffi- 
ciently strongly adsorbed under  any conditions to re-  
place adsorbed ni t ra te  ions. The curves in Fig. 11 
tend to confirm the original in terpre ta t ion since the 
quadrat ic  charge dependence of the adsorption en-  
ergy is already well  developed close to the pzc where 
specific adsorption of fluoride ions can almost cer- 
ta inly be discounted. It is therefore necessary to look 
elsewhere for an explanat ion of the difference be-  
tween the two types of systems. 

Grahame (4) wrote the par t  of the potential  dif- 
ference across the inner  region resul t ing from the 
specifically adsorbed charge as 

- - 4 ~ n i e  ~ (x2--  xl)  
qldp m - 2  = e i [23] 

where xl  is the distance of the center of the ion from 
the metal  surface, n ~ is the number  of singly charged 
specifically adsorbed ions and e ~ is the electronic 
charge. It is clear, however, as F r u m k i n  indicated in 
his theoretical t rea tment  for the adsorption of neut ra l  
substances (25), that Eq. [23] should include a sec- 
ond term to account for the contr ibut ion of solvent 
dipoles replaced in the adsorption process, q1r ~ -~  
should therefore be wri t ten  

- - 4 ~ n  ~ 
ql~b  m - 2  ~ -  El [e ~ (x2 - -  xl) - -  nwh] [24] 

where n~ is the number  of solvent dipoles of average 
moment  in the direction of the field ~ which are re-  
placed by one specifically adsorbed ion. At sufficiently 
positive values of q (the electrode charge) the sol- 
vent  dipoles wil l  be oriented by the field with the 
negative end of the dipole facing the meta l  so that  
their  removal  wil l  result  in  a positive shift of the 
electrode potential.  The effect should also increase 
with increasing q as the degree of orientation, and 
hence ~ increases. 

It  was noted previously that the plots of r vs. ql  
for the mixed electrolyte system are not parallel:  the 
slope decreases with q and eventual ly  reverses sign 
close to the l imit  of anodic polarization. This is a 
fur ther  manifestat ion of the quadratic charge de- 
pendence of the adsorption energy in view of the ap-  
proximate relat ionship (26) 

(ac~m-2/aq 1) q ,= 2 R T / F  �9 d In # / d q  [25] 

If it  is assumed that  the ma in  contr ibut ion to var i -  
at ion of r at constant  q is through ql~ " - 2  as de-  
fined by E~, [24] it follows that  the condit ion for 
(0r 1) = 0 is 

e ~ (x2 - -  xl)  '= ~ [26] 

It  would not be possible to explain these exper imental  
results in  terms of Grahame's  expression for ~1r m-s  
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(Eq. [23]} which would requi re  an infinite value  of 
the dielectric constant or zero or negat ive  values of 
x~--xl,  which seem to have  no physical  significance. 
It  is clear therefore  that  Eq. [23] is only val id for the 
l imit ing case where  the ion becomes a point  charge 
and the dielectric a structureless continuum, nei ther  
of which are l ikely to be good approximations to the 
real  situation. It  therefore  seems more  reasonable to 
in terpre t  the charge independent  values of (00m-2/ 
Oql)q found for KNOB and other single salt systems 
in terms of Eq. [24] in preference  to Eq. [23]. The 
constancy of (O4m-2/Oq 1) q would then reflect the con= 
stancy of 1 / ~ ( e o ( x 2 -  xl)  - -nw~) in Eq. [24]; x2 - -  Xl 
would therefore  have  to increase wi th  q in order  
to offset the expected increase in ~ according to which 
the results for the mixed  electrolyte  system were  in= 
terpreted.  It is not, however ,  clear why  this should 
occur for the single salt and not for the mixed  elec-  
t rolyte  system. 

The slope of 0 m-2 vs. ql for the mixed  e lect rolyte  
system becomes approximate ly  constant at 0.0051 
cm~/~F for small  negat ive values of q suggesting that  
the contribution of oriented dipoles to 4 m-2 is small  
in this region as would be expected. The correspond-  
ing slope for pure KNOB, however ,  is 0.0104 cm2/;~F 
which is larger  by a factor of 2. Therefore,  x2 - -  x l  is 
apparent ly  larger  for the K.NO3 system over  the whole  
range of polarization which suggests that  imperfect  
imaging in the diffuse layer  of the adsorbed ions 
occurs, leading to apparent ly  increased values of x2 
as suggested by Dutkiewicz and Parsons (27). Cer -  
tainly the most impor tant  difference between the 
KNO3 and the NI-I4NO8 -t- NI-I4F systems lies in the 
composition of the diffuse layer. Some evidence for 
the effect of this on the adsorption process is found 
in the smaller  value  of the lateral  interact ion coeffi= 
cient in the isotherm for the mixed  electrolyte  system 
which suggests that the mutual  repulsion of the ad- 
sorbed ions is being par t ia l ly  screened out by the high 
electrolyte  concentrat ion in the diffuse layer. The in= 
dication of a small  concentrat ion dependence of the 
isotherm constants for the KNO3 system also tends to 
confirm this. Fur ther  studies of mixed electrolyte  
systems wi l l  be requi red  to resolve this problem. 

Distance Ratio 
According to the Grahame-Parsons  analysis of the 

inner  layer capacity the distance ratio ( x 2 -  x l ) / x 2  is 
given direct ly by the capacitance ratio 

qK~/q~K i ~- ( x 2 "  Xl) /x2 [27] 

It can easily be shown that  when the effect on 4 m-2 
of the replaced solvent dipoles is taken into account 
according to Eq. [24] the capacitance rat io now gives 

~K~I~K '~ = (x~ -- x~) lx2 -- nwTIx2 [28] 

where  T is the mean  component  of the length of the 
solvent dipole in the direct ion of the field. The ca- 
pacitance ratio therefore  no longer gives the distance 
ratio directly. 

As was discussed at length in the previous section 
~K~ and ~lK ~ are independent  of the amount  adsorbed 
for the KNO~ system and since Ki also does not va ry  
much with  q the capacitance ratio is almost  inde-  
pendent  of q and qZ, and has a value  close to 0.25 in 
close agreement  with the value repor ted  by Par ry  and 
Parsons for the benzenedisulfonate ion. The capaci-  
tance ratio for NH4NO~ -5 NH4F solutions on the 
o ther  hand is much lower;  i t  also decreases with q 
f rom a value  of 0.12 at q ---- 0 to zero at q -= 10 ;~C/ 
cm 2 and is negat ive for larger  values of q as would  
be expected f rom the ear l ier  discussion. 

The distance ratio can be calculated by an a l te rna-  
tive method devised by Grahame, but subsequent ly  
modified by Pa r ry  and Parsons, in which the adsorp-  
tion energy is arbi t rar i ly  expressed as the sum of a 
"chemical"  te rm (Fr analogous to the S tern  specific 
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adsorption potent ial  and an electrical  te rm (Fr 
where  r is the potential  at an anion site. The isotherm 
is wr i t ten  

0/1 --  e = a+ exp (r -5 r F / R T  [29] 

By expressing the difference in potential  be tween the 
inner  and outer Helmhol tz  planes 41 - -  r as a f rac-  
tion 7/(/3 -F 7) of 4 m-2 F,q. [29] can be used to deter -  
mine a distance ratio 7 / ( #  -5 7) as a function of q and 
ql. Replacement  of 41 in Eq. [29'] by 7 / (#  -5 7). 4 m-2 
+ 42 leads to the equation which is plotted in Fig. 13. 
Values of 7 / (#  -5 7) calculated f rom the slopes are com- 
pared with  the corresponding values of (~2 - -  x l ) / x2  
calculated f rom Eq. [27] in Fig. 14. 7 / ( #  + 7) is also 
almost independent  of q and as found in all other  
systems of this type is larger  than (x2 - -  Xl)/X2. This 
was previously a t t r ibuted (14) to breakdown of the 
constant field approximat ion in Grahame's  method of 
calculation due to discreteness of charge effects as a 
resul t  of which a fract ion of 4 m-2 grea ter  than the 
distance ratio is dropped be tween  the IHP and OHP. 
An al ternat ive  explanat ion is possible howeve r  in 
terms of the contribution of the displaced solvent  di-  
poles to the capacitance ratio (Eq. [28]) previously  
neglected in the calculat ion of (~v2 ,-- ~D/x2.  It  may  be 
significant that  for both KI  (4) and KCI (16) 7 / ( #  -5 7) 
approaches the value  of (x2 - -  Xl)/X2 calculated f rom 
Eq. [27] close to the pzc but increases rapidly wi th  in- 
creasing q. This is consistent wi th  Eq. [28] since the 
contribution of the second te rm should be small  close 
to the pzc, but  should increase wi th  q to give values 
of the capacitance rat io smal ler  than the t rue  distance 
ratio. The KNO3 results  which do not show this con- 
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Table II. Properties of the double layer in the presence of 
specifically adsorbed nitrate ions 

q, 
~C/cm~ (x~ - -  x~)/x~ 7 / ( 8  + 7) F@'/2.303RT --F(aE§ 

--4 0.238 
--2 0,239 

0 0,250 0,60 1.20 0.95 
2 0.254 0,54 1,12 0.97 
4 0.254 0.51 0.98 0.98 
6 0.248 0.52 1.00 0.98 
8 0.241 0.53 0.98 0.99 

10 0.234 0.52 0.90 0.99 
12 0.229 0.53 0.91 0.99 
14 0.225 0.51 0.74 1.02 
16 0.227 1,02 
18 0.228 1.04 

vergence of "vl(fl + 7) and (x2 - -  Xl) /X2  are probably  
unrel iable  close to the pzc because of the scatter in the 
plots in Fig. 13 resul t ing f rom errors in r values cal- 
culated from diffuse layer  theory. 

Values of the specific adsorption potential  @' ob- 
tained f rom the intercepts  in Fig. 13 are recorded in 
Table II. Fr in this system is evident ly  close 
to 1.0 compared with  ~2.8 found for the system KI 
in fo rmamide  (18). 

In a recent  paper Dutkiewicz  and Parsons (27) 
compared the adsorption of iodide ions from pure  KI 
solutions wi th  that  f rom mixtures  of KI  and KF  at 
constant ionic s t rength f rom which they conclude that  
the salt act ivi ty ra ther  than the anion act ivi ty (i.e., 
the mean  ionic act ivi ty)  should appear in the anion 
adsorption isotherm. This, however ,  seems inconsistent  
since it amounts  to equat ing the chemical  potent ial  
of  adsorbed anions to the chemical  potent ia l  of the 
salt in solution. Fur ther ,  i t  does not seem possible to 
consider the adsorption of neut ra l  salt, since not only 
are the anions specifically adsorbed into the inner  
layer  whereas  the cations are in the diffuse layer, but  
also because the ions are adsorbed to different ex-  
tents except  at the pzc. As was pointed out previously 
(18), this a rgument  also affects the constants of the 
isotherm deduced by fitting the exper imenta l  surface 
pressure of adsorbed anions to the in tegrated isotherm. 
The surface pressure measured at constant charge as 
defined by Parsons (12) is 

r = 4 + - -  4+0 = f r - d ~  [30]  

where  4 + is equal  to ,y + qE +, ~ is the chemical  po-  
tent ial  of the salt, and f+o is the l imit ing value of 4 + 
at infinite dilution. According to Eq. [30] different ia-  
tion of r wi th  respect  to In a•  2 gives the surface ex-  
cess of anions, but it is clear that  what  is actual ly be-  
ing measured is adsorption of neut ra l  salt since, if q 
is kept constant, adsorption of anions must  be accom- 
panied by adsorption of an equal  number  of cations. 
�9 , therefore,  cannot  be regarded as the surface pres-  
sure of anions because it contains a contr ibution f rom 
adsorption of cations. This is another  way  of stating 
that  the anion adsorption isotherm should contain a+ 
ra ther  than a• 2 because differentiat ion of @ as de-  
fined by Eq. [30] when  plotted as a function of In 
a•  will  obviously give values of r -  which are too  
large by a factor of two. Thermodynamica l ly  the ad-  
sorption of a g iven number  of ions resul t ing f rom a 
given change in the chemical  potential  of the ion in 
solution wil l  produce the same decrease in the in te r -  
facial  tension i r respect ive of the state of the adsorbed 
ions; it seems, therefore,  reasonable to assume that  
@ as defined by Eq. [30] contains equal  contributions 
f rom cations and anions. This appears to be equiva len t  
to the assumption of equal  activities of anion and ca-  
tion in the solution, i.e., a+ = a -  = a+_. The plot  of 
r  vs. in a•  has the correct  slope and is now con- 
sistent wi th  the anion adsorption isotherm based on 
the mean  ionic act ivi ty ra ther  than the salt activity.  
The surface pressures of adsorbed anions shown in 
Fig. 7 were  calculated in this way with  small correc-  
tions for the contr ibution of diffuse layer  anions. I t  

should be ment ioned that  the value of the la tera l  in-  
teract ion coefficient in the isotherm and also the s tand- 
ard f ree  energy of adsorption calculated f rom the 
curve  fitting procedure depend on the choice of the 
act ivi ty of the adsorbate in solution. The amounts  ad- 
sorbed and the saturat ion coverage, however ,  will  be 
correct  in any case if the fit has been made  correctly. 

In v iew of the exper imenta l  evidence described by 
Dutkiewicz and Parsons in support  of the idea of  
using the salt act ivi ty in the adsorption it is of in-  
terest  to make  a similar  comparison for the ENOs 
system and the mixed  NH4NO3 + NH4F system. This 
is done in Fig. 15 and 16 where  the amounts of spe- 
cifically adsorbed ni t ra te  ions are plotted against l og  
a_+ and log a•  2, respectively.  It appears that  the 
agreement  is bet ter  when log a• ra ther  than log a•  2 
is used in disagreement  wi th  the result  found for the 
KI and KI + KF systems. The agreement  of the log 
a• plots for the ni t ra te  systems is less satisfactory than 
that  of the log a• 2 plots found for the iodide systems, 
as might  be expected in v iew of the weaker  adsorption 
of ni t ra te  and the fact that  different cations were  in-  
volved in the two systems compared. Fur thermore ,  
the agreement  is much bet ter  at the lower  values of  
q and only deteriorates  at the more posit ive values 
which were  not reached in the iodide system. It  would, 
therefore,  be of considerable interest  to extend the 
iodide measurements  to posit ive values of q and also 
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activity as the concentration variable. 
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the concentration variable. 
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to study other systems in  order to determine the 
effect of the support ing electrolyte on the adsorption 
process. 

Esin and Markov  Coefficient 
Equation [1] can be wr i t ten  in the al ternat ive form 

--d~ + -~ r - d ~ - -  E+ dq [31] 
where E + is now the potential  measured with respect 
to a cation reversible electrode and ~+ is correspond- 
ingly defined as "t + qE +. Cross differentiation in Eq. 
[31] gives a form of the Esin and NIarkov coefficient 
(28) 

(OE +la~) q = --  ( o r - / o q )  ~ [32] 
The surface excess of anions can be divided into the 
contr ibutions of specifically adsorbed and diffuse layer 
anions so that  Eq. [32] can be wr i t ten  

(aF~+/o~)q : - -  1/F [(Oql/Oq)~ + (Oq--d/aq)u] [33] 

In  the present  system the diffuse layer concentra-  
tion of anions does not vary  much with q for positive 
values so that the second term on the r igh t -hand  side 
of Eq. [33] can be neglected. The Esin and NIarkov 
coefficient is therefore equal to --  1/F (oql/aq)~. E + is 
shown as a funct ion of the salt chemical potential  for 
integral  values of q in Fig. 17. The plots are ev- 
ident ly  l inear  for q ----- 2 ~C/cma with slopes which are 
similar and close to un i ty  (see Table II) .  This is in  
agreement  with the aql/Oq values obtained from plots 
of ql vs. q (Fig. 3). However, this does not con- 
sti tute independent  confirmation of the correctness of 
the values since the uncertaint ies  introduced into the 
calculation of ql by the diffuse layer correction are 
inheren t  in the assumption that  (aq-d/aq)~ = 0 in 
Eq. [33]. It  is interest ing to note that the Esin and 
Markov coefficient is close to un i ty  at the extreme of 
anodic polarization which suggests that  diffuse layer 
behavior is obeyed. The reason for this is that r + is 
actually almost independent  of q al though the (con- 
stant)  value of r + is positive for all  bu t  the most 
dilute solutions, whereas diffuse layer behavior pre-  
dicts l imit ing repulsion. The Esin and Markov coeffi- 
cient therefore cannot be regarded as a rel iable cri- 
terion of the occurrence of specific adsorption under  
these conditions. However, the occurrence of specific 
adsorption is confirmed by the fact that  the slope of 
the plots in  Fig. 17 does not decrease to the theoretical 

~ ' ~  ~ 
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Fig. 17. Esin and Markov plots for aqueous KNO3 solutions at 
25 ~ 

value of 0.5 at q = 0 predicted by diffuse layer theory. 
The curvature  at the low concentrat ion end for q ---- 
0 indicates the approach to diffuse layer behavior at 
low concentrat ion but  specific adsorption of anions is 
not completely absent  at all concentrat ions unt i l  the 
charge reaches--12 ~C/cm 2, 

The Esin and Markov is directly related to the 
anion adsorption isotherm since 

(OE+/O~)q = (aqVa in ~)~.  d l n ~ / d q  [34] 

As pointed out by Parsons (20) (Oql/a l n p ) ~  is char-  
acteristic of the adsorption isotherm. Since In ~ is 
evident ly  a l inear  funct ion of q in this system (Fig. 8) 
it would appear that  a Langmui r  type of isotherm is 
incorrect since this would predict a max imum value in 
( 0 q l / a l n ~ ) ~ ,  and hence in the Esin and Markov co- 
efficient, at 0 ----- 0.5 which is not found (see Table II) .  
Although this conclusion is again dependent  on the 
approximations involved in neglecting the diffuse layer 
contr ibut ion in Eq. [33] and possible deviations of 
d in  ~/dq from constancy, a vir ia l  type J~ehavior or 
more l ikely the modified Langmui r  behavior  of Eq. 
[22] is suggested. 

The plots in Fig. 17 for extreme cathodic values of 
q show a small  but  apparent ly  significant positive 
slope in  contrast with the predictions of diffuse layer 
theory according to which the slope should be zero as 
anions undergo l imit ing repulsion. This suggests that 
anions are being readsorbed as the electrode charge 
becomes more negative. Similar  behavior has been 
observed in other aqueous solutions (9) and cannot 
apparent ly  be completely explained by specific ad- 
sorption of cations. Fur ther  study and analysis  of 
these results will be required before the possibility of 
systematic exper imental  errors can be eliminated. 
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Discussion 

R o g e r  Parsons:  I would l ike to suggest that  the main  
reason for the difference of behavior  of NOs-  ion in 
mix tures  with F -  compared with pure  ni t ra te  solutions 
is the fact that  the inner  layer  thickness x2 for F -  is 
smaller  than that  for NO3-.  This is suggested by the 
fact that  the inner layer  capacity in pure fluoride so- 
lutions at posit ive charges is h igher  than that in 
ni trate  solutions in spite of the greater  specific ad- 
sorption in the lat ter  which would tend to raise the 
capacity. 

The tendency for quadrat ic  dependence of adsorp- 
tion f ree  energy on electrode charge fol lows then f rom 
the fact that  the introduction of ni t ra te  ions to a fluo- 
r ide solution tends to increase the inner  layer  th ick-  
ness. The resul t ing quadrat ic  behavior  was discussed 
previously,  1 and this would  automat ical ly  lead to r 
_ q _ l  plot whose slope changed sign. I t  is also possible 
that  the reduction in the in teract ive  paramete r  in the 
NO3- isotherm is due to the lowered value of x2 in 
the system containing fluoride. 

The KF  + KI system seems to be s impler  because 
as Grahame 2 showed x2 seems to be very  similar for 
F -  and I - .  Hence, this system is a more  satisfactory 
one for examining the funct ional  dependence of ad- 
sorption on bulk activity. Nevertheless,  it is cer-  
tainly t rue that  the comparison of single and mixed  
systems should be extended to more  posit ive charges 
than we have  so far  studied.3 

The significance of the dipole te rm in Eq. [24] is 
not ve ry  clear. If  such a t e rm is introduced, i t  is p rob-  
ably necessary to use a different value  for J, the ap- 
parent  dielectric constant of the inner  layer. 

Finally,  I would like to ask why  there  is no evidence 
of an approach to saturat ion in the adsorption iso- 
therm of Fig. 3 which extend to charges equal  if not 
higher  than the value calculated as the max im um  in 
the F rumkin  isotherm. Similarly,  do the results at 
more posit ive charges show a descending branch of 
the curve  in Fig. 10 which again would be expected 
f rom this analysis? 

R i c h a r d  P a y n e :  I agree wi th  Dr. Parsons that  the re -  
sults for the mixed  fluoride and ni t ra te  solutions could 
be explained in terms of a var ia t ion in thickness of 
the inner  layer  as the amount  of adsorbed ni t ra te  in-  
creases ra ther  than the rep lacement  of oriented di- 
poles or decrease in the dielectric constant. However ,  
it does not seem l ikely that  the mean thickness of the 
layer  would  be appreciably increased by specific ad- 
sorption of n i t ra te  ions in the fiat or ienta t ion espe- 
cially at the low coverages involved.  Also, since the 
diffuse layer  charge changes sign in the middle of the 
concentrat ion range, it does not seem possible to at-  
t r ibute any thickness var ia t ion to var ia t ion in com- 
position of the diffuse layer,  i.e., at concentrat ions 
above ,~0.1N the diffuse layer is populated by cations 
at all charges. It is therefore  not possible to conclude 
with  cer ta inty that  a thickness change will  accom- 
pany the adsorption process. On the other hand, if 
i t  is assumed, as seems ex t remely  likely, that  the 
solvent dipoles in the inner  layer  are oriented at posi-  
t ive  charges then the rep lacement  of dipoles by ad-  
sorbed ions must  resul t  in a potent ial  shift  of the kind 
observed. 

I also agree that  the KF  + KI  system would be 
more  appropriate  as a test of the bulk act ivi ty  factor, 
insofar as the iodide ion is s impler  than the n i t ra te  
ion. On the other hand, the  fluoride ion wil l  be more  
s t rongly solvated than iodide so that  there  is rea l ly  

1 R o g e r  P a r s o n s ,  J. ElectroanaL Chert. ,  5, 397 (1963). 

a D.  C. G r a h a m e ,  J. Am.  Chem. Soc.,  80, 4201 (1958). 

S E. D u t k i e w i c z  a n d  R.  P a r s o n s ,  J. ElectroanaL Chem.,  11, 100 
(1966). 

no reason to bel ieve that  the s imilar i ty be tween  F -  
and I -  will  be any greater  than that  between F -  
and NO3- in their  effect o n  the thickness of the inner 
layer. 

It  seems appropriate  to introduce the dipole t e rm 
in Eq. [24] under  conditions whe re  it can be assumed 
that  the dipole is pe rmanent ly  oriented. Under  these 
conditions, there  can be no orientat ional  contr ibution 
to the dielectric constant  a l though the oriented dipole 
wil l  of course genera te  a potential  difference. It  seems 
more realist ic to make  this approximat ion in which 
the dipoles are fixed in a dielectric med ium the po-  
lar izabil i ty of which is the sum of the contributions 
of the atomic and molecular  polarizabil i t ies of all the 
species present  with no contr ibution of pe rmanent  
dipoles, which should be almost independent  of the 
potential .  In  Dr. Macdonald 's  paper,  it is assumed that  
the h igh- f requency  value of J = 6 is appropr ia te  
wi th  the possibility of a var iable  contr ibut ion f rom 
orientat ion of permanent  dipoles which may or may  
not be present. The assumption in Eq. [24] is that  
its effect is small. 

The reasons for the apparent  discrepancy between 
the plots in Fig. 3 and the saturat ion coverage given 
by the isotherm are given in answer  to Professor 
Delahay's  question. The absence of the descending 
branch in Fig. 10 predicted by the F rum kin  isotherm 
is due to the fact t h a t - - ~ I / C  ~ was calculated direct ly 
ra ther  than f rom the isotherm values of ql as ex-  
plained in my paper. It was pointed out that  insofar 
as the plots in Fig. 3, 4, and 8 can be regarded as 
l inear  the value  of - - ~ ( 1 / C  i) in Fig. 10 must  be con- 
stant as it is at sufficiently posit ive values  of q where  
the curva ture  of q" v s .  q disappears. If  we  assume 
instead that the first two terms on the RHS of Eq. 
[19] are constant as given by the analysis, but  that  
the last term d q l / d  In ~ is given by the F rumkin  iso- 
therm, then the plots o f - - ~ C  i would have  a m a x -  
imum value  occurr ing at half  coverage. In actual fact 
a l though the surface pressure data fits a F rumk in  
isotherm closely, it appears that  the fit is approximate  
and that  the apparent  l imit ing value  is more  like 
the actual behavior,  which has also been observed 
for the adsorption of iodide ions f rom aqueous solu- 
tions 4 and formamide  solutions. 5 

P a u l  De lahay :  First,  I would l ike to note that  the 
re la t ive  weak dependence of the amount  of specifi- 
cally adsorbed NO3- on the concentrat ion for KNO3 
is also observed for TINO~. The spread be tween  0.01 
and IM solution is of the order 6 ~C/cm 2 in both 
cases. 

In Eq. [16] Dr. Payne uses a saturat ion coverage 
of 25.4 ~C/cm -2. How does he just i fy  this value  since 
no saturat ion coverage of that  order is apparent  f rom 
Fig. 3. The plot in Fig. 3 is still  quite l inear  up to 25 
~C/cm -2. The va lue  used by Dr. Payne  corresponds to 
the ratio of 3H20/NO3- ,  but  does not seem justified 
by exper iment .  

Second, I note that  Dr. Payne 's  value  of A ~ 3 is 
of the same order as the va lue  of A we found for 
N O a - - N O 3 -  interact ion in TINO3, namely,  2-5.5 (de-  
pending on the charge on the electrode) .  The ques-  
tion is, How does he account for the difference be-  
tween  A ---- 1 for NH4NO3 + NH4F and A = 3 for 
KN03? 

Finally,  why  does Dr. Payne  seem to ru le  out cation 
specific adsorption to explain the anomalous feature  
of the Esin and Markov? 

R i c h a r d  P a y n e :  The apparent  absence of the approach 
to saturat ion in Fig. 3 is par t ly  due to the fact  that  

R. Parsons, J. ElectroanaL Chem.,7, 136 (1964). 

R. Payne, J. Chem. Phys., 42, 3371 (1965). 
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paral le l  s traight  lines have  been drawn through all the 
points including the 1M points which actually begin 
to fall  off above q ~ 10 ~C/cm 2. The approach to satu-  
rat ion is more  apparent  in the curves shown in Fig. 9. 
Also, as I have  stressed in my paper,  the values of ql 
have been calculated direct ly ra ther  than by the 
isotherm fitting method, whereas  the saturat ion cov- 
erage of 25.4 ~C/cm 2 was found from the isotherm. 
Al though the fit of the exper imenta l  surface pressures 
to the theoret ical  curve  (Fig. 7) der ived from the 
isotherm is wel l  wi thin  the exper imenta l  error  I have 
still prefer red  to use direct ly calculated values of q~ 
because of the uncer ta in ty  of the diffuse layer correc-  
tion in this system. I have also stressed that  I be-  
l ieve the fitting of data of this kind to an isotherm 
by the surface pressure method is an insensit ive pro-  
cedure and that  the resul t  tends to obscure much of 
the fine detail. It seems l ikely that  both the in ter -  
action parameter  and the saturat ion coverage depend 
on the charge on the meta l  so that  the value  given by 
the isotherm should be regarded  as an averaged quan-  
tity. 

In reply  to the question concerning specific adsorp-  
tion of cations and the Esin and Markov coefficient, 
the effect re fer red  to was observed only in di lute 
solutions. In other words, the system is close to l imi t -  
ing repulsion of anions for the higher  concentrat ions 
as predicted by diffuse layer  theory, whereas  at the 
lower concentrations, there  appears to be posit ive ad- 
sorption of anions which increases wi th  the negat ive  
charge on the metal.  The effect has been observed 
wi th  KNOs, Na2SO4, and NaOH solutions and also 
appears in the electrocapi l lary data of Oldfield 6 for 
NaOH, LiOH, and KOH solutions. Since the effect is 
only apparent  in dilute solutions, it does not appear 
possible to explain it in terms of specific adsorption of 
cations. The effect appears to be real, but  the possi- 
bi l i ty that  it is due to some defect in the  exper imenta l  
method has not yet  been eliminated. 

The question of the difference be tween the lateral  
interact ion parameters  for KNOB and NH4NOs W NH4F 
is difficult to answer. First, it should be pointed out 
that  these parameters  probably vary  with  the charge 
and composition of the solution as ment ioned earlier.  
The difference could be a t t r ibuted to part ial  screening 
of the electrostatic charge by fluoride ions in the 
mixed  electrolyte  system. Al ternat ively ,  the differ- 
ence could be due to difference in the diffuse layer  
composition and the effects that this might  exer t  on 
the lateral  component  of the polarizabil i ty of the sol- 
vent  dielectric or on the nature  of the imaging of ions 
and dipoles in the OHP. 

B. E. Conway: I wish to comment  on some aspects of 
the specific behavior  exhibi ted in the adsorption of 
cations and anions in the double- layer .  In two d imen-  
sions, the concentrat ions of ions in the double- layer  
under  most conditions are equivalent  to concentra-  
tions in three-d imens ional  solutions of several  molar.  
At  such high concentrations, th ree-d imensional  e lec-  
t rolyte  solutions exhibit  ra ther  specific variat ions in 
their  act ivi ty  coefficients connected wi th  the hydrat ion 
of the ions and the close interact ion of such hydra ted  
ions. The specificity of such effects is bel ieved to be 
connected with  the s t ructure  forming or s t ructure  
breaking influence of such ions in the water  solvent. 7 
In two dimensions in the double- layer ,  it appears 
that  more  at tent ion must  be paid to the possible role 
of such so lvent -s t ruc ture  effects if specificities in ion 
adsorption are  to be accounted for. The presence of 
or iented or dielectr ical ly saturated water  in the in te r -  
phase will, however ,  make  the detai led consideration 
of such effects a somewhat  different problem from that  

Oldfield, Thesis,  London, 1951. 

F r a n k  and  Evans,  J. Chem. Phys.,  13, 507 (1945); F r a n k  and 
Wen,  Discussions Faraday Soc., 24, 133 (1957); F rank ,  Proc. Roy. 
Soe., London, .~.247, 481 (1958). 

involved in bulk aqueous solutions. The or ientat ion of 
solvent  by the electrode field s may occur compet i -  
t ively or cooperat ively  with that  caused by the ions 
in the double- layer ,  depending on their  charge and 
that  of the electrode. 

Richard Payne: In reply to Professor Conway's  com- 
ments, i t  does not seem l ikely to me that  the solvent  
s t ructural  effects he mentions wil l  be impor tant  in the 
interphase since the s t ructure  of the solvent  layer  
will  presumably  be de termined  pr imar i ly  by the large 
field due to the electrode charge ra ther  than by lateral  
so lvent -solvent  interactions. There  is no evidence to 
suggest that  any of the unusual  s t ructural  propert ies  
of bulk water  are re ta ined in the adsorbed state, and 
indeed calculations of the electrostat ical ly generated 
pressure in the double layer  together  with the known 
effects of pressure on the s t ructure  of bulk water  
lead one to the same conclusion. 9 The s t ructure  of the 
solvated ion in the bulk solution will, of course, affect 
the adsorption inasmuch as the solvation energy con- 
tributes to the adsorption energy. Bockris, Mfiller and 
Devanathan  10 in fact regard  the solvation energy as a 
major  factor in the adsorption process. However ,  this 
factor obviously does not affect the charge (or po-  
tential)  dependence of the adsorption which is due to 
a var ie ty  of other factors. It seems to me  that  specific 
meta l - ion  and meta l - so lven t  forces, ion size, ion and 
solvent polarizabil i ty and other  purely  electrostatic 
effects are l ikely to be more  impor tant  than the struc- 
tural  effects ment ioned by Professor  Conway. 

J. Ross Macdonald: While I agree that  one should take 
account of the effect of the dipole moment  of dis- 
placed solvent molecules, as you have done, I question 
the  appropriateness of your method  of doing so. For  
one thing, the ion which replaces one or more  solvent  
dipoles will  have  an induced dipole moment  and, in 
addition, its charge and the image of this charge in 
the conducting electrode wil l  form a nonideal  dipole. 
I do not see where  you have taken account of these 
par t ia l ly  compensat ing effects. 

Second, in a t r ea tment  of adsorption of ions f rom gas 
onto a conducting electrode, Bar low and I found that  
inclusion of images and induced polarization did, in 
fact, lead to an infinite effective dielectric constant 
under  some conditions. Perhaps a discrete charge and 
dipole t rea tment  of the present  situation might  lead 
to the same possibility here. Do you have any com- 
ments  on this point? 

Richard Payne: I agree wi th  Dr. Macdonald that  the 
introduct ion of the dipole te rm in Eq. [24] is a crude 
approximat ion and that  other  terms involving induced 
polarization of both solvent molecules  and ions and the 
images of these induced dipoles in the meta l  and in 
the solution should be taken into account in any cal-  
culation of r  However ,  no a t tempt  was made to 
calculate the dipole t e rm in Eq. [24] using the ordi-  
nary dipole moment  of water.  This te rm was included 
as a first order correction to the potential  generated 
by the adsorbed ions. ~ can be regarded as the effec- 
t ive  dipole moment  taking into account the contr ibu-  
tion of the dipole imaging and other effects o n  r  

of removing  the dipole. It  seems l ikely in any case 
that  these effects wil l  be second order, as was in fact 
assumed by Macdonald and Barlow 11 in a previous 
paper. 
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9 See J.  R. Macdonald and  C. A. Barlow, Jr . ,  J. Chem. Phys. ,  86, 
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A B S T R A C T  

T h e  p r e s e n c e  of  a d s o r b e d  h y d r o g e n  r e s u l t s  in  e s s e n t i a l  d i f f e r e n c e s  i n  t h e  
t h e r m o d y n a m i c s  of  t h e  s u r f a c e  p h e n o m e n a  o n  t h e  p l a t i n u m  e l e c t r o d e  c o m -  
p a r e d  to t h e  m e r c u r y  one. T h u s  in  t h i s  case  t h e  p o i n t  of  z e ro  c h a r g e  ( i n  t h e  
c o n v e n t i o n a l  s e n s e )  does  n o t  co inc ide  w i t h  t h e  m a x i m u m  of t h e  e l e c t r o -  
c a p i l l a r y  cu rve .  T h e  v a l u e  of  t h e  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  t h e  e l e c t r o d e  
a n d  t h e  s o l u t i o n  d e p e n d s  no t  o n l y  on  t h e  s u r f a c e  c h a r g e  b u t  a lso on  t h e  
a m o u n t  of a d s o r b e d  h y d r o g e n .  A d d i t i o n a l  c o m p l i c a t i o n s  a r i s e  in  t h e  p r e s e n c e  
of spec i f ica l ly  a d s o r b e d  ca t i ons  a n d  a n i o n s  i n  t h e  so lu t ion .  T h e  e x p e r i m e n t a l  
d a t a  u s e d  in  t h i s  p a p e r  h a v e  b e e n  o b t a i n e d  b y  t h e  c h a r g i n g  c u r v e s  m e t h o d ,  
b y  d i r e c t  d e t e r m i n a t i o n s  of a n i o n  a n d  c a t i o n  a d s o r p t i o n ,  a n d  b y  t h e  m e a s -  
u r e m e n t s  of t h e  p o t e n t i a l  s h i f t  w i t h  c h a n g i n g  composition of t h e  s o l u t i o n  
u n d e r  i soe l ec t r i c  cond i t ions .  

A p l a t i n u m  e l e c t r o d e  o b t a i n e d  b y  p l a t i n i z a t i o n  or  
a c t i v a t i o n  of s m o o t h  p l a t i n u m  b y  a l t e r n a t i n g  a n o d i c  
a n d  c a t h o d i c  p o l a r i z a t i o n  i n  t h e  p o t e n t i a l  r a n g e  of ~r 
f r o m  ~r = 0 to ~r = 0.5-0.6, as r e f e r r e d  to h y d r o g e n  
e l e c t r o d e  in  t h e  s a m e  so lu t ion ,  c a n  b e  c o n s i d e r e d  a 
r e v e r s i b l e  s y s t e m  in  ac id  so lu t ions .  T h e r e f o r e ,  in  
i n t e r p r e t i n g  i t s  s u r f a c e  p r o p e r t i e s ,  i t  is pos s ib l e  to 
m a k e  u se  of G i b b s  t h e r m o d y n a m i c s .  T h e r e b y ,  i t  
s h o u l d  b e  t a k e n  i n to  c o n s i d e r a t i o n  t ha t ,  i n  a d d i t i o n  to 
f r e e  c h a r g e s  a n d  ions  f o r m i n g  t h e  e l ec t r i c  d o u b l e  
l aye r ,  t h e r e  is a d s o r b e d  h y d r o g e n  on  t h e  e l e c t r o d e  
su r face .  I t  c an  b e  a s s u m e d  t h a t  w i t h i n  t h e  p o t e n t i a l  
r a n g e  i n d i c a t e d  no  a d s o r b e d  o x y g e n  is p r e s e n t  on  t h e  
e l e c t r o d e  su r face .  I n  t h e  p r e s e n c e  of s t r o n g l y  a d -  
s o r b e d  a n i o n s  or  ca t ions  ( I - ,  C d 2 + ) ,  t h e  c o n d i t i o n  of 
r e v e r s i b i l i t y  of a d s o r p t i o n  p roces se s  m a y  b e  v io l a t ed .  
In  t h a t  case  a t h e r m o d y n a m i c  t r e a t m e n t  w o u l d  g ive  
on ly  a p p r o x i m a t e  r e su l t s .  

I n  t h e  case  of a l k a l i n e  so lu t ions ,  t h e  a b o v e  a s s u m p -  
t i ons  s e e m  to b e  v a l i d  o n l y  w i t h i n  a n a r r o w e r  p o t e n -  
t i a l  r a n g e  a n d  o n l y  fo r  s o l u t i o n s  c o n t a i n i n g  s i n g l y  
c h a r g e d  ca t ions  of a l k a l i  m e t a l s .  I n  t h e  p r e s e n c e  of 
d o u b l y  c h a r g e d  ca t ions ,  s u c h  as B a  2+, c o m p l i c a t i o n s  
m a y  a r i s e  (1) 

L e t  u s  c o n s i d e r  f i rs t  t h e  case  of a n  ac id i f ied  or  
a l k a l i z e d  s o l u t i o n  of  a b i n a r y  e l e c t r o l y t e  (2 ) ,  a s s u m -  
i ng  t h e  c o n c e n t r a t i o n  of  t h e  H + or  O H -  ions  to b e  
s m a l l  c o m p a r e d  to t h a t  of t he  sa l t  ions.  ~ A t  c o n s t a n t  
t e m p e r a t u r e  a n d  p r e s s u r e ,  t h e  s t a t e  of t h e  s y s t e m  is 
d e t e r m i n e d  b y  t h e  c h e m i c a l  p o t e n t i a l s  of h y d r o g e n  
~H, of t h e  h y d r o g e n  ion  ~H+ a n d  of  t h e  s a l t  ions  ~s, 
w h i c h  w e  s h a l l  e x p r e s s  i n  e l ec t r i c  un i t s .  W e  s h a l l  
se t  t h e  i n t e r f a c e  in  s u c h  a w a y  t h a t  t h e  G i b b s  a d s o r p -  
t i on  of w a t e r  rH2o = 0. T h e n  fo r  da, w h e r e  z is t h e  
s u r f a c e  d e n s i t y  of  t h e  f r e e  ene r gy ,  w e  s h a l l  h a v e  

d~ = - -  rHd~n  - -  YH+d~H+ - -  (FC+ + r A - ) d , s  [1] 

w h e r e  FH, FH+, YC+, a n d  rA-- a r e  G i b b s  s u r f a c e  d e n -  
s i t ies  of h y d r o g e n ,  h y d r o g e n  ion, c a t i o n  a n d  a n i o n  of 
t h e  sal t ,  r e s p e c t i v e l y ,  a lso e x p r e s s e d  i n  e l ec t r i c  un i t s .  

E v i d e n t l y  
~r = ( /~H)o~  /~H [2] 

I In  pract ice ,  the  last  condition was often not fulfilled, since in 
an ex loer imenta l  d e t e r m i n a t i o n  of ionic adsorption the use of solu- 
tions with a l o w  c o n c e n t r a t i o n  of H+ or OH- ions makes it difficult 
to keep the pH of  the  solution constant. However, at least in the  
ease  of Cs+ ions ,  th is  cou ld  no t  lead to a significant error in the  
d e t e r m i n a t i o n  o f  the  charge of adsorbed cations, since when the 
ratio [H+]:[Cs+] is decreased 10 times, adsorption of Cs + from 0.01N 
Cs~SO4 solution at ~br = 0 increases only by 30% (3), as it f o l l o w s  
a lso  from Fig. 1. E v e n  at  t he  same concentration, the Cs+ ions 
s e e m  to displace considerably the H+ ions from the ionic side of  
the  d o u b l e  layer. 

where (~H)o is t h e  v a l u e  of ~H in  e q u i l i b r i u m  w i t h  
m o l e c u l a r  h y d r o g e n  a t  g i v e n  t e m p e r a t u r e  a n d  p r e s -  
sure .  N o w  

rH+ = r A - - - -  r c +  [3] 

T h e  q u a n t i t y  I~H+ can  b e  c o n s i d e r e d  to b e  t h e  d e n s i t y  
of t h e  e l e c t r o d e  s u r f a c e  c h a r g e  ~, a s s u m i n g  t h a t  w i t h  
a n  excess  of C + ca t ions ,  t h e  p r e s e n c e  of H + ions  in  
t h e  ion ic  p a r t  of t h e  d o u b l e  l a y e r  c a n  b e  n e g l e c t e d  
( see  f o o t n o t e  1) a n d  t h a t  b e i n g  a d s o r b e d ,  a l l  h y d r o g e n  
ions  g ive  off t h e i r  c h a r g e s  to  t h e  m e t a l  a n d  c h a n g e  to 
H a toms .  I n  o t h e r  words ,  w e  a s s u m e  t h a t  t h e  p o t e n -  
t i a l  d e t e r m i n i n g  H + ions  a r e  n o t  a d s o r b e d  spec i f ica l ly  
or  t h a t  j o i n t l y  t h e  spec i f ica l ly  a d s o r b e d  H + ion  a n d  

i h e  n e g a t i v e  s u r f a c e  c h a r g e  c a n  b e  i den t i f i ed  w i t h  
a n  H a tom.  E q u a t i n g  FH+ w i t h  ~ is s o m e w h a t  c o n -  
d i t iona l .  I n  fact ,  spec i f ica l ly  a d s o r b e d  ions,  s u c h  as 
I -  or  Cd 2+, a r e  s h o w n  b y  e x p e r i m e n t  to f o r m  co-  
v a l e n t  b o n d s  w i t h  t h e  e l e c t r o d e  s u r f a c e  (4) .  T h e r e f o r e ,  
i t  cou ld  b e  a s s u m e d  t h a t  in  Cd 2+ a d s o r p t i o n ,  some  
of t h e  Cd 2+ ions  c h a n g e  to a toms ,  g i v i n g  off p o s i t i v e  
c h a r g e s  to t h e  sur face .  H e n c e  two  s e p a r a t e  q u a n t i -  
t i es  FCd+ a n d  Fcd c o u l d  b e  i n t r o d u c e d ,  j u s t  as  i t  w a s  
d o n e  i n  c o n s i d e r i n g  t h e  e l e c t r o c a p i l l a r i t y  of  t h a l l i u m  
a m a I g a m s  (5 ) .  H o w e v e r ,  s ince  in  t h e  case  u n d e r  
c o n s i d e r a t i o n  w e  c a n n o t  v a r y  i n d e p e n d e n t l y  ~cd a n d  
~Cd2+, s u c h  s e p a r a t i o n  w o u l d  b e  a imless .  T h e r e f o r e ,  
w i t h i n  t h e  f r a m e  of t h e  t h e r m o d y n a m i c  t r e a t m e n t  i t  
w o u l d  b e  r e a s o n a b l e  to c o n s i d e r  f o r m a l l y  a l l  ions  d i s -  
a p p e a r i n g  f r o m  t h e  so lu t ion ,  e x c e p t  t h e  H + ions,  to  b e  
a d s o r b e d  as ions,  a l t h o u g h  s u c h  a n  a s s u m p t i o n  w o u l d  
h a v e  to b e  e s s e n t i a l l y  c o r r e c t e d  i n  d e v e l o p i n g  a m o l e c -  
u l a r  t h e o r y  of t h e  e l ec t r i c  d o u b l e  l a y e r  o n  t h e  P t  
e l e c t r o d e  ( see  b e l o w ) .  

L e t  us  d e s i g n a t e  b y  A ~  t h e  a m o u n t  of h y d r o g e n  
a d s o r b e d  p e r  u n i t  su r face .  T h e  q u a n t i t y  AH is n o t  
i d e n t i c a l  w i t h  FH, as p a r t  of t h e  h y d r o g e n  d i s a p p e a r -  
i n g  f r o m  t h e  b u l k  of t h e  so lu t ion ,  w h e n  a u n i t  s u r f a c e  
is f o r m e d ,  is i on i zed  a n d  e x p e n d e d  in  i t s  c h a r g i n g .  
O b v i o u s l y  t h e  f o l l o w i n g  r e l a t i o n s h i p  ex i s t s  b e t w e e n  
AH a n d  rH 

I~H = A H -  Yn+ '~- AH ~ e [4] 

F r o m  Eq.  [1],  [2],  [3],  a n d  [4] i t  is p o s s i b l e  to d e -  
d u c e  some  r e l a t i o n s h i p s  b e t w e e n  m e a s u r a b l e  q u a n -  
t i t i e s  (2, 6) .  No a l l o w a n c e  w i l l  b e  m a d e  fo r  h y d r o g e n  
s o l u b i l i t y  in  t h e  m e t a l  a n d  t h e  pos s ib l e  effect  of d i s -  
s o l v e d  h y d r o g e n  on  t h e  e l e c t r o d e  p rocess .  W e  s h a l l  
a lso a s s u m e  t h e  q u a n t i t y  ~H+ to r e m a i n  c o n s t a n t  w i t h  
c h a n g i n g  ~r, t h a t  is t h a t  t h e  c h a n g e s  in  t h e  v a l u e  of 
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[H + ] caused by those in AH are small  compared to 
[H+].  ~ 

Let  us consider the case of a solution of a constant 
salt composition (~s = const).  Since 

o r  

07.+) ,egg-.] 
/ZH # H  + 

] = -  / 

~ r  NH + 

( 0+, + (0+-+ 
O+r ] = , '  , '  

[5] 

[5a] 

[6] 

/ IH+ F H  ~ H §  

The quant i ty  r s +  can be de termined  exper imenta l ly  
direct ly f rom the change in the hydrogen ion concen- 
trat ion in the solution in contact with the electrode 
polarized to the potential  ~r, or, according to Eq. [3], 
f rom the difference be tween  the anion and cation 
adsorptions. Some examples  of the dependence of 
rH+ upon ~r are given in Fig. 1 and 2 (7). 

The curves in these figures, as wel l  as in others, 
are extended into the oxygen region, which, however ,  
wil l  not be discussed in the present  paper. Now, evi-  
dent ly 

0rH OQ 

) : -  ( -w : )  
# H +  /~H+ 

where  Q is the quant i ty  of electr ici ty to be supplied 
to the electrode per unit  surface to shift  its potent ial  
f rom some init ial  va lue  to the value Pr, assuming that  
the quant i ty  of hydrogen dissolved in the bulk of the 
solution, which is in equi l ibr ium with  the electrode, 
can be neglected compared to the amount  of adsorbed 

2 W h e n  t h e  a b o v e  c o n d i t i o n s  a r e  fu l f i l led ,  t h e  s t a t e  of  t h e  sys -  
t e m  a t  a g i v e n  i n i t i a l  s o l u t i o n  c o m p o s i t i o n  i s  c o m p l e t e l y  d e t e r -  
m i n e d  by  t h e  q u a n t i t y  of  e I e c t r i c i t y  Q s u p p l i e d  to t h e  e l e c t r o d e  
f r o m  s o m e  in i t i a l  m o m e n t  of  t i m e .  I n  th i s  sense ,  t h e  b e h a v i o r  of  
t h e  e l e c t r o d e  d o e s  n o t  d i f f e r  f r o m  t h a t  of  a n  idea l  o r  c o m p l e t e l y  
p o l a r i z e d  e l ec t rode ,  a l t h o u g h  in  t h i s  case ,  t h e  c o n d i t i o n  of  t h e  a b -  
s e n c e  of  t h e  e x c h a n g e  of  c h a r g e s  b e t w e e n  t h e  e l e c t r o d e  a n d  t h e  
so lu t ion ,  w h i c h  is  u s u a l l y  c o n s i d e r e d  to  b e  t h e  c r i t e r i o n  of  i d e a l  
p o l a r i z a b i l i t y ,  is  n o t  fu l f i l led .  

r.lo'~ 

I ~  " "  + 

Fig. 1. D e p e n d e n c e  of  r c s +  (1) a n d  r H +  (2) in 0 .018N 
Cs2S04 + O.O02N H2S04 and F c s +  (3) and r s o 4 2 -  (4) in O.O1N 
Cs2S04 + 0.01 N H2SO4 on ~r. 

3 

@ 

f 
i 

0 

Fig. 2. Dependence of rNa + (1), I'H+ (2) and rBr--  (3) in 
10~'3N NaBr + 10-3N H2SO4 on ,~r. 

hydrogen. Finally,  the quant i ty  \ ~ /  is de te r -  

FH 
mined from the change in the electrode potential,  
as re fer red  to hydrogen electrode in the same solu- 
tion, wi th  changing [H + ] under  isoelectric conditions, 
i.e., at open circuit  (constant FH). 8 Thus Eq. [6] can 
be verified quanti tat ively.  A roughly approximate  
verification of this kind has a l ready been carr ied out 

(2). There  the quant i ty  \0"-~H+ ] was de termined  

F H  

f rom the change in ~r when  passing from acidified to 
alkalized solutions, i.e., ~H+ was changed wi th in  too 
wide limits. The values of the der ivat ives  in Eq. [6] 
were  equated with  the ha l f - sum of the values ob- 
tained exper imenta l ly  for the lowest and the highest  
pH. At  present similar  measurements  are made using 
improved technique. 4 

Of interest  is another  deduction f rom Eq. [1] and 
[4]. With the solution composition constant 

0a 
- - =  rH = A H - -  e [1O] 

0pr 

Thus, the m a x i m u m  of the "electrocapi l lary curve"  
of the p la t inum hydrogen  electrode lies not at , = 0, 
but  at A H - -  e = 0 and does not  coincide wi th  the 
point of zero charge in the usual sense of this term, 
i.e., the potential  at which the quant i ty  s = PA- - -  r e+  
vanishes. According to (2), the point of zero charge 
of p la t inum in solution of N NaC1 + 0.01N HC1 
lies at pr -~ 0.16, whereas  the quant i ty  A H -  s vanishes 
at ~r ~ 0.3. Such a discrepancy may  seem to be un-  

expected if we proceed f rom the der ivat ion of Lipp-  
man's  equation, suitable for the concept of an ideal 
polarizable mercury  electrode, e.g., in the form given 
by Grahame (10) or Parsons (47). However ,  Lipp-  
man himself  understood perfec t ly  wel l  that  what  the 
r igh t -hand  side of his equat ion expresses is the 
capacitance of a uni t  surface at constant potent ial  
(11). Evidently,  in the case of a hydrogen-adsorbing  
metal, the last quant i ty  cannot coincide wi th  the sur-  
face charge in the sense of the electrostatic theory  
of the double layer.  In 0.01N Cs2SO4 + 0.01N H2SO4 
the point of zero charge lies at ~r = 0.30 (3, 7) (0.19 
vs. NHE) and is close to the potent ial  of the m ax imum 
of ~. This coincidence is, however ,  an accidental  one. 

The plat inum electrode potent ial  p, measured  
against  a constant re ference  electrode, such as the 
normal  hydrogen electrode, depends not only on rH+, 
but on AH as well. In fact  

C h a n g e s  in  t h e  e l e c t r o d e  s t a t e  in  w h i c h  t h e  q u a n t i t y  FH, d e t e r -  
m i n i n g  t h e  to ta l  a m o u n t  of  e l e c t r i c i t y  s t o r e d  on  t h e  e l ec t rode ,  r e -  
m a i n s  c o n s t a n t  w e r e  s u g g e s t e d  to be  ca l led  i soe lee t r i e  (8). I soe lec -  
t r i e  m e a s u r e m e n t s  c a n  be  c a r r i e d  o u t  r e a d i l y  in  t h e  c a s e  of  e lec-  
t r o d e s  w i t h  d e v e l o p e d  s u r f a c e  ( p l a t i n i z e d  p l a t i n u m ,  a c t i v a t e d  
c a r b o n ) ,  f o r  w h i c h  t h e  c o n d i t i o n  FH = cons t ,  c a n  be  fu l f i l l ed  
e a s i l y  in  p r a c t i c e  w h e n  r e p l a c i n g  t h e  so lu t ion .  T h e s e  m e a s u r e m e n t s  
h a v e  s o m e t h i n g  in  c o m m o n  w i t h  t h e  cou los t a t i c  m e t h o d  d e v e l o p e d  
b y  D e l a h a y  a n d  c o l l a b o r a t o r s  (46), s ince  in  b o t h  ca se s  c h a n g e s  i n  
t h e  e l e c t r o d e  p o t e n t i a l  a t  o p e n  c i r c u i t  a r e  o b s e r v e d .  T h e  p r o b l e m s  
to be  s o l v e d  i n  t h e  t w o  c a s e s  w e r e ,  h o w e v e r ,  d i f f e r e n t .  

t F r o m  Eq.  [6] b y  s i m p l e  t r a n s f o r m a t i o n s  (9) i t  is  pos s ib l e  to  
o b t a i n  t h e  r e l a t i o n s h i p  

or  

OFH+ / ,~+" - [9] 

w h e r e  ~ i s  t h e  p o t e n t i a l  m e a s u r e d  a g a i n s t  n o r m a l  h y d r o g e n  elec-  
trode. 

E q u a t i o n s  [8] a n d  [9] d e t e r m i n e  t h e  d e p e n d e n c e  of  the hydrogen 
e l e c t r o d e  p o t e n t i a l  on  t h e  p H  of  t h e  so lu t i on  w i t h  FH r e m a i n i n g  

cons t an t ,  i .e. ,  u n d e r  i soe l ec t r i c  c o n d i t i o n s .  T h e  q u a n t i t y  ~ q , ~ +  

is  n e g a t i v e  in  m o s t  cases ;  i f  ~ % m  + > >  1, Eq .  [9] t u r n s  in -  

to  t h e  u s u a l  r e l a t i o n s h i p  f o r  t h e  r e v e r s i b l e  h y d r o g e n  e l ec t r ode .  
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d~ = d~H+ - -  d~H [11] 

NOW, let  us put  (2) 

0~ o~ ) 
rH+ .A~ 

= XdAH -t- YdrH+ [12] 
F rom [11] and [12] it  follows 

( O A H  ) = - - 1  [13] X ,  ~ ' -~-R ) §  0rH+ 
0~H 

/ZH+ /ZH+ 

X 
\o-'~-~-~+ ) + \ ~ , ,  = 

1 [14] 

~H /~H 

From [13], [14], [4], and [5] we obtain 

( ~ A H  ~ 
X = ~ \ - ~ H +  / : Z  [15] 

#H 

where 

(OFH+ ~ ( 0AH ~ _(0rH+ ~ ( 0AH.~ 
Z =  

~H PH + /~H + PH 

I~H + /-tH I~H 

If \ ~  / = 0, i.e., atomic hydrogen adsorption 

~H 

does not depend on the composition of the solution, 
according to Eq. [15], X = 0. In  this ease, the pres-  
ence of adsorbed hydrogen has no effect on the po- 
tential  difference. In  actual fact, however, the value 
of AH depends on pH, increasing when passing from 
acid to alkali at small  and medium coverages and 
decreasing at large coverages (2, 6). As all the quan-  
tities appearing in  the r igh t -hand  sides of Eq. [15], 
[16], and [1"/] are measurable,  it is possible to cal- 
culate from these equations the contr ibut ion of atoms 
and ions to the potential  difference at the electrode- 
solution interface. Unfortunately,  there are no suffi- 

ciently accurate values of the quanti t ies  \ 0~--~-~-+ / 

~H 

and - - - ~ - +  / available at present.  The results of 

~H 

a roughly tentat ive calculation from the data obtained 
in  (2) are presented in  Fig. 3. Since in  this case the 
measurements  of rH+ were made in  N NaC1 -p 0.01N 
HC1 and in N NaC1 -t- 0.05N KOH, the results of the 
calculation can give an approximate idea of the quan-  
tities X and Y for the in termediate  value of pH, i.e., 
for a neut ra l  solution. More accurate measurements  
of this k ind  are to be made at a later  date. In  spite of 
the tentat ive na ture  of the data in Fig. 3, it  is pos- 
sible to draw some conclusions from them regarding 
the mechanism of the appearance of the potent ia l  
difference on the p la t inum hydrogen electrode. At 
small  coverages, the quant i ty  X is positive, i.e., in  
the atomic hydrogen coverage the negative dipole end 
is tu rned  toward the solution. With increasing cov- 
erage, the sign of polari ty changes, the effect cont in-  
uing to increase in  absolute value as ~r = 0 is ap-  
proached. As already pointed out in the l i terature,  

r 

U 

5:10 ~ 
,y 

Ir 

/ 

Fig. 3. Dependence of t h e q u a a t i t i e s X  = (OOA~) and 

rH+ 

Y ~ ~ on ~r in N NaCI solution. Ordinates in 

AH 
farads - 1  x cm 2. 

the change in polari ty with increasing coverage is 
in agreement  with the results of the work function 
measurements  (12). It follows from a comparison of 
the X and Y curves that the contr ibut ion of the ad- 
sorbed hydrogen atom to the establ ishment  of the 
potential  difference is approximately by  an order of 
magni tude  less than that of the adsorbed ion. The 
quant i ty  y - 1  is the electrode capacitance at constant  
AH. At ~r = 0.3-0.5, it is equal  to ca. 70 ~f/cm 2 and 
decreases to 12 ~$/cm 2 with ~r approaching zero. The 
decrease in  capacitance can be part ial ly due to the 
substi tut ion of cations for anions in the ionic side of 
the double layer, but  the effect of the increasing sur-  
face coverage with adsorbed hydrogen on the capaci- 
tance should be taken into consideration as well. In  
actual fact, as is clear f rom Fig. 3, the increase in Y 
with decreasing ~r becomes appreciable beginning  with 
~r ~= 0.3, whereas the point of zero charge, as is evi-  
dent  from Fig. 6 in  F r u m k i n  and Slygin 's  work, in 
neutra l  N NaC1 should lie at ~r = 0.18. It should be 
noted that  wi th in  the range of cr = 0.3-0.5 the ca- 
pacitance values are high. Numerous a-c measure-  
ments  on smooth electrodes at sufficiently high fre-  
quencies give capacitance values of 15-20 ~f/cm 2 in 
the double layer region. It is possible that this value 
should be even smaller if allowance is made for the 
roughness factor. The rel iabi l i ty  of the values ob- 
tained from the adsorption measurements  depends on 
the correct est imation of the platinized electrode sur-  
face. The calculation of adsorption per cm 2, and hence 
of the quanti t ies  X and Y, given in  this paper is 
based on the assumption that at ~r = 0, there is one 
H atom for each Pt  atom, and 1.31 x 1015 atoms/1 cm 2 
of the Pt  surface. 5 The determinat ion of the surface 
area by this method leads to values which are in  
agreement  with the Pt  surface measurements  by the 
BET method (14, 15). Thus, the discrepancy between 
the results of the capacitance determinat ion from ad- 
sorption measurements  and from impedance is a real 
one. The most probable explanat ion would be to sup- 
pose the establ ishment  of equi l ibr ium between the 
adsorbed anion and the p la t inum surface to be a slow 
process, which is in  agreement  with the covalency of 
the P t -an ion  bond under  equi l ibr ium conditions. I t  
should be noted that the capacitance of the Pt  elec- 
trode in  the double layer region in a 0.1N H2SO4 solu- 
tion, determined from adsorption measurements  (with-  
out control however of the condition AH=COnSt being 

T h e r e  are  some d i sc repanc ie s  in  the  e s t i m a t i o n  of the  l a t t e r  
v a l u e .  Thus ,  F i she r ,  Chon,  a n d  A s t o n  (13) g i v e  t he  v a l u e  1.195 • 
10 TM. These  d i s c r epanc i e s  are too smal l ,  h o w e v e r ,  to  accoun t  for  
those  b e t w e e n  t he  r e su l t s  of t he  two  m e t h o d s  of t he  capac i t ance  
d e t e r m i n a t i o n .  
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~,m 5~k observed) amounts  to as l i t t le as 36 • 5 ~f/cmZ (3), 
i.e., is much  less than in solutions of halides. 

If the establishment of the potential  difference at 
the p la t inum electrode-soluti0n interface cannot be 
understood without  taking into account the contr ibu-  
tion of the atomic coverage, it is not possible either 
to assume, as Bowden and Rideal (16) did some time 
ago, the total potential  difference established to be 
determined by the dipole moment  of the adsorbed 
atoms. As pointed out by F r u m k i n  (17), it is im-  
possible to fulfill the conditions of equi l ibr ium be- 
tween electrode, solution, and adsorbed gas at a given 
electrode potential  wi thout  taking into consideration 
the electric double layer. Let us explain this for the 
simplest case of the equi l ibr ium hydrogen electrode. 
Under  the assumption made, the quant i ty  AH depends 
only on ~H and hence on ~, 

AH = ~(~r) [18] 

On the other hand, if we designate the effective di-  
pole moment  of the P t -H bond as d, we shall have 

4~AHd 
~--- ~ r ~  (/ZH+) o -~- ~H+ = ~ ~- const  [19] 

e 

where e is the e lementary  charge and (~H+)o ~he 
value of ~H+ at molar  concentrat ion of the H + ions. 
It  is evident  that the quant i ty  An, determined from 
[19], in  the general  case cannot be the solution of 
Eq. [18]. This conclusion remains valid if, under  
the assumption about the equi l ibr ium state of the 
system, we assume Oads to be present  on the surface 
along with Hads. At the first glance, the results of the 
adsorption measurements  of the cations from dilute 
NaOH and CsOH solutions seem to be at variance 
with this conclusion (18) (Fig. 4). In  this case the 
cation adsorption practically does not  depend on ~ .  
In  other words, the change in the potential  difference 
seems to be due to that in the atomic coverage, a 
decrease in the amount  of adsorbed H and an in -  
crease in that of adsorbed O. In  actual fact, however, 
the constancy of rc+ is probably of a random nature,  
since the adsorption effect in alkal ine solutions is 
made up of two items: cation adsorption, associated 
w i t h  Hads ionization, and adsorption by hydrated sur-  
face oxide groups, which are of a weakly acid na ture  
and take up cations in alkal ine solutions. With in -  
creasing V~,, the first effect decreases, whereas wi thin  
a certain potential  range, the second effect increases, 
resul t ing in  the approximate constancy of rc+.  Such 
an explanat ion is supported by the following observa-  
tions. In  the presence of B r -  or I -  ions ( as well  as 
of C1- ions at higher concentrations, which displace 
oxygen from Pt  surface) in alkaline solutions at 
not too small  ~r, rc+ decreases with increasing ~r 
(Fig. 5) (7, 18, 19). In Ca(OH)2 and Ba(OH)2 solu- 
tions containing doubly charged cations Ca 2+ and 
Ba 2+, which seem to be strongly chemisorbed by 
hydrated surface oxides, with increasing ~ in  the 
hydrogen region rc+ increases (Fig. 6) (1). Of par-  
t icular interest  is the approximate  constancy of rc+  
in the hydrogen region, which is also observed, al-  
though wi th in  a nar rower  range  of ~ values, in  

r ' l f  

2L" ,~'~ x , ,  _| ~ _ _ x  x 
X : g  . . . .  ~ A X m 

_ �9 2 o  

Fig. 4. Dependence of r c s +  (1) and r N a +  (2) in ] 0 - 2 N  
CsOH and 10-2N NaOH on ~/r. 

October  1966 

6 

4 

2, 

o~ o~ as f~ 

Fig. 5. Dependence of r c s +  (1) and r i -  
CsOH ~ 10-2N Csl on ~r. 

(2) in 10-2N 

r 

dj 

Fig. 6. Dependence of adsorption values on ~Pr: 1, Ca 2+ in 
10-3N Ca(OH)2; 2, Ba 2+ in 10-3N Ba(OH)2; 3, Ba 2+ in 
10-3N Ba(OH)2 -}- IN NaOH; 4, Ca 2+ in 10-3N Ca(OH)2 -I- 
! N NaOH. 

acidified solutions of sulfates (Fig. 1). In this case, 
the change in ~r at a practically constant ]:c + is par t ly  
determined by that  in  the effective dipole moment  
of the P t -H  bond. As pointed out earlier, at small 
coverages the dipole of this bond is tu rned  toward 
the solution with its negative, at large coverages--  
with its positive end. Another  factor leading to an 
increase in the absolute value of the negative poten-  
tial difference at constant  rc+  in  the range  of small  
~r, which we have also ment ioned earlier, is the de- 
crease in the capacitance of the electric double layer 
with increasing A H. 

The thermodynamic theory outl ined here can be 
extended to other hydrogen adsorbing metals. As 
shown by Tyur in  and Tsybulevskaya (20), who 
studied the dependence of the charging curves of 
disperse rhodium on the pH of the solution, an em- 
piric relationship is valid in  the case of the rhodium 
electrode 

AH ~-- fl (Pa -~ [20] 

where p is the equi l ibr ium pressure of molecular  hy -  
drogen, a is the activity of hydroxonium ion, and ]1 
is some funct ional  dependence. Equat ion [20] can 
also be wri t ten  as 

AH = ]2 (~H - - 0 . 2 6  ~ H + )  [21]  

whence from [11], [15], and [16] it follows 

AH rH+ 

The relat ively low value of 

I (0AH  : \ / 

i - -  0 .26 

0 .26 

PH 

= ~ 2 . 8  

( corn- 



Vol. 113, No. 10 

p a r e d  to p l a t i n u m )  can  be  p a r t l y  due  to t he  Rh  s u r -  
face  w h i c h  a p p a r e n t l y  a lways  car r ies  a pos i t i ve  cha rge  
in  t he  h y d r o g e n  r e g i o n  (21). I t  also points  to a c o n -  
s ide rab le  and  cons tan t  po la r i t y  of the  R h - H  bond,  
w i t h  t he  n e g a t i v e  d ipole  end t u r n e d  t o w a r d  the  so- 
lut ion.  

L e t  us cons ider  some o the r  poss ible  changes  in t h e  
compos i t ion  of the  solut ion.  

A d s o r p t i o n  of ca t ions  and  anions  of the  e lec t ro ly te ,  
on one  hand,  and h y d r o g e n  adsorpt ion ,  on the  other ,  
e x e r t  a m u t u a l  inf luence  (6).  I t  fo l lows  f r o m  [1], 
[3], and  [4] tha t  

( O A H  o(rA---rc+) ) 
~r,/zH + ~r,/zH + 

- - ( 0 ( r h - - b F c + )  ) [22] 

#s,/zH + 

E q u a t i o n  [22] can  be  ver i f i ed  e x p e r i m e n t a l l y ,  a l t h o u g h  
this has  no t  b e e n  done  yet .  I n  fact ,  adso rp t ion  of 
ca t ions  and  anions  on p l a t i n u m  can be  d i r e c t l y  es-  
t i m a t e d  f r o m  e x p e r i m e n t ,  p r i m a r i l y  by the  m e t h o d  
of r a d i o a c t i v e  t race rs  (7).  Then ,  by  the  c h a r g -  
ing  c u r v e s  method ,  it  is poss ible  to find the  q u a n t i t y  

0--~-s / , and  hence  \ 0---~--s / . F r o m  [22], 

~r,# H + ~r,/zH + 

by  e l e m e n t a r y  t r ans fo rma t ions ,  w e  ob ta in  

0~ Jr ] 

e,/z H + /Zs,# H + 

0--~--s / [23] 
/~S,#H + ~r,/~H + 

BAH 
W i t h  - -  --  0, Eq.  [23] changes  to a r e l a t i on  w h i c h  

a~s 
is w e l l  k n o w n  f r o m  t h e  t h e r m o d y n a m i c s  of e l ec t ro -  
c a p i l l a r y  p h e n o m e n a  (22, 27). 

A t  t he  p r e s e n t  t ime,  e x p e r i m e n t a l  da ta  a r e  ava i l ab l e  
on t h e  adso rp t ion  on p l a t i n u m  of  the  ca t ions  Na +, 
Cs +, Ca 2+, Ba  2+, Cd 2+, T1 + and the  anions  SO42-,  
H~PO4- ,  C I - ,  B r - ,  I -  f r o m  acid  and  p a r t l y  f r o m  a l -  
ka l i ne  solu t ions  (1, 3, 4, 7, 18, 19, 23) which ,  h o w e v e r ,  
w i l l  not  be  p r e s e n t e d  here .  L e t  us cons ider  br ief ly  
on ly  a f e w  of t he  specific f ea tu r e s  of this  adsorp t ion .  

The  b e h a v i o r  of adsorbed  Na + and  Cs +, as w e l l  as 
of Ca 2+ and  Ba  2+ in acid  solu t ions  is on the  who le  
s imi la r  to the i r  b e h a v i o r  at  t h e  m e r c u r y - s o l u t i o n  in -  
t e r f a c e )  B u t  t he  d i f fe rence  in  t he i r  adsorp t iv i t ies ,  
w h i c h  increases  in  the  sequence :  Na  + < Cs + < Ca 2+ 
< Ba  2+ is m u c h  grea te r .  The  m a x i m u m  c h a r g e  of ad -  
so rbed  cat ions  r e m a i n s  w i t h i n  5 ~ 10 x 10 -6  c o u l / c m  2 
for  acid and  10 - -  25 x 10 -6  c o u l / c m  2 for  a l k a l i n e  so- 
lu t ions  at t he  b u l k  concen t r a t i ons  of  the  o rde r  of 
10 -2  tool. The  cat ions  Cd 2+ and T1 + s h o w  a p r o -  
n o u n c e d  specific ad so rp t i v i t y  ( to a lesser  d e g r e e  also 
Zn  2+ and  pb2+) .  In  t he  case  of Cd 2+ the  m a x i m u m  
cha rge  r eaches  the  v a l u e  60 x 10 .-6 c o u l / c m  2, and  t h e  
c o v e r a g e  r eaches  l a rge  f rac t ions  of a mono laye r .  The  
adso rp t i v i t y  of an ions  inc reases  in the  s e q u e n c e  SO42- 
< C1- < B r -  < I - ;  t he  m a x i m u m  cha rge  of adsorbed  
an ions  inc reases  in  this s equence  f r o m  15 to 140 x 10 -6  
c o u l / e m  2. S o m e  specific a d s o r p t i v i t y  is obse rved  also 
in t he  case  of  t h e  leas t  adso rbab le  ion SO4 ~- ,  s ince 
t h e  adso rp t ion  of SO42- and Cs ~+ ma in t a in s  a small ,  
bu t  s t i l l  measu rab le ,  v a l u e  at t h e  po in t  of zero cha rge  
in acidif ied Cs2SO4 so lu t ion  as wel l .  One  of t he  c h a r -  
ac ter is t ic  d i f ferences  b e t w e e n  specific adso rp t ion  of 
ions on P t  and tha t  on m e r c u r y  is t ha t  in t he  f o r m e r  

e Added in proof: New data show that the difference in the be- 
havior of Ba~+ at both interfaces is much greater than it was sup- 
posed earlier. 
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Fig. 7. Dependence of r C d 2 + r  and F s o 4 2 -  in 10-2N CdS04 
~- 10-2N H2S04 on ~r. 

case t he  p h e n o m e n o n  of s u p e r e q u i v a l e n t  adso rp t ion  
is m u c h  less p ronounced .  Cons ide r ab l e  adsorp t ion  of 
h a l o g e n  ions  on p l a t i n u m  is a c c o m p a n i e d  o v e r  a w i d e  
po t en t i a l  r a n g e  by  s l ight  adso rp t ion  of cat ions on ly  
(Fig.  2).  The  same  holds  t rue  in  t he  case  of ad so rp -  
t ion  of the  an ion  SO42- in t he  p re sence  of t he  Cd 2+ 
ion  (Fig.  7). I n  t he  l a t t e r  case, h o w e v e r ,  i t  is th is  
sma l l  q u a n t i t y  of  adso rbed  an ions  and  the  pos i t ive  
cha rges  on P t  co r r e spond ing  to t h e m  w h i c h  d e t e r m i n e  
t h e  u l t i m a t e  pos i t ive  s ign of t he  po t en t i a l  d i f fe rence  
b e t w e e n  m e t a l  and  so lu t ion  to be  o b s e r v e d  at  p o t e n -  
t ials  m o r e  pos i t ive  t h a n  the  po in t  of ze ro  cha rge  of 
p l a t i n u m  in  absence  of specific adsorp t ion .  H e n c e  i t  
fo l lows  tha t  the  ef fec t ive  cha rge  of  specif ical ly  ad -  
so rbed  cat ions Cd 2+ m u s t  be  v e r y  small .  I t  w o u l d  
be  possible  to e s t ima te  this  c h a r g e  q u a n t i t a t i v e l y  

bymeasuring, e.g.,( 0rcd0~ ) and (0r_~_~_) in  

FA-- Fed 
CdSO4 -b H2SO4 solut ions  w i t h  v a r y i n g  concen t r a t i on  
of bo th  components .  A t  t he  p r e sen t  t ime,  h o w e v e r ,  
such da ta  a re  no t  ava i lab le .  T h e  re su l t s  of an  a t t e m p t  
to e s t ima te  the  e f fec t ive  c h a r g e  of adso rbed  T1 + ions  
in (23) canno t  be  a g r e e d  wi th .  

A d s o r p t i v i t y  of ions can  also be  d e t e r m i n e d  f r o m  
the  po ten t i a l  shif t  on i n t roduc t i on  of an  ion  u n d e r  i so-  
e lec t r ic  condi t ions  in to  a so lu t ion  con ta in ing  on ly  
weak ly ,  or  no t  at  all ,  specif ical ly  adso rbab le  ions. 7 
S u c h  " adso rp t i on"  po ten t ia l s  of an ions  (24) ( C I - ,  
B r - ,  I - )  and  cat ions (25) (T1 +, Cd 2+, Zn 2+, P b  2+) 
w e r e  d e t e r m i n e d  by O b r u c h e v a  on p la t in ized  and  
smoo th  p l a t i n u m  [see also (26)] .  A suppor t i ng  e l ec -  
t r o l y t e  was  used,  e.g., N H2SO4. Le t  us de s igna t e  t h e  
chemica l  po t en t i a l  and  t h e  su r face  dens i t y  of  t he  s u r -  
face  ac t ive  ion by  ~i and r~, r e spec t ive ly .  W e  a s sume  
its concen t r a t i on  to be  so small ,  c o m p a r e d  to tha t  of 
o the r  ions in the  solut ion,  tha t  i t  can  be  var ied ,  m a i n -  
t a in ing  the  c h e m i c a l  po ten t i a l s  of the  o the r  ions in  
the  so lu t ion  p rac t i ca l ly  constant .  U n d e r  these  cond i -  
t ions, the  va r i ab l e s  to be  t a k e n  in to  cons ide ra t ion  a r e  
~H and ~.  F r o m  the  r e l a t i on  

d~ = - -  rHd~ H - - r i d m  [24] 
it  fo l lows  

/~H ~i  
w h e n c e  

YH /zi #H 

[26] 

/~i /zi /zi 

T a k i n g  into  cons ide r a t i on  Eq.  [4], Eq.  [25] can  be  
w r i t t e n  as 

I'H /zi #i 

?Evidently, the isoelectricity condition cannot be fulfilled at 
potentials which are so close to the reversible hydrogen potential 
that the hydrogen content in the bulk of the solution becomes 
comparable to the amount of hydrogen adsorbed on the electrode 
surface. 
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We shall assume the adsorptivity of the ion i to be 
so large that, in  spite of small  concentration, it wil l  
displace from the ionic par t  of the double layer  other 
ions with charges of the same sign. Then  in  the case 
of the surface-active anion 

e = r i -  ~ r c  + 

and the surface-act ive cation 

[28] 

s = r A- - - r i +  [28a] 

where C + and A -  are cation and anion which do not 
show significant specific adsorptivity. From [27], [28], 
and [28a], it  follows for the case of anion adsorption s 

- - ~ - /  ~ : 1 § 

and for the case of cation adsorption 

= 1 -  + 1 -  
rH ~i 

[29a] 

The expressions in square brackets determine the 
sign and value of the potent ial  shift under  isoelectric 
conditions with increasing concentrat ion of the i ion, 
assuming the adsorption equi l ibr ium to be ma in -  
tained all  the time. These expressions differ from 
those obtained in the case of the mercury  electrode (0 H) 
not only in that they contain the term \ - ~ i  , but  

pi 
( Orc+ 

also in that  the quant i ty  ~,---~-._ / and, accordingly, 

p4 
(0PA-- ~ are / small  (unless the potential  lies in  the 

immediate  vicinity of the point  of zero charge).  The 
lat ter  fact is due to the insignificance of the value of 
superequivalent  adsorption on the Pt  electrode, al-  
ready ment ioned earlier. 9 In  the expression in square 
brackets in  Eq. [29] all items are always negative. 

( Therefore, the quant i ty  \ ~ , ~ .  should be nega-  

rH 
tive, as would be expected in the case of anion ad- 
sorption, and less than uni ty  in absolute value, ap- 
proaching uni ty  on complete displacement of adsorbed 
hydrogen by the anion. The last conclusion is at var i -  
ance with some results of Obrucheva (24), since, when  
the concentrat ion of B r -  and I -  was increased ten 
times, with H2SO4 used as a support ing electrolyte, 
under  certain conditions adsorption shifts of the po- 
tent ial  in  the direction of more negative values equal  
to 0.12v or even larger were observed, which would 

correspond to ~, ~,-~V-. / ~ - - 2 .  It  is possible, how- 

FH 
ever, that in more  dilute solutions adsorption equi-  
l ibr ium was not established. In  the case of cation ad-  
sorption (Eq. [29a]), the second and the third items 
in square brackets are always positive. Usually, the 
first i tem is also positive, and the positive value of 
the sum determines in the case of cation adsorption 
the shift of ~v in the direction of higher values. In  
some cases, however, e.g., in  adsorption of Cd 2+ from 

s If AH = 0, Eq. [29], as it is easy to show, becomes identical 
with the relation deduced recently by Dutkievicz and Parsons (48) 
(loc. cir., Eq. [14]) to determine the shift of the potential of a mer- 
cury electrode in a KF solution, caused by the adsorption of I- 
ions at constant charge. 

For the mercury electrode in the case of specific adsorption of 

anions, the quantity - -  is close to 0.3 (27). 
k 0r,- s  

acid solution of CdSO4, at small  values of ~r, ri+ in-  
creases with increasing ~r (7). Probably,  this is the 
result  of the competit ion between Cd 2+ and H for sites 
on the p la t inum surface (Fig. 7). At large enough neg-  

( 0AH ( 
ative values of \ - - ~ +  / , the quant i ty  \~--~-+ / 

/zi :FH 
may become negative, and the adsorption of the 
cation may cause a potential shift toward more 
negative values. Such effects were actually ob- 
served in the case of the adsorption of the 
T1 + ion in the vicinity of the reversible hydrogen 
potential  and were explained by the displacement of 
adsorbed hydrogen (25). It should be emphasized, 
however, that  these data are of a strictly qual i tat ive 
nature,  and the verification of the quant i ta t ive  theory 
of adsorption shifts of potential  in  the ease of specific 
ion adsorption on p la t inum necessitates fur ther  study. 

Measurements of adsorption shifts of potential  also 
give an independent  method of de terminat ion  of the 
changes in the shape of the charging curve with chang- 
ing composition of the solution since all the values 
of ~r obtained in passing from the values #~ = (~)1 
to gi = (~i)2 at r H ~ const, evident ly  can give a 
charging curve corresponding to the solution with 
~i = (gi)2, provided the charging curve of the solu- 
tion with ~ ~ (~i)l is known  (28). 

Recently much at tent ion has been given to adsorp- 
tion of organic substances on electrodes of the plat-  
inum type, and valuable  results have been obtained by 
Bockris and co-workers (29). Assuming that this kind 
of adsorption can be considered to be a reversible 
process, which does not seem to be true in all eases, 
the fo l lowing  re la t ion can be used for a system with 
constant concentrat ion of all components except ad- 
sorbed hydrogen and organic substance 

d~ = -- rHd~n-- rorgd~org [30] 

where rorg and gorg are adsorbed amount and chemical 
potential of the organic substance (30). 

Taking into consideration Eq. [4], it follows from 
[30] that 

( 0AH ~ _ Oe Ororg / 

q~ ~ ~org 
whence 

O/Zorg ~ ( OPorg / Ororg ~ 

rorg ~h /~org 

Equation [32] can also be wr i t ten  in the form 

0AGorg 0e 
0-- Vor  ) [33] 

rorg ~ ~b 

where AGorg is the standard free energy of adsorption 
of organic substance. In the case of the mercury elec- 
trode, the change in adsorptivity of organic substance 
with the potential is determined by the first term in 
the right hand side of Eq. [33]. To compare the values 
of the first and of the second terms, let us put it as 
it is usually done (31) 

, el (1 rorg ) ror, 
-b  e2 ~ [ 3 4 ]  

r| r| 

where r~ is the l imit ing adsorption of organic sub-  
stance and el and ~2 the charge per uni t  surface on 
uncovered and covered parts of the surface, respec- 
tively. Similarly,  we can put 
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( rorg ) Yorg 
A H ~ -  (AH) I 1 - -  -~ (AH)2 [35] 

It follows from [34] and [35] that 

Oe 1 
---- (E2 - -  ~1) [ 3 6 ]  

0 r o r g  F| 

OAH 1 
- - - - - -  [ (A~)2 - -  (AH) 1] [37] 

0 r o r g  r ~  

For many  organic substances and over a wide poten-  
tial range, in the case of the mercury  electrode [e,~] 
is known to be several  times less than ]el], which fact 
determines the desorbing action of the electric field. 
Judging by the few exper imental  data available (32), 
a similar relat ion should exist between ( A H ) 2  and 
(AH)I. Thus, the relat ive importance of the first and 
the second terms in the r igh t -hand  side of Eq. [33], 

as the factors de termining the value of ( 0~G~ ) , 

l ' o rg  
depends in order of magni tude  on the ratio of AH and 
],[. Taking into consideration that the max imum  value 
of AH in the hydrogen region is ~2  x 10 -4 coul/cm 2, 
and the max imum value of e for the Pt  electrode, 
e.g., in  acid sulfate solutions, is of the order of 10 -5 
coul /cm 2, it is evident  that  the second term in the 
r igh t -hand  side of Eq. [36] is of great importance. 
Even at the positive boundary  of the hydrogen region 
and wi th in  the so-called "double layer" region, in 
which in the case of solutions without surface-active 
anions the amount  of hydrogen adsorbed on plat i-  
num surface, small  as it is, is not equal  to zero, e and 
AH can be of the same order of magni tude  and the 

OAH 
presence of the term ( } should be taken into 

consideration in de termining the dependence of zSGore 
on ~. Hence it follows that the relations deduced-for 
the mercury  electrode are not applicable for the de- 
te rminat ion  of the position of the adsorption maxi -  
mum of neut ra l  molecules relat ive to the point of 
zero charge in the case of the p la t inum electrode. 
Whereas the point of zero charge of p la t inum at low 
pH values lies in the hydrogen region, due to the de- 
sorbing action of hydrogen, the potential  of max imum 
adsorption should be shifted into the double layer 
region. The magni tude  of this shift is l imited by the 
appearance on the p la t inum surface not only of 
positive charges, but  also of adsorbed oxygen. The 
mutua l  influence of adsorption of organic substance 
and oxygen cannot be considered using thermody-  
namic methods owing to the i rreversibi l i ty  of oxygen 
adsorption, but  there is no doubt that the presence of 
the lat ter  also reduces the adsorption of organic mole-  
cules. The shift of the potential  of max imum adsorp- 
tion in the direction of more positive values relat ive 
to the point of zero charge must  decrease in the pres- 
ence of surface-act ive anions, since at not too small  ~r 
the lat ter  decrease AH and increase ~. 

It  should be noted that  in  considering the thermo-  
dynamics of adsorption of organic substances on the 
Pt  electrode, we assumed the molecule to be adsorbed 
without  dissociation. In  actual fact, the adsorption of 
many  compounds, e.g., aliphatic alcohols, involves de- 
hydrogenat ion (33), which makes the t rea tment  of the 
process somewhat more complicated. This case should 
be considered separately. 

A suggestion was made to determine the point  of 
zero charge of p la t inum from the potential  at which 
adsorption of organic substance does not depend on 
the electrolyte concentrat ion (34). This conclusion 
could be considered to be justified only if the quant i ty  
AH were proved to r ema in  unchanged with changing 
electrolyte concentration. 

Final ly,  it should be noted that  Eq. [33] is applicable 
not only to adsorption of a neu t ra l  molecule, but  also 
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to that of the surface active cations and anions, pres- 
ent  as an addit ion to the support ing electrolyte, pro-  
vided their concentrat ion is so small  that it can be 
varied, keeping the concentrat ion of the support ing 
electrolyte practically constant. In  this case, the quan-  
tity rorg in Eq. [33] should be subst i tuted by the sur -  
face density of the ion being adsorbed ri. 

ADDENDUM 

Of essential importance for the development  of 
the theory of the double layer on p la t inum is the 
determinat ion of the potential  of zero charge ~,=0. 
The following methods were used for this purpose: 
direct determinat ion of the quant i ty  F H +  from the 
changes of the hydrogen ion concentrat ion caused by 
the adsorption process ( I ) ;  de terminat ion  of the po- 
tent ial  at which anion and cation adsorptions, ex- 
pressed in electric units, become equal ( I I ) ;  deter-  
minat ion  of the deviation of a thin p la t inum wire in 
an electric field ( I I I ) ;  de terminat ion of the depend-  
ence of the force which must  be applied in order to 
establish a contact between two crossed p la t inum 
wires on the potential  ( IV);  determinat ion of the po- 
tent ial  corresponding to the max imum contact angle 
(V). The last method is a roughly approximate one. 
Some results obtained by the above methods are listed 
in Table I. 

As it is evident  from Table I, the data obtained by 
different methods are in fair agreement.  In  the case 
of m i n i m u m  specific adsorption ~=0 = 0.16-0.19. This 
quant i ty  shifts in  the direction of more negat ive 
values in adsorption of the anions C1- and B r -  and 
in  the direction of more positive values in adsorption 
of the ion Cd 2 +. 

In  addition to investigations by the above m e n -  
tioned methods, at tempts have been made to deter-  
mine  the value of q:~:0 from the position of the min i -  
mum on the differential capacitance-potential  curve, 
this m i n i mum being assumed to correspond to the 
ma x i mum diffusivity of the electric double layer. The 
use of this method, which gives rel iable results for 
metals that do not adsorb hydrogen, such as mer -  
cury (38), gal l ium (39), silver (40), lead, tin, etc. 
(41, 42), involves, however, considerable difficulties 
in  the case of the p la t inum electrode, on whose sur-  
face adsorbed hydrogen and oxygen are present, since 
in this case the pseudocapacity of ionization of these 
gases is superimposed on the double layer  capacity. 
Addit ional  difficulties arise due to the slowness of the 
process of adsorption equi l ibr ium establ ishment  dur -  
ing the formation of the double layer on plat inum, 
which was discussed earlier. Although, in principle, 
measurements  carried out in dilute solutions at suffi- 
ciently high frequencies should give correct values of 
r the difficulties arising in such measurements  do 
not seem to have been overcome as yet. The values of 
r obtained by various investigators from "the ca- 
pacitance measurements  of the Pt  electrode (43,44), 
show great divergences. Moreover, the potential  cor- 
responding to the min imum observed on the differ- 
ential  capacitance curve greatly depends on p~I, which 
has been recent ly confirmed by Gileadi, Rubin,  and 
Bockris (45). As already shown by F r u m k i n  and Sly- 
gin, due to the polarity of the P t -H bond, a depend-  
ence of r on pH should exist. But the l inear re la-  

Table I. Zero charge potential of platinum in different solutions 

M e t h o d  of  
~e=o, v ,  m e a s u r e m e n t s ,  

S o l u t i o n  N I l E  r e f e r e n c e  

2.10-~N H2604 0.16 I I I  (35) 
N Na~.~Oa + 10-2N t tsSO4 O. l l  I (19) 
10-~N Na~SO~ + 1O-~N H,2SO~ 0.18 I I  (7) 
10-~N Cs,~SOa + 1 0 ~ N  H~SO~ 0,19 I I  (3) 
1 .8 . I0-2N Cs~SO~ + 2.10-~N H2SO~ 0.19 I I  (3) 
2 .10-5N H C I  0.19 n I  (35) 
N N a C I  + 10-~N H C I  0.06 I (19) 
10-aN N a C I  + 10-aN HC1 0.10 I I  (7) 
10-aN N a B r  + 10-8N H~SO~ 0.04 I I  (7) 
N N a B r  + 10-~N H B r  --0.02 I (19) 
10-2N CdSO4 + 10-sN H~SO~ 0.65 II (7) 
N N a B r  + 5.10-2N N a O H  --0.26 I (19) 
1 0 a N  Cs I  + 10-2N C s O H  --0.58 I I  (7) 
10-sN K C I  0.20 I V  (37) 
10-sN KC1 0.20 I V  (37) 
N Na2SO4 + 10-~N I-I~SO~ 0.27 V (36) 
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t ionship be tween  the supposed value  of ~,=o and pH, 
es tabl ished in (45), cannot  be expla ined  on the  basis 
of the theory  and makes  i t  p robab le  that  the min imum 
observed reflects to some extent  the min imum cov- 
e rage  of the surface wi th  adsorbed hydrogen  and 
oxygen r a the r  than  the m a x i m u m  diffusivi ty of the 
double  l ayer  (44). This is in agreement  wi th  the r e l a -  
t ion be tween  the slopes of the FH+~ and the rn ,  ~ 
curves in solution containing the SO42- ion (3, 7), 
which shows tha t  in this case, in the so-cal led double  
l ayer  region the amount  of adsorbed hydrogen  and 
oxygen  on the surface is commensurab le  wi th  the  
double  l ayer  charge. Thus, in 0.1N H2804, wi th in  the  
potent ia l  range  0.3-0.8, the  va lue  of 0rH+/0~ is equal  
to 36 • 5 ~,f/cm 2, whereas  the  va lue  of - -0FH/0~,  
de te rmined  f rom the slope of the charging curve, is 
~70 ~f /cm 2 at  ~ = 0.3-0.5 and 150 ~f/cm 2 at  ~ = 0.5- 
0.8 (3). An even grea te r  d iscrepancy is observed at  
h igher  pH (2). Only in the presence of specifically 
adsorbed  anions, such as C1- and B r - ,  the  capaci tance 
values,  de te rmined  f rom the adsorpt ion  measurement s  
and  the charging curves  coincide over  some potent ia l  
range,  i.e., the  surface is p rac t ica l ly  f ree  of adsorbed  
H and O. 

I t  should be also kep t  in mind  that  a cer ta in  lower -  
ing of the dif ferent ia l  capaci tance values  wi th  increas-  
ing di lut ion is not  necessar i ly  connected wi th  in-  
creased diffusivi ty of the double  l aye r  and  can be 
caused by  an exclusion of a par t  of the surface, which  
is especial ly  pronounced if the surface is not per fec t ly  
smooth or m a r k e d l y  inhomogeneous.  

On the whole  we th ink  that  the capaci tance min i -  
mum of the p l a t i num electrode,  corresponding to the  
m a x i m u m  diffusivi ty of the  double  layer ,  has not  ye t  
been established.  I t  appears  therefore  doubt fu l  
whe the r  the va lue  of ~=0 equal  to 0.48 at  pH = 3 
obta ined by  capaci ty  measurements  (45) r ea l ly  cor-  
responds  to the point  of zero charge of pla t inum.  The 
quest ion of the  re la t ionship  be tween  the potent ia l  of 
zero charge and that  of m a x i m u m  adsorpt ion  of neu-  
t ra l  molecules  in the case of the Pt  e lect rode was dis-  
cussed earl ier .  
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Discussion 

M. W. Breiter:  The paper stresses the impor tant  
aspects in which the  adsorption of inorganic and 
organic species on plat inum differs f rom that  on 
mercury  because of s imultaneous adsorption of hydro-  
gen atoms or oxygen atoms. The general  predictions of 
the thermodynamic  t rea tment  given first by F rumkin  
and Slygin I are in good agreement  wi th  the numerous  
results  of direct  measurements  of ion adsorption on 
p la t inum by the above authors. The influence 1 of the 
composition of the electrolyte  on hydrogen adsorption 
is also reflected by the heats of hydrogen adsorption 2,3 
at the same coverage in different electrolytes. The 
heat  decreases with increasing adsorbabil i ty and con- 
centrat ion of the anion. The decrease of the heat  is 
paral le led 4,5 by less negat ive values of the corre-  
sponding entropy change at small  hydrogen cover-  
age (~ < 0.1). If organic species are chemisorbed, the 
resul t ing decrease of hydrogen adsorption may be used 
as a measure  of the coverage with  organic species. A 
quant i ta t ive  method was suggested recently.  6 

An a t tempt  was made some t ime ago to apply the 
thermodynamic  t rea tment  I to the determinat ion  of 
halide ion adsorption f rom the measurements  7 of hy-  
drogen adsorption on smooth pla t inum in 1M HC104 
with  additions of HC1 or HBr at halide ion concentra-  
tions of 10 -3 and 10-2M. However  the changes of  Q 
(see Eq. [7] in the paper)  wi th  the chemical  potent ial  

of HC1 and HBr, respectively,  were  not large enough 
to warran t  a computat ion under  the condition of hav-  
ing the same surface state at different anion concen- 
trations. The technique developed by Gilman s ap- 
pears useful for the study of halide ion adsorption on 
platinum. 

S. Schuld iner:  This paper  gives an excel lent  the rmo-  
dynamic t rea tment  of the Pt  hydrogen electrode. 
Many useful  relat ions are der ived which are of value. 
The init ial  assumption of the authors that  the potential  
range f rom 0 to 0.5-0.6v vs. the hydrogen electrode in 
the same solution can be considered as a revers ib le  
system in acid solution is open to question. Work at 
the U. S. Naval  Research Laboratory has shown that  
the revers ible  H+/H2 react ion determines  potential  
on a Pt  electrode in acid solution only up to 0.lSv 
vs. NHE. Fur the rmore  this work  and others has shown 
that  a large part  of the hydrogen associated with  a Pt  
electrode is i r revers ib ly  sorbed. Thus, the potential  
range Frumkin ,  Balashova, and Kazar inov assume to 
be val id for the revers ible  hydrogen electrode appears 
to be much less than claimed. 

A. N. F r u m k i n  (communicated) :  It  is not  impor tant  
for the theory developed by us whe the r  the equi l ib-  
r ium of the react ion H +/H2, to which  Dr. Schuldiner ' s  
r emark  refers,  is real ized in practice. The  theory  p re -  
sumes only the existence of an equi l ibr ium for the 
ionization react ion of adsorbed hydrogen.  The exist-  
ence of this equi l ibr ium is proved by the complete  
revers ibi l i ty  of the charging curves in the potent ia l  
range indicated and by the independence of the length 
and shape of the charging curves from the t ime of 
measurement ,  which var ied  f rom 10 to 100 min, when  

Z A.  F r u m k i n  a n d  A.  S lyg in ,  Aeta  Physicoch~m. URSS.,  5, 819 
(1936). 

W.  B~ld  a n d  M. B r e i t e r ,  Z. Elek trochem. ,  64, 897 (1960).  

81~I. B r e i t e r  a n d  B.  K e n n e l ,  ibid.,  64, 1180 (1960). 

4 M. B r e i t e r ,  Elektroehim.  Acta ,  7, 26 (1962).  

M. W.  B r e i t e r ,  Ann .  N.  Y .  Aead. Sei., 101, 709 (1963). 

e M .  W. B r e i t e r  a n d  S. G i l m a n ,  This  Journal,  109, 622 (1962). 

M. W.  B r e i t e r ,  Eleetrochim.  Acta,  8, 925 (1963). 

s S. G i l m a n ,  J. Phys .  Chem. ,  68, 2098, 2112 (1964).  

employing our method (platinized pla t inum electrodes 
wi th  5-10 mg P t - b l a c k / c m  2 of visible surface).  9 Ap-  
parently,  owing to the wide use of fast pulse methods 
in recent  years  it has become unusual  to t reat  the 
surface of the p la t inum hydrogen electrode as an 
equi l ibr ium system. 

F. G. Will:  In Eq. [7] of the thermodynamic  t rea t -  
ment,  it is assumed that  the amount  of charge sup- 
plied to the electrode to shift its potent ial  f rom one 
to another  value  in the hydrogen  adsorption region 
is not substantial ly affected by molecular  hydrogen in 
the electrolyte.  With the l ight ly  platinized electrodes 
used in this study, this assumption can lead to sig- 
nificant errors, depending on the par t icular  conditions 
of charging. Recent,  still unpublished calculations 
show that  an even more significant error  may be in-  
t roduced by neglecting the  diffusion of atomic hydro-  
gen f rom the surface of the electrode into its interior.  
The magni tude  of this error  wil l  again depend on 
transi t ion times, surface roughness, and the size of the 
p la t inum black grains. 

With regard  to the re la t ive  contributions of ad- 
sorbed atomic hydrogen and of hydrogen ions to the 
potential  difference at the p la t inum solution interface, 
it seems surprising that  the contr ibut ion of the ions 
should be an order of magni tude  larger.  While it is 
granted that this would be true for the part icular  elec-  
trolytes (1N NaC1 ~ 0.01N HC1 and 1N NaC1 + 0.05N 
KOH) considered in this study, it appears highly un-  
l ikely that it is also t rue for many acid electrolytes. 
In the case of the latter, a near  1:1 ratio between sur-  
face p la t inum atoms and adsorbed hydrogen atoms is 
found. From studies in the gas phase 1~ it is known 
that  the work  function of p la t inum is changed by as 
much as 1 electron vol t  when  hydrogen is adsorbed. 
Certainly, then, the effect of adsorbed ions cannot be 
one order of magni tude  larger.  

E. Gileadi: I would  l ike to agree wi th  Dr. Will  that  
the surface area measured f rom a hydrogen charging 
curve  at ve ry  low current  densities may  be substan- 
t ially in error  due to hydrogen diffusion f rom the 
bulk of the metal.  On the other  hand, the authors 
find agreement  be tween  their  area measurement  and 
B. E. T. measurement  so that  their  hydrogen charging 
method probably cannot be very  much in error.  

A. N. F r u m k i n  (communicated)  : Contrary  to Dr. Will 's  
comments, the data presented by Marve t  and Pe t ry  TM 

also show that  hydrogen solubili ty in the electrolyte  
and the meta l  could not affect the results obtained. 
The question as to how the presence of dissolved hy -  
drogen could be taken  into consideration in the equa-  
tions der ived by us, should this be necessary, wi l l  be 
dealt  with elsewhere.  

Dr. Will 's  r e m a r k  regarding the relat ionship be-  
tween the quanti t ies  designated by us X and Y seems 
to be founded on a misunderstanding.  The contr ibu-  
tion of the adsorbed H atoms to the potent ia l  differ- 
ence set up at the in terface  is by an order  of magni -  
tude less than that  of the adsorbed Na + and C1- ions 
per one adsorbed particle. The max imum amount  of 
adsorbed Na + and C1- ions is, however ,  in about the 
same proport ion less than the m a x i m u m  amount  of ad- 
sorbed hydrogen atoms. As the result, the contr ibut ion 
of the ions and of the atoms to the potential  differ- 
ence being set up become comparable,  which de te r -  

9 R. M a r v e t  and O. P e t t y ,  Elek t rokh imiya ,  1, 1225 (1965).  

10 R e f .  (12) of  t h e  p a p e r .  

xl S a e h t l e r ,  R o o t s a e r t ,  a n d  V a n  R e i j e n .  

R .  M a r v e t  a n d  O. P e r r y ,  Elek t rokh imiya ,  1, 1225 (1965). 
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mines the shape of the charging curves observed. In  
the case of ions with pronounced specific adsorptivity, 
such as T1 + ions, when max imum ion adsorption be-  
comes comparable with hydrogen adsorption owing 
to the covalent bond between the metal  and the ad- 
sorbed ion, Y should approach X. 

E. G~leadi: I would like to refer  to two of the topics 
ment ioned in  this paper, namely,  the position of the 
potent ial  of zero charge on Pt  and the in terpre ta t ion 
of the potential  dependence of organic adsorption on 
Pt. 

The potential  of zero charge on p la t inum has been 
investigated in our laboratory in some detail by two 
methodsJa One method depends on the study of the 
effect of na tu ra l  salt concentrat ion on the potential  
dependence of organic adsorption t4 and the other is 
the wel l -known measurement  of differential double 
layer capacity as a funct ion of potent ial  in highly 
purified dilute solutions of HC104. Results obtained 
by the two methods were found to be in  good agree-  
ment,  and I wouid like to concentrate on those ob- 
tained by the capacitance method. 

Fig. EG 1 shows a typical C-V plot in highly pur i -  
fied, dilute HC104 solution. The pre t rea tment  of the 
electrode was found to be of very great  importance, 
and in par t icular  the absorption of hydrogen into the 
bulk  of the metal  must  be controlled. The curve 

E. Gi l ead i ,  S. D.  Argade,  and J .  O'NI. B o e k r i s ,  J. Phys.  Chem.,  
70, 2044 (1965}. 

z* H.  D a h m s  a n d  M, G r e e n ,  This Journal, U 0 ,  466 (1963). 
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Fig, EG 1. Capacitance-potential relationship in dilute HCI04 
solution. 
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Fig, EG 4. Effect of addition of increasing amounts of KCI04 on 
the shape of the C-V curves. 

marked %vithout H" in Fig. EG 1 was obtained on an 
electrode which has been treated for 3 hr at 450~ in 
an atmosphere of purified argon. Calculations based 
on independent  measurement  of the diffusion coeffi- 
cient of hydrogen in  P t  carried out in  our labora-  
tory 15 confirmed that  under  these conditions all the 
hydrogen was el iminated from the metal. Prolonged 
heating (overnight)  had no fur ther  effect. The curve 
marked  "with H" was obtained after keeping the 
electrode at a potential  of 0.2v r.h.e, for 5 rain, al low- 
ing for hydrogen diffusion into the metal. F igure  EG 2 
gives similar results in  a lkal ine  solutions. 

l~ E.  G i l ead i ,  NI. A .  F u l l e n w l d e r ,  a n d  J .  O ' M .  B o c k r i s ,  This Jour-  
naZ, in p r e s s .  
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Two types of experiments were performed to prove 
that the capacitance minimum observed here does in 
fact correspond to the maximum diffusivity of the 
double layer, i.e., to the potential of zero charge. 
Figure EG 3 shows the variation of the shape of the 
C-V plot with increasing concentration of HC104. In 
Fig. EG 4, the effect of increasing the total ionic 
strength by addition of KC104 is shown. In both cases 
the capacitance minimum characteristic of the poten- 
tial of zero charge in dilute solutions disappears as 
soon as the total concentration of electrolyte exceeds 
5 x 10-3N.  

In  Fig.  E G  5, t h e  effect  of f r e q u e n c y  o n  t h e  C - V  
p lo t  i n  t h e  v i c i n i t y  of t h e  p o t e n t i a l  of ze ro  c h a r g e  is 
g i v e n  fo r  a f r e q u e n c y  r a n g e  of 0.5 x 10 ~ to 8 x 103 cps. 
A v e r y  s m a l l  f r e q u e n c y  v a r i a t i o n  is o b s e r v e d ,  w h i c h  
can  b e  a t t r i b u t e d  to t h e  l ack  of c o m p l e t e  s y m m e t r y  
b e t w e e n  t h e  w o r k i n g  a n d  c o u n t e r  e l ec t rode ,  a n d  to 
a c e r t a i n  e x t e n t  to  a poss ib l e  s l i g h t  r o u g h n e s s  of t h e  
sur face .  

O n  t h e  bas i s  of  t h e  effect  of c o n c e n t r a t i o n  a n d  f r e -  
q u e n c y  o n  t h e  C - V  p lo t  w e  t h e n  c o n c l u d e  t h a t  t h e  ca -  
p a c i t a n c e  m i n i m u m  o b s e r v e d  in  ou r  m e a s u r e m e n t s  in  
v e r y  d i l u t e  s o l u t i o n  c o r r e s p o n d s  to t h e  p o t e n t i a l  of 
ze ro  cha rge .  T h e  v a l u e  of t h e  p o t e n t i a l  of ze ro  cha rge ,  
m e a s u r e d  vs. a c o n s t a n t  r e f e r e n c e  e l ec t rode ,  v a r i e s  
l i n e a r l y  w i t h  p H  to a n  e x t e n t  of 60 m v / p H  u n i t  a n d  
h a s  a v a l u e  of Vpzc = 0.56 _ 0.025v i n d e p e n d e n t  of 
p i t  w h e n  m e a s u r e d  vs. a r e v e r s i b l e  h y d r o g e n  e l e c t r o d e  
in  t h e  s a m e  so lu t ion .  

T h e  d i s a g r e e m e n t  b e t w e e n  t h e  r e s u l t s  p r e s e n t e d  b y  
F r u m k i n  et  al. i n  t h i s  p a p e r  a n d  ou r  o w n  r e c e n t  r e -  
su l t  m a y  b e  a t  l e a s t  i n  p a r t  due  to t h e  d i f f e r e n t  p r e -  
t r e a t m e n t  of t h e  e l ec t rode .  O u r  v a l u e s  r e f e r  to a 
" h y d r o g e n  f r e e "  P t  e l ec t rode ,  w h i l e  t h e  r e s u l t s  of  
F r u m k i n  et  al. a n d  p r o b a b l y  a l l  o t h e r  r e s u l t s  r e -  
p o r t e d  so f a r  r e f e r  to  a " h y d r o g e n  l o a d e d "  e l ec t rode .  
F i g u r e s  E G  1 a n d  E G  2 i n d i c a t e  t h a t  t h e  effect  of h y -  
d r o g e n  in  t h e  m e t a l  is a t  l e a s t  i n  t h e  r i g h t  d i r e c t i o n  
to  r e s o l v e  th i s  d i s c r e p a n c y .  

I w o u l d  l i ke  to  t u r n  n o w  to t h e  q u e s t i o n  of  t h e  i n -  
t e r p r e t a t i o n  of t h e  p o t e n t i a l  d e p e n d e n c e  of a d s o r p t i o n  
of  n e u t r a l  o r g a n i c  m o l e c u l e s  o n  P t .  I n  s e v e r a l  p u b l i c a -  
t ions  f r o m  o u r  l a b o r a t o r y  i n  r e c e n t  y e a r s  16-19 t h i s  d e -  

J. O'M. Boekris, M. Green, and D. A. J. Swinkels, This Jour-  
nal, I I I ,  ?36, '/43 (1964). 

xv E. Gileadi, B. T. Rubin, and 3. O'M. Boekris, J. Phys.  Chem.,  
69, 3335 (1965).  

l s W .  H e i l a n d ,  E. G i l ead i ,  a n d  3. O ' M .  B o c k r i s ,  ib id . ,  ~O, (1966).  

z~E. G i l ead i ,  J.  E lec t roana l .  Chem., 11, 137 (1966). 

p e n d e n c e  h a s  b e e n  i n t e r p r e t e d  i n  t e r m s  of a " c o m p e t i -  
t i on  w i t h  w a t e r "  m o d e l  w h i l e  a c c o r d i n g  to t h e  p r e s -  
e n t  p a p e r s  of F r u m k i n  e t  al., t h i s  is m o r e  l i k e l y  d u e  
to e s s e n t i a l l y  a c o m p e t i t i o n  w i t h  h y d r o g e n  a n d  o x y -  
gen  a d s o r b e d  on  t h e  sur face .  

W e  a r e  in  a g r e e m e n t  w i t h  t h e  r e l e v a n t  Eq.  [33] in  
th i s  t ex t ,  w h i c h  g ives  t h e  v a r i a t i o n  of t h e  f r e e  e n e r g y  
of a d s o r p t i o n  of o r g a n i c  w i t h  p o t e n t i a l  a t  c o n s t a n t  
rorg as  a f u n c t i o n  of t h e  d e r i v a t i v e s  of  t h e  c h a r g e  a n d  
t he  h y d r o g e n  c o v e r a g e  AH w i t h  r e s p e c t  to rorg a t  c o n -  
s t a n t  p o t e n t i a l  

( 0AG~ ) 0 ~ b  ( ~ T o r g )  Jr" \ O--~"~org,] 

rorg ~ 

The relative importance of the two terms on the 
r.h.s, of this equation for the Pt system is, however, 
disputed. Moreover, to explain the decrease of cover- 
age with potential above 0.5v a similar equation would 
have to be assumed for adsorbed oxygen. It is doubt- 
ful if such an equation would be valid, due to the ir- 
reversible nature of oxygen adsorption, as pointed out 
by Frumkin in a previous publication. 20 

Several experimental facts do not seem to be in 
agreement with the theory proposed here by Frumkin. 

I. Peak adsorption on Pt occurs at about 0.45v 
(NHE) in IN H2SO4. The coverage decreases roughly 
s y m m e t r i c a l l y  on  e i t h e r  s ide  of V,~ax, y e t  a t  0.2v, OH 
= 0.5 w h i l e  a t  0.7v (i.e., a t  a n  e q u a l  d i s t a n c e  on  t h e  
a n o d i c  s ide  of Vmax) t h e  c o v e r a g e  b y  o x y g e n  is p r o b -  
a b l y  n o t  m o r e  t h a n  0.05. 

2. I n  a s t u d y  of h y d r o c a r b o n  a d s o r p t i o n  on  P t  on  
o p e n  c i r cu i t  i t  was  f o u n d  21 t h a t  e t h y l e n e  d i s p l a c e d  
h y d r o g e n  f r o m  t h e  e l e c t r o d e  su r face .  O n  t h e  o t h e r  
h a n d ,  i t  w a s  f o u n d  to h a v e  e s s e n t i a I l y  no  effect  o n  
o x y g e n  c o v e r a g e  in  t h e  s a m e  sys tem.  22 T h u s  

I (OAH/Ororg) *t > >  i (OAJOrorg) ~l 

a n d  a n  u n s y m m e t r i c a l  e - -  q~ r e l a t i o n s h i p  w o u l d  b e  
p r e d i c t e d .  

3. I n  t h e  a d s o r p t i o n  of n a p h t h a l e n e  a n d  n - d e c y l -  
a m i n e  on  Ni  a n  i n c r e a s e  of c o v e r a g e  w i t h  i n c r e a s i n g  
c a t h o d i c  p o t e n t i a l  o c c u r r e d  in  a r e g i o n  w h e r e  c o v e r a g e  
b y  h y d r o g e n  also i n c r e a s e d .  

I n  conc lus ion ,  w e  a g r e e  t h a t  h y d r o g e n  a d s o r p t i o n  
m a y  h a v e  a n  ef fec t  on  t h e  p o t e n t i a l  d e p e n d e n c e  of 
o r g a n i c  a d s o r p t i o n  i n  c e r t a i n  sy s t ems .  H o w e v e r ,  i t  
a p p e a r s  h i g h l y  u n l i k e l y  t h a t  o u r  r e s u l t s  f o r  e.g., 
e t h y l e n e  17 a n d  b e n z e n e  TM a d s o r p t i o n  can  b e  i n t e r p r e t e d  
e v e n  p a r t i a l l y  on  t h i s  basis .  

T h e  p H  d e p e n d e n c e  of t h e  p o t e n t i a l  of ze ro  c h a r g e  
a n d  t h e  effect  of p H  on o r g a n i c  a d s o r p t i o n  a r e  c o n -  
s i s t e n t  w i t h  o u r  i n t e r p r e t a t i o n  of t he  8 - -  V r e l a t i o n -  
ship.  F i g u r e  E G  6 shows  0 - -  V p lo t s  fo r  t h e  a d s o r p -  
t i on  of b e n z e n e  on  P t  f r o m  m i x t u r e s  of H2SO4 a n d  
Na2SO4 m a i n t a i n i n g  a c o n s t a n t  c o n c e n t r a t i o n  of SO4 = 
i o n s J  s A p lo t  of t h e  p o t e n t i a l  of ze ro  c h a r g e  a n d  t h e  
p o t e n t i a l  of m a x i m u m  a d s o r p t i o n  vs. pH is g i v e n  in  

0.6( 

~ ' - ~ -  . ~ , ,~ ,T=o .  8 
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\ ~H=S.6 % 

, ~2H:,,.O , ~ ~ 
I I I r 
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PoIe~]Jol (voJts N.H.E.) 

Fig. EG 6. The adsorption of benzene an Pt as a function of po- 
tential and oH. 
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Fig. EG 7. pH dependence of the potential of zero charge and 
the potential of maximum adsorption on Pt. 

Fig. EG 7. The two lines are paral le l  wi thin  exper i -  
menta l  error  wi th  V m a x  slightly cathodic to Vpzc at 
all  pH values as expected according to the water  com- 
peti t ion model.  TM 

A.  N.  F r u m k i n  (Communica ted) :  A number  of a t -  
tempts have  been made at the Inst i tute  of Elect ro-  
chemis t ry  to use for the p la t inum-hydrogen  electrode 
the method of the point of zero charge determinat ion 
f rom the capacitance min imum in dilute solutions, ~irst 
proposed by one of the authors. 23 Al though Bir intseva 
and Kabanov 24 observed at ~ ----- 0.18v the appearance 
of a min imum on the C, # curves in 0.01 and 0.001N 
H2SO4, which disappeared with increasing concen- 
t rat ion (C, the capacitance per unit  electrode surface; 
other  designations, the same as in our paper) ,  i.e., 
in agreement  with the point of zero charge deter -  
mination, in our paper we pointed out wi th  good rea-  
son, as it seems to us, that  the difficulties involved 
in these measurements  have not yet  been overcome. 
Recent ly Burshtein,  Pshenichnikov,  and Shevchenko,  

2o A. M. Frank l in ,  Doklady Akad.  Nauk. SSSR,  154, 1432 (1964). 

m L, W, Niedrach,  This Journal, 111, 1309 (1964). 

~ J ,  O'M. Bockris ,  H. Wroblowa,  E. Gileadi,  and B. J .  P i e r sma ,  
Trans, Faraday Soc., 61, 2531 (1965). 
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Fig. AF 1. Dependence of the capacitance of an activated Pt 
electrode on the potential vs. NHE in dilute solutions (Burshtein, 
Pshenichnikov and Shevchenko). 1. 0.1N H2SO4; 2. 0.0018 NH2SO4; 
frequency: 1. 10,000; 2. 5100 cps. 

of the same Institute,  apparent ly  obtained more  r e -  
l iable results. The exper iments  were  carr ied out wi th  
a smooth Pt  electrode, which af ter  reduct ion in hy-  
drogen at 450~ and outgassing in vacuo at 900 ~ had 
been activated in the solution by the application of 
sawtooth cathodic and anodic pulses in the in terva l  
of Cr values f rom 0.0 to 1.6v. As can be seen f rom 
Fig. AF 1, at h igher  concentrat ions a min imum is ob- 
served at ~ --~ 0.55v, which is, undoubtedly,  a pseudo- 
capacity min imum due to ionization of adsorbed hy-  
drogen and oxygen. As the solution is diluted, how-  
ever,  a deeper  min imum appears at ~ ---- 0.23% i.e., close 
enough to the pzc determined by direct adsorption 
measurements .  The position of this min imum on the 
~-axis does not change when the concentrat ion of the 
acid is changed from 0.01 to 0.002N and appears there-  
fore to be pH independent.  Fur ther  measurements  
wi l l  show how far this resul t  can be considered con- 
clusive. 

Comparing the results of his measurements  by the 
differential  capacitance method with the data on the 
pzc given in our paper, Dr. Gileadi  suggests that  the 
difference in the surface state of the electrode is one 
of the reasons for the discrepancy observed. In  Dr. 
Gileadi 's  opinion, his own data refer  to a "hydrogen 
free"  electrode, whereas  our data are for a "hydrogen 
loaded" one. In this connection, we would  l ike to 
make  two observations. The te rm "hydrogen loaded" 
does not correctly describe the surface state of the 
electrodes used by us, as under  cathodic polarization 
the electrode can be loaded with  hydrogen to var i -  
ous degrees. In actual fact, our a im was to establish 
the conditions for the equi l ibr ium re la t ive  to the ion- 
ization react ion of adsorbed hydrogen as given by 
Eq. [2]. Such conditions, as wil l  be shown below, 
real ly  can be established. As regards the surface 
t rea tment  carried out by Dr. Gileadi, there  is no doubt 
that  no equi l ibr ium is established on the surface of 
a smooth electrode deact ivated by prolonged heat ing 
at 450~ without  subsequent  activation by al ternat ing 
anodic and cathodic polarizations. Measurements  of 
the electronic work  function of platinum, however ,  
per formed at the Inst i tute  of Elec t rochemis t ry  by 
Fokina, Shurmovskaya,  and Burshte in  have shown that  
in order to r emove  strongly adsorbed or dissolved 
gases f rom the surface of solid smooth p la t inum it is 
necessary to carry out degassing in vacuo  at 900~ 
In addition, as it  fol lows f rom a series of studies by 
Bagotsky and collaborators, 25 previously degassed 
plat inum absorbs appreciable amounts of oxygen 
from the solution already at the potent ial  ~r "~ 0.4v. 
Therefore,  we suppose that  the min imum observed 
by Dr. Gileadi in the exper iments  wi th  0.001N tICIO4 
is l ikely to be connected with  the position of the pzc 
of a somewhat  oxidized p la t inum surface. In fact, 
according to the data of Balashova and Frumkin ,  26 
in di lute I-I2804 the pzc of oxidized plat inum lies at 

,-- 0.5v, i.e., it is s trongly shifted in the posit ive 
direction. 

At  any rate, the shift in the min imum on the ca- 
pacitance curve  along the %-axis wi th  changing pH 
of the solution, observed by Dr. Gileadi, as wel l  as 
by Kheifets  and Krasikov, 27 shows adsorbed oxygen 
(or hydrogen)  to be present  on the meta l  surface, 
since otherwise it would be impossible to account 
for this pH dependence by means of any theory. Un-  
for tunately,  Dr. Gileadi  does not  ment ion  whe the r  he 
observed the dependence of the depth of this min imum 

T. Borisova,  B. Ershler ,  and  A. F r u m k i n ,  Zhuv. Fiz. Khim. ,  22, 
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-~T. B i r in t seva  and  B, Kabanov ,  Zhu,r. Fiz. Khirn,, 37, 2600 
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V. L u k i a n y c h e v a  and  V. Bagotsky ,  Dok~ady Akad.  Nau~ SSSR,  
1 5 5 ,  160 (1964); V. Luk i a nyc he va ,  V. T ikhomi rova ,  and  V. Bagot -  
sky,  Elektrokhivnya, 1, 262 (1965). 

N. Balashova  and  A. F r u m k i n ,  Dok~ady Akad.  Nauk  SSSR, 20, 
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Fig. AF 2. Dependence of PH+ on ~r for a platinized platinum 
electrode in N KCI 3- 0.0iN HCI. The full drawn curve has been 
calculated from Eq. [6];  the circles represent experimental values 
(Frumkin, Perry, and Marvet). 

on the concentrat ion of the solution only in acid so- 
lutions or at other  pH as well. This point is an im-  
portant  one. 

F rom our point of view, it was most impor tant  to 
show that  under  the conditions of our experiments ,  
the surface of the p la t inum electrode could rea l ly  be 
t reated as an equi l ibr ium system, so that  Gibbs ther -  
modynamics  could be applied to it. At  present,  F r u m -  
kin, Petry,  and Marve t  have been able to prove ex-  
per imenta l ly  the correctness of this assumption, at 
any ra te  for the case of a plat inized p la t inum elec-  
trode. In  Fig. AF 2 the values of rH+ in the function 
of ~,r determined exper imenta l ly  in N KC1 3- 0.01N 
HC1 solution are compared wi th  those calculated by 
means of Eq. [6] of our paper f rom the values of 

- G J ,  and 
~ H  § I~H 

The calculated values were  obtained by the in tegra-  

tion of the ~ curve determined f rom Eq. 

/~H + 

[6] using the value  of PH+ at r = 0 found exper i -  
mental ly.  Good agreement  be tween calculated and ex-  
per imenta l  values corroborates the correctness of our  
assumption as wel l  as of the determinat ion of the 
pzc by the method designated in our paper  as 
method I. 

In the second par t  of his discussion, Dr. Gileadi 
presents some arguments  against  the  thermodynamic  
t rea tment  of the dependence of the adsorption of 
organic substances on the potential,  which was sug-  
gested by one of the authors. 2s According to Dr. 
Gileadi, the relations l ike our Eq. [33] are quant i ta -  
t ive ly  inapplicable to the oxygen  region of the charg-  
ing curve  owing to the i r revers ib i l i ty  of oxygen  ad- 
sorption. This is quite  correct and was emphasized 
in our paper. It  is not clear, however ,  how a model  
based on "competi t ion with wate r"  can be quant i -  
ta t ively  used in this potent ial  range when the meas-  
urements  of the anion adsorption show that  in the 
case of anions, which are not adsorbed specifically, the 
tension of the electric field of the double layer, due 
to posit ive surface charges and negat ive  charges of 
adsorbed anions, decreases ra ther  than increases wi th  
r i s i n g  ~r. 29 The increase in the lat ter  quant i ty  de-  
pends completely  on that  in the number  of adsorbed 

A.  F r u m k i n ,  Doklad~ Akad.  Nauk  SSSR,  154, 1432 (1964). 

~ A .  S l y g i n ,  A.  F r u m k i n ,  a n d  V.  M e d v e d o v s k y ,  Aeta  physico-  
ehim. URSS,  4~ 911 (1936); N.  B a l a s h o v a  a n d  V.  K a z a r i n o v ,  Usp. 
IKh~m., 34, 1721 (1965).  

oxygen atoms and on the dipole na ture  of the P t - - O  
bond. 

Our t rea tment  refers  to the idealized case of or-  
ganic substance adsorption when an equi l ibr ium re la -  
t ive to adsorption of all components is established on 
the surface. Natura l ly  in the case of chemisorption 
of such substances as ethylene,  when adsorbed hy-  
drogen 30,31 appears on the pla t inum surface and me th -  
ane and e thane can be detected in the gas phase, ~1 
it  is not  possible to explain all the phenomena ob- 
served in te rms  of a thermodynamic  theory.  The  gen-  
eral  parallel ism, however ,  be tween  the position of 
the potential  of m ax im um  adsorption and the sup- 
posed pzc determined as it has been done by Dr. 
Gileadi, follows f rom our in terpreta t ion of the phys-  
ical significance of this potential  and the relat ionship 
between the adsorption of organic substances and 
that of e lectrochemical ly  act ive gases. 

Hideaki Kita: 1. According to the s ta tement  on the 
four th  paragraph,  the H + ions in the ionic part  of 
the double layer  are adsorbed giving off their  charges 
to the metal  and changing to H atoms. Thus, the 
quant i ty  rn+ is identified wi th  the charge density on 
the electrode. 

If we extend this identification further ,  rH+ can 
also be the quant i ty  of adsorbed hydrogen atoms thus 
formed. Since F H is the symbol for the surface den-  
sity of hydrogen atom, these quantities, PH+ and FH, 
appear not to be separated definitely f rom each other. 

On the other  hand, if we  unders tand the quant i ty  
FH+ as the surface density of hydrogen ion as de-  
fined in paragraph 3, the charge density of electrode 
surface would be negligibly small  according to the 
s ta tement  in paragraph 4 that  the presence of H+ ions 
in the ionic part  of the double layer can be neglectdd 
at the conditions of an excess of C + cations. 

2. Equat ion [2] can be taken as applicable only for 
the case where  the step, H + 3- e -  ---- H(ads ) ,  is in 
equil ibrium, since the hydrogen electrode react ion 
occurs i r revers ib ly  at the polarization of ~r. Hence, 
the quant i ty  AH, which is understood to be the amount  
of hydrogen disappeared f rom the bulk of solution 
according to the s ta tement  in paragraph 5 cannot be 
the equi l ibr ium quant i ty  and must  not be introduced 
in the thermodynamica l  equations. 

In short, interrelat ions among FH+, rH, and AH do 
not seem to be clear enough. 

A. N. Frumkin (Communica ted) :  1. The quantit ies 
I~H and rn+  may  become equal  (but opposite in sign) 
if no measurable  amount  of adsorbed hydrogen in 
the atomic form is present  on the electrode surface. 
Such case was considered by one of the authors ear-  
lier.82 

2. The exchange current  of the react ion H + 3- e -  
Haas at [H +] = 10-2N is of the order of 10 -1 a m p /  

cm 2. The m a x i m u m  current  density, used by us in 
the measurements  of the charging curves, calculated 
per cm 2 of t rue  electrode surface, did not  exceed 
10 -6 a m p / e m  2. Thus, the equi l ibr ium conditions for 
the above react ion were  realized. 

S. GiLman: It  was suggested that  the discrepancy 
be tween  the  results of capacitance determinat ion f rom 
adsorption measurements  and f rom the impedance 
might  be explained on the basis of slow establ ishment 
of equi l ibr ium be tween  the adsorbed anion and the 
pla t inum surface. While  the observation need not 
be general  for all anions, evidence has been found 33 

R. B u r s h t e i n ,  V. T i u r i n ,  a n d  A.  P s h e n i c h n i k o v ,  P r o c .  14th I n -  
t e r n a l .  Syrup . ,  B r i g h t o n ,  S e p t e m b e r  1964, p. 315, D.  Col l ins ,  Ed i to r ,  
P e r g a m o n  P r e s s  (1965); Doklady Akad.  1Vauk SSSR,  160, 629 
(1965); V,  T i u r i n ,  A.  P s h e n i e h n i k o v ,  a n d  R.  B u r s h t e i n ,  Eleetrok-  
himiya, I n  p re s s .  

az L .  N i e d r a c h ,  T h ~  Journal, 111~ 1399 (1964).  
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that (at potentials below ca. 0.Sv in acid solution) 
the adsorpt ion-desorpt ion of chloride and phosphate 
ions is rapid and reversible.  An  a l ternat ive  explana-  
tion for low capacitance is na tura l ly  surface contam- 
ination, 34 al though it is not a l together  certain that  
the high values measured at clean smooth Pt  elec- 
trodes 34.a~ are ent i re ly  free of pseudocapacitance. 

A. N. Frumkin  (Communica ted) :  Our paper  was 
concerned with  the discrepancy between the calcu- 

f 0FH + 
lated value of y - 1  = - ~ ~ - - - /  and the capacitance 

AH 
determined by the a-c measurements  at a high enough 
frequency,  the former  quant i ty  proving to be much 
larger  than the latter. Since the presence of pseudo-  
capacity of the ionization react ion of adsorbed hydro-  
gen could have  affected only the second quanti ty,  t ak-  
ing it into consideration would  have resul ted only in 
the increase in this discrepancy. 

In the case of I -  adsorption from NaI solutions on 
a platinized Pt  electrode, it takes hours for the equi-  
l ibr ium to be established, as Such a delay was not ob- 
Served in the case of ions wi thout  specific adsorp-  
tivity, which shows that  it cannot be caused by the 
diffusion difficulties or by the presence of impuri t ies  
in the solution. The effect of the la t ter  moreover  could 
not be of great  importance in the case of platinized 
electrodes wi th  a highly developed surface. The ad- 
sorption process of such anions as I -  on pla t inum 
is in many  respects similar  to that  of oxygen chemi-  
sorption f rom the solution. Slow establ ishment of the 
equi l ibr ium in this case is a well  known fact and has 
been the object of a number  of investigations ( e .gY) .  
In the case of the chlorine anion, these phenomena are 
much less pronounced, but hardly  absent altogether.  
The technique used by Dr. Gilman is probably not 
qui te  suitable for the invest igat ion of ve ry  slow proc-  
esses. 

G. C. Barker: I do not question any of the exper i -  
menta l  facts repor ted  by Professor F rumkin  and his 
co-workers .  I mere ly  wish to point out that  the spe-  
cific adsorption of certain metals  on pla t inum is an 
effect far  more str iking than might  be suspected f rom 
adsorption potential  measurements .  Our unpubl ished 
work, based largely  on studies of the ra te  of increase 
of the part  of the interracial  impedance connected 
wi th  the reduct ion of hydrogen ions and the oxida-  
t ion of adsorbed hydrogen atoms, suggests that  hy-  
drogen adsorption sites are readi ly  occupied by ad-  
sorbed meta l  atoms sometimes even when  the ~olu- 
tion concentrat ion of the ion metal  is as low as 10-8M. 
The adsorption for potentials in the range in which 
hydrogen is adsorbed is ve ry  marked  for Cd and T1 
and strong adsorption of the ions of Pb, Bi, and Sn in 
the same potent ial  region is also observed wi th  
strongly acid solutions (HC1, HC1Od). Genera l ly  the 
adsorbed meta l  is displaced when  the pla t inum elec- 
t rode is anodically polarized and this displacement 
(due to oxygen adsorption) ra ther  than the oxidat ion 
of organic mat te r  is usually the main  reason why  
pla t inum electrodes are "act ivated"  by anodic po- 
larization. Often the solutions used in studies of the 
kinetics of the formation and oxidation of molecular  
hydrogen contain copper and lead ions at concentra-  
tions up to 10 -7 - -  10-6M and such concentrat ions are  
sufficient to rapidly  displace a substantial  amount  of 
the adsorbed hydrogen f rom a smooth pla t inum elec-  
trode, and so great ly  lower  the act ivi ty  of the electrode. 
The fall  in act ivi ty  is genera l ly  accelerated in st irred 
solution as the adsorption usual ly  seems to be a diffu- 
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a6 M. Bre i t e r ,  J. Electroanal. Chert~., 7, 38 (1964). 

as N. B a l a s h o v a  a n d  V. K a z a r i n o v ,  Elektrokhim. ,  1, 512 (1965). 

aT V. N e s t e r o v a  and  A. F r u r n k i n ,  Zhur. Fiz. Khim. ,  26, 1178 
(1952). 

sion-control led process. It  might  also be ment ioned 
that, if a smooth pla t inum electrode is suspended in 
a sealed glass cell l ined wi th  platinum, the surface 
of which has been platinized, af ter  saturat ing the so- 
lution with hydrogen and subjecting the electrode to 
brief anodic polarization occasionally during the first 
few days, the act ivi ty  of the electrode (studied by 
a-c means) remains almost constant for month's w i th -  
out fur ther  activation. This shows clearly that  if 
adequate  precautions are taken to r emove  from the 
solution organic mat te r  and ions tending to be 
strongly adsorbed, a spontaneous fall  in act ivi ty such 
as has been suggested from time to t ime in the l i tera-  
ture  does not occur. Clear ly  such falls are due to 
faul ty exper imenta l  techniques. Professor F rumkin  
states that adsorbed Cd is covalent ly  bound to the 
electrode, and it  seems l ikely that  the same may  be 
t rue in other  cases whe re  almost  complete coverage 
( judging f rom the effect on the impedance)  is ob- 
tained at potentials considerably more  posit ive than 
that  for bulk deposition of the metal.  As has been 
suggested earl ier  by Professor Frumkin,  the strong 
adsorption is presumably  connected with  the fo rma-  
tion of a two-dimensional  in termetal l ic  compound. 
MSssbauer studies of the bonding of specifically ad- 
sorbed tin on plat inum made recent ly  by Bowles and 
Cranshaw at Harwel l  suggest that  the adsorbed tin 
is very  strongly bound to the electrode. 

Reply by M. W. Breiter: Study of the deposition of 
copper ions on smooth pla t inum from acidic solutions 
(1M HC1Od) was carr ied out by me at potentials more 
anodic than the potent ia l  of copper deposition about 
two years ago. The results were  not published because 
of the presence of small  amounts  of organic impuri t ies  
leading to an anodic wave  in the oxygen region dur-  
ing an anodic sweep. It was observed that  copper ions 
may be deposited at potentials up to 0.25v more  anodic 
than the deposition potential.  The layer  formed is less 
than a monolayer  and considered by me as an ad- 
sorbed layer  of Cu atoms. Thicker  layers are formed 
at the potential  of copper deposition. The layers can 
be removed  by anodic stripping. 

H. D. Hurwitz: Without  using the original  method of 
Gibbs, it seems to me that we may  formula te  the 
problem of the nonideal  polarized interphase in an 
equivalent  manner  start ing f rom the equat ion of 
Gibbs-Duhem and the e lect roneutra l i ty  condition 

r '~+  ~ ~ ~ FA- - -  rC+ [1] 

At  constant T one has 

(de) r = --  rA-d~A-  - -  r c  + d~c + 
- -  r ' H + d ~ H +  - -  AHd~H-- ed~p [2] 

In [1] and [2] one has stated that  the Gibbs surface 
defined by FH20 = 0 is permeable  to H + and H. The 
quanti t ies rA- ,  Pc+, AH and the charge e have been 
defined in the paper. As for P'H+ , the surface excess 
of H+,  it has been assumed to vanish in the model  of 
F rumkin  et ak in order to fit wi th  the in terpre ta t ion  
of the va lue  of e. 

For  the condition of electrochemical  equi l ibr ium 
respect ively at the working electrode and at the re f -  
erence electrode, one has 

~H + - -  F~ = ~ [3] 

~ ,§  - -  F ~ f  ---- (~H)o [4] 
and 

~r ---- ~ -~ [5] 
F 

with ~r the cell potential.  

F rom Eq. [2] and [3] one deduces easily that  

( ( ~ )  T = - -  FA--  d/zA-- - -  r C  + d ~ c  + 

[r'H+ + ~]d~n+ - -  [ A H - -  ~] d~H [6] 
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Another  way to write [2] is obtained in making  use 
of [1], [3], and [4], thus 

(d~) T = - -  FA- d~A~ - -  rc  + d~co~ - -  F [~ - -  AH] d~r 
[7] 

in  which 

d~A~ = d~A- § d ~  + ; d~coH = d~c + - -  d ~  + 

According to the definition e : FH+ and assumption 
I " H +  = 0,  Eq. [6] transforms into Eq. [1] of F r u m -  
k in  et aI., and relat ions [3] and [4] of this work are 
readily inferred and may be extended to the case 
where H + is not only in state of contact adsorption 
( r '~+ ~ 0). 

From [6] it is observed that at ~ -  and #c+ 
constant, [ r 'n+  + e] and [ A H -  e] are thermody-  
namical ly  independent  variables. Therefore, by exact 
differential property, d~ could be wr i t ten  in terms of 
these coordinates, or by int roducing an analyt ical  
change of coordinates* in terms of either [AH -}- r ' n + ]  
and If'H+ ~- e] or A H and rH+, according to the ap- 
proximation of Frumkin .  Equat ion [12] of F r u m k i n  
with X -1 the pseudocapacitance of adsorption and 
y - 1  a capacitance of the double layer  suggests that 
such change of coordinates has been used. 

Equat ion [10] of F r u m k i n  et al. may be easily shown 
to follow from Eq. [7] given above. 

* W i t h  X = [AI~ -- e]; Y = [F'• + e] and  U = X + Y; V = Y 
the  J 'acobian $(X,Y/U,V) of t he  t r a n s f o r m a t i o n  X , u  ~ U,V is u n i t y .  

Ion Pairing Mechanisms in Electrode Processes 
L. Gierst, L. Vandenberghen, 1 E. Nicolas, and A. Fraboni 

Free University of Brussels, Brussels, Belgium 

ABSTRACT 

The influence of "bulk" ion pair ing on electrode processes is easily de- 
tected when its main  effect is to decrease the activity of the depolarizer. On 
the other hand, when association with the adsorbed ions of the support ing 
electrolyte forms a more electroactive entity, it is known that  it can be more 
difficult to dist inguish between direct discharge, or via ion pairs. However, a 
broad intercomparison (under  strictly identical  exper imental  conditions) of 
the influence of the na ture  and concentrat ion of the support ing cation (Li +, 
Na +, K +, Cs +, Mg 2+, Ca 2+, Ba 2+) on depolarizers of various electronic 
charge, allows to detect the abnormal  behaviors, which are not determined by 
the pure "static" ~ effect. An indirect  method has also been used, which es- 
sential ly consists in  modifying the double layer  profile by adding, at constant  
concentration, increasing amounts  of tensioactive ions having the same charge 
as  the electrode, e.g., iodide at not too negative charge densities. 

The occurrence of chemical ion pair ing as a con- 
comitant  ra te -de te rmin ing  factor in  electrode p r o c e s s e s  
is general ly easily detected from the effect of suitable 
composition changes at constant double layer struc- 
ture: a typical case is the action of the sulfate ion 
on cation reduction, recent ly studied in our laboratory 
(15). However, it has been pointed out (1, 2) that, 
in  the case of anion reduct ion proceeding at sufficiently 
negat ive potentials in  not  too concentrated solutions, 
the variat ions of the apparent  rate constant  produced 
by changing the concentrat ion of the support ing elec- 
trolyte can be referred either to the usual  ~ effect 
acting on the "bulk" species or to a prior charge-de-  
creasing process involving ion-pai r ing  with the sup- 
port ing cations, which helps to c i rcumvent  the repul-  
sive interact ion with the electrode. In  some cases, 
sudden changes in  % values (for want  of more definite 
proof) seem even to suggest that each mechanism 
could be ra te -de te rmin ing  within  separate potential  
ranges (3). 

Exact diagnosis of the type of mechanism unfor tu -  
nate ly  is made more difficult by the conjunct ion of 
three circumstances: 

1. Since no double layer model of sufficient accuracy 
is available (if it should be, it would probably 
be hardly  adaptable to electrode kinetics) ,  the fact 
that a given electrochemical reaction follows closely 
the predictions derived from the F rumkin  relat ion 
coupled with for instance the Gouy-Chapman  theory, 
does not  constitute in  itself an overwhelming argu-  
ment  (2). 

2. There is some tendency to focus the investigations 
on electrochemical reactions which present  quite ab-  
normal  characteristics, wi thout  paying enough interest  
to reactions more apt to br ing  clearer information.  

1 E x c e r p t s  f r o m  d i s s e r t a t i o n s  to  b e  s u b m i t t e d  to t he  F a c u l t y  of  
S c i e n c e s  as  p a r t i a l  f u l f i l l m e n t  of  the  r e q u i r e m e n t s  for  Ph .D.  degree .  

Some of these lat ter  reactions have occasionally re-  
ceived only superficial attention, or have been invest i-  
gated with inadequate methodology, enough however 
to hinder  their reexamination.  

3. Most of the available data cannot be directly 
compared, since exper imental  conditions (such as drop 
time, compositions, temperature)  and measured quan-  
tities (average or instantaneous currents,  45 ~ tangent  
of hal f -wave potentials, etc . . . .  ) are highly variable. 

The method adopted here consists in reassessing the 
basic characteristics of a sufficient number  of these 
reactions, under  strictly standardized conditions. 2 

The systematic intercomparison of the results ob- 
tained allows the identification of the various types 
of behavior and relates them specifically to their cor- 
responding ra te -de te rmin ing  mechanisms. Addit ional  
evidence may be gained from a more general  com- 
parison considering other data relat ive to behaviors 
which are known  to be affected by ion pairing. 

The present  study is l imited to concentrated solu- 
tions (0.1 and 1N) of support ing electrolytes with 
the most common mono-  and divalent  cations. As far 
as the charge of the depolarizer is concerned, it  is 
worthwhile  to distinguish: (a) the "formal" charge 
z o calculated from valencies and stoichiometry; (b) 
the "bulk" charge Ze which prevails in  solution and 
may vary with the concentrat ion of the support ing 
electrolyte [for highly charged anions, zB is general ly 
close to --2 in 1N solutions (8) ] ;  (c) the "apparent"  
charge ZK which best fits the F r u m k i n  equation if it 
is assumed that  there is no prior labile association 
with the support ing cation, and when ~ is controlled 
by the support ing electrolyte concentrat ion;  (d) the 
"actual" charge z~ of the electroactive ent i ty  itself. 

Since  no c l a i m  fo r  o r i g i n a l i t y  is  made ,  t he  e x t e n d e d  l i s t  of  r e f -  
e rences  p e r t a i n i n g  t o  e a c h  o f  t h e  v a r i o u s  depo la r i ze r s  used  has  b e e n  
d e l i b e r a t e l y  omi t t ed .  S u c h  re fe rences  are  eas i ly  a v a i l a b l e  in  sys-  
t e m a t i c  p o l a r o g r a p h i e  s u r v e y s  (6, 7).  
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The connection between ZK and z~ constitutes one of 
the problems dealt  wi th  in this paper. 3 

A first approach consists in modifying the ~ poten-  
tial wi thout  affecting the cationic composition. Be-  
sides the use of amalgam electrodes already used 
successfully (2), this resul t  may  be achieved by suit-  
able substi tution of the anion of the support ing elec- 
trolyte, using anions of increasing adsorbability, and 
as far  as the potentials at which measurements  are 
made  are not too negat ive  wi th  respect to the point of 
nul  charge. A more indirect  way, usable through the 
whole  potential  range, is based on the substi tution of 
the support ing cation itself; it can indeed be presumed 
that the specific interactions with the electrode (affect- 
ing ~ values) ,  and wi th  the depolarizer [controll ing 
the prior  chemical  s tep(s ) ] ,  are not fol lowing the 
same sequence. 

Instrumentation and Reagents 
All  the data presented have  been der ived f rom the 

analysis of instantaneous m a x i m u m  cur ren t - t ime  
polarographic curves, obtained with  a controlled drop-  
t ime of 4 sec. The exper iments  were  carried out at 
25 ~ • 0.2~ in a convent ional  th ree-e lec t rode  cell, 
wi th  a separate h igh- impedance  circuit  for the meas-  
u rement  of potentials. The I -E curves were  recorded 
at slow scanning rates, wi th  at least a hundred drops 
for the rising section of each wave. 

Tr iply  distil led water  and doubly disti l led mercury  
were  used. The various support ing electrolytes were  
made f rom A.R. products (after  recrystall ization,  
when needed, and calcination each t ime it was pos- 
sible).  In the par t icular  case of the pyrophosphate  ion 
fresh solutions were  prepared daily, to avoid appre-  
ciable hydrolysis. It has been verified, for each sup- 
port ing electrolyte,  and after  careful  deoxygenation,  
that  the residual  current  recorded at high sensitivity, 
was devoid of any waves  or steps indicat ive of the 
presence of significative amounts  of electroact ive or 
adsorbable foreign species. 

The depolarizers were  general ly  determined ac- 
cording to standard procedures and used wi thout  fu r -  
ther  purification, at concentrations of the order of 
10-3N. Sodium chlorite was purified fol lowing the 
procedure  of Weiner  (9). 

Processing Data and Presentation of Results 
Each depolarizer  has been systematical ly studied in 

support ing electrolytes of Li +, Na +, K +, Cs +, Mg + +, 
Ca + +, Ba + + each in 0.1 and 1N (as long as solubili ty 
or pH incompatibi l i t ies  were  not insuperable) .  

Af ter  graphical  deduction of the charging current  
component  (evaluated separately wi th  the support ing 
electrolyte  alone),  I/Io plots were  constructed, and 
the diffusional character  of the l imit ing current,  was 
checked by convent ional  means. Log x = J(E)  plots 
were  then established, using the values tabulated by 
Koutecky (10). 

In most of the cases, for which first order surface 
reactions were  encountered,  the apparent  ra te  con- 
stants v can be calculated f rom the we l l -known  re-  
lation (10) 

~ /  7 Do 
l o g v  = log x ~- log ~ - - - 5  n(E)  (a) 

12 to 

where  Do is the diffusion coefficient in cm 2 se~ -1 
to the drop- t ime  (4 sec) 

~(E)  = - - l o g  [1 -- ~/~3/~3 e x p .  (F(E--Eo)JRT)] (b) 

being a posit ive correction te rm to be added only 

3 For  the  s a k e  o f  c larif ication,  t h e  case  o f  t he  u r a n y l c a r h o n a t e  
ion in N sodium carbonate could be considered briefly as an ex- 
ample. Its forma~ charge zo is --4 [UOs(CO3)8~-], while the "bulk 
charge" zB is of the order of --2 [UOe(CO3)~NasS-]. If [Na+] is 
modified, the corresponding variation of the apparent rate constant 
leads to ZK = --2, by applying the Frumkin relation. However, if 
a fast prior association with Na+ is required before discharge 
may occur, the actual z# value may be only --1. 

when the process is not  ent i re ly  i r revers ib le  (Eu + + + 
~ - -  Eu ++ and Cr + + + ~- e ~ Cr + + for instance).  

However ,  as only re la t ive  changes of log v are of in-  
terest, and since Do values are  sl ightly general ly  af-  
fected by composition changes, 4 insignificantly any-  
way with  respect to the x variat ions themselves,  in-  
tercomparison of the rate  constants has been based 
mostly on log x values. 

In the few cases (NO3-, NO2-)  where  reduct ion 
was proceeding at ve ry  negat ive  potentials, thus p re -  
vent ing the evaluat ion of the diffusion current  (which 
merged  into the reduct ion wave  of the support ing ca- 
tion),  re la t ively  large concentrat ions of the depolarizer  
were  used, and the foot of the wave  was recorded at 
high sensitivity. Af ter  proper  correction, if any was 
needed, for the support ing cation current,  the apparent  
rate  constants were  obtained f rom the classical s teady- 
state relat ion 

I 
v = (c) 

nF[C]| 

which is sufficiently accurate in the case where  I 
values do not exceed a few per cent of the diffusion 
current  (Ad being the electrode area at the drop 
t ime).  

Intercomparison of Data 
Comparison of ha l f -wave  potentials, the easiest and 

most precise quantit ies to obtain, has been discarded, 
because the mere  fact that  potentials  are shifted with 
composition makes it more difficult to eva lua te  the 
influence of the double layer  s t ructure  (which of 
course varies both with composition and potent ial) .  
It has been prefer red  to select, for each system, a 
"median"  potential  5 for which all v or x values have 
been calculated. When E shifts or a slopes are large, 
some extrapolat ion may be required,  the extent  of 
which was never  found objectionable,  in view of the 
reasonable straightness and paral le l ism of the Tafel  
plots. 

The next  step was to calculate, for each system and 
each supporting electrolyte,  values of the pure ly  for-  
mal quant i ty  A~' defined by 

RT A in (x or v) 
A~' ----- - -  (d) 

F ZK - -  aorta 

using as re ference  level  the (x, v) values observed in 
the 1N sodium solution. 

~ '  represents  the change in ~ potential  which would 
account for the recorded variations, with the a p~iori 
assumption that the system obeys the F rumkin  re la -  
tion strictly. As shown later, al though sometimes 
completely incorrect,  such an arb i t ra ry  calculation is 
however  useful, because it allows easy in tercom- 
parison, and the immedia te  diagnosis of any "atypical"  
behavior.  

Within defined pH and potent ial  ranges, some oxy-  
genated anions are electroreducible  only after  under -  
going a fast protonat ion reaction, which, among other  
things, leads to a decrease of the negat ive charge of 
the "bulk"  particles (more rarely,  this prior chem-  
ical step is sufficiently slow to give rise to a decrease 
in the l imit ing current,  which becomes then kinet ical ly  
control led) .  Such cases wil l  be presented and discussed 
later. 

~on~ was calculated f rom the exper imenta l  d In v/dE 
slopes, wi th  a correct ion A ~  for d~/dE, est imated on 
the basis of thermodynamic  and not of "actual"  ~' 
values. Typical  correction terms were,  respectively,  
about -k0.1 and ~0.2, for ZB being --1 and --2. 

4 I-I~O+ ions  e x c e p t e d ,  t y p i c a l  e x t r e m e  d e v i a t i o n s  n e v e r  e x c e e d e d  
10%. 

The "median" potential is chosen  in order to have O <f i ~ 
for all composit ions .  
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All  A~' values 6 are  finally fitted into the ~R--E di- 
agram, using the ~R curve  calculated for Na + ~ 1N 
as reference  line (for ~R see "Thermodynamic  Data") .  
The actual ordinate  ~" is thus equal  to ~R (Na + 1N) 
+ ~ ' .  This way of presentat ion (purely arbi t rary  
again) does not mean that  any special consideration 
is given to the val idi ty  of the ~R curve:  it is mere ly  
dictated by the fact  that  (i) exper imenta l  results in 
1N sodium solutions were  the most abundant,  and that  
(ii) •  variat ions when  Na + is replaced by 0.1 and 
1N divalent  cations are small, a l lowing thus a bet ter  
detect ion of non- ~ effects. 

Thermodynamic Data 
It is well  known that  negat ively  charged mercury  

surfaces are characterized by charge densi ty-potent ia l  
curves which are ve ry  l i t t le affected by the nature  of 
the cation and its charge (11). In accordance with  this 
fact, the few measurements  of charge distr ibution 
based on the Gibbs equation tend to fai l  to show any 
significant amount  of "specific" adsorption. 7 This re-  
sults in part  f rom the low intrinsic sensit ivity of the 
method. 

"Reference"  CR values have  been calculated by as- 
suming that  the charge density of the diffuse part  of 
the double layer equals that  of the electrode, save in 
the sign. CR has been calculated using the classical 
Gouy-Chapman  rela t ion (13), neglect ing thus all  sec- 
ond-order  effects (which are by no means easily amen-  
able to quant i ta t ive  evaluat ion) .  

Such ~R - -  E plots have been constructed (Fig. 1) 
for Z ~ 1, Z ~ 2, and N = 1 and 0.1, on the basis of 
Grahame results (11). Z and N are, respectively,  ~he 
electronic charge and the normal i ty  of the support-  
ing cation. 

It should be stressed that  no part icular  confidence 
is placed in these curves (they are, for instance, 

6 F o r  103- ,  t h e  ~ r  v a l u e s  h a v e  b e e n  i n c r e a s e d  by  15 m y .  T h i s  
p r o c e d u r e  w i l l  be  j u s t i f i ed  i n  t h e  D i s c u s s i o n .  

We m e a n  by  " s p e c i f i c "  : " d e p e n d i n g  on  t h e  spec i e s , "  w i t h o u t  
r e l a t i n g  t h i s  e x p r e s s i o n  to  a n y  p a r t i c u l a r  h y p o t h e s i s  on  t h e  n a t u r e  
of t h e  fo r ce s  i n v o l v e d .  

- ~R (mv )  

~ 4 

1/1 " 

/ ? y  ..... 

/ ,,/,,, 

fo ...... 

o 

. ~  1 . o  1 .~  -E /~CE  
i J , l ! , l i L i 

Fig. 1. Gouy-Chapman values for various Z/N ratios 

grossly incorrect  for Cs + ), which wil l  be mere ly  used 
as a canvas del ineat ing trends more than describing 
actual behavior.  In fact, one of the aims of the present  
paper is to check by kinetic measurements  to what  
extent  CR values may  be used to explain or predict  
the influence of composition. 

The same graph includes ( in ter rupted  line) the r 
potentials re la t ive  to 1N iodide solutions, as calculated 
by Grahame (14), and the corresponding ~ curve, 
which represents  the ~R-lowering due to the- iod ide  
adsorption. 

Experimental 
Depolarizers wi th  formal  electronic charge varying 

between + 3  and --8 have  been investigated. The be-  
havior  of neutra l  species will  not be discussed here, 
since ~ effects are general ly  small, as compared with  
salting out interference.  

Cationic depolarizers.--The selection of suitable ca- 
tions was determined by the fol lowing requi rements  
(besides the obvious condition of nonrevers ibi l i ty) .  

The cation must  be present  in its t rue  cationic 
form. Possibil i ty of complexat ion with the supporting 
anion has thus to be recognized. Perchlora te  medium 
unfor tunate ly  cannot be used systematically,  since 
potassium and cesium salts have low solubilities. In 
the par t icular  case of mul t icharged cations in sulfate 
medium, ion pair ing may be impor tant  and leads then 
to a significant decrease of the activity coefficient. [A 
systematic study, conducted at constant cationic 
s t rength with var iable  amounts  of sulfate, has shown, 
for all the cations studied (Eu +++,  Cr +++,  Co ++ , 
Ni ++, H +) that  changes in ra te  constants with com- 
position are quant i ta t ive ly  accounted for, assuming 
fast dissociation of ion pairs prior  to discharge itself, 
with reasonable pK's values for association (15)]. 

Another  possible complication results f rom the pres-  
ence of hydrolyzed species, which are genera l ly  more  
electroact ive than the cation itself (possibly in part  
through specific adsorption).  This situation may be 
avoided by sufficient pH lowering, which, in turn, r e -  
stricts the range of usable potentials, prohibi t ing inter 
alia the study of ions like Ga + + +, A1 + + +, and most 
of the rare  ear th  t r iva lent  cations. Fe  + +, too, is pre-  
ferent ia l ly  reduced under  the form F e ( O H )  +, as 
shown by Ivanov and Jofa  (16), and reconfirmed by 
our own results. 

Genera l ly  speaking, the over -a l l  discharge process 
has to be devoid f rom kinetic complications like any 
slow prior  chemical  step or change in the surface re -  
act ivi ty by electrodeposition. In the par t icular  case of 
Ni + +, for which the l imit ing current  is controlled by 
a nonelectrochemical  step involving rea r rangement  of 
the water - she l l  (17, 18), it is still possible to draw 
rel iable conclusions, if small  re la t ive  values of cur -  
rent  are compared, in which case the prior  step is kept  
under  conditions of labile equil ibrium. 

These considerations have so far  l imited the ex-  
plorat ion to the ions Eu +++ and Cr +++ (slightly 
acid perchlora te  solutions),  Ni ++ and H + (chloride 
and perchlorate  solutions),  and Co ++ (sulfate and 
perchlorate  solutions).  Some l imited informat ion is 
also at hand for Zn + + (ni trate medium) (19), Fe  ++ 
and Mn ++ (perchlorate  solutions).  

Tables Ia and b, and Fig. 2 embody all the kinetic 
data now gathered. They wil l  be analyzed and com- 
pared with  the other corresponding results in the 
Discussion section. 

Anionic depolarizers (Tables IIa, IIb, and III; Fig. 
3 -5 ) . - -The  study of mononegat ive  anions is of con- 
siderable interest,  because association wi th  the sup- 
port ing cation can be expected to be the smallest, at 
least when Z -~ +1.  Consequent ly  this could afford 
the opportuni ty  of disentangling, f rom the complex 
pat te rn  of behaviors,  the basic features  of the "pure"  

effect when it acts on anions. 
Under  such circumstances, comparison wi th  k i -  

netic 4" values obtained with  cations can be wor th -  
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Depol. E aorta 

A l o g  X (vs .  Na+ IN) 

l o g  X Li+ Na+ K+ 

zg -- ceon~ 1N Na+ 0.I 1 0.I 1 0.I 
Cs+ 

1 0 .1  1 

Eu ~+ -- 0,66 0 . 3 8  
Cr ~§ -- 0.8 0.41 
Mn++ -- 1.48 0,8 
Fe++ -- 1.32 0.7 
Ni ++ -- 1 0.5 
Co ++ -- 1.28 0.31 
H +  -- 1 .56  0 .45  
Zn++ ** -- 1 0.25 

2 .62  -- 0 . 1 7 "  0 , 9 0  0 
2.59 -- 0 .81  1 .28  0 , 0 7  1 ,26  0 1 .23  
1.2 -- O.S 0 . 7 5  0 
1.3 - -  0 .8  0 .6  0 
1.5 -- 0.85 1 .07  0.i 0,94 0 0,94 
1.69 -- 0 .02  1 .16  0 .21  1 .06  0 0 .87  
0 .55  0 .02  0 , 3 4  0 . 1 6  0 .25  0 0 .19  
1 .75  -- 2 .5  1 ,2  O 

1 . 1 6  

- - 0 . 1  0 .75  - - 0 . 2 5  
- - 0 . 1 8  0 . 1 5  - - 0 . 6 1  
- -  0 . 0 7  0 . 0 2  - -  0 . 1 8  

* E u  ~+ : l o g  X -- l o g  1 -- - -  e x p .  ( E  -- Eo)  
R T  

D 
** Zn++ : J .  K o r y t a ,  E l e c t r o c h i m .  A c t a ,  6, 67  ( 1 9 6 2 ) .  

I . 

Table lla 

l o g  X 
D e p o l .  E o~na ZK -- c~ona IN N a  + 0.1 

L i +  

A l o g  X v (vs .  N a  + 1 N )  

N a +  K+ Cs+ 

1 0 .1  1 0.1 1 0 .1  1 

IO3- -- I,I 0.96 -- 1.96 -- 0.61 -- 1.22 
BrOa- -- 1.64 0.88 -- 1.88 -- 0.15 -- 1.76 
NO~- -- 1,55 0.7 -- 1.7 -- 6,52* -- 1.70 
NOs- -- 1.76 0.7  -- 1.7 -- 4.74* -- 1.58 
C 1 0 2 -  -- 1 .8 0 .37  -- 1 .37 0 .07  -- 1 .42 
R e O ~ -  -- 1 .35  0 .65  -- 1 .65 -- 1 .07  -- 1 .59 

0.Ii 1.35 0 -- 1.49 -- 0.22 -- 0.95 0.II 
-- 0.42 -- 1.50 0 -- 1.23 0.17 -- 0.20 0.87 
-- 0.16 -- 1.33 0 -- 1 0.1 -- 0.08 0.77 
-- 0.2 -- 1.24 0 -- 1 0.14 -- 0.I 0.90 

0 --1.28 0 --1.21 0 --0.i 0.83 
-- 1.16 0 -- 0.81 -- 0,032 

* NO~-, NO2- : l o g  v b y  E q .  ( c ) .  

while, in order to appreciate the magni tude  of the de-  
viations, and their possible origin. 

The following anions were studied, under  controlled 
conditions, for which their reduct ion is pH- independ-  
ent: BrO3- and IO3- (at pH) > 11.5, to avoid occur- 
rence of the prior protonation mechanism),  ReO4- (at 
pH --  13, to suppress the catalytic water  discharge), 
CIO2- (at 9 < pH < 13, to el iminate both the proto- 
nat ion mechanism and the prewave which occurs in 

-l~#(mV) . ! .  -- 
u 2+ Mn2* H § 

C~ I : 

z~ 2§ 'j i 
I I / ~ / o . z -  

j-" 1 
I �9 Cr 3. ~ 

ioo �9 

_ , ~ 3 §  I - 

. ,"~j ~ I ~-- 

�9 

- 5(3 - 
. . J / 

, ( ~ 211-- 

"~J ~" I 

/ " i 

i 
/ i 

o I 
l 
t 

I 
I 
I 

�9 I. -~/SCE 
I )j5 , ~.? 

i i i , , 

Fig. 2. Behavior of various cations in the presence of supporting 
electrolytes with monopositive and dipositive cations, expressed in 
terms of ~" (see details under Symbols and Units). 

strongly alkaline medium) ,  NO2- and NO3- (these 
reactions are pH-insensi t ive  wi th in  a large range) .  
The reduction of palladite (PdO2-)  and periodate 
(H3IO6 =) have been investigated at pH 13. The fact 
that these reactions are pH-dependent ,  with d In v/d 
pH _~- -1  at constant double layer structure, with no 
indication of any "kinetic" l imit ing current,  leads to 
the conclusion that  the electroreduction itself is pre-  
ceded by a fast protonat ion step 

(PdO2 = + H + ~ PdO2H- (e) 

H8IO6 = + H + ~ H4IO6-) (f) 

and involves mononegat ive particles. This deduction 
is confirmed by the order of magni tude  of the ~ effects. 
However, since composition changes may alter the 
protonation equil ibrium, these reactions will  be dis- 
cussed separately. 

Similarly,  some mononegat ive anions (like O2H- or 
SbO2-) ,  although predominat ing  in solution at the 

Table Ib 

A l o g  X (vs .  N a +  I N )  

D e p o l .  Mg++ C a  ++ B a  +§ 
0.I i 0.i i 0.I 1 

E u  8+ 0 . 4 4  - - 0 . 0 0  0 . 3 9  - - 0 . 0 9  0 . 3 4  - - 0 . 2 5  
Cr3+ 0 .76  -- 0 .03  0 . 7 3  -- 0 .14  0 .62  -- 0 . 1 4  
Ni++ 0 .47  0 . 0 5  0 . 4  -- 0 .07  0 . 3 4  -- 0 .12  
Co++ 0.I0 --0.52 --0.09 --0.48 --0.17 --0.76 
H + --0.07 --0.08 --0.17 --0.15 --0.19 --0.22 

Table lib 

A l o g  X (vs .  N a +  1 N )  

D e p o L  Ca++ Ba++  
0 .1  1 0 .1  1 

1 0 3 -  2 .26  3 .12  1 .78  2 . 5 0  
B r C % -  1 .29  2 .11  1 . 3 3  2 . 1 6  
NOB-  0 .76  1 .25  1 .07  1 .56  
NO2- 0.95 1,90 1.03 1.82 
CIO~- 0.80 1.43 0.72 1.32 
ReO4- 0.61 1,16 0,98 1.32 
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l o g  X Li+ 
D e p o l ,  E ~ o n ~  ZK - -  ~ o n ~  1 N  Na+ 0.1 

,~ l o g  X (vs.  Na+ 1N) 

Na+ K+ Cs+ 

1 0.1 1 0.1 1 0.1 

CrO~= - -  0 .7 0.6 --  2 .6  - -  0 .7  --  0 .87  0 .24  
- -  0 . 9  1 . 0 5  - -  1 , 6 1  0 .16  

UC* -- 1,08 0,6 -- 2.6 I.I -- 2.51 -- 0.5 

S~06 = - - 0 . 8 2  0.19 - - 2 . 1 9  0.66 - -1 .41  - -0 .05  
- -1 .3  1.13 - -2 .25  - -0 .26  

U P P * *  -- 0.82 0.4 -- 3 .4  -- 0.67 0.24 

-- 1.07 0 -- 1.2 --0.25 --0.83 --0.04 
-- 1,54 0 -- 1.57 --0.18 --0.92 0.37 

-- 2.1 0 -- 1.74 0.05 -- 0.79 1.19 
-- 1,03 0 -- 0.66 0.37 -- 0.17 ~0.9 

- -  1.35 0 --  0 .53 0 .53  - -  0 .17 - - 1 . 1  
- -2 ,7  0 0.10 0.56 

* U C  = u r a n y l  c a r b o n a t e .  
** U P P  = u r a n y l  p y r o p h o s p h a t e  p H  9.1. 

BrO- " " 
- ~"c-,, No; ~  1 ~176 

Reo; 

--o 

o.~ 1.o I 1. :  ~/P.~r 

] i , i  I i ~ J i i I i i 

Fig. 3. Behavior of mononegative anions for supporting elec- 
trolytes with monopositive cations, expressed in terms of ~". (See 
details under Symbols and Units.) 

Fig. 4. Behavior of mononegative anions for supporting electro- 
lytes with dipositive cations, expressed in terms of ~". (See details 
under Symbols and Units.) 

pH values which were used, were found to be only 
reducible under  their neu t ra l  monoprotonated form. 
Since pH and support ing electrolyte concentrat ion can 
be varied independent ly ,  the identification of the ap- 
parent  charge of the dischargeable species presents 
no difficulties. However, if hydroxides are used as sup- 
porting electrolyte, both effects combine and the over-  
all kinetics may appear quite complex. 

A few mult icharged anions have been studied: 
CrO4 = (at pH > 13, to suppress the protonat ion mech-  
anism),  $406 = (in neut ra l  unbuffered solutions),  
UO2(CO3)34- (0.1N in carbonate, to stabilize the com- 
plex),  (UO2)2(P2OT)3 s -  (0.1N in  pyrophosphate, for 
the same reason).  These two last systems were care- 
fully investigated, in order to del ineate compositions 
for which direct discharge of the complex is the ra te-  
de termining step, without  any prior decomplexation 
reaction. 

Supporting cations.--pH requirements  have very  
often precluded the use of Mg ++ (and sometimes 
Ca + +). It  was essential to check whether  the buffering 
action of Mg + +, Ca + +, and even Ba + + (second pK) 
was not  influencing the electrode processes. Precipi ta-  
tion between mult icharged species ([zBZ I ~-- 4) im-  
posed another  ra ther  strict l imitation. 

Results Obtained with Anion Substitution 

As pointed out earlier, difficulties which may arise 
when t ry ing  to dist inguish be tween ~-effect and a 
prior association stem from the fact that  vary ing  the 
support ing cation affects both mechanisms the same 
way, when the depolarizer is an anion. I t  is therefore 
obvious that  this obstacle might  be evaded, if the 
double layer s tructure could be modified in a con- 
trolled way, without  appreciably shifting the chemical 
equi l ibr iums under  consideration. For that  purpose, 
the simplest method consists in replacing the usual  
support ing anion (C104-, F - ,  O H - )  by another  which 
is as tensioactive as possible. Iodide is thus the best  
choice. 

For  1N solutions, this subst i tut ion brings a negat ive 
var iat ion ~ R ,  which persists at ra ther  negative poten .  
tials (see Fig. 1). Such a method, however, must  be 
used with caution, since the relat ive smallness of ~ R  
values which occur at negative potentials, tend to 
render  objectionable any second order factor capable 
of b lur r ing  the resul t ing "pure" ~ effect. In  particular,  
the anion subst i tut ion is accompanied by a var iat ion 
of the mean  activity coefficient -y• which can act both 
on the activity of the depolarizer, and on the double 
layer. As far as the former effect is concerned, it is 
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Fig. 5. Behavior of multicharged onions with supporting elec- 
trolytes with monopositive cations, expressed in terms of ~". (See 
details under Symbols and Units.) 

safe to assume as a first approximat ion that  the de-  
polarizer  act ivi ty coefficient s imply follows -~+-- (20). 
Such a t rend has been confirmed experimental ly ,  by 
measur ing the x values for the reduct ion of u rany l -  
carbonate ( a t - - 0 . 9 2 v )  and comparing them (Table 
IV) to the corresponding -y-+ of the various support ing 
electrolytes selected in v iew of the inact ivi ty  of thei r  
anions�9 

The fact that  rate  constants vary  more  than "y--- 
suggests that  the simultaneous double layer  modifica- 
tion acts cooperat ively (as it can be infer red  f rom the 
Gouy-Chapman  theory, amended with  the crude first 
approximat ion that  activities must  replace concentra-  
t ions).  As a mat te r  of fact, when  working  at con- 
stant act ivi ty wi th  the same support ing electrolytes, 
the x values (Table V) are  pract ical ly  identical  (with 
the exception of the perchlora te  medium, for which a 
posit ive deviat ion is observed) .  

As a resul t  of these experiments,  it appears neces-  
sary to make  the substi tution of the inact ive anion for 
iodide, by using a salt having the closest mean  ac- 
t iv i ty  coefficient to it. In N solutions, sodium acetate 
is the best choice ('YCNal) = 0.736 VS. "f(NaAc) = 0.757). 

Table IV 

S u p p o r t i n g *  
e l ec t ro ly t e  ~/• X ( -- 0.92v) 

NaAc 0.757 1.115 
NaCIO~ 0.629 1.00 
NaC1Os 0.589 0.71 
NaNOs 0.548 0.508 

* Each  0.9N + 0.05M i n  Na2COs. 

Table V 

Sal t*  X ( - -0 ,92v)  

NaAc 0.485 
NaCIO~ 0.875 
I'r 0.55 
NaNOs 0.51 

* Concentrations adjusted for ~,• = 0.548. 

Table VI 

Depolarizer A log X(--0.S2v) ( z A  - -  a ~ n a )  calc. zA(• 

CrO~ = -- 0.85 -- 1.57 -- 2.2 

$40~ = -- 0.87 -- 1.61 -- 1.8 

UO~ (COs) s ~- -- 0.45 -- 0.83 -- 1.4 

(UO~) ~ (P~O~)~- -- 0.33 -- 0.61 - 1.0 

These solutions have  thus been used, with small  addi-  
tions of tensio- inact ive complexing agents, w h e n  r e -  
quired. 

The depolarizers were  chosen in order to allow 
measurements  of ~x ( A c -  -> I - )  at the same potent ia l  
(--0.82v/SCE, for which A~R ( I - )  amounts to --32 
my) .  Table VI embodies the A log x value, together  
wi th  values found for (ZA - -  ~o no), and the der ived 
corresponding electronic charges ZA themselves  (the 
subscript A refers to charges found in the anion sub- 
stitution method)�9 

Comparative Analys is  o~ Resul ts  
Intercomparison of Fig. 1, 2, 3, 4, and 5 permits  one 

to draw some direct conclusions regarding the effect of 
the various support ing electrolytes investigated. In 
this respect, it should be recal led (i) that  all ~" 
values have  been normalized by equalizat ion of r 
(Na + 1N) to the corresponding PR and (ii) tha t  r is 
nothing but a pure ly  formal  quant i ty  which expresses 
in terms of potential  the resul tant  of all the  actual 
r a te -de te rmin ing  factors, even if some are nonelec-  
tr ical  in nature�9 

Cationic depolarizers .--Comparison between r and 
~R (Fig. 2) is of special in teres t ,  since non-p effects 
can be expected to be minor, as the depolarizers are 
not capable of ion pair ing with  the support ing cations�9 
Despite the fact that  too few systems are available 
to draw definite conclusions, it appears that  both con- 
centrat ion and potential  changes exhibit  the trends 
predicted by the Gouy-Chapman  theory (crossing of 
the 2/0.1 and 1/1 curves in par t icular ) ,  a l though the 
absolute values of the variat ions are general ly  lower 
than expected (for 1/0.1 data  in par t icular) .  Closer 
examinat ion of the figure proves  that  in some cases 
factors specific to the depolarizers themselves  are  de-  
termining.  

On the other hand, as far  as the nature  of the sup- 
port ing cation is concerned, excel lent  regular i ty  in 
sequences is a lways observed, the rate  constants de-  
creasing in the orders Li + > Na + > K + > Cs + and 
Mg ++ > Ca ++ > Ba ++. It is no tewor thy  that  (i) 
Cs + is marked ly  re tard ing  all reactions (Co 2+, H+) ,  
and that  (ii) divalent  cations do not show very  large 
differences (less than the corresponding for Li+,  Na +, 
and K + ) .  

Most of these findings are not  new (4) : it was how-  
ever  useful to res ta te  them in a "s tandardized" way  
in v iew of render ing  intercomparison with the other  
cases more coherent. 

Anionic depolarizers .--Mononegative anions in  pres-  
ence of s u p p o s i n g  electrolytes  w i th  monoposit ive 
cations (1/0.1 and 1 / 1 ) . - - R e d u c t i o n  potentials for  the 
various anions invest igated happen to be more  nega-  
t ive than --1.1v. Al though ra te  constants obtained for 
periodate and pal ladi te  reductions are wi th in  the po-  
tent ial  gap, they will  be presented later, for the rea -  
son given above. 

Examina t ion  of Fig. 3 shows that  most of the ~" 
values are in satisfactory agreement  wi th  the corre-  
sponding CR curves, except  for Cs +. There  is a good 
concordance be tween the sequential  intervals,  Na + 
and K + being usual ly the closest together.  

However ,  iodate presents a completely abnormal  
behavior  [already discovered before this work, ref. 
(5, 21)]. Instead of being IA + < Na + < K + < Cs +, 
the sequences are K + < Na + < Li +, Cs + (1N) and 
K + < Na + < Li + < Cs + (0�9 and they remain  
per turbed  even in 0.01N solutions�9 Li + and Na + media  
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are obviously characterized by abnormal ly  high rate  
constants. It  is this fact which leads us to shift down-  [ 
ward  all iodate ~" values, in order  to give a reason-  
able position for Cs + (see discussion part  for fu r the r  lo~X 
arguments) .  

A closer inspection of Fig. 3 discloses that, al though +o.5 
not inverted,  Li + (0.1N) values for BrOa-  and C102- 
are  somewhat  too low. This tendency is exal ted in 1N 
medium for C102-, but  vanishes wi th  BrOw-. I t  should 
be noted that  Cs + 0.1N seems to be the most acceler-  
ating wi th  ReO4-,  the only anion for which 0.1 Cs + 
~" overtakes 1N Na + ~R. These slight deviations, as 
insignificant as they may  look, will  however  find deft- 
nite correspondences wi th  re levant  data presented 
in the next  section. 

Mononegat ive  anions in  presence of supparting elec- 
troly tes  w i th  divalent  cations.--For most  of the de-  
polarizers, Mg ++ was not utilizable, in view of pH 
prerequisi tes.  F igure  4 reveals  that  large posit ive de-  
viations f rom the %R curves, vary ing  from system to 
system, are systematical ly observed. 

When the deviat ion is impor tant  (IO3-,  BrOz- ,  
C102-, NO2- ) ,  the normal  sequence Ba ++ > Ca + + 
is reversed.  On the other  hand, the concentrat ion 
effect (0.1 --> 1N) is in reasonable agreement  with the 
calculated (0.1N/1N)r differences, though general ly 
somewhat  smaller.  

Mult icharged anions wi th  Z = 1 supporting electro- 
l y t e s . - -As  a result  of solubili ty and pH incompat i -  
bilities, not enough information is now avai lable 
when Z > +1,  and, even for Z ---- 1, re la t ive ly  few 
comparable  data have been obtained up to date. 

Inspection of Fig. 5 shows that  $406 = and urany l -  
carbonate ions present  a "normal"  behavior,  in marked  
contrast  wi th  CrO4 = and uranylphosphate  ions (pH 
9.1) for which the Li + inversion is again observed. 
Comparison of chromate  ~" values at the two poten-  
tials indicated, reveals  that  the extent  of deviat ion 
seems to decrease wi th  more  negat ive  potential. 

Cationic effects on "complex"  electrochemical re- 
ac t ions . - -A number  of electrochemical  react ion 
schemes include concentrat ion-  or ra te-contro l l ing  
steps (e.g., decomplexation,  protonation, etc.), easily 
distinguished from % effects. When they involve  
anions, such reactions general ly  respond to cationic 
effects. Diagnosis of the re levant  mechanisms is of 
interest,  since it may  sometimes help to devise ap- 
propr ia te  mathemat ica l  corrections, al lowing the de-  
duction of the undesirable chemical  effect f rom the 
main electrochemical  step, wi th  the resul t ing possi- 
bil i ty of obtaining usable ~" values. A few per t inent  
examples  wi l l  be briefly discussed. 

Occurrence of a prior Sast nonelectrochemical  reaction. 
- - T w o  typical  cases are afforded by the e lect roreduc-  
tion of periodate (22) and palladite ions in alkaline 
medium. For both processes, the study of the influence 
of var iable  pH at constant double layer  structure, and 
vice versa, shows conclusively that  a labile proto-  
nation step occurs before the discharge which involves 
a mononegat ive  part icle (Eq. e, f) .  

The net  pseudomonomolecular  rate  constants can 
then be affected by any shift undergone  in the prior  
equil ibrium. For periodate in 0.1N alkal ine hydrox-  
ides, all the polarization curves are pract ical ly coin- 
cident around the potential  of nul  charge. However ,  
in 1N solutions, differences in ra te  constants become 
obvious, the equi l ibr ium (f) being shifted fo rward  
f rom Li + to Cs + (for LiOH, this is mostly due to in-  
complete dissociation). As a result,  1N ~" values cal- 
culated wi thout  taking this c ircumstance into account, 
are in error.  Af te r  proper  correction, however ,  the ~" 
values are cogent wi th  the others so far  obtained. 

Pal ladi te  reduct ion (25) wil l  be considered with  
some more detail, since, in contrast  with periodate, 
Ba + + and Ca + + salts are sufficiently soluble (Ca + + 
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however  is useless for our purposes, in view of its pH 
buffering action).  

Examinat ion  of Fig. 6 (which embodies only a few 
selected polarization curves) leads to the fol lowing 
conclusions. 

1. At  the same sodium concentrat ion (1N : curves 
B and D),  the over-a l l  apparent  ra te  constants de-  
crease by an order  of magni tude  when  pH is raised 
by one unit, independent ly  of the potential.  This fact 
demonstrates  the existence of a prior  protonation step 
(which is fast, as evidence by the a t ta inment  of the 
t rue  diffusion current  in all cases). 

2. At  the same pH (13), and var iable  [Na +] (0.1 
and 1N : curves C and B),  the usual ~ effect p redomi-  
nates, with the result ing crossing of the two curves 
near  the point of nul  charge, at which ~ reverses  itself. 
The order of magni tude  of the effect corresponds to 
Zk --~ --1 (with do ~ 0.25). 

3. Comparison between curves C and D (NaOH 0.1 
and 1N) is ins t ruct ive  because it  shows the complex 
behavior  which is observed when pH influence is 
studied wi thout  control l ing ionic s t rength : pure pH 
effect around the point of null  charge, and, at suffi- 
ciently negat ive potentials,  near ly  complete  compen-  
sation be tween re tarding pH-  and accelerat ing ~ ef-  
fects [periodate reduct ion behaves the same way  
under  similar  condition (22). As it is wi th  periodate, 
the series Li + --> Cs + is also somewhat  per turbed  by 
shifts in the prior  equi l ibr ium in 1N alkal ine hy -  
droxides].  

4. When equinormal  Ba + + is subst i tuted for Na + 
(curves A and B),  conflicting effects are observed : 
the net  rate  constant increases at negat ive  potentials,  
but  drops to at tain a near ly  constant lower ing (A log 
x --~ --0.3) at potentials more posit ive than the point 
of nul  charge. 

This behavior  may  be expla ined assuming that  the 
prevai l ing bulk species PdO2 = is appreciably associ- 
ated with  Ba ++ (pK's for 2-2 ion-pai r ing  are cur-  
rent ly  over  2), thus br inging a shift toward deproto-  
nation for the prior chemical  step. Simultaneously,  the 
same Ba + + ions are increasing the discharge rate 
constant of PdO2H- ,  the more as the potential  is made 
negative. It results f rom this that  ~ "  calculated for 
Ba + + are  cogent only if a suitable correct ion is made 
for the first chemical  effect. The proposed mechanism 
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Fig. 7. Effect of Cs + as supporting cation on electrode reactions 
involving depolarizers of various charges expressed in terms of ~". 

also indicates that BaPdO2 ion pairs are not electro- 
active (probably for want  of any hydroxyl  groups, a 
ra ther  common behavior  in oxyanion reduct ion) .  

Occurrence of rate-~imiting steps.--The existence of 
large cationic effects has already been demonstrated 
in  the case of the "kinetic" prewave presented by 
C102- in very alkal ine media (23,24). s 

A different example, now under  study in this lab-  
oratory, is afforded by the reduction of ReO4- at 
pH --  13. 

I t  is well  known (26) that  perrhenate  waves are 
general ly exalted and distorted by s imultaneous cata-  
lytic hydrogen evolution. However, at pH 13 and be- 
fore the start  of the hydrogen wave, a relat ive well-  
defined l imit ing current  is observed, which corre- 
sponds to a net  7-8 electron process. This current  was 
observed to fall  with increasing pH, the easier as the 
support ing cation is changed according to the series 
K + < Na + < Li + < <  Ba + +. In  all cases, the ampli-  
tude decreases to a l imit ing value coresponding to a 
net  3-electron reduction. Meanwhile, the wave is 
shifted along the potent ial  axis, in accordance with 
the expected behavior  of a "normal" mononegat ive 
anion. These characteristics are explainable,  by assum- 
ing that : 

1. The ra te -de te rmin ing  step is always the slow 
transfer  of the first electron. 

2. The following steps include a purely  chemical 
process (possibly a disproport ionation mechanism in-  
volving RelV), which, al though usual ly  too fast to 
allow detection, slows down by the increase in pH, 
and is notably  affected by selective cationic effects 
(probably of the ion-pai r ing  type).  

These few examples i l lustrate  the mult ipl ici ty of 
situations where cations may exert  specific influence. 
Fortunately,  such behaviors present  peculiarities 

s We r ecen t ly  f o u n d  (37) t h a t  th i s  p r e w a v e  r e s u l t s  f r o m  the  
ca t a ly t i c  r e d u c t i o n  of  CIO~- by  m i n u t e  a m o u n t s  of f e r r i t e  ions ,  
e l e c t r o g e n e r a t e d  b y  r e d u c t i o n  of fe r ra te .  The  so -ca l l ed  " d e s o r p t i o n  
d i p "  o b s e r v e d  a b o u t  --1.6 v / S C E  co inc ides  w i t h  f u r t h e r  r e d u c t i o n  
to  m e t a l l i c  i ron .  The  l a rge  ca t ion ic  effects p r e v i o u s l y  o b s e r v e d  are  
e s s e n t i a l l y  l i n k e d  to  the  fac t  t h a t  each  p a r t i c u l a r  s a m p l e  of  a n y  
h y d r o x i d e  is d i f f e r en t l y  c o n t a m i n a t e d  b y  i ron  t races .  R e c e n t  ex-  
p e r i m e n t s  c o n d u c t e d  w i t h  r i g o r o u s  c on t ro l  of the  f e r r a t e  c o n t e n t  
h a v e  s h o w n  t h a t  t he  ca ta ly t i c  w a v e  d e p e n d s  i n  f ac t  v e r y  l i t t l e  on 
t h e  ca t i on i c  composi t ion (as can  be e x p e c t e d  fo r  such  a mech-  
a n i s m ) ,  

which permit  their easy distinction from the simplest 
cases first considered above. 

The Discussion Section wil l  be devoted essentially 
to these lat ter  cases, for which mechanism diagnosis 
remains  to be debated. 

Discussion 
Results obtained with cationic depolarizers show 

that their behavior general ly follows predictions from 
the F r u m k i n  theory, using the simple Gouy-Chapman  
model, although some systematic deviations are indi-  
cated. For all of the systems, di lut ion of Z = 1 sup- 
port ing electrolytes does not quite br ing  the expected 
increase in apparent  rate constants. These deviations, 
however, remain  marg ina l  and would perhaps reflect 
some specific adsorption (or size effect) of the de- 
polarizers themselves. The decelerating effect of Cs + 
is noticeable; it  presents the same order of magni -  
tude for all depolarizers, irrespective of their charge 
(Fig. 7). For IN Cs + solutions, 4" varies very little 
with potential, wi th  the consequence that experi-  
menta l  a values observed in  that medium need hardly  
any correction for the double layer effect. 9 

In  the case of mult icharged anions, the support ing 
anion subst i tut ion method shows that  ZA (which can 
be expected to equal z~) is close t o - - 2  for the chro- 
mate and tetrathionate ions, and that, accordingly, no 
prior association is needed. [Using thal l ium amalgams, 
F r umk i n  (2) found the same result  for persulfate.] 

For uranylcarbonate ,  however, ZK N --2 and ZA - -  
--1.4, a discrepancy which suggests some limited 
prior interact ion with Na +. In  the case of the ra ther  
bu lky  uranylpyrophosphate  anion ZA is around --1, 
while ZK ~ --3. These conflicting values are indicative 
of an extensive amount  of prior labile ion pairing. 
Besides, the surpris ingly low value of zA is perhaps 
explainable  in terms of a size effect and' the subse- 
quent  lowering of the effective r value acting on the 
anion. 

Regarding the mononegat ive depolarizers (the only 
ones for which it was possible to compare mono-  and 
divalent  supporting cations), examinat ion of the 4" 
values reveals that the extent  of deviation observed 
in Li+ medium is closely related to (a) the amount  
of "abnormal" acceleration due to divalent  cations, 
and (b) the reversal  in the usual  Ba + +-Ca + + series 
(as found with cationic depolarizers).  

Figure 8 in which the relat ive A~" charges resul t ing 
from the subst i tut ion Na + --> Li + have been plotted 
vs. the same quanti t ies for Ba + + --> Ca + +, i l lustrates 
this correlation, and shows fur thermore  that  the ex-  
tent  of deviation from the normal  behavior increases 
according to the sequence 

ReO4- < NO3- < NO2- < BrO3- < CIO2- < IO3- (g) 

The contrasting behavior of ReO4- and IO3- ap- 
pears clearly in Fig. 9 which embodies a larger num- 
ber of monopositive supporting cations. It should be 
noted that these intercomparisons are vitiated to some 
extent by the fact that the various depolarizers have 
been studied at their "median" reduction potentials 
which vary from--i.i to --l.8v. (The potential depend- 

U s i n g  t he  a v e r a g e  c e s i u m  r  v a l u e s ,  i t  i s  poss ib le  to  c o m p u t e  
t he  c h a r g e  dens i t i e s  fo r  t h e  d i f fuse  p a r t  of t he  d o u b l e  layer .  A f t e r  
a lgeb ra i c  a d d i t i o n  to  t he  c o r r e s p o n d i n g  e lec t rode  cha rge  dens i t ies ,  
t he  a m o u n t  of  specif ic  a d s o r p t i o n  m a y  f ina l ly  be e v a l u a t e d .  S u c h  
w o r k  is n o w  e x t e n d e d  to  a l a rge r  c o n c e n t r a t i o n  r a n g e  a n d  com-  
p le te  r e su l t s  w i l l  be p u b l i s h e d  la te r .  

Fo r  Cs+ 1N, " k i n e t i c "  q~ can be c o m p a r e d  to  i n d e p e n d e n t  t h e r m o -  
d y n a m i c a l  da ta  r e c e n t l y  o b t a i n e d  (qC) (12). The  a g r e e m e n t  be-  
t w e e n  the  two  sets  of  r e su l t s  is  s a t i s f ac to ry ,  in  v i e w  of the  i n h e r e n t  
i m p r e c i s i o n  of  t he  G i b b s  m e t h o d  a t  l ow  qC, a n d  the  a p p r o x i m a -  
t i ons  i n v o l v e d  i n  t he  G o u y - C h a p m a n  t h e o r y  for  t he  d i f fuse  pa r t ,  
w h i c h  affect  our  q~ va lues .  

Table VII 

- -E  qrIg q~ q~' 

0.92 - - 1 0  3.1 1.8 
1.05 - - 1 2  4.1 4.8 
1.17 - - 1 4  5.1 6.8 
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Fig. 9. Effect of the nature of the supporting cation on the 
variations of rate constants for iodate and perrhenate. 

ence of the observed effects is demonstrated the best 
with the palladite system, Fig. 6, curves A, B, which 
permits the measurements  of rate constants over a 
large potent ia l  interval ,  due to the part icular ly low a 
value. It can be shown from that  figure that  the charge- 
reducing effect of Ba + + is only effective when p is 
repulsive enough.) The fact, however, seems of re la-  
t ively secondary importance, and affects the deduc- 
tions d rawn later only slightly (more part icularly,  
IO3- and ReO4- median potentials are relat ively 
close). 

It  is of part icular  interest  to note that there is a re-  
markab ly  close correlation between series (g) and 
many  other sequences which characterize other types 
of anion behavior, as exemplified by: (a) B co- 
efficients of viscosity in  aqueous solutions (27); (b) 
adsorption potentials at the water -a i r  interface (38, 
39); (c) selectivity coefficients of anionic exchange 
resins of the Dowex 1 or 2 type (40); (d) effect on 
salting out chromatography (41); (e) coadsorption 
with t e t rapropylammonium ions at the a i r -water  
interphase (42); (]) coadsorption with te t raa lkyl -  
ammonium ions on negat ively charged mercury  (32); 
(g) dis t r ibut ion coefficients between water  and an 
organic phase (chloroform) in the presence of a 
large cation as extractant  (e.g., t e t raphenylarsonium)  
(34, 35). 

Table VIII  permits  direct intercomparison be tween 
these different sequences which, for this purpose, 

Table VIII. Anionic series (increasing "cavity-pairing" downward ) 

1 2 3 4 5 6 7 8 

IOs -  I O s -  

F -  
O H -  O H -  

A c -  
IOa- 

Ao- 
OH- CN- 

CI- BrOs- CiOs- NOs BrO~- 

NO~- BrOa- 
BrOs- 

NOs- 
Br- 

NOB- NOs- NOs- NOs- NOs- 
CiOz- 

MnO~-  NOs- MnO4-  
I -  

MnO~- 
CiOs- SCN- SCN- CIO~- 

C104- CIO~- 
S C N -  C104- C104- ReO4- 

IO3- 

CIO2- 

BrOs- 

NO~- 

N O s -  

ReO~- 

C o l u m n  1, a n i o n  a d s o r p t i o n  a t  the  a i r - w a t e r  i n t e r p h a s e  (38, 39) ;  
2, c o a d s o r p t i o n  w i t h  t e t r a p r o p y l a m m o n i u m  a t  t h e  a i r - w a t e r  i n t e r -  
p h a s e  (42); 3. s e l e c t i v i t y  coef f ic ien t s  of a n i o n i c  e x c h a n g e  r e s i n s  of  
t h e  D o w c x  1 or  2 t y p e  (40); 4, s a l t i ng  out  c h r o m a t o g r a p h y  (41); 5, 
c o a d s o r p t i o n  w i t h  t e t r a a l k y l a m m o n i u m  ions  on  n e g a t i v e l y  c h a r g e d  
m e r c u r y  {32); 6, d i s t r i b u t i o n  coef f ic ien ts  b e t w e e n  w a t e r  a n d  a n  
o r g a n i c  p h a s e  ( c h l o r o f o r m )  in  t h e  p r e s e n c e  of  a l a r g e  ca t ion  as  
e x t r a c t a n t  (e.g. t e t r a p h e n y l a r s o n i u m )  (34, 3S); 7, B coef f ic ien ts  of  
v i s c o s i t y  in  a q u e o u s  so lu t ions  (27);  8, s e q u e n c e  f o u n d  in  th i s  w o r k  
( i n c r e a s i n g  " e l e c t r o s t a t i c  i o n - p a i r i n g "  u p w a r d )  (el .  F ig .  8) 

Table IX. Ionic behavior in water 

F i e l d  s t r e n g t h  
i n c r e a s i n g  W a t e r  s t r u c t u r e  o r d e r i n g  d e c r e a s i n g  

( S a l t i n g - o u t  

La+++,Mg++,Ca++,Ba ++ 

Li+,Na+,K+,Cs+,Me,N+,EtaN +, e tc .  
.o 

F - , O H - , I  Os- ,C l - ,Br  - , I - ,C104- ,Mn O~-,Re O4-, e tc .  

F e  (CN) ~-:,COs=,SO~ = 

" m o s t l y  e l e c t r o s t a t i c "  " c a v i t y  s h a r i n g "  
i o n - p a i r i n g  (28) 

have been "normalized" with respect to the halide 
ions (horizontal  double l ines) ,  except for the series 
found in this work, for which IO3- and ReO4- have 
been chosen as reference levels, since halides cannot 
be investigated. 

The obvious conclusion that  stems from inspection 
of Table VIII is that  the deviations observed in the 
electrochemical behavior are merely a new aspect of a 
more general  phenomenon.  There is at present  a grow- 
ing amount  of evidence support ing the concept (origi- 
nated by Gurney)  that  interact ion between oppositely 
charged ions increases if they both exert  the same 
type of s t ructural  influence on the water  molecules 
that surround them (27). These order -making  or 
order-destroying effects are related to thermody-  
namic quanti t ies like the part ial  ionic entropies, or 
the B coefficient of viscosity. Recent works by de Jong 
(30), Bregman (33), Ling (43), Eisenman (29), and 
Diamond (28), among others, may be considered to 
a certain extent  as attempts to quant i fy  the Gurney  
concept, in  terms of quanti t ies  like ion field strength, 
polarizability, and suitable spatial configurations. 

Table IX lists several ions, tentat ively positioned 
according to their charge and the extent  of their 
water -order ing  character. According to the Gurney  
concept, association can be expected to prevai l  mostly 
between oppositely charged ions of the same type. 
Association (or pairing, the two words being taken 
as equivalent)  between water -order ing  ions is typified 
by MgSO4 or LiOH. On the other hand, entit ies like 
Et4NI or Pb_4AsC104 are examples of the inverse type 
of interact ion (essentially pair ing by "cavi ty-shar-  
ing," or, in  other words, "cavity pair ing") .  

In  the case of a cavi ty- type water-depolymeriz ing 
anion like C104- or ReO4-, the other interact ing cav- 
ity may be a cation of the same type (free or part  of 
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~ COOPERATIVE ANTAGONI STIC 

Hg H~ 

Fig. 10. Coupled ~ and pairing effects. Anion discharge on 
negatively charged mercury: ~ interaction; ~ lack of interaction; 
" ~  amount of ~ repulsion. 

an exchange resin, Table VIII, col. 3, 6) or any weakly 
charged interphase (col. 1). Columns 2, 4, 5 corre- 
spond to a more complex situation for which three 
different "cavities" interact  together. The unexpected 
order -making  of the iodate ion results essentially from 
the fact that  its oxygen atoms have very small  x-bonds 
with the central  iodine atom and are thus able to in -  
teract strongly with water. 

Regarding the reactions considered in  the present  
work, the characteristics of the deviations or reversals 
observed indicate that the responsible factor is l inked 
with ion pair ing of the first type (water-order ing 
par tners) .  Negatively charged mercury  acts itself as 
a "cavity" macro-ion (more or less similar to C104- 
at very negative potentials) and, as such, specifically 
adsorbs cav i ty - type  cations like Cs +. In this case, 
is accordingly lowered and so is the repulsion be-  
tween mercury  and the anionic depolarizer. However, 
if the lat ter  is also of the cavity-type,  interact ion with 
adsorbed Cs + ions contributes to increase its local 
concentration, and significant increase of the apparent  
rate constant is observed (Fig. 9 and 10). 

On the other hand, when l i thium is the support ing 
cation, p is more repulsive (due to the lack of in te r -  
action with mercury) .  However, if the reducible an-  
ion is of the water -order ing  type (IO3-, e.g.), the 
local ion pair ing tends to circumvent  the repulsion, 
and sequence reversal  may be observed. Figure 10 
i l lustrates schematically the four l imit ing cases which 
can be encountered. 

Although lit t le doubt  exists about the fact that 
occurrence of ion pair ing and deviating behaviors are 
linked, it still remains  to be established whether  the 
association affects only the local concentrat ion of the 
depolarizer, or whether  its reactivi ty itself is en-  
hanced. 

Exper iments  now under  way using proton-donor  
cations (NH4+, CH3NH3+, etc.) and electrodes other 
than mercury  (Pt, Au) show fur ther  sequences of the 
same type which strongly suggest that reactivi ty may 
indeed be enhanced provided that the reduct ion re-  
quires a protonat ion step. It  is believed that the 
t ransi t ion complex involved a water-molecule  which 
can be subjected to considerable electrostriction when  
ion pair ing occurs, the effect of which being to  de- 
crease the activation energy of the ra te -de te rmin ing  
step. This concept will  be presented and discussed 
later. 

Conclusions 
Within  the range of compositions and concentrations 

to which the present s tudy is restricted, deviations 
from the "average" ~ effect appear to be in t imate ly  
related to the extent  of association. Although "mostly 
electrostatic" ion pair ing is the most f requent  factor 
responsible for the increases in rate constant, a cavity 
ion pair ing mechanism is indicated in  the case of 
perrhenate  in t e t raa lky lammonium solutions. The di-  
rect/on and the ampli tude of the observed effects can 
be accounted for on the basis of the Gurney  concept 
which stresses the importance of the water - ion  in -  
teraction. 

The present  invest igat ion points out that  specific 
conclusions about ra te -de te rmin ing  factors require  

the pre l iminary  intercomparison of as many  systems 
as possible, in  order to allow the definition of a "stand- 
ard" type of behavior, regardless of any  a pr/or/ as- 
sumption for the double layer model. It  appears, how- 
ever, that  the simple Gouy-Chapman,  despite its in-  
trinsic defects, predicts values which are in rather  
reasonable agreement  with the order of magni tude  
of the kinetic effects observed, as far as the cases 
for which specific adsorption or deviat ing mechanisms 
occurs are carefully excluded. 
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SYMBOLS AND UNITS 
A electrode area, cm 2 
C concentrat ion in  mole /cm 8 (C)| = bulk  conc. 
Do diffusion coefficient in cm 2. sec -1 

(~), D for particles respectively involved in 
forward and reverse steps) 

E electrode potential  vs. saturated calomel elec- 
trode 

I current  (amp.) Ia diffusion current  
i current  density (amp/cm 2) 
n~ number  of electrons t ransferred in  the ra te-  

determining step 
N normal i ty  of the support ing cation 
Z charge of the support ing cation 
z charge of the depolarizer 

apparent  t ransfer  coefficient 
ao corrected for the ~ effect 
8 plane of closest approach for the support ing 

cation 
5' plane of closest approach for the depolaTizer 

potential  in the diffuse part  of the double 
layer, with respect of the bulk  of the solution 

~',~",~R see definition under  Intercomparison Data 
Caption of Fig. 2, 3, 4, 5. The curves are ~a values, for 
various Z/N, calculated from the Gouy-Chapman  
theory. Each vertical  line corresponds to the potential  
at which the rate constants have been measured (de- 
polarizer indicated above).  4" values are plotted un-  
der the form of small  intersect ing horizontal bars. The 
corresponding ~R curve is identified by the in ter -  
secting dot on the lateral  bracket. The downward suc- 
cession of the prongs along the bracket follows the 
"normal" sequences 

r_L# *. I-- (Mg + + ) if any 
l-Na + t-Ca + + 

K + L Cs+ L B a +  + 

It results from this convention that any crossing cor- 
responds to a reversed sequence. 
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Discussion 
F. C. Anson: Professor Gierst should be compli-  
mented on providing so much valuable  new informa-  
t ion on double layer s t ructure  in a very large n u m -  
ber of supporting electrolytes. I would like to ask 
three questions about this work. 

1. Do you regard the departure  of any part icular  re-  
actant from the "normal"  behavior  established for 
each support ing electrolyte as a sufficient or merely 
a necessary indication of the occurrence of ion pair -  
ing? 

2. Whenever  ion pair ing is invoked to explain rate 
enhancement  must  it not also be assumed that the 
ion paired species, which has a lower charge and can 
therefore more readi ly cross the diffuse layer, has at 
least as large a s tandard electrode reaction rate con- 
stant  as the unpaired  star t ing material?  

3. Is any commitment  made or in tended as to where 
the ion pair ing takes place, i.e., in  the bulk  of the so- 
lution, only wi thin  the diffuse layer, or both? 

L. Gievst: 1. Any departure  from the "normal  be-  
havior" is of course in itself not automatical ly indica-  
t ive that ion pair ing is the responsible factor. What  
we have shown, however, is that the sequence of re-  
sults found in  our experiments  are very similar  to 
many  others, for which there is clear evidence that 
ion pair ing is the controll ing factor. Furthermore,  all 
these sequences follow the order which can be pre-  
dicted from such thermodynamic  quanti t ies as ionic 
entropies or B coefficient of viscosity, if we accept 
Gurney ' s  views about the water  s t ructure effect. 

2. The influence of pair ing on the intr insic reducibi l -  
ity of a given anion is difficult to assess. Present  ex-  
periments  indicate that enhancement  in reactivi ty is 
in fact observed at least for oxyanions of the "water-  
organizing" type, when  their reduct ion involves pro- 
tonization. This mat ter  will  be presented in detail  in 
a later paper. 

3. Since the support ing cation concentrat ion is in -  
creased in the diffuse par t  of the double layer, the 
amount  of ion pair ing is accordingly larger there, 
especially if cationic specific adsorption occurs. It re -  
mains  difficult at present  to delineate the role of the 
local electrical field since it acts on both electrolytic 
dissociation and water  s t ructure  (cf. the recent  con- 
t r ibutions to that  topic by Hurwitz  and Sanfeld I and 
by Nfirnberg2). 

H. Hurwi tz ,  A.  Sanfeld,  and  A. Streicher ,  EIectrochim. Acta,  9, 
976 (1964); A. Sanfeld  and  A. St re icher-Sanfe ld ,  Trans. Faraday 
Sot . ,  6~, 1907 (1966). 

=H. Nurnbe rg ,  Discussions Faraday Soc., 1966, 39.  

H. B. Urbach: Professor Gierst, have you made cal- 
culations of the ion recombinat ion from BrSnsted's 
theory and have you correlated your results with 
these calculations? 

L. Gierst: No, since our  experiments  were carried 
out in nonideal  solutions and some vital  parameters  
are not available. It  should perhaps be ment ioned 
that the sequence of results found are following the 
order for "effective" radii  of hydrated ions, proposed 
by Nightingale 3 on the basis of his phenomenological  
theory bf ionic solution. 

G. J. Hills: Ion association is a well-establ ished gen-  
eral phenomenon in electrolyte solutions, although it  
is seldom possible, except in dilute nonaqueous solu- 
tions of low permit t ivi ty,  to specify the nature  and 
degree of the association. In  concentrated aqueous 
solutions, the var ie ty  of local ion and solvent in -  
teractions is large, and in the absence of any ob- 
vious discr iminat ing procedures, it is often neces- 
sary and desirable to express the total interac-  
tion in purely thermodynamic  terms which contain all 
of the general  and specific interactions of any pair of 
ionic species. These thermodynamic features will  in -  
evi tably influence the ionic distr ibution at the in te r -  
face, and this paper is concerned to delineate the way 
in which this influence occurs. 

Just  how far this can be done in terms of ion pai r -  
ing is doubtful.  These are complex concentrated sys- 
tems in which the electrostatic interactions cannot 
yet be quantified. The term "ion pair" implies a 
long-l ived species, the electrochemical characteristics 
of which are not  taken into account here. It  is not  
easy to see how far the effects described can be fur -  
ther quantified except perhaps by using more dilute 
solutions, e.g., without  support ing electrolyte, or by 
using cation reversible (membrane)  electrodes to take 
into account the effective lowering of -~+. 

I should be glad of some fur ther  clarification of the 
"median potential" and some fur ther  reassurance that  
(a) no specific adsorption took place (IO3-)  and (b) 
that  the charging current  was successfully eliminated. 
Indeed the broad sweep of results presented here 
could useful ly be complemented by a detailed descrip- 
tion of the procedures and results of a single system 
in which all the approximations could be assessed. 

aE .  Night inga le ,  J.  Phys .  Chem. ,  ~ ,  1382 (1959). 
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L. Gierst: 1. Concentrated ionic aqueous solutions are 
not  easily amenable  to thermodynamic  analysis and, 
besides, there  are still  many  conflicting views about 
the water  structure, and the way it is affected by ions 
(see Kavanau ' s  4 monograph,  for example) .  We do not 
believe, however ,  that  this fact should be a sufficient 
reason to abandon the field. One of the main conclu- 
sions we draw from the present  work is that  a gen-  
eral  picture of what  happens starts to emerge. In 
that  respect, in tercomparison of as many  types of be-  
havior  as possible must  be pursued in order to pin- 
point the responsible factors. Quant i ta t ive  the rmody-  
namic explanat ions wil l  probably follow, but  must  be 
based on sufficient prior  exper imenta l  evidence (see 
also 1. in our reply  to Dr. Anson).  

2. IO3- is not adsorbed at the potentials under  con- 
sideration (--0.65v vs. e.c.m.). 

3. Capacity currents  were  careful ly  deduced, of 
course. 

4. Procedures  used were based on the classical 
Koutecky theory. 5 We did not find it  useful to produce 
the polarizat ion curves themselves,  which would have 
increased the size of the paper  considerably. 

H. Ho~mann: Dr. Gierst presents a weal th  of excel lent  
exper imenta l  data which may  be used for fur ther  im-  
p rovemen t  of the Gouy-Chapman  theory of the double 
layer. 

The authors use the procedure of anion substi tution 
of the support ing electrolyte  to dist inguish be tween  
~-effects and effects which are due to ion association. 
The substi tution cer ta inly should also influence the 
~ssociation equi l ibr ium of the anion depolar izer  wi th  
the support ing cations since I -  ions will  form com- 
plexes wi th  the cations and two coupled association 
equi l ibr ia  wil l  result. 

The existence of water  s t ructure  enforced ion pairs 
is concluded f rom the data which is of par t icular  in-  
terest  since such associates are normal ly  not  consid- 
ered and have not yet  been discovered by other tech-  
niques. Therefore  these data should s t imulate  invest i -  

4 J .  L. K a v a n a u ,  " W a t e r  a nd  So lu te  W a t e r  I n t e r a c t i o n s , "  H o l d e n -  
Day,  Inc. ,  S an  Franc i sco ,  L o n d o n ,  A m s t e r d a m  {1964). 

J .  K o u t e c k y ,  ColL Czech. Chem. Commun. ,  18, 591 (1953). 

gations with different methods which are direct ly  sen- 
sitive to ion pair  formation.  

L. Gierst: The ment ioned difficulty was c i rcumvented 
as far  as possible by using two anions (iodide and 
acetate) ,  the sodium salts of which have very  close 
mean  activity coefficients. 

B. E. Conway: In regard  to the interest ing ion-pai r ing 
effects discussed by Professor Gierst, it may be use- 
ful to record that we have recent ly  6 determined 
the components  of charge FK+ and r c t -  for KC1 ad-  
sorption in aqueous solutions containing various con- 
centrat ions of pyridine,  the surface excess (lyy) of 
which could be independent ly  de termined  f rom the 
der ivat ive  --(0'~/0/iPy) E,tLKC 1 by means of appropriate  
electrocapil lary measurements .  In the presence of 
adsorbed pyridine, both rK+ and r c l -  increase almost 
equal ly  both on the cathodic and anodic branches as 
the rpy increases. The effect is largest  in the strongest 
KC1 and pyridine solutions. The paral le l  increase of 
the r K+ and rc~- seems to be most easily explained by 
supposing that  ion pair ing in the double layer  is en- 
hanced by the presence of adsorbed pyridine. The con- 
centrat ion of pyr idine in the bulk was insufficient to 
lower the bulk dielectric constant significantly so that  
the species in solution were  still p resumedly  f ree  hy -  
drated K + and C1- ions. 

L. Gierst: The observed enhancement  is ve ry  in ter -  
esting. It  could perhaps reflect the fact that  the t ran-  
sition be tween the pyridine layer  and the "bulk"  
wate r  is not rea l ly  sharp, and that  the boundary r e -  
gion (including the hydra ted  ni t rogen groups) pos- 
sesses a ra ther  low "microscopic" dielectric constant, 
favoring local ion pairing. There  is some simil i tude 
be tween  this behavior  and the fact that large organic 
cations, when they are specifically adsorbed, also 
tend to pair with anions of suitable type. 7 

8 B. E. Conway ,  R. G.  Bar radas ,  P.  H a m i l t o n ,  and  J .  M. Pa r ry ,  J .  
Electroanal. Chem. (1965}. 

7 L. Gie r s t ,  J .  Tondeu r ,  a n d  E. Nicolas ,  J. Electroanalyt. Chem.,  
lO, 397 (1965). 

Panel Discussion on Adsorption at Solid Electrodes 
I. The Application of Multipulse Potentiodynamic Sequences to the Study of 

Surface Intermediates in the Electrochemical Oxidation of Organic Substances 
S. Gilman 

General Electric Research ~nd Development Center, Schenectady, New York  

In the electrochemical  oxidat ion of complex or-  
ganic molecules on pla t inum electrodes, it may  be 
anticipated that  para l le l  and sequential  react ion 
steps wil l  occur. Such complex systems do not lend 
themselves wel l  (1) to study by the s teady-sta te  
t rea tments  of classical kinetics. However ,  through the 
use of pulse techniques,  it is often possible to isolate 
individual  react ion steps and to characterize surface 
intermediates.  Ear ly  application of such techniques 
was made in the study of the adsorption and oxidation 
of methanol  (2, 3). 

In this paper, I shall discuss the manner  in which 
some par t icular  aspects of the adsorption and reac-  
tion of organic compounds (encountered in the study 
of C2 hydrocarbons)  were  examined by means of the 
"mult ipulse  potent iodynamic"  method first developed 
in connection wi th  the study of CO adsorption (4). 

Experimental 
The electronic ins t rumentat ion,  test  vessel, etc., have  

been described previously  (4). The test e lectrode used 

in most of the measurements ,  was a length of C.P. 
grade smooth pla t inum wire. A platinized wire  was 
used only in the last section as indicated. All  poten-  
tials are re fe r red  to that  of a revers ible  hydrogen 
electrode in the adsorbate- f ree  electrolyte.  

Discussion 

Study of the Mechanism and Kinetics of Activated 
Adsorption (of Ethane) 

Use of a linear anodic sweep in the measurement of 
adsorption kinetics.--The organic adlayer  may  be 
"str ipped" by means of a l inear anodic sweep (1.a.s.) 
and the coverage de termined  f rom the corresponding 
charge. In the sequence of Fig. 1, steps A-C  serve to 
clear the surface of previously  adsorbed material .  Step 
D (which is optional) serves to prereduce the surface, 
but  the low potent ial  prevents  the adsorption of 
e thane in the allotted time. In step E, atomic hydro-  
gen is rapidly r emoved  f rom the surface and the 
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Fig. SG1. Linear anodic sweep traces corresponding to the 
"clean" surface (traces "1") and to the surface partially covered 
with ethane (traces "2"). The 1N HCIO4 solution was saturated 
with ethane at 60~ The electrode was smooth, having a "rough- 
ness factor" (R.F.) of 1.5 based on hydrogen adsorption. After 
Gilman, ref. (5). 

adsorption of ethane occurs at 0.4v for 100 sec. The 
potential  sequence was chosen in such a way at the 
beginning of step E, the solution adjacent  to the sur-  
face was wel l  equi l ibra ted with  the bulk solution and 
t ransport  of the hydrocarbon was by ordinary diffu- 
sion (5). Traces ' T '  of Fig. S G l a - S G l d  were  ob- 
tained in the absence of hydrocarbon and correspond 
to the "clean" surface. The current  corresponds 
mainly  to surface oxidation unti l  copious evolution 
of molecular  oxygen sets in at ca. 1.6v. 1 Traces "2" 
correspond m a i n l y  to combined oxidation of the sur-  
face and of adsorbed ethane. 2 Let  us call the difference 
in areas under  curves 1 and 2, QE' (hatched areas).  
Let  us also assume the existence of a charge, QE 
which bears the fol lowing relat ionship to the absolute 
coverage with e thane 

QE = nF rE [1] 

where  rE is the coverage of the surface wi th  various 
adspecies (in moles /cm2) ,  and n is the average  n u m -  
ber of electrons requi red  for oxidat ion and desorp-  
tion of an e thane adspecies. Then  Q~ may  be used 
as a measure  of absolute coverage if n is known and 
remains constant; QE is a measure  of re la t ive  coverage 
if n is constant, but  the va lue  of n is not known. 

The exper imenta l  charge QE' = QE if the fol lowing 
conditions hold: 

1. All  organic mater ia l  is desorbed by the t ime 
traces 1 and 2 (Fig. SG1) merge.  

2. Capacit ive corrections are negligible. 
3. Traces " r '  and "2" comprise identical  surface 

oxidation charges. 
4. Negligible readsorpt ion a n d / o r  oxidation of e th-  

ane occurs during the sweep. 

I The re  m a y  be cons ide rab l e  I R  d r o p  (due to r e s i d u a l  r e s i s t ance  
b e t w e e n  t h e  L u g g i n  c a p i l l a r y  a n d  the  w o r k i n g  e lect rode)  i n c l u d e d  
in  the  n o m i n a l  p o t e n t i a l  a t  h i g h  sweep  speed.  This ,  h o w e v e r ,  does 
n o t  e f f e c t  t h e  m e a s u r e d  c h a r g e  w h i c h  is t he  on ly  q u a n t i t a t i v e  con-  
s i d e r a t i o n  in  s u c h  m e a s u r e m e n t s .  

B y  " a d s o r b e d  e t h a n e "  we  m e a n  " t h e  a d l a y e r  r e s u l t i n g  f r o m  t h e  
a d s o r p t i o n  of e t h a n e "  w h i c h  m a y  h a v e  a c o m p o s i t i o n  q u i t e  di f f er -  
e n t  f r o m  t h a t  of  t h e  p a r e n t  molecu le .  

5. The desorption of organic mater ia l  is ent i re ly  ox-  
idat ive (not due to electrostatic repulsion).  

An  indirect  test of the val idi ty  of such assumptions 
is made  by explor ing the dependence of QE' on the 
sweep speed. It was found (5) for ethane that QE' 
remains constant for sweep rates V as small  as 1 
v / s e c  to somewhat  under  100 v / sec  (with dependence 
on surface coverage, as wel l  as on V). Decreasing 
charge at h igher  values of U was found to correspond 
to re tent ion of a port ion of  the adlayer  past the r e -  
gion of oxygen evolution. A more  direct test of the 
equal i ty  of QE' and QE may be made for rapidly ad- 
sorbed substances. For  CO (4), e thylene and acetylene 
(6) a plot  of the anodic str ipping charge vs. the square 
root of adsorption t ime is l inear unti l  high coverages 
are achieved. This suggests diffusion-controlled ad- 
sorption. The slopes of such plots were  found in ex-  
cellent agreement  wi th  a diffusion law if it was as- 
sumed that  the values of n (of Eq. [1]) correspond 
to complete  oxidation of the adlayer  to CO2 and H20 
(as in the s teady-sta te  si tuation).  Hence the method 
has been val idated for these quite  diverse compounds. 
Similar  val idat ion has been reported for even more 
complex molecules (7, 8). 

An explanat ion may now be offered for the ap- 
parent  equal i ty  of the surface oxidation charge (by 
the end of the sweep) both in the presence and ab- 
sence of an adsorbed organic substance. 3 The kinetics 
of oxidation of the surface is such that  the charge 
(after  the first small  f ract ion of a second) depends 
strongly on the potential,  but  only slightly (approx-  
imately  on the logari thm) of the t ime (9). The or-  
ganic mater ia l  may be regarded  as blocking sites 
temporar i ly  and hence slightly decreasing the t ime of 
surface oxidation. This causes a negligible error.  

Correct ion for surface oxidation might  also be made 
by cathodically reducing the surface and measur ing 
the corresponding charge. This is, however ,  best 
avoided where  possible since reduct ion is sluggish (9) 
and may lead to error  through incomplete reduction 
or through simultaneous oxidation of dissolved or-  
ganic mater ia l  (both lead to posit ive error  in de-  
terminat ion of surface coverage with the organic ma-  
ter ial) .  

It  is to be noted that  in this application, the 1.a.s. 
trace is used only to der ive  the charge, QE, corre-  
sponding to the adsorption process preceding the 
sweep (other wave  forms may be used but are gen-  
era l ly  not as satisfactory).  Hence variat ions (with 
sweep speed) of such characterist ics of the trace as 
peak voltage, current,  etc., have no bear ing on the 
problem. This seems a point  previously misunderstood 
by other  invest igators [see, for example  ref. (11, 12)]. 

Results of the kinetic measurements . - -The kinetics 
of ethane adsorption may be examined through re -  
cording QE or the hydrogen codeposition charge (see 
below) as a funct ion of t ime at various constant po-  
tentials. Over  a range of several  tenths of a volt,  the 
" t rue"  ra te  of adsorption was found (5) to fol low the 
law 

d0~ 
= KC(1 --  BE) 2 [2] 

dt 

or the integral  law 

1/0F ---- KCt + 1 [3] 

where  ~F = 1 - -  eE, and C is the concentrat ion of dis- 
solved ethane. Equat ion [2] implies an adsorption step 
which is second order in unoccupied 4 (by ethane) 
surface sites and re la t ive ly  f ield-independent.  A rea -  
sonable mechanism is 

~ T h e  charge  c o r r e s p o n d i n g  to  o x i d a t i o n  of t he  su r face  is no t  
neces sa r i l y  i d e n t i c a l  i n  p resence  a n d  absence  of t he  o rgan ic  ad-  
so rba te  a t  c o n s t a n t  p o t e n t i a l s  less  t h a n  ca. 1.6v. 

The  pos s ib i l i t y  t h a t  such  s i tes  are  occup ied  by  i n o r g a n i c  s p e c i e s  
(e.g. ,  H~O) is n o t  r u l e d  out .  
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Fig. SG2. Linear anodic sweep traces obtained during desorption 

of adsorbed "ethane." The I N  HCIO4 solution was saturated with 
ethane at 60~ the smooth Pt electrode had a R.F. = 1.5. T~. and 
TF are adsorption and desorption time intervals, respectively, 
After Gilman, ref. (13). 

C2H6 (dissolved) ~ C2H5 -t- H 

H~----H+ + e -  + S  
t 

S 

where S = Surface site. 

Study of the Kinetics and Mechanism o5 Desorption 
(of Adsorbed Ethane) 

Figure SG2 presents traces corresponding to de-  
sorption of a port ion of the ethane adlayer. As in  Fig. 
SG1, adsorption was allowed to occur at 0.4v (step E). 
In step F the desorption proceeded under  the influence 
of (low) potential  U and the desorption process could 
be followed as a funct ion of t ime (TF) b y  application 
of 1.a.s. (G).  In  Fig. SG2a, trace 1 corresponds to the 
clean surface. Trace 2 corresponds to 10O sec of ad- 
sorption, with no desorption. Traces 3 and 4 correspond 
to 100 sec of adsorption, followed by 100 msec and 
1O0-1000 sec of desorption, respectively. We see that  
the mater ial  desorbing (type II) corresponds main ly  
to the portion of the adlayer  which oxidizes at re la-  
t ively high potentials dur ing the 1.a.s., while the 
nondesorbable  residue (N.D.R.) (type I) corresponds 
main ly  to the more electrochemically reactive mate-  
rial. The N.D.R. is retained at potentials as low as 
--0.2v (13). Hence this exper iment  serves to char-  
acterize two types of surface intermediates.  

By measuring (from traces such as those of Fig. 
SG2) the charge, ~QE corresponding to desorption, it 
was possible (13) to establish the kinetic law 

~dsE 
= H ' e x p  [ (an 'FU/RT)  -k m~E] [4] 5 

dt 

In ref. (13) the "+" was accidentally omitted between the two 
terms in the exponential term of Eq. [4]. 

where a = 0.5 and n '  ----- 2 electrons. Equation [4] sug- 
gests the following mechanism for the desorption 

C2H2 (adsorbed) + 2e-  + 2H + --> C2H4 (adsorbed) 
C2H2 ---> Fur ther  hydrogenat ion (to ethane) and 

desorption. 
The first step is ra te-determining.  A similar chemical 
hydrogenat ion ( involving hydrogen atoms) step is 
also permissible. 

Identification 05 Surface InteTmediates 
Type I intermediates.--The adsorption of C1 "oxy- 

genated" molecules (HCOOH, CO2, etc.) results in  
nondesorbable adlayers resembling the "type I" eth- 
ane oxidation intermediate  (14, 15). The "type I" in -  
termediate  is therefore believed to comprise one or 
more C1 oxygenated surface structures. 

Type II intermediates studied wi th  linear anodic 
sweeps.--Figure SG3 presents traces obtained in  the 
adsorption of ethylene and acetylene. The traces for 
both adsorbates are similar to those for the type II 
oxidation intermediate  of ethane. Also, ( temperatures 
under  60~ the adlayers of all three substances may 
be hydrogenated and desorbed as e thane (16). When 
ethylene is adsorbed at potentials of O.4v or less, a 
current  flows corresponding to the abstract ion of (ap- 
proximately) 2 hydrogen atoms/molecule.  These re-  
sults suggest that at moderate potentials and temper-  
atures, the type II intermediate,  and adsorbed ethylene 
and acetylene have a common average stoichiometry 
corresponding to C2H2. 

Type II interrr~ediate studied by l~near cathodic 
sweeps.--Figure SG4 presents l inear  cathodic sweep 
traces corresponding to the codeposition of hydrogen 
on a surface part ial ly covered with adsorbed ethylene. 
Trace I corresponds to H-deposi t ion on the "clean" 
surface. The area above the trace (preceding large- 
scale evolution of molecular  hydrogen) corresponds 
to approximately a monolayer  of hydrogen atoms. 
Traces 2-6 correspond to the hydrogen required to 
complete a mixed monolayer  of hydrogen atoms and 
organic material.  A rather  high sweep speed is re-  
quired to prevent  desorption of the organic mater ia l  
(5, 6, 13). The areas defined by trace 1 and any sub- 
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Fig. SG3. Linear anodic sweep traces for adsorbed ethylene and 
acetylene. The traces were recorded during 1.a.s. E of the 
specified sequence. TD is the adsorption time. The solid traces 
(a-c) and the dashed traces (d) were obtained in 1N HCIO4 
saturated with a gas mixture of 1.08% ethylene -f- 98.92% argon 
(30~ The solid traces (d) were obtained in I N  HCIO4 saturated 
with a gas mixture of 0.105% acetylene -~ 99.985% argon (30~ 
Electrode roughness factor ~ 1.4. After Gilman, ref. (6). 
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Fig. SG4. Linear cathodic sweep traces corresponding to codep- 
osition of hydrogen on a surface part ial ly covered with ethylene. 
The traces were measured during sweep E of the specified sequence. 
TD is the adsorption time. The solution was IN  HCI04 saturated 
with a gas mixture of 1.08% ethylene -F 98.92% argon (30~ 
After Gilman, ref. (6). 

sequent trace, represents a charge, A(sQH) corre- 
sponding to (hydrogen) sites blocked by organic ma-  
terial. This is related to the absolute coverage with 
the ethylene by 

(sQH) = mF tEN E (ENE = ethylene) [5] 

Analogous to Eq. [1] 

QENE = nF rENE [6] 

Combining Eq. [5] and [6] 

a (sQH)/QENE = m/n  [7] 

The quant i ty  m/n  (si tes/electron) may serve as an 
indication of the number  of valences per adspecies 
for simple molecules [e.g., for CO, acc. to ref. (4)].  
For the more complex hydrocarbons, it may serve, 
at least, as a characterization of the structure. For 
ethylene and acetylene at low potentials, m/n  was 
found constant  with a value (ca. 0.3) corresponding 
to 3 valences/adsorbed entity, based on simple as- 
sumptions. At higher potentials, m/n  (ethylene) was 
found to increase to values that would correspond to 
ul t imate dehydrogenat ion to adsorbed carbon (17). 

Interconversion o] Surface Intermediates 
The skeletal oxidation scheme for ethane may be 

represented by 

C2H6 "-> C2H5 -~- H 
l I 

Type II In termediate  [Type I In termedia te]  ] 
(C2H2 to C2) J L (C1HxOy) J 

CO2 ~- H~O CO2 + H20 

Possible conversions of the type II to type I in te r -  
mediate were investigated by means of the pulse se- 
quence appearing in Fig. SG5. Higher temperatures  
were examined to favor conversion. A plat inized sur-  
face was employed to minimize the rate of t ransport  
(per geometric cm 2) dur ing the t ime allotted for con- 
version. The functions of the various steps in the 
sequence of Fig. SG5 are: 

A-C. Pre t rea tment  
D. Adsorption at 0.3v 
E. Oxidation of adlayer at 0.8v [to reduce the ratio, 

(type I ) / ( t y p e  II) ]. 
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Fig. SGD. Use of linear anodic sweep traces far determination of 
the nondesarbable residue during readsorption of acetylene. Elec- 
trade B (R.F. = 138) was used. The electrolyte was 85% phos- 
phoric acid saturated with ethylene at  120~ The dashed trace 
corresponds to the clean surface and was obtained in the absence 
of adsorbate with TD = 1 sec, TE = TF = TG = TH = 0. 
(a) Trace 1, corresponds to ethylene adsorbed for TD = 100 sec 
(quiescent solution). TE = TF ----- Tc, = TH = 0. Trace 2, 
corresponds to ethylene adsorbed for 100 sec (stirred solution). 
TE = TF = TG = TH = 0. (b) Trace 1, corresponds to ethylene 
adsorbed for TD = 100 sec (stirred solution) -}- 90 sec (quiescent 
solution) TE ~- TF = TG = TH = 0. Trace 2, corresponds to 
the nondesorbable residue for the conditions of trace 1. TD = 
100 sec (stirred solution -t- 90 sec (quiescent solution) TE = TF 

0, TG = 1 sec (to desorb), TH = 0.1 sec (to reduce con- 
centration of adsorbed and dissolved hydrogen). (c) Trace 1, cor- 
responds to ethylene adsorbed for TD ----- 100 sec (stirred solution) 
and 90 sec (quiescent solution), and part ial ly oxidized for TE 
0.1 sec with TF = Tc, ----- TH = 0. Trace 2, corresponds to the 
nondesorbable residue for the conditions of trace 1. TD = 100 
sec (stirred solution) -J- 90 sec (quiescent solution), TE = 0.1 
sec, TF ----- 0, TG = 1 sec (to desorb), TH ~ 0.1 sec (to reduce 
concentration of adsorbed and dissolved hydrogen). (d) Trace ! ,  
Corresponds to ethylene adsorbed for TD = 100 sec (stirred 
solution) ~- 90 sec (quiescent solution), part ial ly oxidized for 
TE = 0.1 sec and readsorbed for TF ~ 100 sec. TG ~ TH = 0. 
Trace 2, Corresponds to the nondesorbable residue for the condi- 
tions of trace 1. TD = 100 sec (stirred solution) plus 90 sec 
(quiescent solution) TE = 0.1 sec, TF = 100 sec, To, = 1 sec, 
I"H = 0.1 sec. 

F. Possible conversion (type TI -+ type I) step at 
0.3v 

G. Desorption step: remove type II at --0.2v so that 
separate amounts of types I and II may be determined. 

H. Preoxidation step (0.1 sec): to decrease the con- 
centration of hydrogen, hence preventing the corre- 
sponding oxidation current during the sweep. 

I. Linear anodic sweep: for alternative determina- 
tions of type I and of total I -{- If. 

The durations of the various steps was adjusted to 
provide the conditions listed with Fig. SG5a-SGSd. 
The dashed traces of the figure correspond to the 
"clean" surface. The traces marked N.D.R. correspond 
only to the nondesorbable residue (type I). The other 
traces correspond to the entire adlayer (i -~ II). 

In Fig. SG5a, traces 1 and 2 correspond to the entire 
adlayer obtained after 100 sec (quiescent solution) and 
100 sec (stirred solution). The traces of Fig. SG5a acts 
as control experiment for the conversion step of Fig. 
SG5d. In Fig. SG5b, trace 1 corresponds to the total 
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adlayer  after 100 sec (with st irr ing) and 90 sec 
(quiescent solution) which is the "original condition" 
for the remain ing  experiments of Fig. SG5b-SG5d. 
Trace 2 corresponds to the N.D.R. portion of trace 1. 
The difference between areas under  1 and 2 (large 
hatched area minus small  hatched area) is the charge 
corresponding to the t y p e  II portion of the adlayer. 
In  Fig. SG5c, adsorption for 100 sec (stirred solution) 

90 sec (quiescent solution) was allowed and then 
the ratio of type I I / type  I was increased by briefly 
oxidizing at 0.8v. The total remain ing  adlayer is 
characterized by trace 1 of Fig. SG5c and the type I 
fraction of that adlayer is characterized by trace 2 of 
the figure. In Fig. SG5d, t ime is allotted for conversion 
of type II to type I in  the adlayer containing a high 
ratio of type I I / type  I. Trace 2 of Fig. SG5d reveals 
that  there is accumulat ion of appreciable additional 
type I compared with trace 2 of Fig. SG5c. This in -  
crease is approximately twice that which would have 
accumulated from the solution dur ing the time allotted 
for conversion (twice the charge corresponding to 
trace 1 of Fig. SG5a). However, this possible con- 
version is approximately 1/5 the amount  which could 
be accumulated from the solution in  the absence of a 
"reservoir" of type II (1/5 the amount  represented by 
trace 2 of Fig. SG5b). Hence one may conclude that  
the conversion of type II to type I is not  an im-  
portant  path of the over-al l  reaction of ethane to 
yield CO2 ~ H20. 
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Discussion 

E. Gileadi: Dr. Gi lman claims that C2H6, C2H4, and 
C2H2 all give rise to the same surface species on ad- 
sorption on a bright  Pt  electrode through part ial  de- 
hydrogenat ion of ethane and ethylene. Two types of 
experiments  carried out in our laboratory indicate that  
this is not the case. 

1. The kinetics of the anodic oxidation of ethylene 
and acetylene have been studied by Bockris and co- 
workers in recent years. 1-3 A fundamenta l ly  different 
behavior was observed for the two compounds, indi -  
cative of different reaction paths and different rate 
de termining steps. If ethylene were to dehydrogenate 
on the surface spontaneously,  as claimed by Dr. Gil-  
man,  and give rise to an acetylenic residue, both com- 
pounds should behave kinet ical ly in an identical m a n -  
ner. 

2. An exper iment  has been performed 4 in which 
a Pt  electrode was allowed to reach its rest potential  
in  1N H~SO4 and was then potentiostated at this po-  
tent ial  (with obviously no current  flowing through 
the circuit) .  Ethane or ethylene was then rapidly in-  
troduced into the cell and the current  t rans ient  was 
recorded. In  the case of ethane (and similarly for 
propane) ,  an anodic current  t ransient  was observed, 
corresponding to a surface dehydrogenat ion followed 
by ionization of the hydrogen atom produced. No cur-  
rent  was produced upon addition of ethylene to the 
solution, indicat ing that no dehydrogenat ion occurred. 
This is fur ther  confirmed by results of Niedrach pub-  
lished in 19645 where hydrogen was found on the sur-  

z H.  W r o h l o w a ,  B.  J .  P i e r s m a ,  a n d  J .  O 'M,  B o c k r i s .  J. Eleciroanal. 
Chem., 6, 401 (1963).  

= J .  O ' M .  B o c k r i s ,  H .  W r o b l o w a ,  E. G i l ead i ,  a n d  B.  J .  P i e r s m a ,  
Trans. Faraday Soc., 61, 2531 (1965). 

J .  W. J o h n s o n ,  H.  W r o b l o w a ,  a n d  J .  O ' M .  n o c k r i s ,  This Journal, 
l l L  863 (1964). 

a E.  G i l ead i ,  G.  S t o n e r ,  a n d  J .  O 'M.  B o e k r i s ,  I n t e r i m  T e c h n i c a l  
P r o g r e s s  R e p o r t  C o n t r a c t  No.  Da-44-009-AlV[C-469(T) ,  U.  S. A r m y  
E n g i n e e r  R e s e a r c h  a n d  D e v e l o p m e n t  Lab . ,  F o r t  B e l v o i r ,  V s . ;  S e p -  
t e m b e r  1965 to A p r i l  1966. 

5 L .  W. N i e d r a c h ,  This Journal, 111, 1309 (1964). 

face of Pt  electrodes in  solutions containing saturated 
hydrocarbons at open circuit, but  not in the case of 
ethylene. 

The difference in the adsorption behavior of un -  
saturated and saturated hydrocarbons can be easily 
understood in a tentat ive manner .  An unsatura ted  
hydrocarbon can be chemisorbed on the surface by 
opening an ethylenic or acetylenic bond and using the 
orbitals thus made available for the formation of co- 
valent  bonds to the surface. In  the case of saturated 
hydrocarbons the required orbital  can only be made 
available by rup ture  of some of the existing C-H or 
C-C bonds, the former being usual ly the case. 

The various peaks of current  obtained dur ing anodic 
str ipping of organic compounds are often interpreted 
in terms of various species formed on the surface du r -  
ing the adsorption process which takes place at a 
lower potential. This is a pr ime example of a case in 
which the measur ing technique may influence the 
system and cause major  errors in  the in terpre ta t ion 
of results. 

The anodic oxidation of a hydrocarbon molecule 
on the surface involves several steps, giving rise to 
intermediates associated with one or more adsorption 
pseudocapacitance peaks. The occurrence of several 
peaks is indicative of the existence of several different 
species on the surface dur ing the anodic sweep. This 
in itself, however, does not consti tute sufficient proof 
that  the same species existed on the surface at the 
potential  at which adsorption was taking place, before 
the sweep was started. 

S. Gilman: The suggestion of similar adlayers in  the 
adsorption of ethylene and acetylene is based on three 
types of evidence: 

1. The traces obtained when the adlayer is "stripped" 
by means of a l inear  anodic sweep (Fig. SG3) are 
almost identical for the two adsorbates when compar-  
ison is made at equal surface coverage. 

2. The number  of hydrogen sites obscured per mole- 
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cule adsorbed is almost the same for the two ad- 
sorbates. 6 

3. When ethylene is adsorbed at 0.4v (30~ under  
conditions of diffusion control, an anodic current  con- 
tr ibution is observed. 6 This current  corresponds ap- 
proximate ly  to that  calculated for abstraction of two 
hydrogen atoms per molecule  adsorbed. Because ad- 
sorption is diffusion-controlled, it is not possible that 
this current  corresponds to part ial  or complete oxida-  
tion of additional nonadsorbed molecules, but  this is 
possible in the study of ethane, in ref. (4). Since the 
presumed hydrogen abstraction charge for e thylene is 
only 1/6 the total charge for complete conversion of 
the adlayer  to CO2 and H20, it may easily be over -  
looked through compensation [e.g., by 0:2 reduction, as 
may have been the case in ref. (4)] or through slow 
hydrogenat ion of additional e thylene ("se l f -hydrogen-  
at ion") .  The lat ter  possibility is suggested by the ob- 
servat ion that  the open-circui t  potent ial  goes through 
a min imum in the lengthy equil ibrations studied by 
Niedrach. 5 

While the evidence suggests that  acetylenic struc- 
tures are present in the adlayers of ethane, ethylene, 
and acetylene, the evidence also suggests that  the ad- 
layers at "steady state" are by no means identical. 
The ethane adlayer  contains additional species (type I) 
which cannot be r emoved  by hydrogenation.  7 The 
s teady-state  coverages for e thylene and acetylene are 
significantly different s presumably because of the dif-  
ferent  steric requi rements  of the two different parent  
molecules. Hence it would be anticipated that  the 
s teady-state  rates of oxidation of the three different 
adsorbates would differ, as found in footnotes 1 and 3. 

The question of whether  e thylene is associatively 
or dissociatively adsorbed in the absence of e lectro-  
lyte has been a controversial  subject for over  th i r ty  
years. 9 The results are probably sensitive to the ex-  
per imenta l  conditions. 1~ In view of the complexi ty  of 
the problem area, Dr. Gileadi 's a t tempt  to predict  the 

8 S. G i l m a n ,  Trans. Faraday Soc., 62, 466 (1966). 
S. G i l m a n ,  Trans. Faraday Sac., i l l ,  2561 (1965). 

s S. G i l m a n ,  Trans. Faraday Soc., (,'2, 481 (1966J. 
" C h e m i s o r p t i o n "  by  D. O. H a y w a r d  a n d  B. M. W. Trapne l l ,  2nd  

ed., p. 251. B u t t e r w o r t h s ,  W a s h i n g t o n  (1964). 
lo D. W. McKee,  J. Am.  Chem. Soc., 84, 1109 (1962). 

st ructure  of the adlayer  f rom the electronic s t ructure  
of the parent  molecule is therefore  probably an over -  
simplification. 

I agree with Dr. Gileadi 's a rgument  that  the appear-  
ance of "waves"  dur ing a l inear anodic sweep is not 
conclusive evidence for the existence of s t ructural ly  
different adspecies before the application of the sweep. 
It  is for this reason that  I do not re ly  on such evidence 
in my own work. In Fig. SG2 and SG5, for instance, 
the distinction be tween type I and type II species is 
made on the basis of whether  the mater ia l  may  be de-  
sorbed (presumably through hydrogenat ion)  at low 
potentials (a chemical  differentiat ion).  It happens that  
the chemical ly differentiated species also seem to be 
represented by two waves (with considerable over-  
lap) in this par t icular  case. 

E. Gileadi: We find that  the adsorption of e thylene 
and benzene on platinized Pt  in 1N H2SO4 is revers i -  
ble wi th  respect  to a change of potential  in the range 
of 0.1-0.7v re. RHE. This observation in fact serves 
as our  main cr i ter ion for revers ibi l i ty  of the adsorp- 
tion process in these systems and makes the study of 
adsorption isotherms here meaningful .  

S. Gilman: In the exper iments  of Dr. Gileadi and co- 
workers,  only the surface concentration of radioact ive 
carbon is determined.  The method is not very  sensitive 
(precise) and provides no informat ion on the struc- 
ture of the adlayer. Vo]tammetr ic  measurements  re-  
veal  s that the ethylene adlayer  changes in s tructure 
at potentia]s above ca. 0.5v (probably corresponding 
to increasing dehydrogenat ion)  and that this results 
in a dependence of s teady-sta te  surface coverage on 
the path taken to reach the potential  of interest. It  
seems possible that  Dr. Gileadi 's  isotherms do not have 
the usual thermodynamic  significance (a balance be-  
tween revers ible  adsorption and desorption) but  rep-  
resent  a balance be tween  rates of adsorption and hy-  
drogenat ion (at low potentials) or be tween  rates of 
adsorption and oxidation to CO2 and H20 (at high po- 
tentials) .  

II. Structure and Composition of Organic Adsorption Layers on Pt Electrodes-- 
Relation to Reaction Kinetics 

S. B. Brummer 
Tyco Laboratories, Inc., Waltham, Massachusetts 

The study of organic adsorption on Pt  electrodes has 
been s t imulated recent ly  by interest  in the mechanism 
of the reactions at the anode in fuel  cells. Work f rom 
our own laboratory has been concerned with  the 
HCOOH reaction (1-4), which one might  hope to be a 
simple model  system, and with a more complex reac-  
tion, the oxidat ive adsorption of C3Hs (5, 6). The aim 
of these continuing studies is to invest igate  the nature  
of the adsorbate and to relate  the findings to the over -  
all react ion kinetics of the parent  compound. 

The measurement  of e on solid electrodes is a diffi- 
cult exper imenta l  problem. The capacity method, which 
has  been so useful for the Hg-solut ion interface, is 
inappropria te  and one has to adopt other procedures.  
An obviously appealing method, because of its di- 
rectness, is the radioact ive t racer  technique (7,8) 
where  the amount  of adsorbed fuel  is "counted" wi th -  
oIit any apparent  uncertainty.  The disadvantage of this 
technique is the long t ime scale requi red  for the 
counting and the necessity to use very  rough elec-  
trodes to achieve sufficient sensitivity. 

Another  fair ly direct  method which has been widely  
used to est imate 0 is anodic stripping. This was origi-  
nal ly done after  removing  the electrode f rom the 
solution of the adsorbate (9). This procedure has the 
advantage of not  having  complications due to charge 

f rom readsorpt ion during the str ipping transient.  Also, 
because the str ipping may be done very  slowly, no 
correction for contemporaneous electrode oxidation 
is necessary. The disadvantages are the cumbersome-  
ness of the technique and the l ikelihood of removing  
loosely adsorbed material .  In situ anodic s tr ipping is 
then to be preferred,  par t icular ly  where  the adsorp- 
t ion process is complex and the adsorbate may com- 
prise more than one material .  This procedure  has 
been used extensively  by Bre i te r  (10), Gi lman (11), 
and Giner  (12) as wel l  as in our own work. The usual 
disadvantage of the procedure is the large correction 
which must  be made for electrode oxidation. The 
main advantage is the high versat i l i ty  of the method 
for complex adsorbate analysis. Within certain limits, 
the method may  be thought  of as "direct." 

Another  method, which is par t icular ly  useful for 
Pt  electrodes but  not so direct, is H-a tom deposition. 
Here, adsorption is permi t ted  to occur, and a cathodic 
charging curve  (galvanostat ic  or l inear  potential  
sweep) is applied to est imate the fract ion of the elec- 
t rode which is avai lable  for H-a tom deposition. This 
fraction, 8H c, is assumed to be equal  to that  part  of the 
electrode not occupied by the organic adsorbate 
(ell c = 1 - -  eorg). This assumes that  eHc is less than 
uni ty  only for s ter ic  reasons (i.e., site blockage) and 
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that  no desorption occurs dur ing the 0H c measurement .  
The  lat ter  is easy to ver i fy  exper imenta l ly ;  the fo r -  
mer  is less certain for it is we l l  known that  the heat  
of adsorption of H atoms depends on their  coverage 
(13). Thus different interactions be tween  H atoms 
and the organic adsorbate than be tween  H atoms 
might  lead to inclusion of a nonsteric effect on the 
measured value  of eHc. Opposing such an effect is the 
observat ion that  for finite 0org, the hydrogen overpo-  
tent ial  is h igher  than for a clean surface so that  the 
possible effects of any H-organic  interactions would 
be opposed by the more cathodic potential  of t h e  
electrode. Recent ly  (14), we have invest igated this 
problem by comparing 0org obtained above with  those 
obtained using anodic hydrogen charging. Here, af ter  
a l lowing adsorption (at Eads), the potent ia l  is lowered  
to a potent ial  posit ive of the revers ible  hydrogen po-  
tent ial  (EL) so as to deposit H atoms onto part  of the 
surface. These are then str ipped to yield 8H an~ 

which is the ratio of the charge found for I-Iads com-  
pared to that  found at the same potential  (EL) on a 
clean electrode. Since the H atom concentrat ion on a 
clean electrode decreases wi th  increasing potential ,  
we can adjust  the amount  of hydrogen on the elec-  
t rode for a given eorg by adjust ing the potential  EL. We 
find a good 1:1 correlat ion be tween 8 n  an~ and 0n c 
over  the whole range f rom 0-1 in 0. Since nonsteric 
effects, if they were  significant, would show up 
s trongly in the eH anodic data, this is good evidence that 
the main effect in the cathodic measurement  is steric. 

In any complex system, it is s trongly advised to 
use more than one of the above methods. Thus for the 
hydrocarbon case (5,6).  we  found that  the average  
oxidation state of the adsorbate varies  with t ime and 
potent ial  of adsorption. Any conclusions about the 
kinetics and the s teady-s ta te  extent  of adsorption, 
d rawn solely from anodic charging data would, then, 
be in error.  Conclusions drawn f rom other methods 
would not be affected but, by combining anodic str ip-  
ping with one of the other  methods much more de-  
tailed informat ion about the adsorbate and its par t ic i -  
pation in the electrode reaction can be obtained. 

Ident i ty  of  adsorbed species . - -The major  point to 
be made here  is that  ve ry  often the adsorbed species 
do not have  the same chemical  composition as the 
original adsorbate. This v iew has at tained wide ac- 
ceptance for a number  of fuels. Thus for HCOOH 
(1, 2, 15), methanol  (15, 16), and for saturated hydro-  
carbons (5, 6, 17, 18) there  can be l i t t le  doubt  that  the 
adsorbate is e i ther  a reac t ion- in te rmedia te  or the 
product  of a side-reaction. In addition, in some in-  
stances, the situation is more complex in that  the ad-  
sorbate is not a single species, but consists of a number  
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Fig. SB1. Adsorption of C3Hs on smooth Pt from 13M HsPO4 
solution at 130~ 

of mater ia ls  of va ry ing  oxidation state, perhaps none 
of which is the original  fuel. 

An example  is g iven in Fig. SB1 (14) for the ad-  
sorption of C~Hs on Pt  f rom I-t3PO4 solutions at 130~ 
The method of examining  the s t ructure  of the adsorb-  
ate and of discr iminat ing the different species was in- 
dicated in part  ear l ier  (6) and will  be described more  
ful ly  la ter  (14). We see that  whi le  the total  adsorbate 
concentrat ion appears to show a fa i r ly  simple de- 
pendence on potent ial  (Q vs. E is almost l inear  above 
0.2v suggesting a Temkin isotherm) the adsorbate 
actual ly  consists of at least th ree  species. We divide 
these species into two broad classes, the O- type  and 
the CH-type.  The basis of this distinction is whe ther  
we judge  that  most of the C-H bonds in the original  
fuel  have  been replaced by C-O bonds (14). The oxi-  
dation state of these adsorbed species is ve ry  different. 
Thus the O-type  has an [e] value 1 of 1.3 ___ 0.05 
whereas,  for example,  the CH-~ type releases ~ 4  elec-  
trons per site when  oxidized. Because of these va r i a -  
tions in oxidation state, Fig. SB1 is not a t rue r ep re -  
sentation of the re la t ive  amounts  of the var ious spe- 
cies. Thus for example,  at 0.3% 0o ~-~ 0.65, 0cK-B __ 0.1 
and 0CH-~ ~ 0.25; total coverage ~1.  At  0.2v, total 
coverage is also about unity, but  there  is a larger  
amount  of charge to oxidize the adsorbate because of 
the larger  contr ibution of CH-species. 

The  important  conclusion that  we  can draw f rom the 
above data is that  measur ing  "isotherms" for  the ad-  
sorption of the parent  fuel is not l ikely to be very  
helpful  in analyzing the kinetics of the reactions of 
the fuel. 

Relation o] adsorbed specie~ to over-al l  r e a c t i o n . -  
Earlier ,  we suggested that  HCOOHads is not HCOOH 
itself. An important  reason for this suggestion was 
the observation that  the oxidation current  decreases 
as a increases (1). Similar ly,  Giner  (15, 18) has re -  
ported a decline in oxidation rate  wi th  t ime for a 
number  of organic oxidations which he related to the 
accumulat ion of an adsorbed species. The f requent ly  
observed variat ions of oxidation rate  wi th  t ime seem 
to be the result  of the accumulat ion of re la t ive ly  re -  
f rac tory  adsorbed species. Giner  (15,18) has sug-  
gested that  this species is s imilar  to "reduced CO2" 
(12). The exact  relat ionship of this species to the 
general  mechanism of the oxidat ion of organic species 
must  vary f rom compound- to-compound but its f re -  
quent  presence is very  suggestive. Two basically dif-  
f e ren t  mechanisms involving reduced CO2 can be 
postulated, e.g. 

sequence of slow 
Fuel  > reduced CO2 > CO2 [1] 

steps 
Fuel  > CO2~ 

slow [2] 
$ "reduced CO2" > CO2J  

In [2], the main reaction proceeds on that  par t  of the 
surface not occupied by reduced CO2, in [1], the oxi-  
dation of reduced CO2 is the ra te - l imi t ing  step. For  
HCOOH, at low E, [2] is probably applicable. For  
C8H8, [1] appears to be the mechanism [here we  
tenta t ively  equate O-type  mater ia l  wi th  reduced CO2; 
more informat ion on this point wil l  be published la ter  
(14)]. 

The important  conclusions we can draw from the 
above data are: 

1. Simple cur ren t -potent ia l  curves should be in te r -  
preted with  ex t reme  caution and only in the context  
of adsorption data. 

2. Applicat ion of isotherm theory is only of mar -  
ginal re levance in these complex systems. 

3. We must use exper imenta l  methods which can 
can give us informat ion  on the chemical  composition 
of the adsorbates and on thei r  re la t ion to the original  
fuel  and to the over -a l l  reaction. 

z [e] i s  the  n u m b e r  of e l ec t rons  r e l ea sed  pe r  c o v e r e d  s i te  w h e n  
t h e  a d s o r b a t e  is  c o m p l e t e l y  o x i d i z e d  to CO~. 
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In these ways, we can expect  to continue the sig- 
nificant improvement  in our unders tanding of these 
complex reactions. 

The author  is pleased to acknowledge support  by 
the U. S. A r m y  Engineer  Research and Development  
Laboratories,  For t  Belvoir,  Va. 
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Discussion 

M. W. Breiter: The conclusion that  intermediates  and 
not formic acid molecules are adsorbed on pla t inum 
in acidic solutions at room tempera ture  appears very  
doubtful  on the basis of my  recent  studies z in which 
small  amounts  of formic acid were  quickly added to 
1M HCIO4 at 0.2v under  conditions such that  only a 
small  amount  of in termediates  can be formed anodi-  
cally. At  concentrat ions C --~ 0.01M HCOOH the ad- 
sorbed amounts  of formic acid agreed wel l  wi th  the 
corresponding amounts of previous measurements  
made under  repet i t ive  cycling be tween  0.05v and 
about 1.5v at 0.03 v/sec.  Decomposit ion of formic acid 
molecules into in termediates  and hydrogen atoms can 
be ruled out at 30~ on smooth pla t inum on the basis 
of the small  rates observed by Giner  2 and Gottl ieb 3 
at room temperature .  The question of the adsorbed 
in termedia te  is open in the more complex case of 
methanol.  Our techniques do not allow us to dis- 
t inguish be tween adsorbed species of a different na-  
ture and the same species adsorbed with different 
heats of adsorption on the heterogeneous pla t inum 
surfaces. The conclusions on the nature  of the adsorbed 
species are mainly  based on the in terpre ta t ion of 
kinetic data, not on direct  evidence. 

S. B. Brummer:  The exper iment  of Bre i te r  4 showed 
that  at 0.2v, HCOOHads could not simply be an in ter -  
mediate  of the oxidat ion react ion since too l i t t le 
charge apparent ly  flowed after he introduced HCOOH 
into the solution. One possible a l te rna t ive  to his con- 
clusion that  HCOOHads is HCOOH itself  is the pres-  
ence of reduct ion reactions to give an adsorbed species 
which is more reduced than HCOOH itself. Then, 
l o b s  = (is - -  ic), where  ia is the current  for oxida-  
tion (to CO2) of HCOOH and ic is the current  for re -  
duction of HCOOH to an adsorbed product. Then 

Q o b s  = . f  ( i s - -  i c )  d t  [ 1 ]  

Such a process cannot be excluded on the basis of 
Brei ter ' s  data. Another  possibility to obtain an ad- 
sorbed product  which is not  HCOOH itself  is f rom the 
chemical  decomposit ion of HCOOH on the electrode. 
Brei ter  rules this out on the basis of the HCOOH de- 
composition rate  as reported by Gottlieb. 5 This rate, he 
says, is too slow, which indeed it is. However ,  this 
decomposition ra te  refers to a "poisoned" catalyst, 
i.e., the Pt  a l ready has a full  layer  (about 0.75 of a 

1 M. B r e i t e r ,  Electrachim. Ac t s ,  1O, 503 (1965). 

2 j .  G i n e r ,  Electrochim.  A c t a ,  8, 857 (1963); ibid., 9, 63 (1964).  

1~. G o t U e i h ,  This  Journal,  111, 465 (1964).  

M. W.  B r e i t e r ,  Electrochim. Ac t s ,  10, 503 (1965).  

6 M. H.  Go t t l e ib ,  This Journal,  111, 485 (1964).  

monolayer  6) of HCOOHads. The current  for HCOOH 
oxidation decreases wi th  increase in 8 ~.4 and it  seems 
ex t remely  probable that  the chemical  decomposition 
rate is also much faster on a clean electrode, as used 
by Breiter.  7 Thus, the evidence is not conclusive. 

The reasons for our v iew that  HCOOHads is not 
HCOOH are to some extent  kinetic in origin. Thus ia 
decreases wi th  increase in o. 6 Addit ional  evidence on 
this point arises f rom the work  of Giner s,9 and also 
f rom our measurement  of the charge to oxidize 
HCOOHads. We found 1~ 285 ~C/rea l  cm 2, in good agree-  
ment  with Brei ter ' s  own va lueJ  1 This~ is too much to 
correspond to a close-packed monolayer  of HCOOH 
(230 ~C/rea l  cm 2) and yet  this mater ia l  only oc- 
cupies ~--75% of the avai lable surface. Incidentally,  
this species cannot be C O O H a d s ,  which is sometimes 
suggested, since a compact monolayer  of this mater ial  
only provides 115 ~C/rea l  am 2. 

E. Gileadi: I would like to make  two remarks  to Dr. 
Brummer ' s  presentation. First, I cannot agree wi th  Dr. 
Brummer ' s  point of v iew just  made in his ta lk that  
the study of adsorption isotherms is useless. It  is per -  
haps the most impor tant  single measurement  one can 
make in adsorption studies and can lead to very  va lu-  
able informat ion regarding the state of the adsorbed 
species on the surface, its surface bond energy, and 
the type and magni tude  of lateral  interactions on the 
surface. In addition this kind of measurements  can 
lead to bet ter  unders tanding of the anodic oxidation 
process involved,  as has been demonstra ted in the case 
of e thylene 12,13 and benzene. 14,15 It  is clear, on the 
other hand, that  adsorption isotherms can only be 
considered when the adsorption process is reversible.  
This was shown to be the case for e thylene TM and 
benzene 15 which were  studied in our laboratory.  FOr 

e S. B.  B r u m m e r  a n d  A.  C. M a k r i d e s ,  J. Phys .  Chem. ,  68, 1448 
(1964). 

7 I n c i d e n t a l l y ,  e v e n  w i t h o u t  th i s  c o n s i d e r a t i o n ,  i t ' s  d o u b t f u l  i f  the  
r a t e  of  t h e  r e a c t i o n  H C O O H  ~ CO2 + H2 i s  g e r m a n e  to t h e  i d e n -  
t i t y  of H C O O H a ~ s .  

s J .  G i n e r ,  Eleetrochim. Acta,  S, 857 (1963). 

9 j .  G i n e r ,  Electroehim. Acta,  9, 63 (1964). 

10 S. B.  B r u m m e r ,  J .  Phys.  Che~r~., 69, 562 (1965). 

M. W. B r e i t e r ,  Electrochim.  Acta,  8, 447 (1963). 

~ H .  W r o b l o w a ,  B.  J .  P i e r s m a ,  a n d  J .  O 'M.  B o c k r i s ,  J .  E l ec t ro~  
anal. Chem. ,  6, 401 (1963),  

la E.  G i l ead i ,  B .  T .  R u b i n ,  a n d  J .  O ' M .  B o c k r i s ,  J .  Phys.  Chem.,  
69, 3335 (1965).  

z4 j .  O ' M .  B o c k r i s ,  H.  W r o b l o w a ,  E .  G i l ead i ,  a n d  B.  J .  Piersma,  
Trans. Faraday Soe., 61, 2531 (1965). 

W.  H e i l a n d ,  E.  G i l ead i ,  a n d  J .  O 'M.  B o e k r i s ,  J. Phys .  Chem.,  
70, 1207 (1966). 
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the system studies by Dr. Brummer ,  rapid surface re-  
actions clear ly  occur and adsorption equi l ibr ium is 
not maintained. An a t tempt  to obtain adsorption iso- 
therms for such a system would obviously be futile. 

My second point refers  to the need to study ad- 
sorption always by several  methods. Here  I am in 
complete  agreement  wi th  Dr. Brummer .  A compara-  
t ive study of adsorption of several  compounds by 
the radiotracer  method and by two electrochemical  
methods is under  way in our laboratory,  and we hope 
to be able to repor t  these results in the near  future.  

S. B. Brummer: I unders tand Dr. Gileadi 's  concern to 
elaborate the adsorption isotherm. My main point is 
that  where  the adsorbate is not chemical ly  identical 
wi th  the adsorbing fuel  or where  there  is more  than 
one adsorbate, this is not a par t icular ly  useful thing 
to do. In this instance, the main concern must be to 
find out the composition of the adsorbates, their  dis- 
t r ibu t ion-wi th-poten t ia l  and their  relat ion to the over -  
all reaction. This appears to be the approach which 
is most re levant  to the study of the anodic reactions of 
organic fuels. 

H. B. Urbach: I am in agreement  wi th  Dr. Brummer ' s  
observat ion in his talk that  the adsorption isotherms 
of many  molecules described in the l i te ra ture  have not 
taken into account the fact that  a Faradaic  current  is 
general ly  present.  This would indicate that the ob- 
served values of surface coverage represent  a steady 
state ra ther  than an equil ibrium. I would like to 
propose the fol lowing quant i ta t ive  relat ion (based on 
the assumption of a Langmuir  isotherm) be tween  the 
observed coverage, o, the theoret ical  equi l ibr ium 
value, 9eq, and the current,  i 

---- 1 1 -  0eq 
9eq ic iA 

where  iL is the diffusion l imited current  and iA is the 
adsorption l imited current  defined by 

iA ~ nFkaao 

where  n is the number  of electrons, F is the faraday, 
ka is the adsorption ra te  and ao is the bulk act ivi ty of 
the adsorbed species. 

S. B. Brummer: The presence of faradaic current  cer-  
tainly does necessitate a correction to the concentra-  
t ion of the adsorbate at the electrode-solut ion in ter -  
face. However ,  one must  be cautious in the application 
of simple models to calcu]ate the concentrat ion of the 
electroact ive species at the interface, since this f re -  
quent ly  is not the original adsorbing material ,  but is 
the product of a (number  of) i r revers ib le  surface re-  
actions. In such a case, it would not be appropriate  to 
derive a 0eq from the observed ~ and the faradaic cur-  
rent.  

S. Schuldiner: An assumption is made that organic 
and H atom adsorption is addi t ive to one monolayer .  
This does not take into account that  both the adsorp-  
tion and absorption of H atoms can be influenced by 
the presence of organic species. 

S. B. Brummer:  In analyzing the s t ructure  of the ad- 
sorbed species, we have made use of cathodic H-a tom 
deposition and we have assumed that  ~org = 1 --  OH. 
(0~ is the fract ion of H-a tom deposition charge com- 
pared with  an organic- f ree  surface, and 0or~ is defined 

as the fraction of the surface occupied by organic.) 
This procedure assumes: 

(a) That  the organic is not desorbed or reduced dur-  
ing the cathodic H-a tom charging. Conditions can be 
chosen to ensure that  these assumptions are true. 

(b) That at finite %rg, the only reason that  OH is 
< 1 is because of site coverage by the organic. Thus 
we assume that  the interact ion energy (or wha teve r  
de termines  the falI of H-a tom adsorption energy  wi th  
increase in coverage)  is similar  in magni tude  be tween  
H-organic  as between H-H. This is of course not l ikely 
to be t rue in general. One factor which tends to help 
this to be more probable, i.e., to ensure that  all the 
surface nbt occupied by organic is charged wi th  H-  
atoms during the charging process, is that in presence 
of organic the H2-overvol tage is higher.  This helps to 
deposit H-atoms on the organic- f ree  surface, despite 
unfavorable  energy considerations. In recent  exper i -  
ments, we have  compared the values of 8org obtained 
above with  those obtained f rom anodic H-a tom strip- 
ping. In the la t ter  case, the effect of interactions 
would be more deleterious because the potential  (say 
in the range 40.03 to ~0 .1v  vs. R.H.E.) can be 
changed so as to a l ter  the init ial  (organic-free)  H-  
atom coverage considerably. We appear to get good 
( <  10%) agreement  for values of 0org determined 
cathodically and those determined anodically f rom po- 
tentials where  the H-a tom coverage on a clean electrode 
is as low as 0.6 of a monolayer.  This we regard  as 
good evidence that  in this case (C3Hs in H3PO4) the 
assumption of only steric hindrance is reasonable. 

(c) The assumption that  the surface of the Pt  is 
just  as much or as l i t t le recept ive  to H-adsorpt ion is 
not necessary. We only assume that  in the short  t ime 
involved in the cathodic measurement  the difference 
between the behaviors  wi th  or without  the organic 
adsorbate is negligible. In exper iments  we have  re-  
cent ly carried out wi th  the adsorption of n-hexane,  
we find no difference whe the r  or not we  allowed the 
possibility of H-adsorption.  Hence, in this case at 
least, this possibility does not have  to be considered. 

A. Reed and E. Yeager: We are a t tempt ing to use in-  
f rared at tenuated total  reflection methods to examine  
the adsorption of organic species f rom aqueous solu- 
tions on germanium. The intensi ty  of the C-H st re tch-  
ing f requency ca. 2900 cm -1 is used as a measure  of 
the amount  of adsorption. Par t icular  systems under  
study include the Tritons, octanol, and stearic acid. 
D20 has been used as the solvent ra ther  than H20 
since the O-H stretching f requency of ordinary water  
masks the C-H absorption band. 

Severa l  difficulties are involved in such studies. 
First  is the difficulty of differentiat ing be tween  op- 
tical absorption due to the adsorbed species and that  
due to species in the bulk solution. Another  problem 
is the prepara t ion of a clean, wel l-defined surface 
wi thout  destroying the optical qual i ty of the ger-  
man ium surface. Present ly  the method is l imited by 
s ignal- to-noise  ratio, but  some improvement  of this 
appears possible. 

In the case of stearic acid, we have cast monolayer  
films on the germanium by a modified Langmui r -  
Blodgett  technique. With the germanium plate  in 
contact with solution containing negligible stearic 
acid, the monolayer  spectrum is quite evident.  Work 
is continuing in this area, and we hope to repor t  data 
under  controlled conditions in the near  future.  
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Effect of Polarization Field on Electroluminescence 

S. Kawashima 
Broadcasting Science Research Labaratories, Japan Broadcasting Corporation, Setagaya, Torkyo, Japan 

Many investigations about brightness waves of elec- 
t roluminescence (EL) have been published (1). Gen-  
eral ly speaking, in the brightness waves produced by 
sinusoidal wave excitation, two emission peaks, pr i -  
mary and secondary, appear for each half-cycle of the 
applied voltage. Since their emission mechanisms are 
considered to be different (2), analyses of them are 
rather  complicated. 

On the other hand, in the case of excitation by using 
pulse voltage, emission peaks appear only at the rise 
and fall of the pulse voltage, and the secondary peak 
usual ly does not appear. Hence, analyses of the phe- 
nomena become rather  easy. Nudelman and Matossi 
(3) observed the brightness waves of ZnS:Cu,Pb,  
separately, on blue and green emissions by using pulse 
voltage and analyzed the decay curve of the brightness 
waves. They concluded that the excitation process is 
due to inelastic collision of accelerated electrons with 
luminescence centers and that  the green emission is 
due to the electronic t ransi t ion via the conduction 
band, while the blue emission is due to the one wi th in  
the luminescence centers . .Br iggs  (4) observed the 
brightness waves of Zn(S,  Se) phosphors, also sepa- 
ra tely on blue and red emissions, by the use of pulse 
voltage having pulse width of 2 to 40 ~sec, and found 
that  the voltage dependence o6 emission in tensi ty  can 
be expressed as B = B0 exp ( - -C/V 1/2) in the same 
way as in  the case of sinusoidal voltage excitation. 
Tanaka (5) measured the brightness waves of ZnS:Cu,  
Pb phosphor by using a pulse voltage having very  
short rise and fall times. He found that  the decay 
curve of the emission at the fall  of pulse voltage fol- 
lows bimolecular  law and that the t ime constant  of 
the decay curve increases with increase of tempera-  
ture. 

In  the present  work, bui ld-up of brightness waves 
under  excitation by pulse voltage superposed with d-c 
voltage were studied and compared with steady-state 
brightness waves. 

Experimental Method 
A ZnS:Cu,I  phosphor which exhibits only blue 

emission and a ZnS:Cu,A1 phosphor which exhibits 
only green emission were used in order to facilitate 
the analyses of the phenomena.  A "vacuum type" EL 
cell using no embedding mater ial  was used lest errors 
be introduced. Namely, phosphor powders were coated 
on a metal  plate electrode with alcohol, and then were 
dried. "Nesa" electrode was placed on the phosphor 
layer, and the cell was mounted in  a vacuum chamber. 
Two sheets of Mylar film were inserted between the 
two electrodes and the phosphor layer  to prevent  the  
carrier inject ion from the electrodes. 

The pulse generator used is capable of producing 
both a-c and d-c pulses. D-c pulse was obtained by 
cut t ing the a-c component with the diode. For superpo- 
sition of d-c voltage on the pulse voltage, a bat tery was 
connected to the output  of the pulse generator in series 
with the EL cell. This pulse generator can supply 
voltages of 1500 peak- to-peak volts (vpp) at maxi -  

mum and of frequencies ranging from 50 to 10,000 
pulse per second (pps). Both the rise and decay time 
of the pulse voltage were below 0.5 ~sec even an EL 
cell of about 30 pF was loaded. 

The light emitted from the EL cell was detected by 
means of a type 1P21 photomult ipl ier  tube whose out-  
put  was displayed on a Tektronix  545 oscilloscope 
coupled with dua l -beam preamplifiers. 

Results 
1. Brightness waves are independent  of whether  the 

EL cell is operated by a-c pulse or d-c pulse. Further ,  
in the case of excitation by pulse, sinusoidal and half-  
wave sinusoidal voltage, superposition of a d-c voltage 
on the exciting voltage does not affect the brightness 
wave. 

In  Fig. 1, the brightness wave produced by half-  
wave sinusoidal voltage is compared with that when  
positive or negative d-c voltage is superposed on it. 
The peak height of the ha l f -wave  voltage in this figure 
is about 500v and the superposed d-c voltage is 360v. 
It is interest ing that  there is almost no difference be- 
tween these brightness waves, although the super-  
posed d-c voltage is near ly  the same order in magni -  

Fig. 1. Brightness waves under half-wave sinusoidal voltage. 
Frequency is 50 cps, phosphor used is ZnS:Cu,I. a (Top), no bias; 
b (center), negative bias; c (bottom), positive bias. 

1083 



1084 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  O c t o b e r  1966 

Fig. 2. Effects of superposed d-c voltage on the brightness waves 
of evaporated EL cell. Frequency of half-wave sinusoidal voltage 
is 150 cps and zero-to-peak voltage is about 180v. EL cell is 
made of evaporated ZnS:Mn thin film. a (Top), no bias; b (center) 
negative bias; c (bottom), positive bias. 

tude as the ha l f -wave  sinusoidal voltage and the 
shapes of these brightness waves are considerably 
complicated. It is inferred from this that  an in te rna l  
field, ~.e., a polarization field, which cancels the super-  
posed d-c field, is set up in the phosphor crystal. 

Brightness waves of an evaporated EL cell when ex-  
cited by ha l f -wave  sinusoidal  voltage are shown in 
Fig. 2. Here, as is clear from the figure, effects of the 
superposed d-c voltage are conspicuous. This EL cell 
was prepared by evaporat ing a Z n S : M n  phosphor in 
vacuum on a Nesa glass and by using a luminum as 
the metal  electrode. Since the electrodes are in  con- 
tact with the phosphor layer, it is expected that car- 
r ier  injection from the electrodes takes place. Conse- 
quently,  it is believed that  brightness waves are 
greatly varied, because a polarization field large 
enough to cancel the superposed d-c field hardly grows 
up in this case. 

2. Since the polarization field has not been set up in 
the EL cell dr in  the phosphor particles before the 
field application, it is expected that unusua l  phenomena 
may be found in the bu i ld-up  of the brightness wave, 
as the bu i ld-up  process of such a polarization field 
proceeds. Then, the bu i ld-up  characteristics of the 
brightness wave were measured by using a pulse volt-  
age superposed with a positive or negative d-c voltage. 
Frequency  of the pulse voltage was 1000 pps, pulse 
width was 200 ~sec, and the polari ty of the pulse volt-  
age was negative in all cases. Pulse voltage of 600 vpp 
was applied to the EL cell of about 100~, in thickness. 
D-c voltage superposed was ~1000 or --1000v. Since 
the bu i ld-up  of brightness wave is very sensitive to 
the historical state of the EL cell, the i r radiat ion of 
infrared light was given to the cell in all cases before 
the field application so as to prevent  the fluctuation of 
results. 

The exper imenta l  results are given in  Fig. 3. Let 
the emission peaks corresponding to the rise and fall 
of the pulse voltage be denoted by Pr and Pf, respec- 
tively. In  general, when the EL cell was excited by 
the pulse voltage having a pulse width much shorter 
than the pulse-off period, the height of Pr was slightly 

Fig. 3. Effects of superposed d-c voltage on the build:up char- 
acteristics, a (Top), no bias; b (center), negative bias on negative 
pulse; c (bottom), positive bias an negative pulse. 

smaller than that of Pf. In  the case of d-c pulse excita- 
tion, both Pr and Pr increase gradual ly and approach 
the steady-state height. However, when  a negative 
voltage of the same polarity as that  of the pulse volt-  
age is superposed, Pf is very large from the outset and 
then decreases gradual ly  to the steady-state  height, 
while Pr increases gradually.  The opposite is the case 
with the superposition of a positive d-c voltage. 

These facts show that the excitation due to the 
polarization field must  be taking place, and that  the 
t ransient  process in  which the polarization reaches the 
steady state corresponds to the bu l id-up  of the br ight-  
ness wave. 

3. The polarization field observed in the above ex- 
periments  is not a t t r ibutable  to Mylar films used for 
electrical insulation. In  order to ascertain this, similar 
experiments  were performed by using pulse voltage 
of frequency 100 pps. It was found that the brightness 
wave reaches steady state wi th in  near ly  a same n u m -  
ber of cycles of the applied voltage as in the case of 
1000 pps. If a polarization field is set up in Mylar film, 
it is expected that  the brightness wave reaches steady 
state after a fixed period determined by the capaci- 
tance of the Mylar film. Consequently,  it is concluded 
that the polarization field is set up wi thin  each phos- 
phor particle. 

Discussion 
Exper imental  results described in the previous sec- 

tion provide a clear evidence for the new model of 
EL proposed by Fischer (6), that  the excitation due to 
polarization field takes place dur ing  the EL process. 
That  the delayed emission mechanism proposed by 
Zalm (7) takes place in this "vacuum"- type  EL cell 
could be easily ascertained by the exper iment  using a 
sinusoidal voltage superposed with a short pulse volt-  
age on it. Consequently,  P~ of the brightness wave 
under  a d-c pulse excitation corresponds to the emis- 
sion from the region that has been previously excited 
at the rise of the pulse voltage, while Pr corresponds 
to the emission from the region that  has been excited 
at the fall of the pulse voltage. Hence, it  is concluded 
that the excitation due to the polarization field takes 
place at the fall of the d-c pulse voltage in  almost the 
same degree as that  due to the applied field. The re-  
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sult of experiment  3 also supports this inference and 
shows that the polarization field is set up wi thin  each 
phosphor particle. Therefore, the excitation and emis- 
sion process in the case of d-c pulse excitation, can be 
interpreted in the following way. At field application, 
carrier  generat ion from conducting lines wi th in  the 
crystal (6) or impact ionization at a local high field 
region (8) occurs. Generated free electrons are swept 
toward the positive electrode side and recombine with 
luminescence centers which have been produced at 
previous excitation process, giving rise to the emission 
peak corresponding to Pr whi le  generated holes are 
rapidly trapped in  unexci ted luminescence centers and 
ionize them. As this process proceeds, a polarization 
field due to the ionized luminescence centers and ex- 
cess electrons which have been swept to the positive 
electrode side and trapped there, grow up so as to be 
large enough to cancel the applied field. 

At field removal,  excitation process due to this 
polarization field occurs in almost the same degree of 
magni tude  as that  due to the applied field, giving rise 
to the l ight pulse corresponding to Pf. 

On the other hand, in  the case of a-c pulse and 
superposition of a d-c voltage, the polarization field 
is considered to be set up so that  the applied field at 
an ins tant  just  before the field reversal  is almost can- 
celed in the steady state. Therefore, since the excita- 
t ion at the field application and reversal  are both 
near ly  equal in magni tude  to that  due to the applied 
peak- to-peak  voltage, l ight peaks Pr and P~ in  these 
cases are considered to be the same in shapes and 
heights as those in the case o~ d-c pulse excitation, 
respectively. 

Exper imenta l  results that steady state brightness 
waves produced by using sinusoidat and ha l f -wave  
sinusoidal voltage are not affected by the superposi- 

tion of a d-c voltage on the exciting voltage, are also 
explained in a similar way. 

Exper imenta l  result  shown in Fig. 3 can be in te r -  
preted by considering bu i ld -up  of the polarization 
field. When a negat ive d-c voltage is superposed on a 
negative pulse voltage, the intense negative field is 
applied at the ini t ial  rise of the negative pulse volt-  
age, giving a strong excitation. Consequently,  the light 
peak at ini t ial  fall  of the pulse voltage is large. Since 
a polarization field is bu i l t -up  gradually,  Pf at the fall 
of the successive pulses become small in height and 
approach steady-state  height. On the other hand, when  
a positive high field is superposed on the negative 
pulse voltage, excitation at the fall of the pulse volt-  
age is more intense than that  at the rise, dur ing the 
first several pulses. Hence, it is unders tandable  that  
light peaks at the rise of the first several pulses are 
large in height and decrease to the steady-state  height. 

Manuscript  received Jan. 4, 1966; revised manuscr ipt  
received May 3, 1966. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1967 JOURNAL. 

REFERENCES 
1. J. F. Waymouth,  Phys. Rev., 95, 941 (1954); F. E. 

Morehead, This Journal, 1{}5, 461 (1958); D. R. 
Frankl ,  Phys. Rev., 111, 1540 (1958). 

2. C. H. Haake, J. Appl. Phys., 28, 117 (1957). 
3. S. Nude lman  and F. Matossi, This Journal, 1{}1, 546 

(1954). 
4. G. R. Briggs, Bull. Amer. Phys. Soc., 2, 155 (1958). 
5. S. Tanaka,  J. Phys. Soc. Japan, 14, 1123 (1959). 
6. A. G. Fischer, This Journal, 11{}, 733 (1963). 
7. P. Zalm, Philips Research Repts., 11, 353 (1956). 
8. W. Lehmann,  This Journal, 104, 45 (1957); K. 

Maeda, J. Phys. Soc. Japan, 15, 205 (1960). 

The Chemical Polishing of Single Crystal 
a-Alumina Using Silicon 

J. 

Royal Radar Esr 

Epitaxial  layers of silicon grown on single crystal 
a lumina  promise to be very  useful  for electronic de- 
vices. Details have been published of the preparat ion 
of these layers by either the hydrogen reduct ion of 
silicon tetrachloride (1,2),  or tr ichlorosilane (3,4),  
or the pyrolysis of si lane (2-4). The a lumina  sub-  
strates are normal ly  prepared by mechanical ly polish- 
ing down to < 1~ diamond grade followed by a chemi-  
cal polish to remove the mechanical ly  damaged layer. 
A var ie ty  of chemical polishes have been used, the 
most common being based on either orthophosphoric 
acid, lead fluoride, or sodium borate. The resu l tan t  
surface finish however  is not  usual ly  of a very high 
standard,  an orange-peel  effect often being obtained as 
well  as occasional small  etch pits or facets. In  addi-  
t ion the removal  of the last traces of some of the 
polishing mediums from the substrate surface is dif- 
ficult. 

The work of Reynolds and Elliott (5) at the Post 
Office Research Stat ion on the vacuum deposition of 
silicon on single crystal a lumina  suggests that  it might  
be possible to polish chemically the a lumina  with sili- 
con. This technique would have the advantage that  
polishing could be carried out in  the silicon deposition 
apparatus thus e l iminat ing contaminat ion by residue 
from other chemical polishes or by handl ing  between 
the polishing and deposition processes. 

An invest igat ion into the feasibili ty of such a polish- 
ing process has been carried out using si lane diluted 
with hydrogen in  a system operating at  approximately 
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atmospheric pressure. The apparatus essentially con- 
sisted of a water-cooled vertical quartz reaction 
chamber connected via suitable valves and fiowmeters, 
to sources of high pur i ty  hydrogen and a 3% silane in  
hydrogen mixture.  The system could be evacuated to 
10 -4 mm Hg. The a lumina  substrates were cut on the 
(1]-02) or (211--3) planes from single crystal  boules 
grown by the Verneui l  process. They were mechani -  
cally polished down to 20~ diamond grade before plac- 
ing on a susceptor in the reaction chamber. The origi- 
nal  susceptor was made of silicon and induct ion 
heated. I t  contained a vitreous carbon inser t  to assist 
in the ini t ia l  coupling. 

Figure  1 is a micrograph of the (1102) surface of 
a lumina  after heat ing at 1240~ for 30 rain in  a flow 
of 20 l i t e r s /min  hydrogen and 25 cc /min  of 3% S i H J  
H2 mixture.  The surface is very uneven  consisting 
main ly  of a large n u m b e r  of very shallow pits each 
associated with a globule. The globules were obviously 
molten at the operat ing tempera ture  and therefore 
cannot  consist ent i re ly  of silicon. Microprobe x - r ay  
analysis has shown that  in  addition to silicon the 
globules contain an appreciable amount  of a luminum.  
This explains how they could be molten at 1240~ as 
s i l i con-a luminum alloys can have a mel t ing point  as 
low as 577~ 

It has been previously suggested (1) that  a lumina  
can be etched by silicon at elevated temperatures  ac- 
cording to the reaction 
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Fig. I. Silicon-aluminum alloy globules and associated etch 
pits on a (1T02) alumina surface. 

Fig. 3. Partially polished (1T02) alumina surface. Remains of 
mechanical scratches still visible. 

Fig. 2. Tracks left on the (1T02) alumina surface by migrating 
alloy droplets. 

H 2 
2Si ~ AI208--> 2SiO (g) W AI20 (g) 

The above result  indicates that, if the attack is severe 
enough, in addition to these two volati le compounds 
some free a luminum is also obtained. The exact mech-  
anism for the formation of the free a luminum is doubt-  
ful. The reduct}on of a lumina  by silicon to form alu-  
m inum is thermodynamica l ly  unfavorable  at 1240~ 
However such thermodynamical  calculations assume 
equi l ibr ium conditions whereas the present  reaction 
takes place in  a flow system under  conditions far re-  
moved from equil ibrium. 

The existence of s i l i con /a luminum globules on the 
a lumina  surface is obviously det r imenta l  to obtaining 
a smooth finish. This is due to the enhanced etching 
rate of the alloy compared to pure silicon which re-  
sults in pits if the globules are s tat ionary and tracks, 
Fig. 2, if they are mobile on the substrate surface. This 
is not the first t ime that  rapid attack of a lumina  by a 
silicon alloy has been observed. I t  has previously been 
reported (6) that  si l icon/gold alloys etch a lumina  at 
temperatures  as low as 750~ 

To avoid the formation of alloy droplets the silane 
concentrat ion in the gas flow was reduced. Figure 3 
is a micrograph of the surface of a substrate after 20 
min  in a gas flow containing 10 cc /min  of 3% SiI-I4/H2 
mixture,  other conditions were similar  to those for the 
previous sample. The attack was now fairly uniform, 
and no alloy droplets were observed. However, the 
etching rate was very slow, only 2~ of mater ia l  being 
removed in 20 min, and traces of scratches left by the 
20~ diamond grade are still clearly visible. 

To obtain more reasonable polishing rates higher 
temperatures  were indicated and so the silicon suscep- 
tor was replaced by one of high pur i ty  graphite. 

Fig. 4. Replica electron micrograph of silicon-aluminum globules, 
A, and etch pits on (2113) alumina surface. 

Fig. 5, Replica electron micrograph of etch pits on (2113) alumina 
surface after alloy globules have been removed. 

Figures 4-6 are replica electron micrographs of the 
(21~3) surfaces of two a lumina  samples which were 
etched by silicon at 1370~ for 8 rain in a gas flow of 
40 l i t e r s /min  H2 and 100 cc /min  3% SiH4/H2. The 
sample in  Fig. 5 and 6 was subsequent ly  heated in situ 
at 1250~ in a hydrogen flow of 20 l i ters / rain for 20 
min. 

The surfaces of both these samples were sufficiently 
polished to remove the scratches left by the mechani -  
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Fig. 6. Replica electron micrograph of etch figures on (2113) 
alumina surface. 

Fig. 7. Surface of (]]02) alumina polished with silicon at 1380~ 

cal polishing. However small  s i l i con /a luminum glob- 
ules, approximately 1~ diameter, were obtained, and 
these had etched small  pits. Fig. 4, which they almost 
fill. These alloy droplets were easily removed by the 
t rea tment  described above of heat ing the substrate in  
hydrogen only. Auxi l iary  experiments  have shown 
that  dur ing  the removal  of the droplets by this process 
any  etching of the a lumina  surface is confined to the 
regions beneath the globules. 

It is now possible to see the shape of the etch pits in 
more detail, Fig. 5. The sides are smooth and incl ined 
at an angle of approximately 4 ~ to the (2113) substrate 
surface. They must  therefore correspond to high index 
crystallographic planes. The fact that  the pit sides are 
faceted in  this manne r  and that  the globules all pene-  
trate the substrate in the same crystallographic direc- 
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tion indicates that  the etching rate of the alloy is 
orientat ion dependent .  

Figure 6 is a replica electron micrograph of another 
area of the surface shown in  Fig. 5. In  this region 
globules have not been formed and the etch figures 
consist of flat bottomed regions which have undergone 
uni form attack. A large proport ion of the edges of these 
etched regions are approximately al igned along the 
same crystallographic directions as those traced by the 
intersection of the (2113) a lumina  surface and the 
etch pit facets in Fig. 5. As the etched areas in Fig. 6 
are all of s imilar  depth, ~ 800A, a continuation of the 
etching process should result  in  the removal  of a un i -  
form layer, i.e., a polished surface should be obtained. 
The presence of alloy globules on another part  of this 
sample indicates, however, that  the silane concentra-  
t ion in  the gas stream is still sl ightly too high. 

A uni formly  polished surface was obtained on 
(1102) a lumina  at 1380~ using a gas flow of 20 l i ters /  
rain of H2 and  50 cc /min  of 3% SiH4/H2. Figure  7 
shows the completely featureless surface obtained over 
a wide area after polishing for 17 min. Examinat ion  
by replica electron microscopy also failed to reveal  
any surface imperfections. Under  the above conditions 
the a lumina  was removed at a rate of 1/2 ~/min. 

This invest igat ion has demonstrated that  it  is pos- 
sible to polish chemically single crystal a lumina  using 
only the gases normal ly  present  in the silicon deposi- 
t ion plant. The presence of a graphite susceptor, neces- 
sary in  this work to obtain the high substrate  tem-  
perature  (-~ 1400~ required for polishing, would not 
be satisfactory for the subsequent  process of deposit- 
ing the single crystal  silicon layer on the alumina.  This 
difficulty may be overcome by using a silicon carbide 
coated graphite susceptor which is compatible with 
both the high temperature  and pur i ty  requirements.  A 
silicon or silicon coated graphite susceptor could still 
be used if a very slow polishing rate was acceptable. 
This could be the case if the bulk  of the polishing were 
done by the chemical techniques at present  in use and 
the above technique was used only as a final cleaning 
and polishing procedure in the deposition plant. 
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Preparation of GaAs Specimens for Transmission 
Electron Microscopy 

E. Biedermann and K. Brack 

IBM Deutschland, IBM Laboratories, Boeblingen, Germany 

The th inn ing  of semiconductor specimens for t rans-  
mission electron microscopy by the we l l -known jet  etch 
technique (1, 2) requires special etching solutions for 
each mater ial  in order to obtain satisfactorily clean 
and smooth crystal surfaces. In  the following note, we 
report  on difficulties and results that were obtained in 
the preparat ion of GaAs specimens with different etch- 
ing solutions. 

Experimental 
The apparatus we used is essentially identical to 

that of ref. (1). The GaAs specimens were [111]o 
oriented crystal wafers with a diameter of 3 mm and 
a thickness of 0.3 mm. Two different etching solutions 
have been used: 

1. NaOC1-H20 solution (ratio 1:5) at 80~ (This 
solution is commonly used in  GaAs device fabricat ion 
for chemical surface polishing.) 

2. HCI-HeO~-HeO solution (ratio 40:4:1) at 20~ 
Both solutions had been found to fulfill the basic re-  
quirements  of giving reasonable etching rates of a few 
microns per minute  on both the As and the Ga-sides 
of the specimens, at the same time yielding optically 
smooth and clean surfaces on both crystal faces. 

Results and Discussion 
In  Fig. 1 and 2 t ransmission electron micrographs 

are shown of GaAs specimens prepared with etching 
solution 1 and 2, respectively. The microscope used is 
a Siemens Elmiscope I. The typical difference between 
the two preparat ion methods is evident. With solution 
1 (Fig. 1) a coarse grainy structure appears all over 
the crystal which at first sight might  be at t r ibuted to 
a high concentrat ion of small precipitat ion particles. 

With solution 2, however,  the crystals appear clear 

and almost faultless. Only a few of the familiar  crystal 
defects, dislocations and stacking faults are found 
(shown in  Fig. 2). 

We conclude, therefore, that  the grainy structure of 
Fig. 1 is not an intr insic  property of the GaAs crystal. 
It must, instead, be caused by the reaction of solution 
1 with the GaAs surface. Our efforts to obtain more 
information on a possible surface layer by t ransmis-  
sion electron diffraction, however, failed. No reflexes 
besides those of the GaAs crystal  could be found. Thus, 
we are present ly  not in a position to give a detailed 
in terpre ta t ion of the observed transmission contrast 
in Fig. 1. For the preparat ion of t ransmission speci- 
mens of GaAs, however, only solution 2 can be recom- 
mended. 
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Fig. 1. Electron transmission micrograph of a GaAs sample 
thinned down with NaOCI -4- H20. The grainy structure is pro- 
duced by the NaOCI etch. 

Fig. 2. Electron transmission micrographs of HCI-H~O2-H20 
etched GnAs samples. Usual crystal defects are shown (compare 
Fig. I ). 
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The Vapor Pressures of Titanium 
Tetrabromide and Chromium Carbonyl 

A. A. Boni 
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For TiBr4 solid-gas equil ibrium, three independent  
results have been previously  published (1-3). The re-  
sults of Hal l  et aI. (1) are lower  than the results of 
Seki (2) by approximate ly  one order  of magnitude,  
but agree well  with the data of Keavney  and Smith 
(3). Fur thermore ,  the heats of subl imation were  found 
to be 16.2, 12.15, and 16.17 kcal /mole ,  respectively.  The 
data of Seki (4) were  obtained by the use of a glass 
spring manomete r  and those of Keavney  and Smith  
(3) wi th  a manomete r  uti l izing minera l  oil as the 
working fluid. The results of Hall  et al. (1), however ,  
were  der ived f rom measurements  made on l iquid t i ta-  
n ium te t rabromide  together  wi th  the heat  of fusion 
and ACp for the sublimation process. 

The solid-gas equi l ibr ium vapor  pressure of chro- 
mium carbonyl has been obtained by Wilkerson (5) 
and by Hieber  et al. (6). These results a re  in complete  
agreement ,  but differ considerably from those of 
Windsor and Blanchard (7). 

Experimental 
We have measured the equi l ibr ium vapor  pressure  

above TiBr4 and Cr(CO)6 by using a precision fused 
quartz-spiral ,  bourdon- tube  gauge which is sold com- 
mercial ly  by the Texas Ins t ruments  Company (Model 
No. 140A). The vapor  pressure of the sample was de- 
termined by measur ing the rotat ion of the bourdon 
tube f rom its equi l ibr ium position due to the pressure 
of the vapor. The equi l ibr ium position is defined by a 
zero pressure difference be tween the inside of the 
tube and the exter ior  environment ,  which was evacu-  
ated in order to provide  a constant absolute reference 
pressure. The angular  deflection of the tube is de ter -  
mined by the unbalance of a pair  of photocells which 
were  previously aligned in the equi l ibr ium position. 
The quoted accuracy of the gauge is 0.003 mm Hg mini -  
mum resolut ion and 0.006 mm Hg repeatibil i ty.  In 
order  to de termine  the pressure-rota t ion curve  of the 
bourdon-tube,  a McLeod gauge was used. The system 
was completely evacuated  to a pressure level  of less 
than 10-4 mm Hg for a period of several  days. A small 
quant i ty  of dry argon gas was admit ted to the system 
and the pressure was read with  the McLeod gauge. 
The system was then reevacuated and filled again in 
order to obtain cal ibrat ion curve  over  the pressure 
range f rom 10 -3 to 10 mm Hg. 

The bourdon tube was connected to a sample reser -  
voir  and the vacuum pumping system through an al l -  
glass apparatus. Pump oil f rom the diffusion pump was 
p reven ted  f rom backst reaming into the system by us- 
ing a l iquid ni t rogen cold trap. When a vapor  pressure 
measurement  was made, the cold t rap was excluded 
from the system in order  to p reven t  condensation of 
the sample vapor. The complete  system was checked 
for leaks wi th  a hel ium leak detector and the leak ra te  
was found to be less than 1 • 10 -0 scc/sec of helium, 
which was quite acceptable for the purposes of our 
measurements .  

The test crystals were  t ransfer red  f rom sealed glass 
ampoules in which they were  received into glass sam- 
ple reservoirs  in a dry box which was filled wi th  dry 
argon in order to p reven t  contaminat ion of the sample. 
The pur i ty  of these samples was guaranteed by the 
respect ive manufac turers  to be a min imum of 99.5%. 
The sample reservoir  was surrounded with  dry ice 
while still in the iner t  a tmosphere and was then r a p -  

idly at tached to the test apparatus. The test apparatus 
itself had been evacuated overnight  to a pressure leve l  
of less than 10 -4 mm Hg. The sample reservoir  was 
evacuated for a period of several  hours whi le  main-  
taining the dry- ice  bath. The dry- ice  bath was then 
removed,  and for a period of one day the crystals w e r e  
distil led under  vacuum into another  sample reservoir  
which was connected to the remainder  of the system. 
The re jected parts of the sample were  then sealed off. 

In order to obtain data at t empera tures  both above 
and below room temperature ,  the reservoir  containing 
the test sample was surrounded by a wate r  bath. The 
bath was heated with  a s tandard electric heat ing unit, 
the heat  input  of which was controlled by a mercury  
thermoregulator .  Low tempera tures  were  attained by 
using an ice bath. Uniform composit ion of the water  
bath was mainta ined by using an electrical  s t i r r ing 
unit, and the tempera ture  was measured with  an i ron-  
constantan thermocouple.  This system was capable of 
achieving over -a l l  t empera ture  control to wi th in  
__ 0.3~ 

All portions of the system which were  not in con- 
tact wi th  the constant t empera tu re  bath were  wrapped 
with electrical  heat ing tape and heated to a t empera -  
ture larger  than the heat  bath tempera ture  at which 
the measurement  was made in order to p reven t  con- 
densation of the sample vapor in the system. The 
quartz bourdon tube itself was heated with  a the rmo-  
s ta t -control led heat ing unit  which is buil t  into the in-  
strument.  

Table I. Vapor pressure of titanium tetrabromide 

T e m p e r a -  P r e s s u r e ,  
t u r e ,  ~  m m  H g  ( l o g  P ) o b s  --  ( l o g  P )  e~Ic* 

2 7 5 . 3  0 . 0 1 3 0  + 0 . 0 0 8  
2 7 6 . 2  0 . 0 1 4 3  + 0 . 0 0 5  
2 7 7 . 5  0 . 0 1 5 6  - -  0 . 0 1 6  
278,3 0.0182 + 0.013 

280.4 0 .0221  0.000 
2 8 3 . 9  0 . 0 3 1 2  - -  0 . 0 0 9  
2 9 0 . 8  0 . 0 6 7 7  + 0 . 0 2 4  
2 9 1 . 8  O .0703 -- 0.003 

2 9 4 . 8  0 . 0 9 9 0  + 0 . 0 1 7  
2 9 6 . 6  0 . 1 1 2 0  0 . 0 0 0  
2 9 8 . 2  0 . 1 3 3 0  + 0 . 0 0 8  
3 0 7 . 6  0.2820 -- 0 , 0 0 3  

311.2 0.4030 --0.020 

* C a l c u l a t e d  f r o m  E q .  [ 2 ] .  

Table II. Vapor pressure of chromium carbonyl 

Tempera- P r e s s u r e ,  
ture ,  ~  m m  H g  ( l o g  P )  ob~ --  ( l o g  P )  ca1 c* 

2 7 4 . 0  0 . 0 1 3 0  + 0 . 0 0 7  
2 7 7 . 2  0 . 0 1 8 2  - -  0 . 0 0 4  
2 8 7 . 2  0 . 0 5 4 7  + 0 . 0 0 4  
2 9 3 . 0  0 . 1 0 4 0  + 0 . 0 2 0  

2 9 4 . 7  0 . 1 1 9 8  + 0 . 0 1 3  
3 0 1 . 7  0 . 2 1 8 0  - - 0 . 0 2 1  
3 1 0 . 7  0 . 5 0 3 0  --  0.006 

* C a l c u l a t e d  f r o m  E q .  [ 3 ] .  
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Fig. 1. Vapor pressure of titanium tetrabromide 

Results 
The exper imental  data are presented in  Tables I and 

II and plotted in Fig. 1 and 2. The heat of subl imat ion 
may be obtained from these data by integrat ing the 
Clausius-Clapeyron equation re la t ing the equi l ibr ium 
properties of the solid to those of the equi l ibr ium 
vapor. After  integration,  a relat ionship of the follow- 
ing form is obtained 

4.575 log10 p = - -  (AH/T)  -t- B [1] 

Results  ]or TiBr4.--A least squares fit of our data 
(see Table I) results in  the following expression for 
the vapor pressure of TiBr4 

logz0p (mm Hg) = - -  (3621/T) -b 11.26 [2] 

Thus we find for the heat of sublimation, hH, the value 
16,570 _ 200 cal/mole. We may compare this with that  
obtained in ref. (1) by  using their vapor pressure 
equation to calculate a heat of subl imat ion corre- 
sponding to a tempera ture  in the middle of the range  
reported in  this study, e.g., 293~ This results in a 
value of 1'6,240 cal/mole. Thus, we are in good agree- 
men t  with the results of Hall  e t a [ .  (1). 

Resul ts  ]or Cr (CO) 6.--For Cr (CO) s, we obtained the 
relat ion 

loglo p (mm Hg) : -  (3737.7/T) -~ 11.750 [3] 

Therefore, our value for the heat of subl imation is 
17,092 ~- 200 cal/mole, which is in good agreement  

ex~, X = Wilkerson 4 

EO. I  
=E 

ODI 
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Fig. 2. Vapor pressure of chromium carbonyl 

with Wflkerson's estimate of 17,200 cal /mole  and 
17,180 cal /mole  as reported by Hieber et at. 
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Selected Area Deposition of Single Crystal Silicon on 

Amorphous Quartz 
J. D. Filby and  S. Nie lsen 

Royal Radar Establishment, Malvern, England 

The authors recent ly  reported progress toward the 
deposition of single crystal  layers of silicon on amor-  
phous quartz (1), showing that crystall i tes as large as 
300g in diameter  could be achieved using an ul t ra thin  
layer  of alloy (2), a var ia t ion of the V.L.S. process (3). 
In this work  silicon was sublimed or evaporated on to 
a quartz substrate held at a t empera ture  be tween 700 ~ 
and 800~ Immedia te ly  pr ior  to the deposition of the 
silicon, the quartz surface was washed and degreased 
and coated with  a layer  of gold 1-2000A thick. It  was 
proposed that  the gold produced an ul t ra thin  gold- 
silicon alloy layer  over  the substrate surface and that  
this alloy layer  influenced the nucleat ion and growth 
of the silicon, thus enabling the large crystall i tes to 
be formed. Fur ther  progress is now reported which 
enables single crystal  regions of silicon to be deposited 
on preselected areas of the amorphous quartz. 

It was first noticed that  a selected area deposition on 
the quartz surface was often obtained accidental ly 
(e.g., Fig. 1). It was thought  that  this was caused by 
preferent ia l  deposition in a groove or depression on the 
quartz surface. Cer ta inly  preferent ia l  deposition was 
observed in artificially induced grooves, but the effect 
was not reproducible.  

Exper iments  using ul t ra thin  si l icon-gold alloy layers 
have shown that  the alloy attacks most substrates, in-  
eluding sapphire (4), magnesium oxide, quartz,  
tanta lum pentoxide,  and silicon nitride. The at tack 
can remove  a considerable thickness of the substrate 
and, since silicon takes par t  in the attack, very  lit t le 
deposition of silicon is obtained. This suggests that, if 
it is possible to prevent  the attack in selected areas, 
preferent ia l  deposition could be obtained in those 
areas. One possible technique for protect ing the quartz  
is to evaporate  on it a meta l  which does not alloy with  
either silicon or gold below 1000~ Two suitable 
metals  are tanta lum and tungsten and areas of these, 
25~ square, were  evaporated on to amorphous quartz  

substrates using electron microscope grids as masks. 
The evaporat ion took place in a convent ional  mercury  
pumped system at a pressure of ~ 10-~ mm Hg using 
a Varian e -gun evaporat ion source. A 1000A thick 
layer  of gold was then evapora ted  over  the ent ire  sub-  
strate surface from a res is tance-heated tanta lum boat. 
Final ly  the substrate was t ransferred to a sublimation 
apparatus (5) where  silicon was sublimed on to it at 
the rate  of 1 ~/hr,  the substrate t empera ture  being in 
the range 850~176 

Tanta lum was used as the protect ive meta l  for the 
sample shown in Fig. 2. The only deposit between the 
protected areas consists of solidified si l icon-gold alloy, 
whereas  each of the tanta lum areas is covered by a 
layer  of silicon approximate ly  5~ thick. The silicon 
layers sit on top of quartz  mesas, approximate ly  2~ 

Fig. 2. Single crystal silicon areas deposited on amorphous quartz 
in regions preselected by covering with a tantalum film. 

Fig. 1. Single crystal silicon grown in a groove on amorphous quartz 
Fig. 3. Dash etched surface of one of the single crystal regions 

shown in Fig. 2. 
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~ . . U  I p~--- -2KV 
SHtELD - -  

HEATED TUNGSTEN FILAMENT 

SILICON SOURCE I 1 ~ 
QUARTZ SUBSTRATE 
MOLYBDENUM H O L D ~  ' H ' A : ~ - I  
THERMOCOUPLE-- = =:= = ~: i--'_----:.'*-~ ~-~r ' 

{/~ BKV 
Fig. 4. Schematic diagram of evaporation apparatus 

Fig. 5. Early stage of growth on tantalum protected regions of 
polycrystalline silicon layer obtained by evaporation. 

high, created by the etching of the unprotected quartz 
dur ing the deposition process. 

Examinat ion  of the silicon areas to ascertain 
whether  they were single crystal was difficult. They 
were too small to examine individual ly  by electron 
or x - r ay  reflection diffraction techniques, and electron 
transmission studies were complicated by the necessity 
to hold and thin these small  areas. The evidence ac- 
cumulated,  however, indicates that the silicon areas 
are single crystal. The pat terns obtained from an x-  
ray Laue back reflection examinat ion  of the region 
containing the silicon islands includes spots, as well  
as the diffuse r ings due to the amorphous quartz. 
These spots could only have originated from the sili- 
con areas, indicat ing that  they are crystalline. Treat ing 
the sample with a Dash etch to reveal  stacking faults 
produced no effect (Fig. 3). This etch normal ly  reveals 
grain boundaries and in the case of amorphous or 
finely polycrystal l ine silicon very bad staining is ob- 
tained. Its lack of effect on the present  sample is 
strong evidence that the silicon islands are in  fact 
single crystal. Although selected area deposition using 
tan ta lum areas on quartz in the presence of an u l t ra -  
th in  layer of gold has been demonstrated in many  ex-  
periments,  the effect could not be obtained consis- 
tently,  suggesting that  the many  variables in  the 
system are not easy to control. 

For  some device purposes the u l t ra th in  alloy zone 
crystallized technique has the disadvantage that  the 

alloying metal, in this case gold, is incorporated in  the 
silicon layer up to the l imit  of solid solubil i ty at the 
deposition temperature.  Also the existence of the alloy 
between the silicon islands means that they are not 
always electrically isolated from each other. Possible 
ways of e l iminat ing the need for the gold layer have 
therefore been studied. 

It  has been the authors '  experience that, besides re-  
ducing the temperature  required for epitaxial  deposi- 
tion, the u l t ra th in  layer of gold general ly lowers the 
mi n i mum tempera ture  at which silicon will  chemically 
attack the substrate. This suggests that silicon would 
still attack quartz, in the absence of gold, if the tem- 
pera ture  were high enough. An  a t tempt  was therefore 
made to deposit selective areas of single crystal using 
a higher tempera ture  instead of an u l t ra th in  alloy. To 
achieve the higher substrate temperatures  it proved 
necessary to use an evaporat ion rather  than  a subli-  
mat ion procedure. The evaporat ion apparatus is shown 
diagrammatical ly  in  Fig. 4 and is similar to that  used 
by Gasson (6). 

P re l iminary  experiments  showed that  for an evap-  
oration rate of approximately l ~ / m i n  no silicon was 
deposited on plain quartz substrates above 1325~ as 
measured by the thermocouple in the substrate holder. 
The measured tempera ture  may, of course, be different 
from the actual tempera ture  of the substrate surface. 
Having established the tempera ture  above which de- 
position on the quartz surface did not take place, the 
plain quartz samples were replaced by those contain-  
ing areas protected by t an ta lum or tungsten  spots. 
These were heated to 1350~ and silicon evaporated on 
them at the above rate. Examina t ion  showed that 
there was no deposit on the unprotected areas, but  
that the protected areas were  covered by  i r regular  
grains of silicon. Although the grains are quite large, 
single crystals covering the whole of a protected area 
have not been observed to date. The grain size at an 
early stage of the silicon deposition on areas of tan-  
ta lum on quartz is shown in Fig 5. 

If the substrate tempera ture  was raised to above 
that for the formation of a l iquid alloy be tween silicon 
and tan ta lum or tungsten  (1385 ~ or 1400~ respec- 
t ively) ,  then no silicon was deposited at all, and the 
substrate was etched one and a half times more 
rapidly by the alloy than by the silicon. This resulted 
in a series of pits in  the "protected" areas. 
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Periodic Variation of Exchange Current Density of Hydrogen 
Electrode Reaction with Atomic Number and Reaction Mechanism 
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ABSTRACT 

A survey of recent  results shows that the activity log io is a periodic 
funct ion of the atomic number  for each long period. It is concluded that  the 
bulk  properties of electrode dominate its activity. Also, log io decreases 
l inear ly  with heat o~ adsorption or increases l inearly with work funct ion for 
the t ransi t ion metals, but  remains  unchanged for the metals following them 
(the ascending metals) .  These relations are qual i tat ively interpreted by the 
catalytic and the electrochemical mechanism for the t ransi t ion and the ascend- 
ing metals, respectively. 

The hydrogen electrode reaction 

2H + 4- 2e -  = He [1] 

is one of the simplest and the most fundamenta l ly  
impor tant  reactions among various kinds of hetero-  
geneous catalyses, and its solid unders tanding  would 
be a milestone in the approach toward complicated 
features of catalysis. The electrochemical study of 
catalysis general ly has the advantage in comparison 
with chemical studies that  one can easily follow a 
reaction over a wide range of exper imenta l  conditions, 
especially of free energy difference between reactants  
and products, which makes it  possible to observe 
kinetics even on a catalyst of little activity. The hy-  
drogen electrode reaction has been studied most ex- 
tensively on various metals, and work on it  has ac- 
cumulated increasingly especially during the last dec- 
ade. Most of this work is much more rel iable than 
earlier work, in the sense that par t icular  precautions 
have been taken against contaminat ion of solution and 
electrode surface. 

The present  comprehensive survey of the results 
shows that the activity of metals for the reaction, ex- 
pressed by the exchange current  density io (amp/cm2),  
varies widely, namely  from the largest value reported 
on Pd, of log io = --1.2, to the lowest one on Pd, of 
--12.9, and it varies even on the same metal, for ex- 
ample, f r o m - - 3 . 1 5  to --7.04 on Au. Such variat ions 
in  the activity should be caused by several  factors, 
such as bulk  property of the electrode material ,  sur-  
face state of the electrode, and composition of the 
solution. 

The present  paper is concerned with the decision 
about the determining factor for the activity and with 
the elucidation of the mechanism for the hydrogen 
electrode reaction. This is done by  re la t ing the ac- 
t ivity of various metals to their properties such as 
atom_ic number ,  heat  of atomization of the metal,  heat  
of adsorption of hydrogen on the metal, work func-  
tion, etc. 

Review of Results Reported and the 
Determining Factor 

Table I shows the results of observations and ex- 
per imenta l  conditions, reported dur ing the past ten 
years main ly  till 1964 (1-61), which were available 
to the author. The exchange current  density, io, was 
determined by extrapolat ing the current  density, i, 
to n ---- 0 according to the Tafel equation 

~1 = a + b l o g i  

where a and b are constants and ~ is the overvoltage, 
defined as 1 

FTI =/~ ( e - )  - -  ~ (e - )eq  [2] 

in terms of the chemical potentials,  ~ ( e - )  and ~(e-)eq,  
of metal  electrons under  working and equi l ibr ium 
conditions. 

Activi ty  and atomic number  (62) .~In  Fig. 1, the 
logari thm of the exchange cur ren t  density is plotted 
against the atomic number  of electrode metals; the 
symbols, * ,  � 9  and �9 represent  the values obtained, 
respectively, in  acidic, alkaline, and neut ra l  solutions. 
In  the case where two l inear  parts  appear in  the ~-log 
i plot, i was extrapolated from the part  at lower n.1 

Table I and Fig. 1 are discussed below. 

1. Periodicity of the act ivi ty .--The results on the same 
metal  fluctuate considerably, especially in cases of 
Rh, Pd, W, Au, and Pd, but  still the log io values 
of the respective metals studied are basically a peri-  
odic funct ion of the atomic number ,  as shown by the 
dotted lines in  Fig. 1; in  other words, in each long 
period of the Periodic Table, the activity increases 
first with atomic number ,  reaches a m a x i m u m  at the 
metals of group VIII, decreases quite sharply with a 
m i n i mum at the metal  of IIB or IIIB, and then in-  
creases again with fur ther  increase of the atomic n u m -  
ber. The activity varies in  a par t icular ly  similar way 
in  the second and the third long periods, reveal ing 
precise periodicity. It  may be noted that  the third 
metal  of any triad of group VIII shows a tendency to 
have the highest activity. The present  distinct max-  

1 0 v e r v o l t a g e  a s  u s e d  i n  t h i s  p a p e r ,  i s  t h e  n e g a t i v e  v a l u e  o f  t h e  
p o t e n t i a l  o f  t h e  t e s t  e l e c t r o d e  r e f e r r e d  t o  t h a t  o f  t h e  r e v e r s i b l e  

e l e c t r o d e  u n d e r  t h e , s a m e  condi t ions .  

acidic soln. 
X alkaline s0~n, 
o ~euffa( so(m 

1- ~ i /  
-Io I 

# 
I 
T 

,4 
, I ~,' • 

I | 
t I I 

x;,,-" "_ J 

~5 ~0 4? 4s so 4/ 7s 8o 
. , . i . . . .  L . ~ . . . .  L . . L . 

"J'} V Cr HnFe Co N Cu Zn 8a 8e Nb Ha Tc Ru Rh Pd A9 Cd In Sn Sb Te ]:a W fie Os ~r FE ~,u I~g 1:115bBi" 
3 d 2 3 5 5 6 7 8 1 0 1 0 1 0 1 0  4d4557810101010101010 5d3456791010101010 
4 s 2 2 1 2 2 7 ~ 7 1 2 7 2  5 s l 1 2 i 1 0 1 2 Z 2 2 2  6 s 2 2 2 2 2 1 1 2 2 2 2  
4p 1 2  5p ] 2 3 4  6p 1 2 3  

Fig. 1. Observed log io on various metals (1-61). The dotted 
lines indicate the periodic variation of log io with the atomic 
number. - - e - - ,  acidic solution; X, alkaline solution; % neutral 
solution. 
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imum of the activity at metals of group VIII is also 
found in other heterogeneous catalyses, e.g., the iso- 
topic exchange in molecular hydrogen (63), the hy-  
drogen-oxygen reaction (64), the synthesis and de- 
composition of ammonia (65), and the recombinat ion 
of atomic hydrogen (66). The metals of group VIII 
have thus the largest activity for a host of impor tant  
heterogeneous catalyses. 

A similar periodicity for the hydrogen electrode 
reaction has been suggested by Bockris (29b) and re-  
cently by Khomutov (67) with regard to the over-  
voltage of metals at a certain definite current  den-  
sity. In  the former work, however, the periodicity in 
the first long period is incomplete because of lack of 
observations, and in the lat ter  only those in  hydro-  
chloric or sulfuric acid are included. Moreover, only 
one or two values for each metal  are used in these 
works; this appears insufficient for remarks on the 
points 2 and 3. 

2. Effect ol composition ol the solution on a c t i v i t y . -  
The log io value for the same electrode mater ial  fluc- 
tuates apparent ly  without  correlation with pH by 1 
2 in most cases, whereas the fluctuation is much larger 
in the cases of Rh, Pd, and Pb, amount ing  to ca. 6 at 
most on Pb. The lat ter  group of metals might  have 
to be re-examined,  since the observations in alkal ine 
solution are scanty and extremely scattered. No cor- 
relat ion of activity is found either with respect to 
var iat ion of the anion of the acid as seen, for example, 
in  the case of Ni in  Table I, where the log io values 
are, respect ively , - -5 .4  (1N HC1) (30) , - -5.87 (8) and 
--5.24 (18) (,both 0.1N HC1),--5.22 (0.5N H2SO4) (17), 
--5.2 (0.15N HC104) (32), and --5.7 (1M HC104) (36). 

The activity appears similarly to have no correlation 
with the kind of solvent in the electrolyte solution, 
as exemplified by the log io values of the mercury  
electrode, i.e., --11.8, --11.5, --10.8, and --10.8, respec- 
tively, for 0.1M HC1 solution in water, methyl  alcohol, 
ethyl  alcohol, and n -propy l  alcohol (26). The log io 
values in heavy water  are, however, smaller in all 
cases than those in  ordinary water, and its isotopic 
difference varies from 0.95 for Ag to 0.17 for Pt, be- 
ing 0.55 on an average (8,20). 

3. Effect of t reatment  of the e lec trode.~The elec- 
trode of nickel, which is one of the metals studied in 
detail, was subjected to a wide variety of treatments,  
as seen from the third column of Table I, i.e., reduc-  
tion of a wire in  hydrogen atmosphere, electrodepo- 
sition of Ni from NiSO4 solution, anodic or chemical 
polishing of a single crystal, quenching of the melt  in 
hel ium atmosphere, evaporat ion of Ni on a glass wall, 
etc. However it is apparent  from Fig. 1 that the log 
io values of nickel electrodes subjected to the above 
t reatments  are not very different from each other. 
Hence, the activity appears to depend not so much 
on the t rea tment  as on the atomic number .  The same 
is the case with most of the other metals. 

Piontelli ,  Bicelli, and LeVecchia (32) and Weininger  
and Breiter (37) observed Tafel lines individual ly  on 
(100), (110), and (111) lattice planes of the fcc crystal  

of Ni; Piontel l i  et al. observed with anodically treated 
electrodes that  the log /o values of the respective lat-  
tice planes differed by  0.35 at most, while Weininger  
et al. found, with chemically polished electrodes, prac-  
tically no difference in  the log io values between the 
lattice planes. 

4. Liquid and solid surlaces.--It  is of interest  that  the 
activity of l iquid mercury  conforms to the periodicity 
of the activity of solid electrodes as i l lustrated in Fig. 
1. In  the ,case of gallium, the act ivi ty is much the 
same whether  the electrode is in the l iquid or solid 
state, as observed in  the respective cases at temper-  
atures slightly above or below the meIting point of 
29.78~ (Table I) .  

These facts indicate that  it is not essential in de- 
te rmining  the activity of hydrogen electrode reac-  

tion whether  the electrode is solid or liquid, which 
provides evidence for the crystal plane model of the 
catalyst and against the dis tr ibut ion model or iginat-  
ing from the active center theory of Taylor (68a) and 
developed recent ly by Russian authors (68b). 

Determining 1actor of the activity (62) .--The above 
mentioned points 1 to 4 lead us to conclude that bulk 
property of the electrode mater ia l  is the determining 
factor for the activity of hydrogen electrodes. In  other 
words, the activity of a metal  depends not so much 
on the kind of solvent, the electrolyte and its com- 
position (point 2) as on the atomic number  of the 
electrode metal. Further ,  the activity depends nei ther  
on the surface t rea tment  (point 3), nor  on the state 
of aggregation, i.e., l iquid or solid, of the electrode 
(point 4) wi thin  the fluctuation of results. Hence the 
periodic var iat ion of the activity (point  1) is pr imari ly  
effected by the bulk  property of electrode mater ia l  
and only secondarily by other factors such as the 
solution and the surface state. 

Activity and Properties of the Metal 
The question arises from the above conclusion as 

to what  property of electrode mater ia l  effects essen- 
t ially the activity. Many physical properties such as 
heat of atomization of the metal, mel t ing point, metal -  
lic radius and work function are known to show peri-  
odic gradation wi thin  the long periods. These quan-  
tities are now considered in  comparison with the 
periodic var iat ion of the activity. 

It may be noted qual i tat ively from the electron 
configuration of outer shells of the e lement  attached 
to Fig. 1 that the activity in each long period increases 
first with successive addition of an electron to the 
d-orbital ,  reaches a max imum at near ly  filled d-orbital ,  
decreases quite sharply after its completion, with one 
or two electrons in  the s-orbital,  and then increases 
again with fur ther  addition of electrons to the p-or -  
bital. I n  the following discussions, we denote the 
t ransi t ion metals including IB metals by "d-metals"  
and the metals following them in the Periodic Table 
by "sp-metals." 

The heights of the dotted l ine in Fig. 1 at the atomic 
n u m b e r  of each electrode metal  are taken as the rep-  
resentat ive values for the respective metals and are 
denoted by [log io] in  what  follows. 

Heat of atomization o~ the metal, --AHatom.--The 
heat of atomization of the metal  is one of the meas-  
ures of the cohesive s t rength of metal  atom in the 
bulk. Surface metal  atom may have unsatura ted  val-  
encies directed outward from the surface on account 
of the absence of neighboring atoms above it. Thus 
unsatura ted  valencies may form bond with adsorbate, 
e.g., intermediates  of the hydrogen electrode reaction 
in the present  case, with a s t rength depending on the 
na tu re  of the metal,  especially the cohesive s t rength of 
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Fig. 2. Log io vs. heat of atomization of electrode metals, --&Hatom 
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metal  atom in the bulk. The [log io] values of respec- 
tive metals are plotted against their heat  of atomiza- 
tion after Sanderson (69) in Fig. 2. As seen in the 
figure, there exists a definite correlation be tween them 
and even an opt imum value of the heat of atomization. 
The same relat ion is expected with respect to the 
mel t ing point of the metal  which changes with the 
atomic number  in a way similar to that  of the heat 
of atomization. 

Metallic radius . - -The metallic radius in  any long 
period may also be taken as a measure of the co- 
hesive strength, since it might  appear that the smaller  
the radius the greater must  be the strength of binding. 
This quanti ty,  however, does not give any significant 
relat ion to the activity, as exemplified by W, Re, and 
Pt in the third long period whose metall ic radii  are 
almost the same, i.e., 1.37, 1.37 and 1.38A, whereas the 
[log io] values are quite different, i.e., --6.8, --5.4, and 
--3.4, respectively. Hence the heat of atomization of 
the metal  seems to be more closely related to the 
activity of the hydrogen electrode reaction. 

Heat of adsorption of hydrogen, --AHads.--The heat  
of adsorption of an adsorbate may not be the sole 
funct ion of the heat of atomization of metal, since 
chemical bonds are usual ly more or less polarized. 
Eley (70) has proposed that  the heats of chemisorp- 
tion of gases on metals may be computed by means 
of Paul ing 's  equat ion of bond energies (71), namely,  
in case of hydrogen chemisorption as 

.--AHads ~ E ( M - - M )  ~ 46.12 (XM--XH) 2 [3] 

where E(M - -  M) is the bond energy between metal  
atoms measured from the lowest potential  energy and 
XM or XH is the electronegativity of metal  atom or 
hydrogen atom, respectively. It has been pointed out 
by Stevenson (72) that  if the electronegativities of 
metal  atoms are calculated from their work function, 
r by the formula 

X M = 0 . 3 5 5 ~ b  [4] 

and the values for E(M - -  M) are taken as 1/6 of the 
heat of subl imat ion in the case of metals with "closest 
packed" lattices, a good agreement  is obtained be-  
tween the calculated and the observed heats of ad- 
sorption. In  Fig. 3, the [log io] values are plotted 
against the heat of adsorption, --AHads, as calculated 
by Eq. [3] and [4] and with the approximat ion of 1/6 
of the heat of atomization (69) for E(M - -  M). I t  is 
interest ing to see from Fig. 3 that the behavior  of 
d-metals  is distinctly different from that of sp-metals,  
namely,  the activity of d-metals  has a tendency to 
decrease with increase of --AHads, whereas the ac- 
t ivi ty of sp-metals  remains  almost unchanged.  Conway 
and Bockris (73) have studied hydrogen overvoltage 
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Fig. 3. [Log io] vs. heat of adsorption of H2 on electrode metals, 
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on metals at a constant  cur ren t  density of 1 ma / cm 2 
in comparison with --AHads. The log io value and thus 
the activity should increase with decrease of the over-  
voltage quoted above, provided that  the increment  of 
the logarithm of the unidirect ional  cur ren t  density 
per uni t  increase of overvoltage be universa l ly  con- 
stant. Their  result  is s imilar  under  this convention 
to the present  one for the t ransi t ion metals bu t  not  
for the sp-metals,  i.e., some of them (Pb, Hg, and T1) 
gained while others (Cd and Ga) lost in activity with 
increase of --~Hads. This discrepancy is a t t r ibuted to 
the difference of the log io values they quoted from 
the present  ones. 

Work  ]unction, r  correlation of work func-  
tion, which is known  to be a periodic funct ion of the 
atomic number ,  with the activity is investigated by 
plotting the [log io] values against Michaelson's 
values of the work funct ion (74) in  Fig. 4. The activ- 
ity of d-metals  increases with work function, bu t  that 
of the sp-metals  remains  again almost unchanged as 
seen in Fig. 4. The la t ter  finding is not in agreement  
with that of Conway and Bockris (73). 

Other propert ies . --The electronegativity of metal  
atoms, XM, changes periodically with the atomic n u m -  
ber with maxima and minima,  respectively at IB and 
IIB metals in  each period. The plot of [log io] against 
XM does not, however, reveal  any distinct correlat ion 
but  only a rough tendency of decrease of [log io] with 
increase of XM. Other properties such as mass mag-  
netic susceptibility, electric resistance, and type of lat-  
tice are also periodic functions of the atomic number ,  
but  are not in a distinct correlat ion with the activity. 

Reaction Mechanism of the Hydrogen 
Electrode Reaction 

The facts shown in  Fig. 3 and 4 definitely indicate 
that  different mechanisms are operat ing on the re-  
spective groups of metals, i.e., on the d-metals  and 
the sp-metals, where  the [log io] value of the former 
decreases or increases l inear ly  with the heat  of ad- 
sorption of H2 or the work function, while tha t  of 
the lat ter  remains unchanged.  This indication is sup- 
ported by exper imental  results on the separation fac- 
tors, SD or ST, of deuter ium or t r i t ium defined as 

SD (or ST) ---- [Cn/CD (or Cw) ] g~/[  CH/CD (or Cw) ] soln 

where Cm CD, and CT are the atomic concentrat ions 
of the isotopes, H, D, or T, with respect to the total 
amount  of hydrogen atoms. A number  of observations 
have been reported on various metals and conditions. 
Recent results obtained at a definite current  density 
(17, 75-78), are summarized in  Fig. 5, where "e and ,D 
are the values of SD in acidic and alkaline solution, 

and % are those of ST, respectively, all  obtained at 
a current  density of 0.01 amp/cm 2, and similar sym- 
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bols with open circles are values obtained at 0.1 amp/  
cm 2. As seen from Fig. 5, these results are widely 
scattered, but  it can be concluded, in  extension of the 
previous conclusion by Horiuti  and Okamoto (79), that 
the separation factors fall  into two groups: the larger 
values are those of the d-metals  and the smaller  ones 
those of the sp-metals.  The dotted lines in Fig. 5 
represent  the theoretical values of Horiuti  and his 
co-workers, i.e., 6 ~ 7 of SD (80) or 16 of ST (81) 
for the former group and 3 of SD (82) or 6 of ST 
(81) for the lat ter  group, respectiveIy. The SD and ST 
scales in Fig. 5 are graded differently so that SD = 
6.5 and ST ---- 16 on the one hand  and SD = 3 and ST 
= 6 on the other hand fall, respectively, on the same 
levels. Some observed values of ST, viz . ,  4.1 on Ni in  
0.5N NaOH and 6.0 and 4.4 on W in 0.SN H2SO4 and 
0.5N N a O H  solutions (17), are exceptionally small, 
but  they are reported to increase with repeti t ion of 
measurements  and hence were not included in  Fig. 5. 
The appearance of the two groups of separation fac- 
tors supports the view that  different mechanisms are 
operative on the respective groups of metals. 

Horiuti  and his co-workers (80, 82) have at t r ibuted 
the catalytic mechanism to the hydrogen electrodes 
of Ni, Au, Cu, P t  (at high ~1), and Pb (in alkal ine so- 
lution) and the electrochemical mechanism to those 
of Hg, Sn, Pt  (at 10w ~1), and Pb (in acidic solut ion);  
the catalytic mechanism proceeds through the two 
steps 

H + + e - - - > H ( a ) ,  2H(a) /~ )H2 [5a] , [5b]  

and the electrochemical mechanism through 

2H + + e---> H2+(a) ,  H2§ -{- e - - ~ H 2  [6a], [6b] 

respectively, with the ra te -de te rmin ing  step signified 
by -~-->, where (a) denotes an adsorbed state. Recent 
results on the hydrogen electrode reaction on nickel, 
i.e., the existence of a cathodic saturat ion current  
(35) and the coincidence of the exper imental  heat 
of activation with the theoretical one (83), confirm 
the catalytic mechanism. 

We now proceed to in terpret  the results obtained 
in  Fig. 3 and 4 applying the catalytic or the electro- 
chemical mechanism respectively to the d- or sp- 
metals. 

The unidirect ional  rate of an e lementary  step, v+, 
has been given in  general  form by Horiut i  (84) as 

v + =- ( R T / h ~ , ) p ~ / p  I [7] 

where v is the stoichiometric number  of the ra te -de-  
te rmining  step and r+ and r I are factors defined as 
follows. Consider a macroscopic assembly, ~, which 
consists of electrode, electrolyte solution, and 1 arm 
hydrogen gas at a definite tempera ture  but  comprises 
none of the critical system of the ra te -de te rmin ing  

step. The term p4  is defined as the factor by which 
the part i t ion function, ~9/, of 9/ is mult ipl ied by addi- 
tion of a critical system to 9/to form 9/+, i.e. 

p@ = ~9/+/~9/  [8a] 

where ~9/4 is the part i t ion funct ion of 9/+. It  fol- 
lows from the properties of the par t i t ion function 
that p 4  is the Bol tzmann factor of the Helmholtz free 
energy increase of 9/ caused by the addi t ion of the 
critical system to it, i.e., that of its chemical poten-  
tial 

(4=) = --  R T  In p+ [8b] 

The factor pl is s imilar ly  defined as 

p~ = ~9/~/~9/ [9a] 

where ~9/z is the part i t ion funct ion of 9/i which is 
formed by addit ion of the ini t ial  system, I, of the 
ra te -de te rmin ing  step to 9/. The factor pZ is s imilarly 
the Bol tzmann factor of the chemical potential, ;~(I), 
of I, i.e. 

~(I)  = - -  R T  l n p  I [gb] 

The factor p% as defined by Eq. [8a], has been ex- 
pressed as (84) 

p4 = N4~9/4 /~9/ 
~* (+) 

where N4 is the total number of seats, a+, of the 
critical system and ~9/# is the partition lunc- 

h4(+) 
tion of 9/:~4(=~)' i.e., the particular state of 9/4 

with a single critical system accommodated in a par- 
ticular ~4, ~9/4 is in consequence the total sum of 
~9/~ over-al l  r Le., N4~9/4 Di-  

~ * ( + )  ~+(=~) 
viding both the numera tor  and the denominator  of 
the above equat ion by the part i t ion function, 
Z~9/--+(0)'u of 9/4 4=(0), i.e., the par t icular  state or 

9/ where it has part icular  ~4 unoccupied with cer- 
tainty, we have (84) 

p 4  = N4q40~=_ (0) [10] 

where  

~ 4 ( # )  r  

is the Bol tzmann factor o~ the reversible work, ~ (+) ,  
required to bring ~ from its reference state to the 
pre l iminar i ly  evacuated r i.e. 

e ( + )  = -- R T  In q4 [11] 
and 

0~4(0) ~+(0) 

is the probabil i ty  of ~4 being unoccupied. 

The probabi l i ty  0a4(0 ) is fur ther  developed in  

general  form with respect to the adsorbate A, in -  
clusive of I or part  of it, as (84) 

(piA(a) /qiA(a) ) 0 [12] 
Oa4 ( O ) ,~4 ( i A  ) 

where qiA(a) is the Bol tzmann factor of the reversible 
work, e ( i A ) ,  required to br ing  i samples of A (a) from 
their  reference state to the pre l iminar i ly  evacuated 
,74, i.e. 

e( i A  ) = - -  R T  in  qiA(a) [13] 

piA(a) is the Bol tzmann factor of i ~ ( A . a )  or i times the 
chemical potential,  ;~(A.a), of A (a) ,  i.e. 

i~ ( A . a )  = - - R T  In piA(a) [14] 

and ~ ~=~(iA) is the probabil i ty  of ~4 being occupied 

by i A  (a ) .  
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The unidirect ional  ra te  of the hydrogen electrode 
react ion is now expressed in terms of current  density, 
i+, f rom Eq. [7] and [10] as 

i + = 2e ( k T / A h )  N # q # ~ 4  (0 ) /p i  [ 15] 

or f rom Eq. [7], [10] and [12] as 

i+ ~ 2e (kT /Ah)N#q#pia(a)Oa#  ( iA)  /plqiA(a) [16] 

r emember ing  that  v = 1 for both the catalytic and the 
electrochemical  mechanism, where  A is the surface 
area and e the e lementary  charge;  the factor 2 cares 
for the transfer  of two e lementary  charges at every  
occurrence of the step [5b] or [6b] in the steady state. 
Equations [15] and [16] are now applied to the re -  
spective mechanisms below. 

Catalyt ic  m e c h a n i s m . - - A s  regards the catalytic 
mechanism stated by [5a] and [5b], we have 

I = 2 H ( a ) ,  A = H(a )  and i = 2. [17a], [17b], [17c] 

The chemical potential,  ~(H.a) ,  of H(a )  is expressed, 
on account of the part ial  equi l ibr ium of step [5a], as 

~(H.a) = ~(H +) -p ~ ( e - )  
o r  a s  

~(H.a) = ( I /2)~(H2)  + F~ [18] 

from Eq. [2] and the relat ion 

~(H2) ~ 2~(H +) -P 2~(e - )eq  [19J 

for the equi l ibr ium of react ion [1]. 
The unidirect ional  current  density is der ived from 

Eq. [i5],  [17a], [gb], and [18] at ~ = 0 where  i+ = 
io a s  

[20a] io = Klq#O # 
(O) 

or f rom Eq. [16] and [17a] to [17c] at n = 0 as 

io -= K2 (q#/q2H(a)) Oa# (2H) [20b] 

where  
K1 = 2e ( k T / A h )  N #  exp{g (H2)/RT} 

and 
K2 = 2e ( k T / A h )  N #  

are, respectively,  common to an electrode mater ia l  in 
order  of magnitude.  

According to Hor iu t i -Polanyi ' s  principle (85) that  
~(~-) varies by a posit ive proper  fraction, a, of the 
var ia t ion of revers ible  work, E(I), of the ini t ial  sys- 
tem, i.e. 

e(~=) = a~(I) A- const [21] 

the factor q# of Eq. [20a] and [20b] is approximate ly  
expressed by Eq. [21], [11], and [17a] as 

- - R T  In q# = ace(2H) -p const [22a] 

where  ac is a par t icular  value of ~ for the catalytic 
mechanism. The revers ible  work  e(2H) defined as 
- - R T  In q2H(a )  is, on the o ther  hand, expressed in terms 
of the heat  of adsorption, --  AHads, approximate ly  as 

r = - - R T  in q2H(a )  = A H a d s  -4- R -p const [22b] 

where  R is the repuls ive  potent ial  of 2H(a)  in a# 
wi th  respect  to the surrounding H (a) 's .  

The dependence of io on - -  A H a d s  iS now discussed in 
the two l imit ing cases where  the electrode surface is 
pract ical ly bare or pract ical ly ful ly occupied by H ( a ) ,  

1, respectively.  i.e., ~ 4 ( 0 )  ~ 1 or 0a#(2H) _ 

1. 0 ~__ 1; here  we have R = 0. F rom Eq. 
~*(0) 

[20a], [22b], we obtain 

log io = --  acAHads/2.3RT -P const 

The above equat ion indicates an increase of log io 
with increase of the heat  of adsorption, - -  AHads. 

1; here  we obtain, assuming R 2. 0 4 ( 2 H )  - -  

const, the following equat ion from Eq. [20b], [22a], 
and [22b] 

log io = (1 - -  ac) AHads/2.3RT + const 

which shows an increase of log io with decrease of 
- -  A H a d s .  

Case 2, where  0 # (2H)  ~-~ 1, is qual i ta t ively  in 

agreement  with results for the d-metals  in Fig. 3, 
but  case 1 is not. F rom the slope of the dotted line 
for the d-metals,  the value of ac is est imated at about 
0.8. This value satisfies the necessary condit ion that 
ac is the positive proper  fraction. The coverage of 
H(a )  on electrode surface has been studied by var i -  
ous methods and concluded to be almost uni ty  at ~l 
0 on Pt  (86, 87) which has a re la t ive ly  low value  of 
- -  AHads as seen f rom Fig. 3. The other  d-meta ls  with 
h igher  heat  of adsorption hence may  safely be taken 
to satisfy condition 2. As regards  the 1B metals  of 
the Periodic Table, however ,  no rel iable data of 
--  AHads or coverage seem to have been repor ted  be- 
cause of their  slow rate  of adsorption. 

Conway and Bockris (73) have discussed the re-  
lation be tween --AHads, calculated by Eq. [3] using 
the respect ive values of the e lec t ronegat iv i ty  of the 
metals, and the work function and found that --  AHads 
increases with decrease of the work  function. The 
same rela t ion is also der ived f rom Eq. [3] and [4] 
ident ifying E ( M - - M )  with 1/6 times the heat  of 
atomization, and hence the relat ion of log io to the 
work  function of the d-meta ls  shown in Fig. 4. 

Electrochemical  m e c h a n i s m . - - A s  regards the elec- 
t rochemical  mechanism stated by [6a] and [6b], we 
have 

I---- H2+(a) -p e- ,A-- - -  H 2 + ( a ) , a n d i =  1. 
[23a], [23b], [23c] 

Thus the chemical  potential,  ~( I ) ,  of I is expressed on 
account of the par t ia l  equi l ibr ium of step [6a] as 

~(I)  ~- 2~(H +) -P 2 ~ ( e - )  

or by Eq. [2] and [19] as 

~(I)  = g(H2) -P 2F~l [24] 

The unidirect ional  current  density is der ived f rom 
Eq. [15], [23a], [24], and [9b] at ~ = 0 where  i+ = 
io as 

[25a] io ~- Klq#Or#(O)  

or f rom Eq. [16], [9b], [23a] to [23c], [14], and 
[2] a t n  = Oas 

io = K 2 [ q # / q  H2 +(a) exp { - -~ (e - )eq /RT}J~#(H2+ ) [25b] 

The factor q# in Eq. [25a] and [25b] is expressed 
similarly to Eq. [22a], f rom Eq. [21], [11], and [23a], 
a s  

-- R T  In q# = aE{e (H2 +) + g ( e - )  2eq} + const [26] 

where  aE is a par t icular  value  of a for the electro-  
chemical  mechanism and ~ ( e - )  is independent  of the 
electrode mater ia l  as seen f rom Eq. [19], i.e. 

~ ( e - )  = const [27] 

The revers ible  work  e (H2 + ), defined as - - R T  In q H2 + (a}, 
has been discussed by Horiut i  (88, 89) and is ex-  
pressed by Eq. [3.3.H2 +] and [5.1] of ref. (88), wi th  
addit ional  term R for the repuls ive  potent ia l  of 
H2 + (a) due to surrounding k indred  species as 

e(H2+) ~ e(H2+)0 + FEp -~- R 

2 Here  the  symbol ,  e(e-) ,  is  r e p l a c e d  b y  ~(e-) ,  s ince  the  e lec t ron  
is t r a n s f e r r e d  in to  t he  c o n d u c t i o n  b a n d  of e lec t rode  m a t e r i a l  w h e r e  
we  h a v e  no seat  such  as cr~ on the e l ec t rode  surface .  
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where Ep is the electrostatic potential  of plane P on 
which H2 + (a) resides, and e(H2+)0 is e(H2 +) minus 
its electrochemical part. We have from Eq. [5] in ref. 
(89) 

e(H~+)0 = a~(H) + ~(H+)0-- 2.7 ev 

where aH is a positive proper fraction, ,(H) the re- 
versible work required to bring H(a) from its ref- 
erence state to the preliminarily evacuated site, 
e(H+)0 that of H+(a) minus the electrostatic part 
which is taken as a constant in the absence of a spe- 
cific adsorption potential, and 2.7 ev is the dissocia- 
tion energy of H2 + in vacuum. It has been shown by 
Horiuti (88), on the other hand, that AEp = -- awAr 

from which we have 

Ep =--awe + const 

where aw is a positive proper fraction. Expressing 
~(H) as 

e(H) = (1/2) AHads + const 

the reversible work e(H2 +) is given finally from the 
above four equations as 

e(H2 +) = ~HAHads/2- c~wFr + R + const [28] 

The dependence of io on - -  AHads or ~b is now dis- 
cussed for the two l imit ing cases where the electrode 
surface is practically bare or practically fully occu- 

~'~ 1 or ~ I, pied by H2+(a) ,  i.e., 0 + ( O  ) _ 0a+(H2+ ) 

respectively. 
1; here we have R = 0. From Eq. I. 0 +(0 ) _ 

[25a] and [26] to [28], we obtain 

log io = - -  ~E{~H AHads/2 --  awF~}/2.3RT + const [29a] 

2. Oa+(H2+ ) _~ 1; here we obtain from Eq. [25b], 

[26] to [28], [23b], [23c], and [13], assuming R = 
const, 

log io = (1 -- ~E) {altAHads/2 -- a~Fr + const 
[29b] 

Remembering that --AHads increases with decrease 
of r as pointed out by Conway and Bockris (73), one 
can see from Eq. [29a] and [29b] that the increase of 

compensates more or less that of AHaas, so that the 
log /o's may run  almost invar iably  with - -  AHads Or 

O + ( 0 )  _ ~ 1, with r in either case of ___ 1 or 8+(Ha+ ) 

in agreement  with the results shown in  Fig. 3 and 4 
for the sp-metals. If we plot the work function against 
the heat of adsorption calculated by the Eley-Steven-  
son's method, we obtain the relationship with respect 
to the sp-metals as shown in Fig. 6. One can see that 
the work function decreases l inearly with increase 

T 

V A R I A T I O N  O F  E X C H A N G E  C U R R E N T  D E N S I T Y  

{ ~ -  (-ZiHads) § ~. F~} 

]+ a .  =ac, 

~ . = 0 4  

OTe 
k\\k 

\\ 

\\ 
\k 
\k~B, 

\ \  
\ 

; ~  .oo 
OCd \ \ \ \  

3~ ~ QZn 

~--ZHad s (Kcal mole") 

Fig. 6. Fr vs. --• with respect to sp-metals 
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of the heat of adsorption with slope of --1.0. From 
this value, assuming a H =  "c, we obtain 0.4 for aw 
which again satisfies the necessary condition that aw 
is a positive proper fraction. 

Conclusion 
1. Survey of the results on the hydrogen electrode 

reaction reported dur ing the ten years previous to 
1964 shows that the logarithm of the exchange cur- 
rent  density, log io, is a periodic funct ion of the 
atomic number  for each long period. 

2. The above periodic variat ion is pr imari ly  effected 
by the bulk property of electrode material  but  sec- 
ondari ly by the other factors such as the solution and 
the surface state of the electrode. 

3. Two distinct relations are found between [log io] 
(the height of the dotted line in Fig. i at the atomic 
number  of respective metals) and the heat of ad- 
sorption - -  AHads, or the work funct ion r where the 
[log io] value of d-metals  depends l inearly on --  AHads 
or --  r while that  of sp-metals runs practically in-  
variably.  

4. The above relations are qual i tat ively interpreted 
on the basis of the catalytic mechanism for the d-met -  
als and of the electrochemical mechanism for the sp- 
metals respectively. 
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SYMBOLS 
io, activity exchange current  density, amp/cm 2 
[log io] height of the dotted l ine in Fig. 1 at the 

atomic number  of respective metals 
- - A H a t o m  heat of atomization of metal, kca l /g-a tom 
- - A H a d s  heat of adsorption of hydrogen, kcal /mole 
XM electronegativity of metal  atom, ev 

work funct ion of metal, ev 
Si separation factor of isotope i 
I init ial  system of ra te -de te rmin ing  step 
q- critical system of ra te -de te rmin ing  step 
~+ seat on the electrode surface which is 

available for ~= 
N+ number  of seats on electrode surface 
A surface area, cm 2 
e e lementary charge 
;~(8) chemical potential  of species 8, kcal /mole 
p~ Bol tzmann factor of/~ (6) 
~(8) reversible work required to br ing 8 from 

its reference state to the pre l iminar i ly  
evacuated seat or site which accommodates 
5, kcal /mole  

q~ Bol tzmann factor of e (8) 
~1 overvoltage, defined as {~ ( e - )  --  ~ ( e - )  eq}/ 

F, V 
9/ macroscopic assembly consisting of elec- 

trode, electrolyte solution, and 1 atm hy-  
drogen gas at a definite tempera ture  but  
comprising none of the critical system 

9ff macroscopic assembly formed by addition 
of 6 to 9/ 

9/ 
~=~(0) par t icular  state of ~l wi th  a part icular  

seat ~4 being unoccupied with certainty 
9/ 

~+(6) part icular  state of 9i with a part icular  
seat ~+ being occupied by 8 with certainty 

~9/'s par t i t ion funct ion of 9/% defined above 

~+ (0) probabil i ty  of ~+ being unoccupied 

~9+ (8) probabil i ty  of ~+ being occupied by 
~'s positive proper fractions 
R repulsive potential  
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Discussion 

M. W. Breiter: A large amount  of exper imenta l  data 
has been compiled for the interest ing a t tempt  to cor-  
relate  the exchange current  densities of hydrogen 
evolut ion on different metals wi th  bulk propert ies of 
these metals. However,  as discussed under  A, the re-  
sults in Fig. 1 and 2 of the paper may be in terpre ted  
in a different way. Some of the basic assumptions 
concerning the in terpreta t ion of the results in Fig. 3 
and 4 are reexamined  under  B. 

(A) As demonstrated1, 2 a "volcano"- type  curve is 
to be expected when the exchange current  densities 
of the Volmer  reaction, of the Tafel  reaction, and of 
the Heyrovsky  reaction are plotted for different met -  
als vs. the heat  of hydrogen adsorption on these met -  
als. If  this result  is accepted in contrast  to the de-  
r ivat ion of a l inear relat ionship between the logari thm 
of the exchange current  densities and the heat  of ad- 
sorption in the paper, the three volcano curves in 
Fig. 1 may be easily correlated to - -  A H a d s .  The met -  
als wi th  re la t ive ly  large values of - -  ~Hads are located 
on the left  side of each of the long periods while the 
metals  wi th  small  heat of adsorption are on the r ight  
side. Metals wi th  in termedia te  values (d-metals)  are 
located in the middle. A volcano type curve may be 
d rawn through the points in Fig. 2. This results f rom 
the fact that A H a d s  increases wi th  A H a t o m .  

(B) Heats of adsorption calculated f rom Eq. [3] 
and [4] correspond to negligible hydrogen coverage 
in the gas phase (~ < <  1). Therefore  these approx-  
imate  values of --  AHads should be used in the com- 
parison be tween  - -  A H a d s  and exchange current  den-  
sities only in tl~e case ~bat a small  coverage has been 
established on the respect ive meta l  under  H2- evolu-  
tion (as on mercury  for instance).  Exper imenta l  de-  
terminat ions 3,4 o f -  AHads as function of coverage 
show that  the values of --  AHads in Fig. 3 are too large 
for Pt, Rh, and Pd. The same s ta tement  applies to 
the d-meta ls  Au, Cu, Ag, and the sp-metals  Zn, Cd, 
Pd, Hg, Te since percept ible  adsorption f rom the 
molecular  gas was not found 5 at 300~ and PH2 ~-~ 0.1 
mm Hg. 

Any  conclusions on the reaction mechanism from 
the results  in Fig. 4 are ve ry  doubtful  as it is demon-  
strated by two recent  discussions 6,v of electrode reac-  
tions and electrode material .  

Hideaki Kita: It must  be ment ioned that  the heat  of 
adsorption is not the simple function of - -  5 H a t o m  but 
also the function of the work  function as shown by 
Eley and Stevenson. 

Decrease of the heat  of adsorption wi th  cover.age 
is taken into account in the present  paper  by R in 
Eq. [22.b] of the text. This value is taken to be in-  

1 R. Parsons ,  Trans. Faraday Soc., 54, 1053 (1958). 

2H. Ger i s ehe r ,  Butt. Soc. Chim. B e l g ,  67, 596 (1958). 

3 W. B61d a n d  M. Bre i t e r ,  Z. Elektrochem.,  64, 897 (1960). 

A. F r u m k i n ,  " A d v a n c e s  in  E l e c t r o c h e m i s t r y , "  P.  De lahay ,  Edi -  
tor ,  p. 366, I n t e r s c i ence  P u b l i s h e r s ,  New York  (1963). 

5 G. Ehr l i ch ,  Proc.  of the  3rd  In t l .  Congress  on Cata lys is ,  W. M. H. 
Sach t le r ,  G. C. A. Schu i t ,  and  P. Z w i e t e r i n g ,  Edi tors ,  pp.  113-145, 
N o r t h  H o l l a n d  P u b l i s h i n g  Co., A m s t e r d a m  (1965). 

R. Parsons ,  Sur]ace Science, 2, 418 (1964). 

7 A. N. F r u m k i n ,  Elektrokhim. ,  I, 394 (1965). 
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dependent  of electrode meta l  at 6 --- 1 as a 
r (2H) 

first approximat ion since R is the repuls ive  potential  
among hydrogen atoms on the surface, and the meta l  
atoms would effect this potential  only secondarily. 

I agree wi th  your opinion that  IB metals, Cu, Ag, 
and Au, are poor adsorbents for hydrogen under  very  
small  pressure. However ,  in the region where  we ob- 
serve a Tafel  relation, the situation is total ly different 
as seen f rom the fact that, for  example,  the ove r -  
vol tage of 0.4v corresponds to the very  high pressure 
of 10 TM mm Hg. The log io ext rapola ted  f rom such 
conditions is general ly  a funct ion of overvol tage and 
thus coverage (cf first paragraph in the reply to Dr. 
Schuldiner)  which might  be much h igher  than that  
obtained by the usual adsorption study of a gas- 
solid system. For  the sp-metals ,  H2 +-desOrption mech-  
anism is applied. It  is open to question whether  the 
surface is considerably covered with H2 + (a) or prac-  
tically bare. 

Roger Parsons: It is very  useful to have con'firmation 
of the Balandin volcano- l ike  behavior  of the exchange 
currents  given by the two equations fol lowing [22b]. 
This predict ion was first given independent ly  by Pro-  
fessor Gerischer s and myself.  9 In fact, we gave the 
more general  resul t  that  this type of behavior  would 
occur for any mechanism involving adsorbed atomic 
hydrogen as an intermediate ,  and I extended the de-  
scription to a heterogeneous surface described by 
Temkin 's  isotherm. 

In regard to Dr. Kita 's  predictions for the mech-  
anism involving slow discharge of the molecular  hy-  
drogen ion, I bel ieve that equations [29a] and [29b] 
also lead to a Balandin volcano curve  with  heat  of 
adsorption, because the coefficient aw is l ikely to be 
very  small. This coefficient in fact expresses the r e -  
lation between the potential  at the site of the react -  
ing ion to the potent ia l  on the electrode and is given 
[according to ref. (88) ] by 

1 
c~ w ~-  

+NA r v(1 --| "'Dp 
[11 

where  Xp is the distance of the plane containing the 
centers of the react ing ions f rom the electrode, Ep is 
the average potent ial  of this plane (bulk of the solu- 
tion taken as zero),  and Dp is the dielectr ic  constant 
in this region.  G is the number  of sites in the plane 
at X~, (~) is  the fract ion of these occupied by H + or 
H2 + ions and 1 --  ~ the fraction occupied by t t  atoms 
or empty. (OE/OX)a is the field strength at Xp + dX. 
Equation [1] may thus be wr i t ten  as 

1 

CD -t- Cads 
I ~ -  

CH 

where  CH is the capacity of the inner region O < X 
< Xp, CD is the capacity of the diffuse layer,  which 
is assumed in the model  to begin at X~ ~ dX and Cads 

sI-I. Ger i sche r ,  Bull. Soc. Chim. Belg., 67, 506 (1958). 

9 R. Parsons ,  Trans. Faraday Soc., 54, 1053 (1958). 
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is an adsorption capacity. It is well  known that  the 
diffuse layer  capacity far  exceeds the inner layer  
capacity except  in ve ry  dilute solutions. Hence under  
the conditions of most hydrogen overvol tage  exper i -  
ments C D / C H > >  1. With G given the reasonable 
value of 101~ sites cm -~, the value of Cads is 6 2 0 0 ~  
( 1 - - ( ~ ) ~ F  cm -2, so that Cads/CH will be large com- 
pared wi th  uni ty  except  where  H is ve ry  small  or 
ve ry  close to unity. Hence it appears that aw will  be 
considerably less than the value of 0.5 requi red  to 
substantiate the predictions of this theory given in 
the paper. It  seems more probable that  the exchange 
current  of a hydrogen molecule  ion mechanism de- 
pends on the heat  of adsorption of hydrogen in the 
same way as that  of the ion + atom mechanism dis- 
cussed earl ier  by Gerischer and myself. 

In fact there  are objections to the hydrogen mole-  
cule ion mechanism which have been thoroughly dis- 
cussed by many  authors. One, to the model  itself, is 
wor th  ment ioning here. It  seems improbable  that  the 
same adsorption sites wil l  be occupied by H, H +, and 
H2 + especially on metals such as mercury  which ad- 
sorb hydrogen very  weakly.  

Finally,  I should like to comment  on the use of 
Eley's equat ion for weakly  chemisorbed gases. This 
type of equation has had reasonable confirmation for 
gases which are strongly chemisorbed. However ,  it has 
an obvious defect for weak chemisorpt ion since it 
predicts that  for any meta l  M and any gas X2 the 
M --  X bond s trength cannot fall  below half the bond 
s trength of X2. Thus in the l imit  it makes an impos- 
sible prediction. Therefore,  it seems reasonable to rec-  
ommend ex t reme caution in applying this equat ion to 
weak chemisorption. 

Hideaki  Kita: I t  is unl ikely at ( ~  _~ 0 or ( ~  _~ 1 that  
the coefficient aw is ve ry  small. In the presence of a 
support ing electrolyte  or in case of a concentrated so- 
lution, the factor (OE/~X)a in the above Eq. [1] of 
Dr. Parson's  comment  is expected to be small  because 
of the lesser extent  of the diffuse double layer. Thus 
the second term of the denominator  of Eq. [1] might  
not be so large as pointed out in the comments. Ac-  
cording to ref. (88) of my paper, the value of aw.o 
defined as [Eq. (20.1~) of ref. (88)] 

0 8E 

is est imated at 0.53 at 300~ for 1N uniouni-valent  
neut ra l  e lectrolyte  solution, which is in agreement  
with the above expectation. The va lue  of 0.4 for aw 
obtained f rom the slope of Fig. 6 in my paper indi-  
cates that  ( ~  is ei ther very  small or very  close to 
unity. 

The t rea tment  in ref. (88) is developed in a gen-  
eral  way by taking into account possible states of a 
physically identical  site being ei ther  empty  or occu- 
pied by one of H +, H2 +, and H exclusively.  The prob-  
abili ty of each state depends on many factors such 
as electrode material ,  overvoltage,  solution, etc. It 
is concluded (88) that  the revers ible  work, w (51), re -  
quired to fill up a specified, unoccupied site wi th  5~ 
[Eq. (3.4.~) of ref. (88)] decreases in the fol lowing 
order on mercury  

w ( H )  ~ w ( H  +) ~ w ( H 2  +) ~ 0  

Hence the probabil i ty of a site occupied by H on Hg 
might  be ex t remely  small. 

I admit more  or less an uncer ta in ty  included in the 
estimation of--AHads by the Eley-Stevenson  method 
with  respect to the sp-metals,  al though Eq. (3) of 
the text  does not have the term corresponding to the 
bond strength of X2. Nevertheless,  the conclusion still 
holds valid, which is obtained from Fig. 3 of the text  

that the act ivi ty of the sp-metals  does not  depend on 
the heat  of adsorption. 

S. Schuldiner:  Dr. Kita 's  compilat ion of log io's and 
comparisons with metal l ic  propert ies  are ve ry  in te r -  
esting and useful. Such comparisons often appear to 
give real  correlations, but on closer examinat ion  one 
realizes that  l imitations of data accuracy and assumed 
wide regions of l inear behavior  are real ly  not justified. 
For example,  the use of the extrapola ted Tafel  equa-  
tion to zero overvol tage  to obtain io is incorrect.  The 
Hammet t  TM relat ion to determine  io correctly or Dolin, 
Ershler,  and Frumkin ' s  11 1 / R ,  as a characterist ic of 
the rate  of the over -a l l  react ion would give much 
more reliable measures of catalytic activity. Of course, 
the range of orders of magni tude  reflected in Fig. 1 
are so broad that accuracy may not be too important.  
But accuracy is impor tant  in the other  figures, because 
only with accurate data can one draw meaningful  re-  
lations. 

A faul t  of the Ki ta  technique can be i l lustrated 
f rom his conclusion that  the catalytic mechanism hold 
for d metals. Using the finding of several  authors that 
a Pt  electrode has an Had coverage of about uni ty  
and since Pt  has a re la t ive ly  low value  of --AHad, he 
concludes that other  d metals wi th  higher  heats of 
adsorption must  have  essential ly ful ly covered sur-  
faces. Dr. Kita  ignores the fact that  Au has a very  
l o w  H a d  coverage and that  its - - A H a d  is about the 
same as Pt. 

In fact, one can justifiably draw one, or better,  two 
paral le l  plateaus for the d metals  f rom Pd to Re in 
Fig. 3. Jus t  because the metals  below Re appear  to 
lie on a slope does not just i fy the extrapolat ion of 
this slope through the more active metals. A sim- 
ilar a rgument  may be made for the data in Fig. 4. 
Here  Ag, Fe, Au, Ni, and Re are essentially on a 
plateau and Rh, Pd, and Pt  are on a higher  plateau. 
Another  factor not considered in this t rea tment  is 
the change of - - A H a d  with degree of coverage with  
H a d .  Also the fact that  some metals  (Pd, Pt, Fe, Ni, 
etc.) are known to absorb significant amounts of H 
atoms in their  surface layers can in effect change 
b o t h  - - A H a d  and the electrode material .  

Hideaki  Kita: 1. The value  of log io obtained by the 
extrapolat ion of the Tafel  l ine might  not necessarily 
be in agreement  wi th  those obtained for example  
f rom i vs. ~1 plot in the region near  the revers ible  po- 
tent ial  or the isotopic exchange react ion at ~ ~ 0. 
In case of the extrapolation,  log io is expressed as 

0 log i 
log io -~ log i --  

0H 

which reduces to -- a /b  when Tafel  line holds, but in 
general  is a function of overvol tage  or current  den- 
sity. Thus, the log io of the present  paper is taken 
as a measure  of the act ivi ty under  the working con- 
dition of electrodes where  the Tafel  line is observed. 
Its accuracy depends on those of a and b. 

2. About  the coverage on Au, it  must  be ment ioned 
that  the kinetics on Au reported by many  workers  
(Table I and Fig. 1 of the text)  fluctuate ve ry  much 
and hence it  might  be requi red  to re -examine .  

3. The p r imary  fact in Fig. 3 and 4 of the text  is 
the separat ion of activities into two groups of d-  and 
sp- metals. Fur ther  analysis of the tendency in the 
d-metals  would requi re  much precise values for log 
io and - -  AHads .  

4. The change of - -  ~Hads with  coverage is taken 
into account in the present  paper  by R in Eq, [22b] 
of the text  which is obviously zero in case 1 where  

lo H a m m e t t ,  J. A m .  Ch~m.  Soc. ,  46, 7 (1924). 

1~ Dolin, Ershler ,  a n d  F r u m k i n ,  A c t a  P h y s i c o c h i m .  U R S S ,  8, 779 
(1940). 
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e ~ 1 and is taken to be independent  of elec- 
a4:(O) 

trode meta l  as a first approximat ion in case 2 where  
0 --~ 1 because the change of A H a d s  is governed 

a4= (2H) 
main ly  by the repuls ive  interactions among hydro-  
gen atoms on the surface. 

5. There  is a paral lel ism between the tendency to 
absorb hydrogen in the bulk of meta l  12 and the heat  of 
adsorption. However ,  the effect of surface layer ab- 
sorption may be considered as a secondary one as seen 
from the results of nickel electrodes which were  pre-  
pared by various kinds of t reatments  (Table I and 
Fig. 1 of my paper)  and resul ted in almost the same 
activity. 

D. B. Matthews: The dependence of log io for the hy-  
drogen evolut ion react ion on the electronic work  
function �9 reported by Professor Kita  la differs f rom 
the correlat ion obtained by Matthews 14 which is in 
qual i ta t ive agreement  with the work  of Conway and 
Bockris. 15 The correlat ion obtained by Matthews TM is 
shown in Fig. DM1. 

The significance of such correlations is questionable 
in view of uncertaint ies  in the value  of �9 and io. 
Nevertheless,  the correlat ion obtained by Matthews 1~ 
is compatible wi th  the present state of knowledge of 
the mechanism of the hydrogen evolut ion reaction. 
Thus the three groups of metals dist inguishable in 
Fig. DM 1 correlate with three mechanisms of the 
hydrogen evolut ion reach on and with the three groups 
of p ro t ium- t r i t ium separat ion factors measured on 
these metals)~ Thus the slow discharge mechanism is 
bel ieved to be operat ive  on the low io group of metals 
(Hg, Pb, Cd, Sn, etc.), the slow electrochemical  dis- 
charge mechanism on the medium io group of metals  
(Ag, Au, Ni, Fe, Cu, W, etc.) and the slow catalytic 
recombinat ion mechanism on the high io group of 
metals  (Pt, Pd, Ir, etc.) 

The correlat ion shown in Fig. DM1 takes on even more 
significance when viewed in the l ight of the work  of 
Conway and Bockris, 15 because the present  correla-  
tion was obtained using the values of  �9 assembled by 
Conway and Bockris. 15 Only the io values have been 
changed in order to take into account recent  develop-  

as cf. D. P. S m i t h ,  " H y d r o g e n  in  Meta l s , "  (1947). 

1al l .  Ki ta ,  Abs t rac t ,  No. 153. E lec t rochem.  Soc. S y m p o s i u m  on 
E lec t rode  Processes ,  C l e v e l a n d  (1966). 

1~ D. B. Ma t thews ,  Ph .D.  Thesis ,  U n i v e r s i t y  of P e n n s y l v a n i a  
(1965). 

~ B .  E. C o n w a y  and  J.  O'M. Bockr i s ,  J. Chem. Phys. ,  26, 532 
(1957). 

zoJ. O'M. B o c k r i s  a n d  S. S r i n i v a s o n ,  E{ectvochim. Acta, 9, 31 
(1964). 

12l oTl Mn 0 ~ ~  " ~ ) ~ /  

I l o n g S ?  pli 

;8 
6 

,o 
(.9 
0 , 4  

2 

0:5.5 

ONb 

o 
~ '~c :LTc i  Cu~ 

O A u  

Rh Q I r  
-- '-o ~.s 

Pd LPt 

I 
4,o ,;s do s.s 

�9 , (eV) , 
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metal electrodes in acid solution on the electronic work function 

of the metal. 

-10 

...P 

CdX 

~ ~ OHg 
IlZn 

Oa X OBi OTe 

XNb 

Mo ~'~ ~O.~OW 

Fe~OAg "~ "~..~. 
X 0,~' 0 ~ IRe 

~ .,,... 

ORb OPt 

OPd 

~ in ev (Conway 8. Bockr~J) 

Fig. HK]. Log io vs. work function of electrode metals. Solid 
circles represent results not included in Fig. 1 of Conway and 
Bockris. 15 

ments in technique which have  led to new and /o r  
bet ter  data. Thus the weak correlat ion obtained by 
Conway and Bockris ~5 for the low io group of metals 
is great ly  s t rengthened by the addition of data accu- 
mulated be tween 1957 and 1966. 

The interpreta t ion of these results remains the same 
as that proposed by Conway and Bockris. 15 The de- 
pendence of io on �9 arises pr imar i ly  through the de- 
pendence of the heat  of adsorption of atomic hydro-  
gen on the electrode on ~. 

Hideaki Kita: In Fig. HK-1 the present  values of log 
io are plotted against  the value of �9 quoted by Conway 
and Bockris. 17 Dotted lines in Fig. HK-1 are taken 
f rom Fig. 1 in the publicat ion of Conway and Bock-  
ris. 17 From the comparison of these figures large dif-  
ference can be noticed for the sp-metals.  Namely,  in 
the present paper the activity is taken as independent  
of �9 for the sp-metals,  whereas  in the paper of Con- 
way and Bockris 17 and Fig. 1 therein, it is taken as 
dependent  on ~. Since the present  values are obtained 
f rom Fig. 1 of my paper as averaged ones, they might  
be more rel iable than those of Fig. 1 of Conway and 
Bockris. 

Fur ther  division of the d-meta ls  in Fig. 1 of my 
paper is questionable in v iew of uncertaint ies  in the 
values of log io and @. 

Frank Ludwig and Ernest Yeager: Dr. Kita  has listed 
data for hydrogen discharge on plat inum and plat-  
in ized-pla t inum in Table I of his paper as wel l  as in 
various figures. Some of these data probably need to 
be re-examined.  Various electrochemists including 
A. N. F rum k in  have suspected for some t ime that  
diffusion control may  be involved in some and pe r -  
haps all of the hydrogen overpotent ia l  measurements  
on both bright  and pla t in ized-pla t inum in acid media 
reported in the l i terature.  Consequent ly we have un-  
de r taken  a study of hydrogen overpotent ia l  on br ight  
p la t inum using the rotat ing d isk-r ing  technique. TM Pre -  
l iminary  results are now available. 

The dependence of the overpotential  measured on a 
br ight  p la t inum disk on rotat ion rate  is shown in 
Fig. L-Y1. These measurements  were  made by the 
in te r rupter  technique. Both act ivated and nonact ivated 
electrodes exhibi t  a similar dependence. The usual 
precautions were  taken to minimize impur i ty  effects. 
The activation procedure  consisted of maintaining the 
disk at a potential  of +0.8v against a revers ible  hy-  
drogen electrode in the same solution for i min, a 

17B. E. C o n w a y  and  J .  O'M. Boekr i s ,  J. Chem. Phys. ,  26, 532 
(1957). 

is A. F r u m k i n  and  L.  N e k r a s o v ,  Doklady  Akad.  Nauk.  SSSR, 126, 
115 (1959); Y. I v a n o v  a n d  B. Lev i ch ,  ibid., 126, 1029 (1959). 
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Fig. L-YI, Dependence of hydrogen overpotentiol at bright 
platinum on rotation rate in 1N HCI at 25~ at constant current 
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Fig. L-Y2. Hydrogen overpotential on platinum. ( and - - o - - ,  
present work at different electrode rotation rates, 1N HCI, bright, 
activated platinum at 25~ S-52, Schuldiner TM in 1952, 1N 
H2SO4, unstirred, bright activated platinum at 25~ S-59, 
Schuldiner 19 in 1959, 1M H2SO4, bright activated platinum, stirred 
with 500 ml/min of gas flow through the solution at 25~ C, 
Conway 2~ 0.1N HCI, unstirred, platinized-platinum at 26~ B, 
Bockris 21, IN  HCI, unstirred, bright activated platinum at 23~ 

condition insufficient to l iberate any oxygen or chlo- 
r ine and far  less strenuous than that used by other  
authors for act ivation [see, for example,  ref. (21)]. 

F igure  L-Y2 shows the usual overpotent ia l  vs. log i 
plots for various rotat ion rates and also ear l ier  data 
obtained by other  workers.  The curve for 3750 rpm 
was measured with  increasing current  at a constant 
rotat ion rate. Vir tual ly  identical  results were  obtained 
with  decreasing current.  The curves designated 150, 
375, and 9400 rpm were  calculated by applying cor- 
rections to the 3750 rpm curve with the correction 
determined from the dependence of the potent ial  on 
rotat ion rate  at constant current.  Curves evaluated 
direct ly exper imenta l ly  at other fixed rotat ion rates 
showed essentially identical  slopes and similar  de-  

1 9 S .  S e h u l d i n e r ,  This Journal, 99 ,  4 8 8  ( 1 9 5 2 ) ;  ibid., 1~6 ,  891  
( 1 9 5 9 ) .  

~o B .  C o n w a y ,  Proc. Roy. Soc., A 2 5 6 ,  128  ( 1 9 6 0 ) .  

~1 j .  O ' M .  B o c k r i s ,  I .  A m m a r ,  a n d  A .  H u q ,  J. Phys.  Chem., 61,  8 7 9  
( 1 9 5 7 ) .  

pendence of the intercepts on rotat ion rates but  re -  
producibi l i ty  of the intercepts  was somewhat  poor. 

In in terpre t ing  these results let us dismiss the 
idea that  increased efficiency of mass t ransport  of 
the hydronium ion to the electrode surface is respon-  
sible for the depression of the hydrogen  overpotent ia l  
wi th  increased rotat ion rate. The concentrat ion of HC1 
(1M) is just  too high for this explanat ion to be valid. 

We bel ieve that  supersaturat ion of the solution with 
dissolved molecular  hydrogen is involved.  In par t icu-  
lar  the concentrat ion of hydrogen in solution great ly  
exceeds the bulk value  because of nucleat ion and 
t ransport  problems, and increases with current  den-  
sity. This explanat ion was suggested by Yeager, Oey, 
and Hovorka 22 in 1953 and by M. Brei ter  et al. 2a in 
1956. It should be understood that  bubble format ion 
rel ieves supersaturat ion only at the surface of the 
bubble and that  substantial  supersaturat ion is to be 
expected over  the average of the electrode surface 
because of mass t ransport  l imitations associated with  
the diffusion of dissolved molecular  hydrogen to the 
growing bubbles. 

The --30 mv /decade  slope can result  f rom pure 
kinetic control wi th  the desorpt ion-recombinat ion 
step rate  determining,  from pure  diffusion control, or 
f rom mixed  diffusion-kinetic control. To expla in  the 
present  results on the basis of mixed diffusion-kinetic 
control, however,  the rate  of the back react ion must  
not be negligible and must  in fact increase in direct 
p r o p o r t i o n  to the current  density. Such is a reasonable 
possibility if the extent  of supersatura t ion of the solu- 
tion adjacent  to the electrode is large compared to 
the bulk concentrat ion of H2 and the rate  of t rans-  
port  of H2 from the electrode surface is approximate ly  
proport ional  to the concentrat ion of the dissolved H2 
at the electrode surface, i.e. 

i = /C [ ( C H 2 ) e - -  ( C H 2 ) ~ ]  = ~ ( C H 2 )  e 

with (CHe)e > >  (Cs2)~, where  (Ci~2)e and (CH2)= 
are the concentrations of dissolved H2 adjacent  to the 
electrode and in the bulk of the solution, respectively,  
and ~ is a proport ional i ty  constant. Our  results  indi-  
cate that, depending on the act ivat ion of the platinum, 
control may range f rom pure mass t ransport  to com- 
bined mass t ransport-kinet ic .  

If the constant ~ is direct ly proport ional  to ~-1/2, 
a slope of +15 m y / d e c a d e  would  be expected for plots 
of the type shown in Fig. L-Y1 for ei ther  pure dif- 
fusion control or combined diffusion-kinetic control 
provided the net rate  is small  compared to ei ther the 
forward  or reverse  in ternal  rates. The somewhat  
lower  slopes evident  in Fig. L-Y1 probably reflect 
complications associated with  bubble format ion in the 
vicini ty  of the electrode surface. Supersa tura t ion  is 
probably not uniform across the disk. 

Only a few pre l iminary  measurements  have been 
made with  the r ing technique. The open-ci rcui t  po- 
tential  of the r ing exhibits approximate ly  30% of the 
overpotent ia l  measured on the disk by the in te r rupter  
method and is subject  to a in teres t ing oscillation phe-  
nomena which remains to be studied further .  One 
would not expect  the r ing potential,  however ,  to give 
a rel iable indication of the average  supersaturat ion at 
the disk surface since bubbles develop as the l iquid 
spirals across the disk and the ring. 

We believe that  these observations are at least suf-  
ficient to requi re  a r e -examina t ion  of the whole ques-  
tion of the significance of now accepted overpotent ia l  
measurements  on plat inum in acid media. 

The authors acknowledge par t ia l  support  of this 
research by the U.S. Office of Naval  Research. 

R o g e r  Parsons:  I would l ike to support  the sugges- 
tion that  the over -a l l  process of hydrogen evolut ion 

~ E .  Y e a g e r ,  T O e y ,  a n d  F .  H o v o r k a ,  J. Phys.  Chem., 57, 268 
( 1 9 5 3 ) .  

-"3M. B r e i t e r ,  H .  H a m m e r m a i e r ,  a n d  C.  K n o t t ,  Z. Elektroehem. ,  
6 0 ,  3 4  ( 1 9 5 6 ) .  
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on active p la t inum electrodes is controlled by diffu- 
sion of molecular  hydrogen. Results I obtained about 
13 years ago ~A showed that the rate of the over-al l  
reaction was unusua l ly  reproducible over a period 
of up to 16 days while the a-c impedance changed 
rather  rapidly with time. Hence, it is probable that  
the over-al l  process does not depend on anyth ing  
happening at the electrode surface. Similarly,  the ac- 
t ivation energy for the over-al l  process was about 
5 kcal which is the order expected for a diffusion 
process. These results were in terpre ted somewhat dif- 
ferent ly  in the paper cited. The more recent work by 
F rumkin ' s  co-workers also supports the diffusion 
mechanism. 

G. C. Barker (communicated) :  From discussion re-  
marks  there now seems to be recognit ion of the fact 
that the polarization observed with clean smooth plat-  
inum and with some other metals is largely concen- 
t rat ion polarization resul t ing from nucleat ion diffi- 
culties in  the formation of gaseous hydrogen. I wish 
merely  to point out that bubble  formation at a clean 
surface free from r e - en t r an t  cavities is made difficult 
by the fact that  the metal  surface is wetted by the 
solution. 25 With a more hydrophobic p la t inum sur-  
face produced by deposition of one or more mono-  
layers of stearic acid, bubble  formation occurs much 
more readi ly and, despite the contaminat ion of the 
surface the overpotential  dur ing hydrogen deposition 
in uns t i r red  solution, is often smaller  than for a com- 
pletely clean surface. Ready format ion of bubbles dur -  
ing gas deposition at electrodes is often indicative of 
surface contamination.  

B. E. Conway (communicated) :  An analysis of the 
type given by Kita was first developed by Ruetschi 
and Delahay 26 and by Conway and Bockris 27 who 
took into account the electronegativity difference be-  
tween H and various metals in  their calculation of 
MH bond energies in relat ion to the electronic work 
funct ion be. In  the fur ther  development  of relations 
between be, the heat of adsorption of H and the ex-  
change current  io, or overpotential  at a given c.d., it 
seems that  more at tent ion must  be paid to the extent  
of H-coverage prevai l ing in the steady state at various 
metals and the effect this has on the be and the cur-  

R. P a r s o n s ,  Trans. Faraday Soc., 56, 1340 (1960). 

~z G.  C. B a r k e r ,  D i s s e r t a t i o n ,  C a m b r i d g e  U n i v e r s i t y  (1946). 

'~ P.  R u e t s c h i  a n d  P .  D e l a h a y  J .  Chem. Phys.  23, 195 (1955). 

'~ B.  E.  C o n w a y  a n d  J .  O ' M .  B o c k r i s ,  ibid., 26, 532 (1957). 
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rent  at a given potential. A t rea tment  of this type 
given by Parsons 2s leads to a pyramidal  relat ion be-  
tween io and the s tandard free energy hGH ~ of ad- 
sorption of hydrogen for both ion discharge (I) and 
atom-ion desorption (II) mechanisms. However, as 
we have pointed out elsewhere, 29 it seems that  I will  
tend to prevail  with low coverage OH by H at n u -  
merical ly small  or positive AGI-I ~ values with a con- 
sequent  increase of io with decreasing ~G~ ~ while II 
tends to prevai l  with the catalytic and  adsorptive 
metals having more negative AGH ~ and the io ~ AGH ~ 
relat ion will  then be on the descending par t  of the 
pyramidal  relation, i.e., io will  decrease for a desorp- 
t ion step with increasing strength of adsorption of H 
as predicted prev ious lyY 

Hideaki Kita (communicated)  : The change of the heat 
of adsorption of hydrogen with OH is taken into ac- 
count by R in  Eq. [22b] of the paper, the value of 
which might  be pr imar i ly  determined by the na ture  
of hydrogen atom, since R is the measure of mutua l  
in teract ion among hydrogen atoms on the surface. 
Hence, in the first approximation R might  be taken 
almost independent  of metals and then be assumed to 
be constant at relat ively high coverage. The relat ion-  
ship between log io and --AHads obtained under  the 
above conditions with respect to the catalytic mech- 
anism (case 2 of the paper) is qual i ta t ively in agree- 
men t  with the results (Fig. 3 of the paper) for the 
d-metals  which are the catalytic and adsorptive met-  
als. 

The pyramidal  relat ion between log io and (--AHads 
-b Fbe} could be also expected as seen from Eq. 
[29a] and [29b] of the paper  for the electrochemical 
mechanism where  the rate is governed by  the neu -  
tral ization of the adsorbed hydrogen molecule ion 
H2 + (a),  i.e. 

H2 + (a) + e -  -~ H2 

However, the compensating effect between the changes 
of --AHads and be by metals as discussed in the present  
paper depresses the above expected relat ion to a great 
extent, so that the log io may not apparent ly  depend 
oil ~AHads or be as shown from the results for the 
sp-metals  (Fig. 3 and 4 of the paper) .  Hence it is 
concluded that the electrochemical mechanism is op- 
erative on the sp-metals.  

2s R.  P a r s o n s ,  Trans. Faraday 8oc., 54, 1053 (1958).  

~ B .  E. C o n w a y ,  i n  " P r o g r e s s  in  R e a c t i o n  K i n e t i c s , "  Vol.  IV,  
G.  P o r t e r ,  Ed i to r ,  P e r g a m o n  P r e s s ,  O x f o r d  (in p re s s ,  1966); B.  E. 
C o n w a y ,  " T h e o r y  a n d  P r i n c i p l e s  of  E l e c t r o d e  P r o c e s s e s , "  R o n a l d  
P r e s s ,  N e w  Y o r k  (1965). 

The Pressure Coefficient of the Hydrogen Electrode Reaction 
G. J. Hills and D. R. Kinnibrugh 

Chemistry Department,  The University, Southampton,  England 

ABSTRACT 

The various criteria for the mechanism of the hydrogen electrode reaction 
are considered wi th  part icular  reference to the pressure coefficient of the 
reaction rate. The techniques of s tudying electrode processes at pressures up 
to 1500 atm are described, and the volume of activation derived for the hydro-  
gen evolution react ion has been found to b e - - 3 . 4  ml  mole -1. This negative 
value is not in  accord with either of the two mechanisms usual ly proposed 
for this reaction. It  suggests that  the r a t e -de te rmin ing  step is the stage 

e (metal)  --> e (aq) 
i.e., the emission and hydrat ion of metallic electrons. 

This paper is concerned with the measurement  and 
in terpre ta t ion  of the pressure coefficient of the hydro-  
gen evolution react ion on mercury.  The reaction has 
been studied at moderate  current  densities and under  
applied hydrostatic pressures up to 1500 arm. The par -  
tial pressure of molecular  hydrogen remained through-  

out at ~1  atm, and the principal  effect of the applied 
pressure was to influence the free energy of activation 
v/a the volume of activation. 

Pressure coefficients of reactions in  condensed 
phases are peculiar ly sensitive to the role played by 
the solvent, the free volume of which is a funct ion of 
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changes in electric charge density, of degree of solva- 
tion, and of other intermolecular  factors. By deter-  
minat ion  of the volume of activation for the hydrogen 
evolution reaction, it was hoped to delineate still fur -  
ther the exact mechanism of the ra te -de te rmin ing  
step and to offer addit ional  evidence for one or other 
of the theories usual ly proposed. 

Ac~vation Parameters as Diagnostic Criteria 
The mechanism of most reactions is discernible by 

analysis of the reaction order which, in effect, is to 
sense the response of the reaction to changes in the 
chemical potential  of significant components. Addi-  
t ional intensive variables include the temperature  
and pressure of the system and, for charge- t ransfer  
reactions, the electrode potential. For  electrode 

processes, the two coefficients ( 0 t n i ~  - -  and 

0 1 n i  ~ ( ~ / T . e , n  are the most commonly used criteria 

and, in  the absence of comphcating features, often 
delineate unambiguous ly  the path of an electrode re-  
action. Complications can arise pr incipal ly  because the 
dis tr ibut ion of interracial  chemical potentials and that 
of the interracial  electrical potential  are mutua l ly  in -  
terdependent.  This is clearly to be seen in the hydro-  
gen evolution reaction on mercury 

2H + -{- 2e ) H2 (A) 
Hg 

The electrochemical reaction orders of this electrode 
process have been summarized by Conway and Salo- 
mon (1) from which it is clear that  in dilute solutions 
of hydrochloric acid 

~ ]  T.P.g = 2RT [1] 

and that with an interracial  composition stabilized by 
support ing electrolyte, 

O~HC---~ T.P.i = F [2] 

Without  support ing electrolyte, the corresponding re-  
action order is zero because the activity of hydrogen 
ions in  the outer Helmholtz plane and the potential,  
41, of that plane are related by the theory of the dif- 
fuse double layer, such that  

an 
< ~HCq >T,P,I : O [3] 

These criteria by themselves do not  dist inguish be- 
tween two possible ra te -de te rmin ing  steps of the over-  
all mechanism, A, namely  

H + + e  >H;  2H >H2 (B) 
slow fast 

H + + e ) H; H + H + + e > H2 (C) 
fast slow 

The reaction scheme C has been s t renuously advocated 
by Horiuti  (2, 3) and others (4, 5) and requires that  
the interface be saturated with either atomic hydro-  
gen or the hydrogen molecule ion, H~ +, regarded as 
an in termediate  in  the second, slow stage of C. The 
exper imental  evidence for this is often denied, and 
addit ional  evidence (6, 7) from studies of isotope 
separation factors has been adduced to support  the 
former scheme, B. We have therefore been concerned 
to examine the other criteria to see if they support  
one or other of these proposed mechanisms. 

Both the tempera ture  and the pressure derivatives 
of the rate  of the hydrogen evolution reaction can 
convenient ly  be examined in  terms of the appropriate 
form of the t ransi t ion state theory, as applied to this 
system, i.e. 

kT AGo~ a~IzF 
i = nFaH+ ~ exp R----~ exp ~RT [4] 

The temperature  derivative 

[ O ln (i/T) ] 
a(1/T)  aH+,p.v 

then leads, approximately at least, to the enthalpy of 
activation (8). Before the details of the approxima- 
tions are called into question, it may be noted that the 
observed value is un remarkab ly  high, ~22 kcal mole -1 
(9). It  can be at t r ibuted to a number  of energetic 
processes, which may include the desolvation of hy-  
dronium ions, the reaction of atomic hydrogen with 
its surroundings,  and the emission of electrons from 
the metal. It involves in t ra -  as well  as in termolecular  
transformations,  it  is always a complex quant i ty  and 
it is seldom a discr iminat ing factor (10). 

The corresponding pressure-der ivat ive  leads to the 
volume of activation, i.e. 

R T ( ~ - - - - ) T ~ a H +  --~- -- AV~ = [5] 

It is invar iably  the case that AV+ is controlled by in-  
termolecular  changes only, i.e., it is par t icular ly  sen-  
sitive to changes in intermolecular  separat ion and in 
solvent free volume. For reactions which involve a 
charged, activated state, i.e., where an extra degree 
of polari ty is generated, there is an associated nega-  
tive volume of activation, and the reaction is there-  
fore accelerated by pressure (11). It might  be sup- 
posed that for neutra l izat ion reactions where ions are 
discharged, the opposite would be obtained, and we 
sought to confirm this. 

The various assumptions under ly ing  the significance 
of the derived volume of act ivation are discussed later. 
The fact that AV4= was in fact found to be large and 
negative required a r e -examina t ion  of both mech-  
anisms referred to above. 

Experimental 
The measurement  of hydrogen overpotential  at a 

mercury  electrode is a simple and well-established 
procedure. The system must  be scrupulously clean, 
and the worst effects of surface-active or electro-ac- 
tive impurit ies can be avoided if a freshly formed 
mercury  electrode is used. 

It was decided here that a dropping mercury  elec- 
trode was undesirable,  not so much because of the 
difficulty of controll ing such a system inside a pres-  
sure vessel [this has been done twice before (12, 13)], 
but  ra ther  because of the associated charging current.  
Instead, an extruded mercury  drop electrode was used 
which could be generated and rejected at will  by an  
electromechanical device, which in tu rn  could be re -  
motely operated wi th in  a pressure vessel. Three prob-  
lems therefore presented themselves: (i) the design 
of a high-pressure system; (ii) the construction of a 
minia tur ized electrode cell assembly able to t ransmit  
hydrostatic pressures, and (iii) its coupling to a me-  
chanically dr iven piston capable of generat ing ac- 
curately mercury  drops of known surface area. 

Apparatus.---The design and assembly of the high-  
pressure vessel, pump, gauges, and anci l lary equip-  
ment  presented few problems. The technique of so 
doing is described elsewhere (14, 15) and the present  
equipment  is summarized in Fig. 1. 

The cell presented many  more problems and that  
shown in Fig. 2 was evolved only after many  other 
designs had failed. It  consists essentially of a number  
of concentric glass cylinders able to move telescop- 
ically in  order to t ransmit  the pressure from the 
pump oil to the solution wi thin  the cell. Addit ional  
seals of mercury  prevented ingress of the oil into the 
cell either through the sliding joints or through the 
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Fig. 1. High-pressure system 

5 
C~n. 

A 

0 

Fig. 2. Miniature cell for high-pressure overvoltage studies: 
A, B, C, B5 glass cone-socket joints; D, palladized palladium 
electrode; E, extruded mercury electrode; F, micro Luggin capillary; 
G, mercury pool; H, hollow glass syringe plunger; I, matching 
barrel to H; J, stainless steel piston; K, mercury reservoir; L, 
mercury seal; M, micrometer clamp; N, glass sheath to piston; P, 
upper end of N sliding into another barrel; Q, steel retaining 
springs; R, Teflon cup filled with water; S, insulating pod; T, 
micrometer screw. 

fixed conical joints. All  mercury  exposed to the solu- 
tion was main ta ined  at a cathodic overpotential  with 
relat ion to a large working anode of palladized pal-  
ladium, presaturated with molecular hydrogen. 

The extruded mercury  drop electrode was generated 
at the end of a thin hooked capillary by movement  of 
a stainless steel piston, through a Teflon bush, into 
precision-bore glass tubing which formed the base of 
the electrode capillary. This piston was dr iven by a 
micrometer  plunger,  the barre l  of which was l inked 

Fig. 3. Pulse-driven micrometer piston and cell 

to a digital pulse-operated rotary solenoid (Ledex 
type 2E, N.S.F. Ltd.) by a micro gear-head (size 11, 
Vactric Control Ltd.) with a reduct ion ratio of 24.79: 1. 
The apparatus is i l lustrated in  Fig. 3 and its exact 
mode of operation will be described elsewhere (16). 
It need only be noted here that  existing drops could 
be dislodged by an electric pulse applied to the elec- 
trode and that subsequently the volume of each ex- 
t ruded drop was directly proportional to the number  
of succeeding pulses applied to the drive. In terms of 
the characteristics of the rotary solenoid, the gear-  
head, the micrometer,  and the area of the piston, 
the absolute volume of each drop could, in principle, 
be calculated. There is, however, always the possibil- 
ity that when  the drop breaks away, the mercury  
recedes into the capillary or a small drop is left. The 
first possibility was minimized by siliconing the capil- 
lary and by ensur ing that the b reak-away  was fol- 
lowed immediately by 5 pulses which then began a 
new drop. Even so, there was felt to be residual  un -  
certainty as to the absolute area of each drop and to 
overcome the ini t ia l  end-effects and the eventual  dis- 
tortion by sagging, it was decided to determine the 
current  density from the l inear part  of the variat ion 
of observed current  with surface area. For  a constant 
density of mercury  this is readily seen to be propor-  
t ional to n 2/3, where n is the number  of pulses. 

The current  flowing to the mercury electrode was 
determined potentiometrically,  and the potential  of 
the electrode itself was measured with respect to a 
microcalomel electrode joined to the cell by a very 
small  "whisker" of d rawn  tubing filled with 1M KC1 
solution and serving as a Luggin capillary. 

Procedure.--All the glass fitments were cleaned by 
boiling in perchloric acid solution. They were rinsed 
and soaked in conductivity water, dried in air, and 
assembled. The cell was mounted  on the piston head, 
the capillary electrode filled with mercury  (under  
vacuum) and the cell filled with hydrogen saturated 
oxygen-free solution. A short period of pre-electrol-  
ysis was allowed, using a sacrificial p la t inum electrode, 
and finally the system was sealed with mercury.  It  is 
seen in operation in Fig. 4. 

The assembled apparatus was sheathed in a protec- 
tive brass cylinder, to which electrical connections 
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Fig. 4. Extruded mercury drop with upper and lower mercury seals 

were soldered. This was inserted into the pressure 
vessel which was topped up with  kerosene, sealed, and 
connected to the pump. 

The proper  functioning of the electrode was checked 
by various tests at 1 atm including the measurement  
of interfacial  capacity. The pressure cycle was carr ied 
out in steps of 250 arm. At  the highest pressures un-  
stable conditions were  often detected, and a new sys- 
tem had then to be used wi th  another  set of ascend- 
ing pressures. 

Results 
The results relate  to measurements  made on the cell 

Hg I 0 . 1 M  H a l  II 1M KCI I H g 2 C l 2  I Hg 

Cathodic currents  were  measured as a function of 
overpotential ,  electrode area, and applied hydrostat ic  
pressure. 

At a par t icular  value of overpotent ia l  and applied 
pressure, the current  was measured at successive va l -  
ues of pulses, n, used to inject  mercury  into the elec-  
trode capillary. The observed current  was a l inear  

Table I. Observed currents, I, in ~a at a fixed applied potential 
(--1.350v) as a function of electrode area and of applied 

hydrostatic pressure 

Pressure, arm 

n 2 5 0  5 0 0  750  1 2 5 0  1 5 0 0  

function of n 2/3, the slope of which was related, as 
above, to the current  density. The results for one par -  
t icular value of the overpotent ia l  are shown in Table 
I; the results for all values of ~ are summarized in 
Table II. 

The applied overpotent ials  are re fe r red  to the equi-  
l ibr ium potent ial  of the above cell which is also pres-  
sure dependent.  An al lowance must be made for this 
pressure dependence and, in the absence of eve ry  re l -  
evant  par t ia l  molar  volume,  it was de termined  exper i -  
menta l ly  using the cell  

H2,Pt I 0.1M HCI ]] M KCI ] Hg2CI2 ] Hg 

which utilizes a platinized pla t inum electrode and 
which has a more easily observed equi l ibr ium emf. 
The HC1 solution was saturated at i atm pressure, 
and it was assumed that  its solution concentrat ion re-  
mained, throughout  the range of pressures, the same 
a s  that  of the work ing  ce11. 

The equi l ibr ium emf of this cell was found to be a 
l inear function of pressure and equal  to 8.0 x 10-Sv 

(Ologi~ 
atm -1. This corresponds to a decrease in \ ~ ] T , ~ , ,  

of 7.6 X 10 -5 atm -1 in terms of the observed Tafel  
slope of 106 mv. This correction has therefore  to be 
added to the observed pressure coefficient of current  
density. Results are summarized in Fig. 5 and 6 which 
show, respectively,  Tafel  slopes at 250 and 1500 atm, 
and the var ia t ion of (uncorrected)  current  density 
with pressure for four overvoltages.  The average slope 
for all the measurements  leads to a final pressure co- 
efficient of cathodic current  density of 13.85 x 10 -5 
log-1 a tm-1.  

Discussion 
The significance of the pressure coefficient.--A1- 

though there  is some scatter of the data presented in 

log101 
-2. g 

.3.1 

250 arm 

-3.3 
- 1500 arm 

-3. 5 

.3.7 

I I I I I, 
-1. 350 .i. 375 -1,400 -1. 425 .1. 450 

Fig. 5. Tafel slopes at 250 and 1500 atm pressure 

15 1 , 6 8  1 ,92  2 . 1 8  2 , 2 0  2 . 6 3  
2 5  2 . 4 5  2 . 6 9  3 . 0 4  3 . 0 7  3 . 6 0  
35  3 . 1 6  3 . 3 4  3 . 8 5  3 . 8 1  4 . 4 0  
4 5  3 . 7 9  3 . 9 9  4 . 4 8  4 . 5 3  5 . 1 6  
55 4 . 3 4  4 . 5 8  5 . 1 0  5 .32  5 . 8 7  
65  4 . 8 9  5 . 3 3  5 . 6 0  6 . 1 7  6 . 5 4  
75  7 .17  
dl/d'n2/3, 
a m p  • 10  -7 3 . 2 0  3 . 3 4  3 . 5 3  3 . 6 0  3 . 9 0  
i ,  x 10-4  
a m p  c m  -~  1 .26  1 .32  1 . 3 9  1 .42  1 . 5 4  

Table II. A summary of observed current densities (--Iogzoi) as a 
function of applied potential and applied hydrostatic pressure 

A p p l i e d  p r e s s u r e ,  a t m  
A p p l i e d  

p o t e n t i a l  2 5 0  5 0 0  750  1 2 5 0  1 5 0 0  

- -  1 . 3 5 0  3 . 9 0 0  3 . 8 7 9  3 . 8 5 7  3 . 8 4 8  3 . 8 1 2  
- -  1 . 4 0 0  3 . 4 1 8  3 . 3 8 3  3~391 3 . 3 7 0  3 . 3 3 4  
- -  1 . 4 2 5  3 . 1 8 0  3 . 1 5 2  3 . 1 5 2  3 . 1 4 1  3 . 0 9 8  
-- 1 . 4 5 0  2 . 9 3 4  2 . 9 1 3  2 . 9 0 6  2 . 8 8 3  2 . 8 5 7  

O 9 ~ 1.350 V 

[ 7  t~ - 1,400 V T 

-I" 9 : 1'45~ v / - I -  

0,1 " iogl 0i T ~ ~  

T O 
s / 

1_ 
T 

~ pressure, arm 

250 500 750 i'o0o 1250 1500 

Fig. 6. Cathodic current density as a function of hydrostatic 
pressure; ( I - -  - - [ )  denotes limits of error. 
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Fig. 6, the results from a number  of independent  
measurements  confirm the sign and magni tude  of the 
pressure coefficient. For a single, simple process this 
can then be t ranslated into the corresponding volume 
of act ivation 

AV+ = ~ R T  ~ / T , ~ , n  = - -  3.40 ___ 0.15 ml  mole-1  

[6] 

The first r equ i rement  of the analysis  is therefore to 
confirm that the coefficient relates p redominant ly  to 
the single charge- t ransfer  process under  consideration. 

There will  normal ly  be several contr ibutions to the 
pressure coefficient of a rate process in  solution, most 
of them not  directly connected wi th  the ra te -de te r -  
min ing  step. Thus, the compression of the solution wil l  
increase the density and the volume concentrat ion of 
all the components. The compressibil i ty of water  is 
not high, and over the range of pressures considered 
here, (~1500 atm),  the total  compressioa would not 
exceed a few per cent. A more serious change in 
composition arises in  systems which are incompletely 
dissociated. An increase in pressure may then cause 
a large increase in ionic concentrat ion because of the 
electrostrictive contraction of solvent resul t ing from 
ionization. This is no scope for such an effect in  the 
present  system. 

Even if the stoichiometric concentration is not sig- 
nificantly altered by pressure, it is still possible that  
the absolute bu lk  activity of the reactants  wil l  change. 
The pressure-der ivat ive  of activity coefficient is re-  
lated to the relat ive part ial  molar  volumes, i.e. 

( 8 1 n ~ •  
2 RT . = V --  Vo [7] 

OP ,~ 

For dilute solutions of hydrochloric acid, it may safely 
be estimated f rom the Debye-Hfickel theory in  terms 
of the pressure coefficient of solvent dielectric con- 
stant. Such a calculation suggests that  this is also a 
very  small  effect. 

It has also to be remembered  that because the meas-  
urements  are ul t imately  related to the s tandard hy-  
drogen electrode, both working and reference elec- 
trodes have a common s tandard state. The thermo-  
dynamic effect of pressure on the bu lk  phase compo- 
nents  is therefore zero. 

The last and most impor tant  potent ial  complication 
to the simple significance of hV4 is the possible ef- 
fect of pressure on ionic dis t r ibut ion in the double 
layer. There  is no evidence that pressure seriously 
disturbs the s tructure of the double layer, especially 
at cathodic potentials. The equi l ibr ium between hy-  
drogen ions in  the bu lk  of the solution and those in  
the outer Helmholtz plane is an electrostatic one and 
is unl ike ly  to be significantly influenced by pressure. 

It may therefore be concluded that  at high pres-  
sures, as at 1 arm, the rate of the hydrogen evolu-  
tion react ion in dilute solution without  support ing 
electrolyte is independent  of the chemical potential  
of dissolved HC1 and that  the observed pressure-co- 
efficient represents the volume of activation of the 
ra te -de te rmin ing  process. 

The significance of the vo lume of ac t ivat ion . - -As  
indicated earlier, atoms and molecules are re la t ively 
incompressible whereas the free volume of a molecular  
assembly is sensitive to compressive stresses either 
from an external ly  applied pressure or from in te rna l  
electrostrictive forces arising, for example, from the 
creation or in t roduct ion of charged centers. Thus, re -  
actions in  solution which proceed through a charged 
or polar activated state have negative volumes of ac- 
t ivation and are therefore accelerated by applied pres-  
sure (11). 

It  is therefore surpris ing that the hydrogen evolu- 
t ion reaction, in which charge in  the solution disap- 
pears, should also have a negative volume of activa- 

tion. To appreciate this apparent  anomaly, it is neces- 
sary to consider each aspect of the supposed ra te -de-  
te rmining  steps. The simple charge- t ransfer  step 

H + (aq) ~ H(ads)  (D) 
Hg 

can be resolved into at least three separate stages: 
(i) the dehydrat ion of the hydron ium ion and /o r  its 
t ransfer  to the reaction site, (ii) the neutra l izat ion 
step in  which a hydrogen atom is formed and then 
(possibly) adsorbed, (iii) the t ransfer  of an electron 
from the mercury.  

It is not easy to estimate the part ial  molar  volume 
of hydrat ion of a hydrogen ion. It  may be noted with 
cer ta inty that  V ~ for HC1 does not  differ from that  of, 
say, NaC1. Mukerjee (17) and Conway and Desnoyers 
(18) have gone fu r the r  than  this and have reasonably 
argued (from size considerations and suitable extrapo-  
lations) that V~H+ (aq)-= - -  5 ml  g-ion -1. Whatever  the 
significance of this result, it is evident  that  dehydra-  
tion of the hydron ium ion involves a large increase in 
volume. 

Hills and Payne  (19) made a detailed study of the 
effect of the t ransfer  of ions into the double layer at 
mercury  electrodes. They showed that  when  a spe- 
cifically adsorbed ion displaces water  molecules from 
the inner  layer, there is a considerable increment  of 
volume of the system. It follows that  any similar 
process involving the t ransfer  of hydrogen ions or 
atoms to the metal  surface wil l  l ikewise involve a 
positive volume change. 

It  may, however, be remarked  that migrat ion of 
hydrogen ions at 25~ requires a negative volume of 
activation, ,-- - -  3 ml  mole -1 (20), and that  t ransfer  
of hydrogen ions from the outer Helmholtz plane to 
the reaction site might  therefore involve the same 
process of contraction. This a rgument  is un tenable  be-  
cause the negative volume of activation of protonic 
migrat ion is common to most ions and is associated 
wi th  disengagement  of water  molecules from the 
s t ructured solvent in the path of the ion (20). 

Final ly,  some speculation may be made concerning 
the size of the hydrogen atom. There is evidence that 
this is a relat ively large molecule and, for example, 
its disappearance in  the gaseous recombinat ion reac- 
t ion 

H + + H-> H~ + (E) 

is accompanied by a large decrease in  volume (21). 
The volume of formation of hydrogen atoms would no 
doubt be influenced by its degree of adsorption on the 
metal  surface. This cannot be a large factor on mer -  
cury and even if the process of adsorption largely 
nullified the par t ia l  molar  volume of formation of 
atomic hydrogen, it is still  difficult to see how the 
neutra l izat ion of the hydrogen ion can give rise to 
other than  an increment  of volume and in ter  alia to a 
positive volume of activation. 

It  remains  to consider the t ransfer  of electrons from 
the metal. Only if this is the p redominan t  stage of 
the neutra l izat ion reaction and one with a large nega-  
tive volume change, could adequate compensation for 
the other contr ibut ions be achieved. It  is possible that  
the appearance of negative charges in  the inner  par t  
of the double layer  could give rise to fur ther  degrees 
of electrostriction, although the exper imental  evidence 
of Hills and Payne  (19) is against  this. They showed 
that  the net volume of the interface (i.e., of the inner  
layer) was independent  of the degree of polarization 
b e y o n d - - 1 0  ~C cm -2 and therefore inferred that  the 
closest packing of the water  molecules had already 
been achieved. However, there is a dist inction be-  
tween a uni form potent ia l  gradient  and that arising 
from discreet electronic charges, and it is therefore 
necessary to consider in greater detail the interact ion 
be tween  electrons and water. Before this is done, some 
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consideration will  be given to the second possible ra te -  
determining charge- t ransfe r  step, namely  the ion-  
atom step 

e 
H+ <aq> + H > H2 (F) 

Hg 

This reaction continues to be advocated in spite of 
strong arguments against it. Experimental evidence 
for the existence of the intermediate ion, H2 +, is 
strong, although frequently denied. It has been esti- 
mated (5) that in the gaseous state, the free energy 
change of reaction B is ~ -- 60 kcal mole -I. This 
would accommodate the energy of desolvation of the 
proton and allow a high concentration of H2 + in so- 
lution. The small size of this ionic species has already 
been commented on and, if the activated state has a 
similar structure, then the observed negative volume 
of activation could readily be accounted for. Indeed, 
the pressure coefficient reported here might be con- 
sidered to be the strongest evidence so far for the 
ion-molecule mechanism. 

This mechanism also satisfies all the other criteria 
provided the activity of atomic hydrogen or of the 
hydrogen molecule ion is constant, i.e., independent 
of potential. In the present formulation this implies a 
"coverage" of unity. Observed interfacial capacities 
of mercury in HCI solution allow no significant cov- 
erage, i.e., displacement of water molecules, although 
they would not be inconsistent with a high concentra- 
tion of H2 +. Even so, the activity of H2 + is still de- 
pendent on the steady-state concentration of hydrogen 
atoms. If this activity is potential-dependent, and 
there is no reason why it should not be, the electro- 
chemical reaction order could not lead to the Tafel 
slope observed. 

One must therefore return to the slow ion-discharge 
step, A, and reconsider the evidence for electron emis- 
sion as the principal feature of the rate-determining 
step. The inner layer adjacent to the electrode is 
known to be populated only with water molecules; 
cations are excluded and anions are further repelled. 
The main act of charge transfer can therefore be con- 
sidered to be the transfer of electrons from the metal 
surface to the outer Helmholtz plane. 

The possibility that classical electron emission is the 
rate-determining step of the hydrogen evolution reac- 
tion has been considered earlier (22), but rejected on 
the grounds that it leads to impossibly small rate 
constants. A rough calculation in terms of the ther- 
mionic work function of mercury, 4.5 ev (23) and the 
probable depth of the potential well of a hydrated 
electron, ,~ 2 ev (24) leads to an energy of electron 
abstraction of ~60 kca] mole -I which is nearly three 
times the observed activation energy. There is, how- 
ever, the possibility of tunneling and, in spite of re- 
cent arguments  to the contrary (6, 7), Chris tov (25, 
26) maintains that  this is an impor tant  feature  of the 
hydrogen electrode reaction. Bockris (22) argues 
otherwise and suggests that  the "work  of forming the 
transit ion state is almost ent i rely made up of that  of 
s tretching the bond be tween  the cation and the hy-  
drat ion sheath." If this were  so, it would  cer ta inly  be 
detected as a posit ive vo lume of act ivat ion as it is in 
most t ranslat ional  processes (27, 28). 

Support  for the independent  existence of the 
aquated electron has recent ly  come from several  
sources (24, 29, 30). The electrochemical  consequences 
have been examined by Yurkov (31) and fur ther  ev i -  
dence for its importance in electrode processes is fur -  
nished by the work  of Barker  (30) who studied photo-  
emission currents  at the mercury  electrode in aque-  
ous systems. In contrast  wi th  electrode systems in 
vacuo, the energy barr ie r  associated wi th  electron ab- 
straction in the present  system is s trongly potent ia l -  
dependent,  since almost all of the potent ia l  gradient  
occurs in the double layer  and the effective work  func-  
tion is altered. In the absence of e lectron scavengers, 
the photoemission current  was negligible, since the 

hydra ted  electrons were  continuously re turn ing  to the 
electrode. In acid solutions, an appreciable photocur-  
rent  was observed and was a t t r ibuted almost ent i rely 
to e lec t ron-capture  by the hydronium ion which is 
known to be a fast react ion [k = 2.36 x 10 lo mole -1 
sec -1 (30)]. The part ial  molar  volume of the electron 
in water  is not known, but  in keeping wi th  every  
other  small ion, it must be negative.  The t ransfer  of 
electrons through the inner layer  to the react ion zone 
beyond would therefore  also requi re  a negat ive  volume 
of act ivation and this would not conflict wi th  the re-  
sults f rom the equi l ibr ium studies of Hills and Payne 
(19). The pressure coefficient repor ted  here is there-  
fore advanced as fur ther  evidence for the part ic ipa-  
tion of the aquated electron in electrode processes. 

The assumption that  the ra te -de te rmin ing  step of 
the hydrogen electrode react ion is s imply 

e (meta l )  --> e (aq)  

would go far to explain the great  sensi t ivi ty of this 
react ion to the nature  and state of the meta l  surface, 
to the presence of adsorbed mater ia l  and, even for a 
pure metal  surface, to its thermionic  work  function. 
It follows that  the succeeding steps of the reaction are 
all fast. Electron capture by the hydronium ion leads 
to hydrogen atoms which react  immedia te ly  and exo-  
thermical ly  wi th  fur ther  hydronium ions to form the 
hydrogen molecule ion. This in turn also acts as an 
electron scavenger  and reacts immedia te ly  to form 
molecular  hydrogen. This mechanism is in accord 
with  much of the independent  exper imenta l  evidence;  
it does not inval idate  any of the other cr i ter ia  men-  
tioned above and the results of the analysis of reac-  
tion order remain  the same. At  least, in the case of 
the hydrogen evolut ion react ion on mercury,  the heat  
of adsorption of hydrogen on mercury  no longer ap- 
pears a necessary feature  of the argument .  This wil l  
conflict with many other theories and it may be that  
they wil l  need to be r e - examined  in the l ight  of this 
fresh exper imenta l  evidence. 

Acknowledgments 
The authors wish to thank the Uni ted Kingdom 

Central  Electr ici ty Genera t ing  Board for a scholarship 
for one of them (D.R.K.). They also wish to thank 
the Courtaulds Educat ional  Trust  for the gift of h igh-  
pressure apparatus. 

LIST OF SYMBOLS 

a act ivi ty  
ev electron vol t  
F the faraday 
AGo=~ standard molar  free energy of act ivat ion 
h Planck's  constant 
i current  density 
I total current  
k rate constant 
k Boltzmann's  constant 
m molal i ty  
n number  of pulses 
n number  of electrons t ransferred in the elec- 

trode react ion 
P pressure 
R gas constant 
T absolute t empera tu re  
v vol t  

part ial  molar  volume 
Vo part ial  molar  volume at infinite dilution 
AV+ volume of act ivat ion 

energy t ransfer  coefficient 
stoichiometric number  

7_+ mean molal  act ivi ty coefficient 
chemical  potential  
overvol tage  

REFERENCES 
1. B. E. Conway and M. Salomon, E~ectrochim. Acta, 

9, 1599 (1964). 
2. J. Horiuti ,  T. Keii, and K. Hirota, J. Research Inst. 

Catalysis, Hokkaido Univ., 2, 1 (1951). 



Vol. 113, No. 11 P R E S S U R E  C O E F F I C I E N T  O F  R E A C T I O N  R A T E  1117 

3. J. Horiuti,  "Transactions of the Symposium on 
Electrode Processes," pp. 17-34, E. Yeager, Edi-  
tor, John Wiley & Sons, Inc., New York (1961). 

4. O. M. Poltarak, Zhur. Fiz. Khim., 27, 599 (1953). 
5. D. J. G. Ives, Can. J. Chem, 37, 213 (1959). 
6. M. Salomon and B. E. Conway, Discussions Fara- 

day Soc., 39, 223 (1965). 
7. J. O'M. Bockris, S. Srinivasan,  and D. B. Matthews, 

D~scussion Faraday Soc., 39, 239 (1965). 
8. J. O'M. Bockris, "Modern Aspects of Electrochem- 

istry," Vol. I, p. 197, J. O'M. Bockris, Editor, 
Butterworths,  London (i954). 

9. B. Post and C. F. Hiskey, J. Am. Chem. Soc., 72, 
4203 (1950). 

10. S. B. Brummer  and G. J. Hills, Trans. Faraday 
Soc., 57, 1816 (1961). 

11. E. Whalley, "Advances in Physical Organic Chem- 
istry," V. Gold, Editor, Academic Press, New 
York, 2 (1964). 

12. S. G. Mairanovskii,  M. G. Gonikberg, and A. A. 
Opekunov, Doklady Akad. Nauk S.S.S.R., 123, 
312 (1958). 

13. G. J. Hills and R. Payne,  Trans. Faraday Soc., 61, 
316 (1965). 

14. G. J. Hills, Talanta, 12, 1317 (1965). 
15. G. J. Hills and P. J. Ovenden, "Advances in Elec- 

trochemistry and Electrochemical Engineering,"  
Vol. IV, P. Delahay and C. W. Tobias, Editors, 
Interscience Publishers,  Inc., New York (1966). 

16. D. R. Kinnibrugh,  Thesis (Southampton)  1965; 

G. J. Hills and D. R. Kinnebrugh,  To be pub-  
lished. 

17. P. Mukerjee, J. Physic. Chem., 65, 740 (1961). 
18. B. E. Conway and J. E. Desnoyers, Can. J. Chem., 

In  press: see J. Phys. Chem., 68, 2305 (1964). 
19. G. J. Hills and R. Payne,  Trans. Faraday Soc., 61, 

32.6 (1965). 
20. G. J. Hills, P. J. Ovenden, and D. R. Whitehouse, 

Discussion Faraday Soc., 39, 207 (1965). 
21. C. A. Coulson, J. Chem. Sec., 1965, 778. 
22. J. O'M. Bockris, "Electrochemistry," Proceedings 

of the 1st Aus t ra l ian  Conference, Pergamon 
Press, London, pp. 691-710 (1964). 

23. O. Klein  and E. Lange, Z. Elektrochem., 44, 542 
(1938). 

24. E. J. Hart  and J. W. Boag, J. Am. Chem. Soc., 84, 
4090 (1962). 

25. S. G. Christov, Z. Phys. Chem., 214, 40 (1960). 
26. S. G. Christov, Electrochim. Acta, 4, 194, 306 

(1961). 
27. S. B. Brummer  and G. J. Hills, Trans. Faraday 

Soc., 57, 1823 (1961). 
28. S. B. Brummer ,  J. Chem. Phys., 42, 1636 (1965). 
29. S. Gordon, E. J. Hart, M. S. Matheson, J. Rabani,  

and J. K. Thomas, Discussion Faraday Soc., 36, 
193 (1963). 

30. G. C. Barker,  Report to C.I.T.C.E. 1V[eeting Moscow 
(1963). 

31. V. A. Yurkov, Soviet Electrochemistry, Vol. II, 
Consultants Bureau, N. Y. p. 85 (1961). 

Discussion 

Dennis B. Matthews: First  let me correct some wrong 
impressions one might  obta in  from the paper by Hills 
and Kinnibrugh.  The impression has been given that  
the work of Bockris, Srinivasan,  and Matthews I ex- 
cludes electron tunnel ing.  Such is not the case, how- 
ever, as the theory of charge t ransfer  at electrodes 
proposed by Bockris and Matthews 2,3 is strongly de- 
pendent  on electron tunnel ing.  Also, the work of 
Christov 4, 5 is concerned with proton tunne l ing  and not 
with electron tunnel ing.  

Although by far  the major  contr ibut ion of this paper 
is the new exper imental  results, I would like to touch 
on several  points regarding the in terpre ta t ion  of the 

1 J.  O'M. Bockr i s ,  S. S r i n i v a s a n  a n d  D. B. M a t t h e w s ,  Discussion 
Faraday Soc., 39, 239 (1965). 

2 j .  O'NL Bock r i s  a n d  D. B. M a t t h e w s ,  J. Electroanalyt.  Chem., 
9, 325 (1965), 

a j .  O'M. Bock r i s  a n d  D. B. M a t t h e w s ,  Proc. Roy. Soc. Series A,  
London, i n  press .  

St.  G. Chr i s tov ,  Z. Phys.  Chem., 214, 40 (1960). 

5 St .  G. C h r i s t o v ,  Electrochim. Acta, 4, 194, 306 (1961). 
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Fig. DM ]. Potential energy profile for electron transfer from a 
metal to the solvent. 

results, in part icular  on the newly proposed mechan-  
ism 

M e -  -> e -  (aq) [1] 

First, such a mechanism would lead to no hydrogen 
isotope effect for the hydrogen evolution reaction, in 
contrast  with experiment.  Second, the energetics of 
react ion [1] are such as to lead to a negligible rate of 
reaction. Consider the potent ia l  energy profile for elec- 
t ron transfer  from the metal  to the solvent (Fig. 
DM 1). 

The electronic work funct ion �9 for mercury  is about 
4.5 ev while the solvation energy of the electron Le is 
about 2 ev or less. This means that in order for the 
electron to undergo tunne l  t ransfer  from the metal  to 
the solvent, i t  must  undergo excitation from the Fermi  
level by about 2.5 ev or greater (~60  kcal mole -1) in  
contrast  to observed value of 21 kcal mole -1 for the 
activation energy of the hydrogen evolution reaction 
on mercury.  

L. I. Kristalik (communicated) :  Very interest ing re-  
sults on the dependence of the cathodic hydrogen 
evolution rate on hydrostatic pressure have been ob- 
tained in  the Hills and Kinn ib rugh  paper, bu t  it seems 
to me that the in terpre ta t ion of these data is not  
rigorous. The authors ma in ta in  that the derivat ive of 
the logari thm of the current  with respect to pressure 
at a constant  overvoltage is directly determined by 
the change in  the volume on activation 

R T k ~  n ------hV =~ [I] 

In reality, however, AV+ determined by Eq. [I] is not 
the true value of the change in the volume on transi- 
tion from the HsO + ion in the double layer and the 
electron in the metal to the activated complex, but 
some effective value AVr+. The true volume change 
during activation is determined not by the pressure 
dependence of the current at a constant overvoltage 
but by that at a constant potential 

RT \ - - ~ p  /~ --AVe+ [2] 
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At a constant  overvoltage, however, the change in the 
pressure results in that of the total potential  difference 
equal to the change in the equi l ibr ium potential. 

The si tuat ion is in  many  respects similar to the re-  
lations to be encountered in the invest igat ion of the 
tempera ture  dependence of the electrode processes 
rates where the determinable  real activation energy 
(at n : const) does not represent  the true energy 
change of the t ransi t ion from the ini t ial  to the acti- 
vated state (ideal activation energy) ,  but  differs from 
it by a quant i ty  proport ional  to the la tent  heat of the 
over-al l  electrode process, which cannot  be deter-  
mined experimental ly.  6 

Likewise, aVr* differs from AVid ~= by a similar  
quant i ty  associated with the pressure dependence of 
the equi l ibr ium potential. 

It  can be readi ly seen that  

( 01n i  ( ~ l n i ~  _ d~e 

dp 

Olni~ aF dee 

where ~b e is the equi l ibr ium value of ~. 

1 
F~e = ]~e -~ ]~H30 + -- ~ H 2 0  -- T ~H2 

It follows from Eq. [2]-[4] that 

/ 0 1 n i \  ~ - -  - -  - -  

RT | / ,  -~- - - A V i d *  "4- ~ V H 2  ~ -  r  a V H 3 0  + 

[5] 

[4] 

The same result  can be obtained by the differentiation 
of the kinetic equation of the H30 + ions discharge. 
The derivative d~e/dp is omit ted in Eq. [5]. It  is diffi- 
cult to estimate it accurately, bu t  its value can be 
shown to be not large. 

The part ial  molar volume of dissolved hydrogen is 
V~H~ : 26 cm3/mole 7 V--H2o --  V---H3O+ : --V~H+ can be 
estimated to be + 5  cm 3 [ref. (17), (18) in Hills and 
Kinn ibrugh ' s  paper].  

From these values, a : 1/2 and the exper imenta l ly  
obtained value AVr* : --RT(O l n i / 0 p ) n  = --3.4 cm ~, 
we have 

~V~d* ~-~ --3.4 + 6.5 + 2.5 = +5.6 cm3/mole 

Although the accuracy of the determination of this 
value is not very high, there is no doubt that ~V~d* is 
positive. Therefore, it is not necessary to assume the 
electron emission from the metal to be the slow step 
of the process. By the way, it does not seem possible 
that the dependence of the overvoltage on pH of the 
solution could be explained on the basis of this as- 
sumption. 

G. J. Hills: The issue raised by Dr. Krishtal ik  is an 
impor tant  one. The fact that  we have already taken it 
into account was no doubt  obscured by our definition 
of n as "overvoltage." In  fact, throughout  this paper, n 
is the overpotential,  and the scale of overpotent ial  was 
derived from the observed pressure coefficient of the 
reference electrode cell 

Pt, H2 ] HC1 ]I 1M KCI I Hg2CI2 ] Hg 
(part ial  pressure, 1 atm) 

M. I .  T e m k i n ,  Zhur .  t~z. K h i m . ,  ~ ,  1081 (1948).  

7 I .  R.  K r i c h e v s k y  a n d  A.  A.  I l y i n s k a y a ,  Zhur.  l~z. Kh im . ,  19, 621 
(1945).  No  c o r r e c t i o n s  h a v e  b e e n  m a d e  h e r e  f o r  a c e r t a i n  d e p e n d -  
e n c e  of  V~H, on  p r e s s u r e  a n d  s o l u t i o n  c o m p o s i t i o n  ( c h a n g e  in  t h e  
a c t i v i t y  of  ~l issolved He) s i nce  such corrections cannot  change t h e  
o r d e r s  of  m a g n i t u d e s  of  t h e  v a l u e s  o b t a i n e d .  A m o r e  d e t a i l e d  a n a l y -  
sis,  w h i c h  c a n n o t  be  g i v e n  he re ,  s h o w s  t h a t  t h e  c o r r e c t i o n s  a s soc i -  
a t e d  w i t h  t h e  a c t i v i t y  coe f f i c i en t s  o f  HaO+ a n d  HeO a r e  a l m o s t  
e x a c t l y  c o m p e n s a t e d  f o r  b y  t h e  c h a n g e  i n  t h e  a c t i v i t y  coe f f i c i en t  of  
t h e  a c t i v a t e d  c o m p l e x  (L. I .  K r i s h t a l i k ,  EIektrokhivniya,  I n  p r e s s ;  
Zhur.  ~z. K h i m . ,  I n  press). 

It follows that the overpotential  is equated to the de- 
r ived overvoltage for the cell 

H g ] H 2 ,  H C 1 ] P t  

assuming only that ohmic and concentrat ional  overpo- 
tentials are negligible. 

The advantage of this procedure is that the s tandard 
states of both working and reference electrodes are the 
same and that there are . ' .  no differential pressure 
effects on the thermodynamic  properties of the system. 
In more specific terms, changes in chemical potential  
of the ini t ial  and final states embracing the t ransi t ion 
state are compensated by corresponding changes in  the 
reference electrode. 

There is no question of differentiating at constant  
potential. The appropriate differential is 

( @ln~ 
- - 7 - /  T,~] 

Roger Parsons: I th ink  that this is an elegant piece of 
exper imental  work, and the results are presented in  
the most satisfactory form, namely  as the resul t  of 
pressure changes on the rate at constant  overpotential.  
However, I believe that  the in terpre ta t ion requires 
some modification. 

If the rate is expressed in  terms of the overpotential,  
then the corresponding free energy of activation may 
be expressed in a form such as 

a 

where ~+ is the s tandard chemical potential  of the ac- 
t ivated complex, ~H+ that  of the hydrogen ion solution, 
~H2 that of the final product, molecular  hydrogen, in 
this case dissolved in  solution, and a is the cathodic 
t ransfer  coefficient. This equat ion is quite general  in -  
dependent  of the mechanism of the hydrogen electrode 
reaction. 

The pressure coefficient of the electrode reaction 
rate at constant overpotent ial  is then 

_ R T (  Olni.~ = (oAG*~  = 

o: 

It  is l ikely that the largest contr ibut ion to AV* is VH2, 
the partial  molal volume of dissolved hydrogen, and 
this would explain the negative value exper imenta l ly  
found whatever  is the mechanism. 

The usual  assumption that the discharge mechanism 
is ra te -de te rmin ing  on mercury  would suggest that  
V--* --  (1 - -  a)V~H+ is approximately zero if one uses 
the approximate model proposed by Temkin  s in  which 
the electrical properties of the activated state cor- 
respond to a charge of ( 1 -  a) (cL the Marcus and 
Hush theories of electron t ransfer  reactions).  

G. J. Hills: Dr. Parsons raises a question similar to 
that  of Dr. Kris tal ik but  not so easily answered. The 
ini t ia l  and final states are undoubtedly  pressure-de-  
pendent  and the terms V--H+ and (especially) VHz are 
finite and large. 

However, both terms contr ibute  to the corresponding 
two pressure coefficients (.OE/OP)i and . ' .  (0 ln i/OP), 
of the reference electrode. 

This apparent  compensation may not, however, com- 
pletely el iminate the contr ibut ions to ~ +  from the 
ini t ial  and final states. On qual i tat ive grounds it is 
clear that  to whatever  degree the t ransi t ion state 

s M. I .  T e m k i n ,  T r u d y  S o v e s h c h a n i y a  po  E l e k t r o k h i r n i i  M o s c o w ,  
181 (1953).  
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volume is influenced by the par t ia l  molar  volumes of 
H + and He, the fact  that  these are, respect ively,  nega-  
t ive and posit ive is support  for the v iew that  the 

2e 
2H + ------> H2 

Hg 

convent ional  mechanism should have a posit ive vol-  
ume of activation, which exper imenta l ly  it has not. 

Dr. Kris ta l ik  also raises the impor tant  issue of the 
pH dependence and i n t e r  a l ia  of the l s t -o rde r  react ion 
mechanism requi red  to explain it. I would agree that  
the simple step 

e Hg  "-> eaq 

would not by itself satisfy this criterion. I t  is likely, 
however ,  that  the r a t e -de te rmin ing  process requires  a 
par t icular  cavity or solvent  cage for the aquation of the 
electron to be permanent  and that  this is a funct ion of 
hydrogen  ion concentrat ion in the outer  Helmholtz  
plane. A similar  agreement  would presumably  be re -  
quired to sustain the observed H2/D2 separat ion factor. 

P R E S S U R E  C O E F F I C I E N T  O F  R E A C T I O N  R A T E  

R.  A .  M a r c u s :  I should like to comment  on the in ter -  
pretat ion of the ex t remely  interest ing data of the au- 
thors on pressure effects for electrode reactions, and to 
suggest that  the exper imenta l  data may wel l  be con- 
sistent wi th  convent ional  mechanisms. 

For  simplicity, we consider first the case of a simple 
redox reaction. The der iva t ive  of a theoret ical  expres-  
sion 9 for the ra te  constant wi th  respect  to pressure 
may be equated to the corresponding der ivat ive  of the 
expression krate ~ ( k T / h ) e x p ( - - ~ F + / k T ) .  As shown 
later, one finds thereby that  In k r a t e  depends on pres-  
sure only through a te rm E ( P )  - -  E o ' ( P ) ,  if work  
terms w ~ and w" are neglected and if [1] is assumed. 

1 
V~ _~ ~ ( V  r + V,) ,  w h e n  ~ = 0.5 and w r ~- w~ ~_ 0 [1] 

2 

[E(P)  - - E o ' ( P )  is the cell  potential  minus the "s tand-  
ard" cell potential  for the prevai l ing medium, pres-  
sure P, and temperature .  V ~, Vp, and V+ are the vol-  
umes of the system before reaction, af ter  reaction, and 
in the act ivated state, respectively,  a is the t ransfer  
coefficient, w r and w ,  are the work  terms to t ransport  
the reactant  and the product  to the electrode, respec-  
tively.] 

The assumption embodied in Eq. [1] can be tested 
by plot t ing In i vs.  E ( P )  - -  E o ' ( P )  and seeing if 
all points lie on the same curve, regardless of P. (i 
current  of forward  step.) Deviat ions permit  the de te r -  
minat ion of a "volume excess" at a -- 0.5, V#: 

1 
- - - ~ ( V r +  V~). I t  should be noted that  approximat ion 

g ~  

[1] is mere ly  a rough conjecture,  designed hopeful ly  
to account for major  volume changes such as those dis- 
cussed by the authors. 

When  there  is more  than one step in the react ion the 
preceding remarks  apply to each step if all propert ies  
ment ioned are taken to be those for that step. [For 
any step one then plots its In krate vs.  its E ( P )  
-- ~o' (P) .] 

When  the react ion is not  a simple redox one but  is 
some proton or other  t ransfer  there  is some reason to 
bel ieve that  an equat ion of the same funct ional  type 
(i .e. ,  the same as Eq. [3] below) applies to k r a t e  for 
any step, at least when  a _--~ 0.5. Now, however ,  the 
Eo' is one corrected for any change of s tandard t rans-  
lat ional entropy dur ing the react ion because of adsorp-  
tion or because of gain or loss of particles, l~ One would  
again conclude that  In k r a t e  (at  a given surface cover-  

9 R. A. Marcus ,  J. Chem. Phys.,  43, 679 (1965), or ea r l i e r  p a p e r s  
o f  the  a u t h o r  c i t ed  the re in .  

l o S u c h  a co r rec t ion  wa s  m a d e  [J. Chem. Phys. ,  43, 3477 (1965)] 
fo r  ]~a' in  r eac t i ons  of  s o l v a t e d  e lec t rons ,  because  t h e i r  r e a c t i o n s  
w i t h  s i m p l e  r e d o x  s y s t e m s  i n v o l v e  a loss  of  one  pa r t i c l e  a n d  so a 
decrease  in  the  standard t r a n s l a t i o n a l  e n t r o p y  of the sys tem.  
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age) for any step would depend only on E (P) - - E o ' ( P )  
for that  step if assumption [1] were  valid. 

A pre l iminary  examinat ion of tbe authors '  Fig. 5 and 
6 suggests, interest ingly enough, that  a plot of In i vs.  
E ( P ) - - E o ' ( P )  follows the above behavior,  using 
E o ' ( P )  for the over -a l l  reaction. To be sure, the more  
detai led significance of this resul t  depends on the 
mechanism, and, in part icular ,  on the difference be-  
tween the pressure dependence of E o ' ( P )  for the slow 
step and that  for the over -a l l  react ion and, in some 
cases, on the pressure dependence of surface cover-  
age. n We omit any detai led discussion here, a l though 
one could readi ly  formula te  such a t reatment ,  uti l izing 
mechanist ic considerations in the l i te ra ture  n and, if 
one wished, using [1] as above. 

When the work  terms w ~ and wp are not  negligible, 
they exhibi t  a pressure dependence because of the 
usual volume changes caused by br inging the charges 
together.  By differentiat ion of a theoret ical  expression 
f o r  k r a t e  containing these terms 12 and uti l ization of 
the preceding results (e .g . ,  in the fol lowing notation, 
ut i l izing the value found for d k / d P  f rom data when  
w r _ w p ~ 0) one obtains an expression for the pres-  
sure dependence of the current.  Some model  could 
then be introduced for d w r / d P  and d w p / d P .  

To conclude these remarks  we just i fy  below the 
s ta tement  regarding a plot of In i vs.  E ( P )  - -  E o ' ( P )  
for a redox reaction. At  any tempera tu re  and pres-  
sure, the ra te  constant of the forward  step, k+, for 
react ion [2] was given by [3], when w r ~ w p ~_ 0. 9 

k+ 
Aox -]- e -  M ~ Ared -]- M [2] 

k -  

1 
--kTln k+/Z = ~k(l + A/k) 2 [3] 

4 

where  Z ~ 10 4 cm sec -1. A = n e ( E - -  Eo') at pressure 
P. k is an intrinsic reorganizat ion te rm which depends 
on differences of propert ies  of Aox and Ared (e.g. ,  dif-  
ferences of bond lengths in the coordination shell, 
etc.), k -  is obtained from k+ by replacing A by --~. 

When h < <  ~., the t ransfer  coefficient is 0.5 and, in 
this region, differentiat ion of [3] yields [4] since 
d S / d P  = V P -  V r. 

1 1 
- - k T ( O  in k + / O P ) ~  = ~ d k / d P  + - -  (V~--  V r) [4] 

4 2 

However ,  f rom the relat ion k+ -~ ( k T / h )  e x p ( - - A F 4 /  
k T )  one also finds that  the left  side equals V + -  V r. 
Thus 

1 1 
- -  d ~ / d P  ~ V + - -  - -  (V r + V~) [5] 
4 2 

Hence, when  assumption [1] is made, d ~ / d P  vanishes 
and, one sees f rom [3], the s ta tement  has been  proved 

1 
for react ion [2]. The actual value  of V + - - - -  (V r + V ~) 

2 
can be evaluated f rom in i vs.  E ( P )  - -  Eo'(P)  plots. 
Points for different pressures wi l l  fal l  on different 
though paral le l  lines if this "volume excess" is non-  
zero. On theoret ical  grounds d ~ / d P  is expected to be 
small  for redox reactions, an examinat ion  of the ex-  
pression 9 for ~ shows. 

In concluding these remarks  I should like to add 
that  the authors are to be congratula ted for their  
interest ing and, for electrochemistry,  pioneering study 
of pressure effects. It  would be useful  to make  s imi-  

11 I n  c o n s i d e r i n g  poss ib i l i t i e s  of m e c h a n i s m  w e  h a v e  been  g u i d e d  
b y  the  e x c e l l e n t  d i s cus s ion  in  R. Pa r sons ,  Trans. Faraday Soe., 54, 
1053 (1958). W h e n  the  s low s tep  on m e r c u r y  is t he  d i s c h a r g e  reac -  
t ion ,  HaP + + e (Hg)  --> HaP + H -- H g  (see Parsons )  a n d  w h e n  t he  
su r face  c o v e r a g e  is smal l ,  on ly  t he  p r e s su re  d e p e n d e n c e  of  t he  dif-  
f e rence  b e t w e e n  t he  Eo' (P) of the  s low s tep  a n d  t h a t  of t he  ove r -  
a l l  r eac t ion ,  HaP + + e(Hg)  -> H~O + Y2Hu + H g  is r e l e v a n t .  Th i s  
t e r m  d e p e n d s  on V M-H -- VM, w h e r e  M deno tes  e lec t rode  a n d  
s u r r o u n d i n g  so lu t ion .  

12 Ref .  (1), Eq.  (82). 
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lar  studies for redox systems at electrodes, since they 
may be simpler to understand.  

B. E. Conway: I do not th ink that it is necessary for 
the volume of the final state molecule H2, or even of 
adsorbed H, to be considered in the basic kinetic in te r -  
pretat ion of volumes of activation ~V~. Only the 
volume change between the init ial  state and the acti- 
vated state is involved in any kinetic process. The 
volume change must, however, be deduced with proper 
consideration of any pressure variat ion of the refer-  
ence electrode potent ial  ~ (which will  be determined 
by the volume change in the single electrode process 
2H30 + ~- 2e ~ 2H20 ~ H~, at equi l ibr ium) ,  as I have 
pointed out elsewhereJ 3 This matter,  Professor Hills 
claims, has apparent ly  been taken into account by cal- 
culating his pressure effects at constant overpotential.  
We also pointed out in the above reference the simi- 
larity, noted by Kristal ik here, to the problem of tem- 
perature  effects at constant overpotential  ~ which leads 
to the determinat ion of an apparent  activation energy 

13 See d i scus s ion  on pp.  577-578 in  " C h e m i c a l  Phys i c s  of Ion ic  
S o l u t i o n s , "  B. E. C o n w a y  a nd  R. G. Bar radas ,  Ed i to r s ,  J o h n  W i l e y  
& Son~, Inc. ,  (E l ec t roc he mic a l  Soc ie ty  Ser ies) ,  Ne w York  (1966J. 

1~ M. I. T e m k i n ,  Zhur. Fiz. Khim. ,  ~ ,  1081 (1948). 

discussed by Temkin. TM It is the pressure dependence of 
the hydrogen electrode potential  which we considered 
previously 13 which introduces the par t ia l  molar  vol- 
umes of H + and H2 considered by other contributors 
to this discussion. 

The negative AV4 may, in fact, be connected with 
penetra t ion of the proton from the outer layer where 
it is in the "I-I904 +' '  configuration, to a more com- 
pressed configuration in the inner  layer 15 at the in ter -  
face of the electrode. In  H20 itself, the H80 + enti ty 
in H904 + occupies effectively a relat ively large volume 
since it tends to promote s tructure around it  as the 
H904 + hydrogen bonded complex. It seems possible 
that under  conditions near  the surface where the 
water is already electrostricted by the double- layer  
field, TM the volume of the hydrated proton may well 
become decreased. Such an effect may not, however, 
be expected to apply to other cations owing to the 
special relat ion of the hydrated proton to the water  
structure. 17 

~ B. E. Conway ,  Discussions Faraday Soc., 39, 266, 277 (1965). 

16 j .  R. McDona ld ,  J. Chem. Phys. ,  22, 1859 (1954). 

~; F o r  e x a m p l e  see r e v i e w  b y  B. E. C o n w a y ,  " M o d e r n  Aspec t s  of 
E l e c t r o c h e m i s t r y , "  VoL I l L  Chap .  2, J .  O'M. Bock r i s  a n d  B. E. Con-  
way ,  Ed i to r s ,  B u t t e r w o r t h s ,  L o n d o n  (1964). 

Some Problems in Electrodeposition 
J. A. Harrison, S. K. Rangarajan, and H. R. Thirsk 

Department of Physical Chemistry, The University of Newcastle-upo~-Tyne, England 

ABSTRACT 

The investigations described refer p redominant ly  to the study of the ki-  
netics of electrocrystall ization by potentiostatic methods. Exper imental  and 
theoretical investigations have been made over many  years of both metallic, 
cathodic, and nonmetall ic,  anodic deposition processes, and it  is shown how 
these are beginning to fit into a framework. Theoretical work from the school 
is described in which a fairly complete description ( including diffusion in 
the solution and on the surface),  of an electrode process has been formulated.  
This is given for potentiostatic conditions and for the application of small  a.c. 
and is discussed in  general  terms. Some possibilities arise for a stricter 
examinat ion of the diffusion phenomena.  

Fundamen ta l  studies of electrodeposition, or more 
specifically electrocrystallization, in the sense of in-  
cluding both anodic and cathodic processes is a major  
interest  of but  few schools of electrochemistry. Quite 
recent ly a number  of reviews of work have been pub-  
lished, and two in part icular  give a very wide survey 
of the present  position (1, 2), so wide, in fact, that  
the nonspeciatist  might, with apparent  justification, 
query  the usefulness of the present  paper. At the out-  
set, we therefore wish to make the point that, to-date, 
little of the speculation concerning the fundamenta l  
mechanisms re levant  to deposition has been proved; 
our object in describing in  outline, in  the present  
paper, the more recent work of the Newcastle School 
includes, as one of its major  aims, the hope that the 
expression of our own ideas will  s t imulate a continued 
and unbiased examinat ion and development  of both 
theory and experiment.  

Nonmetallic Deposition 
Much of the experience in the study of electrocrys- 

tallization, forming the background for the present  
paper, has arisen through studies of nonmetal l ic  depo- 
sition explored, in the main, by potentiostatic tech- 
niques in  the nonsteady state. The method was first 
employed successfully in  the examinat ion  of a well-  
known phase change, that of PbSO4 -> PbO~ (3), and 
the same method was subsequent ly  used for direct 
deposition, in  the invest igat ion of the deposition of 

and ~ Iead dioxide on to p la t inum (4). The power of 

the exper imental  procedure lay in  the fact that  the 
growth of the new phase proceeded on isolated sites 
with, initially, no overlapping and, moreover, the types 
of deposit formed were in many  cases ideal for elec- 
tron optical studies defining topology, structure,  and 
epitaxy. 

Methods of handl ing the kinetic data, obtained as 
current  time transients,  using the ideas of a potential  
dependent  nucleat ion process followed by growth ac- 
cording to a simple geometric scheme and indeed, 
analogous to methods of t reat ing solid reactions, has 
been adequately described in  a number  of papers; we 
quote here the most impor tant  (4, 5, ref. 2, p. 168- 
201). 

In  the above publications the ideas concerning the 
evaluat ion of the values of the potential  dependent  
rate constants for one-, two- and three-dimensional  
centers growing freely by electrodeposition were for-  
mulated together with a discussion of cases with a 
random distr ibut ion of growth centers, in  which the 
effect of overlapping could be dealt with in  order to 
permit  the kinetic evaluat ion of the cu r ren t / t ime  
transients.  

Two references above refer to specific systems (3, 4), 
the others are quite general  in application. Other pa- 
pers re levant  to single systems are: (a) format ion of 
calomel on mercury  (7), (b) formation of cadmium 
hydroxide on cadmium amalgams (8), (c) electrodep- 
osition of ~ MnO2 on p la t inum (9) ; format ion of thal-  
Ious chloride on thal l ium amalgams (10). 
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Reactions on mercury  and mercurous  amalgam sub- 
strafes have been par t icular ly  informat ive  kinetically,  
and the deposits lend themselves  to electron optical 
studies. A general  account of such studies was given 
very  recent ly  (11). We shall  complete this section of 
the paper  and deal wi th  very  recent  work  with  such 
systems in which some fur ther  progress and confirma- 
tion in in terpre ta t ion has been made. 

Fur ther  reference  to the mechanism of format ion of 
calomel on mercury  is necessary. This process was dis- 
cussed s t ructura l ly  in some detail  in earl ier  work  
(12, 13). F rom the kinetic evidence (7) it was deduced 
that  the highly oriented deposit was formed on the 
surface by the laying down in that  position of layers  
of a m o n o m o l e c u l a r  order  in height. This finding was 
at var iance with the conclusions ar r ived  at much later  
by other  workers  using a galvanostat ic-el l ipsometr ic  
technique (14) who based their  conclusions on a dis- 
solut ion-precipi ta t ion sequence. This involved the dis- 
solution of mercury  as Hg2C1 +, which part ial ly dis- 
proport ionated to Hg o and mercur ic  species and when  
Hg~C1 + at tained a certain critical surface concentra-  
tion, calomel was supposed to precipi tate  in the solu- 
tion. A reinvest igat ion of the process was thought  
necessary in v iew of the importance we attach to our 
general  proposals for electrocrystal l izat ion in these 
systems; this has now been completed, and we con- 
sider that  the ear l ier  proposals (7) are confirmed. 
The system was examined,  in the first place, potent io-  
statically and also by impedance measurements .  The 
potent ia l - t ime profiles given in Fig. 1 were  used, se- 
lected on the basis of the galvanostat ic  and potent io-  
static transients shown schematical ly in Fig. 2. 

F igure  2A and B are galvanostat ic  transients ( the 
dotted line is the revers ible  potential  for the system) 
and C and D potentiostatic transients.  According to 
Ives e t  al. (16a, b, c) transients of type A were  sup- 
posed to be due to the anodic dissolution of mercury,  
involving mainly  mercur ic  entities, and B to the for-  
mat ion of a layer (monolayer)  of "ch loromercury"  
wi th  subsequent  growth or r ea r rangement  of this 
layer. 

Calomel was considered to form by the dispropor-  
t ionation of the "chloromercury ."  In the work  by 

E E - - -  

~-~ ~--~ 

t 
Fig. 1. Potential-time profiles; A, single pulse oxidation; B, 

double-pulse oxidation; C, oxidation followed by reduction. 

E e _ _ .  Jo~IFo~. 

-~ ~--~ 

:t-~ %_> 

Fig. 2. Schematic galvanostatic and potentlostatie transients ob- 
of Hg in C I -  solutions. A and C 
and D for electrocrystallization 

served in the onodic polarization 
under dissolution conditions; B 
conditions. 
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Armst rong  e t  al. (15), for potentials held at less than 
the calomel revers ib le  potentials,  and par t icular ly  in 
solutions of concentrat ion '2M, l inear plots of i. vs. t. -1/2 
were  obtained with  t as l i t t le  as 100 ~sec indicat ive of 
mass t ransfer  control for dissolution transients. At  in-  
termediate  potentials Wve to the revers ible  potentials 
single peaks were  obtained with  an integrated charge 
of about 500 ~C; at h igher  potentials this peak split 
into several  peaks as in the earl ier  work  of Bewick 
et  al. (13). The nature  of the complex associated with 
the diffusion process was examined by impedance 
measurements .  

The current  for the diffusion controlled process fol-  
lowed the equat ion 

i : nFCoDoW2/n l /2 t  w~ [1] 

where  Co is the concentrat ion of the complex at the 
electrode surface. F rom the potential  dependence of 
the current  at constant t ime a two-e lec t ron  t ransfer  
process was indicated. 

In confirmation of these results f rom the Faradaic  
impedance, at lower  f requencies  the value of the War-  
burg impedance may be wr i t ten  as 

]Z I = R T / n 2 F 2 C o  (Do~) 1/2 [2] 

Again, f r o m  the var ia t ion of Z with potential,  n ---- 2. 
From an assumption of Do ---- 10 -5 cm 2 see - I  estimates 
of (Co)~;=o were  made giving satisfactory evidence 
for HgC142- as the dissolving species. This evidence 
seems to be in essential agreement  wi th  (16) but 
makes the proposal of the Hg2C1 + in te rmedia te  of 
Bockris (15) and Hills and Ives (17) unlikely.  The 
evidence reaffirms the previous conclusions (7) con- 
cerning the mechanism of the electrocrystal l izat ion of 
the calomel by two-dimensional  growth in monolayers  
with the addit ional  ideas that, as in the case of mer -  
curic oxide format ion (18 and below) and thallous 
chloride (10) the mul t i layer  peaks may wel l  be due 
to the generat ion and growth  of screw dislocation by 
a F rank -Read  mechanism. 

A somewhat  similar  impedance study was made in 
the examinat ion  of the growth of mercuric  oxide on 
mercury  (18) where  again there  is evidence for the 
dissolution of a mercury  complex at a potent ia l  just  
negat ive  to the H g / H g O  revers ib le  potential ;  a s im- 
ilar analysis of the impedance results identifies this 
as an uncharged Hg(OH)2  complex,  which continues 
to be produced even when a HgO monolayer  is formed. 
The covalent ly bonded, or thorhombic HgO is formed 
in these exper iments  wi th  the (010) plane paral le l  to 
the mercury  surface, that is the zig-zag HgO chains 
lie in the surface (Fig. 3). 

The crystal l i te  size was ex t remely  small  ( <  2~ in 
d iameter ) .  An  extension of the double pulse method 
employed previous ly  to nucleate crystals at a high 
potential  and then grow them on at lower potentials 
was used. Providing,  and this is our usual assumption, 
that the slow stage in the growth process is the in-  
corporat ion of the mater ia l  at the periphery,  then 

i ' / i  ---- k ' / k  where  i and k correspond to tll [3] 
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Fig. 3. The (010) plane of mercuric oxide: �9 O; o Hg 
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Fig. 4. Relative values of growth constant for HgO in M NaOH:  
A, multilayer rising section; B, multilayer falling section. 

and i' and k' to 02; n~ > ~2. The potent ial  was changed 
just  before the current  max imum since it was con- 
sidered that the proport ion of the current  due to 
other causes was a min imum at that  point  and i' was 
taken as the min imum current  af ter  the potent ial  step. 
Rela t ive  values of k are plotted in Fig. 4 as a funct ion 
of potential.  

The problem of the mul t i layer  peak, as observed 
in the growth of T1C1 (10) mercurous  oxalate  (19) 
and calomel (7, 15) is discussed fur ther  in this paper. 
A somewhat  more elaborate  model  is chosen than in 
any previous t rea tment  of the geometr ic  model  [see 
ref. (4), (5), (2)] ,  in that  two crystal  growth ra te  
constants, kl paral le l  to the electrode and k2 or thog-  
onal to the surface, are employed, t ~ dependence 
ra ther  than the t 2 dependence follows for cylindrical  
growth. 

The equat ion is of the form 

i : nFk2[1 --  exp (--  ~M2kl2At~/3p 2) ] 
exp (--~M2kl 2A~/3p2) [4] 

(M = molecular  weight,  p density, A, the nucleat ion 
rate  constant) so that, for example,  the plot in Fig. 5 
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Fig. 5. Values of k12k2A calculated for the multilayer in 5M 
NaOH from data as for Fig. 6. 
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Fig. 6. Plot of i. vs. t. 3 (unit of base 13.3 x 10 - 3  sec3). ~1 = 26 
my, 5M NaOH. 

is of k12keA der ived f rom Fig. 6. k2 can be found 
f rom the relat ion f rom the transient,  that  is the cur-  
ren t  at the m a x i m u m  i m =  nFk2/4.  We are still  con- 
f ronted with  the difficulty of separat ing kl and A 
which in many  of our studies appears as a composite 
constant k lA ,  and this problem has been discussed 
elsewhere,  for example  (11). 

To date we have  not made  any significant exper i -  
menta l  de terminat ion  in this p roblem except ing in 
the possibilities re fe r red  to briefly in the section on 
re laxat ion  methods. An  appendia to the paper  on 
mercuric  oxide does however  discuss overlap wi th  
growing centers in three-d imens ional  systems with 
two growth constants;  this wi l l  not  be discussed fu r -  
ther  here. 

Relaxation Methods 

Relaxat ion methods, to be discussed here, are still  
potentiostatic in character  but  operate through a pro-  
g rammed  pulse train. F rom the description of exper i -  
ments  involving the aons teady state of electrode proc-  
esses and designed to determine  ra te  constants of fast 
reactions, it emerges clearly that  the e lect rocrysta l -  
lization process is in competi t ion with diffusion proc-  
esses; indeed, the measurable  effect due to the elec-  
t rode reaction, in which the interest  lies, may  be 
small. 

It  is intended, in this section, to give a br ief  out-  
l ine of recent  work  on nucleat ion and crystal  growth 
using as an i l lustrat ion the deposition of PbO2 on plat-  
inum showing how potentiostatic re laxa t ion  tech- 
niques may be employed;  a more complete account is 
in the course of publication (20). 

F rom solutions of the differential  equations for an 
assumed react ion sequence, expressions for the var ia-  
tion of observable parameters  in terms of the rate  
constants of the react ion steps may be obtained; the 
chosen parameters  are, yield of product,  and time. 

It  is helpful  to consider steady and nonsteady states 
of the fol lowing react ion scheme 

kl k2 
A ~- B-> C [5] 

k l '  

where  any one of the rate  constants kl,  k~', and k2 
may be potent ial  dependent.  The steps are l inked 
through the coverage 0 of the adsorbed state B. 

The t ime-dependent  coverage is given by 

0010$ : klCA (1 - -  0) ~-- kl '  (0) - -  k20 [6] 

where  ~, in moles cm -2, is the saturat ion coverage 
for a monolayer ,  kl '  and k2 are in moles cm -2  sec -1, 
kl in cm sec -1, CA in moles cm -a, and it is assumed 
the ra te  constants are  independent  of coverage, i.e., 
no site interaction.  

In the steady state the over -a l l  rate  R may be wr i t -  
ten as 

R : k20 : k l k Z C A / ( k l C A  "~ k l '  "~ ~ 2 )  ~ "  OCc/~t 

At low coverage, when  kl'  > kl  CA, R ~.- k l k 2 C A / k {  [7] 

and at high coverage, when  klCA ~ kl', R ~ k2 [8] 

For  the nonsteady state it is assumed that  in the 
simplest  case 0 = 0 at the beginning of each potent ial  
pulse. The t ime dependence of the coverage a is then  
obtained by integrat ion of Eq. [6]. 

0 = k l C A / ( k l C A  "~ kt '  -'~ k2) 
[1- -exp- -{  (klCA -~ kl '  -~ k2) t/~}] [9] 

and the rate  of format ion of product  is 

R = k~0 [103 

Equat ion  [1O] has a s teady-s ta te  value ident ical  wi th  
Eq. [7] and gives for the characteris t ic  a ( re laxat ion)  
t ime T 

= ~ / ( k l C A  "~ kl '  -~- k2) [11] 
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/ :  
Fig. 7. Sketch of the steep approach of the yield to the steady- 

state value. 

It will  be seen that the rate constant  of the over-al l  
reaction depends on the smallest kl, that  is the slow- 
est step of the sequence, but the relaxat ion t ime is 
de termined by the largest kl. Thus, by means of a 
re laxat ion technique it is possible to determine the 
rate constants of the fast steps in reaction sequences, 
par t icular ly  if the over-al l  rate is low. 

To examine the time dependence of the yield of 
product, Cc = 0 when  t = 0, and integrat ion of [10] 
gives 

Cc ~- klk2CAt(klCA 2c kl '  -Jc k2) 
klk2CA~/ (ktCA ~- kl  2v k 2 )  2 

[1--exp--{~lCA ~ kl '  -b k2) t / ~ } ]  [12] 

where Ce is the integral  yield after t ime t, the length 
of the applied pulse. 

If Re is the yield per second, i.e., Re ~- Cel t  

Rc = Re ~- -  Re ~ (z/ t)  ( I - -exp- - t /~ )  [13] 

where Re .  is the steady-state value given by [7]. A 
sketch of the funct ion showing the steep approach of 
the yield to the steady-state value is shown in  Fig. 7. 

In  practice it is usual ly  impossible to measure the 
yield for a single pulse, and so a suitable program of 
repeti t ive pulses is employed. R~ is calculated from 
the total yield and the over-al l  t ime of polarization T, 
where T = ~t. In  choosing the pulse program it is 
impor tan t  to select a duty ratio such that  the condi- 
tion e : 0 at the beginning  of each pulse is satisfied. 

The relaxat ion t ime may be estimated from plots of 
yield vs. pulse t ime as in Fig. 7. The potential  and 
concentrat ion dependence of the re laxat ion times so 
obtained provide tests on the in terpre ta t ion  of reaction 
mechanisms in addit ion to those obtained by more 
conventional  measurements ,  the distinction being that 
re laxat ion measurements  refer to the fast steps in  
the mechanism. 

The application of the technique may be i l lustrated 
by considering the electrodeposition of PbO2. We wil l  
consider a mechanism suggested in an earlier paper. 

O H -  ~ OHads -~- e (a) 

OHads Jc pb2§ -'[- O H -  --> ]>502 --]- 2H + ~ e (b) 

This is formally analogous to the discharge-electro- 
chemical mechanism of the hydrogen evolution reac-  
tion. In  examples of crystal  growth there is, however, 
a complicating factor in  that  the free format ion of the 
lattice mus t  be preceded by the nucleat ion of growth 
centers. This nucleat ion process proceeds by the same 
mechanism as the lattice formation,  bu t  the activa- 
t ion energy will  be modified by the electrochemical 
surface free energy of the embryonic  nucleus. The 
formation of nuclei  wil l  therefore have a different 
(longer) re laxat ion t ime than the crystal  growth 
process. The study of these re laxat ion times should 
enable  a more detailed model to be bui l t  up of the 
ini t ia l  stages of aggregation. 

The nucleat ion of lead dioxide was studied with the 
pulse t ra in  shown in  Fig. 8a; that of the subsequent  

Fig. 8. 

1,1 1], I-LS 
Pulse trains to examine nucleation and crystal growth 

growth by that of 8b. For the experiments  the elec- 
trolysis of an aqueous solution of molar sodium ace- 
tate and molar  acetic acid was under t aken  for a series 
of polarization pulse times at the potent ial  of ~ 2.3 or 
-t- 2.5v and the base potential  of W 120 mv. Since n u -  
cleation requires a higher activation energy than crys- 
tal growth, an ini t ial  single high potential  pulse was 
applied to form a number  of nuclei  on the electrode 
surface (4). This pulse was followed by a t ra in  of 
pulses having a lower ampli tude which tested the re-  
laxat ion of crystal growth. As the pulse length was 
below that required to form nuclei, fur ther  nuclea-  
tion could be neglected dur ing  this polarization. The 
base potential  chosen was low enough to permit  the 
relaxat ion of the growth of the centers but  high 
enough to ma in ta in  the stabil i ty of the deposit. The 
value was varied to examine possible effects. The final 
section of the profile was a continuous application of 
the polarization potential. 

The cur ren t - t ime  curves observed for the forma- 
t ion of lead dioxide, in the absence of the section of 
the pulse t ra in  used to investigate the re laxat ion ef- 
fects, Fig. 8a, b, are i l lustrated in Fig. 9a, b, [see ref. 
(20) ]. The ini t ial  section of the plots can be shown to 
be proport ional  to t 3, and this is due to the combined 
effects of the progressive nucleat ion of growth centers 
coupled with the three-dimensional  growth of these 
centers (2). If nuclei are first formed by an ini t ia l  
short polarization at a high potential, the ini t ia l  sec- 
t ion of Fig. 9b is proport ional  to t 2, i.e., t h ree -d imen-  
sional growth of a fixed n u m b e r  of centers. The re lax-  
ation of nucleat ion and of crystal  growth can be sim- 
ply investigated by using the form of these curves. If 
the pulse t ra in  shown in  Fig. 8b precedes the polar-  
ization at the upper  potential  and the total length of 
the polarization "on" t ime (zt)  is chosen to be equal 
to that required to reach point  B in Fig. 9a then, if 
there has been no relaxat ion of the formation of nu -  
clei, the ini t ia l  cur ren t  on finally ma in ta in ing  the con- 
t inuous polarization will  correspond to that  at point  
B, and there will  be no cur ren t - t ime  transient.  On 
the other hand  if re laxat ion has been complete, then 

s ~ . c s  
I I I I 

to 2o 

Fig. 9. Current time transients for ~-PbO2 deposition on Pt: (a) 
at constant ~ ~--- 275 my; (b) nuclei preformed at ~l = 425 my for 
0.1 sec and then grown at 275 my. Sol. 0. |M PbAc2, M NaAc, M 
HAc. 
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-e.. 

0-. .  
I I I I 

Fig. 10. Effect of base potential and ~1 on relaxation times: a, 
base potential + 5 0  my; b, base potential +100  my. 

U3z, - - ~  

i i i 

Fig. 11. Variation of relaxation time of crystal growth of a-PbO2 
with overpotentiah Nuclei formed at 425 mv for 0.1 sec. 

the system will be found ini t ia l ly at point  A and the 
complete cur ren t - t ime  curve of Fig. 9a will  be traced. 
In  practice the re laxat ion is sharp. 

The variat ion of the re laxat ion times with polariza- 
tion potential  is i l lustrated in  Fig. 10 for a solution 
0.1M with respect to lead acetate and molar  with re-  
spect to acetic acid and sodium acetate. The lines 
given refer to two different base potentials, positive 
to the reversible ~PbO2 potential.  

The relaxat ion of lattice growth was measured in  a 
similar  m a n n e r  to that of nucleation. In  the event  of 
no relaxation, the ini t ial  current  on main ta in ing  the 
final steady potential  of Fig. 8b was that correspond- 
ing to point  B on Fig. 9b, while in the event  of com- 
plete relaxation, the current  corresponded to A and 
the complete curve was again traced. The var iat ion 
of the relaxat ion t ime with potential  is i l lustrated 
for the same solution in Fig. 11. 

A variat ion of the re laxat ion time with overpoten-  
tial is observed for the crystal growth of lead dioxide, 
showing that the fastest process is again a charge 
transfer  step. In  this case the re laxat ion time how- 
ever decreases with overpotential  so that the forward 
direction of the charge transfer,  that  is, the discharge 
reaction, has the highest rate constant. According to 
the mechanism which has been suggested, i.e., Eq. (a) 
and (b),  this could be assigned to either of the stages. 
Fur ther  informat ion can, however, be obtained from 
the fact that  the re laxat ion is only observable over a 
restricted potential  range. According to the arguments  
which have been given above, this can be explained 
if the highest rate constant  is assigned to a preequi-  
l ibrium, the slowest step succeeding this equil ibrium. 
For such a mechanism the relaxat ion can only be ob- 
served for a restricted port ion of the potential  range 
in  which a significant yield due to the over-al l  re-  
action may be obtained. The fastest step must  there-  
fore be a t t r ibuted to the forward reaction of Eq. (a),  
and crystal growth takes place in  a layer  of adsorbed 
hydroxyl  radicals present  at high coverage. The same 
conclusion was drawn previously from an examina-  
t ion of the concentrat ion dependence of the over-al l  
ra te  constants. 

Some Problems Concerning the Electrocrystal l izat ion 
of  M e t a l s  

Metal electrodeposition is a complex phenomenon,  
and electrodeposits formed on solid metals have a 
complicated geometry. It  is therefore not surpris ing 
that little is known in detail about the pr imary  proc- 
esses involved. In  the past, inference about the kinetics 
of electrodeposition has usual ly been made from sta- 
t ionary current  voltage measurements .  In  some cases 
galvanostatic potent ia l - t ime curves and, rarely, po- 
tentiostatic cur ren t - t ime  curves have been measured. 
Some measurements  have been made using a-c tech- 
niques. On solid metals, the results are not  easily in -  
terpreted. This has led us to start  to investigate the 
kinetics of metal  deposition on mercury  and  graphite 
substrates where the ini t ial  stages of crystal growth 
can be observed. We have also at tempted to show the 
l imitations of the older measurements  theoretically. 
What follows is for the most part  an abbreviated re-  
view of this work and our personal approach to the 
problem. 

Theories of the mechanism of the electrodeposition 
of metals have tended to follow vapor phase studies 
and assume that lattice growth occurs from mobile 
adsorbed species (adatoms) on the surface. They are 
formed electrochemically at the metal  soIution in te r -  
face by discharge of the "aqueous metal  ion." An  al- 
ternat ive route into the lattice is by direct deposition 
of the metal  ions at the growth sites (step l ines) .  
Diagramatically the two mechanisms for a general  
electrochemical reaction are as follows: 

( in the lattice 
at the growth 
site) 

Z +  
M 

M 

/ \  
M M 

M 

(in solution) 

transport  (a) 

(at the electrode) 

discharge (b) 

(on the surface) 

t ransport  (c) 

(in the lattice at 
the growth site) (d) 

II 

Mechanism I will be discussed first in  view of the ex- 
per imenta l  work available for soft metals, and then 
work on the t ransi t ion metals. Mechanism II is then 
considered when (i) the lattice growth step (d) alone 
is rate determining;  (ii) deposition (b) and surface 
diffusion (c) are important.  It  is also shown in this 
section how this theory (which assumes a parallel  
step l ine model) can be extended to include the la t -  
tice growth step (d). 

Recent exper imental  data, some of which are now 
under  investigation, are mentioned,  to show how the 
theory is related to measurement .  

A recent review (1) has assumed that the adatom 
mechanism II occurs exclusively. Evidence for this 
mechanism however derives from the low melt ing 
point metals, mercury,  lead, zinc, cadmium, tin, and 
silver. These metals have ra ther  weak surface bonds, 
and adatoms might be expected to form easily and be 
mobile on the surface. Unfortunately,  these metals 
have a large exchange current  and diffusion in the 
solution can become the main  mode of t ransport  to 
the growth site. Gerischer (21) (Mehl and Bockris 
have carried out essentially similar experiments)  has 
shown that, if silver is dissolved potentiostatically in 
a st irred silver perchlorate solution to a s tat ionary 
current,  then the concentrat ion overpotential  is in  ex- 
cess of that calculated from the Nernst  diffusion theory 
for l inear  diffusion. This extra  overpotential  has been 
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linear Nernst 
diffusion 

~ ~  hemicylindrical 
0 -- ! -- | ~ u -- | �9 dlffusion 

Fig. 12. Model used to calculate the effect of the discrete na- 
ture of an electrode surface along x = O. The line sinks are 
separated by impervious material. 

at t r ibuted to adatoms on the surface. However ,  this 
is not necessari ly t rue as mater ia l  can also ar r ive  at 
the site by hemicyl indr ica l  diffusion. 

In Fig. 12 the surface of a meta l  on to which ions 
are being electrodeposited by mechanism I is visual-  
ized as a row of l ine sinks, the step lines, where  ma-  
terial  is incorporated on to the lattice. Each line sink 
receives mater ia l  f rom a l inear Nernst  diffusion of 
thickness 5 and a hemispherical  diffusion zone radius 
l. 2l is distance be tween the step lines. The method of 
Kasper  (22) can then be used to calculate, in the sta-  
t ionary state, the re la t ive  concentrat ion changes in 
the solution due to l inear and hemicyl indr ical  diffu- 
sion (23). The result  is 

nC l 

A e N e r n s t  5 ~  

16 ~2 
- -  I n  n2a 2 

i nnl 2l ~ 1 - s c o s h - -  

- - 1  

[14] 

where  AC is the total concentrat ion change in the solu- 
tion and a is here an a rb i t ra ry  radius, of atomic di- 
mensions, surrounding the line sink. If a = 2 x 10 - s  
cm and 5 = 10 -8 cm then A C / A C N e r n s t  c a n  be evalu-  
ated as a function of 1/5. This curve has a l imit ing 
value of approximate ly  1.3 when I/6 is small. In ex-  
per iments  on a solid meta l  such as silver, it would 
seem l ikely that  the step lines are  generated by dis- 
locations in the surface and l/5 would be small. In 
agreement  wi th  this, Gerischer  (21) gives ~n/~Nernst 
( identical  to AC/ACNernst when the total overpotent ia l  
is small) as 1.5. The in terpre ta t ion  of the excess po- 
lar izat ion as due solely to adatoms on the surface, is 
therefore  not unambiguous.  

An interest ing aspect of Eq. [14] is that  when  at 
the other ex t reme l/5 is large AC/ACNernst is also large. 
Thus it should be possible to measure  high rates of 
react ion by, for example,  the deposit ion at constant 
potential  of si lver or mercury  onto graphi te  or on a 
noble metal.  This would perhaps al leviate  the need for 
ve ry  high-speed electronic equipment  for these re -  
actions. 

The electrodeposit ion of the low mel t ing  point meta l  
copper f rom acidified cupric sulfate solution onto a 
plated copper electrode, has recent ly  been re inves t i -  
gated (24) by means of a rotat ing disk. This shows 
that  the lattice growth step on a cathode of this type 
is very  fast and the mechanism is dominated by the 
cuprous/cupr ic  redox couple. Similar  conclusions have  
been drawn by previous workers  (25). 

The high mel t ing point metals, on the other hand, 
have low exchange currents,  and diffusion effects in 
the solution are less likely. A complicating feature,  
however ,  when  such transit ion metals  are deposited 
f rom aqueous solution is the possibility of complex 
formation or the codeposition of hydrogen. Gierst  (26) 
has suggested f rom polarographic and galvanostat ic  
measurements  that  for nickel, in solutions of simple 
salts the hydra ted  nickel  is discharged, the ra te  of de- 

hydrat ion of the ion at the surface being the ra te -  
de termining  step. The depression of the polarographic 
l imit ing cur ren t  on adding an iner t  e lectrolyte  was 
in terpre ted  in these exper iments  as a double layer  
effect, the shift  of the Gouy layer  potential.  

Another  example  is the potentiostat ic deposition of 
Co on to mercury  f rom unbuffered potassium ni t ra te  
solutions where  in addition to the meta l  a hydroxide  
can also be formed (27). We propose that  this occurs 
by a mechanism 

2e 
Co 2 + -5 H20 ~ H + -5 CoOH + --> Co -5 O H -  

Co 2+ | on the 
electrode 
surface 

Co(OH)2 or [15] 
CoO 

This mechanism depends on the fact that, due to the 
differing diffusion constants of H + and O H - ,  a gradi-  
ent of O H -  ions can exist in the region adjacent  to 
the interface. An  a l te rna t ive  mechanism would be the 
l iberat ion of O H -  ions f rom H20 in the interracial  
region. 

e 
H20-~ 1 / a l l 2  - 5  O H -  [16] 

This would  mean the absorption of a hydrogen atom 
or molecule into the oxide film, as the product ion of 
gaseous hydrogen, even at high rates of format ion of 
oxide, is usually not  observed. There  is evidence that  
in general  cathodic oxide format ion is great ly  in-  
fluenced by the amount  of indifferent  e lectrolyte  pres-  
ent. In mechanism [15] this could occur by changing 
the concentrat ion of the reducible  species Co+OH. 
Mechanism [16] would  allow these effects as an a l tera-  
tion of the act ivi ty of O H -  in the interfacial  region. 
Similar  phenomena of the format ion of cathodic oxide 
or hydroxide  occur during the reduct ion of the chro- 
mate  anion. When the aquo-complex  is replaced by 
the thiocyanate complex this complicat ion is r emoved  
and the potentiostatic init ial  current,  as a funct ion of 
potential,  shows the usual Tafel  slope. The current -  
t ime curves f rom this complex onto mercury,  and 
other  metals  onto graphite,  show that  the growth of a 
metal l ic  layer can be in terpre ted  in terms of nuclea-  
tion and lattice growth in a similar  way to the deposi- 
t ion of nonmetal  films. 

When the slow step in an electrocrystal l izat ion proc-  
ess is incorporat ion at the edge of a growing nucleus 
and all  t ransport  processes to the nucleus are fast, 
then, in the ear ly  stages of growth, before over lapping 
becomes important,  simple geometr ical  arguments  
can be used to predict  the form of the potentiostatic 
current  t ime curves. If one considers a single hemi-  
spherical  nucleus growing on a surface, then if V(t)  
is the volume of the nucleus at any time, r is the 
radius, and i ( t )  the current  

i(~) oc cr ~r(os . - -  oc 2;~r(t) 2 [17] 
at Or at 

r(t) oc 
and 

ict) oc t2 

Another  possibility is that  if the slow step is round 
the basal  per iphery  (for instance by the movemen t  of 
adatoms along the basal plane) ,  then the rising t ran-  
sient can be calculated as follows 

Or 
~,(t) cc 2 ~ r ( t ) 2  cc 2~r(t) 

0t 
V(t) oc t l l2  
i(t) oc i l l2  [18] 

The constant of proport ional i ty  involves the lattice 
growth and nucleat ion ra te  constants and is easily 
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Table I 

November 1966 

t 3 t 2 $ t l /~  e t tB/~ 

Progressive Ins tan taneous  Ins tan taneous  Ins t an taneous  P rogres s ive  P rogres s ive  a} 
3 D  3 D  2 D  3 D  2 D  : ) D  b) 

pe r iphe ry  p e r i p h e r y  p e r i p h e r y  basal  pe r iphe ry  Top area  basal  pe r iphe ry  c) 
none none none none none none d) 

P rogres s ive  P rogress ive  Ins tan taneous  
2D ID 3D 

p e r i p h e r y  pe r iphe ry  p e r i p h e r y  
none none p lanar  diffusion 

a) Type  of nucleat ion;  b) geomet ry ;  e) site of slow step; d} t ranspor t  in solution, 

Progressive a) 
3 D b) 

pe r iphe ry  e) 
p lanar  diffusion d) 

calculated as shown in many  previous publications 
from this school [see for example (2)].  Similar  re la-  
tions can be wri t ten  for other combinations of geome- 
try, reaction site, and mode of t ransport  to the grow- 
ing center and type of nucleation. These equations 
are not, however, unique,  as can be seen by reference 
to Table I, in  which some possible dependences are 
given. For example, it is general ly not possible to 
dist inguish directly between adatoms and diffusion in  
the solution al though a possible way is given later. A 
knowledge of the geometry by means of electron dif- 
fraction is a prerequisite.  Not all of these dependences, 
some of which are new, have been observed, bu t  it  
seems l ikely that in practice even more complicated 
cases will occur, par t icular ly  that of preceding chemi- 
cal reaction. An impor tan t  example is when  another  
electrochemical reaction goes s imultaneously with the 
growing meta l  layer. Arguments  similar  to that  used 
in deriving Eq. [17] and [18] then show that, depend-  
ing on whether  the second reaction goes preferent ia l ly  
on the growing metal  lattice (either at the edge or 
on top of the nuclei) or on the uncovered substrate, 
then different potentiostatic cur ren t  t ime curves are 
obtained. In  fact, a whole family of dependences can 
be formulated easily and are too numerous  to be given 
easily in a table. These dependences a~e, however,  
not  unique, as in  the example Table I, and extra evi-  
dence is necessary to deduce a reaction mechanism. 
An  example investigated in this laboratory, among 
other noble metal  depositions (27), is the reduct ion of 
the PtC142- anion at a pyrographite  electrode. Here 
there is the possibility of discharge from the various 
complexes in solution and also the possibility of the 
catalytic deposition of hydrogen either at the edges or 
on top of the growing nuclei, depending on the poten-  
tial. We th ink  it might  be possible to explain in these 
terms the polarographic curves for the reduction of 
the PtC142- anion, about which there is some con- 
troversy in  the l i terature.  Because of the 3-4 sec drop 
time used in polarography, quite a large n u m b e r  of 
p la t inum nuclei  must  be present  on the mercury  in  
these experiments,  and in  our experience this can 
have a profound effect on the current  flowing. 

At longer times when  overlap becomes important ,  
provided that  the slow step is at the edge, the cur ren t -  
time curve can be calculated theoretically in a few 
simple cases. This has been demonstrated for the for-  
mat ion of some nonmetal l ic  lattices on Hg, e.g., calo- 
mel and references given in the section on nonmetal l ic  
deposition. 

When the slow step is not at the edge and lattice 
growth is no longer governed by pure ly  geometrical 
considerations, it  is more difficult to set up a model 
to calculate the current  t ime- t ransient .  This has 
proved to be the case for the nickel thiocynate com- 
plex, ment ioned above; here the kinetics are con- 
trolled by the rate of discharge, surface diffusion and 
lattice growth (28). 

As this is a system which has been investigated in 
some detail  it  would be useful  here to give the p r in -  
cipal results. The potentiostatic current  t ime curves, 
which correspond, by the amount  of charge, to the 
formation of a monolayer  one un i t  cell thick, have a 
max imum similar to that  for the formation of some 

nonmetal l ic  films, e.g., calomel. A symmetr ical  curve 
would be expected if the slow step is at the edge that  
is if (d), in scheme II, alone is rate determining.  The 
curves are, however, unsymmetr ical .  This immediate ly  
suggests that some process precedes lattice incorpora-  
tion. Possibly this could be a preceding chemical 
reaction in  the solution or the diffusion of adatoms to 
the growth site. The ini t ial  currents,  plotted as a 
funct ion of potential,  show a Tafel slope correspond- 
ing to the discharge step. At higher negative poten- 
tials the init ial  current  becomes kinetical ly controlled 
by the rate at which the preceding chemical reaction 

2e 
Ni 2 + + SCN- ~ Ni SCN + --> Ni -5 SCN- 

can produce the reducible species. In the region at 
lower potentials where the initial current is the dis- 
charge rate and this is followed by the effects of crystal 
growth, in that the curves go through a maximum, the 
inescapable conclusion would seem to be that these two 
processes are linked by adatom diffusion on the sur- 
face. The experimental fact that by switching instan- 
taneously to more positive potentials some of the 
charge is removable,  presumably  that  in  t rans i t  to the 
growth site, gives more confidence in this suggestion. 
In  such a complex situation, especially when  overlap 
is important ,  the easiest way  of reproducing the cur-  
r en t - t ime  curves is by means of simulation, and this 
has been attempted. At short times the problem can 
be approached analytically,  if the number  of nuclei is 
constant, by means of the paral lel  step l ine model 
shown in Fig. 13. 

This model was originally proposed for the growth 
of solids from the gas phase by the adatom mechanism. 
The more difficult problem of how diffusion in  the 
solution can be included in  the theory wil l  be discussed 
later. If c is the concentrat ion of adatoms on the sur-  
face at a point between the step lines, then for a 
cathodic deposition at constant  potent ia l  

Oc = D 02c 
~t Ox 2'" -5 k l ' - -  k2'c [19] 

where 
io 

k{ ---- exp 
ZF 

~ZnlF l [ 
~o exp [ ( a - - 1 ) Z ~ h F  ] 

ZFco RT  

D is the adatom diffusion constant, co is the adatom 

I ' ~ l  2, 
i 

(o,o) ~iol 

solution 

(~e,a) 
metal 

Fig. 13. Parallel step lines model. Ions are discharged on the 
surface from solution between the step lines 0 and 2 I, and then 
diffuse along the surface to the step lines. 
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concentrat ion at the equi l ibr ium potential, and the 
other symbols have their  usual  electrochemical sig- 
nificance. The boundary  conditions are as follows 

c = c o  O > x > l  t----O [20] 

c = co x = 0 t > 0 [21] 

,Oc 
, = 0  x = l  t > O  [ 2 2 ]  

Ox 

These equations can be solved by the Laplace t rans-  
form method to give a cur ren t - t ime  transient.  The 
result  will  not be quoted here as it is not directly 
amenable  to exper imental  verification. It is more in -  
terestihg to calculate the effect of an exper iment  of 
the type proposed by Gerischer (21). This involves 
polarizing the electrode to a s tat ionary state at a po- 
tential  ~1 and then ins tantaneously  switching the po- 
tent ial  to a second smaller  overpotential  02 (at con- 
stant  l) such that this ini t ial  cur ren t  is zero. This 
applies only to very rapid reactions where at short 
times the double layer charging can be neglected. 
These are just  the reactions where changes in  the 
solutions are expected. An  exper imental  test of 
whether  t ransport  is by adatoms or diffusion in the 
solution to the step lines is suggested by the theory 
(23). As a result  of a Gerischer exper iment  the theory 
gives 

~ k l  kl'  
= ZFk2 k2 k~' 

k , ' -  k 'co -5-  J 
§ 

0 = i  

where the quanti t ies without a pr ime belong to me. By 
subst i tut ion of the rate constants in terms of io and 
overpotential  then 

ioexpaZ~llF [exp [ ~.~ (~12--~ll) ] - - l ]  =--'stat [24] 
RT 

w h e r e  i s t a t  is the s tat ionary current  at Tll. This con- 
sequence of the theory could presumably  be tested, 
after correcting the n values for concentrat ion changes 
in the solution, by comparing it with 

aZ~IF 
io e x p - -  

R T  

( ( Z ~ l , F ) _ e x p ( Z ~ I F )  ) 
exp R T  R T  ~-  - -  i s t a t  [ 2 5 ]  

This equation is derived by considering a Gerischer 
exper iment  in  which concentrat ion changes, only, oc- 
cur in  the solution. It  must  be noted that  these equa-  
tions may equally well  be deduced from any other 
model provided that, in  one case, concentrat ion 
changes take place before, and, in the other case after, 
electron transfer.  

Equi l ibr ium at step lines dur ing metal  growth is 
probably only achieved for metals with high exchange 
currents  (29). In  other cases it  is necessary to replace 
boundary  conditions [22] by [26] 

0c 
D = k4c- -  k3 [26] 

Or 

where k4 is the rate constant  governing growth at 
the step lines and k~ that  of the back reaction. A solu- 
t ion of Eq. [19] with [20], [26], and [22] correspond- 
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ing to a Gerischer exper iment  can be obtained using 
the Laplace t ransform method. This leads when the 
metal  deposition is relat ively irreversible,  i.e., k3 .~- 0 
and the potentials such that k2' = O, kl  ~- 0 to 

2ZFDkgk42kl ' 

l 

exp  ~ (Dan 2 -4- k2)t 
[27] 

o (D2an21 + Dk4 + k42I)D2o~n 2 

that is, a t ransient  due only to the removal  of adatoms 
and the lattice continues to grow dur ing the transient.  
In  Eq. [27] an is the root of the t ranscendental  equa-  
t ion 

k4l 
lan tan  l a n =  [28] 

D 

It would therefore be possible, by setting up calibra- 
t ion curves in terms of the parameters  k41/D and D/ l  2, 
to compare the exper imental  and theoretical results. 
Exper imenta l  data are not sufficiently adequate at 
present  to test these equations. 

It seems that only by a detailed fitting of an equa-  
tion of this type can unequivocal  evidence for the 
adatom mechanism be obtained. These equations, how- 
ever, presuppose that diffusion of adatoms along the 
surface is the only mode of t ransport  to the growth 
sites. A more complete theory has been formulated 
(30). Differential equations corresponding to Eq. [19] 
can be wr i t ten  for potentiostatic conditions as follows 

[ O ~ e  82c 1 8c 
D ~ +  = 0 ~ x < l  y > 0  [29] 

8x 9. .Oy 2 3 8t 

D O2c 0Ca 
a Ox - - - - - ~ + k l c - k 2 C a =  Ot O ~ x < l  y = 0  [30] 

As before x is the distance co-ordinate in the surface 
as shown in Fig. 13. y extends into the solution. In 
contrast to the previous, Ca,D,,, now refer to adatoms, 
and C,D, to the ions in solution, c~ o are now the 
concen, trat ions at the equi l ibr ium potential.  The 
boundary  conditions corresponding to [20], [21], and 
[22] now become sets for the x and y directions, 
respectively. 

Ini t ia l  conditions 

C(x,u,o = c ~ t = 0 [31] 

Ca(x,t) = Ca ~ t = 0 [32] 

Boundary  conditions 

C(~a,t) = c ~ y-> oo 

Oc 
--.--> O x = O  
ace 

ca--> ca ~ x = O [33] 

D O e  = k l c - - k 2 c a  y - ~ O  O < x ~ l  
OY 

D 0 C . = D a ~ C  = 0  x = l  y ~ 0  
8x 8x  5 "-> 0 

To make the problem symmetr ical  in  both phases it is 
of advantage to rewri te  Eq. [29]-[33] in terms of a 
surface layer of thickness 5. It  can be shown that 
solving the amended equations and al lowing 5 -> 0 
gives a correct solution of [29], [30]. The t ransform 
of the solution is complicated and is at present  being 
programmed for the computer. It  is hoped later to 
publish potentiostatic l i t  curves as a funct ion of kl, 
k2, D, Da, l, which can be directly compared with ex- 
per imenta l  data in the l i terature.  However, it is pos- 
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sible to discuss l imit ing cases. The actual t ransform of 
the solution is 

i =  ZF ( k i t  ~ -- k2ca ~ (p~/pD/xoo (p) ) 

" { l  ~ - (  xook2~/pD ) ( s I  (p) [34] 

where 

Xoo(P') = (kl  ~- ~/pD)p ~- k2k/pD 

$1 (P) = ~ e m  ( k l  + V ( p + L )  D )  p/Xm.o(p) 
o T ~z / 

1 

Tm a / 

-~- k2 P'q- ~m 
where 

e m = l  , ~ = 0  

= 2  , r e = l ,  2 . . . . .  

kl = io/ZFCo exp - - R - - ~ /  ' 

D 

k 2 = i o / Z F C a o e x p [  ( a - -  1)ZF~ 1 
RT 

also 
1 m2~2D 1 m2~2Da 

Tm ~2 ' Tm a ~2 

i is the Laplace t ransform of the current  defined by 

i ( p )  ---- L i(t) = p f o  e x p - -  pC �9 i(t) dt [35] 

For two l imit ing cases the inverse t ransforms of [34] 
can immediate ly  be wri t ten  down 

(i) Allowing Da --> oo leads to a dependence 

i(t) = io [ exp aZF~I (a- -  l )ZFn ] 
R------~ exp RT 

t 
�9 exp k12-~ erfe ( k l V  ~---- ) [36] 

Equation [36] is the we l l -known equation for semi- 
infinite diffusion to a p lanar  electrode, and at long 
times reduces to i ~x t-1/~ 

(ii) When diffusion in  the solution is neglected by 
allowing D ~ ~ the equations published earlier (6) 
are reproduced. A par t icular ly  significant property of 
these equations is that  when t ~ ~ a s tat ionary state 
is reached, namely  

it~ ~ = l (klC ~  k2ca ~ tanh ~ �9 l 

[37] 

By put t ing  1 cc 1/,~ in this equation then at low over-  
potential  the s tat ionary i/n curve can be calculated for 
surface diffusion alone. 

In  an actual current  t ime t rans ient  represented by 
[34] it can be shown that, if surface diffusion is im-  

portant,  it might  be expected that the s tat ionary state 
for surface diffusion would appear before the decay 
for diffusion in the solution and a plateau would ap- 
pear. 

The a-c method for measur ing the impedance of an 
electrochemical system, and in terpre t ing  this in terms 
of io and a, is well  known. An  early a t tempt  to obtain 
the elements of an equivalent  circuit analogous to the 
potentiostatic case with diffusion in the solution given 
above was made by Lorenz (31). His measurements  

probably represent  the largest body of evidence in 
favor of the adatom mechanism, and it is impor tant  to 
look at his method of calculation in view of the am- 
biguous na ture  of the potentiostatic and galvanostatic 
measurements  ment ioned earlier. The Lorenz calcu- 
lat ion is, however, approximate.  An accurate solu- 
tion for this model can be obtained easily for a small  
a-c perturbat ion,  from [34]. Using the previous no-  
menclature  and also 

~ = { a~ l cos (oJt + ~) [38] 
then from [34] 

ioZF]an{ 
Ai---~ real part  of 

RT 

�9 1 + kr  �9 [ 3 9 ]  
Xoo(j~o) Xoo(j~)S(j~) 

where j = ~f--1, kl = io/ZFco, k2 = io/ZFca ~ 

The l imit ing cases of this wil l  now be briefly discussed 
under  some simplifying conditions. The reader is re-  
ferred to the original  papers for the details 

(i) When 
Da Da 

- -  > >  k~ and ~ < < - -  
2 2 

Equat ion [39] reduces to the well  known equat ion de- 
r ived by Randles. These conditions are then suffi- 
cient to ensure that bulk  diffusion and the electro- 
chemical step alone are rate determining.  Exper i -  
menta l  work based on this l imit ing case is well under -  
stood. The equivalent  circuit elements are then the 
Warburg  impedance in series with the t ransfer  re-  
sistance and in parallel  wi th  the double layer im-  
pedance. 

(ii) When surface diffusion is rate determining a 
sufficient condition is 

kll 
- - - *  0 [ 4 0 ]  

D 

Equation [39] now reduces to the one published 
earlier (6). 

(iii) In  actual experiments  the region where mixed 
control operates, that  is when  

kl V k2 --> 0 �9 l > >  l [41] 
D 

will dominate the behavior. This aspect of the theory 
is new and will be discussed further.  It  is shown by 
insert ing this condition into [39] that the equivalent  
circuit in this l imit  is now a transfer  resistance in 
series with both Warburg  impedance and an imped-  
ance consisting of a capacity in parallel  with surface 
diffusion impedance. If 

w - k2 ) - 1  
< <  

then the surface diffusion impedance (Zad) becomes 
very significant and of the form 

R T ,  / .  k2 . .  l 
V Da ZFio 

That is Zad degenerates into a pure resistance. The 
faradaic reaction now exhibits classical behavior,  in  
that the impedance RD, CD exhibit  a l inear  depend-  
ence, as found e.g., for deposition at amalgam elec- 
trodes, where the metal  lattice is cont inuously re-  
moved. However the intercept  of the RD/W -1/2 plot is 
no longer RT/ZFio but  (RT/ZFio) (1 ~- k/k2/Da" l). 
The Lorenz t rea tment  coincides with the above only 
under  the special conditions 

w k2 �9 l 

k---~ '<<: Da 
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If ~ > >  k2 then the discrepancy between Lorenz and 
this work would be expected to be significant. A de- 
tailed calculation of the impedance as a funct ion of 
f requency is being made and wil l  be published later 
[30]. 

The next  step is to relax boundary  condition c ~ Ca o 
at x = 0 in [33] by replacing it by 

pC ) a ~ - ~ X  x=o = k4Cca-  ca ~ [423 

This is exactly equivalent  to replacing [22] by [26], 
and treats the case when  equi l ibr ium is not ma in -  
tained at the step l ine and there is a finite rate of 
incorporat ion at the step line. The most interest ing 
result  is that from the general  equation a number  of 
steady states are possible showing that  a square law 
dependence be tween i and n cannot  prove by itself 
that surface diffusion is rate determining.  

To sum up the implications of the new theoretical 
considerations presented in outl ine in the previous 
pages, it would seem that  solutions of the diffusion 
problem for much more realistic general  models are 
possi'ble. Impor tan t  l imit ing cases and a heuristic ap- 
proach can give valuable  pointers to exper imenta l  in -  
terpretations, while emphasizing that less general  
models can give an ut ter ly  misleading in terpre ta t ion 
of the experiment,  especially when  different com- 
binations of events can lead to similar results. 

Conclusion 
We have endeavored, in this paper, to review the 

very recent  theoretical and exper imental  develop- 
ments  arising par t icular ly  from our own investigations 
and the activities of the research group with which 
we are associated. Electrodeposition has been treated 
in  the broadest possible sense including the deposi- 
tion of both metall ic and nonmetal l ic  phases. 

Thus, progress in  this field allows one to charac- 
terize the various steps in  a very general  type of elec- 
trochemical reaction. Nonmetall ic and metall ic de- 
posits behave very similarly, the differences being a 
reflection of the electronic properties of the individual  
la, ttice structures. In  m a n y  cases nonmetal l ic  films 
grow with the slow step at the edge; this is not  sur-  
prising in view of the complex na ture  of these lattices. 
Metallic lattices which are simpler chemically tend 
to form at much higher rates and therefore preceding 
t ranspor t  processes can become rate determining.  

As shown by the time dependence these processes 
can be detected and experiments  designed to overcome 
the effects of diffusion in  the solution by, for example, 
growing a large constant  number  of nuclei  at the out-  
set potentiostatically, and  ther~ growing these at  a 
much lower potential  as shown in the text. More so- 
phisticated re laxat ion technique such as a-c imped-  
ance, or trains of pulses can be used to elucidate the 
mechanism of deposition or dissolution of various com- 
plexes in  solution and species adsorbed on the surface. 
In  general  it  would seem to us that  metal  deposition is 
l ikely to be dominated by study of complexes and 
equil ibria  in  solution as precursors to lattice growth. 

We have found the technique of growing lattices of 
a known  structure on iner t  substrates to be a power-  
ful  one which, in fact, corresponds to the method of 
measur ing ini t ial  rates, common in  chemical kinetics. 
Lattices grow with well-defined crystal  habits and as 
th in  films lending themselves to electron optical ex-  
amination.  It  should be possible to determine ex- 
per imenta l  rate constants especially for the forma-  
t ion of metal  lattices and we feel that  it is with these 
that fu ture  theories of electrocrystallization wil l  be 
concerned. 
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The theoretical t rea tment  of the diffusion problems 
involved are clearly possible with more realistic mod- 
els, and this will undoubtedly  permit  the design of 
more soundly based experiments  to test the relat ive 
importance of surface diffusion in the over-al l  scheme; 
this is a mat ter  which we th ink to be of part icular  
importance and where, to date, we consider consider- 
able uncer ta in ty  to lie. 
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Discussion 

H. Ger i scher :  I would like to make a short  comment  
on this ve ry  impor tant  and s t imulat ing paper which 
concerns the model  used for describing the electro-  
lytic deposition and dissolution of  a metal.  In this 
model  as represented in Fig. 13 the assumption is made  
that  only the ra te  of the react ion step in which an 
a tom (or ion) moves perpendicular ly  to the surface 
plane depends on the electr ical  charge in the double 
layer,  i.e., on the electrode potential.  This model  has 
g iven a grea~ deal of ve ry  valuable  informat ion and 
can give more. It is therefore  of ve ry  great  value  to 
have  now a rigorous mathemat ica l  solution for this 
model  as given in this paper. One may  not forget,  
however ,  that  this model  has a serious weakness  in 
the way in which the t ransfer  of atoms from kink 
sites to the surface planes is treated. This process is 
obviously not independent  of electrode potent ial  in 
contradict ion to the model  used here. I think that  this 
is one of the reasons for the fact that  no l imita t ion of 
the anodic dissolution ra te  of a meta l  can be observed. 
It  is obviously very  difficult to modify  the kinetics 
in this model  as to take into account this kind of com- 
plicat ion in the calculations. In a ve ry  p re l iminary  
way, we have  already had to apply such a t rea tment  
to the surface migra t ion  and the exchange of adatoms 
with  k ink  sites, but  these ideas have to be developed 
much  fu r ther  in such a r igorous way as shown in 
this paper. 

H. T h i r s k :  I think we are very  conscious of the fact  
that  the complete  model  examined mathemat ica l ly  is 
still  very  much simplified. The boundary condition in 
a sense summarizes  our assumptions concerning the 
na ture  of the surface diffusion involved;  that  is, the 
step is a continuous l ine -s ink /source  and this is de-  
pendent  on the assumption that  the mean  free path 
of the diffusing atoms is much greater  than the mean  
distance be tween  two consecutive sinks and that  equi-  
l ibr ium is mainta ined for the exchange and is not in-  
fluenced by mass t ransfer  through the solution. We 
have not t r ied to treat  the effects of the potent ial  field 
at this present  stage, a l though I am certain the prob-  
able importance of such a complicat ion has been 
raised in ear l ier  papers in electrocrystall ization,  wr i t -  
ten in collaboration wi th  Dr. M. Fleischmann. 

H. B. Urbach:  I would like to confirm Professor Ger -  
ischer's r emarks  concerning the electrostatic charac-  
ter  of the mechanism of surface migra t ion  of adatoms. 
The quest ion of the mechanism of t ransport  resolves 
i tself  into two alternatives.  Is the mechanism a r an -  
dom walk  (pure diffusion) process or is it an e lectro-  
static process? Naumevets  and Gavr i lyuk  1 in the 
U.S.S.R. have  actual ly  observed, by means of the field 
ion microscope, that  the mot ion of part icles at a gas- 
solid interface is influenced by the direct ion of the 
local fields impinging on the interface. They were  in 
fact  able to influence the direction of mot ion of the 
adatoms at will.  Their  calculations showed that  the 
observed forces were  consistent only wi th  an e lectro-  
static in terpre ta t ion  based on the in teract ion of di-  
poles ( the adsorbed adatom complex wi th  its image) 
and the field. Pr ior  to my  discovery of the Russian 
paper, I had  per formed  an analysis 2~ of the ma the -  
mat ical  p roblem associated wi th  the e lec t ro ly te -meta l  
interface where  it  is expected that  the field intensi ty  

a A. lYl. Gavrilyuk and A. G. Naumevets, Soy. Phys.---Solid State, 
5, 2043 (1964). 

2 H. B. Urbach et aL, Report AFCRL-64-539, Contract No. AF 
19(628}-3234 prepared for the Air Force Cambridge Research Lab- 
oratories, Cambridge, Massachusetts. 

3 H. B. Urbach, Electrochim. Aeta, In press. 

at the interface would be much greater  than at the 
gas meta l  interface. I t  is based on taking the tangen-  
tial (to the interface)  component  of the gradient  of 
the scalar product  of the dipole moment  and the field 
intensity and is similar  to the Russian analysis. 

H. T h i r s k :  We are assuming a normal  surface diffusion 
process. I must  say that  I had not thought  of  the 
Russian work  to be of immedia te  re levance  to elec- 
trodeposition, al though of great  elegance and interest.  
However ,  in v iew of your  mathemat ica l  t r ea tment  in-  
dicating that  the effect would be grea ter  in electrolytic 
deposition, the whole assumption meri ts  fu r the r  con- 
sideration. We look forward  to more informat ion on 
your  calculations. 

R. G. B u c k :  Inasmuch as you have obtained an exact  
solution for the current  t ransform in the potentiostatic 
case, you could make  direct  use of the result  real izing 
that  it gives, on substi tut ion of jw for the t ransform 
variable,  the f requency  dependence of the impedance. 
Use of the t ransform in this manner  would save the 
effort requi red  to inver t  the transform. Provid ing  it 
is e lectrochemical ly sound and exper imenta l ly  feasible 
to apply a small ampli tude sinusoidal r ipple potential  
in addi t ion to the d-c bias, the impedance spectrum 
could be measured and could be compared by curve  
fitting wi th  the der ived impedance function. This type 
of exper iment  re la ted to work  of Sluyters  4 seems to 
be a reasonable way of gett ing at the rate  constants 
for the cases where  coupling occurs be tween  mass 
t ransport  and a slow surface reaction. 

H. T h i r s k :  We have dealt  wi th  the a-c case by sub-  
st i tut ing j~, but  the i vs.  t relat ionships are of direct 
interest  to us in the nonsteady state fol lowing the 
application of a potent ial  jump. 

E. Gi leadi:  A new re laxa t ion  technique is suggested 
in this paper  for the measurement  of the ra te  of the 
fast charge t ransfer  react ion in a react ion sequence 
such as given in Eq. [5]. I would  l ike to ask whe the r  
this method is considered by the authors in any way  
superior  to the long established bridge method first 
suggested by Frumkin ,  Dolin, and Erschler  5 in 1940. Is 
the accuracy of the measurement  improved? If a fast 
charge t ransfer  step is at quasi -equi l ibr ium,  fol lowed 
by a slower r a t e -de te rmin ing  step, a substantial  pseu-  
docapacity may arise, in which  case the system is 
less than ideally suitable for application of potent ia l  
steps, unless ve ry  small  electrodes are used. 

H. T h i r s k :  What  we are proposing is a method of 
s tudying electrochemical  process by re laxat ion  me th -  
ods employing a potentiostat  wi th  a fast rise time. The 
possibility of the method is the point of interes t  and 
not the question as to whe the r  another  method  is more  
accurate. In any case, I am unaware  of the sat isfactory 
application of an a-c  bridge method of the type you 
describe to crystal  g rowth  problems of a type pre-  
cisely re levan t  to the present  paper. We are fu l ly  
aware  of the problems of pseudocapacity. 

J. O'M. B o c k r i s  (communica ted) :  We welcome Pro -  
fessor Thirsk 's  summary  of the work  which his team 
has been carrying out in Newcastle.  In a general  way, 
we  think that  the goals which they seem to seek in 

Sluyters. 
A. Frumkin, P. Dolin, and B. Ershler, Acta Physicoehim. 

URSS, 13, 779 (1940). 
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their work , - - ra te -de te rmin ing  step and pa th , - -a re  
those which we seek, too, at the Univers i ty  of P e nn -  
sylvania. We would like, nevertheless, to make some 
comments on the studies carried out at Newcastle. 

(i). Much of the work summarized in Professor 
Thirsk's paper is work done not on electrodeposition 
in any conventional  sense, but, rather,  on electrocrys- 
tallization, for example, the formation of tha]lous 
chloride on thal l ium amalgams. Although these studies 
are complementary to those of metal  deposition, which 
Thirsk et al. also study, there are of course consider- 
able differences in growth of A on B (the most fre- 
quent  objective of the Newcastle work) and electro- 
deposition of A on A, for instance of Cu on copper 
substrate. 

(it). The technique which Thirsk et al. use predom- 
inant ly  is that of the potentiostatic transients.  It  is a 
powerful  one. Nevertheless, conclusions regarding the 
ra te -de te rmin ing  step based on behavior  at times such 
that monolayer  bu i ld-up  is in  its early stages need not 
always be valid in respect to the steady state at longer 
times. 

(iii). There seems to be a danger  in re ly ing too 
much on one technique. The number  of steps between 
the observations of the t ransients  and the model is a 
long one, and, if unconfirmed by an al ternat ive method, 
the model may not  always be secure. 

Thus, electron microscopy, with Thirsk et al. use, 
does have special disadvantages in electrochemical 
studies because it is impractical  to use it in situ. We 
would like here to ment ion  the use of the Nomarski 
system of optics for in situ studies of metal  deposi- 
tion. This uses polarized light; it allows microscopy 
and in terferometry  in the same small apparatus and 
can be used to make studies, e.g., of the movement  of 
growth steps over the crystal surface. Ellipsometric 
techniques perhaps may be developed usefully here, 
as well. 

The differences between Professor Thirsk 's  work 
and ours are in details of some models. 

The mechanism of the ~o~mation of calomeL--This  is 
that mechanism in  which the Newcastle and Phi ladel -  
phia groups have come into definite disagreement.  
The disagreements have significance outside a direct 
interest  in  the mechanism of calomel formation, be-  
cause the mechanism of anodic crystall ization reac- 
tions, the main  area in which the Newcastle group 
has worked, is to be treated either along a dissolu- 
tion precipitat ion path or along that of anion deposi- 
t ion and subsequent  crystal growth steps. Although, 
of course, both types of mechanisms may funct ion 
under  different conditions, were the lat ter  type of 
mechanism (which the Newcastle group have proposed 
be true for calomel, too) to be disproved in this case, 
it would tend to suggest some revision in other mech- 
anisms. A second reason why the disagreement  is im-  
portant  has to do wi th  the fact that  the counter  case to 
that of the Newcastle work is based on an ellipso- 
metric technique which has the advantage of giving 
direct informat ion on the state of the surface and 
the disadvantage 6 of being b rand  new in  electrochem- 
istry. 

The principal  pieces of exper imental  evidence which 
made Bockris, Devanathan,  and Reddy 7 favor the dis- 
solut ion-precipi tat ion mechanism for calomel forma-  
tion are: 

(i) The fact that, in galvanostatic t ransient  meas-  
urements  of mercury  dissolution, the current  passes 
for a significant t ime (corresponding to the dissolu- 
tion of m a n y  layers of Hg) before the ell ipsometer 
registers any new phase on the surface. This t ime in-  
creases with decreasing current  density. Constant  elec- 

6 A l t h o u g h  Reddy ,  G e n s h a w ,  a n d  Boc k r i s  [A. K. N. Reddy ,  M. 
G e n s h a w ,  and  J.  O'M. Bockr i s ,  J. E~ectroana~yt. Chem., 8, 406 
(1964) ] h a v e  show** t h a t  in  respec t  to  p l a t i n u m  oxides ,  the  e n i p -  
some t r i c  s t ud i e s  agree  a l m o s t  exa c t l y  w i t h  c ou lome t r i c  ones.  

�9 J .  O'M. Boekris, M. A. V, D e v a n a t h a n ,  a n d  A,  K.  N. Reddy ,  
Proc.  Roy. Sot. ,  A279, 327 (1964). 

trode potential  close to that  of calomel electrode is, 
however, established in much earlier time. 

(it) The fact that the time (analogous to a t ransi-  
tion time) which elapses between the switching on of 
a galvanostatic current  and the beginning  of ellip- 
someter signals of a new phase is s t i r r ing-dependent .  
At low current  densities effective st i rr ing prevents  the 
formation of calomel completely. 

(iii) The (very significant) fact that  the ellipso- 
metric studies indicate a cont inuat ion of film growth 
of calomel after the current  has been cut off dur ing 
the init ial  period of growth. 

These three facts seem to be consistent only with 
a dissolution-precipitat ion model, which is also what  
is found with Ni. s 

It  does seem that, in his paper at this meeting, Pro-  
fessor Thirsk has not perhaps been quite sufficiently 
reveal ing in the presentat ion of the position, e.g., he 
did not call a t tent ion to the above facts. Further ,  the 
formula for the complex which dissolves has been 
overstressed at the expense of the controversy con- 
cerning the basic model. Bockris, Devanathan,  and  
Reddy found their work to be consistent with Hg2C1 + 
(as has Hills and Ives9), and Thirsk prefers HgCl4 2-.  

This seems of lesser importance than  the type of 
mechanism for the anodic formation of halide films. 

What  chance can there be that both mechanisms 
occur? Most of the Newcastle work was done under  
potentiostatic conditions where the ini t ia l  currents  
would be several orders of magni tude  greater than 
with the Phi ladelphia work. The dissolution-precipi-  
tat ion stage would be immeasurably  quick on the 
Newcastle t ime scale for potentiostatic work, or, pos- 
sibly the mechanism actually changes. Alternat ively,  
could the presence of impuri t ies  in one solution have 
given nucleat ion centers for crystall ization on the 
metal  which changed this stage from what  was ob- 
served in  the other? 

The main  thing which must  be done is to establish 
independent  ver i f ica t ions  of the e l l ipsomet r ic  results, 
for, if verified, the position is then quite unambigu -  
ous. I0 

Is surface diffusion a step in over-all m.eta~ deposi- 
tion mechanism?--Professor Thirsk's  position is that  
he doubts ir For  low melt ing point  metals, he favors 
diffusion in solution, and considers that  a hemicyl in-  
drical diffusion model with a growth step serving as a 
l ine sink can explain exper imenta l  facts. Our position 
is that, at least on Ca, Ag, and Ga, surface diffusion 
is involved in  the mechanism of deposition, and, at 
low overpotentials (and with certain preparat ion of 
the electrode surface),  may be ra te-determining.  

The surface diffusion position is, we submit,  past 
the hypothesis stage. For example: (i) In  systems 
where a surface diffusion model has been proposed, 
support  comes from the reasonable values (e.g., 0.1 
of total coverage) of the adion concentrations at the 
reversible potential. Certainly,  the equations we have 
used concern a crude model for the surface and sur-  
face diffusion, but  were it wrong, as Professor Thirsk 
implies it might  be, Co values (verified by independent  
work and techniques) would hardly be in  the region 
expected. 

(it) It was shown by Mehl and Bockris n (1957) 
that  an analysis of galvanostatic t ransients  for silver 
dissolution gives also io, the exchange cur ren t  den-  
sity for the t ransfer  reaction, on the assumption of 
ra te -de te rmin ing  surface diffusion control near  the 
reversible potential.  At  overpotentials above 100 my's, 
there is behavior  clearly indicat ing charge t ransfer  

s j .  O'M. Bockr i s ,  A. K. N. Reddy ,  a n d  M. G.  B. Rao,  To  be 
p u b l i s h e d .  

G.  I-I. Hi l l s  a n d  D. J .  G.  Ives ,  J. Chem. Soc., 305, S l l  ( l S 5 t ) .  

10 The  so lu t i on  of  t he  e l l i p s o m e t r i c  e q u a t i o n s  is  q u i t e  easy  for  
c a lom e l  because  t he  f i lms  are  no t  c o n d u c t i n g .  

la W, M e h l  a n d  J .  O'M. Bockr i s ,  J. Chem. Phys.,  27, 818 (1957). 
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control and io can be readi ly  obtained in a direct way, 
wi thout  the application of surface diffusion theory. The 
values agree well. 

(iii) Despic and Bockris found that  the parameters  
of the surface diffusion steps, and hence whe ther  it 
was ra te -de termining ,  was dependent  on solution pur -  
ity. This would, of course, effect only surface diffu- 
sion. 

Par t icu lar ly  (ii) and (iii) seem to offer strong evi-  
dence for surface diffusion as one of the consecutive 
steps 12 before latt ice building commences. Al though 
the evidence f rom our own work  extends only over  
Cu, Ag, and Ga, we suggest that  surface diffusion is 
always a step in meta l  deposition processes (not neces-  
sarily rate determining,  of course).  

Another  point concerns the predict ion which Pro-  
fessor Thirsk makes concerning the metals  for which 
surface diffusion is most l ikely to occur. He considers 
it to be the high mel t ing  point, or "hard"  metals, 
where  the bond s trength to the adatoms will  be high. 
If the question is the competi t ion be tween diffusion 
f rom site A to site B via the surface or via the solu- 
tion, then we are dealing with  a l ternat ive  paral le l  
paths and the easier wil l  be favored. If the bond 
s t rength  of substrate to surface atom is high, then 
the heat  of act ivat ion for surface diffusion wil l  tend 
to be high and hence a tendency (not necessarily re-  
sultful)  wi l l  arise to take the solution path and vice 
versa for the soft metals. Of course, the reverse  indi-  
cations per ta in  to the ra te -de te rmin ing  step. 

In respect  to the initial contributions to the sur-  
face diffusion kinetics, the 1957 note of Mehl and Bock-  
ris 11 gave the first quant i ta t ive  values of surface adion 
concentrations and the first equations in which gal-  
vanostatic transients were  related to surface diffu- 
sion velocity, rate  of charge t ransfer  and adion con- 
centration. Gerischer and Tischer 's 13 work, repor ted  
in the same year, was quali tat ive.  14 The 1957 equa-  
tions also al lowed determinat ion of the fast rate  con- 
stant as well  as the slow one (cf. Eq. [11] of Thirsk) .  

H. R. Th i r sk  (communicated)  : We are grateful  to 
Professor Bockris for his comments  on our paper, 
since this seems to just i fy  a ra ther  more  detailed 
t rea tment  of certain aspects of our work which still  
do not seem to be well  understood. To consider the 
general  points raised by Professor Bockris: 

(i) Elec trodepos i t ion . - - I f  this term means anything 
at all, it must  refer  to the growth of a deposit on a 
substrate due to the passage of a current  across the 
interface. It  is i r re levant  whe ther  the process is an-  
odic or cathodic. The question of A on A or A on B 
is equal ly  of importance in ei ther process. 

(ii) The  potent ios tat ic  t e c h n i q u e . - - A d m i t t e d l y  we 
have  used this method very  extensively.  It has the 
major  advantages of a l lowing an analysis of the non-  
steady state to be undertaken.  Galvanostat ic  methods 
must  always involve drastic approximat ions  when  the 
t rea tment  of nonsteady state conditions is required,  
since electrochemicaI rate  constants are potential  de- 
pendent.  

(iii) Other  techniques . - - In  si tu  techniques are ob- 
viously very  desirable. Al though the techniques of 
e lectron diffraction and electron microscopy cannot  
be used for in s i tu investigations in electrodeposition, 
they are nevertheless  ex t remely  necessary for (a) the 
examinat ion  of the surface of the substrate,  and (b) 
the identification of the nature  of the electrodeposited 
material .  As I unders tand it, I would  not be happy 
in using el l ipsometry as a means of ident i fying a sur -  
face layer  wi thout  confirmation by other techniques.  

J.  O'M. Bock r i s  a nd  G. R a z u m n e y ,  in  " T h e  E lec t roc rys t a l l i z a -  
t i on  of Meta l s , "  in  press,  P l e n u m .  

aa H. G e r i s c h e r  and  R. P.  T i scher ,  Z. Elektrochem. ,  61, 1159 (1957). 

~4 But ,  L o r e n z  [W. Lorenz ,  Z. Elektrochem. ,  58, 912 (1954)1 dis-  
cussed  su r face  d i f fus ion  q u a n t i t a t i v e l y  in  1954. 

We consider now the criticisms made of our t rea t -  
ment  of the kinetics of format ion of calomel, since 
this is a par t icular ly  wel l  defined problem. The ob- 
servations which seem to us the most impor tant  in this 
case are the following. The deposits of calomel which 
are formed electrochemical ly  invar iably  have  the 
(110) plane paral le l  to the electrode surface 15 inde-  

pendent ly  of crystal  size. Potentiostat ic exper iments  
at high chloride ion concentrations give i - - t  transients 
which follow the equat ion 

i = nFCoDol/2/~l/2t 1/~ 

and are consistent wi th  the v iew that  the mercury  
is dissolving as HgC142-. TM Potentiostat ic  exper iments  
at lower chloride ion concentrations give a series of 
peaks, the charge under  each peak being constant at 

100 ~C cm -2 16.17 in both H C1 and KC1 solutions. 
Exact ly  equivalent  galvanostat ic  observations have  
been repor ted  by Ives et al., TM though Bockris et al. 19 
using only one solution (1M KC1) have not been able 
to reproduce these results. "Adsorpt ion" prewaves  are 
found for the anodic polarography of chloride ions 
at [C I - ]  10-aM. 2~ These adsorption waves  arise 
from the format ion of one monomolecular  layer  of 
Hg2C12 on the electrode surface. 

So far  as these observations are concerned, which 
we bel ieve can only be explained on the basis of the 
mechanism which we have described in detail  pre-  
viously, the only point in dispute between ourselves 
and Professor Bockris  concerns the form of the gal-  
vanostatic transients which should be observed. Since 
both the Newcast le  and Birkbeck College groups have 
published C-E curves demonstra t ing the cleanliness of 
their  systems, dare  I suggest that a possible cause of 
the discrepancy could arise f rom contaminat ion of the 
electrode surface. 

The points considered by Professor Bockris  and 
thought  by him to favor  a dissolution precipi tat ion 
mechanism are now taken in turn: 

(i) We agree. The arrest  close to the calomel po- 
tential  is due to the dissolution of HgC142- and also 
to the high differential  capacity at this point. 

(ii) Again we agree. Under  galvanostat ic  conditions 
wi th  a revers ible  dissolution react ion the electrode 
potential  (and of necessity the rate  of change of elec-  
trode potential)  is a function of st irr ing conditions. 

(iii) This point concerns the behavior  of an elec- 
trode on open circuit. Here  the significant principle is 
that  the net current  crossing the interface shall be 
zero. Thus fu r the r  growth of a calomel film 

2Hg -/- 2C1- --> Hg2C12 -~ 2e 

is possible since this can be compensated for by the 
react ion 

2e ~ HgC142- --> Hg -~ 4C1- 

Thus the points raised by Bockris et al. do not unam-  
biguously favor  ei ther  mechanism. 

There  are some fur ther  in ternal  inconsistencies in 
the dissolut ion-precipi tat ion model  to which at tention 
should be drawn. These are 

15E. I t .  B o u l t  and  H. R. Th i r sk ,  Trans. Faraday Soc., 51t, 376 
(1954}. 

a~R. n .  A r m s t r o n g ,  M. F l e i s e h m a n n ,  and  H. R. Th i r sk ,  Trans. 
Faraday Soc., 61, 2239 (1965). 

a7 A. Bewick ,  M. F l e i s c h m a n n ,  a n d  H. R. Th i r sk ,  Trans. Faraday 
Soc., 58, 2200 (1962), 

as D. C. Corn ish ,  S. N. Dos, D. J .  G. I res ,  and  R. W. P i t t m a n ,  J .  
Chem. Soe., 1966A, 111, a n d  ea r l i e r  w o r k  b y  the  same  au tho r s .  

10 j .  O'M. Bockr i s ,  M. A. V. D e v a n a t h a n ,  and  A. K. N. Reddy ,  
Proc. Roy. Soc., 279A, 327 (1964). 

~o R. H a u l  and  E. Seholz,  Z. Elektrochem.,  5~, 226 (1948). 

21 A. A. Vlcek,  Coll. C$ech. Chem. Com~n., 19, 221 (1954). 

T. Bieg ter ,  J. ElectroanaI. Chem.,  6, 357 (1963). 

R. D. A r m s t r o n g ,  M. F l e i s e h m a n n ,  and  J.  Kory t a ,  Coll. Czech. 
Chem. Comm.,  30, 4342 (1965). 
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(i) The format ion of calomel is wr i t ten  

Hg2C1 + + C1- --> Hg2C12 [1] 

Now Hg2CI2 is a solid, and as is wel l  known, the 
format ion of a solid f rom a solution requires  (a) 
appreciable supersaturat ion,  (b) nucleat ion and sub- 
sequent  growth of small  crystals of the solid. Thus the 
kinetics of react ion [1] cannot be described by ra te  
constants of a type which would be appropriate  if 
Hg2C12 were  a solution soluble species, but  ra ther  by 
a nucleat ion ra te  and an expression for the ra te  at 
which nuclei, once formed, grow. This Professor Bock-  
ris does not  a t tempt  to do. It  would  also be interest ing 
to know the fate of small  crystals once formed in the 
vic ini ty  of the electrode. Does passivation occur be- 
cause these crystals fall  onto the mercury  surface due 
to gravi ta t ional  forces? 

(ii) The disproport ionat ion react ion 

"Mercuric  Enti t ies"  + Hg ~ ~- Hg2C1 + [2] 

is considered first order  in "Mercuric  Entities." Ne-  
glecting for the moment  the fact that  the evidence for 
Hg2C1 + is slight, the first order approximat ion for [2] 
requires  

[Mercuric Entities] < <  [Hg ~ 

which cannot  possibly be true, since [Hg o] ~ 10-TM. ~4 

I think a caut ionary word about the s t ructural  as- 
pects of the three systems Professor  Bockris and his 
collaborators have studied to date is re levant ;  I am 
re fe r r ing  to the calomel, nickel, and plat inum passiva-  
tion. The nature  of the passivat ing layer  in the first 
case is wel l  known and might  incidental ly make  a 
bet ter  subject  for the polarized l ight in act ive studies 
th.an most systems; the second case is s t ructura l ly  far 
more difficult and I would have considerable rese rva-  
tions concerning the proposals wi thout  good secondary 
evidence f rom something other  than ell ipsometry.  

H.  C. M o s e r  and  A. F .  V o i g t ,  J .  A m .  Chem.  Soc., 79, 1837 (]957) .  

Here, also, at the pH of the exper iments  f rom an esti-  
mat ion using recent  data, it should be noted that  

[NiOH + ] 
2 x 10 -7 

Ni s + 

and the final product in the oxide layer (Jones, 
Wynne-Jones) was much nearer to NiO1.s4. 

The platinum oxide system is even less well under- 
stood. We would certainly not expect the same kinetic 
analysis to suffice for these three very dissimilar sys- 
tem. 

Metal deposition.--Professor Bockris bases his ex- 
perimental evidence for the adatom mechanism on 
essentially galvanostatic measurements. Clearly here, 
theoretically, he is at a disadvantage, in that the ex- 
act mathematical analysis of such transients is im- 
possible. Potentiostats have been used for many years 
simply to obviate this difficulty. As is shown in our 
paper we bel ieve previous estimates of the adatom 
contr ibut ion to be total ly due to hemicyl indr ical  diffu- 
sion to dislocation or growth sites on the solid metal  
surface. 

In the past, not  sufficient was known about  the na-  
ture of nucleat ion and subsequent  growth in meta l  
deposition to define this complex problem sufficiently. 
I t  is, however ,  a change of phase and has paral lels  in 
the chemistry of solid reactions and metallurgy�9 We 
suggest that  f rom the point of v iew of surface diffu- 
sion studies the A on A system, because of the s truc-  
ture of meta l  A, is far  too complex. On the other  
hand when  a meta l  ion is deposited potentiostat ically 
on an iner t  substrate it is easy to control  the number  
and format ion of nuclei  and observe growth alone. 
We hope fu r ther  that measurement  of lat t ice incorpo-  
ra t ion constants, as have been very  successfully meas-  
ured  in this Depar tment  for nonconducting salts and 
for solid-solid t ransformations for suitable systems 
will  shed some l ight  on the kinetics of meta l  deposi-  
tion. 

An Ellipsometric Determination of the 
Mechanism of Passivity of Nickel I 

J. O'M. Bockris, A. K. N. Reddy, and B. Rao 
The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The capacity of nickel in acid solution~ have been followed by means of 
ellipsometry under conditions of potentiostatic control of the material at vari- 
ous points in the passivation current-potential diagrams and also with auto- 
mated equipment which allows the recording of the ellipsometer reading 
under transient conditions. It is found possible to evaluate the refractive in- 
dex, thickness, and light adsorption of the film at all parts of the process. 
The film begins to form at the first inflection on the current-potential dia- 
gram, but after the current reaches its maximum point, it does not change 
further in thickness. When the current begins to descend, there is a parallel 
rapid increase in the electronic conductivity of the film. Passivation arises 
from a critical increase in semicond~ction of the film on the surface. The in- 
crease in electronic conductivity reduces the field available for the encourage- 
ment of anodic dissolution and transport through the film. Hence, dissolution 
ceases, i.e., passivity, occurs�9 

The phenomenon of passivi ty has been studied for 
over a century. In fact, the first theory  of passivity was 
intui ted in 1844 when  Faraday  stated: "My strong im-  
pression is that  the surface . . . is oxidized, or that  the 
superficial particles of the meta l  are in such re la t ion 
to the oxygen of the e lect rolyte  as to be equivalent  

x P a p e r  s u m m a r i z e d  b y  H a l i n a  W r o b l o w a  (Mrs .  J .  O 'M.  B o c k r i s )  
at  the  C l e v e l a n d  M e e t i n g .  

to an oxidation, and that  having their  affinity for 
oxygen satisfied and not being dissolved by the acid 
�9 . . there  is no r enewal  of the metal l ic  surface . . . .  " 
With  these words, Faraday  glimpsed the crit ical  role 
of the surface in determining the stabil i ty of a meta l  
in a corrosive environment .  In addition, he not  only 
dist inguished two possible modes of interact ion be-  
tween the react ive  meta l  surface and oxygen (viz., 
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oxidation and an oxygen-meta l  relat ionship which is 
equivalent  to surface oxidat ion) ,  but  also implied the 
difficulty of deciding be tween these alternatives.  

Despite Faraday 's  century-old  s ta tement  of the fun-  
damentaI  problem in passivity, no definitive solution 
has been forthcoming. The critical issue has, however,  
been cast into modern  terminology,  and the two pr in-  
cipal views are that  the basic cause of passivity is a 
th ree-d imens ional  oxide film wi th  par t icular  prop-  
erties or a two-dimensional  chemisorbed oxygen film. 
Of course, these two views are only the basic themes, 
and modern  proponents have  developed several  subtle 
variat ions of them (1-14). 

The resolution of the controversy has been delayed 
by continued rel iance on the measurement  of the 
electr ical  characterist ics of the metal -solut ion in te r -  
face, viz., the potential,  current,  or capacity. Such 
measurements  do not always lead to an unambiguous 
determinat ion of the mechanism of electrochemical  
phenomena at interfaces. What  has been lacking is an 
in  si tu,  preferably  nonelectrochemical  method of re-  
veal ing the state of an electrode surface under the 
normal  conditions of electrochemical  experimentat ion.  
A technique which satisfies these requi rements  is 
ell ipsometry,  but  while its principles have been avai l -  
able for several  decades (15-17), it is only recent ly  
that  the difficulties of applying it to e lectrochemical  
systems have been overcome (18). 

El l ipsometry  is based on the sensi t ivi ty wi th  which 
polarized light reflects changes in the state of a 
meta l  surface. In particular,  the technique is based 
on the measurement  of the changes which surface 
films induce in the polarization state of reflected light. 
These changes ( represented by a re la t ive  phase re -  
tardat ion ~ and a re la t ive  ampli tude diminut ion r 
of an el l ipt ically polarized l ight beam reflected f rom 
a f i lm-covered surface are re la ted to the complex re -  
f ract ive index hE* and thickness LF of the film, by 
the film-optics equation (17) 

tan Ce ia : ] ( n F ,  KF, LF ,  riM, KM, n l ,  8i, t )  

rp,12 ~- rp,23 e x 

1 Jr- rp,12 rp,2~ e x 
tan r in = [1] 

rs,12 -{- rs,23 e x 

1 + rs,12 rs,23 e x 

w h e r e  rp,12, rp,23 , rs,12 a n d  rs,23 are the Fresne l  reflec- 
tion coefficients (19). The subscripts p and s refer  to 
the reflection coefficients for the light vibrations, par-  
allel and perpendicular  to the plane of incidence. The 
subscripts 1, 2, 3 refer  to the medium, film and sub- 
strate, respect ively (Fig. 1). Further ,  

rp,12, rp,23, rs,12, rs,23 = f(T~F, KF, LF, riM, KM, n l ,  8i, k)  

n F *  COS @ i - -  "/'/-1 COS @ t 
Tp,12 = [2 ]  

nF* COS 8i -I- nl COS Ot 

nl COS 8i--  ~F* COS 8t 
TS,12 : [3 ]  

T/~ I COS @i "~- 't~F* COS @t 

n3* COS 8 t -  n F *  COS St" 
Tp,23 ~- [4] 

W,3* COS 8 t -~- "D,F* COS #t' 

~ # i  //Soh~ion n I 

Fig. 1. Basic principle of ellipsometry 

n F *  COS 0 t -  n3*  COS 0/:' 
rs,23 = [5] 

T~F* COS 0 t -~- n3* COS Or' 

X = --  4~i nF $ COS # t LF/)~ [6] 

n F  $ = n F  -~ iKF [7]  

n3* = nM -~- iKM [8] 

where  i = ~/--1 and 0~ is the angle of incidence at the 
metal  surface; 8t is the angle of refract ion in the film; 
et' is the angle of refract ion in the metal ;  n~ is the re-  
f ract ive index of the medium (sulfuric acid solution 
in the present  case);  k is the wave leng th  of the l ight  
used; nM and KM are the ref rac t ive  index and absorp- 
tion coefficient of the metal ;  nF, KF, and LF are the 
ref rac t ive  index, absorption coefficient, and thickness 
of the film, respectively.  

El l ipsometry  is par t icular ly  noted for the fact that  
monolayer  films are theoret ical ly expected to give 
easily measurable  changes in the parameters  of the 
polarized light. It constitutes, therefore,  an excel lent  
method of making in s i tu examinat ion of the fo rma-  
tion, growth, and characterist ics of anodic films. In 
the present  communication,  a detai led repor t  is given 
of a s teady-sta te  el l ipsometric study (20) of the pas- 
sivation of nickel in acid solution. 

Experimental 
E l e c t r o l y t e . - - A l l  the exper iments  were  carr ied out 

at room tempera ture  (~20~ in solutions of 0.01N 
H2SO4 + 0.5M K2SO4 (pH = 3.15) kept  under  a pre-  
purified ni trogen atmosphere.  

Elec t rodes . - -N icke l  tape of 99.5% puri ty  (thickness 
0.0375 cm) was found to have  sufficient mi r ro r  finish 
to be used as the reflecting electrode. The counter 
electrode consisted of a rec tangular  platinized plat-  
inum sheet, and the reference electrode, a saturated 
calomel electrode. The cell a r rangement  is shown in 
Fig. 2. 

Electrode  p r e p a r a t i o n . - - A f t e r  degreasing in hot al- 
cohol, the nickel tape was washed in conductivi ty 
water.  In order to remove  a i r - fo rmed  oxides, it was 
etched for 2 min in a 50-50 mix tu re  of nitric and sul- 
furic acids, washed in conduct ivi ty  water,  and then 
maintained at a potential  of - -  0.25v (vs. NHE) by 
means of a Wenking 61-R potentiostat.  The optical 
constants of the nickel were  found to be consistent 
with those given in the l i tera ture  for pure nickel sur-  
faces (21). 

C e l l . - - T h e  cell (4.5 x 2.19 x 4.65 cm) was made of 
t ransparent  Cornir~g synthetic fused quar tz  ( ref rac-  
t ive index n = 1.458). The top of the cell was made 
of Teflon, with openings for the electrode and the gas. 

Elec trochemical  m e a s u r e m e n t s . - - S t e a d y - s t a t e  ex -  
p e r i m e n t s . - - T h e  current  densi ty-potent ia l  curve  was 
obtained using a Wenking 61-R potentiostat,  the cur-  
rent  being measured by a Sargent  SR recorder  via a 
Kei th ley  610 electrometer.  Steady state was assumed 
to exist  when, in a period of 15 min, the current  
changed by less than 1% of the total current.  

N 2 Gas 

Z 

C 

f 

Fig. 2. Electrode cell arrangement: W, working nickel electrode; 
R, saturated calomel electrode; and C, the counter electrode. 
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Results 

Steady-state current density-potential plots.--The 
current  densi ty-potent ia l  curve  for the pre t rea ted  
nickel foil e lectrode in acid solutions of 0.5M S O 4 - -  
concentrat ion (pH ---- 3.15) is shown in Fig. 3. The 
passivation potent ial  Epp was + 0.15v (vs. NHE).  The 
transit ion f rom the active to the passive state is clear. 
The pH dependency of the passivation process is given 
in the form of E,p --  pH plot in Fig. 4 wi th  a slope 
of 95 m v / p H  unit. 

Galvanostatic reduct~on.--The potent ia l - t ime curves 
obtained f rom the galvanostatic reduct ion are shown 
in Fig. 5. The potent ial  falls rapidly to the value at 
which hydrogen evolut ion occurs after  passing through 
a potential  arrest. At  a galvanostat ic  cur ren t  density 
of 0.1 ma cm -2, about 100 ~C c m - e  are used at the 
arrest. 

Potent ios ta t ic  r educ t i on . - -Typ i ca l  c u r r e n t - t i m e  
curves for the potentiostat ic  reduct ion of passive nickel  
are shown in Fig. 6. Af te r  an init ial  fall  in current,  
there  is a region of constant cathodic current,  sig- 
nifying a reduct ion process. This region corresponds 
to about 21 m C / a p p a r e n t  cm~ when  the reduct ion 

i 0 1 5 ~ _ ~  

; -o.25 

- " 4 
I I I I I I i 

8 12 16 
Time (sec.) 

Fig. 5. Galvanostatic reduction of passivafion of nickel at a con- 
stant current density of 0.1 ma cm -~.  
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Galvanostatic reduction.--The electrode was main-  
tained at steady state in the passive region by means 
of a potentiostat;  thereupon a switch with  a r ise t ime 
of ,-- 10 ~sec was used to impose a constant cathodic 
current  on the nickel  electrode. The resul t ing poten-  
t ia l - t ime transients were  recorded using a Tekt ronix  
RM-35A oscilloscope and a C-12 Polaroid camera. 

Potentiostatic reduction.--The procedure  consisted of 
switching from a potent ia l  in the passive region to a 
more negat ive one, and recording the cur ren t - t ime  
plots on a Sargent  SR recorder.  Care was taken to 
choose a lower, final potential  which was, significantly 
above the potent ial  for hydrogen evolution, so that  
the only cathodic process could be the reduct ion of 
the surface entity. 

Ellipsometric measurements.--A standard procedure 
(22) was adopted for finding the ext inct ion positions 
of the polarizer and analyzer.  From the settings thus 
determined,  a calculation was made of the values of 
the re la t ive  phase retardat ion,  A, and the re la t ive  
ampli tude diminution, ~, of the vibrat ions paral le l  and 
perpendicular  to the plane of incidence. In this cal- 
culation, cell corrections (23) were  introduced to 
take into account the fact that  the incident  and re -  
flected l ight beams were  not enter ing and leaving the 
cell at normal  incidence. 

Fig. 6. Potentiostatic activation of passive nickel (potential before 
activation: -]-0.17v (vs. NHE). 
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Fig.  7 .  C o u l o m b - p o t e n t i a l  p l o t  fo r  t h e  p a s s i v a t i o n  o f  n i c k e l  in 
acid solutions ( u n d e r  steady-state conditions)�9 
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was commenced on an electrode mainta ined at a 
s teady-sta te  potential  of ~0.3v. The quant i ty  of elec-  
t r ici ty used for this reduct ion  process depends on the 
init ial  s teady-s ta te  potential  f rom which the reduc-  
tion was commenced (Fig. 7). 

To check whe ther  the potentiostatic reduct ion is 
effective in reducing the mater ia l  on the nickel  sur-  
face, an el l ipsometric examinat ion was carr ied out 
af ter  the potentiostat ic transient. It was found that  
the optical constants of the surface after  potentiostatic 
reduct ion were  the same as those of bare nickel. 

Steady-state ellipsocnetry.--The s teady-sta te  values 
of A and ~ as a function of the potent ial  of the nickel  
electrode are shown in Fig. 8 and 9. F igure  10 shows 
a A - -  ~ plot dur ing the passivation of nickel, and Fig. 
11 projects a three-dimensional  plot of the var ia t ion 
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Fig. 8. Variation of relative phase retardation • as a function 
of potential, during the steady-state anodic passivation of nickel 
in sulfuric acid solution (pH ~ 3.15). 
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Fig. 10. Variation of A and ~ during the passivation of nickel 

Fig. 11. Three-dimensional plot of the variation of ~,  ~, during 
the passivation of nickel. 

of A, ~ as a function of the applied potential .  Be-  
tween --  0.250 and - -  0.025v (vs. NHE),  it is seen that  
there  is no change in ei ther  A or ~. There  is, however ,  
a drastic change ( ~  14 ~ in • and ~ 3 ~ in ~) in 5 and 

in the potential  range be tween  --0.025 and 0.000v. 
A feature  of the observed ~--~ plot is that  there  is a 
characterist ic inflection precisely at the passivation 
potential. In fact, an inflection of this type may be 
regarded as the el l ipsometric cr i ter ion of passivation. 

Discussion 

Anodic dissolution of n i c k e l . - - A t -  0.250v, it can 
be taken that the nickel  is in a f i lm-free  condition, 
since the nickel has been etched and potent iostated at 
a potent ial  in the immuni ty  domain of the potent ial-  
pH diagram (24) for nickel. This expectat ion has also 
been confirmed by a comparison be tween  the optical 
constants of nickel  calculated f rom the ~ and ~ at 
--  0.250v and those found in the l i te ra ture  for pure  
nickel. 

Since there  is no change in ei ther  h or ~ in the po- 
tential  range be tween  - -  0.250 a n d -  0.025v (vs. NHE),  
it means that  one is working wi th  a f i lm-free nickel  
electrode. In this potent ia l  range, however ,  the cur-  
ren t -poten t ia l  curve  indicates an increasing anodic 
current.  Hence, the nickel  must  be dissolving anod- 
ically wi thout  film formation. 

Previous electrochemical  studies (25, 26) and the 
chronoel l ipsometr ic  invest igat ions (27) indicate that  
the nickel  dissolves anodically via a soluble in te r -  
mediate  

N i ~ O H -  ~ Ni OHads -~- e 

NiOHads--> NiOH + -{- e 

This mechanism is quite  s imilar  to the wel l -es tabl ished 
mechanism for the anodic dissolution of iron in acid 
solutions (28). 

Evaluation of the ellipsometric data.--The problem 
with  the rigorous film-optics Eq. [1] is that, whi le  only 
two quantities, A and ~, are exper imenta l ly  de te r -  
mined, there  are three characterist ics hE, KF, and LF, 
of the film, which have  to be evaluated.  Under  these 
circumstances, the fol lowing procedure was adopted: 

(A) At  the outset, cer ta in  ranges for the m a x i m u m  
expected var ia t ion of film thickness (L),  ref rac t ive  
index (hE), and absorption coefficient (KF) were  
chosen on the fol lowing basis: For  the thickness, a 
min imum of zero and a m a x i m u m  of 100A were  con- 
sidered; the min imum corresponds to a f i lm-free sur-  
face and the m a x i m u m  value  is based on the fact 
that  passive films thicker  than 100A have  not been 
repor ted  (29). The limits of film ref rac t ive  index 
were  taken to be 1.0 (physically adsorbed oxygen)  
and 4.0 (to allow for the m a x i m u m  value found in 
the l i tera ture  for solid oxides) (30). The absorpt ion 
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i n d e x  of t h e  fi lm w a s  t a k e n  to be  b e t w e e n  0.0 (a  
n o n a b s o r b i n g  f i lm) a n d  1.9 ( t h e  a b s o r p t i o n  i n d e x  of 
t h e  m e t a l ) .  

(B )  C h o o s i n g  some  p a r t i c u l a r  va lue ,  LF, ( say  10A) ,  
t he  f i lm opt ics  e q u a t i o n  w as  u sed  to c a l c u l a t e  A a n d  
@ fo r  v a r i o u s  v a l u e s  of nF a n d  ~F c h o s e n  w i t h i n  t h e  
r a n g e  s t a t e d  above .  A t y p i c a l  c a l c u l a t i o n  of A a n d  
f r o m  a s s u m e d  v a l u e s  of nv, LF, a n d  ~F is g i v e n  be low.  
T h e  f o l l o w i n g  c o n s t a n t s  a r e  k n o w n :  nz t h e  r e f r a c t i v e  
i n d e x  of t he  m e d i u m  1.334; riM, t h e  r e f r a c t i v e  i n d e x  of 
t he  m e t a l  1.793; ~M, t h e  a b s o r p t i o n  i n d e x  of t h e  
m e t a l -  1.834; ~ t he  c o r r e c t e d  a n g l e  of i n c i d e n c e  
68,05~ a n d  f ina l ly  t he  w a v e l e n g t h  of t he  l i g h t  u sed  
5461A. A v a l u e  of LF = 54A, nF ~ 3.1, a n d  ~F ---- - -  1.2 
w e r e  c h o s e n  for  t h e  t y p i c a l  ca l cu la t ion .  T h e n  t h e  fo l -  
l o w i n g  q u a n t i t i e s  w e r e  c a l c u l a t e d  in  t h e  o r d e r  g i v e n  
b e l o w  

[ 1  n~2 sin2 0~ ] t / 2  

cos ~t ---- L --inF -}- i~F) 2-1 

= 0.948.-- i 0.049 

COSO,= [1 n~2sin20~ ] ~/~ 
(rim "3C i~M) 2 

�9 = 1.030 - -  i 0.044 

X = - -  ~ ( n F  -~ i~CF) COS ~tLF/~,  
---- 0.160 - -  i 0.357 

e x ---- 0.797 - -  i 0.298 

M a k i n g  use  of t h e s e  r e s u l t s  in  Eq. [ 2 ] - [ 5 ] ,  t h e  F r e s n e l  
r e f l ec t ion  coeff ic ients  c o m e  ou t  to be  

rp,12 - ~ - -  ~ 0.011 -- i 0.159 
Tp,23 ~ 0.021 -- i 0.371 
rs,12 = ~ 0.741 + i 0.098 
rs,2a ---- - -  0.113 + i 0.357 

T h e  a b o v e  v a l u e s  a r e  t h e n  u s e d  to c a l c u l a t e  t he  n u -  
m e r a t o r  a n d  d e n o m i n a t o r  of Eq. [1] :  

Tp,12 ~ T=0.23 ~X 
N U M  = = -- 0.119-- i 0.482 

1 + rp,12 rp,23 e x 

Ts,12 .-~ Ts,23 e X 
D E N  . . . .  0.816 + i 0.235 

1 -3 V Ts,12 Ts,23 e X 

Thus ,  

( t a n  ~ cos  A ~ i t a n  ~ s i n  4)  ,= - -  0.022 + i 0.585 
t a n  V~ cos A = - -  0.022 
t a n  v~ s in  A _-- 0.585 
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�9 t a n  A ~ - -  26.547 
= 92.157 

t a n  V~ ---- 0,585/0.999 
~ 30.345 

In  p rac t i ce ,  one  chooses  t he  l o w e r  l i m i t  of nF, viz., 
1.0, a n d  c a r r i e s  ou t  c a l c u l a t i o n s  b y  v a r y i n g  ~F in  s t eps  
of 0.05 f r o m  0 to 1.9. T h e n ,  t he  c a l c u l a t i o n s  a r e  r e -  
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Fig. 12. A - -  V~ computed reactions for a film of constant thick- 
ness 40~.  The black circles o represent the experimental A - -  ~ 
plots observed during the passivation of nickel. 
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Fig. 15. Computed A - -  ~ relations for a film of constant thick- 
ness 70A. 

p e a t e d  for  v a l u e s  of V~F i n c r e a s i n g  i n  s t eps  of 0.05 f r o m  
1.0 to 4.0. T h e n ,  t h e  w h o l e  se t  of c a l c u l a t i o n s  a r e  r e -  
p e a t e d  for  o t h e r  v a l u e s  of f i lm t h i c k n e s s  i n c r e a s i n g  in  
s t eps  of 1.0A w i t h i n  t h e  r a n g e  0 - -  100A. I n  all,  some  
105 c a l c u l a t i o n s  of A a n d  ~ w e r e  m a d e .  

(C)  F o r  e v e r y  v a l u e  of f i lm t h i c k n e s s ,  t h e  v a l u e s  
of t h e  c a l c u l a t e d  A a n d  ~ a r e  p l o t t e d  b y  j o i n i n g  p o i n t s  
w h i c h  c o r r e s p o n d  to t h e  s a m e  ~f b u t  v a r y i n g  nF, 
a n d  those  w h i c h  c o r r e s p o n d  to t h e  s a m e  nF b u t  v a r y -  
i ng  ~F. T h e  f o r m e r  g ive  r i se  to  " v e r t i c a l "  l i ne s  a n d  
t h e  l a t t e r  to " h o r i z o n t a l "  l ines.  I n  th i s  way ,  one  o b -  
t a ins ,  fo r  e v e r y  v a l u e  of f i lm t h i c k n e s s ,  a g r i d  of l ines  
i n  t h e  A - -  ~ d i a g r a m .  

(D)  F ina l l y ,  t h e  e x p e r i m e n t a l  A - -  p p lo t s  a re  s u -  
p e r i m p o s e d  u p o n  t h e  c a l c u l a t e d  A - -  @ g r i d  fo r  t h e  
v a r i o u s  t h i c k n e s s e s  (Fig.  12-17) .  

B y  t h i s  c o m p a r i s o n  b e t w e e n  t h e  e x p e r i m e n t a l  a n d  
c a l c u l a t e d  A-- p d i a g r a m s ,  i t  c an  b e  d e m o n s t r a t e d  
t h a t  for  f i lm t h i c k n e s s e s  of less  t h a n  45A, t h e  e x p e r i -  
m e n t a l  4, p v a l u e s  do no t  f a l l  i n s ide  t h e  g r id  in  t h e  
c a l c u l a t e d  d i a g r a m  (Fig.  12).  2 Thus ,  t h e  f i lm t h a t  is 
f o r m e d  a t  0.0v (vs. N H E )  c a n n o t  b e  less  t h a n  45A. 
F o r  h i g h e r  t h i c k n e s s e s ,  h o w e v e r ,  t h e r e  is a fit. Thus ,  
t h e  v a l u e s  of f i lm t h i c k n e s s ,  r e f r a c t i v e  i n d e x  a n d  a b -  
s o r p t i o n  coeff ic ient  a r e  in  t h e  r a n g e  s h o w n  in  Fig.  
18-20. 

SAt potentials grea ter  than  0.0 (vs. NHE), the value of the 
m i n i m u m  thickness consistent w i th  the el l ipsometric values  is 70A. 
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To nar row down these film characterist ics more  
definitively, the potentiostatic act ivat ion results were  
used. From the quant i ty  of electr ici ty used to reduce 
the surface film present  at various s teady-sta te  po- 
tentials, the film thickness was calculated. The film 
formed at 0.0v (vs. NHE) was taken, on the basis of 
chronoel l ipsometr ic  data (27), to be nickel  hydroxide.  
Using the molecular  weight  and density of nickel  hy-  
droxide, wi th  a roughness factor of 2, the Ni (OH)2 
film thickness was calculated to be 60A (20). In the 
case of the films present  at other  potentials, there  is 
uncer ta in ty  in the par t icular  compounds present. But, 
wha teve r  the nickel  compound (subhydroxide,  va r i -  
ous nickel oxides NiOx), the film thickness at poten-  
tials more anodic than 0.0v (vs. NHE) turned out to 
be wi thin  10% of the init ial  value, viz., 60A. 

Since the potentiostatic act ivat ion exper iments  have  
y ie lded a value of film thickness of 60 • 6A, the ~ - -  r 
diagrams calculated for a 60 • 6A film can be used to 
read off those values of nF and KF which correspond 
to the exper imenta l ly -observed  values of ~ and ~. 
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Thus, one obtains the film thickness (LF),  ref rac t ive  
index (nF) and absorption coefficient (KF) which have 
been repor ted  ear l ier  (20). F igure  21 shows a three-  
way plot of the var ia t ion  of f~F, KF, and LF as a func-  
tion of potential.  
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F i l m  f o c m a t i o ~ . - - T h e  sudden large change in zl 
and % in a na r row 25 my potent ia l  range be tween  
- -  0.025 and 0.000v (vs. NHE),  is the el l ipsometric  
evidence of film formation. This film has been shown 
by unambiguous in terpre ta t ion  of the el l ipsometric  
data to be not less than 45A, and with  the help of 
coulometric  data to be about 60A. 

It  wi l l  be noticed, however ,  that  the onset of film 
format ion is not accompanied by any decrease in the 
dissolution current  (the gradient  of the cur ren t -po-  
tential  line, however ,  is decreased).  The inescapable 
conclusion is that  the film formed at 0.0v (vs. NHE) 
does not per se cause passivity. It  can only be a pre-  
cursor or prepassive film. 

Analysis of the chronoel l ipsometr ic  data (27) on 
the mechanism of precursor  film format ion supports a 
dissolut ion-precipi tat ion mechanism (18). Nickel  dis- 
solves anodically to form a soluble intermediate ,  
NiOH +, which accumulates near  the electrode unti l  
there  is precipi tat ion of Ni (OH) 2. 

The potential  at which film formation takes place 
can be est imated by the fol lowing calculations: As-  
suming that, for a prepassive film to form by pre -  
cipitation in solution, the current  for anodic dissolu- 
tion ia is greater  than the l imit ing current  iL requi red  
for the ionic species (NiOH +) to form the precipitate,  
one has, say 

( i a )  f i l m  f o r m a t i o n  ~ 10 i L  

D z F  
( i o )  a e ~ F / R T "  3 / 2  = 1 0  �9 - -  O N i o n +  [9] 

Taking the concentrat ion of the NiOH + species f rom 
chronoel l ipsometr ic  data (27) as 10 -~ m/1 and (io)a 
(28) as 7 x 10 -v, Eq. [9] can be expressed as 

( n F / R T )  (3/2) = 2.30'3 log (1.4 x 106) 

11 = + 0.248v 

Taking into account the revers ible  potent ial  for nickel  
dissolution at this pH (3.15), as - -  0.2v (vs. NHE) ,  the 
potential  of inflection where  the film format ion should 
occur is d- 0.048v (vs. NHE),  in excel lent  agreement  
with the exper imenta l ly  observed value  of -}- 0.000v 
(vs. NHE).  

Pass iva t ion  p~'ocess.--It is seen (Fig. 21) that  the 
quanti t ies n and K undergo two marked  qual i ta t ive  
change, the first of which is associated with film for -  
mation. The second of these two changes is that  which 
is more impor tant  f rom the v iew point of the mech-  
anism of passivity, for it occurs at the potent ial  at 
which the current  begins to fall, i.e., at the passiva-  
tion potential.  The decreasing t rend of K, which began 
at the film format ion potential,  is reversed  and K be-  
gins to increase. 

The absorption coefficient is known from classical 
optics to be re la ted to the electrical  conductivity,  ~v, 
of the film at optical f requencies  (31) 

~, = nK~ [10] 

where  ~, is the e.s.u, conduct ivi ty  at the frequency.  
Thus the changes in /cf are a direct measure  of the 

potent ia l -var ia t ion  of electr ical  conduct ivi ty  at the 
optical f requencies  (under  s teady-sta te  conditions) 
dur ing the passivation of nickel  in acid solutions (pH 
= 3.15). There  is a decrease in the electrical  conduc- 
t ivi ty unti l  the passivation potential,  and immedia te ly  
af terwards  an increase in the conduction is observed. 
Further ,  the final values of conduct ivi ty  are of the 
order observed wi th  semiconductors at optical f re -  
quencies (32). This indicates that  the passivation proc- 
ess is associated with  the formation of a semiconduct-  
ing film. Al though the difference in conduction of a 
meta l  and a semiconduc tor  at zero f requency  would be 
many  orders of magnitude,  at optical f requencies  (1014 
cps), this difference would  be expected to be much 
smaller,  since the re laxat ion  t ime of the electrons in 
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the meta l  is 1012 sec -1, and thus only a small  response 
would be expected f rom the electrons in the meta l  
to radiat ion of 1014 cps (33). 

Compos i t ion  changes  in  the pazs ivat ion process . - -  
The changes of ref rac t ive  index f rom an init ial  pre-  
cursor film of Ni (OH)2 to the final semiconducting 
passive film probably arise f rom the anodic oxidation 
of Ni(OH)2. Some indications concerning the nature  
of the passive film can be obtained by comparing the 
ref rac t ive  indices calculated theoret ical ly  for various 
types of oxides wi th  those exper imenta l ly  observed 
f rom ell ipsometry.  

It is possible to calculate the re f rac t ive  indices 
(real)  f rom the w e l l - k n o w n  Loren tz -Lorenz  equat ion 

n 2 -  1 M 4~ 
- -  = N a o  [ 1 1 ]  

n2~-2  d 3 

where  M and d are the molecular  weight  and den-  
sity of the material ,  respect ively;  ~o is the total  molar  
polarizabil i ty of the molecule  comprising the ma te -  
rial, and n is the real  ref rac t ive  index of the mater ia l  
medium. The impor tant  aspect of the calculations is 
to obtain the value  of the molar  polarizabil i ty so 
of the molecule. For  a diatomic molecule, =o is given 
by 

bl -}- 2b2 
=o = [12] 

3 

where  bl and b2 are polarizabili t ies in the direction 
of l ine centers joining the two atoms and perpendicu-  
lar to the line of centers, respectively,  are given by 

~1 ~- a2 ~- 4ala2/r 3 
bl ---- [13] 

1 - -  4~1=2/r 6 

al + a f - -  2a1=2/~ 
b 2  = [14] 

1 - -  ala2/r 6 

where  ~1 and a2 are  the electronic polarizabil if ies of 
the atoms 1 and 2 comprising, the molecule  and r 
is the bond distance be tween them. 

There  exists an apparent  uncer ta in ty  in the avai l -  
able electronic polarizabil i ty data, as also in the av-  
eraging of the individual  polarizabili t ies (in three mu-  
tual ly perpendicular  directions) to obtain the molar  
polarizabil i ty no. It  was assumed that  the s tructure of 
the nickel  oxide would also represent  the nonstoichi-  
ometric nickel  oxides (NiOx, x --~ i ) .  

Nickel  oxide has a cubic s t ructure  wi th  the unit cell  
side, a = ~.17A. The densities of the various nonstoi-  
chiometric oxides were  calculated on a proport ional  
basis of the oxygen present  in those compounds. The 
fol lowing electronic polar izabi l i ty  data were  taken 

=Ni+ + ---- 0.27 x 10 -24 cc /mole  

~o-  - = 2.4 x 10-24 cc /mole  

It was fur ther  assumed that  a proport ional  increase 
of = o - -  takes place wi th  change of radius of the O - -  
wi th  increasing nonstoichiometry (O1.0--> O1.7). 

The above electronic polar izabi l i ty  data were  fed 
into Eq. [12] to [14] to calculate the molar  polar iza-  
bility, =o. Using Eq. [11] and the above information,  
the refract ive  index of the medium was calculated. 
It  was found that  the re f rac t ive  indices of the com- 
pounds NiO1.5 --  NiOl.~ var ied  f rom 3.3. - -  3.7. The 
exper imenta l ly  observed value of the re f rac t ive  index 
in the passive region was 3.5. Thus, a comparison be-  
tween the exper imenta l  and calculated values estab- 
lishes that  the passive layer  is of composit ion NiO1.5-1.7. 

But  the conversion of Ni (OH)2  to a nonstoichi-  
ometric  oxide has been studied by Briggs and Wynne -  
Jones (34). Using x - r ay  diffraction studies in conjunc-  
tion with electrochemical  measurements ,  they sug- 
gested the actual  final product to be NiO1.7 in agree-  
ment  wi th  el l ipsometric  determinations.  It  has been 
established, therefore,  that  in the anodic conversion 
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of the precursor film Ni(OH)2 to the final passive film, 
a nonstoichiometric change takes place, and that this 
change is associated with a marked increase of elec- 
tronic conductivi ty and a marked decrease of corro- 
sion rate. 

The existence of a semiconducting passive film does 
not preclude the possibility of oxygen chemisorbing 
on its surface. In  fact, such a chemisorbed oxygen 
layer must  be involved in the evolution of oxygen at 

1.5v. When, however, one attempts a galvanostatic 
reduction, the charge used (~100 ~C cm -2) indicates 
that only the chemisorbed oxygen on top of the pas- 
sive oxide is reduced before the potential  falls to that 
corresponding to hydrogen evolution. That  the pas- 
sive oxide is not reduced under  galvanostatic condi- 
tions is proved by the fact that after  such an experi-  
ment  the ellipsometer still reveals a film-covered sur-  
face even in the presence of hydrogen evolution. 

Mechanism of anodic passivation.--The present  re-  
sults have brought  out several  clear diagnostic criteria 
which permits  for the first time a direct testing of the 
various suggestions regarding the mechanism of pas- 
sivity. It has been demonstrated unambiguous ly  that 
a thick (not less than 45A) three-dimensional  film 
is formed at a potential  distinctly cathodic to the 
passivation potential  and that this is a necessary, but 
not sufficient, condition for passivity. It is the conver-  
sion of this precursor film into a semiconductor that 
constitutes the essential step in the mechanism of 
passivation, because the development  of electronic 
conductivi ty prevents  high-field ion t ransport  through 
the film and thus prevents metal  dissolution. Metal 
dissolution is thus drastically reduced and the metal  
has become passive. 

Most of the theories of passivity (1-14) are at var i -  
ance with either or both of the fundamenta l  experi-  
menta l  conclusions that have emerged from this study. 
It  appears that with regard to the mechanism of pre-  
cursor film formation, the view of Mtiller which is 
based on a dissolution-precipitat ion mechanism is in 
closest correspondence with facts indicated by ellip- 
sometry. The existence of electronic (13) conductiv-  
ity has been stressed by Weil (13), by Vetter (12), 
and by Pryor  (14). But, an integrated view requires 
a picture, not only of what  characteristics the passive 
film must  have, but  also an indication of how and 
when they are introduced. The present study leads to 
a unified picture of the passivation process: a prepas-  
sive film is formed by a dissolution-precipitat ion 
mechanism, and this film starts becoming an elec- 
tronic conductor at the passivation potential. The es- 
sential  cause of passivity is nei ther  a monolayer  nor 
a mul t i layer  of oxide. It is the conversion in the mul t i -  
Iayer from ionic to electronic conduction at the pas- 
sivation potential  probably by the introduct ion of 
nonstoichiometry. 
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Discussion 
W. Mehl: The work by Bockris, Reddy, and Rao 
shows that  ellipsometric measurements  can lead to 
significant contr ibutions to the unders tanding  of pas-  
sivation phenomena.  It also shows, however, that the 
in terpre ta t ion of e]lipsometer readings in terms of 
parameters  which are meaningful  to electrochemistry 
is by no means simple and straightforward; ra ther  it 
requires addit ional  assumptions and numerica l  data 
obtained by other means. It  is in teres t ing to note for 
example that the value of the thickness of the passi- 
vat ing oxide film was actually not determined in  this 

work by ell ipsometry but  ra ther  by an electrical 
method. The optical method does permit  one, how- 
ever, to follow the a l l - impor tant  changes of the elec- 
trode surface at the Flade potential  (which can be 
either a "passivation" or an "activation" potential  de- 
pending on the direction of the potential  sweep). 

Weil 1 and Vetter 2 have shown that the thickness of 
the oxide film for passive i ron is potential  dependent  

1 K .  G.  Well ,  Z. Elektrochem.,  59, 711 (1955). 

~K.  J'. Ve t t e r ,  Z. Elektrochem.,  58, 230 (1954). 
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and wi th  an acidic electrolyte  a l inear  relat ionship 
was found between film thickness and the difference 
be tween  the applied potential  and the Flade potential.  
This would  lead in the steady state to a value  d = 
0 for the film thickness at the Flade potential,  and one 
could now argue that  the smallest  va lue  for the th ick-  
ness of a passivating oxide film is that  of a monolayer .  
On nickel  Arnold  and Vet ter  3 measured  a thickness 
of the passivating oxide film of about 40A. They did, 
however ,  speculate that at the Flade  potent ial  a non- 
porous monolayer  was formed, which grew only at 
more anodic potentials to the above-ment ioned  thick-  
ness of 40A. 

What  struck me most  about this work  was the s im- 
i lar i ty  be tween  the model  proposed here  for the pas-  
sivation of nickel  and the model  proposed by Bon-  
hoeffer, Vetter,  Weil, and Pryor  4 and Gohr and Lange 5 
for the passivity of iron. Nickel  and iron are chem- 
ically r a the r  s imilar  elements;  this agreement  is thus 
very  reasonable. 

Going into the details of the work  presented here, 
two points seem to be somewhat  questionable. The 
first and minor  point  is the high index of refract ion 
found for the surface oxide. The value 3.5 is ve ry  high 
for a nickel  compound; the highest  value  repor ted  
previously was 2.4 for NiO. 6 It  can perhaps be argued 
that  the value  for FeO (cubic) is 2.3 while  the value  
for Fe203 (rhombohedric)  is 3.0. 6 Nevertheless,  i t  
seems unsatisfactory to calculate by a somewhat  in-  
volved method an index of refract ion of 3.5 for 
NIO1.5.1.7 wi thout  showing that  the same method leads 
to the correct  value for NiO. 

The second and more impor tant  objection is con- 
cerned with  the passivation mechanism proposed by 
the authors. The mechanism proposed in the section on 
"Composit ion changes in the passivation process" of 
the paper  has to be reconciled 7 wi th  the observed 
values of the Flade potential.  For  iron this was for a 
long t ime a controversial  point. F rom the work  of 
Franck  s it was known that  the pH dependence of the 
Flade potential  for iron EFe F follows the relat ionship 

E f e  f = 0 . 5 8  - -  0 . 0 5 8  pH 

Only fair ly recent ly  Vet ter  9 and Gohr and Lange 5 
have shown that  it can be reconciled with  the fol-  
lowing electrode mechanism 

2Fe304 + H20--> 3 7-Fe208 + 2H + + 2 e -  

i.e., passivation is preceded by the format ion of Fe304. 
The Flade  potent ial  is now defined as that  potent ial  
at which the oxygen par t ia l  pressure reaches the 
~value for the equi l ibr ium between 7-Fe20~ and Fe304. 

While in acidic solutions, Fe304 is dissolved so rap-  
idly that  no continuous film can form below (at po- 
tentials more  negat ive  than) the Flade  potential,  this 
oxide is ra ther  stable in alkal ine solutions and the ex-  
istence of a prepassive film below the Flade potent ia l  
has been shown. 10,n The ideas of P ryor  are somewhat  
different f rom those of Vetter,  but  they also involve  
a similar  sandwich structure.  

For  nickel, Arnold  and Vet ter  3 have  shown that  
the pH dependence of the Flade potential  is described 
by 

~ N i  F = 0 . 3 5 5 -  0 . 0 5 8  p H  

3 K .  A r n o l d  a n d  K .  J .  V e t t e r ,  Z. Elektrochem.,  64, 407 (1960). 

a M. J .  P r y o r ,  This Journal, 106, 557 (1959).  

5 H.  G o h r  a n d  E. Lange~  Naturwiss. ,  43, 12 {1956). 

e " L a n d o l t - B o r n s t e i n . "  K .  H.  a n d  A.  M. H e l l w e g e ,  Ed i to r s ,  vol .  8, 
p. 198, S p r i n g e r ,  B e r l i n  (1962). 

7 K .  G.  W e i l  a n d  K .  F. B o n h o e f f e r ,  Z, phys ik .  Chem. N. F., 4, 
175 (1955). 

s D'. F.  F r a n c k ,  Z. Naturforseh.,  4a, 378 (1949). 

9 K.  J .  V e t t e r ,  Z.  E~ektrochem. 62, 642 (1958).  

lo K .  H e u s l e r ,  K.  G.  Wel l ,  a n d  K .  F. B o n h o e f f e r ,  Z. physik .  Chem. 
N. F., 15, 149 (1958).  

~ B .  IN'. K a b a n o v  a n d  D .  L e i k i s ,  Acta  physiocochim. USSR, 21, 
769 (1946),  

The va lue  for E N i  F at pH = 3.15 obtained by the 
present  authors agrees excel lent ly  wi th  the above ex-  
pression while  the other  point of Fig. 4 and the value 
taken f rom Okamoto [ref. (11) of the authors] do not. 

It appears f rom the present  paper that  the authors 
propose for the electrode mechanism responsible for 
passivation the mechanism of the nickel  hydroxide 
electrode, but the potent ial  of this electrode is un-  
for tunate ly  roughly  1v more  posit ive TM than the ex-  
per imenta l  values given above for the Flade potential.  

In spite of these objections to cer ta in  details, I 
find the demonstra t ion of the importance of the Flade 
potent ial  by el l ipsometric measurements  most im-  
pressive. 

J. O'M. Bockris and H. Wroblowa (part ia l ly  commu-  
nicated) :  El l ipsometry  determines  the si tuation in a 
passivation process, and this can essentially be read 
f rom the last figure in the paper. The resul t  contains 
elements of several  theories associated wi th  the names 
of Muller,  Ibl, Vetter ,  and Pryor.  I t  does not corre-  
spond to anyone of these theories. Further ,  there  are 
gaps in our knowledge  of the causes for  the happen-  
ings which el l ipsometry indicates: the most impor tant  
of these is the reason for the rise in conductivi ty;  the 
explanat ion offered in terms of a change of valency 
state of the meta l  and a consequent  increase in con- 
duct ivi ty  is largely speculative. An  a l te rna t ive  specu- 
lation could be in terms of the effects of ionic adsorp- 
tion at the prepassive oxide-solut ion layer  and effects 
of the ionic field on the conductance of the oxide (cf. 
the effects found by Paul  Schmidt  for cation adsorp- 
tion on the conductance of surface films of oxide) .  

Note that  e l l ipsometry is a technique in which the 
use of computors is v i r tua l ly  essential. This is prob-  
ably the reason for the long delay in real izat ion of a 
technique ideally suited to electrode studies, the 
theory of which has been available for several  dec- 
ades. 

The ref rac t ive  index which el l ipsometry gives for 
the passive film is indeed high. However ,  values as 
high and higher  do characterize some transi t ion meta l  
oxides and sulfides. If one solves the Lorenz-Lorentz  
equat ion for re f rac t ive  index (n),  it can be seen 
that  the theoret ical  value  of n would be ex-  
pected to increase rapidly  as the polarizabil i ty ap- 
proaches (3M) / (4nNAP) where  M = molecular  weight,  
p -- density, and NA -~ Avogadro 's  number.  It  is l ikely 
that  the effective polar izabi l i ty  of oxygen is greater  
in a nonstoichiometric oxide than in a stoichiometric 
oxide. 

Regarding the val id i ty  of the calculat ion method for  
re f rac t ive  indices which we used in our paper, the 
method was indeed tested by us for NiO. The theory 
(which we later  used to in terpre t  the value  of n = 3.5 
in the passive region) gave n = 2.47 whereas  exper i -  
menta l  values for the re f rac t ive  index of NiO were  
2.2-2.5. 

Regarding the thermodynamics  of the act ive and 
passive transi t ion for which we have suggested an ox-  
idation to NiOl.~-NiO1.7 (on the basis that  this would 
fit, by calculation the re f rac t ive  index determined 
e l l ipsometr ica l ly) :  calculation of the s tandard po- 
tent ial  for a transi t ion of Ni (OH)2 to this nonstoi-  
chiometric  oxide would be impossible to make  in the 
absence of appropriate  thermodynamic  data (which 
wouId be clearly difficult to obtain).  The value  r e -  
ported by Conway and Gileadi  refers  to bulk phases 
of a different consti tut ion f rom that  suggested in our 
papers. It lies l v  above the observed passivation po-  
tential. The potent ial  of the NiO-Ni304 couple lies 
below that  de te rmined  by us. The range for various 
oxidat ion potentials of NiO thus extends over  more 
than a vol t  and includes that  determined.  

Regarding the pH dependence on the passivation 
potential;  that  exper imenta l ly  repor ted  here  agrees 

~ B .  E.  C o n w a y  a n d  E .  G i l ead i ,  Can. J, Chem., 40, 1933 (1962). 
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with  the observations of Okanoko and Sato [ref. (25) 
of our paper] ,  al though it differs f rom that  of Arnold  
and Vetter  [ref. (3) of Mehl's comments] .  The lat ter  
authors record only three points through which one 
could draw lines wi th  slopes be tween 58 and 90 mv. 

Regarding the constancy of film thickness; cf. our 
reply  to Dr. Vermilyea 's  comment  later  in the dis- 
cussion of our paper. 

H. R. Thivsk: I think that  in many ways the choice 
of the word "precipi tat ion" by the authors is unfor -  
tunate. The optical measurements  imply a coherent  
layer  on the surface with  quite  wel l -def ined s t ructura l  
and electr ical  properties.  It  is as reasonable to con- 
sider such a layer  as deposited as it would be so de- 
scribed in metal  deposition. I think this is a mat te r  
more of semantics than electrodics, and I would urge 
some agreement  on what  word to use. 

J. O'M Bockris (communicated) :  Professor  Thirsk 's  
comment  could only be made in the absence of contact 
with the unpubl ished chrono-el l ipsometr ic  evidence in 
the nickel  passivation. The dependence of �9 on i f rom 
this work  is consistent only with  metal  dissolution 
terminated  at ~ with the format ion of a substance, 
the solubili ty product  of which follows f rom the 
measurements  as equal  to that of Ni(OH)2.  

Other strong evidence is avai lable to support  a dis- 
solut ion-precipi ta t ion mechanism for nickel at pH 
3.1: (a) �9 is affected by stirring; (b) The growth of 
the deposit is l inear with respect to t ime (cf. unpub-  
lished work  by Reddy and Bhimasina-Rao on transient  
e l l ipsometry) ,  where  the el l ipsometer  is balanced in 
times of the order of 0.02 sec. 

Thus, the prepassive layer  cannot be formed in the 
sense of a Faradaic  process of O H -  or water  discharge 
but must  be "precipi tated,"  the Ni first forming 
Ni (OH) + and then Ni (OH) 2 when  the critical concen- 
trat ion is exceeded. 

D. A. Vermilyea: In both the passive and the pre-  
passive conditions the steady current  is de termined by 
the rate  at which the film dissolves. Suppose the film 
changes f rom insulat ing to semiconducting during the 
transition, as found by the authors, but  dissolves at 
the same rate. Because of the reduced electronic field 
the ion t ransport  would  decrease, giving a temporar i ly  
reduced current.  Continued dissolution wil l  then re-  
duce the film thickness unti l  ion t ransport  is again 
in balance wi th  dissolution rate, and the current  wi l l  
then be equal  to that  in the prepassive condition. The 
authors '  observations show, however ,  that  the film 
thickness remains unchanged after  the transi t ion 
while  the steady current  decreases. It  is therefore  not 
a change in the rate  of ion t ransport  which is respon-  
sible for passivity, but  ra ther  a decrease in the disso- 
lut ion ra te  of the film. It  is then the dissolution ra te  
which should be considered in connection with  the 
observed changes in film properties.  

H. Wroblowa and J. O'M Bockris: According to the 
mechanism suggested in the paper, under  conditions 
of anodic polarization, the prepassive film does not 
dissolve chemically, nor is the s teady-s ta te  current  
equal  to the rate  of this film's dissolution. This si tua- 
tion arises f rom the fact that  the vicini ty  of the elec-  
t rode is a lways saturated with  the corresponding 
nickel  ions, as shown below. 

Upon anodic polarization, the bare meta l  surface dis- 
solves to form NiOH + ions which diffuse away from 
the electrode. This corresponds to the exponent ia l  rise 
of current  wi th  potent ial  (cf. Fig. 21). The l imit ing 
diffusion current  density is 

2FD CNiOH + 
iL.NiOH + 

5 1000 

where  D N i O H +  ~ 10 -5 cm/sec,  5 ~ 5 x 10 -2 cm for  
an unst i r red solution, and CNiOH+ corresponds to the 
saturat ion concentrat ion in moles / l i te r ,  i.e., CNiOH+ = 
K / O H -  where  K is the solubil i ty product  [K = 
(NiOH +) ( O H - ) ] .  When with increasing potential  
the current  becomes higher  than iL,NiOH +, the prepas-  
s i re  film of Ni (OH)2 precipitates on to the electrode 
and cannot dissolve since the saturat ion concentrat ion 
of NiOH + ions is continuously mainta ined at the satu-  
ra t ion value by the nickel  dissolution cur ren t  and the 
high field t ransport  through the film. This corresponds 
to the region be tween  the potent ial  at which the film 
first appears and the passivation potent ial  (cf. Fig. 
21) .13 

(The fact that in this region the thickness changes 
little, al though the current  increases some five times, 
can be easily explained by the increased ra te  of dif-  
fusion away of NiOH + ions, arising f rom the in-  
creased value of c* with  potential.  This would be ex-  
pected because of a pH decrease expected for currents  
above 14 ~ 4 x 10 -5 amp cm -2, resul t ing in corres-  
ponding increase of C*NiOH. ) 

Under  those conditions the rate  of chemical  disso- 
lut ion of the prepassive film is pract ical ly equal  to 
0. Thus, passivation cannot be connected wi th  the 
changes in the dissolution ra te  of the film, but with 
the observed appearance at the passivation potential,  
of the electronic conduct ivi ty  which decreases the 
field across the film and consequent ly decreases the 
rate  of the nickel ion t ransport  through it. 

B. N. Kabanov: The passivation theory of metals  sug- 
gested by Bockris, Reddy, and Rao, according to which 
passivation is caused by an increase in the electronic 
conduct ivi ty  of a nonpassivat ing thick (not less than 
45A) phase layer, is simple and elegant and unites 
the theories of Mfiller, BonhSffer, and Vetter.  This 
theory has been verified for a par t icular  case of the 
passivation of commercial  nickel  in 0.5M K2SO4 solu- 
tion at pH ~ 3.15. 

However ,  in principle, the theory is not applicable 
to a large group of systems in which passivation oc- 
curs before a thick nonpassivat ing layer  of a non- 
electron conducting substance is formed on the meta l  
surface. 

Such systems include pr imar i ly  those in which the 
metal  is passivated by an amount  of oxygen  smaller  
than that  requi red  to form a continuous monoatomic 
layer, e.g., plat inum in HC1 solutions, 15 iron is not  
ve ry  strong (say 0.1N) NaOH solutions. 16 One oxygen 
monolayer  suffices for zinc passivat ion in dilute KOH 
solutions, 17 for indium passivation in citric acid and 
other  solutions, TM etc. 

In some systems (e.g., i ron in acid sulfate solutions, 
zinc in alkaline solutions) a phase oxide layer  can 
be formed as wel l  (not necessari ly as the resul t  of 
precipi tat ion f rom the solution, but often owing to 
the react ion occurr ing in the solid phase wi thout  the 
meta l  ions passing into the solution).  There  are a 
number  of cases, however ,  when  the phase layer  is 
formed only after  passivity has set in, i.e., after  
a strong slowing down of the process of anodic ox-  
idation of the metal,  which is due to adsorption of 
oxygen or other atoms. 17 

a~I t  m a y  be  s e e n  f r o m  F i g .  21 t h a t  t he  f i lm a p p e a r s  e x a c t l y  a t  
t h e  p o t e n t i a l  w h e r e  a n  i n f l ec t i on  a p p e a r s  on  t h e  i -E c u r v e  a n d  t h e  
c u r r e n t  s t a r t s  to i n c r e a s e  l i n e a r l y ,  r a t h e r  t h a n  e x p o n e n t i a l l y ,  w i t h  
E.  

i t  T h i s  is  t h e  v a l u e  of t h e  l i m i t i n g  c u r r e n t  of  h y d r o g e n  ions  p r o -  
d u c e d  in  t h e  r e a c t i o n  

Ni  + H~O---> N i O H  + + H+ + 2e -  

1~ B.  E r s h l e r ,  Z.  Fiz. Kh~m. ,  14, 357 (1940) ;  lS ,  131 (1944) .  

I~B. K a b a n o v  a n d  D. L e i k i s ,  n o k l a d y  A k a d .  N a u k  S S S R ,  58, 
1685 (1947) .  

17 T.  P o p o v a ,  V. B a g o t z k y ,  a n d  B.  K a b a n o v ,  Z.  Fiz. K h i m . ,  36, 
1433 (1962) ;  B .  K a b a n o v ,  Izv .  Aead.  N a u k  S S S R ,  Otd.  K h i m .  i~auk, 
1962, 980. 

�9 s T .  P o p o v a  a n d  N.  S y m o n o v a ,  Izv .  Aead.  N a u k  S S S R ,  Ser .  
k h i m . ,  1968~ 1187. 
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At the present  t ime one cannot draw a general  con- 
clusion about  the applicabil i ty of the theory of Bock-  
r i s e t  al. to the passivation of different metals. In 
our opinion, the wide divers i ty  of cases of metal  pas- 
sivation cannot be explained by any single theory. 
A large group of passivation phenomena  can be ac- 
counted for by a concept, which I should call adsorp-  
tion theory  of passivity. In the paper  under  consid- 
erat ion TM (Tables 1 and 2) I have been wrongly  as- 
cribed the point of v iew that  the passivat ing layer  
"acts as bar r ie r  layer  and prevents  the particles of the 
solution f rom reaching the electrode surface." Accord-  
ing to my concept, for meta l  passivat ion to occur a 
strong chemical  bond between the passivating agent 
(O, OH, SO4, I, etc.) and the meta l  surface is required.  

In some cases the format ion of nonpassivat ing oxide 
or salt layers does exer t  an indirect  influence on pas- 
sivation. The thickness of the nonpassivating layer  
may vary  in different cases f rom 1-2 molecules to 50- 
100A. As a rule, af ter  the passivating layer  has been 
formed (or the nonpassivat ing layer  has been trans-  
formed into the passivat ing one),  i t  proves to be per -  
meable  to ions. Therefore,  the s ta tement  of the au- 
thors of the paper under  discussion that  after passi- 
vat ion the ion penetra t ion and hence continued cor- 
rosion (dissolution) of the meta l  stops should be con- 
sidered as an over  simplification. 

It  should be noted that  the bond be tween  the pas- 
s ivat ing agent and meta l  atoms (in the case of a 
weak bond between the meta l  atoms) might  facil i tate 
the tear ing away of this group of atoms from the elec-  
trode, i.e., bring about the activation of the meta l  by 
the same substance, which in other  cases or under  
different conditions causes passivation (O, OH, SO4, 
etc.). 

J. O'M Bockris  (communicated) :  Of course, there  is 
no doubt of the l i teral  correctness of Professor Kab-  
anov's  assertion that our use of an el l ipsometric  tech- 
nique to show that the passivation of nickel  in solu- 
tion of pH 3.15 occurs by dissolut ion-precipi tat ion of 
a prepassive hydroxide  layer, fol lowed by an increase 
in its electronic conductivi ty at higher  potentials  (and 
hence its passivation) does not consti tute a mechanism 
determinat ion applicable to all systems. There is no 
doubt, for example  (as also de termined  el l ipsometr i -  
cally 2~ that  metals which become passive in the 
sense that, at a g iven potent ial  and reaction, they 
suddenly cease to be good electrocatalysts (e.g., Pt  in 
the oxidation of e thylene)  do so by forming a thin 
film and that  there  is a considerable change in surface 
propert ies  whilst  the amount  of O is less than that  
which would correspond to a monolayer.  

In respect to the mechanism of the cessation of dis- 
solution or corrosion of a substrate at a given poten-  
tial, i t  may  be that  there  are systems where  the 
mechanism which we have established for one system 
involving Ni is not general.  However ,  it does not seem 
too much to submit that  the application of ell ipso- 
metr ic  technique under  potentiostated conditions 
makes a radical  break in the history of the examina-  
tion of passivity and corrosion and that  it gives so 
much more direct informat ion compared wi th  that  
obtained before  (which was always interpret ive,  e.g., 
current -potent ia l  behavior)  that  it would be perhaps 
incautious to be confident concerning the mechanism 
in other systems, unti l  typical  ones have been exam-  
ined ell ipsometrically.  In unpublished work, we have 
established a qual i ta t ively  similar  phenomenology 
with  Fe to that  wi th  Ni, and it appears that  in the 
presence of C1- ions, the rise in electronic conduc- 

19Editorial  /Vote: I n  the  p r e p r i n t  of t he  p a p e r  the  a u t h o r s  in -  
c luded  two  t ab le s  (1, V iews  of Var ious  A u t h o r s  on the  T h e o r y  of 
P a s s i v i t y  and  2, S u m m a r y  of  Our  Conc lus ions  C o m p a r e d  w i t h  
O t h e r  A u t h o r s )  w h i c h  t h e y  h a v e  chosen  to w i t h d r a w  f r o m  f ina l  
p u b l i c a t i o n .  

~ A .  K.  N. R e d d y ,  M. G e n s h a w ,  a n d  g.  O'M. Bockr i s ,  J .  E~ee- 
t reanal .  C h e m . ,  78, 406 (1964). 

t ivi ty does not occur, an interes t ing indication of the 
mechanism of the effect of the depassivat ing action 
of C1. We make two specific points: 

1. The description we made of the mechanism as- 
sociated with Professor  Kabanov 's  papers represented 
our unders tanding of it. The occurrence of "a strong 
chemical  bond between the passivat ing agent and 
the meta l  surface" is not  by itself a s ta tement  of a 
mechanism. 

2. Regarding Professor Kabanov 's  penul t imate  para-  
graph, there is perhaps some misunderstanding.  It  
may wel l  be that  the permeat ion coefficient (and the 
corresponding mobil i ty)  of the meta l  ion in the film 
is unchanged on passivation. We have no informat ion 
on this point f rom the el l ipsometry.  The point  is that  
the electronic conduct ivi ty  increases so that  the field 
gradient  in the film is reduced and hence ionic t rans-  
port  through the film is reduced. It  is this reduct ion 
of the rate  of t ransport  of the meta l  cation through 
the film (which may wel l  have unchanged permeabi l -  
i ty to the ions concerned) which is the immedia te  
cause of the reduced dissolution rate, or passivation. 

S. Schuldiner: It  was observed that  the film thick-  
ness found on a passive Ni electrode was ~60A. This 
demonstrates that a film thickness above 60A is un-  
necessary for passivation, but  does it prove that  the 
effective film has to be this thick? 

J. O'M. Bockris  (communicated) :  Dr. Schuldiner 's  
question is indeed wel l  taken. It is, of  course, anal-  
ogous to that  of Professor Kabanov.  

There  can of course be no "v i r t ua l l y  cer tain" an-  
swer unti l  a dozen or so systems exhibi t ing meta l -d i s -  
solution passivat ion have  been measured.  I can give 
two points in favor  of the answer  that it is essential 
that  the film which "causes" passivity must  be more 
than a mono- layer  in thickness. 

(A).  Under  conditions of transient  el l ipsometry,  
measur ing down to 0.02 sec, and a correspondingly 
t imed potential  transient,  the film is still 10-20A thick 
for nickel  in a solution of pH = 3.1. 

(B). What  the s teady-s ta te  measurements  indicate 
is that  there  is a quite  sudden (in respect of the po- 
tent ia l  at which it  switches on) deposit  of a film 
which at this switch-on potent ial  attains a thickness 
which ha rd ly  varies  as the potent ia l  is increased. At  
the point at which the th ickness-potent ia l  plot sud- 
denly rises to its final value, the current  inflects, its 
rate  of increase wi th  potential  rapidly  falling. Chrono-  
el l ipsometry shows the deposit  to have a solubili ty 
product  equal  to that  of Ni(OH)2. At potentials posi-  
t ive to the swi tch-on point of the layer,  the current  
rises still, with decreasing ra te  of rise; and then, at 
the passivation potential,  the electronic conductance 
rises from zero to a large value. These are  facts. It is 
difficult, for the Ni case under  the g iven conditions, 
to avoid f rom these facts, a model  in which  the cr i t -  
ically impor tant  factor is the change in conductance 
with  potential.  But, in this case, the film must  have a 
corresponding lattice, i.e., must  be "several  mono-  
layers" thick. Of course, no claim is made par t iculaQy 
for the 60A which was el l ipsometrical ly determined 
for Ni under  s teady-sta te  measurements  as being a 
cri t ical ly low value of film thickness for passivation 
in general. What  is claimed to have been established is 
that  before passivation occurs a film is layed down, in 
the case reported,  60A thick. The critical point is that  
this thick film lies down before  passivation. This is 
the fact  which is inconsistent wi th  the views of those 
workers  who agree wi th  the evidence, long avai lable 
f rom coulometry,  that  a film in the 50-100A region is 
associated wi th  passivi ty but  mainta in  that  it is not  
the cause of it, the  Iatter being often at t r ibuted to 
effects on the double layer  potent ia l  difference of an 
adsorbed O layer.  The present  results show that  the 
passivation is associated with  a rise in the electronic 
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conductance of the film, i.e., not with the action of 
a monolayer.  

Clearly, it can always be argued, cf. Professor Kab-  
anov's comment,  that the quali tat ive result  is not a 
general  one; and this possibility can only be met  by 
extending the ellipsometric work to several systems. 
But  it must  be taken into account that  the model 
which the ell ipsometry so unambiguous ly  suggests 
contains elements from various theories formerly sug- 
gested for metal  dissolution passivation, and el im- 
inates one of two classes of such theories. It  seems 
quite probable, on the present  evidence, that  a qual i -  
tat ively similar  model will be favored by the for th-  
coming evidence for the other t ransi t ion metals. 

F. W. Will: It  is agreed that the ellipsometric method 
is a valuable  in si tu method for the s tudy of surface 
films on electrodes. Its major  shortcoming, however, 
is that it does not lead to an unambiguous  identifica- 
t ion of the species consti tut ing the surface films. Fu r -  
thermore, little is known  about the effect of the ionic 
double layer and of adsorbed species on the elliptically 
polarized light. 

It  ought to be ment ioned that other in  situ methods 
have emerged recent ly that  are of considerable im-  
portance. (The advantage of two of these, like x - ray  
diffraction and infrared absorption techniques, lies in 
the fact that an unambiguous  identification of sur-  
face species is possible. 

J. O'M. Bockris  (communicated) :  X- ray  analysis of 
electrodeposits in  situ has been made occasionally, 
e.g., by placing a rotat ing disk electrode so that it is 
half out of solution and submit t ing the top half to 
the beam. The difficulty is not only that the deposits 
hitherto must  be relat ively thick, but  of course the 
x- rays  decompose the aqueous layer and this may 
lead to unexpected electrode reactions. Infrared 
studies have been at tempted ( through thin film elec- 
trodes, from the back, to avoid absorption by water) .  
Hitherto, no successful identification of a surface com- 
pound has been thus recorded. Electron microscopy 
could hypothetically be used were a machine of suffi- 
cient power constructed so that the electron energies 

could overcome absorption in  the solution. Its cost 
would be astronomical. Electron spin resonance gives 
quite good theoretical predictions for sensit ivi ty in 
detecting radicals with unpai red  spins. Attempts  at 
its use in  electrode reactions have not yet  succeeded. 

A general  difficulty concerning the first three of 
these is that  of solution absorption. In  ellipsometry, 
the effect of the solution is not simply corrected for, 
but  is an essential part  of the analysis of the effects 
of the three media, solution, film, and metal, on the 
state of the polarization of light. Further ,  el l ipsometry 
not only gives evidence concerning the ident i ty  of a 
new phase, but  also a determinat ion of its thickness 
down to monolayer  values and its properties in respect 
to l ight absorption (i.e., in m a n y  cases, its electronic 
conductance).  Again, it lends itself to automation and 
can hypothetically be made to give informat ion on the 
above parameters  on a micro second time scale (in 
Reddy and Bhimasina-Rao's  unpublished,  work, the 
time was as l i t t le as 0.02 sec). A laser as a source in 
ell ipsometry could give a considerable increase in 
range of applicability, for example, adsorption on elec- 
trodes could be measured. By varying  the f requency of 
the incident  radiation, a k ind of ellipsometric spec- 
troscopy could be produced. 

I do not th ink  these facts and prospects are consis- 
tent  with the implicat ion of Dr. Will 's comment  that 
ell ipsometry is one of several techniques for looking 
at electrode surfaces in  situ. In  respect to detecting 
and measuring the appearance and behavior of a new 
phase on an electrode in solution, the ellipsometric 
method (under  potentiostatic control) seems to have 
considerable advantages over any other method as yet  
publicly discussed. 

Re Dr. Will 's thought that  el l ipsometry gives am-  
biguity in respect to the identification aspects of a 
new phase: it rests on the assumption that  the refrac- 
tive index determined is already that of the bulk;  and 
if it is known and sufficiently different from that of 
a l ternat ive possibilities, the phase can be identified. 
There may indeed be difficulty here if one of these 
conditions is not fulfilled, but  no more difficulty than 
exists in x - r ay  analysis which also depends normal ly  
on comparison with spectra of known entities. 

Oxide Involvement in Some Anodic Oxidation Reactions 
B. E. Conway, N. Marincic, D. Gilroy, and E. Rudd 

Depar tment  of Chemis try ,  Univers i ty  oi Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

A comparative study of the involvement  of surface oxides of p la t inum in  
the anodic oxidation of (a) formate, (b) hydrocarbons, and (c) hydrazine 
has been made. In  case (a) the oxidation has also been studied in two rigor-  
ously dehydrated nonaqueous solvents, acetonitri le and propylene carbonate, 
to which were successively added ini t ial ly traces and later  larger quanti t ies 
of water. Activat ion and inhibi t ion effects arise and are related to the water  
content  of the solutions. The oxide coverages were determined at various 
potentiostatically held potentials E by cathodic galvanostatic and differen- 
tiated galvanostatic t ransients  for ascending and descending directions of 
change of E. Complications which may arise in the quant i ta t ive  in terpre ta t ion  
of results obtained from the repeti t ive potent iodynamic method are i l lustrated. 

In  cathodic organic reductions, the two general  
pathways of direct electron transfer  or of indirect  
electrochemical hydrogenat ion by adsorbed H atoms 
produced by discharge from the solution have for 
many  years been recognized (1-3). A similar si tuation 
arises in  anodic oxidation: the anodic reaction 
pathway may be one in which direct electron wi th-  
drawal  with subsequent  reaction of the resul t -  
ing free radical ion or free radical  with the sol- 
vent  occurs; al ternat ively,  it may be one in which 
surface oxides (or adsorbed oxygen-conta in ing spe- 

cies, 1 e.g., OH or O) are produced in  a charge- t rans-  
fer step from entities in the solution or from the SO1- 

1 T h e  d i s t i n c t i o n  b e t w e e n  " s u r f a c e  o x i d e s "  a n d  a d s o r b e d  O or  
OH is to  some e x t e n t  a n  a c a d e m i c  one.  A f i lm of t he  o rder  of a 
m o n o l a y e r  c a n n o t  be  desc r ibed  i n  t e r m s  of f o r m a l  s t o i ch iome t ry ,  
p a r t i c u l a r l y  i f  t h e r e  is h e t e r o g e n e i t y  of a d s o r p t i o n  s i tes  o r i g i n a l l y  
a t  the  ba re  meta l .  Su r face  f i lms  m u s t  p r e s u m a b l y  become  of t h e  
orde r  of  20-50 a t o m i c  l a y e r s  t h i c k  be fore  t h e y  can  be spoken  of 
i n  t e r m s  of b u l k  b e h a v i o r  a n d  c o r r e s p o n d i n g  s t o i c h i o m e t r y  a n d  
t h e r m o d y n a m i c  b e h a v i o r  (13). H o w e v e r ,  r e c e n t  e l l i p s o m e t r i e  s t ud i e s  
(48) i nd i ca t e  a q u a l i t a t i v e  c h a n g e  of  the  p r o p e r t i e s  of the  su r face  
" o x i d e "  on P t  a t  ca. 0.9-1.Ov to t hose  m o r e  cha rac t e r i s t i c  of a b u l k  
species.  P r e s u m a b l y  t h i s  ox ide  m a y  be i den t i f i ed  w i t h  t he  so -caned  
" d e r r a a s o r b e d "  o x y g e n  p r o p o s e d  b y  S c h u l d i n e r .  
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vent, and then react in the steady-state with sub-  
strate reductant  either diffusing to the surface or 
coadsorbed at the electrode surface. These two types 
of process were first discussed for anodic oxidation 
of organic molecules by Fichter  and by Perk in  (4, 5) 
for some hydroxylat ion,  halogenation and pseudo- 
halogenation reactions with benzene and other organic 
substrates. More recently,  this type of react ion has 
been considered in  anodic hydrocarbon oxidation 
mechanisms (6, 7) and in the electrochemical oxida- 
t ion of formate ion (8). The presence of adsorbed O 
species (henceforth we shall refer  to the adsorbed 
oxygen-conta in ing species as s imply "O" except where 
otherwise explicitly stated) can also be responsible 
for ini t ial  passivation effects as suggested by Kolo- 
tyrkin  (9) and treated by Breiter  et al. (10). When 
the surface coverage by "O" species is potential  de- 
pendent  (as it usual ly is) this can give rise to kinetic 
inhibi t ion effects which manifest  themselves in the 
current -potent ia l  curve as a reversal  which is most 
marked in processes such as dissolution of iron, but  
also arises in anodic oxidations of hydrogen and or- 
ganic substrates. This type of effect, it seems, was first 
treated by Nord (11), developed by Bagotskii and 
Vasilev (12; cf. 13) and treated in detail for a variety 
of react ion mechanisms by Gilroy and Conway (8) in  
terms of the adsorption isotherm for the inhibi t ing 
species. The latter authors also showed that se l f - in-  
hibi t ion effects with reversal  of current -potent ia l  re la-  
tions can occur in  the absence of coadsorbed oxides 
when  the products of a reaction step (e.g., in  formate 
oxidation) occupy more sites than  the reactant.  Passiv- 
ity effects in  hydrocarbon oxidation through involve-  
ment  of adsorbed O have also been proposed by 
Bockris et al. (7) and their mechanism of the effect 
involves changes in  the type of surface oxide species 
present  (v. 8; cf. 12); the importance of conductance 
changes in the oxide film in passivation of metals 
(e.g., Ni) has been stressed by Bockris and Reddy 
(14) on the basis of interpretat ions of ellipsometric 
measurements  and this must  be considered an im-  
portant  advance (el. 13) in the exper imental  unde r -  
s tanding of the onset of effective passivity in metal  
dissolution. Such effects are, however, probably not 
necessarily involved in passivation of those anodic 
oxidation reactions which do not involve metal  dis- 
solution. 

In  most of the organic oxidation reactions in which 
passivation effects have been indicated, little a t tempt  
has been made unt i l  recent ly to characterize (in re la-  
t ion to the kinetics) the na ture  and extent  of adsorp- 
tion of the passivating species, e.g., by electrochemical 
t ransient  techniques. In  the present  paper, we have 
examined comparat ively [cf. ref. (12) for other sys- 
tems] the potentiostatic cur ren t -poten t ia l  behavior  for 
anodic oxidations of several  simple substances: for- 
mate ion in  aqueous KOH; hydrazine in acid and alka-  
l ine solutions; ammonia  in  alkaline (KOH) solution; 
and C2H4 and C~Hs in perchloric and phosphoric acids. 
The kinetic behavior  has been related to de te rmina-  
tions both of the extent  of surface oxide coverage as 
a funct ion of potential  and the corresponding H atom 
accommodations at more cathodic potentials evaluated 
by use of the differential galvanostatic charging 
method from potentiostatically controlled anodic po- 
tentials. An  impor tant  aspect of the present  work is 
the use of completely nonaqueous solutions in one or 
two cases, with subsequent  controlled additions of 
small  concentrations of water, in order to establish 
semiquant i ta t ively  the role of water  in  (a) producing 
the surface oxide and (b) the corresponding kinetic 
effects of this oxide in cur ren t -po ten t ia l  curves, since 
the extent  of surface oxide coverage can then be 
determined not only by anode potential  but  by the 
concentrat ion of added water. Related matters  con- 
cerning the hysteresis of the cur ren t -po ten t ia l  curves 
and irreversibi l i ty  in formation and reduct ion of sur-  
face oxides at Pt  are examined.  Here we shall con- 
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centrate on recording the principal  exper imental  ob- 
servations. 

Experimental 
Procedures.--Steady-state potentiostatic procedures 

have been employed in most of this work using a 
Wenking short r ise- t ime potentiostat. Cur ren t -po ten-  
tial relationships were determined,  point  by point, 
manual ly  at controlled intervals  of t ime sufficiently 
long (30 sec-1 min)  for surface charging processes to 
have become completed. Fur ther  long- t ime effects 
which may be associated with deactivation or poison- 
ing (15) were thus avoided. In  some experiments,  the 
potent iodynamic procedure was also used, the poten-  
tiostat then  being controlled by a Servomex type LF 
141 funct ion generator  (using single ramp and repeti-  
tive l inear  vol tage-t ime characteristics).  

In most of the measurements ,  galvanostatic reduc-  
tion transients  were taken from the potentiostatically 
held potentials and differentiated by means of an  op- 
erat ional  amplifier using the procedure of Kozlowska 
and Conway (16). Both direct and differentiated t r an-  
sients were displayed s imultaneously on a dual -beam 
oscilloscope. This method gives much better  resolution 
of s t ructure in the charging curve than is apparent  
in  the lat ter  itself and  provides informat ion analogous 
to that available from the potent iodynamic method, 
except that s teady-cur ren t  kinetics apply and this fa- 
cilitates quant i ta t ive interpretat ions of rate effects 
(17, 18). The differentiated t ransient  gives directly the 
reciprocal of the electrode capacitance ( including ad- 
sorption pseudocapacitance) as a funct ion of potential, 
and the distances (times) be tween the min ima  in C 
give precise estimates of the corresponding charges 
passed between various potentials in  the charging 
curves, without the necessity of integrations. 

Systems studied. Formate.--Potassium formate for 
experiments  in  aqueous medium was recrystallized 
from water and dried under  vacuum for 48 hr. For ex- 
periments  in  nonaqueous media, t r i e thy lammonium 
formate 2 was prepared in situ by adding a controlled 
amount  Cstoichiometric quant i ty)  of formic acid to a 
known  weight of t r ie thylamine in the solvent. The 
exact amounts  were determined outside the cell in a 
separate exper iment  by means of a conductance t i t ra-  
tion. Separate kinetic exper iments  showed that a 
slight excess of the amine  did not interfere with the 
kinetics of oxidation of the formate ion. 

The reactants  were purified as follows: formic acid 
was dried over anhydrous CuSO4 and the t r ie thyl -  
amine over LiA1H4. The components were mixed 
slowly in a bath cooled in l iquid N2 to about --10~ 
unt i l  part  of the solution became solid. The containing 
vessel was main ta ined  in  a polyethylene bag to min i -  
mize contaminat ion by atmospheric moisture. 

The solvents used were water, acetonitri le and pro- 
pylene carbonate. 

Distilled water  was redisti l led from alkal ine per-  
manganate  and distilled once again in a stream of 
purified N2 directly into the cell. 

Acetonitr i le was distilled in vacuo once from an-  
hydrous CuSO4 and once from P205 (19-22) and fi- 
nal ly  into the cell. All  operations were conducted in  a 
s tream of N2 dried by passage through a solid reactant  
drying t ra in  and passed through three l iquid air traps. 
The dried cell and all anci l lary apparatus were con- 
tained in  a polyethylene bag into which a steady 
stream of dry  N2 (from boiling liquid N2) was passed 
dur ing the preparat ion of the solutions and dur ing the 
runs. 

In  some experiments,  final drying of the solution 
was achieved in situ in the cell by lowering into the 
l iquid a large ampoule containing a molecular  sieve 
material ,  previously baked out in  a vacuum oven. 
After  agitat ion for 12 hr, the ampoule was wi thdrawn 

-~ Mos t  i n o r g a n i c  f o r m a t e s  we re  in su f f i c i en t ly  so lub le  to be used.  
T e t r a m e t h y l a m m o n i u m  f o r m a t e  was  p r epa red ,  b u t  cou ld  no t  be  ob- 
t a i n e d  in  a suf f ic ien t ly  d r y  s ta te .  
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and the runs  commenced. This procedure gave the 
driest solutions (see below). 

Propylene carbonate was dried over anhydrous 
CuSO4 and distilled in vacuo. The electrolyte was 
made up as in the case of the acetonitri le solutions. 
Drying with PaO5 or the molecular  sieve was imprac-  
ticable owing to chemical reactions which were ob- 
served to take place. 

Hydrazine and hydrazine sul fate .--Hydrazine was pre-  
pared from the analyt ical  grade chloride or sulfate 
salts by distil l ing from strong aqueous KOH. The re-  
sul t ing aqueous solution of "hydrazine hydrate" was 
redistil led and the middle fraction was made up in 
aqueous H2SO4 or KOH to give various concentrat ions 
in the 1N support ing electrolyte of acid or alkali. Ni- 
trogen was used for bubbl ing  the solutions, and a ro-  
tat ing wire electrode was used in some experiments  
to achieve uni form stirring. In  other experiments,  a 
rotat ing disk electrode (23) was used to examine the 
role of diffusion control. 

Hydrocarbo~zs.--A number  of experiments  were car- 
ried out on the oxidation of ethylene and propane at 
various temperatures  at platinized Pt  electrodes in hy-  
drogen peroxide purified H3PO4 (85%) and in ana-  
lytical grade HC104 which has a bet ter  impur i ty  level 
(with respect to anodically oxidizable impuri t ies)  than 
has H3PO4. The cell was capable of being operated up 
to 150~ and  was provided with an in te rna l  heater  
and thermostat,  and presaturator  tubes for the pur i -  
fied gas supplies. Potentiostatic preelectrolysis for 24- 
hr periods at a sacrificial electrode was found to be 
beneficial in diminishing background current  in the 
absence of hydrocarbon. The potential  was set to that  
giving a max imum current ,  viz. at ca. 0.8v EH, since 
the background current  suffers passivation effects at 
higher potentials. Oxide co-coverage and H accommo- 
dation were determined dur ing the steady-state  hy-  
drocarbon oxidation runs  by the galvanostatic pro- 
cedure ment ioned above. In  some runs,  the rate of 
charging of the p la t inum electrode itself (in the ab-  
sence of hydrocarbon)  could be studied by rapid con- 
trolled current  measurements  for known times, pro- 
vided that  the electrode was large enough. From the 
known capacitance of a platinized electrode per cm 2, 
it is easy to show that the cur ren t -poten t ia l  relat ion 
for anodic charging of the electrode can be measured 
up to 10 -2 amp cm -2 (apparent)  without  increasing 
the coverage by oxide by more than 10% if the meas-  
urements  are made over ca. 20-sec intervals  or less. 

Reference electrodes.--The hydrogen reference elec- 
trode was used in most of the solutions including the 
nonaqueous ones where  it also seems to funct ion satis- 
factorily (cf. 24). In  the KOH solutions, the Hg/HgO 
electrode was used with a sealed probe communicat ing 
to the compar tment  of the cell otherwise used for the 
hydrogen reference electrode. The probe was te rmi-  
nated by a 7/10 joint  wetted with the solution. Liquid 
junc t ion  potential  corrections were made where neces- 
sary. 

Electrode preparation.--Plat inum wires, previously 
cleaned in  acetone, were sealed in glass bulbs in  a 
s tream of hydrogen as described previously (25). The 
electrodes were mounted  in the cell in  sliding tubes 
according to techniques developed previously. In  all 
experiments,  the electrodes were subjected to the fol- 
lowing electrochemical pre t rea tment  before s teady- 
state kinetic observations were commenced: polariza- 
tion at 0.5 cps ( t r iangular  pulse) be tween the poten-  
tials --0.2 to + l . 6 v  EH for 10 min. This achieved best 
reproducibi l i ty  of the cur ren t -poten t ia l  curves. 

Pa l lad ium electrodes were prepared similarly. P la t i -  
nized Pt  electrodes were  prepared by the usual  method 
(26) for obtaining a black velvety deposit; this pro-  
cedure was preferred to the method employing no 
additive which leads to coarser and less reproducible 
deposits. 

Results and  Discussion 
Formate oxida~o~n.--A n u m b e r  of studies of formic 

acid oxidation on p la t inum have been reported (27-31) 
using various approaches, par t icular ly  the potentio-  
dynamic one (31). A detailed constant cur ren t  study 
was reported by Conway and Dzieciuch (32) who 
examined (a) the electrochemical behavior  in terms of 
s teady-state  consecutive react ion kinetics and (b) the 
involvement  of electrochemically detectable in te rme-  
diates. In  aqueous medium, the steady-state (poten- 
tiostatic) log i -v  curve is characterized by reversals of 
the direction of the cur ren t -poten t ia l  relations for the 
ascending and descending directions (with much hys-  
teresis) which can be treated theoretically in terms 
of inhibi t ion effects discussed previously (8, 11, 12). 
Theoretically (8), the ma x i mum current  in a single 
electron, ion-discharge controlled anodic oxidation in-  
hibited by a single "univalent"  oxide species should 
arise at ca. half coverage of the electrode by such a 
species. The differential (cathodic) galvanostatic 
measurements  from control led-potent ia l  steady states 
indicate, however, that  surface oxide coverage at the 
potential  of the cur ren t  max imum is quite small  ( <  ca. 
0.2) on smooth P t  in  the oxidation of formate in alka-  
l ine solutions. In  neu t ra l  solutions (8), however, the 
current  ma x i mum occurs at ca. lv  E~ and adsorbed 
species are then hardly  detectable at this potential  
[c$. ref. (30) for the HCOOH case]. This si tuation 
could arise because (a) the formate oxidation occurs 
only on a small  fraction of the surface which is then 
covered relat ively to a greater  degree by oxide or (b) 
because inhibi t ion arises from coadsorption of another, 
electroinactive species arising from the decomposition 
of formate ion itself. The lat ter  possibility seems l ikely 
and is consistent with conclusions (c~. 30) of other 
workers who have examined formic acid oxidation. 
Such a species may be the "reduced CO2" ent i ty  of 
Giner  (33) or an adsorbed dehydrogenated formate 
ion "CO2-," but  the inhibi t ing  species discussed by 
other workers is only found at ra ther  lower poten-  
tials. Alternat ively,  the mechanism suggested previ-  
ously (32) involving the steps. 

PICO0- + M--> M/HCO0" + e 
M/HCOO" -> M/H + M/CO2 

M/H--> H + + e 
M/COs-~ CO~ 

can explain the observed behavior  if the discharge 
step is not ra te-determining.  Sel f - inhibi t ion (8) can 
arise since, in the second step, two adsorption sites 
are formally required for each one occupied by the 
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Fig. 1. Potentiostotic steady-state log i-E curves for formate 
oxidation in anhydrous and water-containing ocetonitrile (Pt; 5~ 
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Fig. 2. Potentiostatic steady-state log i-E curves for formate 
oxidation in anhydrous and water-containing propylene carbonate 
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Fig. 3. Oxide coverage on Pt for formate oxidation in acetonitrile 
as a function of potential and water content (5~ Numbers on 
curves correspond to those in Fig. 1. 

reactant.  A cur ren t -poten t ia l  curve with reversal  then 
arises and the auto- inhibi t ing  species are adsorbed H 
and CO2. The coverage by the adsorbed species 
(HCOO') must  be poten t ia l -dependent  in order to ex-  
plain (8) the reversal  of the log i -E curve, and this 
requ i rement  is met for the reaction scheme above. 
Oxide coverage seems to become appreciable only at 
higher anodic potentials of 1.0-1.2v, in  the direct ion of 
ascending electrode potentials. 

The exper iments  in  nonaqueous media [other than 
formic acid itself; cf. (32), (34)] have been performed 
in order to examine the effects of controlled amounts  
of water  in the solution. Under  these conditions, sur-  
face coverage of the electrode by oxide can be con- 
trolled by the water  content  as well  as by potential. 
The results in  acetonitri le and propylene carbonate are 
shown in Fig. 1 and 2, and the general  features are 
similar;  the corresponding oxide coverages as a func-  
t ion of potent ial  and water  content  are shown in  Fig. 
3. The oxide coverages in terms of charge Qo can be 
related to the water  concentrat ion c through a re la-  
tion similar  to a Langmui r  adsorption isotherm (Fig. 
4) by plott ing c/Qo vs. c; satisfactory l inear  relat ions 
are obtained. Presumably,  the adsorption is an  electro- 
chemical one involving a process which can be repre-  
sented formally as an electrochemical equi l ibr ium (be-  
low the 02 reversi~ble potential)  

P~ + H20(ads) P t~ -  "P t (OH)"  + H + + e 

The impor tant  conclusion from the results in Fig. 1 
and 2 is that  the current  for formate ion oxidation 
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does not  bec~me appreciable in  the  descending cur-  
ren t -potent ia l  curve unt i l  almost all the electrochemi- 
cally detectable oxide has been removed (Fig. 3). 
However, the magni tude  of the current  max imum is 
related to the amount  (in terms of charge for ca- 
thodic oxide reduction) of oxide that  was present  at 
higher anodic potentials and not to the total apparent  
free surface available. The effect is not connected with, 
e.g., specific poisoning by acetonitrile, since the results 
in a chemically very different solvent (propylene car-  
bonate)  are remarkab ly  similar (Fig. 2). The reaction 
therefore seems to proceed only on that  fraction of the  
surface that  has just  become reduced from previously 
being in an oxide-covered state. Since the mi n imum 
current  seems to arise at a potential  for which oxide 
again just  cannot be detected, this cur ren t  presumably 
does not  arise from reactions such as 

P t /OH + HCOO-  -> Pt  + COx + H20 + e 
o r  

Pt /O + HCOO-  --> P t /OH + CO2 + e 

Similarly,  if the chemical step 

P t /HCOO'  + P t /OH -> Pt + CO2 + H20 

were involved, the rate would tend to be maximal  at 
ca. half  coverage by both species (cf. 6,8). I t  seems 
that these mechanisms involving "O" are l ikely to par-  
ticipate appreciably in  the kinetics only at higher 
anodic potentials, as suggested previously (8). 

The general  s imilari ty in the log i-E curves and in 
the hysteresis in formation and reduct ion of the oxide 
at various contents of water  (Fig. 3) in the solution, 
suggests that oxide may be present  in  patches on the 
surface (at each of which normal  oxidation and reduc-  
tion occurs with associated kinetics of formate oxida- 
tion) ra ther  than  as a uniform, but  correspondingly 
more dilute, layer with fractional  coverage dependent  
on water  content. 

The behavior in  various concentrat ions of KOH in 
aqueous medium is also of interest. At smooth Pt, the 
oxide charge at 0.8, 1.0, and 1.2v (EH) decreases with 
increasing formate ion concentrat ion in  0.1M KOH aq. 
(Fig. 5). 

At 1.4v, it only decreases to a small  value ra ther  
critically at 6-7 molar formate, and at 1.6v there is 
only a small steady decrease. In  0.5M KOH aq., (Fig. 
6) however, the oxide charges at various potentials do 
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Fig. 4. Test of electrochemical Langmuir isotherm for oxide 
charge as a function of water concentration for various maximum 
charges Qo,m at the higher potentials. 
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centration and potential (EH). 
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Fig. 8. Oxide charge and H accommodation at platinized platinum 
for formate oxidation in 0.1M KOH aq. as a function of HCOOK 
concentration and potential (EH). 
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Fig. 6. Oxide charge and H accommodation at smooth Pt for 
formate oxidation is 0.3M KOH aq. as a function of HCOOK con- 
centration and potential (EH). 
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Fig. 9. Comparison of oxide charges at smooth Pt under various 
conditions in aqueous formate oxidation. 
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Fig. 7. Oxide charge and H accommodation at smooth Pd for 
formate oxidation in 0.SM KOH aq. as a function of HCOOK con- 
centration and potential (EH). 

not s h o w  a n y  sharp decrease  in the  presence  of for -  
m a t e  but  o n l y  a progress ive  s m a l l  d i m i n u t i o n  at 1.2- 
1.Gv (EH).  A n a l o g o u s  effects  arise at P d  e lectrodes  
(Fig.  7) .  On p la t i n i zed  p l a t i n u m ,  h o w e v e r ,  a v e r y  

m a r k e d  crit ical  decrease  of ox ide  coverage  arises  b e -  
t w e e n  0.3 and 0.4M f o r m a t e  in  0.1M K O H  aq. (Fig.  8) .  
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Fig. 10. Comparison of oxide charges at smooth Pd under various 
conditions in aqueous formate oxidation. 

S i m i l a r l y ,  the  h y d r o g e n  a c c o m m o d a t i o n  (at m o r e  ca-  
thodic  potent ia l s )  m e a s u r e d  in  d i f ferent ia l  trans ients  
f r o m  var ious  anodic  potent ia ls ,  decreases  in  a s imi lar  
w a y .  

O x i d e  charges  d e t e r m i n e d  under  var ious  condi t ions  
are c o m p a r e d  in  Fig.  9 (Pt)  and  10 (Pd)  for var ious  
potent ia ls .  
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in O.IM aq. KOH. 

Corresponding to the relat ion between oxide cover- 
age and KOH/HCOOK ratio discussed above, a marked 
dependence of the shapes of the Iog i-E curves for 
formate oxidation on formate ion concentrat ion is ap-  
parent  in Fig. 11 and 12 for smooth and plat inized Pt  
electrodes. 

Some inhibi t ion effects still arise a round 0.55-0.75v 
(EH), bu t  the behavior  above 0.8v is quite different 
when the formate to KOH ratio is high: the hysteresis 
is much diminished and much higher currents  pass at 
higher anodic potentials when the oxide coverage is 
found to be diminished (Fig. 5-8). Again, the kinetic 
behavior  changes critically between 0.1 and 0.5M for- 
mate in 0.1M KOH at platinized P t  (Fig. 12). At 
higher KOH concentrat ion (0.SM), the critical change 
in  the kinetics occurs be tween 1 and 3.5M formate. 
There is evidently a critical competit ive s i tuat ion be-  
tween adsorption of oxide species and "formate" spe- 
cies depending on the KOH concentration. Presumably  
at sufficiently high formate concentrations, the rate of 
reaction be tween discharged formate species and the 
oxide produced by discharge of O H -  (or from water)  
is large enough to main ta in  a low steady state oxide 
coverage. Also there wil l  be mutua l  inhibi t ion effects; 
the presence of a greater  coverage by formate species 
wil l  tend to inhibi t  oxide formation by discharge from 
O H -  ion, c~. the inhibi t ion of oxygen evolution in the 
aqueous Kolbe react ion (32). 

Hydrazine oxidation.~Mechanisms.--It is found ex-  
per imenta l ly  (cathodic t ransients)  that  no significant 
oxide coverage is involved in hydrazine oxidation up 
to 1.0v and surface oxide only appears in oxidation 
in acid media at low concentrat ions <0.01M when dif- 
fusion control just  becomes significant. I t  remains  on 
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Fig. 14. As in Fig. 13, but with 0.25M H2S04 at 25~ 

the electrode to lower potentials in  a descending i-E 
curve and then we l l -known  hysteresis and current  
oscillations characteristic of passivity are observed 
(Fig. 13 and 14). Under  most conditions, only de- 
hydrogenat ion and dissociation steps need therefore be 
considered. Fol lowing physical adsorption, possible 
consecutive reaction steps involving dissociation of the 
N-N bond in hydrazine  are: 

Scheme A 
N2I-I4-> I 

NH2 ~ II  

(H + OH- -~ lla 
or 

NH2 + O H -  ~ IIb 
followed by 

NH -~ I I I  
or  

NH+OH-~ N+H20+e IIIb 

2N ~ N2 IV 

Alternat ively,  a scheme B involving progressive de- 
hydrogenat ion  wi th  the indicated chemisorbed species 
(without  N-N dissociation), may be involved 

N2H4 ~ N2H3 -5 H (or N2I-L~ -5 O H -  
--> N2I-~ + H20 -5 e Va) V 

(H -5 O H -  ~ H20-5  e) (IIa) 

NH2 + NH2 

NH -SH 

H20 -5 e) 

NH -t- H20 + e 

N -5 H (with IIa) 
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N2H3->N2H2 + H (with IIa) 

N2H2--> N2H + H (with IIa) 

N2H-> N2(ads) -{- H (with IIa) 

N 2 ( a d s )  ">  N 2  

VI 

VII 

VIII  

IX 

or steps of type Va in reactions VI, VII, and VIII. In  
scheme B, N2H3 may be singly bonded to the surface, 
and succeeding radicals may be bonded through two 
sites. It  has been concluded previously (44) that  a 
mechanism involving free-radical  intermediates is 
preferable to one (45) involving dissociated hydrogen. 
However, these two types of reaction must  be related 
since successive dehydrogenat ion would leave ad- 
sorbed species on the electrode as in the schemes A 
and B. 

The kinetics in the presence of added acid or alkali  
are characterized by: (a) cur ren t -poten t ia l  relations 
(Fig. 13 and 14) with continuously increasing slopes 
towards a l imit ing current ,  but  with ini t ia l  slopes at 
low current  density of about  0.1-0.12v (ca. 2.3 2RT/F)  ; 
(b) reaction orders in acid (Fig. 15) which are be-  
tween 0.3 and 1 and tend to decrease with increasing 
concentrat ion 3 but  show no systematic dependence on 
potential;  and (c) react ion orders in alkali which are 
near  zero (Fig. 13) at moderate and high concentra-  
tions bu t  tend to become negative at low concentra-  
tions (ascending curves prior to diffusion control and 
oxide formation) .  

The absence of surface oxide at potentials where it 
is normal ly  formed suggests that  (a) adsorbed species 
from N2H4 inhibi t  its formation and /o r  (b) it is re-  
moved as fast as it is formed by reaction with N2H4 
or derived radicals so that its s teady-state concentra-  
tion on the surface is always small. When diffusion- 
controlled conditions are approached and the electrode 
is starved of hydrazine, oxide formation can be de- 
tected (Fig. 13); it is removed on st i rr ing the solution 
when the lat ter  is near  the critical concentrat ion for 
diffusion control. The present  results seem to indicate 
that  the presence of oxide, when at appreciable COV- 

F u r t h e r  s t u d i e s  a t  m o r e  c lose ly  s p a c e d  c o n c e n t r a t i o n  i n t e r v a l s  
a r e  in  p r o g r e s s .  T h e  u p p e r  a n d  l o w e r  l i m i t s  a re ,  h o w e v e r ,  r e s t r i c t e d  
b y  t h e  l i m i t e d  so lub i l i t y  of  t h e  sa l t  a n d  t h e  o n s e t  of  d i f f u s i o n  con-  
t ro l ,  r e s p e c t i v e l y .  
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Fig. 15o, Rates of N2H4 oxidation at smooth Pt as o function of 
concentration at various potentials (0.25M H2S04 at 25~ 
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Fig. 15b. As in 15a but in 2M HCI04 at 25~ (Differences from 
Fig. 15a arise because of greater degree of ionization.) 

erage, is inhibi t ive rather  than catalytic as was con- 
cluded previously (46). In  NI-t8 oxidation, oxide is 
found even at quite high concentrat ions of NH3. 

TaJel slopes and reaction orders . - -The  ini t ial  region 
of the log i-E relations (b ---- 2.3 2RT/F)  corresponds 
either to an electrochemical step of ionization of an 
intermediate,  the surface coverage of which is inde-  
pendent  of V or to a pr imary  discharge process in  the 
first step of the reaction (e.g., N2H4 ~- O H -  4 .  N2H3 
+ H20 + e or N2H4 + O H -  --> NH2 ~- NH -{- Ht20 
+ e). Other steps in the sequences A or B above 
would tend to give Tafel slopes less than 2.3 2 R T / F  (cf. 
36, 37). The approach to a l imit ing current  (cL 44) 
suggests (35, 36) that  either (a) a recombinat ion con- 
trolled process such as IV becomes ra te -de te rmin ing  
with coverage ON by the in termediate  tending l imit-  
ingly to un i ty  or (b) a first order chemical disso- 
ciation step becomes rate- l imit ing.  The l imit ing cur-  
ren t  is not diffusion controlled except at the lowest 
concentration. The possibility (a) is to some extent  
supported in alkaline solution since the reaction order 

is ini t ial ly small  or zero (Fig. 13). Except at com- 
plete coverage, e.g., by N or N = N  species in reactions 
IV or IX, respectively, ~ wil l  be a funct ion of poten-  
tial. 

This conclusion may be reached by deducing the 
reaction order as a funct ion of potential  in one or two 
cases and re la t ing it to the Tafel slope; in fact, this 
procedure turns  out to be useful  for the examinat ion  
of mechanisms giving this type of current -potent ia l  
behavior. Several  examples will  be considered. 

If the reaction involves successive electrochemical 
dehydrogenat ion steps (cf. 44) similar to Va, and if 
the ra te -de te rmin ing  step were, say, the desorption 
IX, the velocity of IX is 

v9 = k9 0N2 [ I] 

and ~N2 (N2 is chemisorbed " N = N " )  can be expressed 
in  terms of c through K5 and three potent ia l -dependent  
quas i -equi l ibr ium constants for prior steps if V is in -  
volved (case I) ,  and through four potent ia l -dependent  
equi l ibr ium constants if Va is involved (case II) .  Then 
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t~9 
k9 KsK6KTKs exp 3 V F / R T  �9 c 

1 --[- cK5 --b cK6 exp V F / R T  ~ cK7 exp 2 V F / R T  ~ cKs exp 3 V F / R T  
[2] 

and correspondingly for the electrochemical pathway 
in Va 

V9 
k9 KsK6KTKs exp 4VF/RT  �9 c 

[3] 
1 ~- cK5 exp V F / R T  -~ cK6 exp 2 V F / R T  + cK7 exp 3 V F / R T  ~ cKs exp 4VF/RT  

where potent ia l -dependent  equi l ibr ium constants have 
been introduced for steps VI, VII, and VIII if they 
proceed like Va by proton transfer;  the lat ter  type 
of step seems more likely and is consistent with a 
similar step in the oxygen evolution reaction (36). 

The react ion orders may be readi ly obtained for 
both these cases as a funct ion of potent ial  by appro-  
priate differentiations and give, in general, relations 
of the type 

= i/[i + cf  (K ,V) ]  [4] 

where f (K,V) is the sum of terms such as Ks, K6 
exp VF/RT,  K7 exp 2 V F / R T  in Eq. [2] or correspond- 
ing terms in Eq. [3]. It is clear that quite general ly 
will tend to decrease with increasing c and increasing 
potential,  but  the relat ion to the lat ter  will  not be 
simple since it involves sums of exponentials  in  V. 
If in some cases, one of the exponent ia l  terms in  V 
together with its K value in the product  were pre-  
dominant  in  the denominator  of Eq. [2] or of Eq. [3], 
then ~ would be simply related to V by 

l n ( ~ - -  1 )  = l n c + l n K n §  [5] 

where gn  is now a part icular  equi l ibr ium constant  for 
the step involving the n ' th  electron transfer. Hence 

d l n (  ~ - - - -  I )  / d V  = n F / R T  [6] 

Similar  conclusions would follow if another  first or- 
der chemical step were ra te-determining.  For a sec- 

% 

ond order recombinat ion step, l n ( ~ - ~ - - - - 1 )  would be 

a funct ion of c and V. 
If the mechanism involves the second-order recom- 

binat ion desorption IV (scheme A) 

V4 = k40N 2 [7]  

and if ON is related to coverage by antecedant  species 

O N = IIK. 0NH 2 [8]  

where HK is a combinat ion of quas i -equi l ibr ium con- 
stants; also, if two-site adsorption is involved, e.g. in 
step 1, 

0NH2 
= Klc  [9] 

( 1 - -  ONH 2 - -  ~0x) 2 

where z0~ is the coverage by other species on the sur-  
face and may be potential  dependent.  An explicit ex- 
pression in terms of c is unwieldly  but  in terms of 8, 
the reaction order is 

: 2(1 -- 0NH2-- Z0x) / (1 -b 8NH2~ ~0X) [1O] 

0NH 2 will  be potential  dependent  if I is an electrochem- 
ical step such as 

N2H4 -~- O H -  --> N H 2  -[- N H  -b H 2 0  -[- e 

or if Eox is potent ial  dependent.  A simple form for 
the Tafel slope may be obtained for IV only when  
zoz is negligible; then 

1 - -  0NH2 ( R ~ _  / [11] 
b = 1 + ~NH2 " 

where only 0NH 2 is potential dependent; b is therefore 
related to the reaction order at any potential by 

b = --  [12] 

and includes any case where the b refers simply to a 
tangent  of slope d V / d  In i in a curve approaching a 
l imit ing current.  

In 0.1M KOH, the reaction velocity ini t ial ly has 
little dependence on concentration, bu t  at low con- 
centra t ion the rate tends to increase (Fig. 13) with 
decreasing concentrat ion unt i l  it becomes diffusion 
controlled, whereupon an inhibi t ion and react ivat ion 
effect of the type found in other anodic oxidations 
is observed. The current  for descending potentials is 
then greater at low potentials than that for ascend- 
ing potentials, i.e., an activation analogous to that in  
formate oxidation occurs. The behavior  at low con- 
centr.ations implies a negat ive reaction order, similar 
to that observed in ethylene oxidation (6). In  that case, 
a reaction between adsorbed ethylene and the surface 
oxide was envisaged. 

The velocity of any process involving an adsorbed 
intermediate  N2Hx(x ~ 0, 1, 2, or 3) can be expressed 
in terms of coverages of intermediates  in prior steps 
and the corresponding equi l ibr ium constants (provid-  
ing prior steps are not ent i re ly  irreversible;  cf. 36, 43). 
This implies that the reaction order in N2Hx, with 
which the intermediates  and first chemisorbed spe- 
cies will  be in  adsorption equil ibrium, wil l  always 
tend to be positive (or zero for full  coverage). A com- 
petit ive adsorption si tuation (c]. 6) is required to ac- 
count for a negative reaction order. 

I t  a step such as 

N~H~ -~ N~H~ § H 

for example, (following the ini t ia l  adsorption) were 
involved as a ra te -de te rmin ing  process, its velocity 
would be 

V6 = k6 ~N2H3 (1 - -  6N2H3) [13] 

since two sites for adsorption of N2H3 and H would 
be required (c]. 8, 49). If N2H3 were in equi l ibr ium 
with N2H4 in  the bulk  at concentrat ion c through the 
electrochemisorption 

N2H4--> N2H3 -~- H + ~- e 

then 

KsaC 1 [ 14 ] 
V6 -~ k6 1 + Ksac 1 "Jc K5ac 

where Ksa is an electrochemical equi l ibr ium "con- 
stant" (potential  dependent)  

Hence 
ksK5ac 

v6 = [15] 
(1 + K~ac) 2 
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which gives a potential  dependent  rate and a reaction 
order 

~6 = (1 - -  KsaC)/(1 ~- Ksac) [16] 

after differentiating v6 w.r.t, c and mul t ip ly ing by 
c/v6. Equat ion [16] gives first order kinetics at low 
concentration, zero when  KsaC = 1 and negative or- 
der kinetics when Ks~C > 1 ( l imit ingly ~6 = --1 as 
KsaC >> 1). This is in the wrong direction to explain 
the t rend of ~ in the present  results for alkal ine solu- 
tions. 

It  may be suggested tentat ively that  an adsorbed O 
or OH radical  mechanism of the type involved in 
ethylene oxidation (6) therefore seems the only one 
that  could account for the negative reaction order at 
low concentrations. In  these terms, the react ion O H -  
+ Pt --> "PtOH" -t- e would proceed on a surface ap- 
preciably covered by N2Hx species at a rate given (cf. 
38) by 

VOH = k o H C o H - -  (1  ~ OT) e B V F / R T  e - ( 1 - ~ ) r O T / R T  [17] 

where 0T is the total coverage by adsorbed species and 
rot is a Temkin  term reflecting the change of energy 
of adsorption of OH with increasing coverage or (cf. 
13, 38, 39). The react ion with hydrazine then would be 
envisaged as a chemical one (cf. 46). 

N2Hx ~u x"PtOH" -~ xH20 + N2 

with the O H -  discharge ini t ial ly ra te-determining.  4 
VOH in Eq. [17] would tend to be smaller  (cf. 6) as 0T 
(due to increased ON2Hz) w e r e  increased. Hence a neg-  
ative reaction order is predictable as in the ethylene 
oxidation (6). Equat ion [17] also gives the correct 
Tafel slope of 2.3 2RT/F. The l imit ing current  obtained 
at high potentials must  result  from a chemical step, 
e.g., IV or IX, could not be ra te -de te rmin ing  at lower 
potentials since they could only give rise to slopes 
< 2.3 2RT/F. At lower potentials, 0 0 n  < <  1 in  the 
steady-state,  since no intermediates  are detectable Jn 
cathodic t ransients  from anodic potentials. 

At the higher concentrat ions of N2H4 where ~ -- 0, 
but  the Tafel slope is still 2.3 2RT/F, a direct elec- 
trochemical reaction with an adsorbed species at ful l  
coverage seems the only possibility, e.g. 

N2H3 -F O H -  --* N2H2 -t- H20 -t- e 

with 0N2Ha ~ 1. 

In  acid solutions, the reaction order behavior  is more 
normal  and ~ is fractional and tends to decrease with 
increasing concentrat ion of N~H4 (Fig. 15) as required 
for any direct adsorption process I or V or for fol low- 
ing steps indirect ly dependent  on the pr imary  adsorp- 
t ion step. There is less tendency for a l imit ing current  
to be reached and the Tafel slope is ca. 2.3 2RT/F 
over a wide range of cur ren t  densities. 

Shape of current-potential relation.--The shape of 
the cur ren t -poten t ia l  re la t ion for alkal ine solutions 
indicates an  approach to a l imit ing cur ren t  which 
could arise because of activation or diffusion control. 
The lat ter  possibility is excluded (except at much 
lower concentrat ions) since the currents  passing in 
the l imit ing region are independent  (within 2%) of 
rotat ion rate at the rotat ing disk electrode. The Tafel 
slopes at lower potentials el iminate the possibility of 
IX or IV being ra te -de te rmin ing  and hence giving at 
higher coverage a l imit ing current ,  although this may 
still arise if the mechanism changes with increasing 
potential. 

The l imit ing behavior must  therefore originate from 
the potent ia l - independent  rate of some chemical step 
along the sequences described above. At higher poten-  
tials, it is evident  that  some preceding step is unable  
to meet  the cur ren t  that  would normal ly  be associated 

This w o u l d  a p p l y  only ,  of course,  a t  m o d e r a t e l y  anodlc  po t en -  
tials,  

exponent ia l ly  with increasing potential, and this step 
must  presumably  be a chemical step of dissociation 
such as II, III, etc., or VI, VII, etc., or possibly the 
pr imary  adsorption step itself (I or V). 

The kinetics of oxidation of successive H atoms in 
N2H4, NH3 and similar ly in the case of hydrocarbons 
poses some special problems in electrochemical ki-  
netics since current  contr ibutions arise from successive 
steps in  the reaction and not just  in one step in the 
reaction. A simpler bu t  analogous case arises in the 
hydrogen evolution reaction proceeding by the mech-  
anism 

H + § e §  M-> MH 

MH-~- H + Jr e--> H2 

where current  passes in both steps of the coupled 
mechanism; a similar si tuation occurs in  the mech- 
anism of the oxygen evolution reaction (36). 

Thus, in the chemical scheme B (V-IX) ,  the cov- 
erages by N-conta ining intermediates  in the steady 
state will  be indirect ly dependent  on potent ial  since 
the H atoms produced in the dissociation steps will 
be removed with increasing velocity at higher anodic 
potentials when their s teady-state coverage may well 
approach zero, so that  in scheme B with chemical 
(rather  than electrochemical) dissociation steps, it is 
difficult to speak of equil ibria  in  steps prior to the 
ra te -de te rmin ing  one since entit ies in the prior steps 
are "drained off" rapidly by electrochemical H ioniza- 
tion in side-reactions. The "equivalent  circuits" for 
the indirect  (e.g., steps such as V coupled with IIa) 
and direct (e.g., Va and following analogous steps) de- 
hydrogenations are of some special interest  and can 
be represented (neglecting capacitance contri~butions 
for simplicity) as 

) 4 H~ 

~ - -  ~ N2 
R 5 R6 R7 R8 

for the chemical dehydrogenat ion pathways in B and 

R5o R6a R7a R 80 

) 4 H % 4 e  

)) N 2 

for electrochemical dehydrogenat ion steps. R9 and R5 
to R8 in  the chemical pa thway are resistance analogues 
corresponding to reciprocal chemical rates while Rsa 
- -  Rsa are potent ia l -dependent  analogue resistances. 

Hysteresis. No hysteresis characteristic of co-ad- 
sorbed oxide (contrast  the cases of formate and hydro-  
carbon oxidation) is observed, and no oxide can be 
detected as ment ioned above. However, in alkal ine 
media, the descending cur ren t  l ine is always above 
the one for ascending anodic potentials suggesting 
that with increasing potential, increasing coverage by 
intermediates  is involved and  these remain  on the 
electrode at a nonequi l ib r ium concentrat ion as the po- 
tent ial  is lowered. 
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Conversely, in  acid media, the hysteresis is in the 
opposite sense and the descending curves are some- 
what  lower than the ascending ones. Hysteresis char-  
acteristic of oxide formation is again only observed at 
low concentrations when  diffusion control is ap- 
proached (Fig. 14). Rotation of the electrode then 
causes the oxide to disappear presumably  by reac- 
tio~ with the N2H4 which can then reach the elec- 
trode. Similar  effects occur in  hydrocarbon oxidation 
at the region of the peak current.  

Hydrocarbon oxidation.--Passivation effects in hy-  
drocarbon oxidation at Pt  are well  known but, the 
involvement  of co-adsorbed oxide has not been exam- 
ined in  detail quanti tat ively.  Wroblowa, Piersma and 
Bockris (6) ment ioned the coverage by oxide at Pt  
in ethylene oxidation, but  it is unclear  if this coverage 
was measured dur ing the ethylene oxidation. In  Fig. 
16-18 are shown the current -potent ia l  relations for 
ethylene and propane oxidation in phosphoric acid 
together with the corresponding oxide charges (Qo) 
and H accommodations (QH) at more cathodic poten-  
tials (fast galvanostatic discharge). The H charge is 
independent  of potential  and hence probably does not 
include any contr ibut ion from H part icipat ing in  re-  
hydrogenat ion of adsorbed C skeletal  species (40); 
this is supported by the fact that the QH in the pres-  
ence of hydrocarbon is less than that  determined at 
the same electrode in its absence (cf. 40) (Fig. 16, 18). 

In the hydrocarbon oxidations studied, significant 
oxide charge appears just  at the beginning  of the in-  
hibit ion inflection and continues to increase with in-  
creasing anode potential.  The coverage is much less 
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Fig. 16. Potentiostatie log i-E curves for ethylene oxidation with 
oxide charge Qo and hydrogen accommodation Qff as a function 
of potential, determined in the presence of ethylene, o, 60~ x, 
90~ both Qff and Qo values. Corrected to real cm 2 on basis of 
QH = 0.21 mC cm - 2  at 25~ Solution 1M HCI04 (similar results 
in H2S04). 
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Fig. 17. As in Fig. 16 but for propane in 85% H3PO4. o, 90~C, 
x, 120~ e, 150~ oil Qo and QH corrected to real cm 2 at 25~ 
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Fig. 18. Comparisons of oxide coverage in hydrocarbon oxidations 
at 90~ in 85% H3P04. Qo includes d.I. charges at all potentials 
(same in Fig. 16 and 17). 

than 0.5 at the current  m a x i m u m  (cf. 8) and sug- 
gests that the catalytic reaction may proceed only on 
a fraction of the available surface but  that  this frac- 
tion is then relat ively more covered by oxygen spe- 
cies. This view is in accord wi th  general  theories 
of active centers in  catalysis. The extent  of the in -  
hibit ion in anodic current  is however less than that 
in  formate oxidation and a relat ively po ten t ia l - in -  
dependent  current  passes above ca. 0.8v EH. Since the 
oxide coverage is then appreciable, this cur ren t  may 
be main ta ined  by reaction of the adsorbed hydrocar-  
bon with the surface oxide (cf. the N2H4 case). Be-  
low ca. 0.55v (EH), surface oxide is undetectable  by the 
differential charging method and the hydrocarbon ox- 
idation proceeds in  an uninhibi ted  manner .  The kinetic 
involvement  of an  oxide at these lower potentials in 
a mechanism such as that envisaged by Bockris e ta l . ,  
(6 ,7) cannot, however, be excluded since anodic dis- 
charge of "OH" species at the surface may  still pro-  
ceed at a relat ively high rate but  the s teady-state  
or equi l ibr ium coverage could be small. The detect- 
able l imit  by t ransient  studies is somewhat  a rb i t ra ry  
and Qo ten or one hundred  times smaller at lower po- 
tentials may still be kinetical ly significant. Direct 
measurements  of the cur ren t  densities for oxide charg- 
ing at large platinized electrodes indicates that the 
rates can be quite high (10 -1 amp cm -2) at relat ively 
low anodic potentials (ca. 0.3v EH) and the potential  
is seemingly determined main ly  by the extent  of ox- 
ide coverage that has accumulated dur ing the rate 
measurements  (if these are sufficiently fast, three 
decades of anodic charging current  density can be 
examined with less than 10% oxide coverage on the 
electrode). This "accumulated oxide charge" effect 
can be extrapolated out approximately by making 
measurements  at various t ime intervals  or charging 
rates; the polarization in  charging is then quite small; 
however, it is indicated significantly by shifts of the 
pseudocapacitance ma x i mum with increasing charging 
(or discharging) rate at higher rates or at greater 
sweep speeds. 

Sweep-rate effects in processes involving surface ox- 
ides.--For a n u m b e r  of processes, e.g., formate and 
formic acid oxidation, significant oxidation rates arise 
in regions of potential  where the oxide coverage is 
appreciable and potent ia l -dependent .  The currents  
passing as a funct ion of potential  in  a potent iodynamic 
sweep exper iment  can therefore be determined by (a) 
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the Faradaic  current  iF for the over -a l l  oxidation re -  
action; (b) wha t  may be called the "pseudo"-Farada ic  
current  ic associated with  the charging of the adsorp- 
tion pseudo-capaci tance C (this current  is zero in the 
steady state at a given potential  except  when the over -  
all react ion proceeds by a chemical  depolarization of 
an electrochemical ly  formed film of adsorbed species) ; 
and (c) the non-Faradaic  double- layer  charging cur-  
rent, i~.~; normal ly  id.l < <  ic, iF. 

Current  peaks can arise in potent iodynamic runs 
for two reasons: (a) because of an intrinsic inhibi t ion 
effect such as we have  discussed previously  (8); and 
(b) because the adsorption capacitance C is usually 
potent ia l -dependent  (38, 39) and the charging cur-  
rent  (ic = CdV/dt)  is hence a m a x i m u m  when  C is 
a maximum.  However ,  if there  is any " i r revers ib i l i ty"  
(this is of course a re la t ive  mat ter ;  see below) in 
the charging process producing or removing  surface 
oxide as the potent ia l  is changed, then C itself may 
depend at a '  g iven potent ial  on the rate  of sweep 
dV/d t  ( - -  S). Effects of this kind are quite marked  
at Pt  (41); s imilar ly the coverage at tained at a given 
potent ial  in a sweep may depend on S since the cov- 
erage wil l  usually be "out  of phase" wi th  the poten-  
tial (42). 

The charging current  for a process such as 

ki 
M-I-H20 ~ M O H W e + H  + 

k - i  

is given (42) as a function of potential by 

ic = kl (1 - -  e) e v/b --  k -1  O e -v/b [18] 

if the symmet ry  factor is 0.5 and the Tafel  slopes for 
the above processes are b. In the nonsteady state 

do dV 
i e ~ - C d V / d t = k d v  dt [19] 

where  k is a propor t ional i ty  constant relat ing charge 
to coverage 0. 

Hence 0, at a given potential,  is a function of S and 
V, de termined by the differential  equation 

do S 
e y/b -- k ~ �9 

dV kl 
o = [20] 

1 
e V/b + ~ e - V / a  

K1 

where  Kt = k l / k - 1  and a reduced sweep-ra te  S / k l  
is introduced. The re la t ive  effect of S on coverage at 
a given potential  therefore  depends, as expected, on 
how large is the ra te -cons tant  kl for the charging 
process. This result,  it wil l  be seen, is analogous to 
that  which  we previously calculated for rate  effects 
in galvanostat ic  charging (42). Equat ion [20] must  be 
solved numerical ly.  4a The der ived 0 as a funct ion of V 
for various values can then be used in a kinetic in-  
hibit ion equat ion (8) to obtain the shape of an in- 
fleeted cur ren t -poten t ia l  relat ion for iF for some ox- 
idation process as a funct ion of S when  ic and iF are 
comparable  in the same range of potentials. Qual i ta-  
t ively, the effect of S is shown in Fig. 19. It is to be 
noted, as we have ment ioned previous ly  (42), that  
the principal  difficulties wi th  the sweep method arise 
when  it is used repet i t ive ly  so that  nei ther  a steady 
current  nor a steady state is ever  involved  and V is 
f ( t ) .  The use of the potent iodynamic successive in-  
dividual  pulse method (single potent ial  ramps) ap- 
plied by Gi lman (e.g., 40) appears preferable  (42) 
since in the sweep, the charge passed is re la ted to 
s teady-sta te  conditions obtaining prior  to the init iat ion 
of the sweep; in this respect, the method is analogous 
to that  employed here  using the differential  ga lvano-  

~a Q u a n t i t a t i v e  c a l c u l a t i o n s  on  t h i s  e f fec t  a r e  in  p r o g r e s s ,  u s i n g  
a c o m p u t e r  s o l u t i o n  ~or Eq .  [20] .  

V~f(t) 

~ 
, ~  PASSIVATION i c i F 

i l, 

i Or In[JJ 

Fig. 19. Current-potential relations (schematic) for an inhibited 
process at increasing sweep speeds (no diffusion control). 1, Steady- 
state; 2, 3, increasing S. Inset: Faradaic and pseudocapacitative 
current contributions. 

static procedure. However ,  some complications can 
still  arise if the potential  range swept includes any 
region where  new Faradaic  processes arise. 
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Discussion 

E. Gileadi: There seems to be some degree of dis- 
agreement  between our results and yours with regard 
to the effect of hydrocarbons on oxide formation on 
Pt. We have measured the potential  at which forma-  
tion of a measurable amount  of oxide is observed in  
1 N  H 2 8 0 4  solutions saturated with N2, ethylene, or 
butadiene. 5 Ethylene seemed to have no effect on the 
potential  of oxide formation, while in the presence 
of butadiene an approximately 0.1v shift toward more 
positive potentials was observed. Similar ly the quasi-  
passivation region observed in  hydrocarbon oxidation 
on Pt  starts at a higher anodic potential  in the case 
of butadiene than in the case of ethylene and other 
olefins studied. 

B. E. Conway: It  must  be remembered  that our 
curves for cathodic charge in the oxygen region in-  
clude the double- layer  contr ibut ion and that our re- 
sults refer to platinized Pt. 

It  is difficult to establish precisely the potential  at 
which "oxide" is just  detectable in  galvanostatic ca- 
thodic t ransients  (e.g., see our Fig. 18), unless these 
are differentiated. 6 However, at a given potential  well 
in the "oxide" region, the Qo is undoubtedly  appre-  
ciably smaller in the presence than in the ~bsence of 
hydrocarbon. 

S. Gilman: Low values o] "oxide charge."--The charge 
corresponding to oxidation of the Pt  surface (Qo) may 
be smaller  in the presence than in the absence of an 
organic substance (at low potentials where the sur-  
face is par t ia l ly  covered with the organic mater ia l ) .  
However, some of the effects of concentrat ion of or- 
ganic mater ia l  on Qo appear suspicious (e.g., Fig. 5). 
Negative errors in  Qo may be caused by accidental 
oxidation of the organic compound dur ing  the cathodic 
pulse used to reduce the surface and to evaluate Qo. 
For instance, at a concentrat ion of 4M, diffusion (non-  
steady-state l inear  diffusion) alone would allow an 
800 ~C error (due to formate oxidation) to occur dur -  
ing less than 1 ~sec. One way to avoid such difficulty 
is to reduce the surface at a constant  potential  7 chosen 
sufficiently low so that  oxidation of the organic sub-  
stance may not occur. 

High values of hydrogen codeposition charge . -  
Values of hydrogen coverage in the presence of by= 

J.  O'M. Bockr i s ,  H.  W r o b l o w a ,  E. G i l ead i ,  a nd  B. 5. P i e r s m a ,  
Trans. Faraday Soe., 61, 2531 (1965). 

6 H. K o z l o w s k a  and  B. E. Conwa y ,  J. Eleetroanal. Chem., 7, 109 
(1964). 

i S. G i l m a n ,  J. Phys.  Chem., 67, 1898 (1963). 

drocarbons at low potentials (e.g., Fig. 16) seem too 
high according to my experience. Hydrogenat ion-de-  
sorption of the adlayer is a common problem with the 
hydrocarbons s and may be responsible for an error in  
the data. Such desorption may apparent ly  occur at 
very high sweep speeds (using l inear sweeps) or cur-  
ren t  densities (using galvanostatic pulses) as well as 
at low sweep speeds. Hence the conditions of such an 
exper iment  must  be chosen with great care. 9 

Activatioq~ of the sur]ace through oxide reductioq~.-- 
The enhancement  of anodic current  which has been 
observed following reduction of the passivated Pt  sur-  
face may be due to such effects as: (a) a smaller sur -  
face concentrat ion of relat ively inactive species; (b) a 
more favorable coverage of the surface with active 
intermediates.  For example TM the oxidation of CO is 
first order in adsorbed CO and first order in  "vacant  
sites" and hence is "self-poisoned" at high coverages 
with CO. 

B. E. Conway: We do not consider the diffusion effect 
mentioned by Dr. Gi lman as likely to account for the 
dependence of Qo on formate concentrat ion for the 
following reasons: (a) at a given formate concentra-  
tion, the Qo is dependent  on the [formate];  [KOH] 
ratio; (b) the Qo behavior with varying  formate con- 
centrat ion also depends critically on the na ture  of the 
electrode, e.g., if it  is Pd, or smooth or platinized Pt. 
Thus the concentrat ion at which the decrease of Qo 
arises depends on the KOH concentrat ion and the 
na ture  of the electrode surface. 

While we had considered in  our paper the point re-  
garding rehydrogenat ion desorption of hydrocarbon 
residues at low potentials (and ment ioned Gilman's  
work in  this respect),  the results we obtained with fast 
galvanostatic pulses seem to indicate in  our work 
that this is not an appreciable effect under  our condi- 
tions; the reasons are (a) the QH is less in the pres- 
ence of hydrocarbon than in its absence; (b) the QH 
is more or less independent  of the potential  from 
which the cathodic galvanostatic t rans ient  was ini-  
tiated. 

The mat ter  of surface activation in the direction of 
descending potentials in the formate oxidation we 
agree could in principle be explained in  such terms as 
Dr. Gi lman suggests. However,  the impor tant  point  is 

s S. G i l m a n ,  Trans. Faraday Soc., 61, 2546 (1965); 62, 466 (1966). 

9 S. G i l m a n ,  Trans. Faraday Soc., 62, 466 (1966). 

lo S. G i l m a n ,  J. Phys.  Chem., 68, 70 (1964). 
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that  the extent  of the act ivation depends on the p re -  
vious degree of "oxide" coverage and that  a max im um  
in the descending i -v  curve is always seen. This must  
imply a potential  dependent  adsorption of some in- 
hibit ing in termedia te  as we have discussed else- 
w h e r e J  ~ 

M. W. Breiter: It has been claimed in the short  ab- 
stract of this paper and in several  other  papers of 
Professor Conway and co-workers  that  the differential  
galvanostat ic  technique should be prefer red  to the po- 
tentiostatic sweep technique because the charging con- 
ditions are bet ter  defined. The claim is based on a 
kinetic t rea tment  of galvanostat ic  charging in which 
the adsorption is assumed Langmuir ian.  However ,  this 
assumption is rare ly  fulfilled for the heterogeneous 
surfaces of solid metals. If  a more complex isotherm or 
the superposition of several  Langmuir  isotherms with 
different adsorption coefficients is requi red  for the 
adequate  description of the adsorption on a hetero-  
geneous surface like plat inum, only numerica l  solu- 
tions are possible for galvanostat ic  and potentiostatic 
charging. The charging conditions are equal ly  com- 
plex. A computer  analysis of potentiostatic and gal-  
vanostatic charging has been made by me recent ly  in 
which the capacit ive charging was considered in both 
methods and the effect of the ohmic potent ial  drop be-  
tween  Luggin capil lary and test electrode for the 
sweep technique. The t rea tment  is more comprehen-  
sive than the recent  t rea tment  of the charging proc- 
esses by Professor  Gileadi. 

A similar s ta tement  applies to the study of the oxy-  
gen layer by the two techniques. A qual i ta t ive  discus- 
sion of the inhibit ing effect of the oxygen layer on the 
anodic oxidation of methanol  at p la t inum was given 
for different sweep rates by Dr. Gi lman and myself. 
Any  a t tempt  to in terpre t  the inhibit ing effect by Lang-  
muir ian kinetic expressions appears fut i le  to me. 
Since only a blocking of the very  active centers (less 
than 10% of the surface area) seems to be involved 
in the inhibit ion of the H~ oxidation and the oxidation 
of many organic species on platinum, a kinetic t rea t -  
ment  is difficult and should not be based on expres-  
sions for the total surface area which is e lect rochemi-  
cally available for the format ion of the oxygen layer.  

B. ~.  Conway: The calculations Dr. Brei ter  has per-  
formed seem to confirm what  we have previously im-  
plied ~2-14 namely  that the sweep and galvanostat ic  pro-  
cedure will  not always give the same results. In the 
sweep method for a charging process, the current  de- 
pends on potent ial  in a complex way, being de te r -  
mined by the sweep rate  and the adsorption pseudo-  
capacitance at any given potential.  The pseudocapaci-  
ta t ive charging current,  therefore,  corresponds to 
various degrees of polarization in the charging process, 
and nei ther  s teady-sta te  current  nor chemical  s teady-  
state kinetics apply; the potential  also is not constant. 
It  is in this sense that  the sweep method is more  com- 
plex in regard  to in terpre ta t ion of the kinetics of 
charging processes than is the direct or differential  1~ 
galvanostat ic  method. 

When a cur ren t -poten t ia l  curve which shows a pas- 
s ivat ion inversion is involved,  fur ther  complications 
can arise, as we point out in the paper, since the ra te  
of format ion of the passivat ing species can depend on 
sweep speed. The current  max imum is then a complex 
funct ion of sweep ra te  because both pseudo-Faradaic  

11D. G i l r o y  a n d  B. E. C o n w a y ,  J. Phys.  Chem., 69, 1259 (1965). 

B.  E. C o n w a y .  E.  G i l ead i ,  a n d  I t .  A .  K o z l o w s k a ,  This Journal, 
112, 341 (1965). 

la B.  E. C o n w a y ,  J. EIectroanaL Chem., 8, 486 (1964). 

14 B.  E.. C o n w a y ,  " T h e o r y  a n d  P r i n c i p l e s  of  E l e c t r o d e  P r o c e s s e s , "  
R o n a l d  P r e s s  Inc . ,  N e w  Y o r k  (1965).  

I ~ H .  A.  K o z l o w s k a  a n d  B.  E. C o n w a y ,  J. ElectroanaL Chem., 7, 
109 (1964). 

currents (e.g., for surface oxide formation)  and Fa ra -  
daic currents  for the over -a l l  reactions are involved,  
and the lat ter  depends in a crit ical  way on the cover-  
age produced by the former  at a given potential  in the 
sweep. Again, the galvanostat ic  analysis of the kinetics 
is simpler. Trea tment  of inhibit ion effects under  Tem-  
kin conditions was the basis of our earl ier  pape r J  1 

E. Gileadi: We have recent ly  calculated the var ia t ion 
of the apparent  adsorption pseudocapacity wi th  poten-  
tial, cur rent  density, is and sweep rate  17 for the simple 
case of a single adsorbed intermediate ,  for galvano-  
static and potential  sweep transients, respectively.  
The physical quant i ty  which is indicative of the degree 
of depar ture  of the system f rom quas i -equi l ibr ium is 
the current  density. Its magnitude,  re la t ive  to the 
values of the forward  and reverse  specific ra te  con- 
stants, essentially determines the behavior  of the sys- 
tem. Thus, as long as the current  density is mainta ined 
constant, a simple qual i ta t ive  physical in terpre ta t ion 
can be made TM even for complex systems, and an alge- 
braic solution of the problem is possible for the simple 
case. 

In potential  sweep transients the quas i -equi l ibr ium 
is disturbed to a degree which is indirect ly  re la ted to 
the sweep rate. Since the current  density can vary  an 
order of magni tude  or more during the transient,  the 
react ion may be almost at equi l ibr ium part  of the t ime 
and far  away from equi l ibr ium at other times during 
the same transient. Thus it is hard to see how a single 
sweep rate  equivalent  to a given cur ren t  density dur-  
ing a galvanostatic transient  can be defined. No alge-  
braic solution is possible here, even for the simplest  
case unless the fur ther  assumption that the reverse  
reaction is negligible during the transient  is made. 
Fur ther  the IR correction, e i ther  numer ica l ly  or by a 
compensation method, is much more  simple when  gal-  
vanostatic transients are used. 

On the other hand I do agree that for the purpose of 
obtaining the charge associated with  the adsorbed 
species on the surface only, ei ther method can be used 
with  equal  success. Also in more  complicated systems 
involving several  types of surface sites, several  in ter -  
mediates or if a Temkin type adsorption isotherm 
applies, one has to resort  to numer ica l  computat ion in 
any case. 

S. B. Brummer:  The authors a t tempt  to indicate that  
passivation in the cur ren t -potent ia l  behavior  for a 
number  of organic reactions at Pt  electrodes is the re-  
sult of inhibit ion by surface oxides formed as the po- 
tential  is raised. In a number  of instances, however ,  
they do not observe any oxide, or at least an insuffi- 
cient amount  of oxide, to be present. They postulate 
a l ternat ively  a mechanism for the inhibitior~ in terms 
of coverage of the electrode by an inhibit ing adsorbed 
species, perhaps an in termedia te  in the reaction. 

The difficulty wi th  such an explanat ion is that  for 
almost every  case that  has been studied (e.g., 
H C O O H l S ,  TM, C3H82~ an exception is CO ~2,23) there  
is no appreciable coverage of the electrode in the ap- 
propr ia te  potential  region. Thus, to take HCOOH as an 
example,  nei ther  H-a tom deposition nor anodic s tr ip-  
ping shows the presence of any adsorbed material .  
Thus the authors '  explanation,  which requires  high 

I~B.  E. C o n w a y ,  E.  G i l ead i ,  a n d  H.  A n g e r s t e i n - K o z l o w s k a ,  This 
Journal, 112, 341 (1965). 

=T S. S r i n i v a s a n  a n d  E.  G i l ead i ,  E[ectrochim. Acta,  11, 321 {1966). 

is S. B.  B r u m m e r  a n d  A.  C. M a k r i d e s ,  J. Phys.  Chem., 68, 1446 
(1964). 

agS.  B.  B r u m m e r ,  J. Phys.  Chem., 69, 562 (1965). 

~o S. B.  B r u m m e r ,  J .  I .  F o r d ,  a n d  M.  J .  T u r n e r ,  J. Phys.  Chem., 
69, 3424 (1965). 

~ S .  B. B r u m m e r  a n d  M. E. T u r n e r ,  " H y d r o c a r b o n  F u e l  Cell  
T e c h n o l o g y , "  A c a d e m i c  P r e s s ,  N e w  Y o r k  (1965). 

a~ S. G i l m a n ,  J. Phys.  Chem., 67, 78 (1963). 

S. B .  B r u m m e r  a n d  3", I .  F o r d ,  J. Phys.  Chem., 69, 1355 (1965). 
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coverage of the electrode, is not  possible unless it be 
assumed that  the inhibi t ing adsorbed species cannot be 
oxidized at all, even at potentials approaching O2 
evolution, and yet  is revers ib ly  desorbed at re la t ive ly  
cathodic potentials. At the very  least, such mater ia l  
should show up as an inhibitor  of the t ransient  oxida-  
tion of the electrode 24 and /o r  should show a double 
layer  "desorpt ion" peak. 

A possible a l ternat ive  to the authors '  explanation,  
which appears to agree wi th  the data for HCOOH 
oxidation,iS. 19 is to postulate that  a nonelectrochemical  
(e.g., adsorption) step is r a te - l imi t ing  and that  all 
subsequent  steps are fast. For  example:  

HCOOH solution ,~ H C O O H e l e c t r o d e  [1] 

slow 
H C O O H e l e c t r o d e  > H a d s  -~- C O O H a d s  [2 ]  

fast 
Hads  > H + ~ C [3] 

fast 
C O O H a d s  > CO2 + H + ~- C [4] 

(Whether  or not the ini t ial  species is HCOOH or 
H C O O -  is not re levan t  to the present  discussion.) In 
this scheme, [2] is slow and, therefore,  0cooH must  be 
small. The slow step must  be nonelect rochemical  be-  
cause of the almost po ten t ia l - independent  current  
f requent ly  observed. TM, 25 The authors '  suggestion that 
Hads could be the inhibi t ing species for their  mechan-  
ism would hardly  seem likely. Nor can the "reduced 
CO2" species of Giner 26, 27 be used to explain the phe-  
nomenon since this species is only found on the elec-  
trode at lower  potentials. 

An addit ional  complication could also arise because 
of re jec t ion  of the reactant  f rom the double layer  by 
anion or solvent adsorption as the potent ial  is raised. 
This was tenta t ive ly  suggested previously,  is on the 
basis of the cur ren t -coverage  relat ionships at various 
potentials. Such an effect, depressing H C O O H e l e c t r o d e ,  
could account for a decrease (or an increase for that  
matter ,  if the conditions were  appropria te)  of the ra te  
of react ion [2] wi th  increase in potential.  The extent  
of this decrease is difficult to est imate wi thout  more  
definite informat ion that  is presumably  available about 
the Pt -solut ion double layer. 

B. E. C o , w a y :  The difficulty ment ioned by Dr. B r u m -  
mer  is recognized in our paper, and in fact we have 
specifically suggested both with  respect  to formate  and 
hydrocarbon oxidations that  the reactions may  be 
proceeding only on an active fract ion of the total sites 
available for kinetic processes (cf. act ive centers in 
catalysis) and that the inhibit ion occurs on these ac- 
t ive sites. In fact, in general  chemical  terms, the active 
sites would tend to be the first to be oxidized since 
they would  tend to be s t ronger  Lewis  bases, or less 
noble, than the bulk of the metal. It seems that some 
inhibi t ing species, the surface concentrat ion of which 
is potent ial  dependent,  is clearly requi red  to account 
for the ra ther  symmetr ica l ly  reversed  i -v  curves that  
are normal ly  involved in formate  and other oxidations. 

I t  is of interest  that  in alkal ine solutions (al though 
not in neut ra l  or acid solutions) "oxide" can be de- 
tected in the cathodic transients to an appreciable ex-  
tent  in the " inhibi t ion" region (Fig. 5 and 6). 

A nonelectrochemical  step is difficult to accept as 
rate l imit ing since a wel l-defined Tafel  region arises 
ini t ia l ly  in the direct ion of ascending anodic poten-  
tials 2s and current  reversa l  occurs at higher  potentials. 
A nonelectrochemical  step could give a l imit ing cur-  

Compare  the recent  results of Gi lman,  [J. Phys, Chem., 69, 
(1965) ] on CI- adsorption. 

See also the ear ly  work  of Muller and Tanaka.  

J.  Giner,  Electrochim. Acta,  8, 857 (1963). 

~7 j .  Giner, Electrochim, Acta,  9, 63 (1964}. 

~s D. Gilroy and B. E. Conway,  J. Phys,  Chem.,  69, 1259 (1965). 

rent  but, it seems, not a subsequent  change of sign of 
Tafel  slope for formate  oxidation. 

The " l imit ing" current  observed by B r u m m e r  [his 
ref. (18)] may arise only apparent ly  since the anode 
potent ial  was only taken up to 0.75v. In our work with  
H C O O -  ion, a t rue current  reversa l  occurs at ra ther  
higher  potentials (after  an apparent  l imit ing current)  
and would not be seen at such low potentials as Dr. 
B rum m er  went  up to. S imi lar ly  the coverage by the 
in termedia te  studied by Dr. B rum m er  in his ref. (19) 
has a l ready diminished to near  zero by ca 0.65v EH; 
the reducible  species seen in our exper iments  only 
appears at h igher  potentials and therefore  may more  
legi t imately  be identified as an "oxide" species. 

This mat te r  also brings up another  point of general  
importance,  namely  that  the course of an electro-  
chemical  react ion cannot s imply  be judged on the basis 
of adsorption studies alone. These must  be used in con- 
junct ion with  the s teady-sta te  kinetic characterist ics 
of the reaction, e.g., Tafel  slopes, current  reversa l  
effects and react ion orders. 

Finally,  all our work  has re fe r red  to formate  
( H C O O - )  ion in neut ra l  or alkaline solutions, so that  
the species HCOOH is not  actually the p r imary  re -  
actant under  our conditions; thus the formate  ion is 
probably  not necessari ly adsorbed in the same way as 
the formic acid molecule  to which Dr. Brummer ' s  dis- 
cussion refers. The conclusions made previously for 
formic acid oxidation probably are not ent i re ly  appli-  
cable to the formate  ion case, par t icular ly  under  our 
conditions of alkalinity. 

J. O'M. Bockris (communicated) :  I think that the 
usual difficulty of de termining oxide as apart  f rom 
adsorbed OH is not difficult any more  and taking this 
into account would help to clarify some points in the 
paper of Conway and co-workers .  

Thus, there  is difficulty only if there is a monolayer .  
Then, it is adsorbed O (or OH) if the oxygen has a 
single bond and adsorbed oxide. However ,  if it is more 
than one bonded and coordinated by the meta l  on 
more than one side, it is a two-dimens ional  oxide. 

This is the s t ructura l  definition: the empir ical  defi- 
nit ion arises f rom the e l l ipsometry which switches in 
in the neighborhood 29 of 0.9v. 

Thus, in the section of their  paper on Hydrocarbon 
oxidation, Conway et el. do not distinguish be tween 
adsorbed OH and oxide. They refer,  for  example,  to 
the absence of oxide giving the ra te  "lack of in-  
hibition." It  is adsorbed O (or OH) which exits at 
these more negat ive potentials,  and this must  get into 
organic oxidations in some way from stoichiometric 
grounds:  one does not have  to have  an oxide. Again, 
e l l ipsometry would be the main dist inguishing point. 

I think that, in reference  to the Bagotsky and Vasi-  
l iev paper, we must  note that  the max ima  there ob- 
served below that  near  0.9v is cer ta inly due to a 
pseudocapacitance charging process as implici t ly 
pointed out ~y Bagotsky and Vasil iev 8~ who found that  
in the s teady-sta te  no such curves could be seen. 

B. E. Cenway  (communicated)  : The quest ion of the 
ident i ty  of "surface oxide" at P t  was discussed in our 
paper, and the dist inction be tween  adsorbed oxygen 
species and oxide was recognized in our footnote in 
re la t ion to the el l ipsometric evidence. In our own and 
other  electrical  t ransient  measurements ,  no distinction 
can, of course, be made  be tween  one type of species 
and another.  However  the we l l -known  hysteresis in 
the format ion and reduct ion of "oxide"  at Pt  un-  
doubtedly arises in part  f rom the i r revers ib le  t rans-  
format ion that  occurs be tween  "adsorbed" species and 
a two-dimens ional  "phase oxide." It  is wor th  noting 
that  quite independent  evidence for the effect of ad- 

2o A. Reddy, Genshaw, and J. O'M. Bockris. 

~o V. Bagotsky and Y. Vasiliev, E~ectrochim. Acta,  9, 869 (1964). 
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sorbed O atoms in causing modification of the a r range-  
ment  of meta l  atoms in the adsorbent  surface has been 
obtained by low energy electron diffraction studies; 81 
these changes in surface s t ructure  in the presence of 
adsorbate O-species may be similar  to those encoun-  
tered at the pla t inum anode surface above lv.  

We agree regarding  the Bagotsky and Vasiliev r e -  
sults. In our work  all the maxima observed are, how-  
ever,  t rue kinetic inhibit ion maxima since they were  
observed in the steady state 32 and arise presumably  
because of the presence of an inhibi t ing species, the 
surface concentrat ion of which is dependent  on poten-  
tial.32.3~ 

M. C. B. Hotz (communica ted) :  Some years ago we 
made some conduct ivi ty  measurements  on aqueous 
solutions of hydraziniurn perchlora te  and hydrazinium 
chloroplat inate  using p la t in ized-pla t inum electrodes. 
We noted a change of conduct ivi ty  wi th  t ime; the 
chloroplat inate  ion was found to have been reduced to 
metal l ic  platinum, and evidence was obtained for pro-  
duction of chloride ion in the perchlorate  solution. The 
reactions were  much faster  when  p la t in ized-pla t inum 
electrodes were  used than with  br ight  platinum, and 
we bel ieved that  the reduct ion was due to molecular  
hydrazine produced by the react ion 

N2H5 + + H 2 0 ~ H 3 0  + -~ N2H4 

Even if Professor Conway used a substantial  excess 
of perchloric acid, the possibility of this react ion can-  
not be ruled out. 

B. E. Conway: We agree that  f ree N2H4 can arise by 
hydrolysis;  this effect may in fact be enhanced near  
the electrode surface where  at anodic potentials the 
pH in the double- layer  will  tend to be higher  than in 
bulk owing to repulsion of hydronium ions. Neve r -  
theless, the concentrat ion of free N2H4 must  be very  
much smaller  than that  of N2H5 + in 1M strong acid 
solutions. However ,  if the f ree  energy of act ivat ion for 
oxidation of N2H4 were  sufficiently less than that  for 
N2H~ +, the disadvantageous difference of concentrat ion 
of these two species could be outweighed by different 

31 L.  I t .  G e r m e r ,  IR. M. S t e r n ,  a n d  A.  U.  M a c R a e ,  M e t a l  S u r f a c e s ,  
J o i n t  S e m i n a r ,  M e t a l  P a r k s ,  Oh io ,  287 (1962) pub l .  1963, C.A., 61, 
15782 (1964); el.  L .  H.  G e r m e r ,  Scientil~c American,  p. 32 ( M a r c h  
1965). 

a~ D.  G i l r o y  a n d  B.  E.  C o n w a y ,  J. Phys.  Chem., 69, 1259 (1965).  

B, E, C o n w a y ,  " T h e o r y  a n d  P r i n c i p l e s  of  E l e c t r o d e  P r o c e s s e s , "  
p. 203, R o n a l d  P r e s s ,  N e w  Y o r k  (1965); E. G i l e a d i  a n d  B. E. C o n -  
w a y ,  " M o d e r n  A s p e c t s  of  E l e c t r o c h e m i s t r y , "  Vol.  3, Chap .  V,  
J .  O ' M .  B o c k r i s  a n d  B.  E. C o n w a y ,  Ed i to r s ,  B u t t e r w o r t h s ,  L o n d o n  
(1964).  

rate  constants for the respect ive oxidation reactions. 
Since the kinetic features  of the react ion in acid and 
alkal ine solutions are so different these possibilities 
must, however ,  be largely ruled out. 

T. O. Rouse (communica ted) :  The authors have  p re -  
sented an interest ing correlation between water  con- 
tent in nonaqueous solutions and inhibit ion of formate  
oxidation by pla t inum "oxide." Some ambigui ty  still 
exists when  the results for anhydrous propylene car-  
bonate (PC) are considered (curve  1, Fig. 2). It  is 
unfor tunate  that  the log i vs. V curve  for anhydrous 
acetonitr i le  or the oxide coverages for PC are not pre-  
sented. If we assume, as the authors do, that  the be- 
havior  in the two systems is compara~ble, it would 
appear that  l i t t le or no oxide is present  throughout  
the potent ial  range in anhydrous PC. A comparison 
between curves 1 and 2 of Fig. 2 indicates considerable 
inhibit ion occurs be tween  0.8 and 1.1v when  appre-  
ciable water  is present,  even though the authors are 
unable with their  present  technique to detect oxide 
format ion over  much of this range. The lack of in-  
hibit ion in the anhydrous case in this potent ial  range 
reinforces the authors '  content ion that  the react ion in 
this range does not  proceed via  an oxide intermediate .  
However ,  it also follows that  be tween 0.8 and 1.0v 
range, the reaction does not  proceed only on sites jus t  
freshly uncovered of oxide. The react ion proceeds most 
readi ly  when  presumably  lit t le or no oxide was pres-  
ent at the higher  potentials (the anhydrous si tuation).  

Have  the authors considered in greater  detail  the 
si tuation in anhydrous acetonitr i le  and PC? 

B. E. Coq~way: The question concerning the results for 
anhydrous solutions in the case of CH3CN arises f rom 
an error  in the capt ion of Fig. 1 in the preprint .  The 
solid line in this figure actual ly represents  the be-  
havior  for the anhydrous case as it does in Fig. 2. The 
other  solutions contained 2, 5, and 20 ml 1-1 of water.  
The same applies to the curves in Fig. 3. It  is l ikely 
(see Fig. 4) that  even our best anhydrous solution 
still  contained electrochemical ly  significant traces of 
water ;  in all  respects, however ,  the results  in acetoni-  
tr i le and propylene carbonate are ent i re ly  comparable,  
including the oxide coverages as a function of wa te r  
content. Fur ther  work  carr ied out in the absence of 
formate  but with NaC104 as the electrolyte  in CH3CN 
confirms the dependence of oxide coverage on wate r  
content. 

We agree regarding the remaining  comments  con- 
cerning the role of oxide as inhibitor  or coreactant.  82 
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ABSTRACT 

The electrochemical  propert ies  of surface oxides, par t icular ly  as they affect 
redox reactions at electrodes, are discussed. Exper imenta l  results on the 
effects of surface oxides on hydrogen evolut ion on nickel, on redox reactions 
on iron, on the hydrogen peroxide reactions on gold, and on oxygen evolut ion 
on lead are presented and discussed. The kinetics of format ion and reduct ion 
of surface oxides are also examined  wi th  par t icular  reference to gold elec-  
trodes where  extens ive  measurements  have  been obtained. 

Surface oxides play a role in a number  of e lec t ro-  
chemical  reactions ei ther  direct ly by modifying the 
energetics of adsorption of reactants  or in termediates  
or indirect ly  by changing the potential  distr ibution at 
the surface. Some aspects of the e lect rochemist ry  of 
surface oxides have  been of par t icular  interest  at our 
laboratory  and have been explored in some detail. In 
particular,  we have been concerned with  the effects 
of oxides on oxygen reduct ion and evolution,  on the 

hydrogen peroxide reactions, on the hydrogen  reaction, 
and on the kinetics of simple redox reactions involving 
ions in solutions. In addition, we have studied the 
kinetics of format ion and reduct ion of surface oxides 
using the gold electrode as a model  system. In this 
paper we present  a summary  of these series of in-  
vestigations and outl ine some of the general  features  
of e lectrochemical  reactions on superficially oxidized 
electrodes. 



Vol .  113, No .  11 E L E C T R O C H E M I S T R Y  O F  S U R F A C E  O X I D E S  

Experimental 
The range  of condit ions covered by the invest igat ions  

referred to is too wide to permi t  a detai led descrip-  
t ion here of the exper imenta l  procedures. In  general ,  
th ree-compar tment ,  P y r e x  cells were  used and  only 
glass, Teflon, and the electrode came in contact  wi th  
the solution. 

Solutions were made up of t r ip ly  distil led water  
(one dis t i l la t ion being from dilute, a lkal ine  KMnO4) 
and  C.P. or A.R. or recrystal l ized reagents.  Puri f icat ion 
included in  some cases preelectrolysis  or t r ea tmen t  
with hydrogen  peroxide. Cer ta in  potent ia l  sequences 
for cleaning the electrode were used, and these are 
described below or appropr ia te  references are given. 
Gases were of highest  pur i ty  avai lable  and were fu r -  
ther  purified by passage through appropr ia te  traps or 
diffusion barriers ,  depending  on the gas. Final ly ,  the 
cells were thermosta ted  to • 0.1~ of the desired 
temperature .  

Results and Discussion 
Kinetics of formation and reduction of very thin 

oxide #/ -~s . - -The  gold system was chosen for a de-  
tailed s tudy of the kinetics of format ion and reduct ion 
because of cer ta in  features  which simplify its exper i -  
menta l  study: the electrode can be electropolished with 
relat ive ease and it can be cycled be tween  negat ive  
potentials  (vs. RHE) and  about  -t- 2.0v wi thout  any  
p e r m a n e n t  change in its surface or bu lk  propert ies;  
the reduct ion of anodical ly  formed gold oxide films is 
par t icu lar ly  s t ra ightforward,  the po ten t ia l - t ime  curve 
dur ing  most of the reduct ion occurr ing at a more or 
less constant  potential ;  and, finally, the reproducibi l i ty  
of the measurements  is very  good genera l ly  about  
• 3% in  charge and  • 2 mv  in potential .  

The general  technique we have used is to measure  
by cathodic, galvanostat ic  pulses the charge requi red  
for the reduct ion of a film formed anodical ly at a 
fixed potential .  The cathodic pulse was genera l ly  of 
the order  of 10 ma/cm2;  in fact, in the range  of 1-100 
m a / c m  2, the charge does not  depend ( <  1% var ia t ion)  
on the cathodic cur ren t  density. This is t rue  whe ther  
the film is allowed to reach a s teady-s ta te  thickness or 
whether  its format ion is in te r rup ted  at a shorter  t ime 
and the film reduced cathodically. 

The s teady-s ta te  charge (Q,) de te rmined  as de-  
scribed above, and corrected for double - layer  charg-  
ing, is shown as a funct ion  of potent ia l  in Fig. 1. Data 
previous ly  publ ished (1) are also given in this figure. 
The charge is a l inear  funct ion  of potent ial  in  the 
range  of interest  here with a slope of 1.25 x 10 -8 
coul/v.  

The equ iva len t  thickness of the anodic film has not  
been de te rmined  independent ly ,  bu t  we know from 
results presented previously  (1) that  a monolayer  of 
oxide corresponds to about  400 ~C/cm '~ and  has a 
thickness of about  10A. Figure  1 shows, therefore, tha t  
a cont inuous t rans i t ion  occurs, as the potent ia l  is in -  
creased, f rom one to two equiva len t  layers (and  be-  
yond  this to about  three equ iva len t  layers) .  We are 
dealing, therefore, wi th  very  th in  films which range  
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in thickness be tween  10 and 30A. At potentials  h igher  
than  2.0v, the protect ive character  of the film breaks 
down and films of essent ial ly un l imi t ed  thickness can  
be grown (2). 

The data in  Fig. I suggest that  the rate of growth 
of the film becomes negl igibly small  at a field which 
is independen t  of the thickness (E/Q~ = const.). I t  
was attractive, therefore, to examine  the model  p ro-  
posed by Mott (3, 4) for the growth of very  th in  films, 
which has a l ready been applied to films of the same 
order of thickness as those encountered  here. Of the 
two possible r a t e -de t e rmin ing  steps, t ranspor t  of ions 
through the oxide and react ion at an interface, the 
lat ter  is rate control l ing in  the very  th in  film region. 
Without  going into details of this model, which has 
been discussed at great  length in the l i te ra ture  (5), 
the rate expression is 

d X / d t  = u exp (X1 /X)  [1] 

with X1 = qaV/kT ,  u = uo exp ( - - W / k T ) ,  and  
Uo = N ' ~ .  Here, q is the charge on the ion, a the ha l f -  
wid th  and W the height  of the energy bar r ie r  at the 
interface, N' the n u m b e r  of ions per un i t  surface area 
at kinks, etc., v their  f requency of vibrat ion,  and ~ the 
volume of oxide per  meta l  ion. Since X1 is of the 
order of 10 -8 to 10 -5 cm for the case considered here 
[and previously,  (4)] ,  Eq. [1] may be in tegrated ap-  
proximate ly  to yield 

X 1 / X  = In [ (Xlu/X| t] [2] 

Thus, at constant  potent ia l  the thickness depends on 
t ime through an inverse  logari thmic relat ion.  

We have examined  in  detai l  the re la t ion  be tween  Q 
and t over a sixfold range  of t ime (-~2.10 -4 to 3.102 
sec) and over the range  of potentials  included in Fig. 1 
(E = 1.4 to 1.9v). These results,  which encompass the 
kinetics of format ion of the first monolayer  (Q < 400 
~C/cm2), will  be discussed in detail  elsewhere (6). In  
the present  context, we may  s imply state that  the ki -  
netics predicted by the Mott model  are not  obeyed 
dur ing  the format ion of these very  th in  films, but  on 
the cont rary  one observes a direct logari thmic re la t ion 
be tween  Q and  t as shown in  Fig. 2 for E = 1.8v. 

This result  was not en t i re ly  unexpected,  since in -  
verse logari thmic X - t  relat ions have been rare ly  found 
in  practice, direct logari thmic relat ions being more  
frequent .  A direct  logari thmic re la t ion  for oxidat ion 
has been a t t r ibu ted  by Hauffe and I lschner  (7) to 
electron tunne l l ing  being r a t e -de t e rmin ing  for the 
growth of very  thin films; however,  such an  exp lana-  
t ion is obviously not  applicable to the anodic forma-  
t ion of very th in  films. 

Gr imley  and Trapne l l  (8) have discussed the rate  of 
growth of very  thin films unde r  condit ions of sa tura-  
t ion by  chemisorbed, f ield-creat ing ions and have de- 
r ived a l inear  taw for both n -  and p - type  oxides as- 
suming that  the field is constant  and independen t  of 
the oxide thickness. For  a more complicated case, 
namely,  for condit ions of equ i l ib r ium be tween  neu t ra l  

l I I I I 

E= r .  
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Fig. 2. Charge for reduction of anodic film formed on gold at 
1,80v vs. RHE as a function of time of formation (NHCI04, 30~ 
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1.90v vs. RHE as a function of time of formation (NHCI04, 30~ 

pairs and adsorbed ions, and for coverages by ions 
wel l  below unity, they find an inverse logari thmic law 
if surface reactions (creation or destruct ion of vacant  
sites) are ra te -de termining .  

It  may  be useful here to refer  again to Fig. 1 and to 
emphasize that  one of the implicit  assumptions of 
these models may not hold true for our results in the 
very  thin film region. In these models, the film is 
t reated essentially as a continuum. In the calculation 
of the field, the thickness is assumed to be cont inu-  
ously var iable  by amounts presumably  small  in com- 
parison to the thickness of a single layer.  In fact, since 
we are dealing with a ve ry  few layers, in this case two 
or three, such a concept of film thickness is quest ion- 
able. The fact that  the charge measured is highly re -  
producible both for a given electrode and f rom elec-  
t rode to electrode, suggests that  layers are  formed 
sequent ial ly  and that  it is ex t remely  unl ikely that  we 
are dealing wi th  a film of var iable  thickness which 
happens to yield an average,  equiva len t  thickness be-  
tween, say, one and two layers.  We must, therefore,  
examine  the kinetics of growth  of each layer  sepa-  
ra te ly  and probably  consider  that  dur ing the format ion  
of a layer,  the thickness of the film is essentially con- 
stant. Results at 1.90v bear  out this point (Fig. 3) : we 
observe here  a change in the kinetic constant as we go 
f rom the second layer  (400-800 ~C/cm 2 to a third 
(>800 ~C/cm2). 

The two surface reactions which can be r a t e -de t e r -  
mining are the reactions at the fi lm-solution and at 
the metal- f i lm interfaces. We may  describe these in 
electrochemical  terms, if we  wish, and represent  them 
by the usual chemical  symbols. If  we assume that  the 
format ion of oxygen ions (be they O - ,  O% O H - ,  etc.) 
is slow, we can a t t r ibute  the logari thmic kinetics to an 
Elovi tch- type  re la t ion as proposed for monolayer  for -  
mat ion on plat inum (9), that  is to a relat ion of the 
type 

dQ 
= i = nFk  exp (--mQ) exp (anFE/RT) 

dt 

However ,  the physical  basis of such a re la t ion is ob- 
scure, par t icular ly  as a layer  builds up to saturat ion;  
fur thermore ,  m must  be assumed to vary  (arbi t rar i ly)  
as each layer  is formed;  finally, i t  is not clear how 
this kinetic model  can account for the gradual  bui ld-  
up of successive layers. A model  easier to in terpre t  
can be constructed using the same general  postulates 
as in the Mott theory, but  modifying these for the par -  
t icular  conditions encountered here. The ra te - l imi t ing  
react ion is still  assumed to be the passage of meta l  
ions f rom meta l  to film, but  the condition of constant 
potential  drop across the film is abandoned. With this 
postulate, a d i rect  logari thmic ra te  law can be de-  
rived, the rate  constant being a function of the ap-  
plied potent ia l  and of the film thickness. This model  
accounts for the general  features of the kinetics of 
format ion of anodic films on gold and also for their  
kinetics of reduct ion (1, 10). However ,  certain l ea -  

tures of the reduct ion kinetics, e.g., a dependence of 
the rate  at a fixed reduct ion potential  on the potential  
of format ion of the film, are still not clear. 

Effects of Surface Oxide Films on 
Electrochemical  Processes 

A number  of reactions occur under  conditions where  
the electrode may have ei ther  an adsorbed layer  of 
oxygen  or a very  thin oxide film. We consider here  a 
number  of systems studied at our laboratory specifi- 
cally for possible effects of oxide films on the re-  
action kinetics. 

Hydrogen evolution o~ nickeL--We showed some 
time ago (11) that  nickel electrodes in alkal ine solu- 
tion at 30~ behave in two distinct ways with respect  
to the hydrogen evolut ion reaction: electrodes in what  
we called the "init ial  state" show Tafel  slopes of about 
0.130v, exchange currents  of about 2 x 10 -5 a m p / c m  2, 
and stoichiometric numbers  v = 2; electrodes in a state 
a r r ived  at by passivation show Tale1 slopes of about 
0.080v, exchange currents  of about 0.8 x 10 -~ a m p / c m  ~, 
and stoichiometric numbers  of ~ = 1. Fur the r  studies 
with this system suggest s t rongly that  the passive 
film formed on anodic pol'arization is reduced very  
sluggishly and that, in fact, in 0.1N NaOH solutions 
the anodically formed film, or some residual  part  of it, 
is present  even at potentials of --0.200v vs. RHE. 

Nickel  electrodes can be prepared in an apparent ly  
completely reduced state by p re t rea tment  wi th  ca- 
thodic pulses of the order  of 200 m a / c m  2. Results on 
the hydrogen react ion on such electrodes are shown in 
Fig. 4 and 5. The behavior  of the same electrode after 
a passivating t rea tment  is also shown in Fig. 4 and 5. 
The effect of the residual  oxide or chemisorbed oxy-  
gen layer  on the kinetics of the hydrogen react ion is 
to change the mechanism from 

"~ -rzo b = o.o76 ~ a , , ~  ~ 

-16o 

-2oo 

- = . o o  ,d-~ f ' K)-4 10-3 10-2 
i (a/cm 2) 

Fig. 4. Hydrogen overpotential on Ni in reduced state (e) and 
after anodic passivation (o) (0.1N NaOH, 30~ 
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Fig. 5. Hydrogen overpotential on Ni at small (~1) in reduced 
state (a) and after anodic passivation (b) (0.1N NaOH, 30~ 
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H + 4- e ~ Hads (slow) 

Hads "3c I'iads ~-- H2 
to the sequence 

H + -~-e~Hads 

H - b H  + + e o H ~  (slow) 

with  the consequent  changes in the Tafel  parameters  
and stoichiometric numbers  given above. This change 
is probably also accompanied by a substantial  decrease 
of 0o, the extent  of coverage by adsorbed hydrogen at 
the equi l ibr ium potential ;  the value  of 80 for electrodes 
cycled to anodic potentials is vanishingly small. 

Redox  reactions o~ passive e lectrodes . - -The kinetics 
of redox reactions involv ing  ions in solution, specifi- 
cally the Fe+Z/Fe +2 couple, were  studied on passive 
electrodes of Ni, Fe, Ti, and Fe -Cr  electrodes (12). 

Aside f rom specific effects, e.g., changes in the en- 
ergy of adsorption of reactants  or of intermediates,  
surface oxides may influence the kinetics of an e lectro-  
chemical  react ion by providing a bar r ie r  to electron 
t ransfer  be tween  the meta l  and an ion or molecule  
at the ox ide /e lec t ro ly te  interface. With thick films, the 
oxide is the electrode, and the chemical  character  of 
the bulk oxide and its electr ical  properties,  e.g., its 
semiconducting properties,  de termine  its electrode 
characteristics. At the other extreme,  ve ry  thin oxide 
films may  be considered as s imply providing a bar r ie r  
through which electrons must  tunnel  in order to par -  
ticipate in the reaction. The electrical  characterist ics of 
films of in termedia te  thickness, in the range of about 
30 to 200A, are probably influenced strongly by the 
under ly ing  metal.  

A simple way of examining the general  e lec t ro-  
chemical  effects of surface oxides is to compare the 
kinetics of an e lementary  electron t ransfer  react ion on 
oxide-covered  and oxide- f ree  electrodes. Specific 
effects, e.g., adsorption, should be at a min imum for 
the redox couple chosen. The Fe + + + / F e  + + couple 
was selected for s tudy because its kinetic behavior  on 
oxide- f ree  electrodes is s t ra ightforward.  Fur thermore ,  
since its revers ible  potent ial  falls in about the middle  
of the potent ial  region over  which a number  of com- 
mon metals  and alloys are passive, both the oxidat ion 
of ferrous ion and the reduct ion of ferr ic  ion can be 
fol lowed without  gross in terference f rom corrosion 
reactions. 

Overpotent ia l  measurements  for the F e + + + / F e  ++ 
couple on passive Ni, Fe, Ti, and F e - C r  alloys carr ied 
out in solutions of fixed ionic s t rength but of varying 
pH. Tafel  lines were  general ly  obtained wi th  exchange 
currents  between 10 -7 and 10 -5 a m p / c m  2. Typical 
polarizat ion curves are shown in Fig. 6 (12). 

The cathodic t ransfer  coefficients are about 0.45 for 
this redox reaction on essentially all passive elec-  
trodes studied. The anodic t ransfer  coefficients are less, 
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Fig. 6. Tafel  plots for Fe + + + / F e  + + couple on Fe - -  11% Cr 
alloys (C = O.050M, pH = 2.2, M MgS04, 30~ 

par t icular ly  on Ti and Fe electrodes. The sum of the 
apparent  t ransfer  coefficients, calculated f rom the 
anodic and cathodic polarizat ion curves, is significantly 
less than unity. 

The polarizat ion behavior  of the F e + + + / F e  ++ 
couple on passive Ni and Ti can be summarized by an 
expression of the form (potentials in units of R T / F )  

i = io {exp ( - - ~ )  ,-- exp [flr(l~-- %')~1]} 

with the sum of the apparent  t ransfer  coefficients, ac 
and an, being given by 

a c + a a = a r + f l r ( 1 - - % ' )  = 1--%'fir 

and an apparent  stoichiometric number  is 

p =  +--- io ~ =0 

The fract ion of the overpotent ia l  drop wi th in  the 
film is given by 7. These equations are fol lowed by 
passive Ni at pH = 2.3 and by Ti at pH = 1.5 and for 
T --~ 20~ The coefficient -~ is 0.15 for Ni and 0.60 for 
Ti. Fe, Ni at low pH, and Ti at higher  tempera tures  
show a more complicated behavior  on anodic polariza-  
tion. A l imit ing anodic current,  which is unrela ted to 
diffusion of Fe  +~ in solution is observed on these 
passive metals  under  these conditions, and it appears 
that  here  %" ___ 1. 

These results show that an appreciable fraction of 
the total  potent ial  drop on anodic polarization occurs 
wi th in  the passive film. This potent ial  drop is probably 
associated with  changes in the average oxidation state 
of cations be tween  the inner  and outer  layers of the 
surface oxide. 

Other reac t ions . - -We have examined  a number  of 
other  cases where  it has been postulated that oxide or 
chemisorbed oxygen (or OH) films are involved  in the 
kinetics. For  example,  the H202 reactions on gold have 
been assumed to involve adsorbed OH groups (13) or 
adsorbed oxygen (14). In this par t icular  case, we find 
that  the H202 reactions proceed on a surface which is 
f ree of oxide and, in fact, essentially f ree  of any other 
adsorbed in termedia te  (15). For  example,  the double 
layer  capacity of a gold electrode in a N2-saturated, N 
HC104 solution containing 0.1M H202 is the same as in 
N HC104; also, chronopotent iograms in H202 show no 
evidence for the adsorption of an in termedia te  prior 
to H202 oxidat ion or reduction. This resul t  is in har -  
mony with  our studies of oxidation of gold since these 
show that  no significant amount  of adsorbed oxygen 
should be present  in the re levan t  potent ial  region. 

Another  react ion studied in some detail  was oxygen 
evolut ion on lead dioxide. Here, we are dealing with  a 
bulk oxide electrode, but one where  the possibility of 
specific effects was strongly suggested by other  work. 
It  has been reported (16, 17) that  ~- and ~-PbO2 elec-  
trodes show different mechanisms for oxygen evolution 
(substantial ly different Tafel  slopes and exchange cur-  
rents) .  Previous  work  wi th  this system was carried 
out using PbO2 electrodes deposited under  arbi t rary  
conditions. Actually,  it appears that PbO2 electrodes 
as commonly prepared  are highly porous and, conse- 
quently,  the repor ted  kinetic results ( including values 
of the Tafel  constant for oxygen  evolut ion) are in 
error. We have  prepared  low surface area ~- and 
~-PbO~ electrodes and for these we find no difference 
in the kinetic parameters  for oxygen evolut ion (18) 
and no evidence for adsorbed in termediates  dur ing 
oxygen evolution. Therefore,  specific effects a t t r ibut -  
able to the s t ructure  of the oxide are minor  wi th  this 
system. 
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Discussion 

Roger Parsons: It seems to me that  the introduction 
of the factor (1 - -  ~) into the anodic t ransfer  coeffi- 
cient and not into the cathodic t ransfer  coefficient 
means that  the proposed model  wil l  not produce a 
Nernst  equat ion of the correct  form. At least at the 
revers ible  potential  the anodic and cathodic t ransfer  
coefficient must  add up to unity. Thus it seems that, if 
this model  applies, there  must  be a change in t ransfer  
coefficient near  the revers ib le  potential.  Is this ob- 
served? Do the electrodes obey the Nernst  equation for 
systems l ike Fe3+/Fe2+? 

A. C. Makrides: Professor  Parsons '  comments  on the 
requ i rement  that  the t ransfer  coefficients must add to 
uni ty  at the revers ible  potent ial  is, of course, correct. 
These electrodes obey the Nernst  relat ions (see re fe r -  
ence cited above) ,  which suggests that they are suffi- 
ciently good electronic conductors so that  electrons 
are close to equi l ibr ium when  no current  flows. Under  
conditions of current  flow, this is no longer t rue and a 
potent ial  drop appears wi thin  the film; the apparent  
t ransfer  coefficients must  be changing, therefore,  as 
one departs f rom equil ibrium. 

B. E. Conway: I t  may be of interest  to note that  
Meyer  z considered the effects of bar r ie r  layer  type 
oxide films on the kinetics of electrode processes oc- 
curr ing at the fi lm-solution interface. This t rea tment  
gives rise to an over-a l l  apparent  t ransfer  coefficient a 
g iven by 

a : a s a r / ( ~ I  "~- ~ r )  

where  a s is the symmet ry  factor for the film charge 
t ransfer  process and ar is the t ransfer  coefficient for 
the interface reaction. General ly  the apparent  a is less 
than the at, and this may account for some high anodic 
TafeI slopes observed. Meyer  also gave a t r ea tment  for 
the equi l ibr ium condition for a redox system at an 
oxide covered electrode. 

The kinetics of oxygen evolut ion at gold or gold 
pal ladium alloys were  studied by MacDonald and 
Conway 2 who took into account the role of the oxide 
film on the oxygen evolut ion kinetics at gold. 

We have found that  a direct logari thmic growth 
law for the oxide may also be demonstra ted at P t  in 
terms of the charge Qo requi red  for reduct ion of the 
surface oxide. In  this case, however ,  the film grows 
only to a thickness much less than that  at tainable in 
gold. 

Final ly  it may  be of interest  to record that  the Kolbe 
react ion in aqueous solution is another  example  of a 
process that  occurs in the steady state on an oxide 
covered surface, e.g., at P t  and in some cases at gold. 3 

A. C. Makrides: The comments  of Professor Conway 
on the Meyer  model  are appreciated, but  as we have  
shown in connection with  one of these studies, 4 the 

1 R .  E .  M e y e r ,  Th i s  Journa l ,  1 0 7 ,  8 4 7  ( 1 9 6 0 ) .  

a M a e D o n a l d  a n d  B .  E .  C o n w a y ,  Proc.  Roy .  Soc.  London ,  A 2 6 9 ,  
419  ( 1 9 6 2 ) .  

8 D i c k e n s o n  a n d  W y n n e - J o n e s ,  Trans.  Faraday  Soc.,  58 ,  382  
( 1 9 6 2 ) ;  V i g h ,  P h . D .  T h e s i s ,  O t t a w a  ( 1 9 6 6 ) .  

A .  C .  1 Y i a k r i d e s ,  This  JouT-nal, 1 1 1 ,  3 9 2  ( 1 9 6 4 ) .  

assumption of a barr ier  to electron t ransfer  in the 
film and of a potent ia l  drop across this bar r ie r  which 
depends on the current  does not lead to reasonable 
values for the apparent  t ransfer  coefficients. According 
to this model, the apparent  cathodic and anodic t rans-  
fer  coefficients for the over -a l l  react ion are 

a f a r  f l l f l r  
a c ~ - -  a a ~ - -  

where  af + •f : 1 and ~r ~- fir = 1, wi th  the sub- 
scripts f and r re fe r r ing  to the film and to the redox 
reaction in solution, respectively.  If a f ~ f~s ~--- 0.5, 
then for ar __~ fir --~ 0.5, we expect  ac -~ 0.25 and aa 
: 0.25. Typical  values for the apparent  coefficients in 
our case are ac ~ 0.45 and aa : 0.36. If we choose af 
so as to make the cathodic apparent  coefficient agree 
wi th  the exper imenta l  value, then the apparent  anodic 
coefficient is not reasonable. For  example,  if  af = 0.90 
and ar ~ ~r ~ 0.5, then ac : 0.35, reasonably close to 
0.45, but aa is now only 0.08, far  f rom the exper imenta l  
value. 

H. Gerischer: It is ve ry  interest ing and impor tant  to 
characterize oxide layers on metals  by their  behavior  
in electron t ransfer  reactions. It is only regre t tab le  
that  these processes are not yet  ful ly  understood;  for 
example  I cannot yet  see a sat isfactory in terpre ta t ion  
for the unusual  charge t ransfer  coefficients you have  
obtained for the anodic and cathodic reactions. The 
assumption that a constant par t  of the vol tage var ia -  
t ion is lost in the inter ior  of the oxide for the dr iv-  
ing force of the redox react ion remains to be under -  
stood. Without  ex te rna l  electronic current  you can ob- 
tain the equi l ibr ium redox potential.  This means elec- 
tronic equi l ibr ium is real ized in the over -a l l  electrode. 
It  seems now very  unl ikely that  just  in the region of 
equi l ibr ium potentials the charge t ransfer  coefficient 
should vary  so rapidly,  and this is even more  unl ikely  
since this coefficient remains remarkab ly  constant in 
the other  regions of your  Tafel  plots. The loss of f ree  
energy of the electrons in the redox react ion going 
on should therefore  be re la ted to the t ransport  of 
electrons through the oxide layer  to give such as an-  
alogous semilogari thmic correlation. In this case the 
same values for the ineffective par t  of the voltage 
should be found for different redox reactions. Has this 
a l ready been invest igated? 

A. C. Makrides: The point raised by Professor  Ger-  
ischer is a ve ry  real  difficulty wi th  our a t tempt  to 
in terpre t  the observed kinetics. As he points out, it 
is not l ikely that  the t ransfer  coefficient wi l l  va ry  
rapidly  at potentials close to equi l ibr ium and then re -  
main  constant at substantial  overpotentials.  We have  
t r ied to explain this behavior  by assuming a s t ructure  
of the film which might  account for rectification in one 
direction, namely,  in the direct ion of increasingly pos- 
i t ive potentials. I t  was proposed that  in a mixed  va l -  
ency oxide there  is a change in the average oxidat ion 
state as one proceeds f rom the  meta l  to the solution 
interface even in these very  thin films. A s t ructure  of 
this kind will  show rectification in the observed direc-  
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tion. However ,  this is a speculat ive suggestion and al- 
though it is in ha rmony  wi th  other results f rom studies 
of the reduct ion  characterist ics of passive films, there 
is no solid evidence that  it is valid. 

James P. Hoare: I wish to take this opportuni ty  to 
commend Dr. Makrides and his group at Tyco Lab-  
oratories for the excel lent  work  they have  done with  
these interest ing electrochemical  systems. This work  
brings to mind several  controversial  areas which offer 
excel lent  opportuni ty  for those in at tendance to ex-  
press their  viewpoints.  

In these cases discussed, the electrode under  in-  
vest igat ion may  be considered as an iner t  electrode at 
least in the exper imenta l  regions where  the electrode 
kinetics were  studied. The role of the iner t  e lectrode 
in electrode kinetics is to act as a source or sink for 
electrons and the catalytic surface on which the elec- 
t rode react ion may take place. One facet of such stud- 
ies relates to the effect which the presence of a thin 
film on the electrode surface has on the catalytic ac- 
t ivi ty of the surface for a given electrode process. 

Consider, for example,  the oxygen-p la t inum system. 
Under  ordinary conditions a monolayer  film of ad- 
sorbed oxygen is formed on the pla t inum surface. 5 
The nature  of this film is still not unambiguously  de- 
te rmined  since the dispute be tween  a layer  of oxide 
and a layer  of adsorbed oxygen atoms is not settled. 6 
Even the latest  e l l ipsometr ic  evidence 7 may  be ade-  
quately explained by oxygen dissolved in the meta l  
surface layers. There is evidence f rom potential  sweep 
data, s s teady-s ta te  polarization data, 9 and rotat ing 
ring studies 1~ that  the reduct ion of oxygen is inhibi ted 
by the presence of adsorbed oxygen on Pt  electrodes. 
It  also appears to be t rue  for Pd, 11 Rh, and Ir elec- 
trodes. However ,  the presence of a layer  of adsorbed 
oxygen seems to increase the rate  of reduct ion of 
H202. TM Possibly the reduct ion of 02 is e lec t ron- t rans-  
fer  controlled, and the film inhibits the t ransfer  of 
electrons whereas  the reduct ion of H202 can proceed 
chemically,  accelerated by the presence of adsorbed 
oxygen. In the absence of oxide, the decomposition of 
HfO~ most l ikely proceeds by a local cell process 13 
which is a slower one than the chemical  process. 

When oxygen is dissolved in the Pt  meta l  through 
anodization and when  the adsorbed oxygen on the sur-  
face is removed by reduct ion with  H2 or a redox sys- 
tem, the electrode surface is a be t ter  catalyst  for 
many electrode reactions, as demonst ra ted  by the pre-  
anodized indicator electrode in e lectroanalyt ical  sys- 
tems. 14 By treat ing the Pt  with HNO3, it is possible 
to cause even more oxygen to be dissolved in the Pt  
as an alloy of O and Pt  atoms as f o u n d  from x - r ay  
and vacuum fusion analyses. 1~ Such electrodes have  a 
re la t ive ly  low overvol tage  for the reduct ion of 02 and 
for the reduct ion of H202.16 However ,  the overvol tage  
for the evolution of O2 is the same for HNO~-treated 16 

K.  J .  V e t t e r ,  " E l e k t r o c h e m i s c h e  K i n e t i k , "  S u r i n g e r - V e r l a g ,  
B e r l i n  (1961), p.  502; F.  P .  B o w d e n ,  Proc. Roy.  Soc., A125, 446 
(1929); W.  B J l d  a n d  M. W.  B r e i t e r ,  Electrochim. Aeta, 5, 145 
(1961). 

6 M .  W.  B r e i t e r  a n d  J .  L .  W e i n i n g e r ,  This Journal, 109, 1135 
(1962).  

A.  K .  N.  R e d d y ,  M. G e n s h a w ,  a n d  J .  O 'M.  B o c k r i s ,  J. Electro- 
anal. Chem.,  8, 406 (1964). 

s M. W. B r e i t e r ,  Electroch~m. Acta, 9, 441 (1964}; W.  V ie l s t i ch ,  
Z. Ins~rumkde,  71, 29 (1963).  

o j .  p .  H o a r e ,  This Journal,  S u b m i t t e d  f o r  p u b l i c a t i o n .  

a0 L.  M y u l l e r  a n d  L .  N.  N e k r a s o v ,  J. ElectroanaL Chem.,  9, 282 
(1965) ; Electrovhim. Acta,  9, 1015 (1964). 

a~ J .  p .  H o a r e ,  This Journal,  112, 1129 (1965). 

~ G .  B i a n c h i ,  F.  Mazza ,  a n d  T.  M u s s i n i ,  Eleetroeh~m. Aeta,  7, 
457 (1962); 1O, 445 (1965). 

J .  P .  H o a r e ,  This Journal,  112, 608 (1965).  

~e .g . ,  F.  C. A n s o n ,  J. A m .  Chem. Soc., 81, 1554 (1959}; D.  G.  
D a v i s ,  TaIanta, 8, 335 (1960);  I .  M. K o l t h o f f  a n d  E. R.  N i g h t i n g a l e ,  
Anal. Chim. Acta,  17, 329 (1957). 

J .  P.  H o a r e ,  S. G.  M e i b u h r ,  a n d  R.  T h a c k e r ,  This Journal,  S u b -  
m i t t e d  f o r  p u b l i c a t i o n .  

1~ j .  p .  H o a r e ,  This Journal,  I10,  245 (1963) ; 11~, 849 (1965).  

and unt rea ted  Pt  anodes. 17 For  the evolut ion of Oe on 
Pt  anodes, the electrode react ion takes place on an 
oxide surface which is the same for t reated and un-  
t rea ted electrodes, but  for the reduct ion of O2 it  takes 
place on a bare surface so that  the presence of dis- 
solved oxygen makes a difference be tween the rates 
on a t reated and unt rea ted  Pt  electrode. 

It appears that  the evolut ion of oxygen on Pt  and 
Rh anodes takes place on an electronical ly conducting 
film of adsorbed oxygen since the film does not grow 
wi th  prolonged anodization 5 and since the double 
layer  capacity does not fal l  as oxygen is adsorbed. TM 

In this case the film is the catalyt ic  surface on which 
the electrode react ion takes place. With  respect  to 
Pd anodes, the adsorbed oxygen film actual ly par-  
t icipates in the evolut ion of oxygen by the decompo- 
sition of PdO2 to PdO and 02.11 The current  goes into 
the conversion of PdO to Pd02. On Au anodes, the 
evolut ion of Oe probably proceeds with difficulty on 
the oxide covered surface since the films of Au208 are 
l ikely to be ionic conductors as shown by continued 
growth of the film wi th  anodic polarizat ion 19 and by a 
lowering of the double layer  capacity as oxygen is 
adsorbed on Au. 2~ However ,  these films of Au203 are 
poorly adherent  and easily flake off. TM In this case the 
cur ren t  goes into the s imultaneous format ion of AufO3 
and the evolut ion of 02, probably on bare gold sites. 21 

It is seen, then, that  one must  distinguish be tween  
oxygen adsorbed on the surface and that  dissolved in 
meta l  surface layers in s tudying the effects of ad- 
sorbed oxygen films on the electrode kinetics. An-  
other  point to be considered is the possibility that  the 
film is the catalytic surface on which the react ion may 
proceed or that  it may  actually part icipate  in the elec- 
trode react ion itself. 

A. C. Makrides: Dr. Hoare 's  comments  on the solution 
of oxygen  in pla t inum point out one of the difficulties 
in in terpre t ing  results f rom anodic oxidation exper i -  
ments wi th  noble metals. In the par t icular  case 
discussed by us, the over -a l l  kinetics are such that  it 
is unl ikely that  any appreciable amount  of oxygen  
is dissolved into the metal. In general,  one expects 
this process to be re la t ive ly  slow around room temper -  
ature. Because of this difficulty, it seems to me that  
the explanat ion of cer ta in  observations on the elec-  
t rochemical  behavior  of p la t inum in terms of dis- 
solved oxygen should be t reated with caution. 

T. O. Rouse and J. L. Weininger: At this meet ing  of 
the Theoret ical  Division of the Society we are repor t -  
ing the study of a redox react ion at a Li-doped semi-  
conducting single crystal  NiO electrode. 22 Comparison 
with  the results obtained in the present  paper  is ap- 
propriate,  a l though it should be pointed out that  our 
electrode is s t ructura l ly  wel l -def ined whereas  some 
uncer ta in ty  exists regard ing  the s t ructure  of the pas- 
sive layer. 

In  our case, it was first necessary to characterize the 
semiconduct ing electrode quite  thoroughly.  The init ial  
results indicated a potential  distr ibution across both 
the solution side and the semiconductor  side of the 
interface in the absence of a faradaic p r o c e s s .  23 This 
potent ial  distr ibution has now been demonst ra ted  

~v $. p .  H o a r e ,  This Journal,  112, 602 (1965).  

�9 s S. S c h u l d i n e r  a n d  R.  M. Roe ,  This Journal, 110, 332 (1963); 
J .  P.  H o a r e ,  Nature,  204, 71 (1964).  

19S. B a r n a r t t ,  This Journal, 106, 722 (1959); J .  P.  H o a r e ,  110, 
245 (1963), 

~0 M. C. B a n t a  a n d  N.  H a c k e r m a n ,  This J o u r n a l ,  111, 114 (1964); 
J .  P .  H o a r e ,  Eleetvoehim. Acta,  9, 1289 (1964). 

J .  P .  H o a r e ,  Electroehim. Acta,  11, 311 (1966). 

'.,2 T .  O.  R o u s e  a n d  J .  L .  W e i n i n g e r ,  P a p e r  p r e s e n t e d  a t  t h e  C l e v e -  
l a n d  M e e t i n g  of  the Soc ie ty ,  T h e o r e t i c a l  Div . ,  E x t e n d e d  Abstract  
No.  179, M a y  1966. 

T.  O. R o u s e  a n d  J .  L .  W e i n i n g e r ,  This Journal,  113, 184 (1966). 
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quant i ta t ive ly  22 in the presence of the redox couple 
fer rocyanide-fer r icyanide .  

The extension of the double layer  across the elec- 
trode interface is in agreement  with the work  re-  
ported by the author. In our chronopotentiometric 
study we (~btained different results wi th  regard to the 
electrode reaction. We found that  the oxidat ion of 
Fe (CN)6 -4 proceeds in a kinet ical ly i r revers ib le  man-  
ner. The reduct ion of Fe(CN)6  -~ is hindered. Conse- 
quently,  there  is a pronounced rectification effect at 
the semi.conductor electrode, which wil l  also be re -  
ported by Gree t  and co-workers  at this meeting.  24 

Our findings are that  the exchange current,  to, for 
the oxidation of ferrocyanide depends on the degree 
of doping of the NiO electrode, on the concentrat ion of 
the oxidized and reduced species, Co and CR, in the 
solution, and on pH. Linear  relat ions of io wi th  
~/Co'CR and with pH, respectively,  show that a por-  
tion of the double layer extends into the solution. The 
quant i ta t ive  est imation of the two diffuse portions of 
the double layer  is obtained f rom galvanostat ic  meas-  
urements.  An apparent  t ransfer  coefficient, a, of 0.5 

is obtained f rom plots of E vs. log 1 - -  -~-- , 

based on the kinetic expression of E as a function of 
t ime at constant current  density for an i r revers ible  
electrode process 

RT log i -  + 
= .~F T - ~  log 7 o  

where  E is the electrode potential  at t ime t, and T is 
the transit ion time when diffusion control is estab- 
lished. The theoret ical  implicat ion of a = 0.5, i.e., a 
coefficient of 120 my/decade  in the r igh t -hand  terms 
of the above equation, is that  the potential  distr ibution 
is that shown in Fig. TOR1, where  ~ stands for over -  
voltage, r for potential,  the subscripts refer  to the 
bulk of the solid phase, the surface, and the solution, 
and the superscript  o denotes equi l ibr ium or condition 
of rest  potential.  It is seen that on applying an over -  
vol tage ~1 ---- CB --  *B ~ a corresponding overvoltage,  
~ls, of the same magni tude  appears at the electrode 
surface. Thus, the electrode polarization due to the 
anodic react ion appears across the Helmhol tz  port ion 
of the double layer. 

Our exper imenta l  results are in agreement  with a 
model  which predicts that  an appreciable potential  
drop in the solution wil l  occur only for a large con- 

s~ R. Gree t ,  D. Yohe, a n d  E. Yeager ,  P a p e r  p r e s e n t e d  a t  the  
C l e v e l a n d  M e e t i n g  of t he  Soc ie ty ,  The o re t i c a l  Div. ,  E x t e n d e d  A b -  
s t rac t  No. 180, May  1966. 
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exptl. 

Fig. TOR1. Effect of redox couple 

centrat ion for charge carr iers  in the semiconducting 
oxide. The remarkab le  s imilar i ty in exchange currents  
and apparent  t ransfer  coefficients be tween our work  
and the author 's  previous results 25 indicates that  the 
anodic films also contain a large number  of charge 
carriers (of the order  of 102o cm-3) .  Because NiO is 
a mixed  valency semiconductor  one can discuss va l -  
ence states in terms of charge carriers,  e.g., Ni( I I I )  
in the lattice of NiO is equiva len t  to a hole (defect-  
electron).  At the surface the concentrat ion of the 
charge carr ier  depends on the applied potential.  There-  
fore, it seems possible that  the propert ies of some 
passive films can be deduced f rom a comparison of 
exper imenta l  results with semiconductor  theory. Fu r -  
ther exper imenta l  work  on both anodically formed 
and single crystal  NiO is needed to complete such a 
description. 

A. C. Makrides: The results quoted by Drs. Rouse and 
Weininger  are ve ry  interesting,  and it is quite  l ikely 
that  we will  not unders tand passive films unti l  we 
have examined in some detail  the electrochemical  be-  
havior  of analogous bulk oxides. It is indeed r emar k -  
able that  there is such a s imilar i ty  in exchange cur-  
rents and apparent  t ransfer  coefficients for these redox 
reactions on single crystal  NiO electrodes and on 
passive nickel  electrodes. This is probably more than 
a coincidence, and fur ther  work  with  these systems 
will  certainly be ex t remely  interesting. 

Paul C. Milner: In the format ion  of ve ry  thin oxide 
films on gold, what  per t inence do cont inuum models 
have, especially during the format ion of less than a 
monolayer? If  layers form successively and should be 
t reated individually,  what  halts the growth of a layer  
at a par t icular  potential? Thermodynamics  (as in the 
Temkin i so therm)?  Kinetics (because of varying dis- 
solution rates or because of format ion rates dependent  
on the degree of complet ion of the layer  being 
formed) ? Both? Is the reduct ion process the reverse  
of the formation process? In reduct ion at constant 
current,  is the effective cur ren t  density constant or 
does it depend on the amount  of oxide remaining in 
the layer  being reduced? 

In the oxygen evolut ion react ion at ~-PbO2, is it cer-  
tain that  there  has been no recrystal l izat ion of the 
surface to give fl-PbO2, the thermodynamica l ly  stable 
form in acid solutions? This might  take place fa i r ly  
readi ly  by way of the plumbous ions which are pres-  
ent in the solution in fa i r ly  sizeable quantit ies at po- 
tentials close to the equi l ibr ium lead d ioxide / lead  sul- 
fate potential. Are  previous results semiquant i ta t ive ly  
explicable on the basis of porous electrode theory? 

A. C. Makrides: The questions formula ted  by Dr. Mil-  
ner  are of course very  much to the point  and paral le l  
those raised in the paper. In the format ion  of ve ry  
thin oxides, one questions the applicabil i ty of a con- 
t inuum model, and this object ion was raised above. 
The factors which l imit  the growth of the par t icular  
layer  are undoubtedly kinetic and they must  arise 
f rom a lower ing of the field as the layer  grows. 

The oxygen evolut ion studies on a-PbOs were  car-  
r ied out on electrodes which were  potentiostat ically 
held above the reduct ion potent ia l  at all times. Re-  
crystall ization did not  occur as was ev ident  f rom 
studies in dilute HCIO4(0.01N) where  differences be-  
tween the a and fl modifications were  noted. Previous 
results can be explained wi th  the usual assumption of 
a change in the apparent  Tafel  slope when dealing 
with  porous electrodes. The difference of a factor of 
two in this constant is consistent wi th  wha t  one ex-  
pects f rom theory. 

A. Riga and E. Yeager: As par t  of a study of the elec-  
t rochemical  propert ies  of single crystal  l i thiated nickel  

'~ A. C. Makr ides ,  This Journal, 111, 392 (1964). 
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Fig. ARI .  Dissolution rates of lithiated NiO as a function of 
potential. Curve a, I M  HCI, x ~ 1.1%; b, 1M HCI, x ~ 0 .92%;  
c, 1M HCI, x = 0 .85%;  d, 0.JM H2SO4, x = 0.80%. 

oxide, we have measured the rates of dissolution as a 
function of the potent ial  of the oxide re la t ive  to the 
solution. Dissolution rates have been determined at 
controlled potentials in HC1 and H2SO4 solutions by 
subsequent ly analyzing the solutions for nickel  spec- 
trophotometrical ly.  Elevated tempera tures  (95~ 
have been used to increase the otherwise very  slow 
rates of dissolution to a point where  measurements  
would be carried out over  a few hours. The use of a 
Teflon cell wi th  K e l - F  window permit ted  in situ pho- 
tomicrographs.  Exper imenta l  details wil l  be presented 
in a paper now in preparat ion.  

In Fig. AR1 is shown the dependence of the log- 
ar i thm of the dissolution rates on potential  for l i thi-  
ated single crystal  nickel  oxide prepared  by the 
method of Cech and Alessandrini  26 and infused with 
l i thium at 1600~ with  a technique similar to that  
used by Rouse and We in inge rY  The dissolution of 
LixNi(~-x)O with  x = 0.9% was fol lowed as a func-  
tion of t ime for 5 to 6 hr  at potentials of ~-0.5, 1.0, 
and 1.4v re s tandard hydrogen electrode (SHE) and 
the rates found to be constant over  this period of time. 
From Fig. AR1, it can be seen that  the dissolution rate  
increased very  substant ial ly over  the re la t ive ly  nar -  
row voltage range of ~-0.8 to 0.9v re SHE. The flat 
band potent ia l  and the anodic peak in the vo l tam-  
met ry  curve  ascribed to the Ni +2 --  Ni +3 conversion 
also fall  in this range. A pronounced change in the 
mode of at tack at potentials  below 8-0.8v and above 
0.9v re SHE is evident  in the photomicrographs.  Typ-  
ical micrographs  are shown in Fig. AR2 for 1N HC1. 
At potentials cathodic to 0.8v re SHE, the surface is 
uni formly  at tacked with  no etch pits evident  at mag-  
nifications of 800 fold. At  potentials anodic to 0.9v 
re SHE, etch pits of the type shown in Fig. AR2b de- 
velop with  the number  of etch pits per unit area gen-  
eral ly constant af ter  the first 10 to 20 rain. 

Some tendency for an exponent ia l  dependence of 
the dissolution rate  on potent ial  above and below the 
region of rapid change is apparent  in Fig. AR1, but  
the range of dissolution rates is too l imited for a good 
test of such a relat ionship within  the precision of the 
measurements .  The dependence of the dissolution ra te  
on carr ier  concentrat ion remains to be ful ly  estab- 
lished. 

The dependence of the dissolution rate  on potent ial  
shown in Fig. AR1 can be explained on the basis that  
dissolution involves the transmission of the cations 
and anions of the lattice over  potential  energy bar-  
riers, the heights of which are dependent  on the po- 

~eR. C e c h  a n d  Eo Ales sandrhq i ,  Trans. Am.  Soc. Met. ,  51, 150 
(1959). 

"~ T. R o u s e  a n d  J .  W e i n i n g e r ,  This Journal, 113, 184 (1966).  

Fig. AR2. Photomicrography (in situ) L i x N i ( 1 - x ) O  (x = 1%)  
3 hr in 1M HCI at 95~ 

tential  drop across the oxide-solut ion interface. If 
the cation barr ie r  is h igher  than that for anions, then 
an increase in dissolution ra te  wi th  increasing anodic 
potent ial  would be expected. This explanat ion is s imi-  
lar to that  of Engell.  2s While such an explanat ion has 
obvious appeal  to the e lectrochemical  kineticist  (par-  
t icularly those of the Tafel  school),  the predominant  
factors may not be so much the effects of  the applied 
potential  direct ly on the heights of the potent ial  en-  
ergy barr iers  but  ra ther  the effects of the applied po-  
tential  on the adsorption of ions on the oxide surface 
and the valency state or car r ie r  concentrat ion in the 
equivalent  of a plane of closest approach wi th in  the 
oxide phase. 
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st~pport of this research by the Office of Naval  Re-  
search. 

J. L. Weininger and M. W. Breiter: Reference is made 
to our work  on the anodization 29 and hydrogen evolu-  
tion ~0 on single crystal  and polycrystal l ine nickel  elec- 
trodes. Al though our measurements  were  made in 4N 
KOH as compared to 0.1N NaOH in the author 's  work  
there  was general ly  a great  difference be tween  the 
exper imenta l  results on a f reshly prepared surface and 
one which had been through one or more  passivation 
cycles. Similar  Tafel  slopes (0.130 and 0.090 m v / d e c -  
ade) and even exchange currents  of the same order of 
magni tude  (10 -5 ~a/cm 2) were  observed. We ap- 
parent ly  differ, however ,  in interpretat ion.  What  is 
meant  by an "electrode in a state a r r ived  at by pas- 
sivation"? In our case, the equivalent  of about ten 
monolayers  of Ni (OH)2 and higher  oxide was pro-  
duced on the metal l ic  surface. Subsequently,  the ox-  
ides were  reduced a t - - 3 0 0  mv  (vs. RHE) for 8 rain. 
Af te r  this t rea tment  we obtained the exper imenta l  be-  
havior  comparable  to that  of the author 's  passivated 
electrode. 

It  is readi ly  agreed that  the kinetics of hydrogen re -  
duction is complex and that  under  different exper i -  
menta l  conditions, and different p re t rea tment  of the 
nickel  electrode, the extent  to which the steady state 
is de termined by the Volmer,  Heyrovsky,  or Tafel  r e -  
action may vary.  But there  was no indication that  
anodic-cathodic cycling produces a more tenacious 
oxide film. Our conclusions of a r a te -de te rmin ing  Vol- 
mer  react ion are based on the measurements  of cath-  

Ni -t- H20 nce = N i -  H -}- O H -  

odic cur ren t -potent ia l  curves and the capacities at 
negat ive  overvoltage.  The possibility that  nickel  hy-  
droxide  may be present  at ~ ---- 0 in 0.1N NaOH makes 
the application of the stoichiometric number  ~ as a cri-  
ter ion doubtful.  

~e .g . ,  H.  J .  Enge l l ,  Z. Physik .  Chem. N. F., 7, 158 (1956); Z.  
Elektrochem. ,  60, 905 (1956).  

~ J .  L.  W e i n i n g e r  a n d  IVI. W. B r e i t e r ,  This Journal, 110, 464 
(1963). 

3oj. L. Wein inger  and M. W. Brei ter ,  This Jou~mal, 112, 707 
(1964). 
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ABSTRACT 

Charge t ransfer  reactions at insulator electrodes are discussed in terms 
of the model  developed for such processes at semiconductor  electrodes. A 
simplifying condition here is that only such reactions are possible which 
lead to the inject ion of holes into the valence band or of electrons into the 
conduction band. Measurements  at anthracene electrodes showed complete 
agreement  with the predictions der ived f rom the model  including the possi- 
bility of having revers ible  charge t ransfer  reactions. 

Insulators are, by classical definition, mater ia ls  
which provide electrical  insulation, i.e., which permit  
the passage of no current  or only a small  amount  
even at high applied voltages. A project  using insu- 
lators as electrode materials  for e lectrochemical  s tud- 
ies would thus not seem to be a ve ry  promising one. 

Since the development  of the ene rgy-band  theory 
of the electronic s t ructure  of solids by the applica- 
tion of quan tum mechanics to the solid state, it has 
been understood, however ,  that  insulators should be 
able to carry currents  if somehow electrons can be 
raised into the conduction band which is normal ly  
empty (1). In certain cases, this can be done by ex-  
citation with  l ight or heat;  another  possibility is the 
inject ion of charges f rom suitably chosen contacts 
(1,2). We shall  discuss here the conditions under  
which electrons can pass f rom electrolyte  solutions into 
insulators. 

The interface be tween  insulators and electrolytes 
has to be discussed as a part  of the general  problem 
of the interface be tween  semiconductors and electro-  
lytes because insulators can be defined as semiconduc-  
tors wi th  a large in terva l  be tween the F e r m i - l e v e l  and 
the al lowed energy bands, e.g., at least 1 ev. 

The band representa t ion of an insula tor-e lec t ro ly te  
interface is shown in Fig. 1 for two important  cases 
(3). In Fig. l a  the concentrat ion of electrons at the 
contact is h igher  than in the bulk of the material :  
we define this as an "ohmic contact for electrons." In 
Fig. lb, the concentrat ion of holes at the contact is 
higher  than in the bulk of the mater ia l ;  we define 
this as an "ohmic contact for holes." With these defini- 
tions, we can now formula te  the subject  of this paper 
as an invest igat ion of the question under  which cir-  
cumstances electrolytic contacts to insulators are 
ohmic. 

Redox Reactions at  Insulator Electrodes 
At insulator  electrodes only those redox reactions 

can take place which resul t  in the net  inject ion of 
electrons in the conduction band or in the ne t  in jec-  
tion of holes in the valence band. A formula  for the 

INSULATOR ELECTROLYTE 

E c ~ . _ . _ E ~ _ _ _ .  

a) OHMIC CONTACT 
FOR ELECTRONS 

INSULATOR E LECTROI.YI"E 

EF 

b) OHMIC CONTACT 
FOR HOLES 

Fig. 1. Schematic energy-band diagram for injecting electrolytic 
contacts in thermal equilibrium. 

exchange current  of a redox  react ion at an insulator 
electrode can be der ived with  the aid of any of the 
theories which describe the Franck-Condon  restr ic ted 
transitions of electrons involving solvated species. 

{ [( io n = FvCR exp 4 k T  ~ ~ ~ 

4Aesn ] \ 
[ la]  

io ~ = FvCo exp ~ + 4kr ~ ~ j 
[Ib] 

Here  io n and lop are the electron exchange current  wi th  
the conduction band and the hole exchange current  
wi th  the valence band, respect ively:  v is the velocity 
of movement  along the react ion coordinate, Co is the 
concentrat ion of the oxidized species, and CR that  of 
the reduced species at the outer  Helmholtz  plane at 
the equi l ibr ium potential.  ~ is an energy parameter  
which in magni tude  equals the energy requi red  to re-  
or ient  the solvation atmosphere  about  the oxidized 
species unti l  it becomes identical  wi th  that  about the 
reduced species in equil ibrium. ~ is the number  of 
electrons involved in the electron t ransfer  reaction, 
hes is the magni tude  of the forbidden gap between the 
Fermi  level  and the al lowed energy state for the car-  
r ier  in the surface (the bottom of the conduction band 
for an electron and the top of the valence band for 
a hole) at the equi l ibr ium potential. Equations [ la]  
and [ lb]  can be der ived f rom the theories of Dewald 
(8), who used Marcus'  theory  of the electron t rans-  
fer reaction, Gerischer  (5) and Dogonadze and Chiz- 
madzhev (6) under  equivalent  approximations.  These 
are (i) the energy distr ibution of electrons, holes, 
oxidized and reduced species are  described by Boltz-  
mann statistics; (ii) the cross section through the po- 
tential  energy surface for the reaction, made  by the 
react ion coordinate, consists of two intersect ing para-  
bolae. 

As the penetra t ion of a medium by an electric 
field depends on the concentrat ion within  the medium 
of free charges, the potent ial  difference applied across 
an insulator  e lec t rode-e lec t ro ly te  interface wil l  be 
shared be tween  the  inter ior  of the insulator and the 
Helmholtz  inner layer  in such a manner  that  most of 
the potent ial  drop occurs across the insulator  (9). This 
a rgument  is val id only if surface states can be ex-  
cluded. Any assumptions about  the potent ia l  d is t r ibu-  
tion at the insula tor-e lec t ro ly te  interface have  thus 
always to be verified by experiments .  

L e t  us assume that  all of the interracial  potential  
var ia t ion exists wi th in  the solid. The Aes can be ex-  
pressed through the  Nernst  equat ion 

Aesn _~ An .~  eo  ( E R ~  EFB) 
= A ~ + eo (Es--EFB) -~- kT In Co/CR [2a] 

Aes ~ = 1% T - -  eo ( E s - -  EFB) - -  k T  In Co/CR [21o] 

1166 



Vol .  113, No .  11 C H A R G E  T R A N S F E R  

A n and Ap are the in tervals  of energy be tween  the 
Fermi  level  and the conduction band and valence band, 
respect ively,  in the bulk of the insulator;  ER is the 
equi l ibr ium potential,  Es the standard potent ial  of the 
redox system, and EFB the flat band electrode po- 
tentiaI of the insulator;  eo is the electronic charge. In-  
sert ion of these relations into Eq. [ la]  and [ lb]  yields 
the simplified forms 

{--[~2}~ + An + eo(Es-- EFB) ] 2 } 
io n = F~CR exp [3a] 

4 ~2~ kT  

io, = F.vCoexp< -[ff}~ + A p - e ~  EFB) ]2 } 
4 ~2~ kT  [3b] 

Two consequences of these formulas  are of special 
in teres t  for this invest igat ion:  (i) the exchange cur-  
rent  is propor t ional  to ei ther  Co or Ca whereas  at a 
meta l  e lectrode ioa~/CoCa; (if) the magni tude  of the 
exchange current  is de te rmined  by the s tandard po- 
tent ial  of the redox couple. If the couple is s trongly 
oxidizing wi th  Es - -  E F B  ~ 0 then io" > >  ion; fu r -  
thermore,  when  eo(Es--EFB) N A, the exchange cur-  
ren t  has the order of magni tude  that  it takes at a 
metal.  

A similar  relat ionship was der ived previously  and 
confirmed exper imenta l ly  for ge rmanium electrodes 
(5). 

For insulators, concentrat ion polarizat ion of the 
charge carr iers  in the solid is of ma jo r  importance 
for the discussion of the cur ren t  voltage characteristic.  
The re levan t  boundary  value problem has recent ly  
been discussed in detail  (10). Expressed in terms of 
the s teady-s ta te  cur ren t  wi th  the assumption of first 
order kinetics, the boundary  condition at the insu- 
la tor -e lec t ro ly te  in terface  has the form 

G .-= An (n'Co*-,-- NeCR*) [4a] 

i~ -= Ap (NvCo* - -  p*CR*) [4b] 

in which the A's are constants, the asterisks connote 
the transi t ion state of the electron t ransfer  reaction, 
and No Nv are the densities of states in the conduction 
band and the valence band. The fo rward  and back-  
ward  currents  are equal  to the exchange current  at the 
equi l ibr ium potential,  whence 

io n -~ Anno* Co* = A,,NcCR * [5a] 

iop -~ ApNvCo* = Appo* CR* [5b] 

The carr ier  concentrat ions at the equi l ibr ium poten-  
tial are dist inguished with  a zero subscript. Only the 
concentrat ion of the carr iers  in the solid phase varies 
wi th  the cur ren t  because of our assumption that  all 
the potential  drops in the insulator. Hence 

i . =  io n ~ - - i  [6a] 
Tbo* 

iv = io~ ( 1  - P* Po* ) [6b] 

n=no*(l+/o-~-~n ) [7a] 

p =  p o * ( 1  - ip ) [7b] 
io p 

We thus come to the impor tant  conclusion that  the 
part ial  e lectron and hole currents  are l imited on the 
anodic and cathodic sides respect ively  to the values of 
the exchange currents. The total cur ren t  shows this 
l imitat ion in the one carr ier  problem. 

Transport Problem for Insulators 
A one-car r ie r  current  passing through an insulator  

is necessari ly associated with  a space charge because 
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each injected carr ier  contributes one excess charge to 
the insulator, negat ive  in the case of electrons, posi- 
t ive in the case of holes. The physical  situation is 
closely analogous to the famil iar  case of the format ion 
of a space charge in a vacuum tube. 

For  the formulat ion of the t ransport  problem for 
electrons in the conduction band of an insulator  we  
consider a crystal  of thickness d through which a cur-  
rent  is passing. We assume an electrolyte  to make an 
ohmic contact for electrons at x = d while,  for x = 0 
we assume we have  a metal l ic  contact which is non-  
ohmic for holes. Let  E ( x )  be the electric field at a 
distance x f rom the meta l  contact, n ( x )  the number  
of electrons per  uni t  volume, and ~ their  mobility. 
~(x)  is the electrostatic potent ia l  in the insulator, 
the dielectric constant, and co is the permi t t iv i ty  of 
free space. 

The exact theory is based on three equations:  a cur-  
rent  flow equation, Poisson's equation, and an equat ion 
re la t ing the electrostatic field vector  to the gradient  of 
the scalar potent ial  

i = eo n (x) ~ E (x) [8] 

dE (x) --4~ 
- -  = ~ eo r~ (x)  [9] 

dx eeo 

de 
E ( x )  . . . .  [10] 

dx 

As boundary condit ion we  have Eq. [7a] which in the  
one carr ier  case reduces to 

n* ---- no* 1 .-- i--s [11] 

and a relat ion be tween the potentials corresponding 
to the bot tom .of the conduction band at the meta l  
(x = 0) and electrolyte  (x ---- d) interfaces 

Ca.-- ~o = ' - -VD - -  '1 [12] 

VD is the degree of bending of the bands under  equi-  
l ibr ium conditions, and n is the applied overpotent ia l  
(zero at equi l ibr ium) defined negat ive for  cathodic 
polarization. Subst i tut ing for E in Poisson's equat ion 
in terms of n, and integrat ing f rom x ---- d to x -~ 0, 
we find 

1 1 8~eo~, 
. . . .  ( d - -  x) [13] 

n 2 (n*) 2 eeoi 

Combinat ion of Eq. [8], [10], and [13] and subsequent  
in tegra t ion f rom x ---- d to x yields the cur ren t  voltage 
re la t ion at x ----- d 

12~eo8~ 2 (n*)3 
(VD + n) 

eeoi 2 
8~eo2~ d(n*)2 ]3/2 

= I ;~o-T - -  1 [14] 

If n* is large enough so that  

2~k Tn* d 
i<<  [15] 

(LD*)2 

where  LD* iS the Debye length in the insulator  sur-  
face, Eq. [14] reduces to Child's law for solids 

9 (VD -b Tt) 2 
- - i  = "~eo~ [16] 

32~ d 3 

Since n* --> 0 for -- i  .--> io, this relat ionship can only be 
observed for currents  i <io. 

In this der ivat ion of Child's law with  the proper  
boundary conditions we have  neglected any diffusion 
current ,  any carr ier  density present  in the rmal  equi-  
l ibrium, and any traps. Lamper t  (11) has shown, that  
the first approximat ion is not ve ry  serious. The second 
approximat ion means only that  any l inear  cur ren t -  
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Fig. 2. Schematic current-voltage characteristic fur one carrier 
space charge limited current: (a) quasi continuum of trapping 
states with exponential energy distribution; (b) single set of trap- 
ping states lying in energy above the Fermi level. 

voltage relationship at very low voltages is not  cov- 
ered by this treatment.  The third approximation is 
very serious, however, because a perfect solid has 
never  been found. In a real  crystal, charges residing 
in traps set up a space charge which impedes inject ion 
into the crystal in the steady state. In  many  cases, 
however, the traps are filled at a threshold voltage 
called the trap-fil led limit (2, 11), V T F L ,  at which the 
current  rises steeply. Thereafter  the current  is l imited 
by the mobile space charge in t ransi t  wi th in  the solid 
and the current-vol tage  curve obeys Child's law. Rose 
(2) and Lampert  (11) have dealt in detail with the 
voltage dependence of the space charge l imited 
(S.C.L.) currents  for various trap distr ibutions and 
trap levels. Some of their results are summarized in 
Fig. 2. 

Band model.--Anthracene is the best investigated 
organic insulator  and is therefore well suited as a 
model substance. A schematic s t ructural  representa-  
tion of the anthracene molecule is given in Fig. 3 (15) 
together with the averaged values for the bond 
lengths. The anthracene crystal is monoclinic with two 

I 390 

Fig. 3. Schematic structural representation of an anthracene 
molecule with averaged values for bond lengths (in Angstrom units). 

~  . . . . . .  ~ 
i . . . . . .  i , i 

Fig. 4. Unit cell structure for anthracene 

molecules per un i t  cell. The uni t  cell s t ructure is 

shown in  Fig. 4 (15). If , b, c are the uni t  ceil vec- 

tors, then a ---- � 89  + b ) ,  ~ --~ � 8 9  + b )  a n d c  
connect the geometrical centers of nearest  neighbor 
molecules. 

The drift  mobil i ty of injected carriers has been 
shown to decrease with increase in temperature  (12, 
13) so that the band approximat ion can be used to de- 
scribe the behavior of injected electrons and holes. 
This was confirmed by theoretical calculations which 
showed that the s tructure of the bands appropriate to 
an excess electron or hole can be calculated with the 
tight b inding approximation (14). Le Blanc has called 
the band which contains the excess electrons the "elec- 
t ron band" and the one which contains the excess 
holes the "hole band" ra ther  than using the conven-  
t ional expressions "conduction band" and  "valence 
band" (14). This was done in order to emphasize the 
fact that  one is dealing with the electronic states of 
two distinct systems ra ther  than two states of the same 
system. 

Exper imental  Detai ls  
Single crystals of anthracene were grown by 

three conventional  methods: a modified Bridge- 
man  technique, vacuum sublimation, and growth 
from solution. Semiconductor grade pur i ty  is re-  
quired for our measurements .  We started off with 
mater ial  of the best available commercial  pur i ty  
(Fluka "For Scinti l lat ion") which showed the charac- 
teristic blue fluorescence of anthracene. Most of the 
tetracene, a very efficient fluorescence quencher  and 
a common impur i ty  for anthracene,  was thus already 
removed. This mater ia l  was fur ther  purified by zone- 
refining it up to 80 times, depending on the quali ty 
of the start ing material .  

The solution grown crystals have the highest degree 
of s t ructural  perfection' and show the greatest me-  
chanical strength. They are relat ively th in  (20-200~) 
so that the high field strengths which are often desired 
can be obtained more conveniently.  Inadver tent ly ,  
however, impurit ies were introduced into these crys- 
tals from solution so tha t  the trap density was always 
considerably higher for these crystals than for other 
types. The electrochemical phase boundary  reaction 
was, however, unaffected by these impurities.  

The mel t -g rown crystals were unmatched in  puri ty  
but they showed f requent ly  poor mechanical  strength. 
In  rapidly cooled crystals up to 500 dislocations per 
cm 2 were counted, usual ly accompanied by cracks 
(31). By careful annealing,  it was possible to reduce 
this number  to 10 and less. The crystals cleave readily 

parallel  to the a ,b-plane (Fig. 4) which is also the 
prominent  plane of the mel t -  or sub l imat ion-grown 
crystals (16). St ructural  perfection and chemical 
pur i ty  of subl imat ion-grown crystals take up an in -  
termediate position between the mel t -grown and the 
solut ion-grown types. 

Samples varying  in  thickness from 0.05 to 5 mm 
were prepared from mel t -g rown crystals by cutt ing 
with a chemical saw followed by cleavage. The crys- 
tals were cemented wi th  an epoxy resin between two 
electrolytic half-cells  made of glass. The cells were 
mounted on a luminum carriages, which moved on 
tracks made of the same mater ia l  and which could be 
fixed to incorporate the crystals (Fig. 5). The electro- 
lyte was stored in  vessels V1 and V2 so that  repeated 
washing of the crystals with the solutions was possible. 
The electric field was applied by means of two plat i-  
num electrodes K1 and K2 with a Keithley power sup-  
ply type 240 or 242. The current  was measured with a 
Keithley electrometer type 610B. Light intensities 
were de termined with a calibrated photomult ipl ier  
Philips 150 UVP. During the measurement  the cell 
was kept  in a Faraday  cage; only shielded cable was 
used. 
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Fig. 5. Measuring cell. K~, K2, platinum electrodes; V~, V2, 
electrolyte storage vessels. 
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Fig. 7. Cathodic current-voltage curves at various thicknesses (in 
microns) of the anthracene crystals Electrolyte: i 0 - 2 M  Ce(S04)2 
in 0.5M H2S04. 
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Fig. 6. Cathodic limiting current with various e}ectrofytes. The 
negative compartment contained a 0.2H NaCI solution. 

Redox React ions 
Anthracene has a width  of the forbidden gap 

of about 4 ev  (17) and is thus a perfect  insula-  
tor. The hole band is completely filled, and the 
electron band is completely empty. Charge t ransfer  
across the anthracene-e lec t ro ly te  interface is possible 
only wi th  such redox systems which lead to ei ther  

Table I. Hole exchange currents for various redox systems 

S t a n d a r d  r e d o x  ioP, 
S y s t e m  E l e c t r o l y t e  p o t e n t i a l  ( N H E )  a m p / e r a  2 

I a - / I  0 .1M 1M K I  + 0.54 5 • 10 -s 
IrClo2-/IrC16 ~ 0.1M 0.5M HC1 + 0.96 5 • 10 4 
CreOT~/Cra+ 0.1M 2M H2SO~ § i.I0 5 • I0 -7 
Mn3+/Mn s+ 0.1M 7.5M H~SO4 + 1.5 1 • 10-4 
MnO~-/Mn~§ 0.11"r 0.SM H~SO~ + 1.5 5 • 10 -5 
Ce~+/CeS+ 0,1M 21YI H~SO4 + 1.44 2 • 10 ~ 

2 .5M H~SO~ + 1.40 1 • 10 -4 
Fe3+/Fe2+ 0.SNI H~S04 + 0.77 10 - n  
Fe(CN6) 3-/Fe(CIN~)~- 1M H~SO4 + 0.69 i0 -'~I 

H2SO4 while  the other ha l f -ce l l  was filled with the 
NaCl-solution.  On voltage reversa l  the zero current  
was measured.  As 15N H2SO4 alone also injects holes 
to a certain degree, this effect has also been plotted. 

F igure  7 provides  a proof that  the l imit ing currents  
are indeed caused by a phase boundary reaction. It  is 
shown that  the l imit ing current  does not depend on 
the thickness of the sample whi le  the rest  of the curve 
does, as predicted by S.C.L. cur ren t  theory. 

In Table I exchange currents  for various redox sys- 
tems are listed showing at least qual i ta t ively  the pre-  
dicted dependence of these currents  on the redox po-  
tential.  (The table also shows that  the system I ~ - / I -  
is obviously not  covered by our  model.) 

Both for the systems Mn4+/Mn 3+ in 15N H2SO4 and 
Ce4+/Ce 3+ in 15N H2SO4 the exchange cur ren t  at an 
anthracene electrode is roughly equal  to that  for the 
same system at a meta l  e lectrode assuming equal  con- 
centrat ion of the reduced and the oxidized component.  

Vet ter  (18, 19) found the fol lowing values at a p la t i -  
num electrode 

Mn,i +/1Vfn 3 + 
Ce 4 +/Ce s + 10-2 tool/1 

inject ion of holes into the hole-band or electrons into 
the electron band. 

Mn 4 + /Mn z § 10- 2 mol/1 
Ce 4 +/Ce 3 + 10-2 tool/1 

10-Zmol / I  

F igure  6 shows a current  voltage curve which was 
obtained when  both electrode compartments  (Fig. 5) 
were  filled with  0.2M NaCl-solution.  The current  is 
independent  of the polar i ty  of the applied voltage. 
Surface currents  and currents  through the cement  
probably contr ibute appreciably to our measured value 
which we shall  be using as reference  scale only. Also 
plotted in Fig. 6 are current  values which were  ob- 
tained when  the half -cel l  with the posit ive electrode 
was filled wi th  a solution of 0.11Vi Ce(SO4)2 in 15N 

15N H2SO4 io = 1.3 • 10 -5 a m p / c m  2 
1N H2SO4 io -~ 2.3 X 10 -4 a m p / c m  2 

The values for the exchange currents  at the anthracene 
electrode are 

15N H2SO4 io = 2 • 10-5 a m p / c m  2 
15NH2SO4 io = 8 • 10 -5 a m p / c m  ~ 

here only the concentrat ion of the oxidized component  
is of interest.  

Considering the high inaccuracy which is inherent ly  
connected with the measurement  of exchange currents,  
the excel lent  agreement  of the values for the exchange 
currents  measured on anthracene with  those measured  
on plat inum has to be considered somewhat  fortui tous 
Nevertheless,  these results have to be considered as 
an exper imenta l  proof of our predict ion that  redox 
reactions can be "revers ib le"  at insulator electrodes. 
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The similar i ty  in the magni tude  for the exchange 
current  of the redox systems Ce4+/Ce 3+ (Es = 1.4v) 
and Mn4+/Mn3+ (Es = 1.5v) measured  at p la t inum 
and at anthracene electrodes proves according to Eq. 
[3b] that  eo(Es - -  EFB) ~ AP. The inject ion of elec- 
trons into the electron band is possible with the sys- 
tem L i + / e  - (Es = - - 3 . 0 v ) .  This react ion wil l  be dis- 
cussed in more detail  in the fol lowing paragraph.  The 
rate of this react ion is so high that  we were  not  able 
to determine  it. It seems thus very  l ikely that  also for 
this system eo(Es - -  EFB) ~ An. We have  thus as a 
rough est imate of the distance be tween hole and elec-  
t ron-band he ~ 4.5v. This value agrees very  well  wi th  
a recent ly  quoted value (17) ae -~ 4.4v which was 
de termined  f rom photoconduct ivi ty  data. 

Co'rrosion.--The hole inject ing contacts are highly 
oxidizing, and thus an oxidat ive attack of the an thra-  
cene crystal  is inevi tably  connected with the hole in-  
jection process. Very lit t le is known about this process. 

The react ion of anthracene with a solution of 
Ce(SO4)2 in sulfuric acid, however ,  was used com- 
mercia l ly  at the turn of this century for the manufac-  
ture of anthraquinone (20). Measurements  of the in-  
f rared absorption spectrum of par t ia l ly  oxidized crys-  
tals did indeed show that  anthraquinone was formed 
on the electrode surface; nothing is known about in ter -  
mediates and about the react ion mechanism. 

It was found that the rate  of dissolution of the oxide 
film increased with increasing concentrat ion of sulfuric 
acid in the support ing electrolyte.  Because of this 
effect we tried to make  most measurements  in 15N 
sulfuric acid. 

React ions of  A n t h r a c e n e  Ions on 
A n t h r a c e n e  Electrodes 

Helfr ich and Schneider  (21) have shown that  elec- 
trons can be t ransferred to an anthracene crystal  f rom 
negat ive anthracene ions dissolved in te t rahydrofuran  
(THF) .  They prepared the ions by reduct ion of an- 
thracene, dissolved in THF, wi th  sodium. Inject ion of 
electrons can also be achieved from the blue solution 
of l i thium in e thylenediamine  (22) but in this case, 
the anthracene crystal itself is at tacked by the reduc-  
ing agent and the si tuation is more complicated. Figure  
8 shows a current  potent ia l -plot  de termined with  this 
system. No l imit ing current  was found indicating that 
all e lectrochemical  processes are fast and that  the 
shape of the curve is completely de termined  by con- 
centrat ion polarization of electrons in the bulk of 
anthracene.  A trap-fi l led l imit  can be recognized as 
can be transi t ion into the i = kV 2 relat ionship of 
Child's law. 

The injection of holes by oleum (23) or a solution 
of anthracene and AIC13 in n i t romethane  (21) is 
similar to the l i t h ium/e thy lened iamine  case; the strong 
electron acceptors attack the anthracene crystal  di-  
rectly, and these systems are thus not very  suitable 
for an invest igat ion of the electron exchange reaction. 
Hole inject ion by anthracene cations in solution can be 
studied if these are generated electrolytically.  Stable 
anthracene cations can be produced electrolyt ical ly 
from a solution of anthracene in trifluoroacetic acid in 
the presence of boron trifluoride (24). 

The reaction rate  constant k for homogeneous elec-  
tron transfer  processes of the kind X q- X -  -> X -  
q- X, where  X is an aromatic hydrocarbon molecule  
and X -  is the paramagnet ic  radical  ion can be de te r -  
mined f rom the broadening of hyperfine lines in the 
EPR spectrum of X -  as a funct ion of the concentrat ion 
of X (25). For  aromatic hydrocarbons the value  for k 
is about l0 T to 109 l i ter  mole -1 sec -~ (25, 26). For the 
anthracene system [anthracene] q- [ an th r acene ] -  -> 
[ an th racene ] -  q- [anthracene] the va lue  k ---- 4.8 
_+1.10 s li ter mole -1 sec -1 was recent ly  found for a 
solution in d imethyl formamide  (26). 

According to Marcus (27) a relat ionship of the form 
(10  -11  k h )  1/2 ~ 10 -4 ke] should exist be tween  the 
chemical (kh) and electrochemical  (keD rate  constants 
for redox systems, provided the extent  of overlap be-  
tween molecular  orbital  and electrode orbital  is about 
the same as be tween two molecular  orbitals. In our 
case the approximation should certainly be a good 
one as the hydrocarbon forms the electrode. Unfor -  
tunately,  it is not quite clear, however ,  if these reac-  
tions are covered by Marcus'  theory (29). Neve r the -  
less, thus far the rate  constants for electron t ransfer  at 
metal  electrodes involving ions of aromatic hydro-  
carbons have turned out to be too large for de te rmina-  
tion by electrochemical  means (30), and the rate  con- 
stants at anthracene electrodes should also be very  
large. 

We have tr ied to get some information on these rate  
constants by measurements  wi th  a rotat ing disk elec- 
trode made f rom anthracene.  A rotat ing disk electrode 
was made by mount ing  solution grown crystals wi th  
paraffin on the hollow shaft  of a t rubore stirrer.  The 
ar rangement  permit ted measurements  f rom 20 to 1000 
rpm. Electr ical  contact to the anthracene was made 
with a droplet  of mercury  (23). In case of a diffusion 
l imited current  i the fol lowing relat ionship be tween  
i and ~, the speed of rotat ion should be obtained (31) 

i ~FCoD ~/3 
: [171 

where  Co is the concentrat ion of active species in the 
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Fig. 8. Current-voltage characteristic of the negative space 
charge limited current. 
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Fig. 9. Dependence of the current density at a rotating an- 
thracene disk electrode on the speed of rotation for anthracene 
cations. 
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Fig. 10. Dependence of the current density at a rotating an- 
thracene disk electrode on the speed of rotation for anthracene 
anions. 

bulk of the solution, D is the diffusion coefficient, and 
the kinematic  viscosity of the solution used. 
Equat ion [17] was verified both with  solutions of 

posit ive anthracene ions in a mix tu re  of tr if luoro- 
acetic acid and boron t r i f luor ide-water  (Fig. 9) and 
with solutions of negat ive anthracene ions in d imethyl -  
fo rmamide  (Fig. 10). In  each case, the ions were  gen-  
erated electrolytically.  F rom these measurements ,  the 
fol lowing diffusion coefficients were  determined:  

D (anthracene +) = 2 X 10 -6 cm 2 sec -1 

D ( a n t h r a c e n e - )  ~ 8 X 10 -8 cm2sec -~ 

The ra te  constants for the exchange reactions were  in 
both cases too high to be determined.  As a lower  l imit  
of the exchange current  for the exchange react ion 
be tween  ' the anthracene electrode and posit ive ions 
i = 2 x 10 -1 a m p / c m  2 was determined,  and for  that 
between the electrode and negat ive  ions 4 x 10 -~ a m p /  
cm 2. These values were  obtained by extrapolat ing f rom 
our exper imenta l  data (24) to 1M solutions of ions. 

Double Injection 
In the cell depicted in Fig. 5 one vessel was filled 

with a solution of anthracene and A1C13 in ni t ro-  
methane  as hole inject ing agent  and the other vessel 
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Fig. ] 1. Current-voltage characteristic of the space charge com- 
pensated current i •  and the positive i+ and negative i -  space 
charge limited current, Positive injecting contact: solution of 
anthracene and AICI~ in nitromethane. Negative injecting contact: 
solution of lithium metal in ethylenediomine. 
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Fig. 12. Intensity of emitted light as function of double injection 
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with a solution of l i thium in e thylenediamine  as elec-  
tron inject ing agent. With a proper ly  or iented electric 
field (positive electrode in the oxidizing agent, nega-  
t ive electrode in the reducing agent) s imultaneous in- 
ject ion of electrons and holes is then possible. As p re -  
dicted by theory (11), it is observed that  in this case 
the current  is several  orders of magni tude  larger  than 
the space charge l imited current  at the same applied 
voltage (Fig. 11). Also recombinat ion of holes and 
electrons leads to the exci tat ion of the fluorescence 
spectrum of anthracene.  With a photomult ipl ier  the 
intensi ty of the l ight  emission was measured as a 
funct ion of the current  densi ty and t inear i ty  was found 
over four orders of magni tude  (21, 32, 33). The resul t  
is in terpre ted  as being due to the format ion by re -  
combination of holes and electrons of the first exci ted 
singlet state of anthracene,  which is responsible for 
the emission of the fluorescence spectrum. When the 
cur ren t  reached the l imit ing value  for the hole in-  
ject ion reaction, the l ight intensi ty saturated and de-  
creased with  fu r the r  increase of voltage and current  
(Fig. 12). 

This observat ion fits ve ry  wel l  into our model  of 
the inject ing processes: as long as the contacts are 
ohmic, all the current  near  them is carr ied by ei ther  
electrons or holes through diffusion. As soon as the 
hole- l imi t ing  region is reached, the current  at the hole 
contact is obviously carr ied par t ia l ly  at least by elec-  
trons. The oxidat ion products at the electrode surface 
can now provide  centers for radiationless recombina-  
tion resul t ing in a decrease in the intensi ty  of l ight 
emission. Figure  13 shows a cross-section through a 
luminescing anthracene crystal. The l ight  intensi ty is 
highest  near  the posit ive contact which is proved by 
changing the contacts. 
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LIST OF SYMBOLS 
An, A~ Constants in the boundary  condit ion for the 

concentrat ion polarizat ion of charge carr iers  in 
the solid 

Co Concentrat ion of oxidized ions in solution 
CR Concentrat ion of reduced ions in solution 
D Diffusion coefficient of ions in solution 
d Thickness of the insulator  
E Electric field 
EFB Flat  band electrode potent ial  
ER Equi l ibr ium potent ial  
Es Standard  potential  
eo Electronic charge 
F Faraday  constant 
i Current  
io Exchange current  
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Fig. 13. Photograph of cross section through luminescing anthra- 
cene crystal. The second photograph was taken after exchange of 
the contacts. Positive injecting contact, oleum; negative injecting 
contact, solution of lithium metal in ethylenediamine; contact 
area, 0.2 cm 2, current, 2 x t0 - 6  amp/cm 2. 

ion Electron exchange current  with the conduction 
band 

ioP Hole exchange current  with the valence band 
k Bol tzmann constant  
LD Debye length 
n Electron density 
p Hole density 
T Absolute temperature  
VD Degree of banding of bands under  equi l ibr ium 

conditions 
x Distance variable 
~n In terva l  of energy between Fermi- leve l  and the 

conduction band in the bulk  of the insulator  
/~P In terva l  of energy between Fermi- leve l  and the 

valence band  in the bulk  of the insulator  
Dielectric constant  

eo Permi t t iv i ty  of free space 
Aes n Forbidden gap between Fermi- level  and con- 

duction band in the surface of the insulator  
~es p Forbidden gap between Fermi- leve l  and va-  

lence band in the surface of the insulator  
/~ Forbidden gap between valence and conduction 

band 
Number  of electrons involved in the electron 
t ransfer  reaction 
Overpotential  
Energy parameter  
Mobility of carrier 
Velocity of movement  along the reaction co- 
ordinate 
Kinematic  viscosity 
Speed of rotat ion 

Connotes the t ransi t ion state of the electron 
transfer  reaction 
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Discussion 

H. Gerischer: One interest ing question I feel arises 
from your  observations that strong acidic solutions 
such as H2SO4 at higher concentrat ions can inject  
holes. What  is the redox reaction in  this case? I sup-  
pose it could be the reduct ion of oxygen if this oxi- 
dant  is present  in high enough concentrations. This 
reduction may then be catalyzed by the acid. That  the 
H2SO4 is reduced itself seems to be very unl ike ly  for 

these concentrations if it was pure. As another possi- 
bility, one could ask whether  protons could be asso- 
ciated with the aromatic molecules on the surface by 
some kind of ~-bonding. If this would be the mecha-  
nism of hole inject ion by protons directly, the an th ra -  
cene molecules will  be hydrogenated by this injection. 
Is there any indication available what  mechanism may 
occur? 
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W .  M e h l :  An invest igat ion of the role played by sul-  
furic acid in the hole inject ion react ion is in progress 
in our laboratory and the suggestions by Professor  
Gerischer are most helpf,ul. No conclusive evidence for 
a par t icular  mechanism has thus far  been obtained. 

R.  E. V i sco:  We have been studying a system similar 
to that  described by Dr. Mehl. 1,2 In nonaqueous aprotic 
solvents it is possible to generate  e lectrochemical ly  the 

+ 
radical  cation, R . ,  and the radical  anion, R:-, of aro- 
matic hydrocarbons.  We have genera ted  these radicals 
for rubrene  and 9-10 diphenylanthracene in aceton- 
i tr i le and recent ly  in benzonitri le.  Using the t rea tment  
of Fe ldberg  3 it has been possible to est imate a lower 
l imit  for the chemical  rate  constant for the homogen-  
eous cat ion-anion annihilat ion react ion to give an elec- 
t ronical ly exci ted state of the hydrocarbon.  We esti- 
mate  a rate  constant of 5 x 106 liters mole -1 sec-1 
as the lower limit. Despite the observat ion of singlet 
fluorescence, the exci ted state formed as a consequence 
of the ion-ion annihi lat ion react ion may be ei ther the 
first excited singlet or the lowest  lying triplet. Our  
data at present do not allow an unambiguous deter -  
ruination since two tr iplets can undergo a subsequent  
annihi lat ion to give an excited singlet. 

J. L .  W e i n i n g e r :  The outstanding features  of this ve ry  
interest ing work, as well  as the questions arising f rom 
it, are re la ted to exchange currents  of various redox 
couples at the anthracene  electrode, the charge t rans-  
port within the anthracene crystals, and the space 
charge distr ibut ion at the interface. 

The measurements  of the exchange currents  demon-  
strate ve ry  clearly the importance of matching up 
energy states at the electrode surface wi th  those of the 
redox couple at the solution-side of the interface, i .e. ,  
that  these must  be in close p rox imi ty  on an energy 
scale to give large exchange currents  at equil ibrium. 
In measur ing the exchange current ,  how is the chemi-  
cal interact ion wi th  anthracene prevented? A strongly 
oxidizing couple, or the large potential  differences 
used, should result  in oxidation of the anthracene to 
anthraquinone.  Al ternately ,  there  may  be present  
some adsorbed mater ia l  or products of photooxidation, 
which should strongly affect the electrode kinetics on 
the semiconducting or insulat ing electrode. Similarly,  
reduct ion to the negat ive anthracene ion should change 
the condition of the surface. As an example,  in work  
on semiconducting single crystal  NiO electrodes 4 we 
have found that  the mere  evolut ion of hydrogen suf-  
rices to a l ter  i r revers ib ly  the nature  of the semicon- 
ducting electrode, possibly by changing the doping of 
the surface layer. 

The exper imenta l  data on the Ce ( I V ) / C e ( I I I )  and 
h rm( IV) /Mn( I I I )  exchange show that  the exchange 
currents,  io,p and io,M, respectively,  for the hole con- 
duction at an insulator electrode and at a Pt  electrode, 
are of the same magnitude.  One of the authors has 
shownS, with the same assumptions as those used in 
der iving Eq. [3] that  

io,p/io,M = exp - -  [ ( E F -  E v ) / 2 k T ]  

If io,~ ~ 2.7 io,p, then - -  (EF - -  E v )  ~ 2 k T  which is 
about the l imit  of applicabili ty of Bol tzmann statis-  
tics. Have the authors considered the consequences of 
the band-gap picture becoming degenerate,  i .e.,  - -  (EF 

1 R.  E.  Visco  a n d  E. A.  C b a n d r o s s ,  J. Am.  Chem. Soc., 86, 5350 
(1964). 

2 E. A.  C h a n d r o s s ,  J .  W.  L o n g w o r t h ,  a n d  R. E. Viseo ,  J. A m .  
Chem. Sot. ,  87, 3259 (1965). 

S. W.  F e l d b e r g ,  J. Am.  Chem. Soc.,  88, 390 (1966). 

4 T .  O.  R o u s e  a n d  J .  L .  W e i n i n g e r ,  P a p e r  p r e s e n t e d  a t  t h e  C l e v e -  
l a n d  M e e t i n g  os t h e  Soc ie ty ,  T h e o r e t i c a l  Div . ,  E x t e n d e d  A b s t r a c t  
No.  179, M a y  1966. 

W. Mehl ,  Bet .  Bunseng.  Phys.  Chem.,  69, 583 (1965). 
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- -  E v )  < 2 k T ,  both on the redox react ion at the in-  
terface and on the charge t ransport  wi thin  the elec-  
trode? 

What  conclusions can one reach regarding the charge 
transport  within the insulator  (with dark conduction 
of 10 -19 o h m - t c m - 1 ) ,  into which a substantial  num-  
ber of charge carriers, corresponding to a conduct iv-  
ity of 10 - s  ohm -1 cm -1 are injected? Nei ther  hole-  
hopping nor t ransport  in bands can be singled out as 
the appropriate  mechanism of conduction. One diffi- 
culty is the identification and influence of traps known 
to be p resen t . .Wha t  are these traps? Do they only 
l imit  conduction by capturing charge carriers,  or do 
they also facil i tate charge t ransport  by providing suit- 
able donor and acceptor levels? Fur ther  e lec t rochem- 
ical work  on anthracene electrodes wi th  del iberate  
doping or special s t ructural  defects would be of par-  
t icular  interest.  In this connection the work  of Hoe-  
s terey and Letson 6 is a first quant i ta t ive  study of the 
effect of control led impuri t ies  on the conduct ivi ty  of 
anthracene.  As for s t ructural  defects, what  would be 
the results of electrochemical  measurements  on the 
anthracene crystals with their  original large number  
of dislocations as contrasted to the annealed crystal  
electrodes which were  used here? 

The l inear relat ion be tween  the cathodic exchange 
current  and the concentrat ion of ceric ion is in ac- 
cord with  the potent ial  drop being almost  ent i re ly  on 
the insulator side of the interface. For  the same sys- 
tem Pope and co-workers  v have reported a dependence 
on the 0.6 power,  i .e.,  io cc CCe(iv~0,e. This lat ter  dis- 
crepancy may be due to surface states. It  is ment ioned 
here to indicate the pitfalls and exper imenta l  diffi- 
culties besett ing studies of semiconductor  electrodes. 
The authors are to be commended for tackling the 
insulator electrode in a semiquant i ta t ive  manner  and 
for their  exper iments  resul t ing in luminescent  recom-  
binat ion of electrons and holes as wel l  as the ex-  
change current  measurements .  

W .  M e h l :  Dr. Weininger  raises a number  of very  basic 
questions which deserve a much more  thorough dis- 
cussion than can be given here. Some of the points 

6 D.  C. t t o e s t e r e y  a n d  G. M. L e t s o n ,  J. Phys.  Chem.. Solids, 24, 
1609 (1963). 

M. Pope ,  H.  K a l l m a n n ,  A.  Chen ,  a n d  P .  G o r d o n ,  J. Chem. Phys. ,  
36, 2466 (1962).  

Fig, WM1. Anthracene after exposure to O.01M Ce(S04)2 -I- 
0.5M H2S04 for 12 hr at cathodic limiting current. 
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mentioned are dealt  wi th  in some detail  in a for th-  
coming publication, s Briefly it can be said at this point 
that  in order  to achieve hole inject ion in anthracene 
crystals fair ly strong oxidation agents have to be 
used, and the format ion of an anthraquinone film at 
the electrode surface is indeed a major  problem. In 
accordance wi th  our model  the formation of such a 
film can, however ,  be prevented  if one works in the 
l imit ing current  region. Apparen t ly  in this case an- 
thracene radical  ions which are formed on the an-  
thracene surface t ransfer  their  charge under  the in-  
fluence of the electrical  field to the bulk of the crystal  
and the surface remains unattacked. This is demon-  
s trated in Fig. WM1 which shows a photograph of an 
anthracene electrode which has been exposed for 12 

s w .  Meh l  and  J.  M. Hale,  " I n s u l a t o r  E lec t rode  R e a c t i o n s "  in  
" A d v a n c e s  in  E l e c t r o c h e m i s t r y  and  E l e c t r o c h e m i c a l  E n g i n e e r i n g , "  
P. De l ahay  and  C. W. Tobias ,  Edi tors ,  Vol. 7, I n t e r s c i cnce  P u b -  
l i shers ,  Inc.,  New York,  To  be p u b l i s h e d .  

hr to a 0.01M solution of Ce(804)2 in 0.5M sulfuric 
acid while  a cathodic l imit ing current  was flowing. 
The dark part  is the unoxidized anthracene surface 
opposite a mercury  drop which served as contact at 
the rear  of the crystal. The l ight  area is a thick oxide 
film. If a current  smaller  than the l imit ing current  is 
drawn through the crystal, an oxide film forms re-  
sulting in a reduct ion of the l imit ing current.  Special  
precaut ion has therefore  to be taken in order to be 
able to make, e.g., meaningful  measurements  of the 
concentrat ion dependence of the exchange current.  

It has also been found that  surface oxides com- 
pletely inhibit  the inject ion of electrons from reducing 
agents, and only after  these oxides have  been removed  
can appreciable electron currents  be measured. 

The question of trap distr ibution etc. has been dealt  
with extensively  by t Ie l f r ich and Mark. 9 

9 W. H e l f r i c h  and  P. Mark ,  Z. Physik ,  171, 527 (1963). 

Electrochemical Behavior of Semiconductors under Illumination 

H. Gerischer 

Institute of Physical Chemistry, Technical University, Munich, Germany 

ABSTRACT 

In contrast to metals, the average free energy of electrons can be changed 
in semiconductors to a great extent by illumination. Especially the concen- 
tration of minority electronic carriers can differ by orders of magnitude from 
the equilibrium value. This has two major effects on electrode processes: (a) 
change of charge distribution and potential  drops in the space charge layer;  
and (b) var ia t ion of the rate  of electrode react ion in which minor i ty  carr iers  
are involved.  Some examples  are given for those effects at various semicon- 
ductors. 

A great  number  of photogalvanic or photovoltaic 
effects are known, often summarized under  the name 
"Bequere l  effects." Many of these phenomena  are 
the consequence of photochemical  reactions in the 
electrolyte;  others are connected wi th  i r reproduc-  
ible changes in the electrode composition. We shall 
l imit  our considerations here  to such cases where  the 
"photoelectrochemical"  effect is caused by absorption 
of l ight in a semiconducting electrode, and the compo- 
sition of the electrode is not changed. 

The absorption of l ight  by an electrode means that 
electrons are excited and that  the statistical equi-  
l ibr ium of energy distr ibution among solid-state elec- 
trons is disturbed. At  the energy level  and local po- 
sition where  the electron has absorbed the light quan-  
tum a hole is left  and the excited electron is t rans-  
fer red  to energy states above the normally  occupied 
levels. Due to the strong interact ion between the elec-  
trons in the meta l  themselves and be tween  the elec-  
trons and the atomic constituents of the lattice, the 
excess energy is distr ibuted rapidly over  the solid and 
is converted into lattice vibrations,  i.e., heat. As one 
of the consequences of this rapid energy exchange, 
electron emission f rom a solid surface by excitat ion 
with  light has a very  small  efficiency. In accordance 
with  this, the currents  a t t r ibuted to electron emission 
f rom electrode surfaces, as invest igated by a few au-  
thors (1, 2) in the past years at the dropping mercury  
electrode, are re la t ive ly  small. This subject  is dis-  
cussed in the fol lowing paper  by Barker ,  Gardner,  
and Sammon. 

Inside a metal l ic  conductor the mean  free  energy  of 
the electrons cannot be changed noticeably, even un-  
der strong i l lumination,  because too many  electrons 
wi th  energies near  the Fermi  level  are present  and 
equalize the average value. The situation is quite dif-  
ferent  for a semiconductor.  Al though there  is similar  
interact ion be tween the electrons and lattice atoms as in 
a meta l  and al though the exi ted electrons and holes 
rapidly  lose some of their  excess energy,  there  is a 

barr ier  for the final rest i tut ion of statistical equi l ib-  
r ium given by the slow transition f rom band to band, 
i.e., the slow recombinat ion of electrons and holes. By 
slow, we unders tand this rate  re la t ive  to that  one of 
energy exchange between electronic and vibrat ional  
quantum states in the same energy band of electrons. 

As a consequence of this re ta rded  redis t r ibut ion of 
excess energy in a semiconductor,  electrons and holes 
are accumulated under  i l luminat ion in equal  amounts  
on energy levels near  the band edges unti l  a steady 
state has been reached where  the recombinat ion com- 
pensates the generat ion of electron hole pairs by light. 

This process of electronic exci tat ion is i l lustrated in 
Fig. 1 for a metal  and for a semiconductor.  

How much the effective free energy of electrons and 
holes is al tered in the s teady-sta te  depends on the re-  
combination rate and on the number  of electrons and 
holes present  under  equi l ibr ium conditions. If  we as- 
sume that  the energy  distr ibut ion of each of the elec-  
tronic carriers corresponds to equi l ibr ium distribution 
in their  separate energy bands also under  i l lumination,  
then the change in free energy re la t ive  to equi l ibr ium 
can be expressed by the fol lowing equations 

~ e -  = R T l n  1 + [1] 
no 

hv  

fest  

~ s t  

s low 

�9 F ew . . . .  

/ / / / /  
x 

M e t a l  S e m i c o n  d u c t o r  

Fig, 1. Light absorption and energy redistribution in a metal and 
a semiconductor, 
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A g v = R T l n ( I  + Ap* ) [2] 
Po 

In the absence of specific traps for the electrons or 
holes, the excess concentrations An* and Ap* must  be 
equal  to fulfill the condition of e lect roneutra l i ty  in 
the inter ior  of the semiconductor,  no and Po are the 
equi l ibr ium concentrations related to the band gap 
energy AEg by 

no �9 Po = ni  2 = Nc �9 Nv �9 e:~p R T  [3] 

Equations [1] and [2] show that  the change in free 
energy under  i l luminat ion is much greater  for minor-  
ity carriers than for major i ty  carriers.  When the equi-  
l ibr ium concentrat ion of minor i ty  carriers is ve ry  
small, an enormous change in free energy can be 
caused for those species by i l lumination.  We must  
therefore  expect  that  all important  chemical  and elec-  
t rochemical  effects will  be due to this large deviat ion 
f rom equi l ibr ium for the minor i ty  carriers, whi le  the 
respect ive change in act ivi ty of major i ty  carriers will  
have minor  or negligible importance.  

We can calculate the concentrat ion change of elec-  
tronic carriers in the semiconductor  under  i l lumina-  
tion by standard procedures (3). To do this for the 
simplest  case, we will  assume that  the i l luminated 
specimen is n-  or p - type  and that the increase of 
minor i ty  carr ier  concentrat ion remains small  com- 
pared with  the equi l ibr ium concentrat ion of major i ty  
carriers. We then have the situation as designed in 
Fig. 2 for a n- type  material .  

F rom the diffusion theory, the s teady-sta te  equat ion 
for the region where  light absorption is negligible is 
given by 

02Ap * 
Dn" 

OX 2 

= r (po  �9 An* + noAp* + An* �9 Ap*) ~ r  �9 no �9 Ap* [4] 

where  no > >  po, Ap* < <  no, and r is the rate  con- 
stant for recombination.  

Since ap* --> 0 for x --> ~ ,  the solution is 

(#) A p * = A p o - e x p  - -  [5] 

where  Apo* is the concentrat ion change in the surface 
region where  the light is absorbed, and Lp is the mean 
free path for diffusion of holes. 

L v -= ~ ~ D v  = ~ /Dp " T v [6] 
T " 9% o 

and (1 / r  �9 no) ~ Tp = mean life t ime of holes. 

The surface concentrat ion change Apo* is obtained 
by introducing the production of carriers in the sur-  
face area as a boundary condit ion for the flu=< of 
carriers into the interior.  This assumption is justified 
as long as the depth of the region of l ight absorption 
is small  compared wi th  Lv. 

. I 
s a ' o  L 

x 
Fig. 2. Model assumed for discussion of photoresponse by illumi- 

nation of the surface: s, surface; s-d, main light absorption region; 
s-p, space charge layer; s-L, mean free path of minorities. 
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OAp 
- -  Dv " ~ / x = 0  = IL--  Isa [7 ]  

where  IL is the absorbed l ight intensity in quantum 
units and ISR the surface recombinat ion rate. 

The result  is 
IL - -  ISR T_/--T~ 

Apo* = p/Dp-L- -  = V - - ~ p  �9 ( IL--  IsR) [8] 

I n t r o d u c i n g  D p / L p  �9 Po = Ip,o, the saturat ion current  
for t ransfer  of holes f rom the inter ior  to the surface, 
we get  

Apo IL - -  ISR 
- -  - -  [9 ]  

Po Ip.o 

The concentrat ion of electrons is a l tered by the same 
amount, but, according to our assumption, An* re -  
mains small  compared to no. Therefore  an equal  flux 
of electrons, as given in Eq. [7] for holes, flows f rom 
the light absorption area in the interior.  Also, when 
the major i ty  carriers have  a different mobility, their  
migrat ion ra te  is controlled by the diffusion coefficient 
of the minor i ty  carr iers  as long as D n ' n  > >  D p . p .  
The Dember  potential  difference (the equivalent  of 
diffusion potentials in electrolytes)  which gives the 
force for equalizing the two migrat ion rates remains 
insignificant under  this condition (3). 

Up to now we have not included in our considera- 
tions the space charge in a semiconductor  surface re-  
gion which is of great  importance for e lect rochem- 
ical experiments .  The carr ier  distr ibution in this space 
charge zone determines  the potent ial  difference be-  
tween the surface and the interior.  This is the most 
important  pa r t  of the electr ical  double layer  in the 
semiconductor electrode (4-10). Any  change in this 
potential  difference causes an equiva len t  change in 
the electrode potential.  Simultaneously,  the space 
charge layer  s t ructure  controls the drift  of electrons 
and holes through the surface region. This seriously 
complicates the discussion of photoeffects in a semi-  
conductor because we have to deal now with  a double 
layer  which is not  in the equi l ibr ium state but  only 
under  s teady-s ta te  conditions. 

We shall see that  the main effects of i l luminat ion 
on electrochemical  processes at semiconductors are 
due to the two following principle deviations f rom 
equi l ibr ium condition in the s teady-sta te  situation: 
(i) deviat ion f rom equi l ibr ium for minor i ty  carr ier  
concentrat ion in the region under  the surface outside 
the space charge layer:  as given in Eq. [4]-[9] ;  and 
(i t)  deviat ion f rom equi l ibr ium for charge distr ibution 
in the space charge layer  to distribute the flow of 
electrons and holes to the inter ior  and the surface as 
necessary. 

Before we come to the details, I would  l ike to r e -  
call in this connection the late J. F. Dewald, who was 
one of the most br i l l iant  scientists who has dealt  wi th  
semiconductor electrochemistry.  In one of his funda-  
menta l  papers (8) he gave a s t imulat ing outlook on 
the great  importance of photoeffects at semiconductors 
for the unders tanding of e lectrochemical  reactions. 

Space Charge Capacitance under I l lumination 

The space charge distr ibut ion controls the capacit ive 
charging currents  during rapid var ia t ion  of the elec-  
t rode potent ial  at a semiconductor.  That  has been dis-  
cussed theoret ical ly by various authors and proven 
exper imenta l ly  for ge rmanium electrodes (4-7, 11-13). 
The easiest case to discuss is an intrinsic semiconduc- 
tor  wi th  carr ier  concentration: no=po=n~ .  In this case 
t h e  space charge capacity is 

( 2eeoeo2 ) 1/2 - 
Csc = k T  " �9 ~ / ~ .  coshA~;~ [10] 
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k T  R T  

eo F 

~s ---- electrostatic potential  in the surface, Pi ---- elec- 
trostatic potential  in the interior  of the semiconductor, 
and the other symbols are standard. 

Under  i l lumination,  the concentrat ion at the interior  
end of the space charge layer  may be changed to: 
no* = ni ~- an*  = po*, where An* depends on the 
i l luminat ion intensity.  For an intrinsic semiconductor 
the recombinat ion kinetic is of second order, and 
therefore we have no l inear  relat ionship between 
light intensi ty  and an*. Nevertheless the simple re la-  
t ion of Eq. [10] remains  valid; one has only to replace 
ni by ni + an*. The relat ion between space charge 
capacities with and without  i l luminat ion  at the same 
A~s is therefore 

~ / a ~ s  1+ ni [11] 

Easiest to compare is the value at • = 0, because 
this is the minimum in the capacity curve. Since we 
cannot measure absolute A%s values, it is very helpful 
to have such a diagnostical reference point in the 
capacity vs. electrode potential plots. Plotting the log 
Csc values against electrode potential, measured against 
an arbitrary reference electrode, a linear shift in 
vertical direction for the log Csc values should be 
found when the minima are brought to the same point 
in the potential scale. 

As an example such a plot is given in Fig. 3 for an 
intrinsic Ge electrode. The capacities have been meas- 
ured in this case by a rapid pulse method (ii). These 
measurements were made while going continuously 
through the interesting range of polarization in about 
1 sec, to avoid changes of the Helmholtz layer poten- 
tial drop. 

With n- or p-type materials, the capacity is litr 
changed under illumination as long as the majority 
carriers are enriched in the surface region by the 
polarization potential. On the other hand, there is a 
great increase in capacity in the depletion range of 
polarization, especially in the case of inversion. A 
quantitative analysis will not be given here. In prin- 
ciple, the changes of the capacity values under illumi- 
nation can be used to gain information about the car- 
rier distribution and the surface potential. 

Photovoltage under Constant Current  
The theory of surface photovoltage for a semicon- 

ductor interface in  contact with nonconduct ing gases 
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Fig. 3. Capacity data without ond with illumlnatlon for i-Ge-elec- 
trodes in phosphate buffer solution ot pH 6. 

was developed by Brat ta in  and Bardeen (14) for the 
case when  the charge is kept  constant  in  the space 
charge layer. Brat ta in  and Garre t t  (15), and later  
Dewald (6), applied this theory to semiconductor elec- 
trodes. This instantaneous photovoltage always has 
the tendency to flatten the energy bands, i.e., to di- 
minish the potential  difference at the interface caused 
by excess charge, due to the increase in capacity. It 
changes sign therefore with the sign of excess charge 
present at the applied polarization, and this effect can 
be used to indicate t h e  flat band condit ion or zero 
point of space charge. This technique has been used, 
e.g., by Pleskov and Tyagai (16). 

As Dewald pointed out, this theory is only 
applicable to describe the so-called instantaneous 
photoeffect where one assumes that the time for 
reaching the steady state of carrier distr ibution under  
i l luminat ion is small  compared with the t ime of dis- 
charge of the double layer by an electrochemical re-  
action. This is a ra ther  serious l imitat ion for the 
quant i ta t ive  analysis of photovoltage at semiconductor 
electrodes since in near ly  all systems electrochemical 
reactions occur simultaneously.  

Therefore we shall discuss here photovoltages under  
the condition of a constant current.  Since the elec- 
trochemical reactions at a semiconductor electrode are 
normal ly  controlled by the surface concentrat ion of 
one type of carrier, this condition means that the con- 
centrat ion of the discharge determining electronic 
carrier is kept constant  at the surface. Only in such 
cases, where more than one electrochemical reaction 
with charge transfer  in different bands occurs simul-  
taneously, as is the case in some corrosion processes, 
this boundary  condition is not longer justified. The 
discussion of such conditions is much more complicated 
(17), and theoretical conclusions are difficult to verify. 

Under  the above assumption, the s teady-state  photo- 
voltage can be derived from Eq. [2] and  [8] for a 
surface reaction which is controlled by holes, i.e., an 
oxidation process via the valence band. On the other 
hand, from Eq. [1] and the relat ion for An*, corre- 
sponding to Eq. [8], the photovoltage for a reduction 
reaction via the conductance band  as the ra te -de ter -  
mining  step can be calculated. 

If we assume that the charge distr ibution in the 
space charge layer corresponds to equi l ibr ium in spite 
of the fact that there is a flow of carriers through this 
layer, we can apply the equi l ibr ium correlation for 
holes, to calculate the surface potential  from 

Pup = S~p + F (~s - -  ~p) [12] 

The index p means the value at the terminat ion of the 
space charge layer in the interior  and index s the sur-  
face values. From Eq. [2] we obtain the photovoltage 

~ ,  --  r - -  ~ - -  ( r  - -  ~p)  

1 
= - ~ -  [p~,* - -  p~, - -  (s~p* --  s~,) ] [13] 

With *r = Cp = r (no Dember potential)  and 
S~p* --- s~p (Ps ----- const as boundary  condit ion),  we get 
from Eq. [2] and [9] for an electrode process con- 
trolled by holes at constant  current  

~ a * - -  A~p___~* =--RT In  ( 1  + A p *  ) 
F F Po 

( IL--IRs) 
R T  in 1 + [14] 

F Ip,o 

Contrary to the instantaneous photopotential  this re-  
action controlled photovoltage ApR* does not change 
its sign with the sign of the surface charge. Equat ion 
[14] shows fur ther  that  the magni tude  of A~R* de- 
pends mainly  on Po, so that in this case a large effect 
can be found only for n - type  materials.  
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Fig. 4. Photovoltage in relation to light intensity for n-GaAs- 
electrodes (0.001 ohm crn) under constant anodic current in 1N 
H2SO4. 

The photovol tage as measured in a galvanic cell 
against a re ference  electrode has the opposite sign 
of A%R*, since a galvanic cell of this type includes the 
potential  difference (#i--%s) as one of the addit ive 
potential  jumps at the interfaces of the cell. We see, 
therefore,  that  the electrode potent ial  of a semicon- 
ductor with an anodic process at constant current  is 
shifted to the negat ive (cathodic) direct ion by i l lumi-  
nation. 

Analogously,  an electrode under  cathodic polar iza-  
tion and with rate  control  by electrons wi l l  show the 
corresponding photovoltage 

A.n* RT In 1 + 
A~R* = F F no 

( IL--IRs ) RT In 1 -]- [15] 
F In,o 

This photovoltage has the negat ive sign in • there-  
fore the electrode potent ial  is shifted to more posit ive 
(anodic) values. 

We have tr ied to ver i fy  these simple relations wi th  
GaAs electrodes where  we know that  the anodic dis- 
solution is control led by holes (18, 19) and the ca- 
thodic hydrogen evolut ion by electrons (20), A plot 
of the photovoltage ~UL in the galvanic cell formed 
by the reference  electrode and the GaAs electrode is 
represented in Fig. 4 for a n- type  electrode at three 
different currents.  The photovoltage at p - type  elec- 
trodes was negligible under  anodic polarization as ex-  
pected. 

According to Eq. [8] we can expect  that ~p* ~ log 
IL when [RS < '<  IL. It  is found indeed that  a l inear  
relat ion exists be tween AUL and log IL for the region 
IL ~ Ip,o as shown in Fig. 4. But  in d isagreement  
with the theory 'above, the slope of this l inear  re la-  
tionship is greater  than the theoret ical  value 2.3 RT/ 
F = 60 my, indicating that  this theory  is not yet  com- 
plete. 

It is not difficult to see qual i ta t ive ly  where  our as- 
sumptions wi l l  not be justified under  the exper imenta l  
conditions. In the der ivat ion of Eq. [14], we have as- 
sumed that  the equi l ibr ium distr ibution is re ta ined in 
the space charge layer.  But  {f IL > >  I~,o and IsR < <  IL, 
the major i ty  of e lectron hole pairs which are produced 
in the space charge layer  have  to drif t  to the interior.  
We have used l ight  f rom a mercury  lamp which is 
absorbed wi th in  a depth smaller  or comparable  wi th  

the extension of the space charge layer (compare Fig. 
2). Therefore,  an additional potential  difference is 
necessary to adjust  the flow rate  of both carr iers  to the 
s teady-state  condition of equal  drif t  rate  through the 
space charge layer. This addit ional  value  of ~ * s c  is 
l ike a diffusion potent ial  (Dember  potential)  for car-  
r ier  drift  through the space charge layer.  We cannot 
yet  present  a r igorous calculation of this effect, but the 
results in Fig. 4 indicate a relat ionship similar  to Eq. 
[4]. 

The exper imenta l ly  obtained re la t ion for large 
enough i l luminat ion intensit ies is approximate ly  as 
follows 

RT 
~UL = - -  (1 + a) ~ -  l n lL  + const [16] 

F 

The sign and magni tude  of ar depends on the ex-  
cess charge at the surface. For  enr ichment  of ra te -  
control l ing carr iers  in the space charge layer,  the sign 
is the same as ~r That  is cer tainly the case for an 
inversion layer  as we had in the exper iments  of Fig. 
4. For  depletion of ra te-cont ro l l ing  carriers in the 
space charge, the sign is opposite to • 

A proof for this explanat ion of the photoresponse 
in Fig. 4 could be given by the fol lowing experiment .  
If one uses a thin slice electrode wi th  a thickness 
comparable to the mean free path  of minor i ty  carriers, 
and i l luminates this slice f rom the back side, which is 
in contact wi th  air, then the minori ty  carr ier  concen- 
t ra t ion at the inner  side of the space charge of the 
electrode should vary  l inear ly  wi th  IL. But in con- 
trast  to the direct i l luminat ion of the electrode surface 
itself, a smaller  number  of electron hole pairs is drif t-  
ing under  this condition to the electrode surface f rom 
the interior. When the surface recombinat ion is negl i -  
gible, prat ical ly no drift  should t ransverse the space 
charge layer  to the electrode surface, and ~ * s c  should 
be very  sma l l  

The photovoltage under  constant current  for such a 
slice electrode under  i l luminat ion of the front  and 
back electrode sides has been studied. We found in- 
deed that at small current  the photovoltage under  
i l luminat ion of the back side had about the theo-  
ret ical  slope of 60 my. Such exper iments  seem to 
allow us to distinguish be tween  these two sources of 
photovoltage. 

But as seen a l ready in Fig. 4 the constant current  
load of the electrode itself also causes a deviat ion of 
the equi l ibr ium distr ibution in the space charge layer  
since the slope of the AUL - -  log Ir  plots increases for 
grea ter  currents. The reason is that the anodic current  
applied to the electrode needs an addit ional  vol tage 
difference in the space charge layer  to dr ive the ex-  
cess holes, necessary for the reaction, to the surface. 
This effect would be negligible only for the case 
where  j < <  Ip,o. Unfortunately ,  this condition cannot 
be fulfilled in such exper iments  since other difficulties 
then arise. 

At n- type  GaAs of 0.1 ohm cm the saturat ion cur-  
rent  [p.o is of the order of 10-6-10 -5 amp cm -~. If we  
used anodic currents  of the order of 10 -6 amp cm -u, 
then the surface concentrat ion of electrons was 
changed under  strong i l luminat ion to such an extent  
that in paral le l  to the anodic process hydrogen dis- 
charge occurred which consumes electrons. Under  
these conditions the ex te rna l  current  is no longer 
equiva len t  to the anodic react ion rate, and the as- 
sumption, Ps ---- const, no longer  holds. Therefore,  we 
had to do our exper iments  at higher  anodic polariza-  
tion, and the results  under  too weak i l luminat ion can- 
not be compared wi th  theory. 

The technique  of backside i l luminat ion for thin 
slices may be a useful  device to supplement  the ana-  
lyt ical  tools for s tudying semiconductor  electrode re-  
actions by invest igat ing the effects of carr ier  inject ion 
f rom other sources, as was first done in the t ransis tor-  
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like ar rangements  of Brat ta in  and Garre t t  (15) or 
Pleskov (21). 

It  may be ment ioned briefly that the shift of cor- 
rosion potential  under  i l luminat ion  with cathodic con- 
trol of the oxidant  in an etching solution with in jec-  
tion of holes c a n  be explained in the same way as a 
photovoltage under  constant  current ,  as was shown 
earlier for germanium (22). Mtlch more difficult to 
discuss is the corrosion si tuat ion with hydrogen evolu-  
tion as the cathodic process because both bands are 
then involved in  the surface reactions, and again no 
simple boundary  condit ion for the space charge layer 
surface can be given. In general, it may be concluded 
that the photovoltage at electrodes where  electro- 
chemical reactions dis turb the balancing conditions for 
the motions of electrons and holes have to be analyzed 
with great  caution. 

Photocurrent under Constant Electrode Potential 
Another  exper imental  condition very easy to verify 

is the control of electrode potential  under  i l luminat ion.  
When only one electrode reaction controlled by one 
kind of charge carriers determines the faradaic cur-  
rent, the i l luminat ion  must  in any case increase the 
electrode reaction rate. Assuming again equi l ibr ium 
distr ibut ion throughout  the space charge layer, the 
surface concentrat ion of both carriers at constant  h~s 
should be proport ional  to their concentrat ion at the 
inner  side of the space charge layer at distance p 
from the surface. 

n s = n ~ * e x p  + 

A~ 8 ) 
Ps ----- Pp* �9 exp [17] 

r 

With the assumption that  the current  is proport ional  
to either ns or ps, the increase in current  should be di-  
rect ly proport ional  to this increase in carr ier  concen- 
trat ion at point  p 

Ajp* = ~Po* " exp 

Aj,,* = Zsno* �9 exp ( ~-~--~ s ) [18] 

These equations show how greatly the photocurrent  
depends on the value of A~s. 

So far, this kind of photoresponse seems to be easily 
understood. Unfor tunately ,  it is largely impossible to 
fulfill the assumptions in this derivat ion over a greater 
region of l ight intensities. The reason is once again 
the necessity for the flow of carriers through the space 
charge layer  dis turbing the equi l ibr ium dis t r ibut ion 
there. Worse than  in  the preceding section, in the case 
of a photocurrent  at constant  potential, a unipolar  
drift  through the space charge layer becomes necessary 
which increases rapidly with i l luminat ion  intensity.  
Therefore, the relat ion between ~j* and ~pp* or hnp* 
wil l  no longer be linear. 

Another  simple correlat ion can only be expected 
under  saturat ion current  conditions where the t rans-  
port of the reacting carriers to the surface is rate de- 
termining,  that is in  the potential  range of saturat ion 
current  for the electrode reaction. This can be verified 
exper imenta l ly  for an electrode specimen where these 
carriers are in  the minority.  We have then an inver -  
sion layer at the surface, if the electrode is biased into 
reversal  direction. If the applied voltage is high 
enough, then all carriers which reach the space charge 
region are then separated by the strong electrical 
field in this inversion layer. One kind of carrier only 
moves to the surface; the other is ei ther held back or 
is rapidly rtransferred to the interior. The quan tum 
efficiency for the photocurrent  for i l luminat ion  of the 
front  side will  reach at high polarization the value 
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Fig. 6. Saturation current light intensity plot for p-GaAs under 
cathodic polarization of --1.5v. 

of one since the chance for recombinat ion wil l  then 
become very small. 

Figure 5 represents the result  of such an experi-  
men t  for a n - type  GaAs electrode under  anodic po- 
larizat ion showing the l inear i ty  of photocurrent  with 
l ight intensity.  

Figure 6 gives the analogous results for p - type  GaAs 
under  cathodic polarization. 

Photodecomposi t ion of a Semiconductor  Electrode 
with Large  Energy G a p  

Photoeffects at semiconductors are more pronounced 
as the band gap energy increases. This can be con- 
cluded from Eq. [1] and [2] since either no, Po, or both 
concentrations are extremely small  in such a semicon- 
ductor. The electrochemical reactions will then be con- 
trolled simply by one type of charge carrier, and si- 
mul taneous reactions in both bands at the same elec- 
trode become very improbable.  Typical examples for 
such systems are CdS (b and gap: 2.4 ev) and ZnO 
(band gap: 3.2 ev).  

Williams (23) has discussed the photovoltaic effect 
for this and other b inary  compounds in a very  s t imu-  
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lat ing paper. He observed that CdS is decomposed 
under  i l luminat ion with  anodic polarizat ion into Cd +2 
ions and sulfur. Two electrons are  l iberated in this 
process, which must  be wr i t ten  as 

CdS + 2hv-~ Cd 2+ �9 aq + S + 2e-cds [19] 

By this react ion the semiconductor  becomes negat ively  
charged with  respect to the solution as long as the 
electrons are not led away from the CdS electrode. 
This can be done by anodic polarization. Therefore,  an 
anodic current  flows through the electrode under  i l lu-  
minat ion as shown in the current  voltage curves for a 
CdS electrode in Fig. 7. The anodic saturat ion current  
at sufficiently high anodic polarization is proport ional  
to the light intensity, as Will iams already has found. 

Without  i l lumination, the anodic current  is ex-  
t remely  small  and depends on the ra te  of chemical  dis- 
solution of the crystals and on the meta l  excess in the 
ZnO. The behavior  of ZnO electrodes is very  similar as 
shown in Fig. 8. The cathodic branch of the current  
voltage curve  represents  hydrogen evolut ion ( includ-  
ing some reduct ion to metal l ic  zinc on the surface) ,  
and it is not influenced by il lumination, as in the case 
of CdS electrodes. In the anodic region ZnO is decom- 
posed under  i l lumination,  to give Zn 2+ - aq and oxy-  
gen according to the fol lowing react ion 

2ZnO + 4 h ~  2Zn 2+ �9 aq + O~ + 4e-zno [20] 

The photocurrent  under  sufficiently high anodic polar i -  
zation increases l inearly wi th  light intensi ty as shown 
in Fig. 9. The quan tum efficiency reaches the value  of 
one wi th in  the limits of the accuracy of our analysis. 1 

This behavior  can be explained in full  analogy to the 
results wi th  nonpolar  or less polar semiconductors 
l ike Ge or GaAs. Figure  10 gives a schematic repre -  
sentation of the energy correlat ion be tween the bands 
in ZnO at fiat band si tuation and the electronic energy 
terms in an electrolyte  character ized by the electronic 

A f t e r  t h i s  p a p e r  w a s  w r i t t e n ,  an  i n v e s t i g a t i o n  of t h e  b e h a v i o r  
o f  Z n O  e l e c t r o d e s  u n d e r  i l l u m i n a t i o n  w a s  p u b l i s h e d  b y  L o h m a n n  
(28) in  w h i c h  f u l l y  a n a l o g o u s  c u r r e n t  v o l t a g e  c u r v e s  a r e  r e p o r t e d  
as  g i v e n  h e r e .  

Fig. 10. Schematic correlation between semiconductor and elec- 
trolyte electronic energy levels for ZnO electrode. 

energy levels of two typical  redox systems. Since all 
obtainable specimens of ZnO are n - type  and the re -  
duction of hydrogen ions can occur easily via electron 
t ransfer  f rom the conduction band, the conduction 
band must  be in the region of the electronic levels  
of the hydrogen redox system to allow this kind of 
charge t ransfer  (7,24, 25). This picture  is confirmed 
by data of Dewa~d (8) on the electrode potent ial  for 
flat band situation der ived f rom capacity measure-  
ments. 

Due to the large band gap in ZnO, no interact ing 
redox energy levels in the electrolyte  can be expected 
in the energy region of the valence band, be.cause this 
energy would correspond to redox couples wi th  s tand- 
ard potent ials  in the order of +3v.  

Under  i l luminat ion at flat band condition, the holes 
produced by the l ight  diffuse through the crystal  
unti l  they can recombine  with an electron. Few holes 
reach the surface, but since there  is no electron donor 
of this energy level  avai lable in the solution, these 
holes wil l  be reflected to the interior,  if they are 
not to recombine there. 

It  seems to be only a small  chance that  a hole may  
be t rapped on the surface. A t rapped hole on the sur-  
face is something like an O -  ion on the surface when 
we accentuate the par t ia l  ionic character  of the chemi-  
cal bond in the ZnO crystal. Such an incompletely 
charged ion is more  weakly  bonded to the crystal  la t-  
tice and may therefore  be able to change its local 
position in the lattice. By such a process, a stable trap 
level  should be formed above the normal  valence band 
energy levels. If  such an O -  ion is able to accept a 
second hole, the bond to the lattice will  be completely 
broken and an adsorbed O atom will  be formed. Such 
surface traps have  already been discussed f requent ly ,  
e .g . ,  by Collins and Thomas (26) and by Heiland (27). 

As our results indicate, the second hole may be 
more easily t rapped at the neighboring oxygen ion 
forming in the second step pr imar i ly  ( O - O ) - 2  ionic 
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groups wi th  two remaining  bonds attached to the lat-  
tice. In this way more energy can be gained by the 
format ion of the O-O bond and the 02 molecule s truc-  
ture is obtained on the surface. This process is em-  
phasized by the observat ion that  almost no hydrogen-  
peroxide  could be found in the solution as a product  
of the photodecomposition. (Analyt ical  results indi-  
cated a small  formation of H202, but  to less than 6% 
and confirmed, on the other  hand, the production of 
02 by the i l luminat ion wi th  about 95% efficiency.) 
After  addit ion of two more holes the final molecular  
oxygen bond is formed by re ta ining two electrons 
f rom the original lattice bonds. Thereaf te r  the 02 
molecule  can easily be desorbed f rom the surface. Such 
hypothet ical  energy levels for O -  and (O-O) -2 are in-  
cluded in the schematic plot of Fig. 19. 

The probabil i ty  for this process described above will  
become very  high under  anodic polarization. Since no 
inversion layer  can be formed for such a semiconduc- 
tor, due to the fact that  the thermal  generat ion of 
holes is by far  too slow, the surface area is depleted 
of electrons, and the space charge is built  up only by 
the immobile  posi t ively charged donors. The Mott-  
Schottky approximat ion is valid in describing the 
charge distribution. For our purpose, it is only im-  
portant  to know that  under  anodic polarization a 
strong electr ical  field is buil t  up in the space charge 
layer which completely separates electrons and holes 
generated in this area. The electrons are dr iven to the 
interior,  and the holes accumulate  at the surface. 
The same happens with  holes produced fur ther  inside 
in so far as they reach the space charge layer  by dif- 
fusion. This situation is represented in Fig. 11. 

Obviously, the format ion of oxygen at the surface 
according to the react ion described above now be-  
comes very  probable since the complete separation of 
electrons and holes in the space charge layer  ful ly 
prevents  recombinat ion at the surface. If the space 
charge layer  is extended so far  into the interior  as to 
include the whole region of light absorption, the 
quantum efficiency for this charge separat ion and the 
fol lowing decomposit ion react ion should approach the 
value of one, as was confirmed in the experiments.  

The current  t ransfer  to the electrolyte  is completed 
by Zn 2+ ions easily leaving their  surface position in 
the lattice at those points where  the neighboring oxy-  
gen ions have already left  their  normal  latt ice places. 
Rate determining for this photochemical  decomposition 
are the reactions of the holes in the surface. The over -  
all reaction may be summarized in the fol lowing steps 

ZnO + 4 h ~ Z n O  q- 4 e -  + 4p + 
as  -2 -}- p+ --> a s -  slow 
a s -  q- a s - "  T P+ -~ ( O - O ) - 2  slow 
(O-O) -2 + 2p+ --> O2 fast 
2Zn= 2+ -{- aq ~ 2Zn 2+ �9 aq fast 

2Zn -{- 4hv--> 2Zn 2+ �9 aq -{- 02 -{- 4e -  [21] 

I \ I 
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Fig. 11. Energy correlation at electrode surface under anodlc 
polarization. 
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Fig. 12. Photoresponse of ZnO electrode at zero current in 
H2SO4 (pH 3). 

The photochemical  decomposition of CdS can be de- 
scribed analogously due to the accumulation of holes 
on the surface. 

The photoresponse of a ZnO electrode in an open 
circuit  is seen in Fig. 12. Characterist ically,  a very  
small fast photovoltage is buil t  up after  the beginning 
of i l lumination, fol lowed by a slower increase of the 
photovoltage over a re la t ive ly  long period. The photo- 
voltage disappears very  slowly after stopping the 
i l luminat ion apart  f rom a first fast drop. This can be 
explained by the small  efficiency of the hole trapping 
process in Eq. [21] without  an applied anodic polar iza-  
tion, due to the unprevented  recombination.  In an 
open-circui t  electrons accumulate in the electrode in 
paral lel  wi th  the rate  of the i r revers ib le  oxygen for-  
mation in the surface. This causes the observed slow 
photo response in the negat ive direction. The fast r e -  
sponse must represent  the Dember  potential. A steady 
state is reached when electrons leave the surface by 
means of a cathodic react ion at the same rate  as 
holes are consumed in the anodie react ion Eq. [21]. 
This cathodic reaction for electrons will  be the hy-  
drogen evolution 

2H + �9 aq -{- 2 e -  -> Ha [22] 

or any other electron accepting reduct ion process. We 
have observed, in agreement  with this assumption, that 
the rest i tut ion of the reference  potential  in the dark is 
largely accelerated by a depolarizing redox system (as 
e.g. H202). Further ,  the photopotential  in an open cir- 
cuit is smaller  in the presence of such a depolarizer.  

All  these exper iments  indicate clearly that  the re-  
actions of minor i ty  carriers are the controll ing proc- 
esses in such systems. For  any process in which a crys- 
tal lattice is to be destroyed, holes will  play this part  
in a semiconductor,  since their  presence weakens di- 
rect ly the s t rength of a chemical  bond in a crystal. The 
equivalent  role for electrons can only be expected at 
such semiconductors where  electrons are the minor i ty  
carr iers  and their  reactions wi th  electron accepters 
in the electrolyte wil l  control the reactivity.  The last 
examples show that the combination of photochemical 
and eIectrochemicaI investigations can be ve ry  useful  
for the unders tanding of semiconductor  reactions. 
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Discussion 

W. Mehh The depth of penetra t ion of light seems to 
play an important  role in the investigation of the 
photoeffects of electrode processes. As the extinction 
coefficient varies s trongly with frequency near the ab-  
sorption edge, I wonder  if the author has done meas-  
urements  in this f requency range. 

continues to increase up to much higher voltages. Since 
the space charge layer  according to the Schottky-Mott  
theory for such systems expands proport ionally to 
~/u, it is possible to obtain from such measurements  
informat ion on the absorption coefficient of the l ight 
of a part icular  wavelength. 

H. Gerischer: The wavelength of the light is indeed 
a very important  parameter.  We have usually used 
light with energy much higher than the band gap. The 
light is absorbed then in a range very near  to the sur-  
face and with relat ively low anodic polarization the 
space charge layer is extended far enough into the in-  
terior as to achieve the si tuat ion indicated in Fig. 2. 
This is shown in the current -vol tage  curves by the fact 
that the anodic currents  does not fur ther  increase with 
increasing voltage. For light with energy close to the 
band gap the current  increases over a much greater  
voltage range as can be seen in a Fig. HG1. 

In  this figure, photocurrents  at CdS electrodes are 
shown for two different wavelengths.  The current  
under  i l luminat ion of l ight with 4080A wavelength 
reaches the saturat ion value at a polarization of l v  
while the current  under  i l luminat ion with 5400A light 

CdS 

-0,5 

1 

300 
' cFa/r 

dark current 

Fig. HG| 

W. W. Harvey: The quant i ta t ive  discrepancies between 
measured photoeffects for GaAs electrodes reported 
by Professor Gerischer and the predictions of the re -  
lations developed in his paper are likely the result  of 
inadequacies in the physical model. In  single-crystal  
ge rmanium electrodes (to which the model does per-  
tain) the mean  lifetime of the minor i ty  carriers is 
sufficiently long that  the minor i ty  carrier diffusion 
length is general ly large in comparison to the extent  of 
the space charge region. Consequently, thermal  gen- 
eration of carriers in  the lat ter  region makes a small  
contr ibut ion to the l imit ing flux of minor i ty  carriers 
arr iving at the surface by diffusion from the interior. 
In  essence, then, for ge rmanium it is necessary to take 
into account thermal  generat ion of carriers only in  the 
body and at the surface. 

Turn ing  now to a compound semiconductor such 
as GaAs, we note first that the best available crystals 
have lifetimes which are orders of magni tude  smaller 
than those of germanium and silicon. Thus the diffu- 
sion lengths of minor i ty  carriers in compound semi- 
conductors are general ly very short, and it wil l  no 
longer be valid to neglect thermal  generat ion in the 
space charge region in comparison to that taking place 
wi thin  several diffusion lengths of the surface. More- 
over, the statistical theory of generat ion and recom- 
binat ion of charge carriers in semiconductors indicates 
an enhancement  of the net  rate of generat ion in the 
field of the space charge. In  semiconductors of short 
body lifetime and large gap, therefore, the major  
contr ibut ion to the l imit ing cur ren t  of minor i ty  car-  
rlers ar r iv ing at the electrode surface may ( in the ab-  
sence of i l luminat ion)  be made by thermal  generat ion 
in the region of space charge (see, for example, Ples-  
kov's ini t ial  paper I on GaAs electrochemistry and 

Yu. V. Pleskov,  Doklady Akad: lVauk SSSR,  143, 1399 (1962). 
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Myamlin 's  t rea tment  2 of anodic l imit ing currents  for 
silicon electrodes) .  

The foregoing considerations lead me to question 
not only the applicabili ty of Professor Gerischer 's  
model  to the semiconductor  electrodes considered in 
his paper, but  also whether ,  in fact, for the thin-sl ice 
exper iments  with GaAs the thickness was comparable  
with the diffusion length (certainly not wi th  the 
"mean  f ree-path ,"  as stated) of the minor i ty  carriers.  
As I showed some years ago?.4 for thin-sl ice elec- 
trodes it is necessary to take into account thermal  
generat ion in the vicini ty  of the back surface. For  
n - type  germanium, the measured l imit ing anodic cur-  
rent  at the f ront  surface increased l inear ly  wi th  the 
intensity of light incident  upon the back surface, and 
a family  of intersecting lines was obtained whose 
slopes were  de te rmined  by the magni tude  of recom-  
bination velocity at the back surface. Similar  consider-  
ations probably also apply to the GaAs exper iments  
reported by Professor Gerischer,  wi th  the addit ional  
complications resul t ing f rom space-charge generation. 

H. Gerischer: I agree wi th  you that the analysis of 
the thin slice exper iments  wi th  GaAs is ra ther  ques-  
tionable. The deviations in results f rom the assump- 
tions of our simplified model  can be caused to a sub- 
stantial  extent  by the effects you have mentioned.  
We found ra ther  poor reproducibi l i ty  of these results 
wi th  slices made f rom different crystals which ob- 
viously indicates a great  influence of the recombina-  
tion propert ies  in the surface region. Much more work  
wil l  have to be done before we unders tand the details. 

Concerning the l imit ing cur ren t  under  saturat ion 
conditions, I think that  the situation is much clearer  
since recombinat ion at the surface where  minor i ty  
carriers are consumed becomes very  unl ikely  then. 
Also in the exhaust ion layers, recombinat ion should 
be very  small. I would expect  therefore  that  in this 
case the influence of field s t rength on recombinat ion 
should not be detectable. Our results wi th  regard  to 
the saturat ion current  under  i l luminat ion are in good 
agreement  wi th  this assumption. 

~V. A. Myaml in ,  Dok~ady Akad.  Nauk  SSSR,  139, 1153 (1961}. 

aW. W. Harvey ,  J. Phys.  Chem. Solids, 14, 82 (1960). 

W. W. Harvey ,  J. Phys.  Chem.,  65, 1641 (1961). 

G. C. Barker (communica ted) :  Professor Gerischer  
is c lear ly  correct  in suggesting that when there  is a 
minor i ty  carr ier  drif t  in the space charge region it is 
not possible to der ive  an expression for the potent ial  
drop across the region that  is both simple and exact. 
This is a difficulty which  will  persist, and I wonder  
what  at tempts have been made to tackle this problem 
theoretically.  It  c learly is one which also arises in 
connection with transistors, and I would imagine that  
workers  in the transistor field must  have given some 
thought  to it. Of course it is easy today to construct  
electrical  analogues of the diffuse double layer  near  
an electrode and of the re la ted space charge region 
within  a semiconductor  or wi th in  an ion exchange 
membrane.  Fur the r  one can see that, in principle, it 
is possible to devise an analogue circuit  which also 
takes account of drift  of current  carriers. The lat ter  
step is, however ,  more  difficult and less e legant  than 
the simulation of a space charge or a diffuse double 
layer  at equil ibrium, and I am not sure whe ther  the 
effort would be wor th  while. 

My second comment  has to do with  the results ob- 
tained with  zinc oxide and cadmium sulfide crystals. 
I would like to ask what  happens when  the i l luminated 
and anodically polarized crystal  is in contact wi th  a 
solution containing a common or re la ted ion. Is there 
still corrosion of CdS in a sulfide solution and en-  
hanced dissolution of zinc oxide in slightly alkal ine 
solution. According to the mechanism proposed in the 
ZnO case there is no r emova l  of holes at the interface 
by electrons supplied by ions or wa te r  molecules at the 
interface and I suspect that  Professor  Gerischer  may 
say that  the mechanism is unchanged in alkal ine solu- 
tion. However ,  it has to be noted that  the O H - O H -  
standard potential  is thought  to be in the vicini ty  of 
3v vs. NHE and direct t ransfer  of electrons f rom ad- 
sorbed O H -  ions to holes in the valence band seems 
not impossible. 

Final ly  I would suggest the addit ion of aliphatic 
alcohols or other organic OH scavengers to the anodi-  
cally polarized ZnO system. Such additions might  
throw some light on the mechanism by which holes are 
consumed at the surface though I doubt whe the r  it 
would  be possible to dist inguish be tween  reactions 
induced by OH radicals and those induced by O -  
ions formed in the way  suggested in Professor Ger i -  
scher's paper. 

Photocurrents Produced by Ultraviolet Irradiation 
of Mercury Electrodes 

II. Factors Influencing Photocurrents Caused by Electron Emission 

G. C. Barker, A. W. Gardner, and D. C. Sammon 
Atomic Energy Research Establishment, Harwel~, Didcot, Berkshire, England 

ABSTRACT 

The influence on the photocurrent  of factors such as wavelength ,  scav- 
enger  concentration, ionic strength, diffusion coefficient of the hydra ted  elec- 
tron, and the nature  of products of the scavenging reaction, is considered. 
The discussion is i l lustrated by exper imenta l  data  obtained by a var ie ty  of 
methods, and some pre l iminary  results  for substantial ly monochromat ic  l ight 
are described which lead to approximate  re la t ive  ra te  constants for the scav- 
enging of hydra ted  electrons by some simple inorganic ions and molecules. 

The presence of certain reducible  solutes (1-3) in an This current  migh t  be caused by: (a) homogeneous or  
inert  e lectrolyte  solution in contact wi th  a uv i r radi -  heterogeneous photolysis (4) fol lowed by reduction 
ated mercury  electrode gives rise to a photocurrent  at the electrode of one or more  products of the photo-  
(ip) proport ional  at low concentrat ion (Ca) to Cs 1/2. lytic reaction; (b) exci ted wate r  molecules (5) that  
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are formed at the electrode surface and react  wi th  
the solute as they diffuse away from the surface; (c) 
exci ted mercury  ions at the surface that  react  wi th  
solute present  in the compact par t  of the double layer;  
(d) hydrogen atoms formed by the dissociation of ad- 
sorbed water  molecules (6) that  reduce the solute as 
they diffuse away f rom the electrode surface, the i r  
oxidat ion at the electrode surface being a fair ly slow 
process; (e) hydra ted  electrons formed direct ly at the 
interface by electron t ransfer  to water  molecules 
situated in the compact part  of the double layer.  These 
electrons, a l though thermodynamica l ly  unstable as 
regards  oxidation by the electrode, r e tu rn  to the elec- 
trode fa i r ly  slowly (apparent  rate  constant of the or-  
der of 100 cm s -1) and some of them diffuse away 
from the electrode. While so doing they are captured 
by the solute molecules  or ions; (I) a var iant  on (e) 
involving the indirect  format ion of hydra ted  electrons 
(1) at vary ing  distances f rom the electrode surface. 
The electrons ejected f rom the electrode leave with  a 
var iable  amount  of kinetic energy and t ravel  some 
distance through the solution before being hydrated.  

Al though at high solute concentrat ion currents  due 
to (a) may occur wi th  certain solutes (NOa-,  BrOw-) 
this mechanism cannot account for the concentrat ion 
dependence of the photocurrents  considered in this 
paper. Mechanism (c), could lead to a current  that 
is not l inear ly  re la ted to Cs, but is not consistent wi th  
(i) the observed ra ther  slight dependence of ip on 
support ing electrolyte  concentrat ion (1) and (ii) the 
insensi t ivi ty of ip to the charge on the solute ion or 
molecule  when the ionic strength is small. Al l  of the 
remaining  mechanisms involve the diffusion away 
from the electrode of an ent i ty  produced by the ra -  
diation, and each is superficially consistent wi th  the 
observed concentrat ion dependence. In the present  
paper at tent ion is largely focussed on mechanisms (e) 
and ($). Studies of the influence of ionic s t rength on 
ip show that  the current  is par t ly  if not ent i re ly  due 
to one of these mechanisms, and comparat ive  and com- 
pet i t ive photocurrent  exper iments  lead to rate  con- 
stants for e lectron scavenging in fair  agreement  wi th  
those obtained in other ways. Al though H atoms may 
wel l  be formed they probably contr ibute  li t t le to the 
photocurrent  as scavenging ra te  constants are often 
two or more orders of magni tude smaller  than the 
corresponding ra te  constants for the scavenging of 
hydra ted  electrons (13). The same may be t rue  for 
excited water  molecules. 

Experimental 
In all exper imenta l  work  the test electrode has 

been a dropping mercury  electrode (DME) as the 
ini t ial  exper iments  showed clearly that  surface con- 
taminat ion could great ly  influence the potential  de- 
pendence of ip when HaO + is the scavenger.  Advanced  
polarographic equipment  has been used exclusively to 
study iv as such equipment  makes it possible to meas-  
ure a minute  photocurrent  in the presence of a ve ry  
much larger  faradaic current  due ei ther  to the reduc-  
t ion of the scavenger  or to the reduct ion of small  
amounts of species such as oxygen  arising from slow 
photolysis of the e lectron scavenger.  

Measurements  of ip have invar iably  been made at 
controlled potential. Five re la ted exper imenta l  ap- 
proaches have  been employed. In the first exper iments  
(MP 1) square wave  modula ted  l ight f rom a 100w 
medium pressure mercury  lamp was used, the lamp 
(quartz  envelope)  being mounted alongside a quartz 
polarographic cell (solution l ight  path ca. 5 mm) .  The 
potent ial  dependence of the ampli tude of the square 
wave  (225 cps) component  of the photocurrent  was 
studied with  a square wave  polarograph (SWP).  La ter  
a more elaborate apparatus (MP 2) was used to make  
more precise comparat ive  measurements  of ip for dif-  
ferent  scavengers. A four  electrode cell was used 
(DME, reference  electrode, cathodical ly polarized 
mercury  pool counter  electrode, and Ag polarizing 
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electrode) wi th  a solution light path of about 1 cm. 
The mean value  of the lamp voltage was automat ical ly  
regulated by controll ing the tempera ture  of the air in 
a quartz  jacket  surrounding a 100w medium pressure 
lamp, and the lamp current  wavefo rm was regula ted  
electronically.  Appreciably  higher  l ight  intensi ty than 
in the NIP 1 exper iments  was obtained by forming an 
image of the mercury  discharge in the plane of the 
test electrode using quartz lenses. The square wave  
component  of ip w a s  again measured with  a SWP. 

To study the residual  current  in the absence of a 
scavenger  a 250w high-pressure  mercury  arc (com- 
pact source) was used. Square  wave  modulated in-  
tense light was obtained in these exper iments  (HP) 
by placing a slotted rotat ing disk in the l ight  path. As 
in the MP 2 work  an image of the arc was formed at 
the surface of the test electrode. The solution l ight  
path was ca. 2 cm. 

Recent ly  in comparat ive  and competi t ive scavenging 
exper iments  substantial ly monochromat ic  2537A light 
f rom a low-pressure  mercury  discharge lamp (5w 
Vycor envelope)  has been used. In these exper iments  
(LP) rec tangular  modulat ion of the l ight was needed, 
and this was produced by increasing the power  dis- 
sipated in the lamp by a factor of ca. 4 for a t ime in-  
te rval  of about 1/25 sec start ing about 2.5 sec after  
the start  of growth of the mercury  drop, this delay 
t ime being controlled by a pulse polarograph (PIP). 
This polarograph was used to study the potent ial  de- 
pendence of the average  change in the current  sup- 
pl ied to the DME at constant potent ial  over  a t ime 
.interval of 1/50 sec start ing 1/50 sec af ter  the in-  
crease in l ight intensity. Owing to the diffuse nature  
of the l ight source no a t tempt  was made to focus l ight  
on the test electrode, and the lamp was mere ly  
.mounted alongside a cell wi th  a cyl indrical  quartz 
section which surrounded the mercury  drop (solution 
l ight path  ca. 1 cm).  The current  flowing through the 
lamp was stabilized, and the laboratory tempera ture  
was held constant to • 0.5~ 

Studies have been made of the t ime dependence of ip 
using the HP apparatus, by varying the phase of the 
modulat ion re la t ive  to the phase of the current  sampl-  
ing circuit  of the SWP. Also an inexpensive  25 J 
electronic flash source (xenon in Py rex  envelope, flash 
durat ion 400 ~sec) has been used for the same pur -  
pose. The var ia t ion of /p wi th  time at substantial ly 
constant potential  was studied wi th  an oscilloscope 
connected to the output  terminals  of the main cur-  
rent  amplifying circuit  of the PP. This ins t rument  
controlled the potent ial  of the DME, and it also could 
be used to record the potential  dependence of the in-  
tegrated charge lost by the DME during the l ight 
flas~h. 

The t ransparency of the various solutions to the ra-  
diations employed was studied with a Unicam spec- 
t rophotometer  Type SP 500, and quant i ta t ive  deduc- 
tions f rom exper imenta l  data have  not been made 
wi thout  applying corrections if the absorption of any 
wave leng th  contr ibuting appreciably to the photo-  
current  exceeded 5%. Such absorption was only of 
importance in work  with NOB- and NO2- and pr ior  
exposure to uv l ight  was minimized as far  as possible 
in exper iments  wi th  these scavengers. 

With both the SWP and the PP  measurements  were  
made at p rede te rmined  times in the drop life and the 
constancy of the mercury  flow rate  was moni tored by 
measur ing the double layer  capacity of the DME at 
the measurement  t ime using the normal  circuits of the 
polarographs.  Informat ion  such as the potent ial  de-  
pendence of /p was usually automatical ly  recorded, 
and over  the years some 105 bits of recorded informa-  
tion have  accumulated.  Throughout  the paper  exper i -  
menta l  values of ip are expressed in a rb i t ra ry  units. 
"Satura t ion"  photocurrents  (amp cm 2) were  not larger  
than 2 10 -6 (MP 1), 10 -5 ( M P 2 ) ,  4 10 -5 (HP) ,  2 10 .6  
(LP) ,  and 10 -3 (unfil tered flash). 

Solutions were  prepared  f rom tr iply disti l led water .  
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Reagent  grade chemicals were  used, and in some in-  
stances, where  f reedom from impurit ies which might  
act as scavengers was important ,  recrystal l izat ion or  
calcination was resorted to, usually wi thout  produc-  
ing a marked  improvement .  A complicated p re t rea t -  
ment  of the solutions which is ment ioned later  was 
made use of in studies of the residual current.  Nor-  
mal ly  the solutions were  deoxygenated (often before 
forming the mercury  pool counter electrode to avoid 
H202 formation)  by bubbling purified ni t rogen through 
the solution in the cell, hydrogen or argon being used 
occasionally. Anaesthet ic  grade N20 was used wi th -  
out purification as it contained vi r tua l ly  no oxygen 
and negligible amounts  of other  impuri t ies  which were  
ei ther polarographical ly  reducible (NO,NO2) or which 
could act as electron scavengers. Solutions containing 
known concentrations of N20 were  prepared by m i x -  
ing known volumes of N20 saturated electrolyte  so- 
lut ion and argon saturated electrolyte  solution and 
then rapidly inject ing the mix ture  into an argon filled 
cell. Al te rna t ive ly  if an  exact  knowledge of the N20 
concentrat ion was not vital, solutions containing N20 
at a low concentrat ion were  obtained by introducing a 
known volume of electrolyte  solution into the cell, 
saturat ing this with N20, and then bubbling argon 
through the cell at controlled ra te  for a known length 
of time. The N20 concentrat ion decreased exponen-  
t ially wi th  time, and concentrations down to 10-4M 
could be obtained with  an accuracy bet ter  than 10% 
if the tempera ture  of the solution and of the inflow- 
ing gas was held constant. 

Early measurements  were  made at the ambient  tem- 
pera ture  (20 ~ • 2~ Recent  measurements  (LP) 
have been made in a small  thermosta t ted  room (17 ~ 
• 0.5~ 

Dif fusion C o e f f i c i e n t  of the  H y d r a t e d  Electron 

The diffusion coefficient of the hydra ted  electron has 
been de termined  by studying the t ransient  change in 
the electr ical  conductivi ty 1 of very  dilute NH4OH so- 
lutions (,-~3 10-6M) when  i r radiated with  a pulse of 
4 Mev electrons f rom a l inear accelerator.  These so- 
lutions were  prepared f rom conductivi ty water  tak-  
ing steps to destroy organic mat ter  and to el iminate 
CO2 and other inorganic impuri t ies  and then were  
careful ly deoxygenated  and saturated wi th  hydrogen 
to destroy OH radicals formed by the decay of H20 +. 
A large voltage had to be applied to the electrodes of 
the conduct ivi ty  cell to obtain a signal well  above 
in terference signals f rom the accelerator,  and this 
vol tage was applied in the form of a rec tangular  pulse 
start ing short ly before the accelerator pulse (~3  ~sec 
duration) and lasting 10-4---5 10 -4 sec. Figure  1 is 
typical  of the results obtained. During the accelerator 
pulse an increase in conduct ivi ty  is observed which 
is par t ly  due to the formation of hydra ted  electrons 
in the solution and part ly to H30 + ions (~3  10-TM) 

z S i m i l a r  e x p e r i m e n t s  h a v e  r e c e n t l y  b e e n  r e p o r t e d  b y  S c h m i d t  
a n d  B u c k .  T h e  A r g o n n e  w o r k e r s  f i n d  a v a l u e  f o r  De of  4 .7  10 -5 cm'-' 
s e c  -1 i n  a g r e e m e n t  w i t h  t h e  l a t e r  v a l u e  h e r e  reported .  
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Fig. 1. Conductivity change observed during pulsed radiolysis of 
dilute solution of NH4OH. 
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Fig. 2. Influence of wavelength on ip 

formed by the decomposit ion of H20 +. The HsO + ions 
are mainly  consumed by O H -  ions in the solution, and 
the hydrated electrons are r emoved  somewhat  more 
slowly by react ion wi th  H~O +, and with  OH radicals, 
as wel l  as by a second order react ion of the electrons 
with themselves. One thus might  expect  the conduc- 
t ivi ty decay to be ra ther  complex, but  in real i ty it is 
almost exact ly a simple exponent ia l  decay. As the con- 
sumption of H30 + by O H -  tends to produce a solution 
which contains hydra ted  electrons and an equivalent  
deficit of O H -  ions, this s imple first order decay of 
the change in conductivi ty indicates that  the electron 
mobil i ty is almost equal  to that  of the O H -  ion. In 
the present  paper a value for De, the diffusion co- 
efficient of e-aq of 5 1{} -5 cm 2 sec -~ is used. 

Photoemission of Electrons 
It is to be expected that the photoemission of elec- 

trons using monochromat ic  l ight  wil l  be influenced by 
the potential  of the electrode in much  the same way 
as the yield for photoemission into a vacuum is af- 
fected by the quantum energy. 

Ignoring for the moment  possible complications in-  
t roduced by the discreteness of the charges in the 
double layer the effective work  function should de- 
crease steadily as the potent ia l  becomes more  nega-  
t ive and, as has been suggested by Delahay (3), a 
l inear relat ion be tween  ip 1/2 and potent ial  should be 
observed. Such a relat ion holds for emission in  v a c u o  
and some degree of l inear i ty  is predicted by Fowlers  
theory (14). F igure  2 shows the dependence of ip 1/2 on 
potential  for several  solutions containing N~O. This 
electron scavenger  is ideal for such studies as exper i -  
ment  suggests that  electron capture over a wide range 
of potential  is an i r revers ib le  process and that  the way 
in which /~ varies  wi th  potent ia l  is unaffected by re-  
actions fol lowing the scavenging reaction. The photo-  
current  is t ime invar iant  for elapsed times in the 
range 0.1-20 msec and, as it is unl ikely that  N 2 0 -  has 
a ha l f - l i fe  in neut ra l  or sl ightly alkaline solution 
larger  than 0.1 sec, the complete photocurrent  mech-  
anism is probably 

e-aq + N20 -> N20- (a) 

N 2 0 -  --> N2 + O -  ( fas thomogeneous  reaction) (b) 

O -  + H20-+ OH + OH- 
(neutral or slightly alkaline solution) (c) 

Almost all the OH radicals so formed will be directly 
or indirectly reduced (e.g., OH ~- CI- --> C1 -{- OH-, 
C1 d- e --> CI-) at all accessible potentials. Over a 
wide range of potential the capture of a hydrated 
electron by N20 leads to the loss of a further electron 
by the electrode, and two electrons are thus perma- 
nently lost by the electrode. 

Considering first the results for substantially mono- 
chromatic 2537A l ight  it is seen that  the plots for 
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0.2M KC1 and 0.2M NaF saturated with  N20 (3.1 
10-2M) at atmospheric pressure appear to have two 
l inear  portions which intersect  at potentials close to 
the ECM potentials (Eecm) for these solutions. Super -  
ficially the presence of specifically adsorbed C1- at the 
interface does not great ly  influence the plot (the 
slightly smaller  values of i ,  for the fluoride solution 
are probably due to a trace of mercurous  ion).  Ex-  
trapolation to the potential  axis of the l inear portions 
for E > Eecra gives a value of 0.85 • 0.15v vs. NCE 
for the apparent  threshold potential  when  2537A ra-  
diation is used. With solutions saturated wi th  N20 a 
substantial  fraction of the hydrated electrons are cap- 
tured, and the photocurrents  are comparable  wi th  
the saturat ion photocurrent  ips. With lower values of 
Cs the exper imenta l  accuracy decreases somewhat  but  
for a scavenger  concentrat ion of 3.3 10-~M there is 
still some indication of a change in slope near  Eecm- 

The general  behavior  wi th  2537A light seems to be 
indicative of photoemission, but the change in slope 
suggests that  emission may be slightly influenced by 
ions adsorbed at the electrode. It was shown earl ier  
(1) that  the photocurrent  produced by H~O + is not 
noticeably dependent  on the nature  of the cations ad- 
sorbed at the surface when the electrode carries a 
large negat ive charge. Early work  also showed that  
the magni tude  of the current  was l i t t le affected by the 
electrolyte concentrat ion for concentrations be tween 
1 and 0.2M. Thus it would seem that  the factor in-  
fluencing the rate  of emission of electrons wi th  l ight 
of constant wave leng th  (or polychromatic  l ight  of 
constant chromatic composition) is the potential  of the 
electrode wi th  respect  to the bulk of the solution, 
ra ther  than some factor closely connected with  the 
double layer s t ructure  and composition. One suspects 
immedia te ly  that the current  is produced mainly  by 
electrons having energies sufficiently large to t ravel  
distances large compared with  the half- thickness of 
the diffuse double layer.  However ,  it would be re -  
markable  if the electr ical  double layer  did not in 
some way affect the potential  var ia t ion of the photo-  
current.  

The change in the slope of the ip 1/2 plots near  the 
ECM may possibly be due to discreteness of the charge 
in the double layer. With an idealized compact double 
layer of constant thickness one imagines that  the ef-  
fect ive work function of the mercury  surface would 
decrease steadily as the potential  became more  nega-  
tive, the rate  of decrease of work  funct ion being only 
slightly smaller  than the rate  of change of potential  
if e-aq is formed indirectly.  Let  us assume that  the 
probabil i ty of emission of electrons is de termined by 
some function such as exp-y/]  where  f is the local field 
s t rength at the mercury  surface. [Functions such as 
this arise in field emission (7).] Introducing discrete-  
ness of charge into the picture gives a change f rom a 
uni form field to one wi th  large fluctuations f rom the 
average value. Negat ive fluctuations due to a surface 
excess of cations wil l  have a greater  effect on emission 
than the posit ive ones due to an excess of anions. 
Expressed somewhat  differently, the presence of dis- 
crete negat ive charges only tends to suppress emis-  
sion over  a small  f ract ion of the surface, and the 
average rate  is much the same as if the negat ive 
charge is evenly distr ibuted over  the plane of closest 
approach for the anions. A surface excess of cations, 
however ,  great ly  enhances emission over  a small f rac-  
tion of the total  surface and produces a larger  increase 
in the average rate  as compared wi th  the value  when  
the charge is smoothed out over  the plane of closest 
approach. Tenta t ive ly  the change in slope thus wil l  
be at t r ibuted to preferent ia l  emission in the vicini ty  
of adsorbed cations. This effect should presumably  
be most readi ly  detected at high scavenger  concentra-  
t ion but it should still influence ip at low scavenger  
concentrat ion if the average range of the electrons 
prior to thermal izat ion is large compared with  the 
thickness of the compact part  of the double layer. 
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Fig. 3. Influence of ionic strength on N20 photocurrent 
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Influence 05 Adsorbed Anions on the ,~ Po.tentia~ 
Although at high ionic strength ip is not ve ry  sen- 

sitive to the ionic strength, double layer  effects can 
be detected at low ionic strength. 

F igure  3 shows the var ia t ion  with  potential  of the 
"saturat ion" photocurrent  for 0.2M and 5 10-~M KCI 
saturated wi th  N20 (no correction has been made for 
the slight decrease with increasing electrolyte  concen- 
t ra t ion of the solubili ty of N20).  At E < Eecm the cur-  
rent  is larger  for the more di lute  solution. This effect 
is predicted qual i ta t ively  by theory given later. Due 
to e lectromigrat ion of electrons in the diffuse double 
layer, the current  approaches more  closely ips. More 
surprising is the decrease in current  when the elec- 
t rolyte concentrat ion is reduced if the electrode is pos- 
i t ively charged. A similar but  smaller  decrease was 
observed with  2 10-2M KC1 when  the electrode car-  
r ied an appreciable positive charge. According to the 
model  introduced by Grahame (8) which is often used 
in the in terpreta t ion of e lectrocapi l lary data, specific 
adsorption of anions produces a reversa l  in the sign 
of the -I, potential.  The photocurrent  measurements  
suggest that if such a reversa l  does occur it is quite 
localized and that  the ,I, potential  over an appreciable 
fract ion of the surface changes sign when  the sign 
of the charge on the electrode changes. The decrease 
in photocurrent  can be at t r ibuted to e lect romigrat ion 
of hydrated electrons in regions where  the ,I, poten-  
tial is positive in sign. If this in terpre ta t ion of the 
exper imenta l  results is correct, the study of photo- 
emission at eIectrodes may cast new light on the 
s t ructure  of the double layer. 

Energetics o~ Photoemission 
It was suggested in Par t  I (1) that  photoemission 

should commence close to the ECM with  l ight of wave-  
length 2500A as the quantum energy then roughly 
equals the work  function of mercury.  This naive sug- 
gestion ignored many factors, one of which was the 
change in energy level  on t ransfer r ing  an electron 
from vacuo to a medium of finite electronic polariza-  
bility. There  is some doubt as to the effective dielec- 
tric constant of water  when  a fast moving charge is 
involved,  but  it is conceivable that  the change in en- 
ergy level  could be sufficient to account for the thresh-  
old potent ia l  for 2537A light. Taking the effective ra-  
dius of the free electron in water  to be of the order 
of 2N, an effective dielectric constant of 2 would 
produce a change of energy level  of about 40 kcal, i.e., 
1.7 ev. The conversion of a thermal  electron to a hy-  
drated electron involves a fur ther  change in energy 
level.  It is current ly  bel ieved (9) that  the heat  of hy-  
dration is about 50 kcal. This is with respect  to the 
electron in  vacuo and the heat  of hydra t ion  for a 
thermal  electron in wate r  is presumably  appreciably 
smaller, possibly no larger  than 10-15 kcal. Clearly the 
possibility that  there  may be a small  number  of free 
electrons in water  containing hydra ted  electrons can- 
not be ruled out. 

It is general ly  assumed that  when  hydra ted  electrons 
are formed homogeneously by light absorption by cer-  
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tain anions they are formed direct ly wi thin  the sol- 
vent  cage round 'the ion. However ,  as Dainton (10) has 
pointed out, the rapid approach to a l imit ing quantum 
yield in scavenging exper iments  is not consistent wi th  
theory based on such a small  separat ion of the par t -  
ners. This difficulty vanishes if i t  is assumed that  f ree 
electrons are ejected f rom the ions and that  these 
electrons t rave l  a short  distance before becoming hy-  
drated. In this case also one can postulate emission 
made possible not by the hydrat ion energy of the hy-  
drated electron but by the polarizabil i ty of the me-  
dium. 

It wil l  be clear by now that  the mechanism which 
we favor  for the photocurrent  is indirect  format ion of 
hydra ted  electrons some distance away from the elec-  
trode. Three distinct steps are envisaged. First  the 
eject ion of an electron f rom the electrode, 2 second the 
thermal izat ion of the electron, and finally its hydra -  
tion. The last step may take place fa i r ly  slowly, and 
thermal  electrons may  t ravel  a short distance before 
hydra t ion  takes place. Undoubtedly  an appreciable 
fract ion of the ejected electrons wi l l  r e tu rn  to the 
electrode before being hydrated,  but  those which es- 
cape f rom the double layer  region are eventua l ly  con- 
ver ted  into hydra ted  electrons. All  the exper imenta l  
facts known to us are consistent with this mechanism, 
but  as the evidence in some instances cannot be re -  
garded as conclusive the general  behavior  if the photo-  
current  were  caused by hydra ted  electrons formed di- 
rect ly at the interface is briefly considered in la ter  
sections. 

Influence of Wave leng th  
An obvious parameter  to va ry  is wavelength .  The 

importance of doing this has long been recognized, 
but  the work  of ear ly  workers  (11) did not lead to 
results of permanent  value. Unfor tuna te ly  the photo-  
current  is often small, and after  the insert ion of a 
monochromator  in the light path the current  may be 
too small  to measure.  

In Fig. 2 there  are  two plots of ~pl/2 obtained with  
0.2M KC1 saturated with  N20 and the flash source. 
Combinations of Wrat ten  filters were  used to vary  the 
position of the pass band and to reduce the bandwidth  
of the l ight path. The characterist ics of the shorter  
wave length  radiat ion were  m a x i m u m  intensi ty  Im 
close to 3600A, 0.5 Im at 3450 and 3750A, 7.5% I,, 
at 3200A and 2% I,n at 3000A. Those of the longer 
wavelength radiation were Im close to 4250A, 9.5% 
Im at 4000A, 31% Im at 4400A, 1% Im at 3800A, 1% Im 
at 4800A. These radiations were not as monochromatic 
as one would wish, but they provide some semiquan- 
titative information about the behavior when long 
wavelengths are used. In both cases the plot of /v I/2 
against potential is fairly linear. There are no reliable 
points for potentials more negative than about --1.6v 
vs. NCE because at such potentials the reduction of 
N20 commences and a spurious photocurrent due 
possibly to heating of the interface by the absorbed 
radiation is observed. The "4250A" radiation was 
closer to being monochromatic than the "3600A" ra- 
diation and consequently the apparent threshold po- 
tential obtained by extrapolation of data for the for- 
mer radiation is more reliable. Extrapolation gives 
--1.14 ___ 0.05v vs. NCE for the "4250A" radiation and 
--0.36 +__ 0.1v vs. NCE for the "3600A" radiation, the 
latter value being in all probability somewhat too pos- 
itive due to the presence of wavelengths somewhat 
shorter than 3600A. 

Approximate though these results are they serve to 
show that the apparent threshold potential changes 
considerably as the wavelength increases, changing by 
1.99 ___ 0.25v when the wavelength changes from 2537A 
(4.86 ev) to 4250A (2.92 ev). Actually the change in 
threshold potential should be somewhat larger than 
the change in work function as ejected energetic 

2 The quantum efficiency is dependent on wavelength and poten- 
tial a n d  is  a b o u t  0.07% a t  - - 1 . 5 v  v s .  SCE f o r  2537A l i gh t .  

electrons presumably  lose a li t t le energy whi le  pass- 
ing through the compact par t  of the double layer. It  
should be ment ioned that  our  results do not agree 
with the recent  work  of Heyrovsky  (2b). For  N20 and 
several  other scavengers the rate  of change of thresh-  
old potential  wi th  quantum 'energy (E /ev)  was found 
by him to be close to 0.5. Such a value and a mech-  
anism based on electron emission are mutua l ly  in-  
consistent. 

Influence of Scavenger Concentration 
Results repor ted  ear l ier  (1) for solutions containing 

H30 + ions were  in te rpre ted  on the basis of scavenging 
by H~O + of hydra ted  electrons diffusing away from 
the electrode surface. A simplified model  was em-  
ployed in which all the hydra ted  electrons are de-  
posited in a deposition plane distance 5 away from 
the surface. Capture  wi th in  the region 0 < x < 5 is 
ignored but for x > 8 hydra ted  electrons are con- 
sumed by 

e-aq + S--> S -  (d) 
and 

ip/ips = QS/(1  + QS) [1] 

where  Q = (ksCs/De) 1/2, De is the diffusion coefficient 
of the hydra ted  electron, ks is the rate  constant of the 
scavenging reaction ( M - I s - i ) ,  Cs is the scavenger  
concentration, ip is the photocurrent ,  and ips is the 
saturat ion photocurrent  for Cs -> oo. In the der ivat ion 
of [ i ]  it is assumed that  hydra ted  electrons move  only 
by diffusion and that  their  motion is uninfluenced by 
the field in the diffuse double layer. Str ic t ly  ip and ips 
refer  to 1 cm 2 of electrode surface. 

The aperiodic equivalent  electrical  circuit  for this 
model  is the one shown in Fig. 4a. The diffusion of 
e-aq in the region x > 0 is represented by the mot ion 
of charge along a resist ive transmission line (12) (no 
inductance) with constant series resistance R~z and 
shunt  capacity CtL per unit  length,  and the homogen-  
eous capture of hydra ted  electrons is al lowed for by 
uni formly  distr ibuting shunt resistance Rs along the 
line for x > 5. The deposition of e-aq is represented  by 
an infinite impedance current  generator  of magni tude  
ips at x ~ 5, and the photocurrent  /p is the difference 
between /ps and the current  at x ---- 0. The short  cir-  
cuit at this point implies diffusion-controlled capture 
of electrons by the electrode. 

Rt~ --~ 8~De, Ct~ ~- 1/8, and Rs = u/ksC~ [2], [3], and [4] 

where  8 is arbi t rar i ly  chosen (it is connected with the 
equivalence of voltage and hydra ted  electron concen- 
trat ion) and has the dimensions ohm cm sec -1 if 
the circuit  refers to 1 cm ~ of electrode surface. 

In the rapidly attained steady state (see later  sec- 
tion) for constant /~s the shunt  capacity is of no im-  
portance and looking to the r ight  the impedance at 
x ---- 8 equals (RtlRs) 1/2. The circuit  thus reduces to 

f 
0 ~ ." X 

Fig. 4a. Equivalent electrical circuit for electron deposition 
model: exact circuit. 
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Fig. 4b. Equivalent electrical circuit for electron deposition 
model: reduced form for constant light intensity. 

t h e  one  in  Fig. 4b. T h e  i n j e c t e d  c u r r e n t  ips is n o w  p a r t i -  
t i o n e d  b e t w e e n  t w o  r e s i s t o r s  of v a l u e  Rtt5 a n d  (Rtl 
Rs) 1/~ a n d  Eq. [1] r e a d i l y  fo l lows.  

I f  i t  c a n n o t  be  a s s u m e d  t h a t  e v e r y  e n c o u n t e r  of  a 
h y d r a t e d  e l e c t r o n  w i t h  t h e  e l e c t r o d e  r e s u l t s  in  t r a n s -  
f e r  to t h e  e l e c t r o d e  t h e  s h o r t  cir.cuit a t  x ---- 0 is r e -  
p l a c e d  b y  a r e s i s t a n c e  Re ~ ~/ke, w h e r e  ke ( c m  
sec -1 )  is t h e  e l e c t r o n  t r a n s f e r  r a t e  c o n s t a n t  ( t h e  a p -  
p a r e n t  r a t e  c o n s t a n t  if  d i s s o c i a t i o n  of e - a q  p r e c e d e s  
, t r ans fe r  a n d  is t h e  r a t e - c o n t r o l l i n g  s t e p ) .  I n  t h i s  case  

ip/ips = Q S ' / ( 1  --I- QS') [5] 8 

w h e r e  5" = 5 -t- De/ke. T h u s  t h e  a p p a r e n t  r a n g e  p r i o r  
to h y d r a t i o n  is i n c r e a s e d  b y  De/ke a n d  t h e  5 v a l u e s  
g i v e n  l a t e r  cou ld  p o s s i b l y  b e  a t t r i b u t e d  to a v a l u e  fo r  
ke of t h e  o r d e r  of  102 cm sec  -1.  

Distributed Deposition of Charge 
To e s t i m a t e  t h e  effect  of d i s t r i b u t e d  c h a r g e  d e p o -  

s i t i on  a n d  to t a k e  a c c o u n t  of s c a v e n g i n g  in  t h e  r e g i o n  
in  w h i c h  h y d r a t e d  e l e c t r o n s  a r e  f o r m e d ,  i t  is n e c e s -  
s a r y  f i rs t  to d e r i v e  a n  e x p r e s s i o n  fo r  t h e  p h o t o c u r r e n t  
p r o d u c e d  b y  d e p o s i t i o n  a t  t he  p l a n e  x 1 w h e n  t h e  
s c a v e n g e r  c o n c e n t r a t i o n  is u n i f o r m  fo r  x > 0. T h e  
e q u i v a l e n t  c i r cu i t  for  ze ro  e l e c t r o n  c o n c e n t r a t i o n  a t  
x = 0 t a k e s  t he  f o r m  s h o w n  in  Fig.  5. T h e  s e m i - i n -  
f in i te  l i ne  u s e d  p r e v i o u s l y  is r e p l a c e d  b y  a n  in f in i t e  
l ine  w i t h  t h e  s a m e  e l e c t r i c a l  c h a r a c t e r i s t i c s ,  a n d  ze ro  
c o n c e n t r a t i o n  a t  x = 0 is o b t a i n e d  b y  p l a c i n g  a t  - - x  ~ 
a n e g a t i v e  i m a g e  of t h e  c u r r e n t  s o u r c e  a t  x I. T h e  
p h o t o c u r r e n t  dip is t h e  d i f f e r e n c e  b e t w e e n  t h e  c u r r e n t  
dips d e p o s i t e d  a t  x a n d  t h e  c u r r e n t  f l owing  a t  x ---- 0, 
a n d  

dip = dips ( 1 -  e x p - Q x )  [6] 

Thus ,  if  t he  r a t e  of d e p o s i t i o n  of  c h a r g e  is F (x )  

ip/ips = fo ( 1 -  e x p - q x ) F ( x )  dX/fo F ( x )  dx  [7] 

As  ye t  t h e  f o r m  of F ( x )  is u n k n o w n  a n d  o n l y  two  
spec i a l  cases  wi l l  b e  considered. 

(i)  F ( x )  ~ A ( 2 6 - - x )  fo r  0 < x < 25 a n d  0 fo r  x 
25, A b e i n g  a c o n s t a n t .  T h i s  m i g h t  b e  a p p r o x i m a t e l y  

s Equation [5] holds for scavenging of other entities produced by 
radiation (H atoms excited H~O molecular) after appropriate 
changes in parameters. 

_ .  _~ '  lye x x 
l 

-dip~ 

o 

i+dip= 

! 

Fig. 5. Equivalent electrical circuit taking account of scavenging 
for 0 ~ x ~ 6. 
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Fig. 6. Dependence of ip/ips on Q5 

a p p l i c a b l e  w h e n  u n f i l t e r e d  p o l y c h r o m a t i c  l i g h t  f r o m  
a h i g h - p r e s s u r e  m e r c u r y  a rc  or  f r o m  a f lash  s o u r c e  
is used.  E q u a t i o n  [7] l eads  to 

ip/ips ~- 1 --  1/2Q-25-~ e x p - 2 Q  Jr � 8 9  - 2  - 8 - 1 Q  - z  
[8] 

F i g u r e  6 s h o w s  t h a t  t h e  v a r i a t i o n  of ip/ips w i t h  Q5 
p r e d i c t e d  b y  th i s  e q u a t i o n  is s i m i l a r  to  t h a t  g i v e n  b y  
Eq. [1].  

(ii) F ( x )  ~ A e x p - x / 5 .  Th i s  case  a r i s e s  i f  t he  h y -  
d r a t i o n  of t h e r m a l  e l e c t r o n s  is a s low process .  U s i n g  
Eq.  [7] i t  f o l l ows  t h a t  ip/ips is  g i v e n  b y  Eq.  [1].  W i t h -  
ou t  e x a c t  k n o w l e d g e  of  F ( x )  t h e r e  m u s t  b e  u n c e r -  
t a i n t y  a b o u t  t he  v a r i a t i o n  of ip a t  h i g h  Cs and ,  of 
course ,  ips c a n n o t  be  r e a d i l y  d e t e r m i n e d .  H o w e v e r ,  
t h e  o r d e r  of m a g n i t u d e  of t h e  a p p a r e n t  r a n g e  p r i o r  to  

H.P. ' IM.m . 

//I," - i .sv 8 

�9 p 

. , 

Fig. 7a and b. Dependence of ip on Cs~/2:KNO~ in 1M KCI 
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Fig. 7c and d. Dependence of ip on CsZ/2: c (left) NAN02 in 
0.2M KCI; d (right) NH4CI in 1M KCI. 



1188 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1966 

-MR2 " 

-500 / ~ i i  3V 

I,;~V 

i. ~o ,oo �9 ,?o 

i i 1 
I_P 
-800 

| p  �9 

-400 / 

-~00 / 

/ '  .,-r ,o, N 20  .,' so %0 'T 
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Fig. 9. Variation of ip Cs -I/2 with Cs ~/2 

hydrat ion probably  can be est imated using Eq. [1] 
or [8]. 

There  is no uncer ta inty  about the var ia t ion of ip 
when Cs is small. Provided  that  the light intensi ty is 
not so large as to cause depletion of the solution, and 
that  due al lowance is made  for competing scavenging 
by impurit ies and by the solvent, it is to be expected 
that  ip at low Cs will  be proport ional  to C 1/2. This ex-  
pectation has been confirmed by us (1) and by Dela-  
hay (3) and it is wel l  borne out by the graphs in 
Fig. 7 and 8. 4 In the NH4 + case the l inear i ty  is main-  
tained to the highest  concentrat ion as ks in this case" 
is unusual ly  small. In other  cases (H30 +, i~O3-, 
NO2-)  some depar ture  from l inear i ty  is observed at 
high scavenger  concentrat ion which cannot  in the 
H30 + case be a t t r ibuted to l ight absorption, al though 
this is a contr ibutory factor with NO3- and NO2-.  
Only the exper imenta l  data for H30 + are suitable for 
the evaluat ion of 8. For  localized deposition and the 
two types of distr ibuted deposition considered ear l ier  
ip/ips can be wr i t t en  in the approximate  form 

ip/i~s ~ A Q 5  (1 - -  BQS ) [9] 

Thus a plot of ip/Cs 1/2 against Cs I/2 should be l inear up 
to modera.tely large values of Q8 with  a slope ABips 
52ks~De. If Eq. [1] is used A B  = 1, while  Eq. [8] leads 
to a value for A B  of 1/3. Three  such plots based on 
the H30 + data are given in Fig. 9. The slopes lead to 
values for 5 of 34, 41, and 48A, respectively,  at the 
potentials --1.0, --1.2, and --1.4v vs. SCE if A B  ~ 1, 
and to values larger  by the factor 31/2 if  A B  = 1/3. A 
value  for ks of 1.4 1010 M-~ sec - I  is here  assumed, 
and ips is obtained by extrapolation.  

It is to be expected that  5 will  increase as the po- 
tential  becomes more negat ive  if during the the rmal -  
izing process the electrons t ravel  an appreciable dis- 
tance. Slow hydrat ion after  ve ry  rapid thermal iz ing 
Should not lead to a dependence of 5 on potent ia l  if the 

A l l  p o t e n t i a l s  r e f e r  t o  S C E .  

i i , 

!:!ii:'~ j 
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Fig. 10. ip curves for various scavengers in 0.2M KCI normalized 
at --1.3v, 25375. radiation. 

t ransfer  of electrons back to the electrode is a diffusion 
controlled process. It  is doubtful  whe ther  the exper i -  
menta l  data are sufficiently precise for the above po- 
tential  dependence of 8 to be regarded as significant. 
However ,  evidence for such a dependence is also pro-  
vided by measurements  of ip/ips using a high and a 
low value of Cs. For  H30 + this current  rat io increases 
by 18 • 5% when the potential  is changed from --1.0 to 
--1.4v vs. SCE. A similar but sl ightly smaller  increase 
has been found for N20 in 0.2M KC1. These results 
suggest that  the ra ther  long range of the electrons 
prior to hydrat ion cannot be ent i re ly  at t r ibuted to slow 
hydra t ion  of thermal  electrons. 

Dependence of ip on Potential and Nature of Scavenger 
Photocurrents  are observed with many  inorganic and 

organic scavengers, but it is profitable, when consider-  
ing evidence for electron emission, to give most at- 
tention to simple systems in which there is no strong 
adsorption of the scavenger  at the interface and which 
are re la t ively  free f rom complications introduced by 
homogeneous or heterogeneous photolysis of the 
scavenger. Thus in the present paper only exper i -  
menta l  results for scavenging by N20, H~O +, NO3-,  
NO2- and by the ions of Cd, Zn, and Ni are considered 
in any detail. Even some of these systems turn out to 
be quite involved. 

Al though polychromat ic  l ight is often ent i re ly  satis- 
factory for comparat ive measurements  of ip at low Cs 
using different scavengers, it is general ly  desirable in 
studies of the potential  dependence to use ei ther  mono- 
chromatic light of wave length  below 3000A or at 
least polychromatic  l ight (line or continuum) con- 
taining no wavelengths  longer than 3000A. These de- 
siderata were  not ful ly  appreciated in our early work 
and effects to be observed with  l ight of short wave -  
length were  sometimes part ly masked. 

In Fig. 10 are plotted photocurrent  curves for var i -  
ous scavengers in 0.2M KC1. The curves are nor-  
malized at --1.3v vs. SCE; 2537A radiat ion was used, 
the scavenger  concentrat ion was 10-~M and 0.2M KC1 
was used to avoid l ight absorption by mercurous  ions 
(the solubility of Hg2C12 increases as the C1- concen- 
trat ion increases).  An  impor tant  feature  of the curves 
is their  tendency to coalesce at values of the potential  
more negat ive  than --1.2v vs. SCE. The fall  in ~ in the 
H30 + case at potentials  more  negat ive  than --1.5v is, 
of course, due to the fall  in scavenger  concentrat ion at 
the electrode surface connected with  the onset of the 
h.e.r. This coalescence points to a common factor 
which we  believe to be electron emission fol lowed by 
scavenging of hydra ted  electrons. 

At more posit ive potentials the behavior  is more 
complex. Only wi th  N20 does ip increase smoothly as 
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the potential  becomes more negative. With H30 + 
hardly any photocurrent  is observed unt i l  the potent ial  
reaches --0.45v vs. SCE. Shortly after this potential  
the current  rises rapidly and the curve then merges 
into the N20 curve. With NO~- as the scavenger a 
small  cur rent  is observed at the most positive potential  
which can be used. This current  at first changes only 
slowly as the potential  becomes more negative, but  in 
the vicini ty of --0.8v vs. SCE the ip curve rises fairly 
rapidly to join the N20 curve. NO2- behaves in yet 
another  way. An appreciable current  roughly equal to 
half the normalized cur ren t  for N20 is observed at 
potentials positive with respect to --1.0v but  i p  in-  
creases rapidly at about --1.0v and the current  curve 
slightly overshoots the N20 curve before joining it at 
still more negative values of the potential. These 
peculiar but not unexpected effects can be at t r ibuted 
to reactions involving the unstable  products of the 
scavenging reactions. Only in  the case of N20 do such 
reactions not influence the shape of the ip/E curve al-  
though electron scavenging in this case is followed by 
homogeneous and heterogeneous reactions. 

If the ent i ty  S -  formed by electron capture is stable 
in solution (possibly only because second order reac- 
tions of S -  in pairs are un impor tan t  due to the low 
concentrat ion) it may be oxidized by the electrode and 
the captured electron, if this happens, is re turned  to 
the electrode. In  such circumstances ip clearly wil l  be 
small. Thus the ra ther  rapid increase in the H80 + 
photocurrent  might  be at t r ibuted to the cessation of 
the oxidation of either 1..1 atoms formed by electron 
,capture or H2 + ions formed heterogeneously at the 
electrode surface [homogeneous formation is too slow 
(13) a process to account for suppression of ip at small  
values of elapsed time]. Examinat ion  of the rising par t  
of the curve shows that  it resembles in  shape a polaro- 
graphic wave for an irreversible reduction, rising from 
10-90% of its "l imiting" value in a potential  in terval  
of about 200 mv. This is consistent with a totally 
irreversible oxidation process involving 1 electron and 
having an ~ value of about 0.5. However,  the position 
of the "wave" seems to be not markedly  tempera ture  
,dependent, a fact which is possibly not  consistent with 
a high degree of irreversibil i ty.  As some results con- 
~sidered later suggest that  ip for I--I30 + at more negative 
,potentials is par t ly  due to the part icipat ion of 1..1 atoms 
(formed in the scavenging reaction) in the a tom-ion 
reaction 5 

H ~- H30 + ~ e -* H2 -~ H20 (irreversible c.t.r.) [el 

it is possible that the rapid rise i n / p  is due to competi- 
tion between this reaction and the oxidation reaction 

H20 ~ H--> H~O + W e ( irreversible c.t.r.) [f] 

If the rates of both reactions are similarly influenced 
by temperature,  the "half-wave" potent ia l  will  be in -  
sensitive to changes in temperature.  

Speculative explanations for the behavior of N O , -  
and NO2- can also be advanced. In  the NOa- case the 
half-l ife of NO32- may be sufficiently long to permit  
oxidation of it at the electrode surface when the po- 
tential  is more positive than --1.0v vs. SCE. At more 
negative potentials this oxidation ceases and NO32- 
is removed by 

NO32- W H20 --> NO2- -~ OH -p O H -  (homogeneous) 
[g] 

The OH radicals are then directly or indirect ly re-  
duced by the electrode and hence the capture of one 
electron leads, when the potential  is very negative, to 
the pe rmanen t  loss of 2 electrons by the electrode. 
The small  current  observed at the most positive poten-  
tial which can be employed with 0.2M KC1 might  be 
due to incomplete oxidation (see nex.t section) of 

5 Or in  the  r e l a t e d  r eac t i on  w h e r e  the  HaO+ is r e p l a c e d  b y  a 
w a t e r  molecu le ,  i.e. 

H + H~O + e--4 ~ + OH-  
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NO32- or even to scavenging of H atoms formed by the 
radiation. In  this connection it should be noted that  the 
1..1 atom scavenging reaction is presumably 

H -~ NO~- --> NO2 ~- O H -  (homogeneous) (h) 

and if the reduction of NO2 is a rapid charge transfer  
reaction 

NO2 -b e-> NO2- (c.t.r.) [i] 

the small contr ibution of the 1..1 atoms to the photo- 
current  might  conceivably change only slowly with 
potential. 

In  the NO2- case the variat ion of ip with potential  is 
similar to the d-c polarogram for NO in a buffered 
solution of pH 7. The lat ter  exhibits a large step fol- 
lowing a small slowly rising wave, and the half -wave 
potential  for the large step is roughly coincident with 
the rapid increase in  the photocurrent.  Also, if the 
solution is made strongly alkaline, the large step in the 
polarogram vanishes and so does the greater par t  of 
the step in the photocurrent  curve. Thus it is l ikely 
that these two steps are due to the same electrode 
reaction. Presumably  NO22- is formed by electron 
capture in the photocurrent  case and this unstable  
enti ty is possibly rapidly converted to NO 

NO22- W H20--> NO W 2OH-  (homogeneous) [j] 

The NO then tends to ~oe reduced at the electrode sur-  
face, but  the polarographic experiments  suggest that 
this reaction is slow, and little therefore of the NO 
formed would actually be reduced dur ing the small  
time between the increase in light intensi ty  and the 
current  measur ing time. Thus at potentials positive 
with respect to the sudden rise in  ip the photocurrent  
probably is roughly equal to the rate of capture of hy-  
drated electrons. What happens at more negative po- 
tentials is less certain but  the sudden increase in ip, 
we believe, is ini t iated by a sudden change in the 
mechanism by which NO is reduced at the electrode 
surface. At more negative potentials than  --1.0v vs. 
SCE it seems likely that reaction (j) may be followed 
by 

NO ~- e--> N O -  (c.t.r.) [k] 

and that N O -  (possibly after conversion to HNO) 
may be fur ther  reduced. In  strongly alkal ine solution 
(1M NaOH) the si tuation is clearer as polarographic 
experiments  suggest that the reduction of NO then 
stops at N O -  and thus the capture of a hydrated elec- 
t ron by NO2- in strongly alkal ine solution presumably 
leads to the permanent  loss by the electrode of 2 elec- 
trons if the potential  is very negative. 

From the above discussion it is evident  that the 
capture of a hydrated  electron does not  general ly re-  
sult in the permanent  loss of 1 electron by the elec- 
trode. It is thus necessary to introduce a type of stoi- 
chiometric number  which we shall  t e rm the electron 
transfer  number  vs. This number ,  which may not  in 
all cases be an integer, is defined as the number  of 
electrons permanent ly  lost by the electrode as a re-  
sult of the capture of a hydrated electron in the 
solution. Thus the saturat ion current  ips is the product 
of vs and i~, the rate of deposition of charge in the 
solution. The value of vs may change in the presence 
of other scavengers and in what  follows the super-  
script 0 is used to indicate the absence of other 
scavengers. A knowledge of vs ~ for different scaven- 
gers is often vi tal  for the evaluat ion of rate constants 
from photocurrent  data. 

Electron Scavenging Followed by Oxidation of 
Reaction Product 

The approximate equivalent  electrical circuit  (1 cm 2 
of interface) for the case in  which the product S -  of 
the scavenging reaction is stable as regards reaction 
with the solvent, and with any solute present, but  is 
oxidized by a heterogeneous charge transfer  process 
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Fig. 11. Equivalent circuit taking account of oxidation of S- 

OC. 

involving only 1 electron, is the one shown in Fig. 11. 
The formation of S -  in the solution is represented by 
a vast  number  of current  generators  dis tr ibuted along 
the length of a semi-infini te  resist ive transmission line 
connected with  the l inear diffusion of S - .  A resistance 
Ro l inking the input terminals  (x ~ 0) of the line 
takes account of the finite rate  of oxidation of S -  at 
the electrode surface. The various electr ical  compo- 
nents are defined by 

Rtl = o /Ds - ,  C t l  = 8 - 1 ,  R o  = 8 / k o  [10], [11], [12] 

whe re  ko is the rate  constant of the charge t ransfer  
process and D s -  is the diffusion coefficient of S - .  Us- 
ing the localized electron deposition model  the current  
generators  supply current  per uni t  length equal  t o /p  Q 
exp - Q ( x - - 8 )  for x > ~ where  ip is the photocurrent  
which would be observed if S -  were  not oxidized. 
The actual photocurrent  /po is the difference be tween 
the total injected cur ren t  and the current  flowing 
through Ro. For  large values of elapsed t ime a genera-  
tor dip at x gives rise to a photocurrent  dip o given ap- 
proximate ly  by 

dipo = dip(x  + D s - / k o )  (~Ds- t )  -1/2 [13] 

where  t is the elapsed t ime since the application of 
the current  dip (i.e., since the start  of i r radia t ion) .  It  
readily follows that  the total  observed photocurrent  
ipo is given approximate ly  by 

ipo : / p ( Q - 1  + 5 -~- D s - / k o )  (~Ds - t ) -1 /2  [14] 

if (a) the light intensi ty (a l te rna t ive ly  the increase 
in l ight intensi ty)  is constant for t > 0, (b) ip is ap-  
preciably smaller  than ips. 

If ko --> ~ the photocurrent ,  which is connected 
solely wi th  the diffusion of S -  away f rom the elec-  
trode, is small  and re la t ive ly  independent  of Cs. In-  
serting typical values for the parameters  ( D s -  = 10 -5 
cm 2 sec -1, ks = 2 10 TM M -1 sec -1 Cs = 10-3M) it is 
found that  ipo/ip --~ 5 10 -4 t -1/2. In our exper imenta l  
work  with  l ight f rom mercury  discharges t has not 
usual ly  been smaller  than 2 10 -3 sec, and hence any 
photocurrent  produced by ions such as Cd( I I )  or 
Zn( I I )  should have been quite small. Exper iment  
(MP1) showed that  wi th  these ions at concentrat ions 
up to 10-3M ipO/ip was not larger  than 0.03 ( taking 
for ip o n e  half  of the H30 + ip for the same concen- 
t rat ion of H30 +). This somewhat  negat ive  resul t  is 
not  inconsistent wi th  electron capture fol lowed by oxi-  
dation of S - ,  but  it c learly is desirable to repea t  these 
exper iments  wi th  more sensit ive apparatus. 

With 0.2M KC1 containing Ni 2+ or Mn 2+ measurable  
photocurrents  were  observed up to the potentials at 
which reduct ion of the scavenger  occurred. The results 
(MP.1) for Ni 2+ are given in Fig. 12. At  constant po- 
tent ial  the photocurrent  is roughly proport ional  to Cs ~/2 
and as pulsed radiolysis (15) has shown that  ks for 
scavenging of eaq- by Ni 2+ corresponds to diffusion 
control, it is conceivable that  the photocurrent  is due 
to slow oxidation of Ni + at the electrode surface. If the 
exper imenta l  data are fed into Eq. [14] it is found that  

'4 | IO'3M NICI2 

X 10"2M NiCI 2 

5.102M NICI 2 

Fig. 12. Photocurrent observed with 0.2M KCI containing NiCle; 
polychramatic light. 

ko only increases slowly as the potent ial  becomes more 
positive and has a value  of the order of 0.25 cm sec -1 
at --0.8v vs. SCE electrode. It is, however ,  doubtful  
whether  this in terpre ta t ion of the results is correct. It 
can be envisaged that  electron capture sometimes may 
not lead instantaneously to the format ion of S -  but 
ra ther  to the format ion of a type of ion pair  eaq- S, 
the format ion of S -  f rom the ion pair being an ap- 
preciably slower process than electron capture. So far 
no evidence for such a mechanism has been revealed  
by photocurrent  studies using many different scav- 
engers. This mechanism tends to destroy the l inear  re-  
lation be tween ip and Cs 1/2 as the average life of the 
"ion pair" is dependent  on its average distance f rom 
the electrode at the t ime it is formed, which increases 
as Cs diminishes (it is here assumed that  encounters  of 
"ion pairs" with the electrode wil l  lead to rapid elec- 
tron transfer  to the electrode) .  It seems possible, 
however,  that  the Ni 2+ photocurrent  may be due to 
rapid react ion of a small  f ract ion of the excite~d Ni + 
ions formed by electron capture  with wate r  molecules 

Ni + * + H20--> Ni 2 ~ + H + OH' (homogeneous) [1] 

the remainder  being de-exci ted  in other ways and 
oxidized by the electrode. This hypothet ical  photocur-  
rent  mechanism leads to the observed dependence of 
ip on Cs. 6 

The photocurrent  observed wi th  Mn 2+ is sl ightly 
smaller  and can be s imilar ly in terpre ted  in at least two 
ways. Clearly all these systems requi re  fur ther  study, 
but this is not a task to be l ight ly  undertaken,  espe- 
cially in the case of ions of metals  such as Pb, T1, Cd, 
In, Cu, and Zn, because of the small  value of i~ ~ and 
the occurrence of apparent  photocurrents  due simply 
to heat ing of the interface by the absorbed radiation. 
With unfil tered light from a flash source or a high 
pressure mercury  arc, iph, the heat ing current  con- 
nected with the tempera ture  coefficient of the double 
layer charge density, when largest  is of the same order 
of magni tude  as the residual  photocurrent  at the most 
negat ive potential  in the absence of added scavenger.  

Residual Photocurrent 

The hydrated electron has a finite life in water  and 
in dilute electrolyte  solutions of pH < 9, decaying by 
the react ion 

eaq- + H20--> H + O H -  (homogeneous) [m] 

Ear ly  pulsed radiolysis exper iments  indicated a 
half- l i fe  of the order of 50 ~sec, but  more recent  work  
(16) using lower electron concentrations and water  
stored in silica or polythene has given a value close 
to 500 ~sec. Treating the decay reaction as a scavenging 
reaction the product ksCs has a value of about 2 l0 s 
sec -I, and a residual photocurrent is to be expected 

6 Yet another explanation would be that on arrival at the inter- 
face s o m e  o f  t h e  N i +  i o n s  a r e  r e d u c e d  a l t h o u g h  a s u b s t a n t i a l  f r a c -  
t i o n  a r e  o x i d i z e d .  
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Fig. 13. Photocurrent produced by NO3- and the corresponding 

residual photocurrent. 

which should be about 300 times smaller  than 
ips(v~ = 1). 

The residual  current  has been studied using various 
light sources. The HP data are possibly the most re l i -  
able as greatest  care was then taken in the preparat ion 
of solutions and also the measured  currents then 
great ly  exceeded the noise level  of the SWP. Figure  13 
shows the potent ia l  dependence of residual  current  
wi th  the measurement  t ime in terval  adjusted to make  
the measurements  insensit ive to iph (the heat ing 
photocurrent) .  A scaled down ip curve  for NO~- (1.6 
10-SM) obtained under  identical  conditions is included 
in the figure, and it wil l  be seen that  the two currents  
vary  in much the same way with potential.  Ce ~, the 
electron concentrat ion at the hypothet ical  deposition 
plane calculated using NO~- data, a value of kNoa- 
assumed later, and the equation 

~p = FCe~(ksCsDe) 1/2 (1) [15] 

did not exceed 10 -2 '  mole cm -8 in these exper iments  
and consequent ly remova l  of eaq- by the diffusion 
controlled second order  react ion [17] 

eaq- 3- eaq- "* H2 3- 2 O H -  (homogeneous) [n] 

was not of importance.  
Calculations of the electron hal f - l i fe  based on the 

re la t ive  magni tudes  of the residual  and NO3- photo-  
currents  (assuming vs ~ 1 for the residual  current)  
yielded values in the range 100-200 ~sec for 1M solu- 
tions of KC1, Na2CO3, and Na2SO4 (solutions which 
were  first made  10-2M in SO32-, i r radiated with  l ight 
f rom a h igh-pressure  mercury  lamp, oxygenated  to 
destroy SO82-, deoxygenated  and i r radia ted to destroy 
H202). This t rea tment  destroys impuri t ies  such as 
NO3-,  NO2- but general ly  it did not reduce the res id-  
ual ip by more  than a factor  of 3. The pH after  t rea t -  
ment  was ~--9 for the C1- and SO42- solutions. 

The slight discrepancy be tween  the half - l i fe  deduced 
f rom the residual  current  and that  now accepted by 
radiat ion chemists cannot be a t t r ibuted to impuri t ies  
in our solutions that  are reduced at potentials more  
positive than- -1 .6v  vs. SCE. 

It is possible that the hal f - l i fe  may decrease in re la-  
t ively  concentrated electrolyte  solutions. It  has been 
suggested that  there  is some sl ight  tendency for ion pair 
format ion be tween inert  cations at high concentrat ion 
and hydra ted  electrons (18). Accelerated decay thus 
might  be connected with  the scavenging by protons 
produced by field dissociation of water  molecules lying 
be tween  the electron and the cation. 

Time Dependence of the Photocurrent 
As few exper imenta l  studies have been made of the 

t ime dependence of ip it would be inappropria te  to 
discuss this dependence at length, but  it is impor tant  
to show that  the results so far  obtained do not clash 
with the electron emission mechanism. Adopting once 

more the localized deposition model  it follows f rom the 
solution of a closely related problem in heat  con- 
duction (19) ( involving radiat ion f rom a semi-infini te 
rod with appropriate  init ial  and boundary conditions) 
that  for i r radiat ion of constant intensi ty start ing at 
t = 0  

ip/ips ~- Q5 (1 - -  QS) -1 [ (aCskst) -2/2 
e x p - -  ksCst 3- err (ksCst) 1/2] [16] 

if ip is appreciably smaller  than ips and t > >  52/D~. It  
is assumed that  Vs = 1. For  small  values of t, /~ tends 
to be large but a pseudosteady state is rapidly estab- 
lished, the current  for t = 2(ksCs) -1 being only 5% 
larger  than the s teady-sta te  value. For  diffusion- 
controlled scavenging (ks ---- 2 1010M -1 sec -1) and a 
typical scavenger  concentrat ion (10-4M) the steady 
state is v i r tua l ly  at tained in 1 ~sec. 

Studies have been made (HP) of the var ia t ion  of ip 
wi th  elapsed t ime using square wave  modulated l ight 
and 1M KC1 containing H30 + at concentrations be-  
tween 10-4M and 1M. No var ia t ion was observed for 
values of t be tween the min imum value imposed by 
the SWP (~500 ~sec) and the m ax im um  value  (~2.5 
msec).  More recent ly  the ip waveform at substan- 
t ially constant potential  for filtered (3200-3800A) light 
produced ~by the flash source has been studied oscillo- 
scopically. With 0.2M KC1 solutions containing H30 + 
at concentrations f rom 10-4M upwards the wavefo rm 
shape was independent  of Cs and at all t imes it ap- 
peared to be almost identical  wi th  that  observed when 
a uv vacuum photocell  was irradiated.  Even the re -  
sidual current  wavefo rm at potentials where  this cur-  
ren t  is largest, al though slightly affected by a current  
connected with heat ing of the electrode-solut ion in ter -  
face, was similar  in shape to the light waveform.  

In the case of the H30 + photocurrent  it is bel ieved 
that  at E < --1.0v vs. SCE vs ~ 2. The results of the 
exper iments  with,  the flash source indicate that for 
steady i l luminat ion the current  associated with the 
transfer  of the second electron would at tain a con- 
stant value in a t ime not greater  than 100 ~sec for 
H~O + concentrations above 10-4M. H atoms formed 
homogeneously  have only a short  distance to t ravel  to 
ar r ive  at the electrode and, a l though some must in-  
evi tably diffuse away from the electrode, the frac-  
tion so doing for values of the elapsed t ime greater  
than 100 ~sec is small  if the reduct ion of H80 + ions 
by react ion (e) is a rapid process. There  should how-  
ever,  be some slight var ia t ion in i~ for ve ry  small  va l -  
ues of elapsed time. As yet  our exper imenta l  tech-  
niques have not permi t ted  a search for this second 
order effect. 

Influence of Ionic Strength 
Thus far  the influence of the nature  and concentra-  

tion of the iner t  support ing electrolyte  has not been 
considered and it has been  implici t ly assumed that  
the diffuse double layer  field is insufficiently large to 
influence the motion of hydra ted  electrons. Studies of 
the influence of this field when it is large are of con- 
siderable diagnostic importance.  Clearly the motion 
of electrons wil l  be affected in much the same way 
as the motion of charged reactants  and the diffusion 
problem is closely re la ted  to the dynamic ~I, effect 
which has been studied theoret ical ly  by many  work-  
ers (20). A re la t ive ly  simple approach is outl ined 
below. 

In the absence of a scavenger  the diffusion equation 
when ,I-, the potent ial  re la t ive  to the bulk of the 
solution, is t ime invar iant  is 

OCe/O$ -~ De a/ax [OCe/.Ox-- FCe/RT'd'P/dx] [17] 

A term must  be added to the r igh t -hand  side when  
a scavenger  is present,  and since the system is at 
equi l ibr ium as regards the spatial var ia t ion of Cs, 
this is --ksCsC~ exp (--z~,~F/RT), where  Ce is the hy-  
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drated electron concentrat ion (mole cm -3) and zs is 
the number  of posit ive charges carried by the scaven-  
ger. The complete equat ion is 

OCe/Ot : De O/3x [ O C e / , O x  ~ ' ( FCe/RT) d~/dx]  
- -  ksCsCe exp (--Zs~ZF/RT) [18] 

Af ter  making  the substi tution V = Ce exp (--~,F/RT) 
this equation can be wr i t ten  in the form 

3V/Ot = exp (--~!,F/RT) O[3x [De exp ( + ~ F / R T )  
OV[Ox] ~ ksCsV exp ( - - zs~F/RT)  [19] 

This is the equat ion for the motion of charge along a 
resist ive transmission line with nonuniform series 
resistance, nonuniform shunt capacity, and nonuni-  
form shunt  resistance; Rti, Ctl, and Rs are defined by 

R t l  = O/De exp --  ,I,F/RT [20] 

C t l  = O - 1  exp ~ F / R T  [21] 

Rs = o(ksCs) -1 exp (zs- -  1) ~ F / R T  [22] 

Thus it follows that for localized deposition the equ iv-  
alent electrical  circuit  is the one shown in Fig. 14, if 
it is assumed that  the heterogeneous ra te  constant for 
the t ransfer  of electrons f rom the solution to the elec- 
trode is infinite. The only impor tant  differences be- 
tween this circuit  and the one in Fig. 4a are that  the 
resistance per unit  length at any point is increased by 
the factor exp - -  ~I,F/RT where  ~ is the potent ial  at 
the corresponding plane in the solution, and that the 
electron concentrat ion is now proport ional  to the 
product of V, the line voltage, and exp ~ F / R T  in-  
stead of being proport ional  to V. 

For very  low ksCs it is evident  f rom the circuit  that  
the diffuse double layer  field increases the stat ionary 
concentrat ion of e-aq at x = 8 and, hence ip,  by the 
factor 

r = 8 -1 fo ~ exp - -  ~ F / R T . d x  [23] 

Further ,  for a 1:1 support ing electrolyte  and a value 
of 5 appreciably larger  than the half- thickness  of the 
diffuse double layer, on wri t ing ~ in the form 

r = 1 + 8-~ fo ~ ( e x p - -  ~ F / R T  --  1) dx [24] 

we see that  the factor reduces to 

r = 1 ~- r+/Cse5 [25] 

where  F+ is the surface excess (mole cm -2) of the 
univalent  cations of support ing electrolyte  and Cse is 
the electrolyte  concentrat ion (mole cm-3) .  Thus with  

ip, 

Fig. 14. Influence of the double layer field on the equivcdent 
circuit when deposition is localized. 
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Fig. 15. Influence of ionic strength on ip 

a 10-2M solution r is of the order  of 40 when  the 
potent ial  is very  negat ive wi th  respect  to Eecm if 5 
40A. In practice the increase in ip  is considerably 
smaller,  but this is not unexpected  for reasons men-  
tioned below. 

In Fig. 15 are given the results of some pre l iminary  
studies of the influence of ionic s t rength o n  ip for 
three scavengers (H30 +, N20, and NO3-) .  The data 
refer  to KC1 solutions and 2537A light and undesirably 
high scavenger  concentrat ions had to be employed 
(1-2.10-4M). The figure shows that the ratio of ip 
to ip for the same scavenger  concentrat ion in 0.2M 
KC1 increases as the ionic s t rength falls, the variat ion 
being roughly the same for each of the three scaven- 
gers. These results suggest that  the photocurrent  is 
caused partly, if not entirely,  by a diffusing negat ively  
charged entity. 

A detailed comparison with  theory will  not be made 
for several  reasons. Firs t  because the equivalent  cir- 
cuit in Fig. 14 becomes inexact  if there is slight ion 
pair  formation be tween the cations of the support ing 
electrolyte  and the hydrated electrons. The effect of 
the diffuse double layer  field is then reduced. An  al- 
te rnat ive  circuit taking account of ion pair  format ion 
can be wr i t ten  down immediately,  but such a circuit  
is of no immediate  value as no quant i ta t ive  informa-  
tion about ion pair  format ion is avai lable and abso- 
lutely nothing is known about the effect of slight di- 
electric saturat ion in the double layer region on pair 
formation. The second and most impor tant  reason is 
concerned with discreteness of charge in the diffuse 
double layer. Due to random motion of ions in the 
double layer  it seems inevi table  that  the average  
velocity of translat ion of a charged part icle through 
the layer will  be considerably larger  than that  p re -  
dicted by classical theories of the layer. What  is needed 
to make a comparison between theory and exper iment  
is the t ime average of exp - -  q,F/RT while  all that  is 
current ly  available is exp - -  ~ F / R T  where  ~ is the 
t ime average of ~I,. The final and less compell ing rea-  
son is that  due al lowance must  be made for distr ibuted 
deposition of charge. In pr inciple  the single current  
generator  in Fig. 14 should be replaced by an infinite 
number  of generators  dis tr ibuted along the line. 

A marked  increase in residual  photocurrent  wi th  
decreasing ionic s t rength for 1:1 electrolytes was first 
observed by Heyrovsky  (3a). A change in concentra-  
tion from 0.1 to 10-SM produced a tenfold increase. 
We have recent ly observed a fourfold increase wi th  
KC1 solutions on reducing the concentrat ion f rom 
0.2 to 2 10-3M. Such changes are to be expected as 
the stat ionary electron concentrat ion in the solution 
outside the double layer rises as the ionic s t rength 
falls and a larger  fract ion of the deposited hydrated 
electrons decay in the solution (or react  with trace 
impuri t ies) .  Heyrovsky  found that  the effect became 
progressively smaller  as the cationic charge increased. 
This is qual i ta t ively  predicted by theory since for 
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constant double layer  charge the integral  So ~ exp - -  

,I~F/RT decreases as the cationic charge increases. 

Stow Heterogeneous Oxidation of the 
Hydrated Electron 

It  was indicated earl ier  that the possibility of slow 
direct  t ransfer  of electrons from the solution to the 
electrode cannot be ruled out a priori. Taking slow 
transfer  into account the equivalent  circuit  in Fig. 14 
has to be modified. The short circuit  at x ~ 0 is r e -  
placed by a resistance Re' defined by Re" -~ 9/ke exp 
--  ,~~ where  ke is the heterogeneous ra te  constant 
for the transfer  of electrons f rom hydra ted  electrons 
at the interface to the electrode. Clear ly  the in t roduc-  
tion of this resistance will  tend to make  the photo- 
current  for constant Cs much more sensitive to ionic 
strength. The exper imenta l  facts seem to rule  out the 
possibility of slow direct  t ransfer  (coupled possibly 
wi th  direct format ion of e-aq) as the main path  for 
electron transfer  f rom the solution to the electrode. 

There  remains  the possibility that  direct t ransfer  of 
an electron from e-aq to the electrode may be a mod-  
erately slow process (Ke ~ 10 cm sec -1) and that 
t ransfer  to the electrode is preceded by the dissocia- 
tion react ion 

kd 
e--aq~- e -  -~- H20 [o] 

kr 

Making use of s tandard diffusion theory for a chemical  
reaction fol lowed by a fast charge t ransfer  reaction, 
and assuming an infinite rate  constant for the lat ter  
reaction, the apparent  heterogeneous ra te  constant for 
e lectron t ransfer  is ka (De'/kr) 1/2 and the react ion 
layer  thickness is (De'/kr)1/2, where  De' is the diffu- 
sion coefficient of a free thermal  electron. To account 
for the ra ther  slow variat ion in the photocurrent  wi th  
ionic s t rength the react ion layer thickness would have 
to be somewhat  larger  than the half- thickness  of the 
diffuse double layer  for 5 10-3M KC1 solution. Assum-  
ing a value  for the react ion layer  thickness of the 
order of 50A, and a value for De' of 10 -1 cm 2 sec -1, 
a value for kr of the order of 4 1011 sec -1 (pseudo-first  
order ra te  constant) is obtained. Such a value  would  
mean that  thermal  electrons t ravel  some distance be-  
fore becoming hydrated.  

The equivalent  circui t  for this system (Vs = 1) 
takes the form shown in Fig. 16 if the influence of the 
double layer field is neglected. The deposition of 
thermal  electrons in the solution is represented by 
distr ibuted current  generators,  but  these now sup- 
ply current  to T L ( e - )  which is connected with  the 
l inear diffusion of free electrons in the solution. The 
shor t -c i rcui t  at x = 0 implies instantaneous capture  of 
any f ree  electron arr iving at the electrode surface. 
T L ( e - )  is l inked by distr ibuted resistance to the l ine 
TL(e -aq )  which represents  the l inear  diffusion of hy-  
drated electrons in the solution. These l inking resis t-  
ances are connected wi th  the homogeneous conversion 
of e -  into e-aq and the reverse  process and the l ink-  
ing resistance per  uni t  length of line is given by R1 
-~ o/ka if the series resistance, shunt capacity, and 

0 

Fig. 16. Equivalent circuit allowing for interconversion of e -  
and e-aq. 
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shunt resistance of TL(e -aq )  are defined by Eq. [2], 
[3], and [4]. The resistance and capacity per unit  
length of T L ( e - )  are defined by 

Rtl ( e - )  ~ ~kr/De'ka and Ctl ( e - )  = kd/kr~ 

It is assumed that  unbound eleetrons are not captured 
by scavengers but  this is not an essential  assumption. 
If it is not made, the scavenging of unbound electrons 
is represented by shunt resistance distr ibuted uni-  
formly along TL ( e - ) .  

The most general  form of the circuit  contains a re -  
sistance R'e (defined above) l inking the terminals  of 
TL(e -aq)  at x = 0 to take account of slow transfer  
of electrons f rom hydrated electrons at the interface 
to the electrode. If there is an appreciable field in the 
region of the diffuse double layer, the circuit  is ba- 
sically the same but R t l ( e - ) ,  Rh and Rtl(e-aq)  are in-  
creased by the t ime average of exp --  , I ,F/RT and the 
shunt  capacities of the two lines are reduced by the 
same factor. Apar t  f rom possible complications in-  
t roduced by pair  format ion and by capture of un ther -  
realized electron the resul t ing circuit  should be rea-  
sonably exact. Unfor tuna te ly  it is impossible at the 
present t ime to assess accurately the re la t ive  impor t -  
ance of the various components in the circuit, and it 
is not clear how the various uncertaint ies  are to be 
resolved conclusively. 

Comparative, Competitive, and Successive Scavenging 
Perhaps the most crucial  test of the proposed mech-  

anism is to ascertain whe ther  re la t ive  ra te  constants 
deduced f rom photocurrent  measurements  bear any 
resemblance to those obtained by pulsed radiolysis. 
This may demand a knowledge of the electron t rans-  
fer  numbers  for the scavenging reactions. 

Comparative Scavenging 

From earl ier  discussion it follows that  when  the 
scavenger  concentrat ion is ve ry  large i~ approximates  
to vs ~ times the rate  of deposition of electrons in the 
solution (in). Thus for two scavengers A and B, the 
ratio VA~ ~ in principle, can be de termined  by mak-  
ing measurements  of the photocurrent  wi th  high con- 
centrations of A and of B. This method cannot always 
be used owing to l ight absorption by the scavengers 
at high concentration. However ,  in such de te rmina-  
tions it may  not be necessary to use l ight of very  short  
wave leng th  and the possibility of evaluat ing vs o ratios 
for uv absorbing species such as NO3- and NO2- 
using "violet"  l ight is cur rent ly  being investigated. 
Once VAO/VB ~ has been evaluated  kA/kB can be deter -  
mined by making measurements  with very  low con- 
centrations of A and of B as 

i p ( A ) / i ~ ( B )  ~- VA~ I/2/VB~ 1/2 [26] 

I t  is, of course, here  assumed that  the electron t rans-  
fer  numbers  are independent  of Cs, and that  a high 
scavenger  concentrat ion does not influence the rate  of 
deposition of hydra ted  electrons in the solution. The 
la t ter  is not a permissible assumption if the scavenger  
is s trongly adsorbed at the interface,  and it is pos- 
sible for vs ~ to va ry  with  Cs in a range of potent ial  in 
which a heterogeneous charge t ransfer  react ion fol-  
lowing electron scavenging is not completely  diffusion- 
controlled. Consequent ly  /p measurements  must be 
made at a potent ial  where  the var ia t ion of ip wi th  
potential  is independent  of the react ion scheme. 

Compe~t ive  Scavenging 
Competi t ive exper iments  wi th  solutions containing 

two scavengers A and B also lead to re la t ive  electron 
t ransfer  numbers  and to re la t ive  rate  constants. The 
te rm --ksCsCe in the diffusion equat ion (1) has to be re -  
placed by --(.kACA -{- kBCB)Ce and it follows that  for 
constant l ight intensi ty and ip ~ id the ra te  of cap-  
ture of electrons is proport ional  to 
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(kAVA -~ kBCB) 1/2 

As each electron captured by A and B leads to the 
pe rmanen t  loss by the electrode of VA and VB electrons, 
respectively,  the current  at constant potential  is 

ip : laG (VAkAG A -~- VBkBCB) / (kAVA ~- kBVB) 1/2 [27] 

where  G is a constant. By varying CA/CB, VA/VB and 
kA/kB can be determined.  Low scavenger  concentra-  
tions must be used in such determinations.  

If the two scavenger  concentrat ions are very  large 
and almost all the emit ted electrons are captured, the 
observed photocurrent  is given by 

iv --~ id(VAkAGA -~- VBkBCB) / (kACA 2v kBCB) 
[28] 

If VA ~ VB the current  tends to be independent  of 
CA/CB, but if VA > VB the introduct ion of a large con- 
centrat ion of A into a solution already containing B 
at a high concentrat ion produces a marked  increase in 
current.  The ear l ier  r emarks  about l ight absorption 
apply in this case also, and it is desirable (a) that  the 
electron t ransfer  numbers  should be independent  of 
scavenger  concentrat ion and (b) that  there  should be 
no interactions be tween the over -a l l  photocurrent  
mechanisms. Ambigui ty  may result  if an enti ty pro-  
duced direct ly or indirect ly by electron capture re-  
acts wi th  the other scavenger  to produce an in ter -  
mediate  capable of oxidation or reduction. If VA ~ 0 
(e.g., due to oxidation of A - )  Eq. [27] and [28] re-  
duce to 

ip : {dGvBkBCB/(kACA q- kBGB) 1/2 (ip < <  in) [29] 

and 

ip ~ idVBkBCB/ (kAVA ~- kBCB) [30] 

Extens ive  use has been made of these two equations 
which do not demand a knowledge of VB for the eva l -  
uation of kA/kB. 

I f  kBCB ~ kAVA Eq. [27] can be wri t ten  in the ap- 
proximate  form 

ip ~- id GVA(kACA) 1/2 [1 ~- (2VB - -  VA) kBCB/2VAkACA] 
[31] 

Thus by studying the change in i v produced by the 
addition of a small  amount  of B it is possible to de- 
cide between the three fol lowing possibilities 

2VB ~ VA 

2VB = VA 

2VB < VA 

It  has to be borne in mind that  any conclusion so ar-  
r ived at may  not hold for VA o and VB o, the t ransfer  
numbers  in the absence of other scavengers. 

Successive Scavenging 
One fur ther  way of evaluat ing homogeneous ra te  

constants deserves mention. Consider the react ion 
scheme 

A -k e-aq--> A -  (homogeneous) [p] 

A -  -[- B--> C (homogeneous) [q] 

C--> D + e (fast c.t.r.) [r] 

where  B does not react  with e-aq. The  photocurrent  
associated wi th  electron capture  by A (and possibly 
wi th  fol lowing reactions which for simplici ty are 
omit ted f rom the scheme) is reduced when  species B 
is present  because u l t imate ly  some of the captured 
electrons are re turned  to the electrode by charge 
t ransfer  react ion (r) .  This reaction scheme is en-  
countered with  alcoholic solutions. The aliphatic al- 
cohols are known to be efficient scavengers for H 
atoms and OH radicals and scavenging react ion usual ly 

involves hydrogen abstract ion f rom the ~ carbon atom. 
Two distinct types of behavior  can be distinguished 

if react ion (r) is diffusion-controlled. The behavior  is 
simplest when VA ~ is unity. Then, if react ion (q) is a 
modera te ly  rapid homogeneous react ion and a small  
amount  of B is present,  at normal  values of the elapsed 
t ime almost all A -  is conver ted into the in te rmedia te  
C and this is v i r tua l ly  all oxidized at the electrode. 
Thus the observed photocurrent  is ve ry  small  in com- 
parison with the value prior  to the int roduct ion of 
scavenger  B. 

More interest ing is the behavior  when VA is larger  
than uni ty  due to a charge t ransfer  react ion involving 
A -  at the electrode surface. In this case the reaction, 
which may be wr i t ten  formal ly  

A -  + e-~ A~-  [s] 

competes with homogeneous react ion (q) for A -  
and the current  is ve ry  small  only if the concentrat ion 
of B is so large that  there  is l i t t le possibility of A -  
( formed within  the very  thin electron scavenging re-  
action zone) a r r iv ing  at the electrode surface. Without  
wri t ing down any equations it is ev ident  that  an ap- 
preciable current  wil l  be observed if kAVA is com- 
parable  wi th  kB'CB where  the superscript  ' denotes 
scavenging of a species other  than e-aq. An  approx-  
imate expression for the current  is most readi ly  ob- 
tained by the equiva len t  circuit  approach and Fig. 5 
is direct ly applicable if react ion (r) is diffusion-con- 
trolled. The current  generator  dips is identified with 
the deposition of A -  in the solution by react ion (p) 
and the transmission line takes account of l inear diffu- 
sion of this entity, while the distr ibuted shunt  resis t-  
ance allows for the homogeneous consumption of A -  
by scavenger  B. In this instance we are interested in 
the rate  of a r r iva l  of A -  at the electrode surface and 
making use of equations analogous to [2], [3], and 
[4] this current  is found to be 

dip = dips exp - -  (kB'CB/DB) 1/2 X [32] 

where  DB is the diffusion coefficient of B. Now for 
small  kAVA the rate  of deposition of A -  in the solution 
is approximate ly  

a / d ( k A C A )  exp - -  (kAVA~De) 1/2X 

and using Eq. [32] it follows that  the ra te  of ar r ival  
of A -  at the electrode is proport ional  to idkACA (Q -~- 
Q ' ) - i  where  Q : (kAVA~De) 1/2 and Q' = (kB'CB/ 
DA--) 1/2. For  each A -  ion or molecule  ar r iv ing at the 
electrode VA ~ electrons are permanent ly  lost by the 
electrode if the presence of scavenger  B does not in-  
fluence the t ransfer  number.  

Thus for constant l ight intensi ty 7 and constant CA 

ip oc [1 -b ( Q , / Q ) ] - I  [33] 

and a plot of the reciprocal  of ip against CB 1/~ is l inear  
and permits  the evaluat ion of ks' if DB, De, and kA are 
known. 

We have discussed this special type of successive 
scavenging at some length because it appears to be 
the only conclusive way of evaluat ing vs o for i v when  
e-aq is scavenged by HaO +. 

Scavenging Rate Constants 
The evaluat ion of rate  constants (strictly re la t ive  

rate constants) using equations given in the preceding 
section is a task which is as ye t  hardly  begun. Values 
for a var ie ty  of e lectron scavenging reactions are tab-  
ulated in Table I. To make comparison wi th  pulsed 
radiolysis data easier we  have  assumed that  for our 
solutions (1 and 0.2M) the ra te  constants deduced 
f rom pulsed radiolysis and chemical  exper iments  at 
low ionic s t rength should be mul t ip l ied  by antilog-0.2z 
where  z is the number  of electronic charges carr ied by 
the scavenger  ion or molecule.  This correction is nu-  

T Equation [33] is also valid for varying light intensity if i~J ap- 
proaches its pseudosteady-state value rapidly, 
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Table I. Comparison of rate constants deduced from ip 
measurements with pulsed radiolysis values [KA(pr)] 

S y s -  S c a v e n g e r  P o t e n t i a l ,  
t e rn  A B M e t h o d  C.~ (M)  CB (M) v vs. S C E  

(a) H~O + N,~O Con%pet. 0, 1O-S-10 -~ 3.1 10 -~ --0,2 to --0.4 
L P  O, 10~-'-10 -1 7.9 10-3 

(b) HaO + N 2 0  C o m p a r .  0, 10 -~ 1.56 10 -a - -1 .3  
L P  

(c) Z n ( I I )  H 8 0  + C o m p e t .  0, 10-~-10 -1 10 -~ - -0 .8  
L P  

(d) C d ( I I )  N~O C o m p e t .  0, 10 -3 2.2 10-s -- O.1 to -- 0.4 
L / '  O, 10-8-10 -~ 3.1 10 -~ 

(e) Zn(II) N~O Compet. 0, 10-~-IO -~ 3.1 10-z --0.i to --0.6 
O, 10--%10 -1 1.8 i 0  -:3 --0,8 

(f) Nx 2+ N 2 0  C o m p e t .  0, 10-~-10 -2 1.8 1 0 4  - -0 ,1  to - -0 .4  
LP O, 10 -2 3.1 I0-~ --0,I to --0.4 

(g) N O a ~  N20 Compet. 0, 3.3 10 -a 5 10 -a --0.1 to --0.4 
LP 

(h) NO~- NsO C o m p e t .  0, 3.3 1O -s 5 1O -a - -0 .1  to - -0 .7  
L P  

(i} C d ( I I )  NOz-  C o m p e t .  0, 10 -~ 3.3 10-~ - -0 .05  to  - -0 .2  
L P  

(j) NOn- HaO+ C o m p a r .  1O~ 10-~ - -1 .1  to - -1 .3  
M P 2  

(k[  NOs-  NO~- C o m p a r .  10-~ i0-~ -- 1.2 to -- 1.5 
M P 2  

Table I. (Continued) 

E q u a -  ;CA (p.r . )  * kA (i~) r 
Sys -  t i ons  I0 zo M-~- 101o M-~ 
tern Assumed used sec -I sec -I Comments 

[29] 1.4 (25) 1,5 
(a) VA = 0 [30] ,  [29]  1.4 ~ 1  

kN~O = 0,56 (15) 

(b) vA ~ = VB ~ [26] 1,4 1.8 
(e) vA = 0 [29]  0 . 0 6  (26) 0 ,046  Z n  ~+ p a r -  

t i a l l y  c o m -  
p l e x e d  
Cd 2+ l a r g e l y  
c o m p l e x e d  

(d) VA = O [29] 2.1 (15) 3.6 
VA = O [30] ,  [29]  2.1 - -2  

(e) VA = O [30] ,  [29]  0.06 ~ 0 . 1  
VA = 0 [29] 0.06 0.05 

(f) VA = 0 [29J 0.9 (15) 1.5 L i t t l e  co*n- 
vA = O [30 ] ,  [29]  0 ,9  ~ 1  p l e x i n g  of 

Ni~+ 
(g) vA -~ 0.35 [27] 1.76 (15) ~-,2.0 
(hE vA ~ 1 [27] 0.63 (15) ~ 0 . 5  p H  5.5 
(i) vA = 0 [29] 2.1 ~ 3  

kNo 2- = 0.63 (15) 
(j) VA ~ = VB ~ [26] 1.76 2.0 M e d i u m  1M 

KC1 
(k)  VB ~ = VB ~ [26]  0.63 0 .49 M e d i u m  1M 

kNo s- = 1.76 (27) N a O H  

r kA(i~) r e f e r s  to 0 .2M K C l  u n l e s s  o t h e r w i s e  I n d i c a t e d .  No  a l -  
l o w a n c e  f o r  u n c e r t a i n t y  i n  t h e  a s s u m e d  v a l u e s  of  kH~o + a n d  k ~ o  is  
m a d e  n o r  h a v e  a n y  s m a l l  c o r r e c t i o n s  fo r  t h e  e f f ec t  of  i on ic  s c a v e n -  
g e r s  on  t h e  d y n a m i c  ~# e f f ec t  b e e n  a p p l i e d .  

* P u l s e d  r a d i o l y s i s  r a t e  c o n s t a n t s  h a v e  b e e n  m u l t i p l i e d  by  a n t i -  
l o g  -- 0.2Z,.  

merica l ly  sl ightly smal ler  than is predicted by the 
BrSnsted theory (21), but  an examina t ion  of exper i -  
menta l  data (22) for a var ie ty  of reactions suggests 
that  the assumed correct ion is more  realistic (at least 
for 0.2M solutions) than the theoret ical  value. 

Severa l  of the rate  constants have been obtained by 
compet i t ive  exper iments  wi th  N20 as one scavenger  
and a metal l ic  ion as the second scavenger.  In these 
exper iments  Vs for the second scavenger  was v i r tua l ly  
zero and hence a knowledge  of Vs for the first scav- 
enger  was not needed. In much of the work  ip w a s  

ra ther  small  and undesi rably  high scavenger  concen- 
trations had to be used to minimize  errors due to ]ow 
signal to noise ratio and due to slight drifts in the 
zero of the pulse polarograph.  The equations used in 
the in terpre ta t ion  of the data were  in some instances 
thus not  str ict ly applicable. Similar  difficulties some-  
t imes were  encountered in compet i t ive  exper iments  
be tween H30 + and metal l ic  ions. The results are only 
to be regarded  as p re l iminary  results but  there  is 
l i t t le possibility that  they are great ly  in er ror  and 
they are included in the paper  because they show 
clearly that  the studied N20 photocurrents  are largely,  
if not  en t i re ly  due to electron capture. 

One impor tant  fact should be borne in mind when 
considering the results of compet i t ive experiments .  
The ent i ty  formed by electron capture by one of the 
scavengers  may  react  wi th  the second scavenger.  Un-  
stable meta l  ions formed by electron capture  are 
l ikely to react  s lowly wi th  H~O +. The rate  constants 
in Table I suggest that  the react ion of Zn+ with  H30 + 
must  be fair ly slow (k'  < 10SM - I  sec -1) and also that  
the second order ra te  constants for the capture  by N20 
of the species formed when e-aq is captured  by the 
ions of Zn, Cd, and Ni are < 10 TM M -1 sec -1. How- 
ever, explora tory  exper iments  wi th  solutions contain-  
ing H~O + and Ni 2+ suggest that  Ni + may react  ra ther  
rapidly with H~O +, as the introduction of Ni 2+ did 
not produce the expected reduct ion in ip. This fact 
may  be not unre la ted  to the anomalously large photo-  
current  observed wi th  Ni 2+ which was discussed 
earlier.  In this connection it should be ment ioned that  
if a solution contains a ve ry  large amount  of scav- 
enger  A, all the deposited electrons wil l  be rapidly 
conver ted into A -  and, if A -  is scavenged by B at 
low concentration, the photocurrent  can be regarded  
as one due to the outward diffusion, and slow capture 
by B of A - .  Fur the r  if the second scavenging react ion 
is diffusion-controlled, the photocurrent  wil l  be of 
the same order of magni tude  as if scavenger  A were  
not present. 

Some rate  constants obtained by comparat ive  scav- 
enging are also included in Table I. In the in te rpre ta -  
tion of these results  re la t ive  values of vs ~ were  needed, 
and the reasons for choosing the values indicated in 
the table are summarized below. The main  foundation 
stones in our calcula.tions of absolute rate  constants 
(0.2 and 1M electrolyte)  have been  values of 1.4 101~ 
and 5.6 109 M -1 sec -1 for the scavenging of e-aq by 
H30 + and N20, respectively.  

N20 . - - I t  was ment ioned ear l ier  that  the most prob-  
able value  for v~2o o in neut ra l  solution is 2. This elec- 
tron t ransfer  number  is not l ikely to change in acidi- 
fied solutions as OH radicals wil l  presumably  be 
formed even more readi ly  by the homogeneous reac-  
tion 

O- + H30 + -> OH + H20 it] 

The addition of EtOi-I to 0.2M KCI (natural pH) satu- 
rated with N20 (1 arm) reduces the photocurrent, and 
for a solution which is IM with respect to EtOH the 
photocurrent at potentials more positive than --1.6v 
vs. SCE is only about 10% of the value without 
ethanol Some indication of a rapid rise at more nega- 
tive potentials (<1.7v vs. SCE) is seen, and with an 
acidified solution (10-4M H30 + ) a rapid increase in 
photocurrent at about --1.4v vs. SCE is detected. These 
results can be interpreted in terms of the following 
reaction scheme 

e-aq -}- N20 --> N 2 0 -  [a] 
N20- --> N2 + O- [b] 

O- + H20-> OH + OH- [c] 

OH + CH3CH2OH-> H20 + CH3CHOH it] 

CH3CHOH + H~O-> CH3CHO + H30 + + e 
(rapid c.t.r, at E > --l.4v) [u] 

Some of these steps may well be bypassed (e.g., O- 
may react directly with EtOH). The reverse of re- 
action (u) is in all probability the first step in the 
reduction of acetaldehyde, and we believe it is rele- 
vant that the polarographic reduction of this compound 
[23] in solutions of pH ~ 7 commences at a somewhat 
more negative potential than the rise in the photocur- 
rent (neutral solution). Thus the suppression of ip by 
EtOH is to be attributed to the oxidation of the a 
ethanol radical and the accompanying return of the 
scavenged electron to the electrode. It should be noted 
that the experimental data indicate that the oxidation 
of this radical at potentials more positive than --l.4v 
must be a moderately rapid process. 
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H~O+.--The evidence for a value for vs o in this case 
of 2 is; (i) The addition of ethanol  to 0.2M KC1 10-3M 
H~O + at first produces a fair ly rapid fall  in ip  at poten-  
tials posit ive wi th  respect  to --1.4v vs .  SCE. Fur the r  
additions have a progressively smaller  effect, and with  
a solution 0.hM with respect  to EtOH the photocurrent  
is still roughly half  the value in the absence of EtOH. 
It is wel l  established that  EtOH is an efficient H atom 
scavenger  and that  the main product  of the scavenging 
reaction is the a ethanol  radical. In the absence of a 
competing react ion v i r tua l ly  all the H atoms produced 
by electron capture should thus be converted to these 
radicals and as bimolecular  combination of radicals (H 
or CI%CHOH) is ruled out by the low concentrat ions 
prevai l ing  in the photocurrent  exper iments  (LP) al- 
most all the captured electrons should be re turned  to 
the electrode by react ion (u).  This is not in accord- 
ance with  the exper imenta l  facts, and hence it may 
be concluded that  there  is a competing reaction which 
might  be the we l l -known atom-ion react ion (e). The 
react ion must  be quite  fast at potentials in the range 
--0.8 to --1.3v vs .  SCE and able to compete effectively 
wi th  the scavenging of H by EtOH. A plot of the re -  
ciprocal of ip against  the square root of the EtOH con- 
centrat ion is fair ly l inear up to 1.hM EtOH and using 
Eq. [33] a value of the rate  constant for scavenging of 
H by EtOH of 2.8 107M - I  sec -1 is obtained [assuming 
k H 3 0 +  = 1.4 1010M-1 sec -1 (see Table I) ,  De ~-~ 5 10 -5 
cm 2 sec -1, DH = 5 10 -5 cm 2 sec-1].  The corresponding 
values obtained by other  methods are 1.5 107 and 1.65 
M -1 sec -1 (24). The measure of agreement  is ra ther  
str iking and supports the in terpreta t ion placed on the 
exper imenta l  results. 

( i i )  The "saturat ion" photocurrent  for N20 is almost 
identical with that  for H30 + at a concentrat ion smaller  
by the ratio of the rate  constants. 

( i i i )  The addit ion of small  amounts of H30 + to 0.2M 
KC1 containing ~5  10-3M N20 produces a small  but  
progressive increase in ip. If VH30+ ---- 1 while  VN20 = 2, 
a progressive decrease should be observed. This how-  
ever, does not prove that  V H 3 0 +  ~ ~ 2 as H atoms 
react s lowly wi th  N20 ( k ' N 2 0  = 1.25 104M -1 sec -1) 
producing OH radicals which would be reduced by the 
electrode. 

N O 3 - . - - I t  was suggested ear l ier  that  vs  ~ in this case 
is 2 when the photocurrent  is well  developed. The 
support ing evidence for this is that  the addition of 
small  amounts of NOB- to 0.2M KC1, ~ 4  10 -2 MN20 
leads, at the more negat ive  potentials, to an increase 
in ip. If  a value  for VN20 of 2 is assumed it follows 
that  VNO3-- is cer ta inly not unity. At  more  posit ive 
potentials the effective value of VNOa -o  solution pro-  
duces a decrease in ip. This indicates an effective value  
of vs smal ler  than unity. This evidence however ,  does 
not  show conclusively that the t ransfer  number  has 
these values when NO3- is the only scavenger  present. 

N O 2 - . - - T h e  exper imenta l  evidence in this case is 
even  weaker  but, such as it is, it suggests that  at po- 
tentials posit ive wi th  respect  to --0.9v vs .  SCE the 
effective electron t ransfer  number  in the presence of 
N20 is close to unity since the introduct ion of small  
amounts  of NO2-  into 0.2M KC1 containing N20 at 
concentrations in the range 10 - s  to 5 10-SM seems to 
have l i t t le effect on the photocurrent .  Other  facts lead-  
ing tenta t ively  to the same conclusion were  ment ioned 
earlier. In 1M NaOH for reasons given ear l ier  VNO2-- 
is assumed to be 2 at potentials more negat ive  than 
--1.3v vs .  SCE. 

The rate  constants deduced f rom compara t ive  ex -  
per iments  (MP 2) which are  g iven  in Table  I agree 
reasonably wel l  wi th  values obtained by pulsed ra-  
diolysis. This suggests that  the re la t ive  electron t rans-  
fer  numbers  have been assigned the correct  values, but  
it is possible that  the absolute values may not be cor-  
rect. In part icular  we have  found it difficult to accept 
a value for  VH30+ o of 2 despite the fact that  the a tom-  
ion react ion has long been considered by some 
workers  to be impor tant  in the normal  hydrogen  

evolut ion reaction at electrodes, s However ,  all a t tempts  
to establish a value of unity have so far  failed. 

Second Order Reactions 
In all exper iments  other  than those with  the flash 

source the s tat ionary electron concentrat ion at any 
point in the solution has not exceeded 10-SM, and 
the concentrations of species, produced as a conse- 
quence of e lectron capture, which are consumed hetero-  
geneously have also been very  small. If a long- l ived 
enti ty is produced which is not rapidly consumed by a 
homogeneous or heterogeneous reaction, its concentra-  
tion in the solution near  the electrode surface slowly 
rises as t ime progresses, and second order reactions be- 
tween such entities and with  other species slowly be-  
come more likely. I t  is conceivable that  the behavior  
under  intense radiat ion of some of the systems consid- 
ered in this paper may  change with flash i l lumination. 
This change in most cases should be detectable as the 
l inear i ty  be tween photocurrent  and light intensi ty 
should be affected. High intensi ty radiat ion should in 
the future  cast l ight on disproportionation reactions 
be tween unstable species and fast reactions such as 
react ion (o). With low light intensities the behavior  
is in all cases simplest, and the photocurrent  is ex-  
pected to be proport ional  to l ight intensity. The lat ter  
expectat ion has been confirmed by exper iment  (HP) 
with  solutions containing both large and small 
(10-4M) concentrations of t-I~O +. 

Conclusions 
All the reliable exper imenta l  facts cur ren t ly  avai l -  

able indicate that  photocurrents  characterized by a 
dependence on the square root of the scavenger  con- 
centrat ion are mainly  due to the photoemission of 
electrons from the electrode surface. The dependence 
of the apparent  threshold potent ia l  on wavelength,  the 
values of re la t ive  rate  constants deduced f rom com- 
pet i t ive and comparat ive  scavenging experiments,  and 
the influence of ionic s t rength on the photocurrent  are 
the main evidence for this conclusion. The apparent  
range deduced from the depar ture  f rom l inear i ty  of 
the relat ion be tween current  and the square root  
of the scavenger concentrat ion indicates that  the elec- 
trons t ravel  an appreciable distance through the solu- 
tion before becoming hydrated,  a conclusion which is 
supported by the slight dependence of apparent  range 
on potential  and by variat ions wi th  potent ial  in the 
ratio of nonsaturat ion current  to a "saturat ion" cur-  
rent  with potential. No rel iable  evidence is yet  avai l-  
able to show whether  after thermal izat ion the elec- 
trons t ravel  a fur ther  distance prior  to hydration,  but  
it is possible that  this happens, and also that  the re -  
turn  of hydrated electrons to the electrode may be 
preceded by dissociation of the hydra ted  electron. The 
hard core of evidence for e lectron emission has in the 
present  paper been embell ished with  much  speculation 
mainly  concerned with the nature  of the reactions 
fol lowing the scavenging reaction. It wi l l  be r emar k -  
able if none of it proves to be wrong, but  such specu- 
lat ive excursions f rom rea l i ty  are unavoidable  at the 
present  time. It  is clear that  the study of photocurrents  
offers to the electrochemist  and to the radiat ion chem- 
ist a simple way  of s tudying fast homogeneous proc- 
esses and a way to extend our unders tanding of the 
processes which follow electron capture. It should also 
clarify the mechanisms of cer ta in  slow charge t ransfer  
reactions and cast new light on the s t ructure  of the 
electr ical  double layer. 
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Discussion 

P. Delahay (discussor) and G. Tessari: Dr. Barker  
has presented some good evidence to support  his gen-  
eral mechanism, and I do not plan to question this 
mechanism here. I shall also leave for the Discussion 
of Photocurrents  some points of theory on electron 
emission. My comments wil l  ra ther  cover three points 
in  the analysis of exper imental  data. 

First, I would suggest caut ion in  drawing conclu- 
sions from plots of the square of the photocurrent  
against potential,  and par t icular ly  from variat ion in  
the slope of this plot. Such a dependence is not of 
analytical  character, and indeed calculated plots 
(square root of cur ren t  against field) are not l inear  
when the range of field is sufficiently large. This com- 
ment  applies par t icular ly  to Dr. Barker 's  detailed im-  
plications he derived from his Fig. 2. 

Second, I like to stress the importance of i r radia-  
tion with monochromatic light or the best that  can be 
achieved toward that aim. Fur thermore,  it is impor tant  
that currents  be compared for equal fluxes of photons 
at different wavelengths.  Analysis of the electrode po- 
tent ial  and wavelengths dependence demands that  k ind  
of exper imenta l  information.  Comparison of results, 
otherwise, becomes more tentative. 

Third, the study of the time dependence of photo- 
currents  is essential whenever  consecutive solvated 
electron-scavenger reactions are involved. The course 
of these reactions may be affected by potential  and by 
wavelengths,  and these effects may escape in measure-  
ments  involving only a na r row range of time. Dr. 
Tessari recent ly found a pronounced time dependence 
for N20 in 0.1M NaF long after i r radiat ion had 
stopped. Dr. Barker  has warned  us about this effect, 
bu t  I like to stress the necessity of exper imental  study 
before the deduction of detailed mechanisms. 

In  conclusion, I believe we can all admire Dr. 
Barker 's  extensive pioneering work, but  we should 
reahze, as he does, that mechanisms can only be ten ta -  
tive, at least in  certain cases. More definitive results 
hopefully may resul t  by considerat ion of the experi-  
menta l  points I raised. I hope so anyhow. 

G. C. Barker: I find myself in broad agreement  with 
the comments made by Professor Delahay. Exact 
l inear i ty  in the plot of ip 1/2 against  field over a wide 

range of field certainly is not  predicted by theory, but  
results obtained for emission in vacuo often fit a plot of 
ip 1/2 against  quan tum energy over a range of 1 or more 
electron volts. Also of the methods available for the 
determinat ion of the apparent  threshold potential  the 
ip 1/2 vs. poter~tial plot is the only nonsubject ive  method. 

It  is clearly essential when  s tudying the emission 
of electrons ra ther  than their subsequent  fate to work 
with monochromatic light of variable wavelength and 
also to have some knowledge of the incident  light in -  
tensity. Our experiments  show that the yield at con- 
s tant  potential  falls progressively as the wavelength  
increases. In  this connection it should be ment ioned 
that the current  units  in the case of the data plotted in 
Fig. 2 of our paper vary  with wavelength.  

I am somewhat puzzled by the slow var ia t ion in po- 
tent ial  with t ime observed for N~O in 0.1M NaF solu- 
tion. This I would not  expect as OH radicals should 
rapidly be directly or indirectly reduced at the elec- 
trode surface. Of course fluorine may be produced as 
an intermediate,  but  it is not easy to see why this 
should not be rapidly reduced. This system is one 
which we have not yet  studied oscilloscopically. Only 
long- te rm average current  measurements  have been 
made with 0.2M saturated with N20 and using 2537A 
radiation. 

P. J. Boddy: The result  reported by Professor Delahay 
that the electrode potential  changes abrupt ly  to a more 
positive value dur ing a brief  light pulse and then sub- 
sequent ly drifts even more positive by a few mil l i -  
volts over times of the order of tens of milliseconds 
is not  necessarily inconsistent  with Dr. Barker 's  mech-  
anisms (e) and (f). The only necessary assumption is 
that  the photo-emit ted electrons are stopped (i.e., re -  
duced to ordinary diffusional motion) by collisions 
with molecules or ions before t ravel l ing more than 
approximately one Debye length (appropriate to the 
par t icular  solution) away from the electrode surface. 
The extra  positive charge left on the meta l  surface as 
a result  of electron emission gives rise to a small  in-  
crease in  the field at the surface, and this of course is 
the origin of the immediate  electrode potent ial  change. 
The addit ional  negative charges appearing in  the solu- 
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t ion phase (and it is immater ia l  now whether  these 
are electrons, hydra ted  electrons, or anions) wil l  not 
in general  be dis tr ibuted in a way consistent with the 
already exist ing potential  profile in the diffuse part  of 
the double layer and wil l  hence have a tendency to 
dr i f t  e i ther  toward or away f rom the electrode as the 
electrostatics demands. If in fact the over -a l l  tendency 
is to drif t  away from the electrode, then, since the 
field due to the additional posit ive charge on the elec-  
trode is acting over  a greater  distance, a posit ive in-  
crease in the electrode potential  could be expected. 

P. Delahay: Dr. Boddy made an interest ing point, but  
I am not sure whe ther  he is r ight  for the fol lowing 
reasons: (A) Diffusion surely must  occur wel l  beyond 
the diffuse double layer  in a t ime of 50 msec in a 0.1 or 
a 1M electrolyte.  (B) The same effect should be ob- 
served regardless  of the scavenger,  but  is hardly  found 
when  1M HC104 is used instead of N20. 

Regardless of whe ther  Dr. Boddy is r ight  or wrong, 
the drift  of potent ial  we observed at open circuit  
would  resul t  in a cu r ren t - t ime  dependence at constant 
potential  (Dr. Barker ' s  conditions).  My original  com- 
ment  still stands about the necessity of considering 
t ime dependence. 

H. Gerischer: The very  good efficiency of H30 + ions 
as i r revers ible  electron scavengers seems very  sur-  
prising to me. I would have  expected that, due to the 
very  negat ive redox potent ial  of dissolved hydrogen 
atoms, each H-a tom approaching the electrode surface 
would be reoxidized. React ion (f) which you have  
discussed should be very  fast if no other  stabilization 
of the hydrogen atom occurs. Such a stabilizing proc- 
ess would be the format ion of H2 + �9 aq in a homo-  
geneous react ion be tween H �9 aq W H30 +. According 
to your Fig. 10, the scavenger  efficiency of the H + ions 
decreases rapidly  in a cri t ical  range of polarization. 
Does this not indicate that  some stabilization of the H 
atoms takes place due to interact ion wi th  an unknown 

species which prevents  reoxidat ion of those radicals 
below this critical potent ial  range? 

G. C. Barker: The var ia t ion  of the I~O + photocurrent  
wi th  potent ial  might  be in te rpre ted  in the way  sug- 
gested by Professor  Gerischer,  but  there  are some 
addit ional  exper imenta l  facts to be considered. Ex-  
per iment  suggests that  when this photocurrent  is well  
developed and, tending to va ry  with  potent ial  in the 
same way  as the N20 photocurrent ,  the electron t rans-  
fer  number  is the same for both photocurrents.  Now 
LP exper iments  wi th  solutions which were  saturated 
with  N20 and which  contained a re la t ive ly  small  
(~10-4M)  amount  of H30 + have  shown that  when the 
potent ial  is such that  the reduct ion of H30 + is largely 
diffusion controlled there  is a substantial  apparent  fall  
in the N20 photocurrent .  This is due to the product ion 
of O H -  ions by the photocurrent  mechanism which 
react  homogeneously wi th  hydrogen  ions which other-  
wise would have been reduced at the electrode surface. 
In such LP exper iments  it is of course the change in 
current  produced by the rec tangular  l ight  pulse which 
is measured,  and li t t le change wil l  be observed when  
the I-I~O + reduct ion is largely  diffusion controlled if, 
for each electron lost by the electrode as a consequence 
of photo-emission,  one O H -  ion is produced. The be-  
havior  points to O H -  and N2 as the final products of 
the N20 photocurrent  react ion and thus to a value  for 
VN2O ~ of 2. It  follows that  VH~O+ ~ is probably 2 at po-  
tentials more negat ive than m0.9v vs. SCE. Such a 
value  suggests that  the H atoms par t ic ipate  in a charge 
t ransfer  react ion leading to the loss of a fur ther  elec-  
tron by the electrode. The react ion is presumably  
ei ther  the so-called a tom-ion react ion or the re la ted 
react ion in which the H30 + ion is replaced by a water  
molecule. At potentials more  negat ive  than --0.9v the 
react ion in quest ion must  take place much more  
rapidly  than the oxidat ion of hydrogen atoms, the 
la t ter  react ion being the main  path  for the r emova l  of 
hydrogen  atoms only at much more  posit ive values of 
the potential.  

Panel Discussion on Electrode Photocurrents 

Introductory Remarks 
Paul Delahay 

The topic of electrode photocurrents  was selected 
for discussion for two reasons: (a) recent  work,  and 
par t icular ly  that  of Dr. Barke r  and co-workers ,  is of 
interest  in relat ion to current,  intensive work  on the 
solvated electron; (b) electron emission f rom a meta l  
into a solvent such as wa te r  is a poorly understood 
phenomenon which possibly may be of significance in 
the in terpre ta t ion of double layer phenomena and 
electrode processes. The first aspect was t reated in de-  
tail  in Dr. Barker ' s  paper, and I l ike to examine  briefly 
the second problem. 

We recent ly  pointed out (1) that  Fowler ' s  t r ea tment  
(2) of the effect of an electr ical  field on photoemis-  
sion in vacuum could provide  a basis for the in te r -  
preta t ion of electrode photocurrents.  This mat te r  was 
fur ther  examined by Mr. Susbielles (3) and led to the 
fol lowing conclusions: (A) The calculated photocur-  
rent-f ie ld curves for monochromat ic  i r radiat ion have  
the same genera l  shape as the exper imenta l  sa turat ion 
photocur ren t -e lec t rode  potent ia l  curves (in the ab-  
sence of secondary complications due to consecutive 
solvated e lec t ron-scavenger  react ions) .  (B) Plots of 
the square root of the photocurrent  against  field for 
monochromat ic  i r radia t ion are essentially l inear (al-  
though the relat ionship is not a simple analyt ical  one) .  

(C) The photocurrent  at a given field increases wi th  
f requency of i r radiat ion much in the same way  as for 
photoemission in vacuum. These conclusions were  ob- 
tained ei ther  by assuming that  the transmission co- 
efficient for e lectron emission is equal  to uni ty  or by 
calculat ing the transmission coefficient as a function 
of energy. 

These results hopeful ly  should allow determinat ion  
of the field at the electrode and might  lead to a new 
kind of informat ion  on double layer  phenomena.  How-  
ever,  p re l iminary  exper imenta l  results do not seem to 
confirm these calculations. The square root dependence 
seems to be observed exper imenta l ly ,  but the effect of 
wave  length, according to Tessari 's recent  work  (4), 
differs f rom the calculated behavior.  It  is possible that  
electrode contaminat ion accounts for these abnormal  
results, but this may  wel l  not be the case. We plan 
fur ther  work  in this respect. One might  also argue 
that  the theoret ical  model  is not  a realistic one. 
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Discussion 

H. Gerischer 
I would like to contr ibute  only two very brief com- 

ments  to this discussion. The most problematic ques- 
t ion in connection with photocurrents  by electron 
emission seems to me to be the emission process i t -  
self. One will  have to take into account the probabil i ty  
of reflection at the boundary  between condensed phases. 
It  is unl ike ly  that  the interact ion wi th  the l iquid phase 
can be taken into account by considering electrical 
polarization forces solely. Specific interactions with 
higher electronic states of the solvent molecules may 
provide some preferent ia l  energy ranges for electrons 
enter ing into the solution. This may be shown in the 
unexpected dependence of the photoemission on wave-  
lengths which Professor Delahay has reported. 

On the other hand, electrons emitted into the solu- 
t ion will  be scattered by the ions of the electrolyte. 
I would expect therefore that the mean  distance 
which wil l  be reached by the electrons should decrease 
with increasing electrolyte concentration. This would 
increase the probabil i ty  of recaptur ing electrons by the 
electrode. 

We have tried to study the emission processes and 
recaptur ing process separately by using very short 
light flashes (of the order of 1-2 t~sec). Unt i l  now, 
however, we could not reach high enough resolution 
for the analyzing electronic system to find the true 
response of the cell (dropping mercury  electrode). 
Obviously the recaptur ing  process has a too short t ime 
constant, which is in agreement  with the assumption, 
made by Dr. Barker, that  the electrons reach dis- 
tances below 100A. The mean  free life time, wi th  
the assumption of 100% recaptur ing efficiency at the 
electrode, should be then of the order of 10 -~ sec, 
which is indeed too fast for our measur ing circuit. 

R. A. Marcus 
The subject of hydrated  electrons has been one of 

considerable interest  to chemists in  the past few years. 
This pr in ted version of my  remarks will  be abbrevi-  
ated to avoid duplicat ing a description given elsewhere 
of the reaction theory and properties of this species. 
There are several  points which should be mentioned,  
however,  as well  as one exper iment  which has so far  
eluded some chemical kineticists but  which may be 
accessible to electrochemists. 

Exper imenta l  data on the hydrated  electron are of 
several types: visible absorption spectra, " thermody-  
namic" (as determined from the ratio of the forward 
and reverse rate constants of e + H20 ~ H + O H - ) ,  
reaction rates of solvated electrons, and mobil i ty  
measurements .  The second item indicates that  the 
solvation free energy is quite large, about --35 kcal 
mole -1 perhaps. Reactions of a solvated electron with 
simple redox systems are extremely rapid, pr incipal ly 
because its s tandard potential  is so negat ive (about 
--2.7v), and par t ly  because its intr insic  reorganizat ion 
parameter  [Y4~. in  our  equations (1)] is so low: Per  
reactant,  Y4~. is about  5, 10, and 15 kcal  mole -1 ~or 
the solvated electron, Fe +2 - -  Fe -3, and Co(NH3)6 +2 
--Co(NH3)6 +8 species, respectively (1). (u for the 
reaction is essentially the sum of those for the two 
reactants.) 

Most of the homogeneous reactions of the solvated 
electron are so fast that they are diffusion-cor~trolled. 
[It may be recalled that (1/kobs) = (1/kact) + 
(1/kdiff), where kobs, kact, and kdifr are the observed, 
activation-controlled,  and diffusion-controlled rate  
constants, respectively (1). When kact ~ kd i f f ,  then 
k o b s  ~ k d i f f . )  The theory indicates that  the rates for 
reaction with redox systems having typical k's are 
diffusion-controlled or almost so, when  the s tandard 
potential  is less negative than --1.5 to --2.0v or less 
positive than +1.0 to +0.5v (1). To learn  more about 
the chemical behavior of the solvated electron, i.e., 
to study kact, it  would be useful to investigate reac-  
tions with redox reactants  having Ee's outside this i n -  
terval. Although the in terval  outside is an elusive one 
for stable redox systems, it may be accessible for study 
with the short- l ived species which are generated elec- 
trochemically. 

When t h e  second reactant  is strongly oxidizing, its 
reaction with the solvated electron is so exothermic 
that an excited state of the product could form. Chem- 
i luminescence could then ensue, either by emission 
from this excited state or from one formed from it. 
A theory of chemiluminescent  electron transfer  reac- 
tions has been described elsewhere (2) and applied to 
the solvated electron reaction (1). I t  appears that  no 
chemiluminescence has been observed in solution as 
yet, however, as a result  of a hydrated electron reac- 
tion. The electrochemist may have a bet ter  chance of 
observing it: 

Let us suppose that  the potential  of an electrochem- 
ical cell is switched back and forth be tween large 
positive and large negative values in the presence of a 
suitable reducible species. Let us suppose fur ther  that 
the electrode is i l luminated,  either with steady or wi th  
synchronized pulsed i l lumination.  During part  of the 
negative half of the cycle photoelectrons are ejected, 
and dur ing par t  of the positive half the reducible spe- 
cies yields some powerful  unstable  oxidizing agent, if 
it was sui tably chosen. Reaction between this oxidizer 
and the solvated electron can then occur if the con- 
centrat ion of the former is high enough. The system 
could then be examined for chemiluminescence.  

The theory of reactions of solvated electrons can 
readily be adapted to the calculation of the scavenging 
rate of metal  electrodes for these electrons. One finds 
that  at typical potentials react ion is extremely efficient. 
Similarly, it could be adapted to calculate the rate of 
spontaneous emission of electrons as a funct ion of 
potential. It  is clear from the red ox potential  of the 
solvated electron 1 that the potential  would have to be 
very negative. 

1 F o r  t h e  e f f e c t i v e  Eo' f o r  u s e  i n  t h e  t h e o r y  s h o u l d  t a k e  I1) 
- -2 .9v  ( S t o c k h o l m  c o n v e n t i o n )  r a t h e r  t h a n  t h e  a c t u a l  one  of  - -2 .7v ,  
to c o r r e c t  f o r  t h e  e f f ec t s  o f  c h a n g e s  of  s t a n d a r d  t r a n s l a t i o n a l  e n -  
t ropy .  T h e  v a l u e  of  X/4 is t h a t  c i t ed  e a r l i e r  in  t h e  p r e s e n t  r e m a r k s .  
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Hydrocarbon Fuel Cells with Fluoride Electrolytes 
Elton J. Cairns ~ 

General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

Fuel  cell investigations using saturated hydrocarbon fuels wi th  aqueous 
cesium salt electrolytes and Teflon bonded pla t inum electrodes have shown 
that the acidic system CsF-HF-H20  comprises a suitable set of electrolytes 
for high performance hydrocarbon fuel  cells. The effects of electrolyte  com- 
position and tempera ture  on cell per formance  were  studied wi th  emphasis on 
propane as the fuel. Cell performance was also determined as a function of 
the molecular  s t ructure  of the fuel  using the homologous series of normal  
paraffins from C1 to Cls. Max imum performance at 150~ was obtained at the 
composition F /Cs  = 2.0, H20 ---- 10 mole %. The HF-H20 azeotrope showed 
good per formance  at l l 0~  on several  hydrocarbons.  No current  or voltage 
cycling was observed under  any conditions, in contrast  to other acidic elec-  
trolytes. 

During the last several  years, there  h.as been an in-  
creased interest  in obtaining fuel  cells which can car ry  
out the direct  anodic oxidat ion of sa turated hydrocar-  
bons to carbon dioxide and water  at useful current  
densities and low overvoltages.  Most of the early 
hydrocarbon fuel  cell work was concerned with acidic 
electrolytes (1-3) because hydroxide  electrolytes re -  
act wi th  the products of the anodic oxidat ion process, 
yielding formate  and carbonate in place of hydroxide  
(1). An invar iant  alkal ine electrolyte  suitable for use 
wi th  such fuels as methanol,  carbon monoxide, and 
ethylene was reported by Cairns and MacDonald (4), 
who found that  fuel  cell operat ion at tempera tures  as 
high as 200~ could be achieved at atmospheric pres-  
sure wi th  aqueous Cs2CO8 or RbeCO3 electrolytes. 
Fur the r  work with methanol  using the Cs2COs elec-  
t rolyte indicated that  the t empera tu re  range be tween 
100 ~ and 200~ provided significant per formance  in-  
creases over the lower  tempera ture  region below 
100"C (5). 

The investigations using Cs2CO3 and Rb~COa elec- 
trolytes were  extended to include saturated hydrocar-  
bons, but  unexpectedly  low current  densities were  ob- 
tained, a result  which was at t r ibuted to the ve ry  low 
solubilities of the saturated hydrocarbons in strong 
carbonate solutions (6). Meanwhile,  higher  current  
densities had been achieved using strong acid e lectro-  
lytes in the same tempera tu re  range (7, 8). 

With the above results in mind, an a t tempt  was 
made to increase the solubili ty of the hydrocarbons 
in the cesium-sal t  e lectrolyte  by subst i tut ing fluoride 
anion for a port ion of the carbonate  anion. This choice 
was made because HF is known to increase the solu- 
bility of hydrocmbons  in aqueous solution (9), and 
because the fluoride anion is not  expected to be spe-  
cifically adsorbed on the electrodes (10, 11). The effect 
of fluoride content  of the Cs2COa-CsF-HF-H20 elec-  

ZPresent address: Chemical Engineering Division, Argonne Na- 
tional Laboratory,  Argonne,  Il l inois .  

Fig. 1. Photograph of cell parts 

trolyte system on the rate of the anodie oxidation of 
propane was studied at 150~ The effect of the chain- 
length ,of the normal paraffin fuel molecule on the rate 
of anodic oxidation was studied at 150* and 105"C. 

Experimental  
The fuel  cell was constructed of PTFE and pla t inum 

in order to minimize any possible contaminat ion of the 
electrodes and electrolyte.  F igure  1 shows the cell 
parts arranged in the order  of assembly. The fuel  and 
oxygen compartments  were  3.81 cm in d iameter  (11.38 
cm 2 area) and 0.3 cm deep; the electrolyte  compar t -  
ment  was the same size ( the 1.2 cm thick electrolyte  
spacer in the center  of Fig. 1 was replaced by a thin-  
ner one).  The electrodes were  made f rom pla t inum 
black (~20 m2/g) and P T F E  by procedures  similar  
to those already reported (12), and contained 50 mg 
P t / cmL The 45-mesh plat inum gauze electrode sup- 
port  also served as current  oollector. The active geo- 
metr ic  area of each electrode was 11.38 cm 2. The cell 
was held together by Monel end plates and bolts; the 
P T F E  surfaces were  self-gasketing.  

The assembled fuel  cell was mounted,  together  wi th  
an identical  cell, which contained revers ible  hydrogen 
reference electrodes, in the apparatus shown sche- 
mat ical ly  in Fig. 2. The dashed line represents  a 
forced-convect ion air thermostat .  The e lect rolyte  was 
circulated by gravi ty  from a P T F E  reservoir  through 
the reference cell and the fuel  cell to a lower  reservoir ,  
f rom which it was re turned  to the upper  reservoi r  by 

. . . . . . . . . . . . . . . . . .  7 

ELECTROLTIE 
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Fig. 2. Schematic diagram of apparatus 
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an a l l -PTFE bellows pump. The circulation rate was 
4 to 10 cc/min. All surfaces which contacted the elec- 
trolyte were PTFE, except for the electrodes them- 
selves which were Pt  and PTFE. 

The gaseous hydrocarbon fuels were metered by 
means of a needle valve and a capi l lary- tube flow 
meter, and the liquid fuels were fed by a constant-  
speed syringe drive. Fuel  vaporization, where neces- 
sary, was carried out with an electrically heated va-  
porization uni t  in the feed line (13). Product  analysis 
could be carried out on a chromatograph as desired, 
using sampling valves in the exit lines. 

The normal  saturated hydrocarbon fuels and their 
purities were: methane,  Matheson ul t ra  high purity,  
99.95% min.; ethane, Matheson, cp, 99.0% rain.; pro- 
pane, Matheson ins t rument  grade, 99.5% min.;  butane,  
Matheson ins t rument  grade, 99.5% min.;  pentane,  
Phillips research grade, 99.84%; hexane, Phillips re-  
search grade, 99.99%; octane, Phillips research grade, 
99.85%; decane, Phillips research grade, 99.49%; hex-  
adecane, Phillips pure grade, 99.0% passed through 
silica gel for fur ther  purification. The .oxygen was 
electrolytic grade, 99.6% m i n i m u m  puri ty.  The elec- 
trolytes were prepared from Cs~CO8 having less than  
100 ppm impurities,  purified using procedures already 
reported (14, 15), from Baker and Adamson reagent  
grade 48% HF, with less than 20 ppm impurities,  and 
from quartz-redist i l led H20. E}ectrolyte compositions 
were determined by acid-base t i trat ions for I4_F, and 
by a gravimetric  method for Cs as Cs2SO4; water  was 
determined by difference. 

The electrical measurements  were carried out using 
a modified Kordesch-Marko in ter rupter  (16, 17), 
yielding potentials on a resistance-free basis. The ref-  
erence electrode was a reversible hydrogen electrode 
in the same electrolyte at the same tempera ture  as 
the cell. All  potentials reported are on a resistance- 
free basis unless otherwise specified. The current  den-  
si ty-voltage data were usual ly measured star t ing at 
open circuit, increasing the current  in a s tep~ise man-  
ner, and taking readings after electrical s teady-state  
was indicated on a s t r ip-chart  recorder. Usually, a 
period 2-5 min  was required to reach steady state at 
each current.  Little or no hysteresis was observed 
when readings were taken by stepwise decreases in 
current,  except at cur rent  densities below about 2 m a /  
cm 2. 

Results and Discussion 
Cesium-salt electrolytes at 150~ order to in -  

vestigate the effect of replacing the carbonate anion of 
the Cs2COs electrolyte by fluoride anion, the temper-  
ature of 150~ was selected because the cell C~H8 ( P t ) /  
85 w/o (weight per cent) Cs2COJ(Pt)O2 had shown 
the highest performance at that tempera ture  (6). After 
taking the current  densi ty-voltage data for that  cell, 
the electrolyte (about 200 cc) was drained from the 
system, a small  (1-2 cc) sample was taken for anal-  
ysis, and an addition of 25 cc of 48% HF was made, 
convert ing a portion of the CseCO3 to CsF. The electro- 
lyte was then reconcentrated to a composition having 
a boil ing point of 160~ and re turned  to the system. 
After  gathering current  densi ty-voltage data, the 
sampling and HF addition procedures were repeated. 

The results for the performance of the propane 
anode are summarized in  Fig. 3, where the numbers  
on the curves indicate the number  of 25 cc HF addi-  
tions that had been made to the ini t ial  Cs2CO3 elec- 
trolyte prior to taking the data. The first few addi-  
tions resulted in essentially no change in  anode per-  
formance. The shape of these curves is characteristic 
of a mass- t ranspor t  l imited electrode reaction and the 
low value of the l imit ing current  density is probably  
associated with the very low solubili ty of propane in 
the electrolyte. Beginning with the seventh HF addi- 
tion, the shape of the current  densi ty-voltage curve 
changed to a semilogarithmic form, characteristic of 
an electrochemical rate l imit ing process, and the cur-  
r en t  density at a given overvoltage increased by near ly  
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Fig. 3. Propone onode performance for various numbers of HF 
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two orders of magnitude.  The large increase of cur-  
rent  densi ty  necessitaied a concomitant  increase in the 
solubili ty-diffusion coefficient product  for propane in 
the electrolyte. 

The results shown in Fig. 3 were related quant i ta -  
t ively to the electrolyte composition by plott ing the 
current  density at an anode vs. reference potential  of 
0.5v as a function of the f luoride:cesium ratio in the 
electrolyte (as de termined by analysis) ,  as shown in 
Fig. 4. The datum point  at F - / C s  + = 0.01 is actually 
the 25 mole % Cs2CO3 --75 mole % H20 point, and it 
is clear that subst i tut ion of the fluoride anion for the 
carbonate anion has no effect on the rate of propane 
oxidation, unt i l  the F - / C s  + ratio exceeds a value of 
1.2. It is probably significant that the electrolyte is 
still alkaline at a F - / C s  + ratio of 1.0, and at about 
1.2, the electrolyte becomes acidic, accompanying an 
increase in anodic oxidation rate. Fur ther  additions 
of HF cause an exponent ial  increase of current  den-  
sity with F - / C s  + ratio. The slope of the ascending 
port ion of the l ine in Fig. 4 corresponds to the equa-  
t ion 

k F- 3.7 
i ( E a r = 0 ' 5 )  ~ - - (  C'-~-- ) [1] 

which indicates a very strong dependence of the pro- 
pane oxidation rate on the HF content  of the electro- 
lyte. The F - / C s  + ratio was not increased beyond 3.3 
because fur ther  HF additions would br ing the boiling 
point  below 160~ (18). 
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The results shown in Fig. 3 and 4 suggest that  the 
solubil i ty-diffusion coefficient product  for propane in 
the electrolyte  was increased sufficiently by the HF 
additions so that at F - ~ C s  + ratios above about 2, the 
diffusion of dissolved fuel  no longer l imited the anode 
performance.  Fur thermore ,  additional increases in the 
HF content  of the electrolyte  resul ted in improve-  
ments in the rate  of the e lectrochemical  oxidation 
process at a given overvol tage,  probably  aided by the 
lack of fluoride anion adsorption. 

The current  dens i ty-vol tage  curves for the propane 
cell having an electrolyte  of the opt imum composition 
for operat ion at 150~ are shown in Fig. 5. The HF:  
CsF ratio was 2.08, and the water  content  was 9.8 mole  
%, corresponding to curve  13 of Fig. 3. A current  den-  
sity of 400 m a / c m  2 was obtained at a res is tance-f ree  cell 
vol tage of near ly  0.2v; the anode v s .  re ference  poten-  
tial was 0.58v at 400 ma/cm~. The m a x i m u m  power  
density was 80 m w / c m  2, at about 0.3v, resis tance-free.  

Severa l  other normal  saturated hydrocarbon fuels 
were  tested in the same cell at 150~ using an elec-  
t rolyte  of the composit ion H F : C s F  = 1.65, H20 
4.9 mole %. The methane  per formance  is shown in 
Fig. 6. Note that  cur ren t  densities above 100 m a / c m  = 
were  obtained, indicating that  methane  is not as un-  
react ive as might  have been expected based on the 
usual organic chemist ry  exper ience  at these t emper -  
atures. The current  density supported by the methane  
anode at anode v s .  reference  potentials  below about 
0.3v is greater  than that  f rom the other saturated hy-  
drocarbons, probably because of the higher  H :C  rat io  
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Fig. 7. Hexane performance at 150~ 

of methane,  and the absence of C-C bonds associated 
with  the format ion of a difficultly oxidized species on 
the anode surface (19). The m ax im um  power  density 
for methane was about 25 m w / c m  2, near  0.3v anode 
v s .  cathode. 

The current  dens i ty-vol tage  curves for n -hexane  at 
150~ using the electrolyte  H F : C s F  = 1.65 H20 = 
4.9 mole % are presented  in Fig. 7, f rom which  it can 
be seen that the cu r ren t  densities obtained are similar 
to those for methane,  and lower  than those for pro-  
pane. The m a x i m u m  power point for n -hexane  was 21 
m w / c m  2, resistance-free.  

The results for all of the normal  saturated hydro-  
carbons invest igated can be summarized by plott ing 
the current  density at selected anode potentials against  
the number  of carbon atoms in the fuel  molecule,  as 
shown in Fig. 8. Al l  of the normal  saturated hydro-  
carbons, methane  to n-octane,  could be  oxidized at 
practical current  densities at 150~ and all showed re-  
activities within a factor of five of one another.  The 
data of Fig. 8 can be used to reconstruct  the current  
dens i ty-vol tage  curves for the anodes. 
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Hydro~uor~ acid azeotrope electrolyte at 105~ - 
Because of the fact that  the rate of anodic oxidation 
of propane increased rapidly with increasing HF con- 
tent  in the CsF-HF-H20 system, it was decided that 
the HF concentrat ion should be maximized by el im- 
inat ing the CsF. The operating temperature  was max-  
imized by using the 36 mole % HF azeotro,pe ( b p ~  
115~ (18) as the electrolyte. The el iminat ion of 
the CsF made it necessary to operate the cell at tem-  
peratures in the range 105~176 since the boil ing- 
point elevation caused by the cesium fluoride could no 
longer be used to achieve the higher operat ing tem-  
peratures. 

The cur ren t  densi ty-voltage curve for propane on 
p la t inum black (50 mg P t / cm 2) is given in Fig. 9, 
together with a typical cathode curve and the cor- 
responding anode vs. cathode curve. The current  den- 
sity at a given anode potential  is lower for the HF 
azeotrope at 115~ than for the opt imum CsF- t tF -  
H20 electrolyte at 150~ (Fig. 5), bu t  the propane 
performance at 105~ is still high enough to have 
practical interest, the max imum power density being 
30 mw/cm2, resistance-free. 

The performances of methane,  ethane, propane, bu -  
tane, pentane,  hexane, octane, decane, and hexade-  
cane were determined at l l0~ in  addit ion to that 
of propane, the usual  fuel. These fuels fell into three 
classes: gas at both room temperature  and the cell 
operat ing temperature  (,CH4, C2H6, C3Hs, C4~-I10), l iq-  
quid at room temperature  and gas at the cell tem- 
perature (C~H12, C6H14), and l iquid at both tem- 
peratures (CRHls, C10H22, Cz6H34). There were no 
differences in cell performance which could be 
a t t r ibuted to the physical state of the fuel in the 
cell, except for the fact that in general, the fuels 
which were liquids in the cell had lower part ial  pres-  
sures than the gaseous ones, resul t ing in relat ively 
lower performance for octane, decane, and hexadecane. 
The performance results for the various normal  sa tu-  
rated hydrocarbon fuels at l l 0~  are summarized in 
Fig. 10. The curve shapes are similar to those of 
Fig. 8, and general ly  agree with those found for hy-  
drocarbons on Pt  black in  other strong acid electro- 
lytes (20, 21). 

The curxent densities obtained for the various hy-  
drocarbons at l l 0~  in hydrofluoric acid are signifi- 
cantly higher per uni t  weight of Pt  than those obtained 
with other acidic electrolytes at the same temperature,  
suggesting that there is a significant difference spe- 
cific to HF. I t  is possible that this difference is re -  
lated to the relative absence of anion adsorption with 
the HF electrolyte (22). 

It  should be ment ioned that under  no conditions has 
either current  or voltage cycling been observed with 
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any of these fluoride electrolytes when  operating on 
any hydrocarbon fuel, in contrast to other acid elec- 
trolytes (20, 23, 24). 

Product identificatio~ and material balances.--Prod- 
uct identification was carried out on the chromato- 
graph connected to the anode exit  s tream as indicated 
in Fig. 2. In  order to prevent  HF vapor from enter ing 
the chromatograph, a bubbler  containing a saturated 
aqueous KF solution was placed in  the fuel exit stream, 
efficiently absorbing the HF vapor. The product ident i-  
fication analyses showed that only CO2 and H20 were 
produced from the propane fuel. 

Material balances, in which fuel disappearance rates 
as well  as CO2 production rates were measured and 
compared to the current  d rawn from the cell, indi-  
cated that  the CO2 yield was 95 • 10% of theoretical, 
and the fuel consumption rate was about  100 __+ 10%. 
These values correspond to measurements  made in  
the tempera ture  range 109 ~ to 166~ and at cur rent  
densities from 5 to 100 ma /cm 2, using both HF-H20 
and CsF-HF-H20 electrolytes. The major  source of 
error was the measurement  of the very low gas flow 
rates involved (sometimes less than 1 cm~/min).  

Conclusions 

1. The te rnary  system CsF-HF-H20 comprises a set 
of electrolytes useful for h igh-performance saturated 
hydrocarbon fuel cells operat ing near  150~ the per-  
formance increasing with increasing HF  content. 

2. The max imum performance is obtained using 
C2-C4 normal  saturated hydrocarbons. Somewhat  
lower performance is obtained with C1 and n-Cs-Cz6 
paraffins. 

3. Good performance is obtained with normal  paraf-  
fins (par t icular ly  C2-C4) wi th  the HF-H20 azeotrope 
at 105~ 

4. Complete conversion of propane to CO2 and H20 
has been observed for the temperature  range 105 ~ 
to 166~ over a wide range of current  densities for 
both the HF-H20  and the CsF-HF-H~O electrolytes. 

5. No current  or voltage cycling has been observed 
under  any conditions. 
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The Effect of Anodic Films on the Gaseous 
Oxidation of Tantalum 

R. E. Pawel and J. J. Campbell 
Metals and Ceramics Division, Oak Ridge National Labo~'atory, Oak Ridge, Tennessee 

ABSTRACT 

The influence of anodie films up to 3000A thick on the subsequent high- 
temperature oxidation characteristics of tantalum was studied. At a given tem- 
perature, the anodic films decreased the gross oxygen consumption rate to an 
extent dependent on their thickness and also delayed the onset of the "break- 
away" increase in the oxidation rate common to this metal. The result that 
very thin anodic films pass comparatively large quantities of oxygen to the 
metal while postponing the appearance of the crystalline oxide phases per- 
mitted some oxygen solution effects during the early stages of oxidation to be 
observed. 

While a considerable amount  of interest  exists in  
studies of the properties and behavior of anodic oxide 
films formed on  the "valve-metals ,"  only a few in-  
vestigators have at tempted to assess quant i ta t ive ly  
the effect of an existing anodic film on the subsequent  
thermal  oxidation characteristics. Poll ing and Charles- 
by  (1) used optical and gravimetr ic  techniques to ob- 
serve the changes in thickness of anodic oxide layers 
on zirconium dur ing gaseous oxidation at elevated 
temperatures.  They found that in the thin-f i lm range, 
oxidation proceeded along the same path as if the 
anodic layer were formed thermally.  From this and 
other observations, they concluded that there was no 
essential difference between the thermal  and anodic 
oxide films for this metal  over the range of conditions 
used in their  experiments.  

Lakhiani  and Shreir  (2) observed the anodization 
of n iobium at several temperatures  in  a var ie ty  of 
electrolytes. When the metal  was anodized at low cur-  

rent  density, (1 ma/cm2),  the growth of the ini t ial  
oxide layer, its breakdown, and the development  of 
a nonprotective oxide was observed to be qual i tat ively 
similar to the events dur ing  the early stages of ther-  
mal oxidation. The breakdown of the protective film 
in this case, by vir tue of the physical similarity, was 
l ikened by Lakhiani  and Shreir  to a form of Vermi l -  
yea's "field crystallization," (3) where regions of crys- 
tal l ine oxide were assumed to nucleate wi thin  the film 
and consume the amorphous oxide. While Vermilyea 
(3, 4) had visualized field crystallization, at least for 
films on tantalum, in  a different way, i.e., a mechan-  
ical displacement process beginning  at the oxide- 
metal  interface, it may still be that the impor tant  
event responsible for film breakdown in  both cases is 
indeed closely related. 

Some comparisons of the general  behavior of the 
thermal  and anodic oxidation processes of t an ta lum 
and niobium have also been made by Harvey, Draper, 
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and Wilman (5-7). They likewise p~cture that for both 
metals an ini t ia l ly amorphous, anodic-l ike film forms 
dur ing the decreasing-rate period of thermal  oxidation. 
Breakaway was proposed to be associated with the 
formation of "crystal nuclei," followed by cracking 
of the overlying amorphous pentoxide film. 

Also of interest  in comparing thermal  and anodic 
oxide films is the growing amount  of informat ion on 
the h igh- tempera ture  anneal ing characteristics of an-  
odic films (4-9). If an anodized t an ta lum specimen 
is held in  vacuum at elevated temperatures,  the anodic 
film will  lose oxygen to the metal  with no apparent  
change in thickness, resul t ing in drastic changes to 
its electrical properties. At temperatures  above 500~ 
the anodic films have been reported to crystallize 
and/or  dissolve into the metal. In  any case, there ap- 
pears to be considerable mobil i ty in  these films at 
temperatures  above 200~176 

Al though the similarities noted above between the 
anodization process and of some of the important  low- 
temperature  thermal-oxidat ion characteristics might  
indicate that similar mechanisms, if not identical  sys- 
tems, are involved, it has been established elsewhere 
that several  impor tant  differences also exist, par t icu-  
lar ly  for the oxidation of tantalum. For example, ef- 
fects of oxygen solution and the appearance of the 
metall ic suboxides of t an ta lum dur ing  thermal  oxida- 
tion (10-11) present  a compl i ca t i on tha t  is not  faced 
dur ing anodic oxidation. For specimens oxidizing, 
prior to breakaway,  in the tempera ture  range 300 ~ 
550~ at least two crystall ine oxides other than the 
pentoxide have been identified. The part icular  phys-  
ical form associated with suboxide growth (platelets) 
is difficult to rationalize in terms of conventional  ox- 
idation behavior. 

The present  paper  reports the results of a series 
of experiments  in which anodized tan ta lum specimens 
were subjected to fur ther  oxidation in dry oxygen 
at elevated temperatures.  The characteristics of the 
anodic films are compared to the thermal ly  formed 
oxide products especially with regard to the delaying 
effect an existing anodic film exerts on the "break-  
away" process. 

Experimental Procedure 
For the kinetic studies, t an ta lum specimens were 

prepared from 1 • 2 cm and 1 X 4 cm coupons cut 
from 0.020-in. sheet. The coupons were annealed in 
vacuum for 2 hr at 1600~ mechanical ly polished 
through 0.3~ alumina,  and finally electropolished in  a 
90% H2SO4-10% HF solution. (Nominal  analysis of 
t an ta lum is about 99.7-99.8% with Nb, Fe, W, and Si 
being major  metallic impurit ies;  interst i t ial  content 
after vacuum anneal  is approximately 200-300 ppm.) 
A short length of 0.010-in. t an ta lum wire was dis- 
charge welded to one end of the specimen to serve as 
electrical contact dur ing anodization and support  dur-  
ing subsequent  handling.  Several  anodization proce- 
dures were utilized, including (i) anodizing in 0.5% 
Na2SO4 after boiling the specimens in distilled water 
to remove, or at least nul l i fy  the effect of, any residual  
fluoride from the electropolish; and (ii) anodizing the 
electropolished specimen in 0.2% KF. These proce- 
dures result  in  highly adherent  and poorly adherent  
anodic films, respectively. However, when  heated for 
short times at 400~ or above, both types of film 
were adherent,  and each resulted in specimens which 
behaved similar ly for the experiments  reported in 
this paper. Our present  results are thus based on an-  
odic films formed in the above dilute electrolytes. As 
is the case for many  other properties of anodic films, 
it is highly probable that films formed in different 
media, par t icular ly  concentrated solutions, would ex- 
hibit  behavior different in degree, if not  in kind, from 
that  reported here. 

The specimens were anodized at constant voltage by 
allowing the current  to discharge through a variable 
resistor in  series with the cell. The current  density 

was general ly main ta ined  at less than 20 ma/cm2 by 
manua l ly  reducing the series resistance as anou~zatlon 
proceeded. In  order to utilize a voltage-thickness cali- 
bration, the specimens were anodized for an arbi t rary  
"standard" time of 3 rain, sufficiently long so that the 
film thickness was insensit ive to minor  variations in 
the anodization time. Our previously reported value 
(12) of 16.7A per applied volt was used to obtain the 
oxide film thickness. 

The specimens were heated quickly in oxygen to the 
desired reaction tempera ture  and the oxidation rates 
were measured by a manometr ic  technique previously 
described (13). Pressure changes dur ing an experi-  
ment  were small  enough (generally less than 15 mm 
Hg) to consider the oxidation conducted at constant 
pressure. All oxidation experiments  were carried out 
in dry oxygen at atmospheric pressure. 

The development  of stresses in  the oxidizing speci- 
mens was followed in a series of "flexure" experi-  
ments. Tan ta lum coupons, 1 • 4 cm, prepared as noted 
above, were anodized and one side protected with a 
thin film of vapor-deposited a luminum.  The flexure 
of such specimens dur ing oxidation was measured and 
converted to max imum bending stress values in a 
m a n n e r  already reported (14). 

Results and Discussion 
The ini t ial  stages of the gaseous oxidation of tan ta-  

lum metal  in the intermediate  temperature  range 400~ 
600~ have been described on both kinetic and phe- 
nomenological bases (10,11). These studies have 
shown that this part  of the oxidation process is com- 
parat ively complicated, distinguished by  the formation 
and growth of platelets of oxide rather  than reason- 
ably uniform oxide films. Platelet  formation is related 
to oxygen solution effects and the part icular  mode of 
formation of the suboxides of tantalum. If the tan ta-  
lum specimen surface is electro- or chemically polished 
so that a disturbed surface layer is not present, these 
developments dur ing oxidation can be followed easily 
in a hot-stage microscope or by s tandard meta l -  
lography. 

As oxidation proceeds, the formation of the pent -  
oxide is associated with an abrupt  increase in the 
oxidation rate. While there is still disagreement in  the 
l i terature concerning the part icular  phenomenon or 
" important  event" responsible for the increased rate, 
all investigators agree that the bulk of the pentoxide, 
once formed, offers little resistance to oxygen perme- 
ation and thus serves poorly as a protective oxide film. 
It  seemed reasonable to us to suggest that the films 
formed on tan ta lum dur ing the postbreakaway part  
of gaseous oxidation were poorly protective because 
of the manne r  in which they were formed and not 
necessarily because of some inherent  property. 

The nonuni form oxide morphology which exists dur-  
ing the decreasing-rate  period of oxidation prior to 
breakaway certainly does not resemble the product 
of anodic oxidation, although as will  be discussed 
later, a superficial anodic-like layer may enhance 
platelet formation. However, because of the differences 
in properties, studies of the thermal  oxidation of 
anodized tan ta lum permit  certain aspects of the early 
stages of this process to be emphasized. 

Vacuum treatments.--In this phase of the research, 
we have been concerned with the oxidation character-  
istics of anodized specimens at temperatures  below 
which the rate of crystall ization or oxide dissolution 
becomes appreciable. P re l iminary  experiments  in 
which anodized specimens with films 250A and thicker 
were held in vacuum showed that at temperatures  as 
high as 500~ the dissolution rate of the oxide was 
extremely low. Such vacuum treatments  could, how- 
ever, result  in a lessening in  the degree of protection 
afforded an anodized specimen dur ing subsequent  oxi- 
dation. Vermityea(7)  and Smith (9) have pointed out 
that while the thickness of the anodic film on tan ta -  
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lum remains constant dur ing low- t empera tu re  anneal-  
ing (at least the in terference color does not change 
percept ib ly) ,  some oxygen from the oxide is taken into 
the metal  with a resul t ing large change in the elec- 
tronic propert ies  of the oxide. In addition, Vermi lyea  
showed a slight sharpening of the diffraction halos 
f rom the essentially amorphous oxide films during 
such treatments.  We have  also observed by electron 
diffraction similar  s t ructural  changes during anneal ing 
of films str ipped f rom the meta l  (15). Actual  crysta l -  
l ization of the str ipped films wi th in  reasonable t imes 
did not occur at tempera tures  below 550~176 (6, 8, 
15); higher  tempera tures  appear to be requi red  for 
complete crystal l izat ion of f i lms-in-place on the metal.  

While  films held in vacuum at 500~ w e r e  stable 
for long periods of time, or dissolved ex t remely  slowly, 
an appreciable rate  of anodic film dissolution was ob- 
served on specimens held at 600~ the films exhibi t ing 
a behavior  ve ry  much like that  repor ted  by Pemsler  
for diffusion-controlled film dissolution on zirconium 
(16) and hafnium (17). Of part icular  interest  was the 
observat ion that  the dissolution process in the 'case of 
b.c.c. ~tantalum also was not completely isotropic; e.g., 
several  in ter ference  colors sharply defined by the grain 
boundaries existed after  anneal ing an anodized poly-  
crystal l ine specimen. Fur thermore ,  observations on an- 
nealed anodized s ingle-crystal  cylinders with <110> 
axes indicated that  the dissolution rate at this tem-  
pera ture  was almost uni form (at least along the [llO] 
zone) except  wi th in  about ___10 ~ of a (1O0). At the 
(100), the dissolution rate, at least for the first few 
hours, was observed to be slightly more than twice as 
great  as the other areas. In all regions, the dissolution 
rate  decreased wi th  time. However ,  while the amount  
dissolved on the (100) showed a parabolic t ime de-  
pendence, at least up to 24 hr, our ra ther  l imited data 
for dissolution in the slower region could not be satis- 
factori ly described in this way over  this t ime range. 

Oxidation.--If  the anodized tantalum specimens 
were  held in dry oxygen at atmospheric pressure in-  
stead of vacuum, dissolution of the films was not gen- 
eral ly observed. Instead, at tempera tures  of at least 
500~ the films exhibi ted a ve ry  high degree of sta-  
bility and resistance to thickening as wel l  as dissolu- 
tion. Insofar as could be judged f rom the lack of 
change in the in terference color of an anodic film be- 
fore and after  such treatments,  the film thickness and 
the appearance of the meta l  surface was not al tered 
despite the fact that oxygen solution was occurr ing 
through the film into the metal. 

Anodized tanta lum specimens having film thick-  
nesses of approximate ly  250-2500A were  oxidized for 
extended periods of t ime at 500 ~ and 600~ in order 
to assess systematical ly the degree of protection which 
results and to observe the eventua l  "fa i lure"  of the 
film. For example,  af ter  24 hr at 500~ for films 500A 
and thicker, visual  comparison with an as-anodized, 
s tandard specimen revealed  no significant changes in 
the in ter ference  colors or general  specimen appear-  
ance; unanodized specimens subjected to the same 
t rea tment  underwent  substantial  oxidation, wi th  whi te  
scales of the pentoxide as the prominent  feature.  While 
it quickly became apparent  that  the degree of pro-  
tection at a given tempera ture  was directly dependent  
on the thickness of the anodic layer, it was also ob- 
served that  imperfect ions in the films play an impor-  
tant  role. Anodic films exhibi t ing low leakage currents  
formed on well  electropolished surfaces were  more  
efficient in "protect ing" the metal  f rom oxidation. 
Local breakdown of the film at a point of weakness 
may, instead of being self-healing,  lead to an ac- 
celerated deter iorat ion of the remainder  of the film. 
This is par t icular ly  noticeable in the case of films less 
than 250A in thickness where  the oxidation behavior  
is difficult to reproduce.  Once local b reakdown has 
occurred, the meta l  oxidizes rapidly and the volumi-  
nous pentoxide which is formed propagates the dis- 
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Fig. 1. Effect of anodic film thickness on the oxidation tare of 
polycrystalline tantalum at 500~ �9 plain electropolished tan- 
talum; �9 150A anodic film; A 250~ anodic film; �9 1000.~ anadic 
film. 

turbance. The topography more  closely resembles the 
breakdown of the slowly oxidizing (100) face of 
niobium (13) than that  of any stage of oxidation of 
plain electropolished tantalum. 

While it was difficult to tell  by visual inspection if 
the anodized specimens were  undergoing change dur-  
ing the exposure to oxygen pr ior  to breakdown, meta l -  
lographic examination,  f lexure experiments ,  and x - r a y  
anaIysis indicated that  oxygen was being dissolved 
into the metal  in substantial  quantities. Smyth  et al. 
(9) as part  of their  studies of the dielectric propert ies  
of anodic films, have also repor ted  that  oxygen pene-  
trates the film to the metal  dur ing heat t r ea tment  in 
air. Fur thermore ,  because of the nature  of the prop-  
erty changes, they were  able to conclude that  the 
oxygen passes through the film itself and not by way 
of cracks or pores. 

Kinetics.--The effect of thin anodic oxide films on 
the early stages of oxidation of tan ta lum is i l lustrated 
quant i ta t ive ly  in Fig. 1 which shows the kinetics of 
oxygen uptake at 500~ for plain electropolished 
tantalum and anodized tanta lum having film thick- 
nesses of 150, 250, and 1000A. During the decreasing-  
rate period of react ion for plain tantalum, most of the 
total oxygen consumed is going into solution in the 
metal. Af ter  about 10 min, platelets of a suboxide of 
tantalum extending into the metal  begin to form; after 
about 3 hr, the increasing oxidat ion rate  signals the 
occurrence of "breakaway,"  and the specimen is soon 
covered with a thickening, porous film of the pent-  
oxide. On the other  hand, the presence of an anodic 
film obviously impedes the react ion to an extent  de- 
pendent  on the film thickness. Since the film thickness 
does not change appreciably dur ing this period, 1 the 
oxygen consumed is thus going into solution in the 
metal. Nevertheless,  compared to plain tantalum, the 
appearance of oxide platelets in the meta l  beneath  the 
anodic film is postponed, both on a time basis and on 
the basis of the total oxygen consumed. It may be that  
the oxygen concentrat ion in the meta l  surface layers 
beneath the anodic film remains less than that  during 
oxidation of the plain metal. Another  possibility is 
that the presence of the anodic film affects the per t i -  
nent  surface energies so as to make  it energet ical ly  
expensive for a new oxide phase to form. In ei ther  
case, a greater  total amount  of oxygen would be neces-  
sary to init iate pla te le t  formation. Because of this, or 
the associated increased strain energy, the observation 

1 I t  m i g h t  be  a r g u e d  t h a t  t h e  r e f r a c t i v e  i n d e x  of t h e  f i lm a n d  p e r -  
h a p s  t h e  m e t a l  c h a n g e  in  s u c h  a d i r e c t i o n  a n d  w i t h  such  m a g n i t u d e  
so as  to m a s k  t h e  o b s e r v a t i o n  of a t h i c k n e s s  c h a n g e .  W h i l e  in  p r i n -  
c ip l e  t h i s  is  poss ib le ,  t h e  p r o b a b i l i t y  is  s m a l l  t h a t  s u c h  an  e f fec t  
w o u l d  n o t  be  n o t i c e d  o v e r  t h e  w i d e  r a n g e  of f i lm t h i c k n e s s e s ,  a n -  
n e a l i n g  t imes ,  a n d  t e m p e r a t u r e s  s t u d i e d .  
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that  platelets formed on anodized t an ta lum are gen- 
eral ly larger than those on plain tan ta lum is con- 
sistent with either explanation.  Also postponed on both 
bases is the breakaway increase in the oxidation rate. 
While comparat ively thick anodic films, 1000A. and up, 
afford effective protection for long times, films as thin 
as 40A produce dramatic differences in breakaway 
oxidation behavior  compared to the plain tantalum. 
It is to be noted, however, that films in this thickness 
range pass oxygen at a rate comparable to that used 
dur ing the oxidation of the plain tantalum. Thus, an 
anodic oxide film on tanta lum has the unusual  prop- 
erty of serving both as a semi- iner t  barr ier  film and as 
a repressor of the formation of the crystall ine oxides 
dur ing subsequent  thermal  oxidation. 

The effect of tempera ture  on the oxidation kinetics 
of anodized specimens was also studied. The oxida- 
tion rate  curves at temperatures  from 425 ~ to 575~ 
for plain t an ta lum and for anodized tan ta lum with 
film thicknesses of 250 and 1000A are presented in Fig. 
2, 3, and 4. The protection afforded by these films is 
seen to persist over the whole tempera ture  range. 
Films thicker than 1000A were general ly even more 
resistant;  for example, even at 600~ a 3000A film 
prevented breakaway for at least 4 hr. However, the 
thicker films become increasingly susceptible to elec- 
trical b reakdown dur ing  their formation, especially in 
poorer qual i ty  films where  certain flaws are "acti-  
vated" at comparat ively low voltages. In  such films, 
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breakaway oxidation is ini t iated quickly in these local 
regions, resul t ing in a general  loss of oxidation re-  
sistance. Vermilyea (4) has described in  detail the 
importance and na ture  of some of the imperfections in 
anodic films. Presumably,  flaws in the th inner  films 
also represent  points of weakness with respect to oxi- 
dation as well  as electrical and chemical attack, and 
eventual  b reakdown of the films would begin at these 
points. 

It  is difficult to place much con'fidence in the per t i -  
nence of a part icular  analyt ical  expression describing 
the prebreakaway oxidation kinetics of anodized tanta-  
lum. After  an ini t ial  decreasing-rate  period, the t ime 
dependence is more-or- less  l inear  unt i l  the onset of 
breakaway. The oxygen consumption rates in this re-  
gion were obtained from the data in Fig. 3 and 4 and 
are plotted as a funct ion of reciprocal temperature  in  
Fig. 5. Within the limits of accuracy of the experi-  
menta l  values, the data for the 250 and 1000A films 
describe two near-para l le l  lines differing by a factor 
of about  four in ordinate values. That  the rate ratio 
for oxygen consumption at each temperature  is ap- 
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Fig. 6. Flexure and surface appearance of plain and anodized 
tantalum after oxidation for 2 hr at 530~ From left to right, the 
specimens are plain electropolished tantalum and tantalum having 
film thicknesses of 40, 80, 160, and 250~,, respectively. The under- 
side of each specimen was protected by a vapor-deposited aluminum 
layer. 

proximately  equal to the inverse of the thickness ratio 
is evidence in favor of the oxygen mass t ransport  
mechanism in the anodic film as being rate control-  
ling. The decreasing rate period at the beginning  of 
the reaction is, in  this light, simply a t ransient  in the 
approach to a steady-state diffusion condition. If the 
above reasoning is correct over the whole tempera ture  
range, the activation energy for oxygen t ransport  in 
amorphous anodic films on tanta lum is, from Fig. 5, 
about 45.,000 cal/mole. 

F~exure.--The fact that  the thin anodic films sup- 
pressed the formation of addit ional oxide while al- 
lowing oxygen to penetrate  to the metal  dur ing ex-  
posure to oxygen permit ted a critical test to be made 
of the authors '  earlier conclusion (14) that oxygen 
solution effects, ra ther  than the formation of oxide, 
were pr imar i ly  responsible for the observed surface 
stresses in the pre l iminary  stages of t an ta lum oxida- 
tion. Thus, measurements  were made of the flexure of 
th in  anodized specimens exposed to oxygen on one 
side. The occasion of a definite flexure of such speci- 
mens dur ing a period of t ime when no addit ional oxide 
was observed to form seemed conclusive evidence that 
oxygen in solution is a major  source of stress. 

A typical set of t an ta lum specimens used in the 
flexure experiments  is shown in Fig. 6. This photo- 
graph il lustrates the flexure and surface appearance 
of plain tan ta lum and tan ta lum with anodic oxide 
films thicknesses of 40, 80, 160, and 250A after oxida- 
t ion for 2 hr at 530~ The plain tan ta lum surface is 
heavily oxidized and the specimen is bent. The a n o -  

Fig. 8. Surface appearance of anodized polycrystolline tantalum 
having a film thickness of 40.~ after 2 hr in oxygen at 530~ 

dized specimens show varying degrees of flexure but, 
with the exception of the 40A specimen, show no 
metallographic or x - ray  evidence of addit ional oxides. 
Despite their dark appearance in  the figure, the sur-  
faces of these specimens are still bright, in sharp 
contrast to that of the plain tanta lum.  In  the micro- 
scope, the 40_& specimen shows only little physical evi- 
dence of the comparat ively large amount  of oxygen 
taken into solution. Distortion markings  and a few 
large platelets, common to the earliest stages of oxida- 
tion of plain t an ta lum are visible. The topography of 
the plain tan ta lum specimen and 40A anodized tanta-  
lum specimen is compared in Fig. 7 and 8. Specimens 
with thicker anodic films exhibit  essentially the same 
microstructure as in the as-anodized condition. 

Quant i ta t ive measurements  of the degree of flexure 
were made during oxidation of the anodized specimens. 
As shown in Fig. 9, the ma x i mum bending stress, com- 
puted from the physical properties and radius of 
curvature  of the specimen as a funct ion of time, varied 
similarly to the total amount  of oxygen going into 
solution, reaching a value of about 16,000 psi after  6 hr 
of oxidation. Because of the obviously different set of 
boundary  conditions applicable in this case, the actual 
surface stress and stress dis t r ibut ion due to oxygen 
solution cannot be computed in the manne r  previously 
reported for plain tan ta lum (14). However, since the 
total s train energies in both cases (for specl~l,ens with 
very thin anodic films, at least) are about the same, it 
is reasonable to suspect stresses in the surface region 
to approach that observed in plain tantalum, approxi-  
mately 50,000 psi compression. 

X-ray results.--X-ray data consistent with the 
above arguments  were also obtained. Before and after  
exposure to oxygen, diffraction measurements  were 
made through the anodic film of the lattice spacing of 
metal  planes parallel  to the surface. Lattice pa ram-  

Fig. 7. Surface appearance of plain electropolished polycrystal- 
line tantalum after 2 hr in oxygen at 530~ 
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eters were also determined by the Debye-Scherrer  
techniques for thin surface layers filed from the metal. 
The results by these two techniques correlated very 
well  if it was assumed that an oxygen concentrat ion 
gradient  existed in the metal. For the case of both 
plain t an ta lum and anodized tantalum, exposure to 
oxygen at 500~ quickly increased the t an ta lum lattice 
parameter,  calculated from the interatomic spacings 
of planes paral lel  to the surface, to 3.330A, a dilat ion 
of about 0.025A compared to unoxidized control speci- 
mens. This dilation, since it is l imited only to a thin 
surface layer and because of the constraints imposed 
by the remainder  of the specimen outside the gradi-  
ent, is larger by about a factor of two than that which 
would result  from the same uni form concentrat ion of 
oxygen (18). On the basis of a uni form distribution, 
the appropriate lattice parameter  would have been 
3.317A, corresponding to an oxygen concentrat ion of 
about 3.7 a/o (atomic per cent) (19). It  was observed 
that this lat ter  parameter  value agreed much bet ter  
with that  obtained from similar specimens by the 
Debye-Scherrer  method, 3.312-3.314A, especially con- 
sidering the deeper section employed. Since a ra ther  
steep oxygen concentrat ion gradient  may develop dur -  
ing oxidation, the max imum oxygen concentrat ion im-  
mediately beneath  the surface may rise to values 
higher than that reported here. 

Conclusions 
The results of this invest igat ion have shown that 

anodic films formed on electropolished t an ta lum speci- 
mens can exert  a surpris ingly great influence on the 
gaseous oxidation characteristics. Films as th in  as 40A, 
for example, were observed to double the length of the 
"protective" period for t an ta lum at 500~ During the 
time that the anodic films remain  protective, they are 
substant ia l ly  amorphous in structure,  and pass oxygen 
to the under ly ing  metal  without  "growing" or chang-  
ing in  thickness. The activation energy for oxygen 
permeat ion  of these films was calculated to be about 
45,000 cal/mole. The anodic films appear to slow down 
the oxidation process in two ways: (i) the oxygen 
flux is reduced, being related inversely to the film 
thickness; and (ii) the nucleat ion of the crystal l ine 
suboxides of t an ta lum is postponed to higher total 
oxygen levels. This may be a resul t  of a changed oxy- 
gen concentrat ion gradient  near  the surface, or of a 
change in other properties at the metal  surface due 
to the film. The anodic films lose their  protective prop- 
erties as breakdown occurs first at localized points 
and then spreads across the specimen mainly  by lateral  
growth of the fast-oxidizing regions. Presumably  these 
localized points are associated with imperfections in  
the film or metal  causing crystall ine oxides to form 
more quickly at the metal -anodic  oxide interface. 
While the films dissolve into the metal  at measurable  
rates when  held in  vacuum at temperatures  above 
500~ their  re ta rd ing  effects dur ing oxidation may be 
observed at temperatures  of at least 600~ The occur- 

fence of oxygen solution in the metal  dur ing oxida- 
tion of anodized tan ta lum was observed by several 
methods. F lexure  and x - r ay  measurements  correlated 
well with the concept that high stress levels exist 
along the oxygen concentrat ion gradient  in the metal. 
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Technica  Notes 

Corrosion of Zircaloy-2 by Hydrogen Peroxide at 
Elevated Temperature 

R. J. Davis, T. H. Mauney, and J. R. Hart 

Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

It  has been shown that  fission f ragment  (1,2) or 
fast neutron (3) bombardment  accelerates the cor- 
rosion of Zircaloy-2 by oxygenated aqueous media. 
The corrosion occurs at constant rates, and for fast 
neutron bombardment  the corrosion rate, R, in terms 
of weight  gain (gg/cm2/day)  and neutron flux of e n -  
erg ie s  greater  than 1 Mev, r (n/cm2/sec)  is 

R = 7  • 10-12~ 

The acceleration of corrosion in hydrogenated  media  
(3) under  fast neutron bombardment  is much less or 
perhaps nil. Ionizing (~--y) irradiat ions (4, 5) do not 
accelerate Zircaloy-2 corrosion in oxygenated aqueous 
media. 

Since ~-7 radiations do not accelerate corrosion, it 
has been concluded in the past (1, 2) that  the heavy 
part icle effect was due to damage in the meta l  or 
oxide, but  not due to species genera ted  in the aqueous 
solution. This conclusion fol lowed from the fact that  
~-7 radiations produce the same species in solution as 
do heavy particles, and it was assumed that  the con- 
centrations were  not enough different to explain the 
results. 

Cox (6) recent ly  pointed out that  some in-pi le  loop 
results (7) indicate accelerated corrosion of Zircaloy-2 
exposed to solution, one second downst ream of the 
i r radia ted par t  of the loop. This suggested the possi- 
bil i ty that hydrogen peroxide, probably the only specie 
wi th  a half - l i fe  approaching one second, was re-  
sponsible for the corrosion. [The authors had (7) 
considered this possibility, but did not bel ieve the data 
justified any conclusions.] Subsequent ly  Jenks  (8) 
showed that  corrosion effects of the two types of 
radiations could be qual i ta t ively  explained by assum- 
ing that  corrosion is accelerated by low concentra-  
tions of H202 and that  the accelerat ion increases wi th  
concentration. It was est imated that  in water  at 280~ 
a s teady-sta te  H202 concentrat ion in the neighborhood 
of 10-SM would exist under  reactor  i r radiat ion at 
moderate  intensities. Fur thermore ,  the concentrat ion 
would increase with dissolved oxygen in stoichiometric 

excess and would decrease wi th  dissolved hydrogen 
in excess. The concentrat ion of H202 under  ~-y i r ra -  
diation would be much lower. These findings suggested 
the fol lowing experiment .  

Experimental 
Specimens of Zircaloy-2 were  exposed to 10-SM 

H202 at 280~ for 297 hr. A control group of speci- 
mens was exposed in  the  same se t -up to oxygenated 
water .  

The peroxide exposure was accomplished by the 
feed and bleed system shown in Fig. 1. Hydrogen 
peroxide solution (0.05M) was pumped into an auto- 
clave by a pulse- feeder  pump at the ra te  of about 
800 cc/hr.  The autoclave was completely  liquid-filled, 
and the solution in the autoclave was st irred with  a 
magnet ical ly  operated dash pot stirrer. The solution 

PRESSUR 

I ..... t } '1 
I/.I DRAIN 

Fig. 1. Feed and bleed autoclave system 
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Table I. Summary of weight gains 

W e i g h t  G a i n  R e s u l t s  

O x y g e n a t e d  
S p e c i m e n s  e x p o s e d  to:  1 0 ~ M  H.~O~ w a t e r  
S p e c i m e n s  p r e t r e a t e d  b y :  P r e f i l m i n g  C h e m i c a l  C h e m i c a l  

20 h r  p o l i s h i n g  p o l i s h i n g  
No.  of  s p e c i m e n s  4 2 8 
W e i g h t  ga in ,  a v g  v a l u e  

( ~ g / c m  2) 91 * 88 104 
W e i g h t  ga in ,  r a n g e  

(#g/cm~) 80-100" 87-90 89-119 

* T o t a l  w e i g h t  g a i n s  i n c l u d i n g  t h a t  d u r i n g  20 -h r  p r e f i l m i n g .  

coming out of the autoclave was quickly cooled to 
room temperature ,  and then bled out of the system at 
1500 psi through a le t -down valve.  Periodic samples 
of the output  solution were  analyzed and found to 
contain about 10-sM (range 0.6 to 1.2 x 10-SM) hy-  
drogen peroxide. All  parts of the system which were  
heated were  constructed of t i tanium. 

The controls were  run  in the same autoclave at the 
same tempera ture  for the same length of time. The 
autoclave was init ial ly filled with  the same 0.05M per-  
oxide solution which quickly decomposed on heat ing 
to provide an envi ronment  of oxygenated water.  No 
peroxide was pumped through the system. 

Both sets of specimens were  chemical ly polished in 
HF-HNO3 and some of them were  prefi lmed by ex-  
posure to 280~ wate r  for 20 hr before exposure to the 
peroxide. Corrosion was measured by weight  gain. 

The weight  gains are summarized in Table I. 

D~scussion 
The data demonstrate  that corrosion of Zircaloy-2 by 

oxygenated water  is not enhanced by continuous feed- 
ing of hydrogen peroxide  at a concentrat ion of 10-5M. 

Estimates (8) of peroxide concentrations in oxy-  
genated water  indicate that  the 10-SM is about the 
peroxide concentrat ion which exists during i r radia-  
tion by a fast neutron flux of 101~ n/cm2/sec ( >  1 
Mev).  This flux, in turn, is known to result  in a cor-  
rosion rate of about 70 #g/cm2/day.  

From the observed rates of 7-8 #g/cm2/day,  it fol- 
lowed that hydrogen peroxide in solution is not re-  
sponsible for the corrosion acceleration which results 
f rom irradiat ion by fast neutrons. 

Manuscript  received June  27, 1966. Research was 
sponsored by the United States Atomic Energy  C:om- 
mission under  contract  wi th  the Union Carbide Corpo- 
ration. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Electroluminescence and Photoresponse of 
Ta20  and TiO  Diodes 

T. W.  Hickmott  

General Electric Research and Develop~nent Center, Schenectady, New York  

Electroluminescence has been observed f rom rect i -  
fying Ta-Ta2Os-Au and Ti-TiO2-Au diodes under  d-c 
forward  bias and the photoresponse of such diodes 
has been measured in the visible port ion of the spec- 
trum. In each case, the photoresponse threshold is ap- 
proximate ly  equal  to the energy of e lectroluminescent  
radiat ion f rom the diode. 

Tanta lum strips, 1 mm wide and ,~6000A thick, were  
deposited on heated glass microscope slides by elec-  
tron beam evaporat ion through a mask (1). Ti tanium 
strips of high resistivity, indicat ive of low puri ty  of 
the metal,  were  deposited on microscope slides by 
sput ter ing in argon. Oxide films were  formed by ano- 
dizing at constant current,  followed by curing at con- 
stant vol tage unti l  the current  through the oxide de- 
creased to low levels. For  tantalum, 0.5% H2SO4 was 
used as e lectrolyte  while  a formic acid electrolyte  was 
used to anodize t i tanium (2). The thickness of the 
oxide film is proport ional  to the final forming voltage;  
for Ta205, the thickness is ---17 A/v ,  for TiO2, ~22A /v .  
Diodes of 1 mm 2 area were  formed by evaporat ing 
semit ransparent  Au or Cu electrodes, 200A thick, 
through a mask. Procedures  used to measure  conduc- 
tivity, e lectroluminescence and photoresponse have 
been described (3, 4). 

Both Ta-Ta20~-Au and Ti-TiO2-Au diodes are rec-  
tifying, wi th  high conductivi ty occurring when  the 
Au counterelectrode is positive. F igure  1 shows the 

I0 o 

I0 -i 

IO -~ 

i0 -~ 

T i -  T iOz-  Au Ta-TozO 5 -Au  ~ 10 -~ 140 ~ OXIDE IOOA OXIDE 

10 -6 

io ~ 

c o / 
I0-* 

0.1 0.2 0.4 0.6 1.0 2 4 6 IOI 

, Vf {v0115} 

Fig. 1. Log J-log V characteristic of Ta-Ta205-Au diode and Ti- 
TiO~-Au diode. T = 295~ 
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cur ren t -vo l tage  characterist ic under  forward  bias for 
a Ta-Ta20~-Au and a Ti-TiO~-Au di.ode formed to 5v. 
The current  density, J, was der ived f rom the meas-  
ured currents  by using the geometr ic  area of the di- 
ode. The J - V  characteris t ic  of the Ta-Ta2Os-Au di- 
ode is ve ry  similar  to that  repor ted  by Standley and 
Maissel (5). Below 0.9v, currents  reached a s teady-  
state value very  slowly after applying a step voltage;  
it was necessary to wai t  several  minutes  to record each 
value  of current.  In the steeply rising portion of the 
J - V  curve there was no appreciable drift  of current  
values unti l  high current  densities were  reached. The 
J - V  characterist ic of the Ti-TiO2-Au diode closely 
resembles the J - V  characterist ic of a Nb-Nb2Os-Au 
diode of comparable  thickness al though the currents  
are higher. Anodic films are difficult to form on t i ta-  
n ium and the quali ty of anodized TiO2 films is much 
poorer  than anodized films on Ta or Nb. 

High field e lectroluminescence of va lve  metals such 
as A1 or Ta under  reverse  bias or dur ing anodization 
has been known for many years (6). Very faint  visible 
radiat ion may be observed under  such conditions. Only 
in Nb-Nb2Os-Au diodes has e lectroluminescence been 
reported to occur in rect i fying oxide films at low 
diode voltages under  d-c forward  bias (3). 

Elect roluminescent  radiat ion f rom Nb-Nb2Os-Au 
diodes was detected by means of a cooled 7102 photo-  
mul t ip l ier  with S-1 sensitivity, and glass filters were  
used to show that  it had energy between 1.2 and 1.3 
ev (electron volts) ,  independent  of diode vol tage or 
oxide thickness. F igure  2 shows the ratio of photomul-  
t iplier current,  Ip, to diode current,  If, and If, at dif-  
ferent  diode voltages, Vf, for a Ta-Ta205-Au and Ti- 
TiO2-Au diode with  the same oxide thicknesses as in 
Fig. 1. The diode tempera ture  was ~0~ The operat -  
ing conditions of the photomult ipl ier  were  the same 
as used in measurements  of e lectroluminescence f rom 
Nb-Nb2Os-Au diodes. The energy of e lec t ro lumines-  
cent radiat ion can only be de termined  approximate ly  
because of the spectral  characterist ics of the filters. 
For Ta-TaeO~-Au diodes, no radiat ion with energy 
greater  than 1.8 ev was detected. The peak electrolu-  
minescent  intensity lies be tween  1.5 and 1.7 ev, appre-  
ciably higher  than for Nb205 diodes. For  Ti-TiO2-Au 
diodes, emit ted  radiat ion had energy between 1.2 and 
1.4 ev. Electroluminescence from Ta205 diodes also 
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differed from electroluminescence from Nb20~ and 
TiO2 diodes in that IpaIf above 3.2v while IpaIf 2 for 
the latter two oxides. 

The observation of photoeonductivity in the system 
valve metal/anodic oxide/electrolyte generally re- 
quires uv-radiation (7). For Ta2Os, the threshold for 
photoconductivity is 4.3 ev (8), for Nb2Os, 3.3 ev radia- 
tion (9). In contrast the threshold for photoeonductivity 
in Nb-Nb2Os-metal diodes, where the metal counter 
electrode is Au, Ag, or Cu, is 1.2 ev, the same energy as 
electroluminescence from Nb205 diodes (3). The short- 
circuit photoresponse/transmitted photon for Ta-Ta2Os- 
Au, Ta-Ta2Os-Cu, Ti-TiO2-Au, and Ti-TiO2-Cu di- 
odes is shown in Fig. 3. In each case, the oxide is so 
thin (5v) that optical interference phenomena in the 
oxide do not affect the photoresponse (4). Corrections 
have been made for the variation of transmission of 
the metal counter electrode with wavelength in cal- 
culating the photoresponse/transmitted photon. 

As is the case with Nb205 diodes, the threshold for 
photoresponse in TiO2 diodes, 1.3 ev, is the same with 
Au and Cu counter electrodes and is approximately 
equal to the energy of electroluminescence from Ti- 
TiO2-Au diodes. In contrast, while the threshold for 
photoconductivity in Ta-Ta2Os-metal diodes is shifted 
into the visible it differs by 0.4 ev when Au and Cu 
counter electrodes are used. The quantum efficiency 
of Nb2Os, Ta2Os, or TiO2 diodes is markedly smaller 
with Au counter electrodes than with Cu counter elec- 
trodes. For TiO2 and Ta205 diodes with Cu counter 
electrodes, there is an inflection in the photoresponse 
at 2.1 ev while diodes with Au counter electrodes show 
a similar inflection at 2.3 ev. This is the energy of the 
maximum value of the transmission of thin evaporated 
films of these metals; similar inflections occur in the 
photoresponse of thin Nb205 with Cu and Au counter 
electrodes (4). Maximum photovoltages for the diodes 
of Fig. 3 due to intense visible radiation have been 
measured by focusing the light from a 40w zircon arc 
lamp onto the diodes. M ax im um  photovoltages at 
295~ were;  Ta-Ta2Os-Au, 0.94v, Ta-Ta2Os-Cu, 0.79v, 
Ti-TiO2-Au, 0.39v, and Ti-TiO2-~Cu, 0.18v. The values 
for Au diodes are about 0.1v less than has been re -  
ported for m a x i m u m  photovoltages developed when an 
electrolyte  contact was made to the  oxide and exci ta-  
tion was done wi th  uv radiat ion (10). 

Electroluminescence and photoresponse of Ta205 and 
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TiO2 diodes is very  similar  to that  in Nb205 diodes. It  
has been proposed that  hole inject ion in Nb-Nb2Os-Au 
diodes occurs in an impur i ty  band 1.2 ev below the 
conduction band of the oxide (3). Similar  impur i ty  
bands may occur in oxides such as Ta205 and TiO2. 

In general,  the conduction, optical and dielectric 
breakdown propert ies of oxide films whose thickness 
is large enough ( ~ 1 0 0 A ) t h a t  tunnel ing is not an im-  
por tant  conduction mechanism appear to fall  in two 
groups, depending on the band gap of the individual  
oxides. Insulators such as A1203, SIO2, or SiO charac-  
terized by band gaps of a, bout 8v, have electr ical  prop-  
erties significantly different  f rom oxides such as TiO2 
or N'b205 whose band gaps are around 3v. Ta205 with 
a band gap of 4.5v, appears to occupy an in termedia te  
position. 
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The Cathodoluminescence of Terbium Activated 
Indium Orthoborate 

Frank J. Avella 

General Telephone & Electronics Laboratories, Inc., Bayside, New York 

Cathodoluminescence f rom Tb 3+ in a borate mat r ix  
was demonstrated over  for ty  years ago by Nichols and 
Howes (1); however ,  no Tb act ivated borates have 
been repor ted  to cathodoluminesce with significant 
efficiency as compared with  other  g reen-emi t t ing  phos- 
phors. Indeed, the same s ta tement  applies to non- 
borate phosphors act ivated by Tb. In 1964 Wanmaker  
and Bri l  (2) described the photoluminescence of Tb 3+ 
in alkal ine ear th  borates, but did not repor t  on the 
cathodoluminescence.  Concomitant  inwestigation of the 
same systems in these laboratories showed 3CaO'B203: 
Tb to have the best  response to cathode ray exci tat ion 
of any Tb act ivated phosphor then known. This paper  
describes the cathodoluminescence of Tb 3+ in a new 
host, InBO~. Data are presented which show that  
InBO3 is the most efficient host yet  reported for the 
cathodoluminescence of Tb 3 +. Fur thermore ,  it is shown 
that  InBO3:Tb is comparable  in efficiency and lu-  
minous output  to Zn2SiO4: Mn, a widely  used commer-  
cial phosphor. Comparisons are also made wi th  re la ted 
Tb act ivated phosphors. 

InBO3:Tb is prepared by react ion be tween  the con- 
st i tuent oxides using convent ional  mult iple  firing tech- 
niques in air. InBO3 is white  to l ight yel low in body 
color and crystallizes in the rhombohedra l  crystal  sys- 
tem with the calcite s t ructure  (3). Since the Tb 3+ ion 
is la rger  than In 3+, TbBO3 has the hexagonal  va ter i te  
s t ructure  (4). Therefore,  par t ia l  subst i tut ion of In by 
Tb is equ i -va len t  but  not isostructural.  Opt imum ac- 
t ivator  concentrat ion is 0.02 to 0.0'3 g - a t o m / m o l e  of 
phosphor, and no latt ice distortion is evident  from 
rout ine x - r a y  powder  diffraction analyses. 

For  cathodoluminescence measurements  the phos- 
phors were  set t led at opt imum densities on 1-in. 
square sheets of conductive glass, which were  then 
posit ioned in a demount~ble  cathode ray  tube and ex-  
cited at 15 kv. Emission spectra were  recorded di-  
rect ly  in terms of re la t ive  energy by the method  of 
Wiggins (5), and C.I.E. color coordinates (6) and 
values of lumen  equiva len t  (7) were  calculated there-  
from. The luminous output  was measured  with  an RCA 
1P21 photomult ip l ier  equipped with  a Kodak Wra t ten  

106 filter. Persistence was determined using a pulsed 
defocused electron beam for exci tat ion and an oscillo- 
scope for recording the decay characteristics.  

The cathodoluminescence spectrum from Tb ~+ in 
InBO3 (Fig. 1) is dominated by the group of emission 
lines be tween  530 and 567 nm arising f rom 5D4 --> 7F5 
electronic transitions. F i f teen  distinct lines are re-  
solved in this group with  the two at 542 and 550 nm 
being most intense. A very  small  fract ion of the emit -  
ted energy is produced by 5D4 ---> 7F6.4.3 transitions and 
appears at 476-513, 577-603, and 614-640 nm, respec-  
tively. This near ly  total dominat ion of the spectrum 
by transitions to the 7F5 levels  distinguishes the Tb 3+ 
emission in InBO3 from that  repor ted  for other borate 
hosts. Wanmaker  and Bril  (2) show re la t ive ly  intense 
5D4 --> 7F6,4.3 transitions f rom ul t raviole t  exci ted 

500 550 600  650 
WAVELENGTH (nonometers) 

Fig. 1. InBOa:Tb spectral energy distribution 
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Table I. Cathodoluminescence data for green-emitting phosphors 

Phosphor 

C. I .E .  L u m e n  
c o l o r  e q u i v -  R e l a t i v e  
c o o r -  a l e n t  c o n v e r -  

R e l a t i v e  D e c a y  to  d i n a t e s  ( l u m e n /  s i o n  
l u m i n -  I o /10  r a d  effi-  
o s i t y  ( m s e c )  x y w a t t )  c i e n c y  

Zno.v~Cdo.esS:Ag 100 0.05 0.27 0.62 500 1.00 
Zn~SiO4 : M n  60 15 0.22 0.71 540 0.56 
Y 2 0 3 : T b  15 
I n B O s : T b  65 15-- 0.31 0.66 610 0.54 
3 C a O  �9 B~O3:Tb  25 4 0.32 0.63 550 0.23 
Y B C ~ : T b  20 5 0.31 0.64 570 0.17 
M l n B O ~ : T b  15 - -  - -  - -  
(MIII = S c , L u , G d , L a )  

3CaO'B203:0.06Tb. In the Sr and Ba analogues they 
show these transitions to be considerably reduced in 
intensi ty re la t ive  to the 5D4 -> 7F~, but  not to the de-  
gree observed here for InBO3:Tb. A similar  compari-  
son can be made with the Tbo.2Na0.2Zn0.TB204 repor ted  
by Br ixner  (8). 

Table I presents cathodoluminescence data on the 
Tb act ivated orthoborates wi th  Y20~:Tb (9), Zn2SiO4: 
Mn, and Zn0.72Cd0.2sS:Ag cathode ray phosphors in-  
cluded for comparison. In terms of re la t ive  luminosity,  
InBO3:Tb is sl ightly superior  to Zn2SiO4: Mn and con- 
siderably superior  to 3CaO-B203:Tb and the other  Tb 
act ivated phosphors. The ratio of re la t ive  luminosi ty 
to lumen equivalent  yields a value for the efficiency 
wi th  which the excit ing energy is conver ted in,to lu-  
minous energy. In Table I the sulfide phosphor is ar-  

b i t rar i ly  assigned a conversion efficiency of 1.00. De- 
spite its high value of lumen equivalent  resul t ing f rom 
the intense 5D4 --> 7F5 transitions, InBOs:Tb is com- 
parable  to Zn2SiO4: Mn in efficiency and is considerably 
more efficient than the other  Tb activa,ted borates. 
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The Ga-As-Si Ternary Phase System 
M. B. Panish 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

Studies of the condensed phase diagram of the Ga-  
As-Si  te rnary  system have been under taken  because 
of the current  interest  in gal l ium arsenide p -n  junc-  
tions made by diffusion or solution growth.  This work  
is a continuat ion of previous studies done in this 
laboratory on the te rnary  phase diagrams of group 
four elements  with gal l ium and arsenic (1). These 
elements are of par t icular  interest  because of their  
"amphoter ic"  na ture  when in solid solution with  GaAs 
and other  I I I -V compounds. 

Unl ike  the G a - A s - S n  and Ga-As-Ge  ternary  sys- 
tems (1), the GaAs pr imary  phase field is not the most 
extensive one in the phase diagram. Most of the data 
in this study, however ,  have been obtained in that  
phase field since it is the study of GaAs which is the 
p r imary  object ive of this work. 

Binary Phase Systems 
Ga-As . - -Ga l l ium and arsenic form a single congru-  

ently mel t ing compound, GaAs, wi th  a mel t ing  point 
of 1238~ (2). Thurmond (3) has uti l ized the solubil-  
i ty measurements  of KSster and Thoma (2) and 
Hall  (4), along with an adaptat ion of the regular  solu- 
tion t rea tment  of Vieland (5) to construct  the binary 
GaAs liquidus curve. The mel t ing point of GaAs was 
recent ly  measured  by this author (6) and a value  of 
1237 ~ ___ 2~ was obtained. 

GaSi . - -Ga l l ium and silicon form a simple eutectic 
system with  a eutectic t empera tu re  of 30~ at 5x10 - s  
a /o  (atom per  cent) silicon (7). The binary l iquidus 
was studied by Keck and Broder  (8) and K lemm 
et al. (9), and their  exper imenta l  data were  used by 
Thurmond and Kowalchik  (7) to construct  a binary 
l iquidus curve  which is consistent wi th  other  the rmo-  

dynamic data. The lat ter  b inary phase d iagram has 
been used in this work. 

As -S i . - -The  binary phase diagram for the As-Si  sys- 
tem which has been constructed by Hansen (10) f rom 
the data of K lemm and Pirscher  (11) was used for 
this work. This system contains two compounds, SiAs 
which melts congruent ly  at 1083~ and SiAs2 which 
decomposes below the mel t ing point. There  is one eu- 
tectic point be tween Si and SiAs at 1073~ and 40.5 
a /o  As and another  at 786~ and about 90 a /o  arsenic 
be tween  As and SiAs2. The peri tect ic  t empera tu re  for 
SiAs2 is 944~ 

Experimental 
Semiconductor  grade arsenic and silicon with  pur -  

ities bet ter  than 99.99% were  used in this work. Re-  
claimed gall ium with  pur i ty  bet ter  than 99.99% was 
used and for many  of the runs rec la imed GaAs with  
pur i ty  bet ter  than 99.99% was used instead of the 
elements.  The use of GaAs was necessary when  the 
re la t ive  amounts of Ga and As were  high in order to 
p reven t  explosions resul t ing f rom the exothermic  re-  
action of the elements.  On the high arsenic side of the 
phase diagram GaAs and As were  used as the source 
of arsenic and gallium. It  was possible to heat  these 
mixtures  to the mol ten  state wi thout  explosions if the 
heat ing was done slowly in the range 700~176 
( ~  10~ 

Fused silica capsules wi th  a volume of about 2 cc 
which were  about 2/3 filled with  mel t  were  used for 
the differential  thermal  analysis experiments .  The ex-  
per imenta l  details are similar  to those which have  al-  
ready  been described for the study of the Ga-As-Zn  
system (12) except  that  the cells used in this work  
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Table I. Thermal effects in the Ga-As-Si system 

A t o m  p e r  c e n t  

G a  A s  S i  T I  T2 T8 T~ T5 

8 2 . 0  15 .0  3 .0  1017  766  * - -  - -  
7 0 . 0  15 .0  15 .0  1 0 2 0  1 0 0 8  * - -  - -  
50 .0  12.5  37 .5  1 1 4 9  1 0 3 4  * - -  - -  
5 0 . 0  3 0 . 0  20 .0  1136  1092  * - -  - -  
5 0 . 0  4 0 . 0  10 .0  1186  1 0 9 0  * - -  - -  
42 .5  42 .5  1 5 . 0  1 1 7 5  1115  * - -  - -  
3 5 . 0  3 5 . 0  30 .0  1 1 2 6  ~.~1125 * - -  - -  
2 7 . 5  2 7 . 5  4 5 . 0  ~ 1 2 1 4  1 1 2 4  * - -  - -  
17 .0  17 .0  66 .0  1 2 6 8 ~ 5 ~  1122  * - -  - -  
3 8 . 2 5  4 4 . 2 5  17.5  1177  1115  1032  - -  - -  
30 .0  40 .0  30 .0  1131  ~ 1 1 1 6  1031  - -  - -  
3 5 . 0  5 0 . 0  15 .0  1 1 7 2  1 0 4 0 - 1 0 5 0  1 0 3 0  - -  - -  
2 0 . 0  5 0 . 0  3 0 . 0  1 1 0 0  ~-~1058 1030  - -  - -  
19 .8  52 .2  28 .1  1105  1027  - -  9 0 5  ~-~760 
19 .0  56 .5  24 .5  1 0 9 8  1 0 1 5  - -  9 0 8  770  
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Fig. 2. Thermal effects observed by cooling melts along cut B 
(the GaAs-$i pseudobinary) in the ternary diagram. 

were  similar  in shape but much smaller  in vo lume 
than those used previously.  

For  most of the previous DTA studies wi th  GaAs it 
has been convenient  to hold the mol ten  mixtures  in 
the fused silica DTA cells at 200~176 above the 
tempera ture  at which the first solid is expected to 
precipitate,  and in general  tempera tures  above 1250~ 
were  not requi red  since the highest  mel t ing compound 
was GaAs at 1238~ For  the system containing sili- 
con, however ,  the 200~176 cri ter ia  would requi re  
tempera tures  much above 1250~ In this work  it was 
found that  melts containing up to 30 a /o  silicon re -  
quired homogenizat ion tempera tures  of about 1300~ 
and for mixtures  containing more  than 30 a /o  Si 
homogenizat ion tempera tures  of 1350~ and above 
were  necessary. The practical  working l imit  for fused 
silica in this work  was found to be 1350~ and this 
l imited the range of silicon compositions which could 
be studied. 

X - r a y  analysis of the differential  thermal  analysis 
samples was done by the standard powder  technique. 

Results 
The temperatures  at which thermal  effects were  

observed when  melts of various compositions were  
cooled are given in Table I. T1 represents  the t emper -  
ature at which the surface of p r imary  crystall ization 
is reached, T2 is the tempera ture  at which a second 
solid phase precipitates,  and T3 is the t empera tu re  
at which a te rnary  eutectic or peritectic transi t ion oc- 
curs. 

Some of the data g iven in Table I are plotted in 
Fig. 1 through 4. The mel t ing point of pure Si was 
taken as 1410~ (7). Figures 1 through 4 show the 
thermal  effects observed for DTA samples wi th  start-  
ing compositions along cuts A through D in the ter-  
nary system (Fig. 5). For  these samples, lines a t -  
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Fig. 4. Thermal effects observed by cooling melts along cut D 
in the ternary diagram. 

t r ibutable to the presence of GaAs and Si were  al- 
ways observed in the x - r ay  powder  photographs. Solid 
solubil i ty of Si in GaAs or As or Ga in Si was not 
observed. 1 

DTA cooling curves were  obtained for . severa l  other 
compositions not on cuts A-D in the te rnary  system. 
The data obtained f rom these exper iments  were  used 
with  the data f rom cuts A-D to construct the te rnary  
phase diagram as described below. 

Construction of the Ternary Diagram 
The Ga-As binary diagram of Thurmond (3), the 

Ga-Si  binary diagram of Thurmond and Kowalchik  
(7), and the As-Si  binary diagram of Klemm and 

1 I t  s h o u l d  b e  n o t e d  t h a t  t h e  p r e c i s i o n  o f  t h e  x - r a y  p o w d e r  p h o t o -  
g r a p h s  w a s  i n s u f f i c i e n t  t o  r e v e a l  s m a l l  d e g r e e s  o f  s o l i d  s o l u b i l i t y .  
T h e s e  s t u d i e s  s i m p l y  r e v e a l  t h e  s o l i d  s o l u b i l i t y  t o  b e  s u f f i c i e n t l y  
s m a l l ,  t h a t  f o r  t h e  p u r p o s e  o f  c o n s t r u c t i n g  t h e  t e r n a r y  d i a g r a m ,  i t  
c a n  b e  a s s u m e d  t h a t  t h e  l i q u i d u s  c o m p o s i t i o n s  o f  c o o l i n g  m e l t s  i s  
a l o n g  t i e  l i n e s  d r a w n  t h r o u g h  t h e  p r i m a r y  p h a s e  a n d  t h e  m e l t  
c o m p o s i t i o n s .  
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Fig. 5. Ga-As-Si ternary phase diagram. Concentrations are in 
atom per cent, 

Pirscher  (11) were  used a s  the boundaries of the ter-  
nary diagram (Fig. 5) wi thout  modification. 

By analogy wi th  the Ga-As-Ge  system the T2 ther-  
mal  effect for cuts A, B, C, and D (Fig. 5) was taken 
to be due to the intersection of the cooling melt  with 
a second pr imary  phase field. The major  fields sep- 
arated by the curve  drawn through T2 intersection 
points on these cuts are the Si p r imary  phase field 
on the Si side of the diagram and the GaAs pr imary  
phase field on the GaAs side of the diagram. The curve  
represent ing the boundary be tween Si and GaAs pr i -  
mary  phase field was fur ther  del ineated from DTA 
data obtained f rom several  other  exper imenta l  points 
outside of cuts A, B, C, and D in the t e rnary  system. 

The T3 thermal  effect noted for cuts C and D at 
1031~ is consistent wi th  a te rnary  eutectic from which 
Si, GaAs, and SiAs precipitate.  The location of the eu-  
tectic was established as being be tween  cuts D and E 
on Fig. 5 f rom the shapes of the DTA cooling curves. 
The cooling curves for samples on cut D showed T3 as 
the last thermal  effect. The cooling curves for the two 
data points on the 1100 ~ isotherm on cuts E and F 
had thermal  effects at about 908 ~ and 770~ These re-  
sult f rom a te rnary  peri tect ic and a te rnary  eutectic 
which correspond to the 944 ~ and 786~ thermal  ef-  
fects on the Si-As binary, respectively.  

The x - r ay  photographs of DTA samples f rom cuts 
C, D, E, and F did not show definitive evidence for 
the presence of SiAs and SiAs2. There were  many ad- 
dit ional weak  lines not a t t r ibutable  to GaAs or Si. 
These were, however ,  difficult to measure.  There  are 
no s tandard powder  pat terns  available for comparison 
for SiAs and SiAs2. 

Electron beam microprobe studies of several  of the 
cooled DTA samples provided data which is essentially 
in agreement  wi th  the phase diagram in Fig. 5. A sam- 
ple from cut B contained only GaAs and Si, while  one 
on cut D contained large crystals of GaAs plus a much 
more finely divided group of crystals some of which 
were  GaAs and others a phase containing As and Si. 
A sample f rom cut E was similar  to that  on cut D, and 

one on cut F contained GaAs plus two closely asso- 
ciated phases containing silicon and arsenic. No re -  
gion characterist ic of the 770~ ternary  eutectic w a s  
observed. It is probable that  the 908~ te rnary  per i -  
tectic react ion is incomplete.  

It was noted that  for cuts A and B the shape of the 
l iquidus in the GaAs pr imary  phase field was almost 
identical  to that  previously repor ted  for the Ga-As-Ge  
system. Isotherms up to llO0~ in the Ga rich region 
of that  phase field were  therefore  drawn with  the 
Ga-As-Ge  diagram as a guide. The 1200~ isotherm 
w a s  drawn on the basis of cuts A-D. The l l00~  iso- 
therm in the arsenic rich region was drawn through 
the exper imenta l  points. 

Because of the high pressures involved,  these studies 
were not ex tended to the high arsenic port ion of the 
phase diagram and the curves in that  port ion of the 
diagram are therefore  drawn to be consistent wi th  the 
avaiIable data. Similarly,  because of the high t emper -  
atures required,  not  much exper imenta l  data was ob- 
tained in the Si p r imary  phase field. Isotherms in 
this region were  s imply d rawn smoothly through the 
exper imenta l  data available.  

Conclusions 
A major  portion of the t e rnary  condensed phase 

diagram of the Ga-As-S i  system has been constructed 
on the basis of differential  thermal  analysis studies. 
The diagram consists pr imar i ly  of the pr imary  phase 
fields of Si and GaAs with smaller  fields due to SiAs 
and SiAs2. No te rnary  compounds were  observed. 

Acknowledgments 
The author is indebted to C. D. Thurmond for his 

helpful  suggestions during the course of this work. 
The aid of Mr. S. Sumski  wi th  some of the exper i -  
menta l  work, and of Miss D. R. Margel  for the x - ray  
analysis is gra teful ly  acknowledged.  Electron beam 
microprobe analyses were  done by H. Schreiber.  

Manuscript  rece ived  May 25, 1966. 

Any discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 

REFERENCES 
1. M. B. Panish, J. Less Common Metals, 1@, 416 

(1966). 
2. W. KSster and B. Thoma, Z. Metallkunde, 40, 291 

(1955). 
3. C. D. Thurmond,  J. Phys. Chem. Solids, 26, 785 

(1965). 
4. R. N. Hall, This Journal, 110 ,  385 (1963). 
5. L. Vieland, Acta. Met., 11, 137 (1963). 
6. M. B. Panish, This Journal, 113, 861 (1966). 
7. C. D. Thurmond and M. Kowalchik,  Bell System 

Tech. J., 39, 169 (1960). 
8. P. H. Keck and J.  Broder, Phys. Rev., 90, 521 

(1953). 
9. W. Klemm, L. Klemm, E. Nohman, H. Volk, E. Or-  

lander, and H. A. Klein, J. anorg, u. allgem. 
chem., 256, 239 (1948). 

10. M. Hansen, "Const i tut ion of Binary Alloys," Mc- 
Graw-Hi l l  Book Co., New York (1958). 

11. W. Klemm and P. Pirscher,  Z. anorg, chem., 247, 
211 (1941). 

12. M. B. Panish, J. Phys. Chem. Solids, 27, 291 
(1966). 



The Influence of Crystallographic Defects on 
Device Performance 

J. M. Fairfield and G. H. Schwuttke 

IBM Cemponents Division, Eavt Fishkill Laboratory, Hopewell Junction, New York 

Imperfect ions in the crystal lographic s t ructure  of 
silicon diodes influence their  reverse  characterist ics 
(1-5), and an unders tanding of this phenomenon is 
necessary for the effective design of h igh-qual i ty  semi-  
conductor devices. Usual ly  invest igators  have shown a 
statistical or c ircumstant ial  re lat ion be tween crystal  
imperfect ions and device performance;  however ,  
Queisser and Goetzberger  (4) have shown that  ex-  
cessive leakage currents  may occur at stair rod dis- 
locations, and Barson (6) has observed such leakages 
at a rb i t ra ry  points on stacking faults in epi taxial  ma-  
terial. 

This paper  describes a study of the effects of crys- 
tal lographic imperfect ions introduced dur ing typical 
fabricat ion procedures and shows that  leakage cur-  
rents do occur at edge dislocations. It also discusses 
methods by which such imperfect ions can be control led 
and their  effects minimized.  This invest igat ion has 
been accomplished by s tudying simple diffused silicon 
diodes that  were  made using s tandard diffusion tech- 
niques. Their  reverse  characterist ics were  measured 
and compared with  the crystal lographic perfect ion of 
the silicon wafers,  examined by means of transmission 
x - r ay  diffraction microscopy. 

Procedure 
Silicon wafers  were  cut from Czochralski crystals, 

lapped, and chemical ly polished. Planar  diffused P+ 
--N and N + - - P  diodes were  made using standard SiO2 
masking techniques and boron or phosphorus diffusions. 
For the boron diffusion, we used a two-step process 
consisting of a capsule deposition cycle at 1108~ (using 
a S i -B powder  source) (7) and an oxidation d r ive- in  
cycle at 1150~ The phosphorus diffusion was a sin- 
gle-cycle  dynamic process (1000~ wi th  PHs as the 
source (8). In both cases, the wafers  were  supported 
ver t ica l ly  in a quartz  boat. The junct ion depths were  
typically 1-2~, and surface concentrat ions were  about 
10 TM a tm/cc  for the boron and 102~ a tm/cc  for the phos- 
phorus diodes. Al te rna te  rows were  made wi th  diffused 
guard rings to suppress surface breakdown (9). The 
geometry  of these diodes is shown in Fig. 1. 

The crystal lographic perfect ion of these silicon wa-  
fers was examined  at specific points in the process by 
means of x - r a y  transmission diffraction micro.scopy 
(10). Large -a rea  topographs of ent ire  wafers  were  re-  
corded using the Scanning Oscillator Technique (SOT) 
and the imperfect ions were  identified [see ref. (10)]. 
Initially, the wafers  were  dislocation free. (There were  
some bulk precipi tat ion effects through the crystal;  

however ,  these had no significant effect upon the re-  
verse  characterist ics of the diodes.) The x - r ay  tech- 
nique is par t icular ly  well  adapted to this type of study 
because it is nondestruct ive:  the wafers  may  be ex-  
amined and reexamined  at any or all points in the 
process. 

The reverse  I -V characterist ics were  studied by 
probing the diffused diodes on the wafers.  The diodes 
were  classified as ei ther  reasonably hard or soft using 
the fol lowing two requi rements  for a hard diode. (I) 
Low current:  the vol.tage at 20 ~a reverse  current  must  
be wi th in  10% of the voltage at 200 ~a. (II) High cur-  
rent:  the vol tage at 200 ~a must  be wi th in  10% of t rue 
avalanche breakdown voltage. 

In this way the wafers were  mapped for device per-  
formance and compared with  the x - r ay  topographs. In 
addition, the soft diodes were  examined for microplas-  
mas to de termine  the nature  and location of the leak-  
age currents  wi th in  the device area. The locations of 
the microplasmas were  noted and compared to the 
crystal lographic structure.  

Results and  Discussion 

From the considerat ion of device performance,  the 
most significant crystal lographic defects in this study 
are bands of dislocations created during the heat  cycling 
of the diffusion processing (in both phosphorus and 
boron diffused wafers) .  These are i l lustrated in Fig. 
2 and 3, which are examples of x - r ay  topographs of 
diffused wafers,  by  the anomalous contrast  near the 
edges. These dislocations are nucleated at the edges of 

Fig. 1. Geometry of diffused diode 

Fig. 2. Large-area SOT topograph of boron-diffused wafer. Heavy 
contrast near periphery of wafer results from edge dislocations 
nucleating at chips. Lesser contrast to right of wafer can be re- 
lated to strain during heat cycles. (Note also that diffraction con- 
trast, due to elastic strain from the oxide mask, delineates the 
diffused diodes.) 

1229 
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Fig. 3. Large-area SOT topograph of phosphorus-diffused wafer 
showing the same heavy contrast as Fig. 2. 

the wafers  and extend a few tenths of an inch into the 
interior. Favored  points of nucleat ion are small  chips, 
scratches, and other forms of physical damage int ro-  
duced before the heat  cycling. (These occasionally in-  
clude points of apparent  microalloying.)  An example  
of dislocations nucleated at scratches is i l lustrated in 
Fig. 4. Finally,  lesser degrees of imperfec t ion  could be 
associated with mechanical  s train during the heat  cy- 
cles, due to faul ty  support  in the diffusion boat (see 
Fig. 2). 

These dislocations significantly degrade the hardness 
of the diode reverse  characteristics.  Diodes in the un-  
damaged areas yielded 90% as reasonably hard;  
whereas,  those diodes in the areas of dislocations 
yielded about 20 % as hard. A typical wafer  yield map 

Fig. 5. Typical wafer yield map of a diffused wafer (boron). 
Heavy lines indicate bands of dislocations as indicated from the 
topograph. Area set off by broken line is enlarged to give reverse 
voltages at 20 ~a. Apparent variations in such voltages of good 
diodes are due either to the presence (or lack) of the guard ring 
or to significant variations in wafer resistivity near the edge. 

is shown in Fig. 5. The t rue avalanche breakdowns 
var ied  be tween  60 and l l 0 v  and reflected the back-  
ground doping of the material .  With only a few ex-  
ceptions, all diodes wi th  dislocations in their  active 
areas were  soft. 

The reverse  characterist ics of failed diodes are 
"soft" ra ther  than l inear wi th  specific points of dis- 
continuity (as, for example,  a double break charac-  
teristic).  Goetzberger  and Shockley  have shown that  
such softness can be due to metal l ic  precipi tat ion in 
the active region of the diode (11). The microplasma 
s t ructure  of many soft diodes indicates that  the high 
leakage currents  occur at specific points along the dis- 
locations; this is i l lustrated in Fig. 6. Thus, it is rea-  
sonable that  metal l ic  precipitates nucleate as specific 
points along the dislocations and cause the excessive 
leakage currents  at sub-avalanche  voltages, in the 
manner  discussed by Goetzberger  and Shockley. It  has 
been suggested previously that  microplasmas asso- 
ciated with  s ta i r - rod dislocations can be caused by 

Fig. 4. Small area topograph of diffused silicon wafer illustrating 
dislocations nucleating at scratches on the wafer surface. 

Fig. 6. X-ray topograph and microplasma structure of soft diodes: 
(a) topograph; (b) microplasma structure of diode marked "b"; 
(c) microplasma structure of diode marked "c'. These microplasmas 
were always red, 
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metallic precipitates at these dislocations (4). 
Finally,  the diffused guard r ing did not significantly 

effect the yield factors (although it did raise the ap- 
parent  avalanche breakdown by about 25%). Thus, 
the mechanism of softness seems to be similar. It 
should be noted, however, that microplasmas for soft 
diodes without  guard rings tended to be at or very 
near  the outer per iphery of the planar  diodes. 

One obvious method of reducing device softness 
from this mechanism is to el iminate the sources of 
nucleat ion for these dislocations. The chips, scratches, 
etc., from which these dislocations nucleate, usual ly  
occur dur ing handling.  Thus, one should carefully 
avoid any procedure that might  result  in physical 
damage. Some of the sources that we have found for 
this damage are listed below: 

1. Handl ing wafer~ with stainless steel tweezers, or 
other hard objects. 

2. Poor cleaning precedures. Cotton swabs can in t ro-  
duce scratches. If ultrasonic cleaning is used, chip- 
ping may occur if wafers are in contact with each 
other or other hard substances (e.g., wire cleaning 
boats).  

3. Contaminated or poorly designed diffusion boats. 
Wafers should be supported so as to eliminEtte strain 
dur ing  diffusion. Also contaminants ,  including de- 
vitrified quartz, may introduce strains during diffu- 
sion. 

4. Fai lure  to remove saw damage at the edges dur ing  
polishing procedures. 

In  general, one should handle  wafers as little as 
possible and use extreme care when  it is necessary. 
Diffused wafers can be made that are vi r tual ly  free 
of such damage as i l lustrated in Fig. 7. The yield of 
the wafer i l lustrated in Fig. 7 is well  over 90%. 
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Fig. 7. Large area SOT topograph of diffused wafer without dis- 
locations. 
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Galvanic Effects in Vacuum Deposited Thin Films 
M. Hacskaylo 

Physical Electronic Laboratory, Melpar, Inc., Falls Church, Virginia 

and R. T. Foley 

Chemistry Department, The American University, Washington, D. C. 

During the investigation of the electrical properties 
of vacuum-deposi ted dielectric films, formed in lay-  
ered configurations, some interest ing galvanic effects 
have been observed. The purpose of this communica-  
tion is to report  the observations and present  an ex- 
planation. 

The "thin films" referred to are those in the micron-  
and mil l imicron thickness range and should not be 

considered in the thicknesses of those fabricated for 
solid electrolyte galvanic cells (1, 2). Techniques for 
vacuum depositing the capacitor configuration have 
been described in  detail  by Fe ldman  and Hacskaylo 
(3, 4). A l u m i n u m  and gold electrodes were deposited 
from tungsten  boats. The CeO2 films (5) were de- 
posited at both fast (approximately 2000 A/ra in)  and 
slow (approximately 200 A/ra in)  rates using corn- 
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mercial  mater ia l  ~ f rom tungsten boats, and at slow 
rates only f rom boron nitr ide l iners (6). F i lm thick-  
nesses were  measured wi th  a Zeiss in ter ference  micro-  
scope. Cerium (IV) oxide films formed at the slow 
deposition ra te  had a slight s t raw color, whereas  the 
films formed at the fast rate  were  colorless. The di- 
electric layers were  analyzed by x - r a y  diffraction and 
all exhibi ted characterist ic CeO2 patterns. Cer ium 
metal  was detected in the films formed at a slow rate. 
However ,  af ter  heat ing to 500~ in air, the films lost 
their  coloration and Ce meta l  was no longer detected. 
Films formed at the faster rate  gave no indicat ion of 
Ce metal. The start ing mater ia l  for the deposition was 
determined to be CeO2 species, whereas  the residue 
in the tungsten boats af ter  the deposition consisted of 
Ce meta l  wi thout  traces of CeO2. Suboxides, if present,  
were  not  detected. 

A typical configuration and deposition sequence is 
as follows: glass substrate (25 x 25 x 1 ram),  alu- 
minum (1600A), CeO2 (1.0~), a luminum (300A). The 
top and bottom electrodes were  sui tably isolated by 
the dielectric layer,  and the common cell plate area 
was 0.50 cm 2. 

The voltages of the samples were measured by a 
Hewlett-Packard VTVM model 410B across a 4000 
ohm load, and the current was measured with two 
Weston microammeters, model 301 (0-50 ~a and 0-200 
~a ranges full scale with internal resistances of 1140 
and 660 ohm, respectively). The values of the voltages 
and current densities reported here have been recal- 
culated taking into consideration all external resist- 
ances. 

Galvanic effects (i.e., an emf developed between the 
top and bottom metallic electrodes) in these films are 
readily produced by introducing traces of moisture. 
For example, the moisture generated by cupping a 
hand over the cell was sufficient to generate an 
open circuit voltage of 0.1-0.2v and a short cir- 
cuit current of about 30 ~a/cm 2. When a drop of 
water was placed on the top electrode of an A1-CeO2- 
Al sample an open circuit voltage of 0.8v was meas- 
ured with a short circuit current of 350 ~a/cm 2. The 
top film (electrode exposed to water) of the array that 
exhibited the galvanic effect was always positive, i.e., 
acted as the cathode, whereas the bottom was nega- 
tive. In a typical experiment, the lower and the upper 
films were electrically connected across a 4000 ohm 
load and the current and voltage were measured si- 
multaneously. The sample was then moistened with a 
drop of water, and placed on a hot plate. The output 
was recorded at 20 sec intervals. The results are shown 

1 A m e r i c a n  P o t a s h  a n d  C h e m i c a l  C o r p o r a t i o n .  
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Fig. 1. Current and voltage characteristics of the AI/CeO2/AI 
thin film cell that was moistened and then heated to dryness. Lower 
electrode, AI, 1800,~,; CeO2, 1.5/~; top electrode, AI, 500,~. 
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Fig. 2. Temperature dependence of current and voltage charac- 
teristics of AI/CeO2/AI thin film cell immersed and heated in water. 
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in Fig. 1. The voltage and current  increased with  t em-  
pera ture  up to a point at which the water  appeared 
to have evaporated.  When the sample appeared to be 
completely dry the output  decreased to zero. The 
peak output during the test was 160 ~a/cm 2 at 0.5v. 
The sample was then immersed  in dist i l led water  
and the water  heated. The current,  voltage, and water  
tempera ture  were  recorded, as indicated in Fig. 2. The 
current  and voltage exhibi ted peaks at about 68~ of 
85 ~a/cm 2 and 0.42v, respectively.  The output  of the 
galvanic cell decreased i r regula r ly  f rom 68 ~ to 85~ 
reaching a fair ly constant voltage of 0.1v and 28 ~a at 
100~ The outpu~ remained constant for about 15 rain. 
The exper iment  described above and i l lustrated in Fig. 
2 exhibited galvanic effects for 2.5 hr. A similar cell 
was totally immersed  in water  at room tempera ture  
and it exhibited a voltage of 0.32v and a current  den-  
sity of 18 to 25 ~a/cm 2 for 65 hr. 

During the immersion of the cell in water,  definite 
physical changes were  observed. The top electrode lost 
its metall ic appearance. The port ion of the CeO2 film 
that  was not covered with  the top electrode was un-  
affected by the water  or current  flow. The bottom 
aluminum electrode changed from a metal l ic  to a 
milky t ranslucent  appearance. This t ransformat ion 
occurred only underneath  the area covered by the top 
electrode. 

A number  of cells were  made in which the thickness 
and materials  of the electrodes were  varied. Gold and 
a luminum electrodes were  interchanged. The galvanic 
action corresponding to these variat ions is given in 
Table L It  was observed that  it was necessary for 
water  to diffuse through the top plate before an ap- 
preciable galvanic effect would  occur. This was mani -  
fested by a t ime delay in the beginning of the effect. 
The presence of a "thick" top layer  (2.5~) prevented  

Table I. Galvanic characteristics of vacuum-deposited thin film 
cells with various materials and thicknesses 

D i e l e c -  
T o p  e l e c t r o d e  t r i c  B o t t o m  e l e c t r o d e  S h o r t  

CeO~ O p e n  c i r c u i t  
T h i c k -  T h i c k -  T h i c k -  c i r c u i t  c u r r e n t ,  

M a t e r i a l  ness ,  A hess , /~  M a t e r i a l  hess ,  A v o l t a g e ,  v /~a/cm~ 

A1 300 1.0 A1 1600 0.48 30 
A1 550 1.5 AI  3000 0.80 120 
A1 1000 1.5 A1 1400 0.48 85 
A1 6000 0,8 A1 4500 0 .80  350 
AI* 1070 1.5 A1 300 0.35 75 
A1 1070 1,9 A1 300 0.23 30 
A1 25000  1.4 A1 2000 0 0 
A u  300 3.0 A1 2800 0.62 160 
A u  500 1.1 A1 5000 0.60 140 
A u  300 0.9 A u  2100 0 0 
A u  500 1.0 A u  2500 0 0 

* AI-CeO2 l a y e r s  h e a t e d  to 500~  in  a i r  fo r  45 r a i n  p r i o r  to  top  
p l a t e  d e p o s i t i o n .  
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the diffusion of water  as well  as the exhibi t ion of the 
galvanic effect. When a film of gold was deposited for 
the top plate, galvanic action was observed when 
water  diffused through the film. However ,  when  a 
gold film was used for the bottom electrode (i.e., the 
one coated with  CeO2 and with  air access restr ic ted 
to it) there  was no galvanic action even though water  
had diffused through the top electrode of a luminum or 
gold. The galvanic action is apparent ly  not affected by 
the Ce content  of the CeO2 film. 

The effect is not restr icted to samples with CoO2 
as the dielectric component.  A thin film cell was con- 
structed with  PbC12 as the dielectric film separat ing 
the two A1 electrodes. When water  was placed on the 
top electrode an open circuit  vol tage of 0.6v and a 
short circuit  current  of about 1000 ~a/cm 2 was ob- 
served. The cell funct ioned for only a few minutes.  

A few other general  observations can be made con- 
cerning the phenomena.  When the cells were  subjected 
to heat  but no moisture,  no galvanic effect was pro-  
duced. There  was no evidence of a photovoltaic effect 
upon i l luminat ion wi th  whi te  or u.v. light. 

It appears reasonable to explain all of these ob- 
servations in terms of an a i r -depolar ized galvanic cell. 
The lower  film, next  to the glass substrate, functions 
as the anode. The usual polarizat ion of the a luminum 
electrode is l imited by a restr ic ted oxygen supply. 
The (corrosion) current  is increased by the presence 
of chloride ions (PbC12 exper iment ) .  The react ion 
product is a hydra ted  a luminum oxide. 

The electrolyte  is the added water  or moisture con- 
taining dissolved oxygen. The high cross-sectional area 
to length ratio allows sufficient electr ical  conductivity.  
The CeO2 acts simply as a separator  holding the elec- 
trolyte. The use of inorganic separators in conven-  
t ional batteries is being invest igated current ly  (7). 
It is unl ikely that  CeO2 contributes ionic conductivi ty 
as tempera tures  in the 700~176 range would be 
requi red  before apprecia.ble values of specific conduc- 
t iv i ty  would be achieved (8). 

The cathode is the upper  electrode at which the 
react ion 

2H20 + O~ + 4e--> 4 O H -  

takes place. Thus, the react ion takes place whe the r  
the top electrode is Au or A1. The active meta l  is 

requi red  at the anode. The tempera ture  dependence 
of the cell immersed  in water  is approximated by 
the tempera ture  relat ionship of iron corrosion in wate r  
when  the rate  controll ing step is diffusion of dissolved 
oxygen  to the cathode as discussed by Uhlig (9). 

These observations are of interes t  in several  areas 
of electrochemistry.  First, they i l lustrate t rouble-  
some effects encountered in the prepara t ion  of solid 
state devices such as thin-fi lm capacitors. Second, they 
confirm accepted mechanisms of the electrochemical  
theory of corrosion which would have galvanic cells 
operat ing at the microscopic scale. Third, the implica-  
tion is that  similar  effects can operate over  an ex-  
tended period of t ime and l imit  the shelf life of solid- 
state batteries. Finally,  the observations suggest the 
development  of a i r -depolar ized thin-f i lm batteries rec-  
ognizing, of course, the inherent  l imitat ion of capacity. 
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Corrosion and Growth of Silver Crystals under 
Conditions 

Hydrothermal 

R. R. Monchamp, R. C. Puttbach, and J. W. Nielsen 
Airtron Division, Litton Precision Products, Inc., Morris Plains, New Jersey 

In a recent  paper Levinson and Carter  (1) discussed 
a l imited observat ion of si lver corrosion and the 
morphology of the resul tant  si lver crystals. 

The format ion of si lver crystals under  hydro thermal  
conditions has been observed in this laboratory  during 
the growth of ruby using K2CO3 (2), YsFe5012 using 
K2CO3, and ZnO using KOH (3). 

Si lver  corrosion has also been noted by Laudise and 
Kolb in some of their  ZnO work  (4) and by Hill  and 
Harker  (5) in the hydro the rmal  growth of BeO using 
KOH as the solvent. 

In the hydro the rmal  growth of ruby in K2CO3 at 
high pressures (>1000 a tm) ,  we have  observed only 
slight s i lver  attack; however ,  when  the working  pres-  
sure was below 1000 atm and the concentrat ion was 
less than 3M, severe corrosion occurred. We have re-  
ported previously that  under  these lat ter  conditions it 
appears that  the si lver can contains two immiscible 

fluids (6). S i lver  attack and growth of si lver crystals 
occurred at the interface region of the fluids. This 
at tack and growth is similar  to that  reported by 
Levinson and Carter  (1) and Harker  and Hill  (5). 

With ZnO in KOH and Y3Fe5012 in K~CO3 under  
conditions commonly used for crystal  growth (7), only 
a single fluid phase exists; however ,  s i lver  corrosion 
and growth of si lver crystals is still observed. Thus 
it should be stressed that a two-phase fluid condition 
is not necessary for the corrosion and growth  of silver. 

The corrosion in the single phase cases occurs below 
the baffle in the nutr ient  zone, and the growth  of si lver 
crystals occurs p redominant ly  on the top of the can 
and just  at the baffle area. To a lesser degree some 
silver crystals have been observed on the seed sup- 
port ladder  and also wi th in  grown ZnO or Y3Fe5012 
crystals. It  is significant that  the major  par t  of the 
si lver growth takes place at the baffle plate and top 
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of the can which are the two locations of the largest 
temperature  changes wi thin  the fluid. 

We propose that the following mechanism is opera- 
tive in all the examples cited. The ini t ial  attack of 
silver is caused by oxygen dissolved in the basic solu- 
tions and in the air entrapped in the silver can dur ing 
its closure. In the nu t r i en t  zone, the hottest part  of the 
can, a soluble silver complex is formed which is con- 
vectively transported to the cooler regions of the can. 
Because of thermal  dis turbance of the equi l ibr ium a 
disproport ionation reaction occurs which yields me-  
tallic silver and a silver complex of higher oxidation 
number .  

Similar  thermal ly  dependent  disproportionation re- 
actions are popularly used for the vapor phase growth 
of I I I -V compounds. The lack of thermodynamic  data 
for the possible silver species at the elevated pres-  
sures and temperatures  makes it impossible to assign 
definite oxidation states to the silver in the t ranspor t -  
ing complex ions. In the single phase, growth occurs in 
the two regions where the temperature  drops are 
greatest, at the baffle plate (its purpose is to divide 
the fluid into two tempera ture  regions),  and the top 
of the can where the heat loss to the ambient  is great-  
est. In the two-phase system the same mechanism is 
applicable except that the disproportionation in this 
case may not be due to a thermal  dis turbance of the 
equil ibrium. Rather the equi l ibr ium is displaced by 
the relat ive solubilities of the species in  both phases. 
As a result  of the solubil i ty change at the interface, 
the equi l ibr ium is displaced so that this is the region 
in the silver can where the greatest attack and crystal  
growth are noted. 

Support  for the above proposition has been obtained 
in two independent  experiments.  First  in the case of 
ZnO, a 2V2 times increase in reactor volume size and 
thus in the amount  of solvent greatly increased the 
amount  of silver corrosion although the measured 
conditions remained the same. Second, in the growth 
of Y3Fe5012, H202 was added to the system to try to 
produce oxidizing conditions. Whereas no silver at-  
tack was observed in previous experiments,  the addi-  
tion of H202 caused the most severe case of corrosion 
and silver crystal growth ever observed even though 
the exact conditions were duplicated. 

For crystal growth it is highly desirous to el iminate 
this silver corrosion for many  reasons. Having pro- 
posed the above mechanism it is obvious that  an effec- 

tive remedy would be the inclusion of a reducing 
agent wi thin  the can. In  the ZnO crystal growth 2-3g 
of metallic zinc added to 2830 ml of 6M KOH have 
been found to el iminate completely any trace of silver 
corrosion. Fur thermore,  zinc does not add any con- 
taminat ion since it is oxidized to Zn +2 which is al- 
ready present  as a dissolved species. The obvious met-  
als to add for ruby  and YsFe5012 are a luminum and 
yt t r ium, respectively. Additions of metallic a luminum 
to the K2CO3 solution used for ruby  have also elimi- 
nated any traces of silver attack which were noted 
under  the single phase condition. It is observed that 
the solubili ty of oxygen in K2CO3 is much less than in 
KOH. 

Manuscript  received Aug. 11, 1966. 
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Current Distribution on a Rotating Disk 
below the Limiting Current 

John Newman 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, 

and Department oI Chemical Engineering, University of California, Berkeley, California 

ABSTRACT 

The uniform current  density on a rota t ing disk electrode at the l imit ing 
current  is not achieved at lower currents  because the edge of the disk is more 
accessible than the center  as a resul t  of the ohmic potent ial  drop in the solu- 
tion. The current  distr ibution is calculated for wel l - s t i r red  solutions and also 
for lower rota t ion speeds where  surface overpotential ,  concentrat ion over -  
potential,  and ohmic drop are al l  significant. The current  density at the center  
can vary  be tween 50 and 100% of the average  current  density, and the ohmic 
potent ial  drop to the center  of the disk is 27.3% grea te r  for the uniform 
current  than for the p r imary  current  distribution. 

The rotat ing disk electrode is popular  for s tudying 
both diffusion in electrolyt ic  solutions and the kinetics 
of modera te ly  fast e lect rode reactions because the hy-  
drodynamics (1,2) and the mass- t ransfer  character -  
istics (3) are wel l  understood and because the cur-  
rent  density on the disk electrode is supposed to be 
uniform. However ,  the current  distr ibution is uniform 
only at the l imit ing current  where  the concentrat ion 
of the reactant  is zero  at the electrode surface. In the 
other ext reme,  the p r imary  cur ren t  distr ibut ion (7), 
applicable in the absence of concentrat ion overpoten-  
tial and surface overpotentiaI,  shows an infinite cur-  
rent  densi ty at the edge and a va lue  equal  to half  
the average current  density at the center  of the disk. 

It  is of in teres t  to assess the degree of nonuni form-  
i ty of the current  distr ibution due to the nonuniform 
ohmic potent ial  drop. Newman  (4) has indicated how 
to treat  current  distr ibution in cells where  the poten-  
tial distr ibution in the bulk of the solution and the 
concentration distribution in the diffusion layer must 
be calculated simultaneously. These ideas are applied 
in the present paper to the specific case of a rotating 
disk electrode. It is assumed that the disk electrode, of 
finite size, is embedded in an infinite, insulating plane 
and that the walls of the cell and the counter electrode 
are removed to infinity. Dilute-solution theory, with 
constant diffusion coefficients, mobilities, and activity 
coefficients, is assumed to be applicable. For simplicity, 
only two cases are treated, metal deposition from a 
single-salt solution and electrode reactions with an 
excess of supporting electrolyte, in which the trans- 
ference number of the reactant is zero. 

Those readers who wish to skip the mathematical 
development can go directly to the section on results, 
keeping in mind that the current distribution depends 
on several important parameters defined in Eq. [21], 
[27], [30], and [37]. 

Concentration Profile in the Diffusion Layer 
The concentrations differ from their  bulk values only 

in a thin region near  the electrode surface, and in this 
region the fluid veloci ty  can be approximated  by (1-4) 

vr ---- a r y ~ / 1 2 / v  and v u ~ --  a y2 12~/~/~, [ 1 ] 

where  a : 0.51023. This approximation,  which is val id 
for large values of the Schmidt  number  Sc ~ u/D, can 
be expected (5, 6) to cause an er ror  of about 3% in 
calculated rates of mass t ransfer  w h e n  Sc = 1000. The 
concentrat ion is to be de termined  f rom the equat ion 

Oc Oc 02c 
vr -t- v y - -  ----- D [2] 

Or Oy OY ~ 
o r  

a y a~/~/~ ~ r OC Oc ] 02c 
y --  D -  [3] 

L Or ~ c3y2 

where  only the dominant  diffusion t e rm Da2c/Oy 2 
needs to be included on the r ight  because of the thin-  
ness of the diffusion layer. This equat ion applies to dif-  
fusion of a single saIt if D denotes the diffusion cQ- 
efficient of the salt. The equat ion also applies to a 
minor  ionic component  in a solution with  support ing 
electrolyte  where  ionic migra t ion  can be neglected. 
Then D denotes the ionic diffusion coefficient. 

Since the diffusion layer  is thin, it is appropriate  to 
replace the normal  distance y by the var iable  

= y (av/3D)113~/12/v [4] 

In terms of this var iable  the concentrat ion in the dif- 
fusion layer  can be expressed as a series solution 

c = c ~ [ 1 - ~  ~--~ Am(r/ro)2mOm(~) ] [5] 
m ~ O  

This is a power  series in r, but only even powers are 
included since the concentrat ion must  be an even func-  
tion of r. 

The functions om(D satisfy the differential  equat ion 

Ore" + 3~20m ' -  6qn~Om = 0 [6] 

which can be obtained by substituting the series [5] 
into Eq. [3]. 

The boundary conditions are 

8m ~ 1 at ~ ---- 0 and om ~ 0 at ~ -~ r162 

In this way the concentrat ion given by Eq. [5] equals 
the bulk value c~ far  f rom the disk, and the concen- 
t ra t ion at the surface of the electrode is 

C o = C |  [7] 
m = 0  

The coefficients Am are ye t  to be determined.  

The normal  current  density i at the electrode sur-  
face is re la ted to the der iva t ive  of the concentrat ion 

i D 0c 

nF 1--t Oy y=o 

=l - - t  ' \ - ~ /  ~ - ~ m = o  Am --~o~ Om'(O) [8] 

where  t is the t ransference number  and c the concen- 
t ra t ion of the reactant  and n is the number  of electrons 

1235 
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Table I. Derivatives at the surface of the functions in the 
concentration series 

m O.J (0) m (].J (0) 

0 -- 1.11984652 6 -- 2 .47384276 
1 -- 1.53298792 7 - -2 .59428724  
2 -- 1 .80549058 8 - -2 ,70452088  
3 - -2 .01572374  9 - -2 .80646029  
4 - -2 .18998277  10 - -2 .90150549  
5 - -2 .34045076  

produced when one reactant  ion or molecule reacts. 
With excess indifferent  electrolyte, t = 0. The calcu- 
lat ion of the current  density by this series requires 
values of ~m'(O), which are given in Table I. 

Potential Distribution outside the Digusion Layer 
In  the region where the concentrations are un i -  

form, the potential  satisfies Laplace's equat ion 

V2r = 0 [9] 

For this problem we use rotat ional  elliptic coordinates 
and ,I related to the cylindrical  coordinates r and y by 

[see ref. (7) ] 

y = roin and  r : ro ~/(1-~-~ 2) (1--n 2) [10] 

In  this coordinate system Laplace's equat ion is 

0[ 0~ 
0"-~- - ~ -  --}-~- ( 1 - - n 2 ) - ~  - -~O [11] 

Since the ohmic drop for a small  disk is concentrated 
in the solution near  the disk, we adopt the following 
boundary  conditions: 

0~/0n = 0 at n = 0 (on the insulat ing annulus ) .  
r = 0 a t } =  ~ (far from the disk). ~ [12] 
r well behaved at ,1 = 1 (on the axis of the disk). 

These imply that the disk electrode is embedded in a 
sufficiently large insula t ing plane and that  the counter  
electrode is far enough away so that  the current  dis- 
t r ibut ion is not influenced by its position. 

The solution of Eq. [11] satisfying conditions [12] 
can be expressed as a series 

RT ~_r BnP2n(TI)M2n(f,) 
~ =  ZF  n=0 

[13] 

where P2n(~) denotes the Legendre polynomial  of 
order 2n and M2n(O is a Legendre funct ion of imagin-  
ary  a rgument  satisfying the differential equation 

-~ -  (1-{-42) ~ j  = 2n(2n-}-l)M2n [14] 

and the boundary  conditions 

M2n : 1 at ~ ~ 0 and M 2 n  = O at ~ ---- ~ [15] 

The coefficient RT/ZF is introduced with regard for 
the expression to be used later for the concentrat ion 
overpotential.  For  the two cases t reated in  this paper  
we have 

Z ---- - - z+z_/ (z+--z_)  for the single salt \ 
[16] 

J Z ---- - - n  with support ing electrolyte 

At ~ = 0, Eq. [13] yields 

RT 
�9 o = B.P2n (r,) [17] 

ZF ,=0 

This should be regarded as the potent ia l  jus t  "out-  
side" the diffusion layer  or as the potent ial  extrapo-  
lated to the electrode surface if the actual  cur ren t  
dis t r ibut ion prevails, but  there is no concentrat ion 

var iat ion near  the electrode surface. Effects due to 
the concentrat ion var ia t ion are to be included in  the 
concentrat ion overpotential.  

The current  density is related to the derivat ive of 
the potential  just  outside the diffusion layer  

~176 1 i -~- - -  K| ~ -  y=O 

--K| 0r --~| RT ~ B~P2n(n)M2~'(O) [18J 
ro~ O~ e=o ro~ ZF n=o 

where K| is the conductivi ty of the bulk solution. From 
the properties of Legendre functions one finds that  

2 (2nn!) 4 
M2n' (0) ---- [19] 

[ (2n) !]2 

Since the diffusion layer is thin, the current  density 
evaluated from the potential  derivative outside Vhe 
diffusion layer (Eq. [16]) must  equal  the cur ren t  den-  
sity evaluated from the concentrat ion derivative at 
the electrode surface (Eq. [8]).  See also ref. (4). This 
provides a relat ionship between the coefficients Bn 
of the potential  series and the coefficients Am of the 
concentrat ion series. 

B~ = ~---N ~ Qn.mA~ [20] 
4 m=o 

where 

N = - -  - - ~ \ - ~  / RT(1-- t )  K| ' [21] 

and 

40m'(O) So 1 Qn.m-~ ( 4 n + l )  ~M2n'(0) ~l(1--n2)mP2n(n)d~l [2'2] 

This relationship is obtained by equat ing the two 
expressions for the current  density, mul t ip ly ing by 
~ l P 2 n , ( ~ l ) ,  integrat ing with respect to n from zero to 
one, and making use of the orthogonali ty relat ion 

~o 1 { : / ( 4 n + l )  i f n = n '  
P 2 n ( ~ l ) P 2 n ' ( ~ l )  d ~ l =  if n ~  n' [23] 

and the relat ion 

(r/ro) ~= 1 - - ~ 2 a t  ~ :  0 [24] 

Some values of Qn,m are given in  Table II. 

Overpotentials 
The potential  V of the metal  disk electrode is the 

sum of the potent ial  drop in  the solution r the con- 
centrat ion overpotent ial  ,tc, and the surface overpo- 
tential  ,~s 

V = r + nc § m [25] 

The three terms on the right will vary with radial po- 
sition on the disk in such a way that 9" is constant. 
The potential drop in the solution r is evaluated from 
Eq. [17]. 

For the concentration overpotential we adopt the 
expression [see ref. (4) ] 

Table II. Matrix Qmm relating the coefficients of the potential 
series to the coefficients of the concentration series 

m = O  m = l  m = 2  m = 3  m = 4  m = 5  

0 1.11985 0.76649 0.60183 0 .50393 0 .43800 0.39008 
1 0 .34995 - - 0 . 0  - -0 .09404  - -0 .12598  - -0 .13687  - -0 ,13931  
2 - -0 .05905  - -0 .14147  - -0 .09521  - -0 .05315  - -0 .02310  - -0 .00220  
3 0.02221 0 .03649 0 .06208 0 .06398 0.05647 0,04643 
4 - -0 .01112  - -0 .01675  - -0 .02237  - -0 .03138  - -0 .03666  - -0 .03818  
5 0 ~ 0 6 4 9  0.00943 0.01191 0.01450 0.01812 0.02141 
6 - -0 .00417  --0.00595 --0.00733 --0.00862 --0.00996 --0.01161 
7 0 .00287 0.00405 0.00492 0.00569 0.00643 0 .00719 
8 - -0 .00207  - -0 .00290  - -0 .00350  - -0 .00401  - -0 .00448  - -0 .00494  
9 0.00155 0.00217 0.00260 0 .00296 0 .00329 0.00359 

10 - -0 .00120  - -0 .00167  - -0 .00200  - -0 .00226  - -0 .00250  --0.00272 
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~c = - -  Z---F- \ Co / ca / J 

This applies approximate ly  to metal  deposition from a 
solution of a single salt. It also applies approximate ly  
to the react ion of a minor  component  from a solution 
with  excess indifferent  electrolyte,  in which case t : 0. 

The current  density and the surface overpotent ia l  
are assumed to be related by the expression 

aZF ~ exp ~ flZF 

[27] 

where  io is the exchange current  density at the bulk 
concentrat ion and is assumed to be proport ional  to 
the concentrat ion to the ~ power. Thus the exchange 
current  density at the surface concentrat ion Co is ex-  
pressed as io" (co/c~)~ in Eq. [27]. It is convenient  to 
refer  the current  density to the l imit ing current  den-  
sity 

i l im= 1 - - t  \ 3 - D /  v Co'(0) [281 

so that  Eq. [27] becomes 

T- exp\-iT"J 

- - e x p  {-  Rz: ] [29] 

where  
J -~ ioroZF/RT K| [30] 

These expressions for the overpotent ials  have been 
used so that  conclusions of some general i ty  can be 
drawn without  introducing too many parameters .  The 
evaluat ion of the concentrat ion overpotent ia l  requires  
only the concentrat ion values in the bulk and at the 
surface, but not a detailed knowledge of the concen- 
t rat ion profile. In the case of the solution wi th  sup- 
port ing electrolyte,  there  are other  species besides the 
l imit ing reactant  whose concentrat ions are not being 
calculated but should perhaps enter  into the deter -  
minat ion of the overpotential .  An example  would be 
the product  species in a redox reaction. The present  
results could be applied approximate ly  to such a case 
since the product  species is not so decisive in the de-  
terminat ion of the current  distribution, or the calcu- 
lations could be refined to include the concentrat ion 
of the product  species. 

The overpotent ia l  relat ionships cited in this section 
constitute an additional connection be tween  the co- 
efficients A, ,  of the concentrat ion series and the co- 
efficients Bn of the potential  series. The concentrat ion 
at the surface and the current  density must  adjust  
themselves so that  the overpotent ials  add up to the 
applied voltage V according to Eq. [25]. However ,  it 
is not possi:ble to obtain an explici t  expression similar  
to Eq. [20]. 

NumericM Calculation Method 
In numer ica l  calculations it is necessary to t runcate  

the concentrat ion and potent ial  series. The potential  
series works very  well, but the coefficients Am of the 
concentrat ion series are found to have a l ternat ing 
signs, large absolute values, and considerably different 
values depending on how many terms in the series are 
retained. This can be avoided, to some extent,  by re -  
expressing the concentrat ion on the surface in terms 
of orthogonal  polynomials 

C o = C ~ [ 1 - ~  ~ a~P2t(r/ro) ] [31] 

C U R R E N T  D I S T R I B U T I O N  O N  R O T A T I N G  D I S K  1237 

Then the coefficients at are small, decrease in mag-  
ni tude with increasing l, and are roughly  independent  
of the number  of terms re ta ined in the series. Fu r -  
thermore,  they can be evaluated by an integrat ion 
over  the surface concentrat ion f,(c  ) 

as = (4/-F 1) - -  1 P2L(r/ro)d(r/ro) [32] 
o 

It does become a li t t le more difficult to evaluate  the 
current  density according to Eq. [8], and the problems 
arising f rom the fact that  the coefficients Am are large 
and of a l ternat ing sign are not ent i re ly  eliminated. 
This can be seen f rom the expression for the Legendre  
polynomial  of order  20 

P20 (x) = [34,461,632,205 x 2 6 -  167,890,003,050 x TM 

-F 347,123,925,225 x 16 --  396,713,057,400 x 14 
+ 273,491,577,450 x TM --  116,454,478,140 x 10 [33] 
-~ 30,117,537,450 x s --  4,461,857,400 x 6 
+ 334,639,30.5 x 4 --  9,699,690 x 2 
+ 46,189]/262,144 

The coefficients become as large as 1.5 x 108; yet  the 
absolute value of P2o(X) is never  greater  than one 
for the range of interest! Consequent ly  the calcula- 
tion of the contr ibution to the current  density arising 
f rom the Legendre  polynomial  of order  20 in Eq. [31] 
requires  accurate values for ~m'(0) as given in Table 
I. Because of these difficulties it was decided to 
t runcate  the series [5 and 31] at m = 10 and I ~ 10. 

The coefficients Bn and Am or at were  calculated by 
an i tera t ive  procedure:  

1. The current  density and the surface concentrat ion 
were  specified at the center  of the disk. As an init ial  
guess this was taken to apply to the whole disk so 
that  ao = Ao = Co/C| --  1 and all the other coefficients 
are zero. 

2. The coefficients Bn were  calculated according to 
Eq. [20]. 

3. The potential  outside the diffusion layer  was cal- 
culated at selected values of r according to Eq. [17]. 

4. The potent ial  V of the electrode was calculated 
by applying Eq. [25] to the center  of the disk where  
~c and ~s could be calculated f rom the specified cur-  
ren t  density and surface concentration. 

5. The overpotent ia l  ~ = ~c + ms was calculated at 
selected values of r f rom Eq. [25]. 

6. At these same values of r, the overpotent ia l  
and the assumed current  density were  used to calcu- 
late the surface "concentration Co by a t r i a l - and-e r ro r  
solution of Eq. [26] ,and [27]. 

7. The coefficients as were  calculated according to 
Eq. [32]. In order to achieve convergence it was usu- 
ally necessary to average these in some way with  the 
previous set of as. 

8. The current  density was calculated f rom Eq. [8]. 
9. The calculations enumera ted  in items 2 through 

8 above were  repeated unti l  no significant changes 
occurred in the values. 

This procedure was modified slightly for the wel l -  
s t i rred case (N = ~ )  where  all the concentrations 
have  their  bulk  values. 

Results 
Primary  and limiting current  distributions.--As a 

point of depar ture  it  is wor thwhi le  to examine  two 
l imit ing cases. The pr imary  current  distr ibution cor-  
responds to a un i form potent ia l  ~o in the solution just  
outside the diffusion layer  and was calculated by 
Newman  (7). The current  density on the disk is 

i = 0.5 iavg/~/1 - -  ( r / to)  2 [34] 

and the total current  to the disk is 

I = 4~|162 [35.] 

This result  is shown in Fig. 1. In the case of the pr i -  
mary  current  distribution, the surface overpotent ia l  
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Fig. 1. Primary current distribution and potential distribution 
for a uniform current density. 

and concentrat ion overpotent ia l  are negligible, and 
the current  distr ibution is completely  determined by 
the ohmic drop in the solution, wi th  the result  that  
the current  densi ty is infinite at the edge of the disk 
and is half  of the average value at the center  of the 
disk. 

Levich (3) has shown that  the current  density is 
uniform on the disk surface and is given by Eq. [28] 
when  the current  is l imited by the rate  of mass t rans-  
fer  of a reactant  to the disk. The corresponding poten-  
tial 4~o jus t  outside the diffusion layer  can be calcu- 
lated f rom Eq. [17] and [20] wi th  Ao = --1 and all 
the other  A's set equal  to zero. The result  is shown 
in Fig. 1, normalized in such a way that  it can be com- 
pared convenient ly  wi th  the value @o4~ro/I = 1 for 
the pr imary  current  distribution. For  the same total 
current,  the current  density at the center  of the disk 
is twice as high as the p r imary  current,  and this re -  
quires a potent ial  27.3% higher  in order  to force the 
higher  current  density to the center  of the disk. At  
the same time the current  density at  the edge of the 
disk is finite, and the potent ial  is lower than for the 
p r imary  distribution. 

Secondary current distribution.--If the rotat ion 
speed is high, so that til < <  ]ilim[, then the concentra-  
tion overpotent ia l  is negligible, and the so-called sec- 
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Fig. 2. Secondary current distribution for linear polarization 
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Fig. 3. Secondary current distribution for Tafel polarization 

ondary current  distr ibution prevails.  The current  dis- 
t r ibution is then determined by the balance be tween 
the surface overpotent ia l  and the ohmic drop in the 
solution. The resul t  is shown in Fig. 2 and 3 for two 
l imit ing cases corresponding to l inear polarizat ion and 
to Tafel  polarization. 

For sufficiently small  current  densities Iil < <  io, Eq. 
[27] becomes linear, and the slope of the polarization 
curve at zero current  is 

di 

l R zF = (~+p)  - - i o  [36] 
d~]s i=O 

The parameter  J is thus similar to that  identified by 
Hoar and Agar  (8) for the character izat ion of the in-  
fluence of electrolytic resistance, polarization, and cell 
size on current  distribution. In the l inear range the 
current  distr ibution depends only on the parameter  
(~ + #)J ,  as shown in Fig. 2 with = + # = 1. In par t ic-  
ular, the current  distr ibut ion i/iavg does not depend 
upon the level  of the current.  The curve for J --- 
is the pr imary  current  distribution. 

At higher  currents  where  the condition Ill < ~  io no 
longer holds, the current  level  becomes important.  
This can be character ized by the dimensionless ratio 

ZFro 
= L&vd ~ [371 

RTr~ 

In the other extreme,  when  ]i I ~ >  io, one of the ex-  
ponential  terms in Eq. [27] is negligible, and Tafel  
polarization is said to apply 

1 RT 
~ - -  (ln lil - -  in i o )  [ 3 8 ]  

ZF 

(For current  flow in the opposite direction, the term 
involving ~ would be retained.)  In the Tafel  region the 
actual value of the exchange current  density is no 
longer impor tant  in determining the current  distr ibu- 
tion since it just  contributes an addit ive constant to 
the surface overpotential ,  as shown in Eq. [38]. The 
current  dis t r ibut ion/ / iavg is completely  determined by 
the parameter  #5 and is shown in Fig. 3. Curve 7 for 
pb = ~o is the p r im a ry  current  distribution. 

I t  does not seem wor thwhi le  to plot the current  dis- 
t r ibut ion for in termedia te  current  levels be tween  the 
l inear and Tafel  regions. Instead Fig. 4 and 5 give just  
the values for i/iavg and ~o at the center  of the disk. 
The current  ratio can vary  be tween 0.5 and 1.0 in the 
ex t reme cases of the p r imary  current  distr ibution and 
the uniform current  distribution. The ohmic drop to 
the center  of the dis k is expressed in Fig. 5 in the 



V o l .  113 ,  N o .  12 C U R R E N T  D I S T R I B U T I O N  O N  R O T A T I N G  D I S K  123g 

L O  J ~ I 

KJ= 0 N= cO 
0 9 L~x,.~-'-J = O. 5 o �9 ~ ~=B:o.s 

: ~ o . s ~  

~ 0.7 

o.6[~ , J = , o  - : 
I J=20 

~ T T-l  R - . 
0 5 I0 f5 20 

-Z  F r o iavg / RT Kr 

Fig. 4. Current density of the center of the disk when concentra- 
tion polarization is absent. 
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Fig. 5. Correction factor for resistance to center of disk 

form r  a dimensionless effective resistance 
which can vary  be tween  the values 1.0 for the p r imary  
current  distr ibution and 1.273 for the uniform current  
distribution. For large currents  the Tafel  results apply. 
As the cur ren t  is decreased, the distr ibution becomes 
more uniform but approaches at low currents  the 
l inear  results for the given value  of J ra ther  than a 
completely uniform current  density. At in termedia te  
cur ren t  levels, all four  parameters  J, 8, ~, and /~ can 
affect the current  distribution. Figures  4 and 5 show 
the effect of J and 5 when ~ = /~ = 0.5. 

Effect o:f c o n c e n t r a t i o n  p o ~ a r i z a t i o ~ . - - T h e  current  
density can also be l imited by the rate  of mass t rans-  
fer  of the reactants  to the electrode. An impor tant  
parameter  in this regard is N, defined in Eq. [21]. 
This pa ramete r  is proport ional  to the square root of 
the Reynolds number  Re = ro2~/v, the one- th i rd  
power of the Schmidt  number  S c  = v /D,  and the ratio 
c| It represents  the importance of the ohmic po- 
tent ial  drop re la t ive  to the concentrat ion overpo-  
tentia] at a given fract ion of l imit ing current.  An  in-  
crease in disk size ro increases the distance over  which 
current  flows and thus increases the magni tude  of the 
var ia t ion of the potential  %. An increase in rotat ion 
speed ~ is accompanied by an increase in current  at 
a given fract ion of l imit ing cur ren t  and thus increases 
the potent ial  variat ion due to the ohmic drop. On the 
other hand, support ing electrolyte  can be added so that  
r~ increases but not c~. This reduces the importance of 
the ohmic drop. 

Since the l imit ing current  density is given by Eq. 
[28], the condition for the concentrat ion overpotent ia l  
to be negligible and for the secondary current  distr i-  

1.2 
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1.0 

2 o.6 Noso -,~ 
u o N = 5  

0.4 ~ 
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o 
0 0.2 0,4 0.6 0.8 1.0 

~/~o 
Fig. 6. Surface concentration for Tafel kinetics 
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Fig. 7. Current distribution for Tafel kinetics with an appreciable 

fraction of the limiting current. 

bution to apply, [iavg[ ~ <  l{limf, can be expressed as 
8 < < N .  

Figures  6 and 7 show the concentrat ion and current  
distributions on the disk for Tafel  kinetics and for 
various levels  of current  and rotat ion speed. The cor- 
responding curves on the two graphs can be found by 
the relat ionship between the current  and the surface 
concentrat ion at the center  of the disk: i / inm = 1 - -  
Co/C~ at r = 0. The higher  currents  correspond to lower 
surface concentrations. 

The distributions of concentrat ion and of current  
shown on Fig. 6 and 7 become more  nonuniform for 
larger  values of N, but  they still  become l imited by the 
rate  of mass transfer.  The local current  density is able 
to exceed the average l imit ing current  only because 
the current  is less than that  value near  the center  of 
the disk. This si tuation can be compared to a disk wi th  
an insulator in the center  and an annular  or r ing elec- 
trode. For  such a system the local l imit ing current  
density would be in.finite at the inner  edge of the r ing 
electrode and would decrease toward the outer edge. 
Some of the curves on Fig. 7 show this situation: the 
current  rises as the local over.potential increases wi th  
increasing r but begins again to decrease after  the 
concentrat ion has effectively gone to zero and the in-  
creasing overpotent ia l  can have  no more effect. 

F igure  8 shows the correction factor for the current  
density at the center  of the disk. The curve  for N = oo 
corresponds to no concentrat ion polarization and was 
shown on Fig. 4. The curves for N = 5, 10, and 20 
depart  f rom the curve  for N = oo and terminate  wi th  
a uniform current  at their  respect ive l imit ing currents. 
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Fig. 9. Overpotentials for copper deposition on a rotating disk. 
Dashed line is ohmic drop for the primary current distribution. 

For a sufficiently large value of the exchange cur-  
rent  density, the surface overpotent ia l  is negligible 
compared to the ohmic drop in the solution and the 
concentrat ion overpotential .  The electrode is then said 
to be reversible.  The cur ren t -dens i ty  ratios for re-  
versible  electrodes are shown as dashed curves on 
Fig. 8. The distr ibution is more nonuniform than for 
Tafel  kinetics, becomes more nonuniform for la rger  
values of N, and still becomes uniform at the l imit ing 
current.  

Copper deposition. Figure  9 shows a polarization 
curve for copper deposit ion f rom a solution containing 
no support ing electrolyte.  Measured potentials repor ted  
by Hsueh and Newman  (9) have been corrected (7) for 
the fact that  the reference  electrode was not at infinity. 
The following parameters  were  used in the calculation 
of the surface overpotential ,  the concentrat ion over -  
potential,  and  the ohmic drop at the center  of the disk: 

n = - - 2 ,  Z = 1, ~ = 0.00872 (ohm-cm)  -1 [ref. 
(10)], 

io = 1 m a / c m  2, a = ~ = 2, ? = 0.51 (ref. 11), 
ro = 0.25 cm, Q = 300 rpm = 31.416 rad /sec  
ilim ~ 79.20 m a / c m  2, 
D = 0.642 x 10 -5 cm2/sec [ integral  value, ref. 

(12)], 
t = 0.363 (ref. 13), v = 0.94452 x I0 -2 cm2/sec, 
J = 1.116, N ---- 78.8. 

Most of the polarization is due to ohmic drop in the 
solution since the conductivity is so low. The curve 
shows how the ohmic resistance changes as limiting 
current is approached due to the current density be- 

coming more  uniform. The agreement  wi th  the exper i -  
menta l  values is considerably bet ter  than that  obtained 
with  the ohmic drop for the p r imary  current  dis tr ibu-  
tion (dashed line).  Possible explanat ions for the dis- 
crepancy which remains  are uncertaint ies  in the sur-  
face overpotent ia l  and the fact that  the insulat ing 
plane of the disk was not infinite, but would  al low 
current  to flow in the region above the plane of the 
disk. The discrepancy is roughly equal  to the correc-  
tion for the fact that  the reference  electrode is not at 
infinity. 

Conclusions 
The present  results  can be applied most simply to 

practical  problems in studies of electrode kinetics if 
the actual  current  density at the center  of the disk and 
the potent ial  drop to the center  of the disk can be ob- 
tained, perhaps by means of Fig. 4, 5, and 8, f rom the 
measured average current  density and the parameters  
N, J,  ~, #, % and t re la ted to the propert ies  of the solu- 
tion and the electrode react ion and the size and ro-  
tation speed of the disk electrode.  Since some of these 
propert ies  probably are  not  known in advance, t r ia l-  
and-e r ro r  calculations are involved.  

The rotat ing disk is usually used for modera te ly  fast 
reactions, that  is, reactions for which the exchange 
current  density is not too low. The effect of mass 
t ransfer  can be corrected for (by assuming a uniform 
current  density) or  e l iminated by an extrapola t ion to 
infinite rotat ion speed. However ,  the effect of a nonuni-  
form current  density is not eliminated.  To assess the 
degree of nonuniformity,  one should calculate or esti- 
mate  J, 5, and N. Unless J and 8 are both small, there 
will  be a significant nonuniformity,  and unless 5 < <  N 
a correction must be made for the different concentra-  
tion at the electrode surface. 

Suppose that  the 0.1M CuSO4 solution studied ear l ier  
is made  1.53M in H2SO4 for the purpose of suppressing 
the ohmic potential  drop in the solution. For  the same 
current  density, say 70 m a / c m  2, the values of the 
parameters  N, 5, J, and t would be 

N = 1.6 instead of 78.8, 
8 = 2.5 instead of 78, 
J = 0.037 instead of 1.116, 
t = 0 instead of 0.363. 

These changes are pr imar i ly  results of the increased 
conductivi ty (0.548 instead of 0.00872 o h m - Z - c m - 1 ) .  

It should be noted that  wi th  the addit ion of sul- 
furic acid the current  density is now above the l imit-  
ing current  since the contribution of migra t ion  to the 
mass t ransfer  has now been suppressed by the high 
electrical  conductivity.  We might  next  t ry  to e l imi-  
nate the mass t ransfer  effect a l together  by increasing 
the rotat ion speed. If  the cr i ter ion is taken to be 
N = 20 5, the rotat ion speed must  now be increased 
to 290,000 rpm, at which speed the flow becomes tu r -  
bulent  at about r = 0.18 cm. Few people would  con- 
sider operat ing even at speeds as high as 30,000 rpm. 
Nevertheless,  let  us assume that  mass t ransfer  effects 
can be ignored. 

With  5 = 2.5 and/~ = 1 and J ~ 0, the resul ts  pre-  
sented earl ier  indicate that  the current  density at the 
center  of the disk is 79% of the average cur ren t  den-  
sity and the ohmic drop is 29.5 mv. 

Final ly  one might  note that  the a-c resis tance to a 
disk should be somewhat  different f rom the actual 
value since the a-c resistance would correspond more 
closely to the p r imary  cur ren t  distribution. For  the 
same reason it  would be inconsistent  to use current  
step methods to study electrode kinetics w i th  the ro-  
ta t ing disk. In  cur ren t  step methods the ini t ial  jump 
of the potential  is taken as a measure  of the ohmic 
drop. This would be proper  for a sphere where  the 
initial current  distr ibution is the same as the quasi-  
steady current  distr ibut ion (before mass- t ransfer  
l imitations become impor tan t ) .  
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0.51023 
coefficients in series for surface concentrat ion 
coefficients in  series for concentrat ion 
coefficients in series for potential  
concentrat ion of reactant,  mole/cm 8 
concentrat ion at electrode surface, mole/cm 3 
bu lk  concentration, mole /cm ~ 
diffusion coefficient, cm2/sec 
Faraday 's  constant, coulomb/equiv 
normal  cur ren t  density at electrode surface, amp/  
am 2 
exchange current  density, amp/cm 2 
average current  density, amp/cm2 
l imit ing current  density, amp/cm 2 
total current  to the disk, amp 
dimensionless exchange cur ren t  density (see Eq. 
[30] ) 
a Legendre funct ion (see Eq. [14] and [15.]) 
number  of electrons produced when one reactant  
ion or molecule reacts 
parameter  related to significance of mass t rans-  
fer (see Eq. [21]) 
Legendre polynomial  of order n 
s e e  Eq. [22] and Table II 
radial  coordinate, cm 
radius of disk, cm 
universal  gas constant, joule /mole-deg 
= ro2~/v, Reynolds number  
= r/D, Schmidt number  
transference number  of reactant  
absolute temperature,  ~ 
velocity components, cm/sec 
potential  of metal  disk electrode, volt 
normal  distance from disk, cm 
charge number  of species i 
s e e  Eq. [16] 
parameters  in  kinetic expression (see Eq. [27]) 

8 dimensionless average current  density (see Eq. 
[37]) 
dimensionless normal  distance (see Eq. [4]) 
elliptic coordinate (see Eq. [10]) 

~c concentrat ion overpotential,  volt 
ms surface overpotential,  volt 
~m functions in  concentrat ion series 
K| conductivi ty of bu lk  solution, o h m - l - c m  -1 

kinematic viscosity, cm2/sec 
elliptic cobrdinate (see Eq. [10]) 

r electrostatic potential, volt  
r external  potential  extrapolated to electrode sur-  

face, volt 
rotat ion speed, radians/sec 

Manuscript  received May 4, 1966. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1967 JOURNAL. 
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Studies on the Oxygen Gradients in Oxidizing Metals 
V. The Oxidation of Oxygen-saturated Zirconium 

J. P. Pemsler 
Ledgemont  Laboratory,  Kenneco~  Copper Corporation, Lexington~ Massachusetts  

ABSTRACT 

Oxygen-satura ted zirconium was oxidized at temperatures  between 840 ~ 
and 1300~ In the range 1100~176 a parabolic film growth rate was ob- 
served which is more rapid than  that observed dur ing oxidation of oxygen-  
free metal. However,  ra t ional  rate constants kr, which characterize t ransport  
properties through the film, are identical. In  the range  840~176 a rapid 
ini t ial  growth is followed by a parabolic rate more rapid than that  ebserved 
on oxygen-free metal. Values of kr are somewhat larger for oxidation of 
oxygen-satura ted metal,  the difference becoming greater  at the higher tem- 
perature.  Oxygen solution dur ing oxidation of oxygen-free zirconium at 
840~176 is believed to result  in a more protective film due to the formation 
of voids wi thin  the film. 

During the h igh- tempera ture  oxidation of zirco- 
nium, significant quanti t ies of oxygen dissolve in the 
metal  substrate s imultaneously with the growth of 
oxide, so that a metal  zone rich in  oxygen forms be- 
neath the oxide layer. At sufficiently h igh- tempera-  
ture oxygen solution may account for the major  por- 
t ion of the weight gain of the sample. The role that  
this oxygen solution plays in the mechanism of oxi- 
dat ion has not been clearly understood. In  previous 
papers (1-3) evidence has been presented that oxy- 
gen solution obeys diffusion kinetics and remains  
parabolic for sufficiently thick samples. However, the 
kinetics of the oxide film growth is complex (4). Be- 
tween 550 ~ and 650~ film growth is approximately 
parabolic with an activation energy of about 30 kcal /  

mole. Between 750 ~ and 910~ no normal  rate law 
is obeyed; a rapid ini t ial  growth is followed by a 
much slower growth. At 975~ coincident with void 
formation the rate increases. Between llO0 ~ and 
1300~ voids no longer form, and the rate becomes 
parabolic and rapid with an ,activation energy of 35 
kcal/mole.  

Several  inconclusive studies concerned with the 
effect of dissolved oxygen on the oxidation rate of 
zirconium have been previously published. Osthagen 
and Kofstad (5) reported an increase in  the rate of 
oxidation when  dissolved oxygen is present  in zirco- 
nium. The rate increased gradual ly  between 0 and 4 a/o 
(atomic per cent) ,  then rapidly be tween 4 and 10 a/o, 
where it leveled off. In terpreta t ions  concerning the 
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mechanism of oxidation were  made based on these 
observations. Cox and Harder  (6) criticized this work  
on the basis of the fact that  no examinat ion of the 
microdis t r ibut ion of oxygen in the samples was made. 
They find that  the increases in oxidation rate of Zir-  
ca loy-oxygen alloys up to about 0.5 fract ion saturated 
can be ascribed largely to inhomogeneous distr ibution 
of oxygen and that  the closer a homogeneous oxygen  
distr ibution is approached, the closer the oxidation 
rate  approaches that of low oxygen-conta in ing  mate -  
rial. 

The difficulties inherent  in the above studies are: 
(i) the inabil i ty to obtain homogeneous z i rconium- 
oxygen alloys and ( i i)  the bri t t le  na ture  of the high 
oxygen content  alloys which prevents  format ion of 
an adherent  oxide layer. 

It is the purpose of this paper to de termine  the 
effect of oxygen solution on the kinetics of film for-  
mation by oxidizing sound meta l lurgica l  samples 
which are saturated wi th  oxygen. 

Experimental 
The zirconium used in this invest igat ion was ob- 

tained in the form of rods, and the analysis has been 
given previously  (3). Tapered zirconium disks 1.5 
cm in d iameter  and ranging in thickness f rom about 
0.9 to 1.25 mm were  oxidized for 1 hr at l l00~ This 
resulted in an oxide film about 110~ thick, which 
when dissolved into the disk would just  saturate the 
metal  substrate with oxygen where  the disk was 
about 1 mm in thickness. Af ter  oxidation, oxygen was 
removed  from the system and the sample annealed in 
vacuum at l l00~ for 36 hr. This was sufficient t ime 
to diffuse the oxide film into the sample and to create 
a near ly  homogeneous oxygen distr ibution through-  
out the meta l  substrate. In this manner,  disks were  
produced which had a thin residual oxide coating on 
their  thin end and metal  which was about 85% satu-  
rated on the thick end. Between these ext remes  was 
meta l  of gradual ly  increasing oxygen content  all the 
way up to the saturat ion value where  the meta l  met  
the remaining oxide film as shown in Fig. 1. The 
tempera ture  of the furnace was then adjusted to the 
tempera ture  of the final oxidation, and oxygen was 
admitted. Samples were  oxidized for the appropriate  
length of t ime and the exper iment  concluded. Sam-  
ples were  then sectioned, and the oxide film thickness 
formed on meta l  that  was saturated and near -sa tu-  
rated with oxygen was measured.  

(a) 

OXYGEN 0.85 FRACTION 
SATURATED OXYGEN SATURATED 

(b) 

Fig. 1. Preparation of oxygen-saturated zirconium: (a) zirconium 
disk exidized for 1 hr at 1100~ (b) oxidized disk vacuum an- 
nealed 36 hr at 1100~ 

Difficulty was found in growing sound oxides on 
oxygen-sa tura ted  samples at tempera tures  below 
840~ In order to minimize possible thermal  cycling 
effects due to cooling of samples diffused at l l00~  to 
the final oxidation t empera tu re  of 750~ or lower, 
additional exper iments  were  per formed using 0.1 mm 
thick foil and a preoxidat ion and oxygen dissolution 
tempera ture  of 840~ 

Results 
Oxidat ion of oxygen-sa tura ted  metal  at t empera-  

tures of 750~ and below resul ted in a spotty whi te  
oxide, even for times as short  as 1 hr. This occurred 
whether  the sample was a disk saturated at l l00~ 
or a foil saturated at 840~ The whi te  oxide resul ted 
in a cracked film, and it was not  possible to obtain 
meaningfu l  kinetic data at 750~ and lower. 

Fi lm growth data at t empera tures  of 840~176 
are shown in Fig. 2-5, along wi th  the corresponding 
data for the oxidation of samples wi th  negligible ini-  
tial oxygen content  (henceforth called "oxygen- f r ee"  
zirconium).  Open circles represent  film thickness on 
oxygen- f ree  zirconium, filled circles represent  data 
obtained from oxygen-sa tura ted  zirconium, and the 
lines without  circles represent  the total weight  gain 
obtained during oxidation of oxygen- f ree  zirconium 
(3) (i.e., film thickness plus oxygen in solution ex-  
pressed as equivalent  film thickness).  

Oxidation of oxygen-sa tura ted  zirconium in the 
range 1100~176 conforms to a parabolic film 
growth rate which is more rapid than t h a t  observed 
during oxidation of oxygen- f ree  material .  The in-  
creased film growth on the oxygen-sa tura ted  zir-  
conium brings the film thickness up to that  approxi-  
mately  equivalent  to the total weight  gain found on 
oxygen-f ree  zirconium oxidized for the same period 
of time. This does not say that  the total weight  gain 
is the same in both cases since oxygen-sa tura ted  zir-  
conium is a l ready equiva len t  to ZrO0.4 and needs 
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Fig. 2.  O x i d a t i o n  of  oxygen- f ree  and  oxygen-sa tu ra ted  z i r -  

conium a t  8 4 0 ~  0 F i l m  th ickness on oxygen- f ree  z i rconium;  
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only 1.6 atoms of oxygen per zirconium atom to 
bring it to ZrO2. 

At  840 ~ 910 ~ and 975~ the film format ion rate  is 
more rapid on oxygen-sa tura ted  zirconium than on 
oxygen- f ree  metal. The kinetic curves for both ma-  
terials are similar:  a rapid init ial  ra te  is fol lowed by 
a parabolic  region. Unl ike  the oxidation behavior  at 
1100~176 the increase in oxide film thickness is 
not sufficient to resul t  in a weight  gain equiva len t  to 
that  observed as the total weight  gain for oxygen-  
free metal.  

Dur ing oxidation of oxygen- f ree  zirconium at 
975~ after about 4 hr  voids are found at the ox ide /  
meta l  interface;  at la ter  t imes these voids continue to 
form at the ox ide /me ta l  interface and are also found 
buried wi th in  the oxide (4). No such voids were  
found dur ing oxidation of oxygen-sa tura ted  zir-  
conium. Fur thermore ,  wi th  oxygen- f ree  zirconium, 
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taper sections at 910~ show a band of sma l l  voids 
which form be tween  about one and four  hours 
wi th in  the oxide (4). Taper  sections on saturated ma-  
terial  did not revea l  such a structure. 

Similar  to oxygen- f ree  zirconium, oxidation of 
oxygen-sa tura ted  zirconium at 1025 ~ and 1050~ re -  
sulted in the format ion of large voids and a highly 
i r regular  ox ide /me ta l  interface. It  was therefore  
difficult to evaluate  any differences in the oxidation 
behavior  at these temperatures .  

Discussion 
Zirconium is general ly  considered to oxidize by an 

anion vacancy diffusion mechanism. The transport  
processes through the oxide film are supposed to be 

Zr = Zr +4 + 2[30= + 4 e -  
at the me ta l /ox ide  interface [1] 

and 

O 2 + 4 e -  + 2 1 3 o = - - - - 2 0  = 
at the oxygen /ox ide  interface [2] 

where  [30= is an oxygen ion vacancy. 

During oxidation of oxygen- f ree  zirconium the si- 
multaneous process of oxygen solution into the metal  
substrate occurs at the me ta l /ox ide  interface, and 
also generates oxygen ion vacancies according to the 
react ion 

O = = O ( M )  "~- [ 3 0  = 2C 2 e -  [3] 

where  O(M) indicates an interst i t ia l  oxygen atom in 
the meta l  lattice. 

As a result  of the occurrence of the react ion in Eq. 
[3], whether  oxygen- f ree  or oxygen-sa tura ted  zirco- 
nium is being oxidized, the react ion at the m e t a l /  
oxide interface should not be wr i t t en  as in Eq. [1] 
but must  ra ther  be wr i t ten  as 

(ZrO0.4) sat = Zr +4 -~- 1.613o= -{- 3.2e- [4] 

where  (ZrO0.4)sat represents  oxygen-sa tura ted  zir-  
conium which has the composition ZrOo.4. 

The oxygen ion vacancy concentrat ion in the oxide 
at the ox ide /meta l  interface is de termined by the 
thermodynamic  equi l ibr ium between the oxide and 
oxygen-sa tura ted  metal. This value wil l  be the same 
whether  oxygen- f ree  or oxygen-sa tura ted  zirconium 
is being oxidized. It might  then be expected that  the 
t ransport  rate  of oxygen ions across the film would 
be the same in both cases. In order to examine  this, 
we wil l  make  use of the rat ional  rate  constant, kr, 
defined by the equation 

i~ 1 kr 
. . . .  [5] 
A 2 hx  

where  n/A is the ra te  of oxygen t ransport  in g - a t o m /  
cme-sec, •x is the instantaneous film thickness of the 
oxide layer,  and kr is in units of equivalents /cm~-sec 
for uni t  thickness. The factor 1/2 is due to the fact  
that oxygen is divalent.  For  oxygen- f ree  zirconium 
n/A must  be read from the total  weight  gain curve, 
while  the corresponding value of ~x is obtained f rom 
the film growth curve;  values of kr may then be cal- 
culated f rom Eq. [5]. For  oxygen-sa tura ted  zirconium 
n/A and the corresponding value of Ax are read f rom 
the same curve. Values of kr are then calculated f rom 
the equation 

1 kr 
- -  - -  [ 6 ]  

A 1.6 5x 

which expresses the fact that  the meta l  phase was 
present  init ial ly as oxygen-sa tura ted  zirconium cor- 
responding to ZrO0.4. 

Values of i~/A and hx f rom 840~176 were  ob- 
tained f rom Fig. 2 through 5. Data for calculat ing kr 
for oxygen- f ree  zirconium in the tempera ture  range 
550~176 were  obtained f rom a previous invest i -  
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Fig. 6. Arrhenius plot of the rational rate constant, kr, for oxida- 
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gation (4). Data for oxygen-sa tura ted  zirconium in 
this temperature  range could not be obtained for rea-  
sons discussed previously. In  the tempera ture  range 
of ll0O~176 the calculations are straightforward. 
At  temperatures  below ll0O~ where  the simple 
parabolic rate law does not hold, il/A is read directly 
from the parabolic portion of the curve, while AX is 
obtained by extrapolat ing the parabolic port ion of the 
film growth curve to zero time and subtract ing the 
intercept  value of the ordinate from the observed film 
thickness. If the period dur ing  which the rapid ini t ia l  
growth occurred is short, then the value of kr ob- 
tained by this procedure should be a good approxi-  
mat ion to the true value. 

An Arrhenius  plot of kr is shown in Fig. 6. In the 
tempera ture  range 1100~176 where  the film is 
believed to be the high defect tetragonal  oxide, 
values of kr for oxygen-free  and oxygen-satura ted 
metal  are identical, indicat ing that  the t ransport  
properties of the film are the same whether  it grows 
on oxygen-free or oxygen-satura ted zirconium. In  the 
temperature  range 840~176 values of kr are some- 
what  larger for the oxidation of oxygen-satura ted 
metal, the difference becoming greater at the higher 
temperature.  Thus, at 840~176 the process of oxy- 
gen solution during oxidation results in  a more pro- 
tective film than would occur were there no oxygen 
solution. I t  has been previously stated that  the forma-  
t ion of voids is suppressed dur ing the oxidation of 
oxygen-sa tura ted  zirconium. These voids have been 

ascribed to a condensation of oxygen ion vacancies 
triggered by the te t ragonal /monocl inic  t ransforma-  
tion in zirco.nia (4). Since oxygen solution is a source 
of anion vacancies, it is reasonable that void forma- 
tion might  be accelerated by the addit ional contr ibu-  
tion of vacancies formed dur ing the process of oxy- 
gen solution. That  void formation is not  altogether 
e l iminated by el iminat ing the oxygen solution proc- 
ess is apparent  from observations on oxygen-sa tu-  
rated zirconium oxidized at 1025 ~ and 1050~ 

Since the decrease in  the rate  appears to paral lel  
the increase in  void formation, it is reasonable to as- 
sociate the two phenomena although it is not obvious 
by what  mechanism the presence of voids in  the 
oxide film would decrease the t ransport  rate through 
the oxide. It has been shown that  under  certain cir-  
cumstances nonlat t ice diffusion through the oxide 
predominates dur ing the oxidation of zirconium (4), 
and the ini t iat ion and te rminat ion  of these unidirec-  
t ional paths may be affected by the occurrence of 
voids wi th in  the oxide. 

Although there is a difference in  film growth be- 
havior of oxygen-free and oxygen-satura ted zirco- 
n ium in the range 840~176 the shape of the film 
growth curves are nevertheless similar. These data 
are consistent with the hypothesis previously ad- 
vanced (4) wherein the rate is determined by t rans-  
port  through an ini t ia l  tetragonal  oxide which t rans-  
forms to the monoclinic structure.  

It  is interest ing to speculate on the reasons why 
an adherent  oxide film could not be obtained when 
oxidizing oxygen-saturated zirconium at tempera-  
tures below 840~ It may be related to the increased 
embri t t ]ement  of the oxygen-saturated metal  at the 
lower temperatures.  The strains produced at the 
metal /oxide  interface dur ing  oxide growth could 
then cause cracking in  the brit t le oxygenated metal, 
and hence an accelerated attack. It  is also possible 
that the tetragonal  phase, hypothesized to occur at 
the metal /oxide  interface, may not be stabilized to 
as low a temperature  dur ing oxidation of oxygen- 
saturated zirconium. The monoclinic oxide may ex- 
hibit  less plasticity than the high defect tetragonal  
oxide and undergo cracking while still quite thin. 

Curren t  work is directed toward invest igat ing non-  
lattice mechanisms in  the oxide film and details of 
the role of the te t ragonal /monocl inic  inversion on the 
kinetics. 
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The Mechanical Properties of Thin Anodic Films 
on Aluminum 
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ABSTRACT 

The measured stresses associated wi th  the growth of oxide on the surface 
of a luminum are much lower  than those calculated f rom the P i l l ing-Bedwor th  
ratio. The magni tude  of the stresses in a lumina formed anodically on pure 
a luminum is shown to be dependent  on the rate  of formation.  Some exper i -  
ments are described which show that, even at low temperatures ,  the presence 
of a large ionic flux wil l  permi t  the deformat ion  of a lumina  providing a 
mechanism by which the growth stresses can be relieved.  

The degree of protect ion against corrosion' or oxida-  
t ion afforded by the oxide film on a metal  surface 
depends in par t  on its integri ty,  its thickness, and on 
the diffusion constants in the oxide. 

The ul t imate  thickness to which an oxide fihn may  
grow before it cracks, i.e., the protect ive thickness, 
depends on its abili ty to wi ths tand or re l ieve the 
stresses which may arise during growth. If the accu- 
mula ted  stress exceeds the s t rength of the film, crack-  
ing or de tachment  wil l  occur resul t ing in an increase 
in the corrosion rate. 

In order to improve  corrosion resistance by increas-  
ing the protect ive thickness of the oxide film, data 
are requi red  both on the stresses which are produced 
during film growth  and on the mechanical  propert ies  
of oxide films. Considerable effort has been directed 
toward unders tanding the diffusion processes, for ex-  
ample in the Wagner-Hauffe  (1) theory of oxidation. 
However ,  a t tempts  to invest igate  exper imenta l ly  the 
factors influencing the protect ive thickness to which 
an oxide grows have been few (2, 3). 

Anodic films on a luminum are .especially suited to 
init ial  studies in this field due to the ease wi th  which 
films having reproducible  propert ies  may be formed 
and separated f rom the metal. In addition, the re la-  
t ively low mechanical  s t rength of pure  a luminum 
makes it possible to study the mechanical  propert ies  
of the oxide while  it is still  a t tached to the metal.  The  
mechanical  propert ies of these films are substantial ly 
different f rom the bulk mater ia l  (4); it was therefore  
essential to make measurements  direct ly  on oxide 
ra ther  than to a t tempt  the extrapolat ion f rom the 
known propert ies  of oxides in bulk. 

This paper describes exper iments  made  to measure  
the stresses in anodic films under  different  conditions 
of growth and some observations which support  the 
concept that  plastic deformat ion of a growing oxide 
film may occur at room temperature ,  if the ionic dif- 
fusion is sufficient. The stresses in the oxide were  
calculated f rom measurements  of the bending of alu-  
minum foils anodized on one side only while  the 
evidence for low- tempera tu re  plasticity was obtained 
f rom measurements  of the deformat ion of th in  wires 
covered wi th  a layer of oxide. 

Experimental 
The aluminum, on which the anodic films were  

formed, was 99.99% pure and in the form of wire  0.01 
cm diameter  or foil 0.005 cm thick. 

Foi l  specimens were  prepared  by cutt ing to form 
para l le l -s ided strips ei ther  6.00 or 8.00 cm in length 
which were  then l ight ly rol led to r emove  the burred  
edge and finally annealed. The surfaces of the speci- 
mens were  de-oxidized in chromic-phosphoric  acid 
solution, e tched in sodium hydroxide  solution, washed 
in distil led water ,  and al lowed to dry. 

1 P r e s e n t  a d d r e s s :  A u s t r a l i a n  A t o m i c  E n e r g y  C o m m i s s i o n ,  R e -  
s e a r c h  E s t a b l i s h m e n t ,  S u t h e r l a n d ,  :New S o u t h  Wales ,  A u s t r a l i a .  

An electr ical  contact was made to one end of the 
strip which was then mounted  in a glass tube using 
a cold sett ing resin. One side of the specimen was 
coated with Lacomit, a flexible lacquer, and al lowed to 
dry. 

Deflections of up to 0.4 cm were  measured to a pre-  
cision of _+ 0.001 cm. However ,  reproducibi l i ty  was not 
good. At a current  density of 1 m a / c m  2 deflection vs. 
oxide thickness curves were  reproduced to wi th in  
about ___ 20%. This figure was probably greater  at 
lower current  densities, al though a precise est imate of 
the var ia t ion was not made in these experiments .  

The annealed a luminum wires  of lengths  be tween  
9 and 15 cm were  mounted,  using the cold setting 
resin, in tubular  glass end-pieces. Some wires were  
mounted  with only the a i r - fo rmed  oxide film on them 
and these are described as "clean" wires. Other wires, 
before mounting,  had been anodized to produce thick 
(3000A) oxide films. These films were  formed in am-  
monium borate solution (pH 9.7) at a constant current  
density of 5 m a / c m  2 up to the requi red  voltage (v) ,  
usually 200v. This was then held constant for 5 rain 
by which time the current  had decayed to a small  
va lue  and the oxide thickness (0) was given by the 
re la t ion 8 ---- 15v A. The constancy of this relat ion 
was checked, using foil specimens, by measurements  of 
surface capacity. 

During measurements  on foils the anodic oxide films 
were  formed at constant cur ren t  density. The values 
of current  density and the solutions used var ied  f rom 
test to test but, wi th  the except ion of interrupt ions 
necessary for measurements  of the zero field deflection, 
constant current  conditions were  used throughout  any 
one test. In addition to the ammonium borate  solution 
similar  to that  used for anodizing the wires, two 3% 
ammonium citrate solutions of pH 6 and 9.7 (adjusted 
wi th  ammonium hydroxide)  were  used during stress 
measurements  on the foils. 

In order to de termine  the stress in the oxide film 
f rom the observed bending of the foil during anodiz- 
ing, the force requi red  to deflect the strip was meas-  
ured by means  of a sensitive torsion balance. The 
stress, S, wi thin  an oxide film grown on the exposed 
surface of the strip can be calculated f rom the ex-  
pression 

2F �9 l 
S = [1] 

A ( t--d)  

where  F is the force r equ i red  to bend the strip a given 
distance (obtained f rom the torsion balance measure-  
ments) ,  1 is the length of the strip of thickness t, and 
A the cross-sectional  area of the oxide film of thick-  
ness d. Al ternat ively ,  the expression 

E . t 2 . x  
S [2] 

3 L2 �9 d~ 
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may be used, where  E is the Young's modulus of alu- 
minum, and x the deflection of the end of the strip. 

The techniques used for the measurements  of the 
mechanical  propert ies of anodic oxide films under  
static conditions, i.e., when negligible ionic diffusion 
is present  in the film, have been described previously  
(4). For  measurements  of the deformabi l i ty  of oxide 
films during growth, the following technique was used. 

Stres.s-strain curves were  obtained for both clean 
and anodized wires, using an "Ins t ron"  hard beam 
recording tensometer.  Similar  anodized specimens were  
then mounted as for the tensile tests, but  r e - immersed  
in the anodizing solution, and loaded by hanging a 
weight  on the lower glass end-piece so that  the load 
corresponded to a known point on the stress-strain 
curve. A small  anodic current  was then passed which 
was recorded together  wi th  the voltage. The additional 
extension of the wire, if any, was observed using a 
t ravel l ing microscope focussed on the end of the wire. 
The current  density was increased in steps, the vol t -  
age, current,  and extension being continuously ob- 
served. Exper iments  were  made to determine  both the 
critical load, and the critical current  at which addi- 
t ional extension of the wires occurred. 

Results 
Stresses in the ox ides . - -Two main factors were  

found to influence the deflection of the a luminum strips 
during anodic oxide growth. The pr imary  factor was 
the stress inherent  in the film, but superimposed on 
this was a voltage dependent  deflection which always 
acted on the strip in such a way as to indicate an ap- 
parent  compressive stress in the oxide film. In order 
to el iminate this "electrostat ic" effect, deflection meas-  
urements  were  made at zero field, by switching off 
the cur ren t  and allowing the strip to come to rest  
under  the influence of the stresses in the film. 

Both methods already outl ined for the calculation 
of stress were  used, and the results are compared in 
Fig. 1, which shows the deflection wi th  and wi thout  
the applied field for an a luminum strip anodized at 
3.3 m a / c m  2 current  density. The deflection is plotted 
as a function of the film thickness (which is propor-  
tional to the anodizing voltage).  The stress in the 
film calculated from Eq. [1] and [2] is shown on the 
same axes. The similar values of stress obtained by 
both methods show that  the Lacomit  protect ive layer  
does not alter  the elastic propert ies of the a luminum 
strip to any significant extent  at these small  deflections. 

The stress in the oxide calculated from the deflec- 
tion of the foils was in general  not a function of the 
thickness of the oxide and in many cases was near ly  
constant. In some experiments,  however ,  the stress 
appeared to decrease as the oxide thickened, as in 
Fig. 1, and in others the stress increased as the ox-  
ide thickness increased. In view of this lack of con- 
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Fig. I .  Stress in an oxide film produced on aluminum by 
anodizing in ammonium borate solution (pH 9.7) at 3.3 ma/cm 2. 
Stress was calculated using Eq. [1] (calibration) and Eq. [2]  
(theoretical). 
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Fig. 2. Curve I,  stress in anodic oxide films on aluminum as a 
function of current density of formation (in ammonium borate and 
ammonium citrate solutions); curve 2, fraction of cationic trans- 
port in oxide films on aluminum as a function of current density 
of formation [determined by Davies et al. (6)] in ammonium 
citrate solution. 

sistency the data have been presented in the ~orm 
shown in Fig. 2 where  the ver t ical  lines on the stress 
axis represent  the total range of stress observed in 
each exper iment  for oxide films of thicknesses wi thin  
the range 150-3000A. These results are shown in Fig. 
2 as a function of the current  density used for ano- 
dizing. 

It may be seen that  the cur ren t  density is impor tant  
in determining the nature of the stress developed in 
the film. At low current  density there is a greater  
tendency for compressive stress to develop. The re-  
sults shown for 3% solutions of ammonium citrate and 
ammonium borate of pH 9.7 are similar. The results 
obtained for 3% ammonium citrate solution (of un-  
adjus ted  pH 6) also exhibi t  a similar trend, but  the 
current  density at which stress reversa l  occurs ap- 
pears to be somewhat  higher  than for the more  alka-  
line solutions. 

Davies et al. (5, 6) have shown that  during anodic 
oxidation of a luminum in ammonium citrate solution 
the re la t ive  amounts of the two ionic species diffusing 
in the oxide are dependent  on the rate  of oxidation. 
The anodic films re fe r red  to in Davies '  work  were  
formed in 3% ammonium citrate solution which was 
the electrolyte used for the stress measurements  
shown as dotted lines in Fig. 2. His results (6), ex-  
pressed as the cationic t ransport  fraction, are included 
in Fig. 2 for comparison wi th  the stress data. 

The measurements  of stresses in anodic oxide films 
repor ted  by Vermi lyea  (7) are in qual i ta t ive  agree-  
ment  wi th  the results obtained in the present  work. 
The effect of the forming vol tage on the measured  
stress is qual i ta t ively  the same for both invesr 
The effect of ra te  of format ion  of the oxide on the 
stresses observed is also noted by Vermilyea,  but a 
detailed invest igat ion and in terpre ta t ion was not a t -  
tempted.  

Deformation of the ox ides . - -The  results of the de- 
format ion exper iments  dur ing anodic growth are 
shown in Fig. 3 and 4. The results of a typical  exper i -  
men t  appear in Fig. 3 in which the extension of a 
previously anodized wire, loaded with  35.5g, is shown 
as a function of t ime during the course of fur ther  
anodizing. The current  density was increased in steps, 
rapid deformat ion commencing only when  the current  
density exceeded the leakage current  density. During 
such an exper iment  the vol tage across the film usually 
did not exceed 240v and was always less than the 
dielectr ic  breakdown vol tage which, under  these con- 
ditions, is about 350-400v. 
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Fig. 3. Extension of a loaded anodized wire as a function of 
time as the anadic current is increased. 
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Fig. 4. "Additional" extension produced by passing anodic cur- 
rent through anodized wires under tensile load. 

The extension recorded in this exper iment  together  
wi th  data f rom other exper iments  are shown in Fig. 
4 as a function of load; each dotted line represents  one 
experiment .  The load, voltage, and current  data for 
each exper iment  are given in Table I. 

Changes in the length of the wire  due to grown- in  
stresses in the oxide may be shown to be small  com- 
pared wi th  the extensions observed. Exper imenta l ly  
this was demonstrated by anodizing two freely  sus- 
pended wires of similar  length to the test specimens. 
Measurements  at current  densities of 0.1 and 5 m a /  
cm 2 showed that  no significant change in length of 
the wires occurred. 

A blank exper iment  was carried out on a clean 
wire  loaded a~ 26.6g. No extension occurred during a 
period of 1 hr during which anodizing was carr ied out 
at different current  densities in the range f rom 0.125 
to 7.5 m a / c m  2. 

Discussion 
Stress measurements . --Stresses  in growing oxide 

films are sometimes assumed to arise f rom the volume 
change which occurs when a specific quant i ty  of meta l  
is converted into meta l  oxide. Exper imenta l  evidence 
shows that  this is an oversimplification and that  in 
many instances other  factors may part ly or whol ly  
de te rmine  the nature  and magni tude  of the stress 
which develops in a growing oxide film. These fac-  

Table I. Load, voltage, and current data for results appearing 
in Fig. 4. 

C u r r e n t  L e a k a g e  
d e n s i t y  fo r  c u r r e n t  M a x i m u m  

E f f e c t i v e  d e f o r m a t i o n ,  d e n s i t y ,  v o l t a g e  
load,  g m a / c m  ~ m a / c m  ~ r e a c h e d ,  v 

35.5 0.125-0.16 0.125 220 
S l  0.12-0.18 0.14 212 
26.6 0.08-0.33 0.10 215 
26.6 0.10-0.19 0.13 222 
23 0.24-0.33 0.11 225 
16.8 1.36-2.72 0.1 275 
16.8 7.0 ~ 275 
26.6 7.5 j p r o b a b l y  0.1 350 
26.6* 0,125-7.5 0.125 350 

* " C l e a n  w i r e "  e x p e r i m e n t .  

tors include the nature  of the diffusing ionic species 
involved in the film formation, epitaxy, surface rough-  
ness, and residual  stresses in the metal. The evidence 
obtained f rom the present  exper iments  supports the 
suggestion that  the nature  of the diffusing species is 
of p r imary  importance in de termining the stress in 
oxide films. 

The specimens used in these exper iments  were  
chemically polished and annealed, and the anodic film 
produced is known to be ex t remely  fine grained. 
Stresses wi th in  the film arising f rom surface roughness 
and residual  stresses were  therefore  minimized and 
epi taxial  stresses confined to a few atom layers. As 
the volume ratio for a luminum oxide is grea ter  than 
1, compressive stress is expected if it can be shown 
that  film growth proceeds by the inward  diffusion of 
oxygen. A rough calculation of the magni tude  of this 
compressive stress may be made under  these condi- 
tions. The l inear  elastic s t rain at the meta l  oxide in- 
terface is given by ~ V R  where  VR is the volume ra~io 
for 7-a lumina ( =  1.28). This corresponds to a l inear  
strain of 0.0857 and a stress of 36,000 k g / c m  2 [Young's 
modulus for the film is 4.2 x 105 k g / c m  2 (4)].  

The observat ion of compressive stress at low cur- 
rent  densi ty appears qual i ta t ively  consistent wi th  this 
model,  a l though ~he observed compressive stress (up 
to 2000 kg / cm e) is much less than the calculated value. 
The work  of Davies et al. (5, 6) seems to offer a pos- 
sible explanation.  There it  was shown that, at low cur-  
rent  density (0.1 ma/cm2) ,  the anodic film formed on 
a luminum predominant ly  by oxygen movement  al-  
though cations did pass into solution. At  higher  cur-  
ren t  densities the proport ion of cationic movement  
increased as shown in Fig. 2, and it also contr ibuted 
to the film formation. At the low current  density the 
requ i rement  for film format ion by the inward diffu- 
sion of oxygen is fulfilled, thus giving rise to the 
compressive stress as observed. The occurrence of 
tensile stress in the a luminum oxide films formed 
at the higher  current  densities suggests that  the vol-  
ume ratio is no longer  the predominant  s,tress-deter- 
mining factor under  conditions where  the film forms 
by the movement  of both ions. Oxide formed by move-  
ment  of meta l  ions would be expected to form wi th-  
out res t ra int  at the ox ide -env i ronment  interface and 
to be re la t ive ly  free of stress. 

Fur thermore ,  it seems reasonable that  the low values 
of compressive stress might  be explained in terms ot 
the cationic movemen t  through the oxide film even at 
low current  density. There  are now many instance~ 
(7-9) in the l i tera ture  where  the concept of two mov-  
ing species has been invoked to explain oxidat ion phe- 
nomena. 

A second possible explanation,  namely, the occur- 
rence of plastic deformat ion of the oxide film in the 
crystal lographic sense, seems at first sight ve ry  un-  
l ikely at room tempera ture  due to the absence of 
sufficient thermal  act ivat ion to allow movement  of 
dislocations or of lattice ions. However ,  during oxida-  
tion there  is a significant ionic flux, which in the case 
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of anodic oxidation is f ie ld-act ivated and related to 
the ionic current  flowing. The results of the exper i -  
ments on thin wires suggest that deformat ion of the 
oxide by a creep mechanism must be considered pos- 
sible under  condi t ions  where  a sufficiently high ionic 
current  is passing through the oxide film as can occur 
during anodic growth. 

O x i d e  d e f o r m a t i o n  e x p e r i m e n t s . ~ T h e  influence of 
the presence of a thin oxide film on the mechanical  
propert ies  of a luminum has been considered by a num-  
ber of workers  including Barre t t  (10) and Holt (11). 
Two effects are recognized. The first, for very  thin 
films, operates by pinning surface dislocation sources, 
thereby increasing the elastic strain which the under -  
lying meta l  can tolerate  before yielding. In the sec- 
ond type, of which the present  results are an example,  
the whole s tress-strain curve  is raised as may  be seen 
in Fig. 4. In this case the film is thick enough to act 
not only in pinning surface dislocation sources but 
also as a barr ier  p revent ing  the escape of dislocations 
having in ternal  sources. The series of extensions indi-  
cated as dotted lines in Fig. 5 show how the influence 
of the film is removed  during the passage of an ionic 
current  sl ightly in excess of the exper imenta l ly  de- 
te rmined "cri t ical"  value.  Deformat ion  of the film 
undoubtedly occurred during extension of the wires 
since cracking of the film would have been accom- 
panied by a t ransient  vol tage drop due to the finite 
quant i ty  of charge requi red  to heal  the crack by ano- 
dizing. No such transients  were  observed, and it seems 
l ikely f rom previous work  on the mechanical  b reak-  
down of these films (4) that  the sensi t ivi ty of this 
method would have been sufficient to detect  any cracks 
formed. 

Creep deformat ion of a lumina in bulk  is not nor-  
mal ly  significant at tempera tures  less than 1000~ 
(10). However ,  during anodic oxidat ion the current  
density may  be sufficient for the ionic diffusion flux 
in the direct ion of the applied field to equal  that  at-  
ta ined by the rmal  diffusion at a much higher  t em-  
perature.  

Nabarro (12) has der ived an equat ion for the creep 
rate  d s / d t  resul t ing from thermal  motion of single ions 
in a lattice. The expression 

ds D P a 3 
=. ~ [ 3 ]  

d t  A ~ k T  

involves the diffusion coefficient D, the applied stress 
P, the volume of a vacancy a ~, and the grain size A. 
In the form given the equat ion applies only when  
P a 3 / k T  < 1. 

Such a re la t ion implies that  the ionic movemen t  is 
thermal ly  act ivated whereas  in the present  case of 
anodic oxidation the ionic movemen t  is p r imar i ly  field 
activated. In order to employ this equat ion to in-  
t e rpre t  the present  results, it is necessary to e l iminate  

2( + 
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. +  

c ~  ~ (Av.CRIT) mA 

Fig. 5. Relation between the load and the anodic current density 
for initiation of extension. 

D from the equation and to incorporate  a te rm involv-  
ing the ionic current.  

The equation for ionic conduction in the presence of 
a high field has been shown to have  the form 

- - W  + q a E  
J = 2qan  ~ exp exp . ~  

k T  k T  

where  W is the height  of the act ivation barr ie r  for 
ionic movement ,  q, a, and E are the ionic charge, the 
jump distance, and the applied field, n is the number  
of moving ions per cubic cent imeter ,  and v is the vi-  
brat ion f requency of a latt ice ion. 

The thermal ly  act ivated diffusion coefficient D is 
given by the equat ion 

D = - -  a 2 v exp 
6 

In the present  circumstances additional diffusion 
arises f rom field activation, and it is suggested that  
an enhanced diffusion coefficient should be used de- 
fined as 

D = - -  a 2 v exp exp ~ /  
6 

The result ing equat ion for the deformat ion ra te  has 
the form 

ds a 4 p j  

d t  1 2 A 2 k T n q  

which shows that  the deformat ion rate  should be pro-  
port ional  to the product  P J  and terms which are ap- 
proximate ly  constant for a given mater ia l  and tem-  
perature.  

In the present  exper iments  it has not  been found 
possible to show a relat ion be tween  the rate  of de- 
formation, the current,  and the load. In the deforma-  
tion equat ion as formulated,  J represents  the ionic 
flux whereas  the currents  shown in Fig. 3 are total 
currents  and the leakage cur ren t  densities in Table I 
are those for zero oxide growth. The re la t ive ly  large 
and to some extent  i r reproducible  leakage current  
leads to uncer ta in ty  in the t rue value of J, par t icu-  
lar ly at low current  densities. Exper imenta l ly ,  it is 
found that  the current  density requ i red  to ini t iate  the 
addit ional  extensions is inverse ly  proport ional  to the 
applied load as seen in Fig. 5. 

It might  be expected that, in a mater ia l  such as alu-  
mina which contains two ionic species, both species 
must  diffuse to permi t  deformation.  In the present  
exper iments  it has only been possible to show that  at 
high stresses the m in im um  current  for deforma.tion 
approaches the leakage current  below which no ox- 
ide is formed and presumably  no ions m o v e .  Davies 
(5, 6) has shown that, even  at ve ry  low rates of 
anodic oxide formation, there  is some movemen t  of 
cations even though the format ion  of the oxide oc- 
curs exclusively by anionic movement .  Thus this sys- 
tem does not seem suitable for testing whe ther  or not 
deformat ion  can occur wi th  only one ion diffusing. 

In the present  exper iments  the stresses which were  
re l ieved  by diffusion were  tensile in character.  How-  
ever,  there  seems to be no appropriate  reason w h y  the 
compressive stresses which should resul t  f rom anionic 
m o v e m e n t  in the oxidat ion of these metals  could not  
be re l ieved by similar  processes. 

In previous studies (4) it  was shown that  the de- 
formabi l i ty  of anodic oxide films at room tempera tu re  
and in the absence of a diffusion flux was consider-  
ably greater  than that  of the oxide in bulk. This de-  
format ion which was shown to be ent i re ly  elastic was 
as large as 2%. This is greater  than the largest  total 
extension measured  in the present  work, independ-  
ent ly  support ing the suggestion that  the additional 
extension observed is not  due to f rac ture  of the oxide. 

The small  grain size of this anodic oxide (13), which 
may  account for propert ies  previously  repor ted  (4), 
also provides ample  in ternal  surface to which the dif-  
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fusing ions may be added to allow extension or from 
which they may be removed to allow compression of 
the oxide film. 

The results of the present  exper iments  show that, 
in the presence of an ionic diffusion flux, the mechan-  
ical properties of the oxide film are still fur ther  
changed from those of the bulk  material .  Thus meas-  
urements  made of the plasticity of oxides in  bu lk  and 
in the absence of the large fluxes of ions associated 
with oxidation processes are of little help and can 
be misleading when  applied to the solution of oxida- 
t ion problems. It  is interest ing to consider the pos- 
sibility of deliberately enhancing the abil i ty of these 
oxides to relieve the grown in  stresses and thus im-  
prove their protective na ture  by increasing the pro- 
tective thickness. 
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Diffusion Coefficients, Oxygen Activities, and Defect 
Concentrations Across a p-Type Oxide Layer on a Metal 

F. S. Pettit 
Advanced Materials Research and Development Laboratory, Pra t t  & Whitney Aircraft, 

Division of United Aircra# Corporation, Noq'th Haven, Connecticut 

ABSTRACT 

Oxygen activities, diffusion coefficients of metal  ions, and defect concen- 
trations across an oxide layer on nickel, cobalt, iron, and manganese  have been 
determined from the parabolic rate constants for growth of the oxide on the 
metal  in  different pressures of oxygen. Theoretical  expressions are presented 
which account for the observed results. 

During the oxidation of a metal  where  a dense, 
thick, adherent  oxide is formed and the oxide thick- 
ness increases in  accordance with the parabolic rate 
law, the oxide composition varies from that  of the 
oxide in  equi l ibr ium with the metal  to that of the 
oxide in  equi l ibr ium with the gas. Consequently,  
wi th in  the oxide layer, parameters  such as diffusion 
coefficients, activities of metal  and oxygen, and the 
concentrat ion of atomic defects change cont inuously 
from the metal /oxide  interface to the oxide/gas in -  
terface. The purpose of this paper is to show that, for 
cases where the oxidation rate is pressure dependent  
(i.e., cation deficient oxides), one may use equations 
derived by Wagner  (1) to obtain diffusion coefficients, 
oxygen activities, and the concentrat ion of atomic 
defects across the oxide layer  by determining para-  
bolic rate constants for growth of the oxide in  fixed 
pressures of oxygen. 

Theoretical Considerations 
Metal deficit oxides on metals are usual ly formed 

by diffusion of metal  ions and electron holes across 
the oxide with the slower moving cations de termining  
the oxidation rate. The diffusion coefficient of oxygen 
is usual ly  small compared to that  of meta l  and the 
flux of oxygen ions can be neglected. For  thick oxide 
layers where the effect of space charge boundar: /  
layers is negligible, Wagner  (1) has shown that the 
flux of meta l  ions and the flux of electron holes across 
the oxide can be wr i t ten  as 

d/ZM 
\ dx dx ~ 

J ~ = --(C'e D*e /RT)  \ - -~-- 'x  -t- F [2] 

where  the symbols are as follows: 
.-7 ~. the flux of metal  ions and the flux of electron 2 M, 3 
holes, respectively, in  equivalents  per un i t  area; per 
un i t  time. 

CM' "~ r the concentrat ion of metal  ions and electron 

holes, respectively, in  equivalents  per un i t  volume. 
D* , D*~ the self-diffusion coefficient of metal  ions 

and electron holes , respect ively (cm2/sec). 
~M' ~r the chemical potential  of metal  ions and elec- 

t ron holes, respectively (cal /mole) .  
ZM the valence of the metal  ion (eq. /mole) .  
F Faraday constant  (cal/eq. volt) .  
p the electrical potential  (volts).  
R the gas constant  (ca l /mole-deg) .  
T absolute temperature.  
x reaction coordinate across the oxide layer  (cm). 

In  view of e lectroneutral i ty  requirements ,  j - - - -3  M" 

Thus on rear ranging  Eq. [1] and [2] and then  sub-  
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t racting Eq. [2] f rom Eq. [1], the expression for the 
flux of meta l  ions may be wri t ten  as 

i D* C D* ) C'M: M e e 
JM = -- (1/RT) 

D* D* ZM CM M "J~ Ce �9 

dx z ~  ] [3] 

For an electronic conductor, D* M ~ D*e .  Fu r the r -  

more, within the oxide, the fol lowing relations are valid 

~o = ~  - - z  ~ [4] 
]yl  M M $ 

d~~ = -  (ZM/Zo) d~o [5] 

where  ~~ and so are the chemical  potentials  of meta l  
and oxygen, respectively,  and zo is the valence of ox-  
ygen. Subst i tut ion of Eq. [4] and [5] into Eq. [3] 
yields 

3M ~- (ZMCMD*M/zoRT) d~o/dx [6] 
or 

fo x~ jMd.x = (CM) (zMD*M/Zo) d l n a o  [7] 

where  a'o is the act ivi ty of oxygen at the me ta l /ox ide  
interface (i.e., x ---- 0) and ao is the oxygen act ivi ty  in 
the oxide layer  at a distance x f rom the me ta l /ox ide  
interface. In v iew of Eq. [7], one may  wri te  

d lnao/CM (ZM/Zo)D*Mdlnao [8] 
" o  

where  Xr is the total oxide thickness and a"o is the 
oxygen act ivi ty at the oxide/gas  interface. The inte-  
grals on the le f t -hand side of Eq. [8] can be in tegrated 

provided JM is independent  of x. This wi l l  be the case 
for oxides wi th  small homogenei ty  ranges. Fu r the r -  
more, according to Wagner 's  theory of meta l  oxidat ion 
(1) the numera tor  and denominator  on the r igh t -hand  
side of Eq. [8] are equal  to the "ra t ional  rate  con- 
stant," kr, for g rowth  of the oxide in atmospheres wi th  
oxygen activities of ao and a"o, respectively.  The r a -  
t ional rate  constant and the parabolic rate  constant, 
kp are in ter re la ted  by, 

kr = Z2oV k~/2M2o [9] 

where  V is the equivalent  volume of the oxide, and 
and Mo is the molecular  weight  of oxygen, kp is de-  
fined as 

(Am~A) 2 - =  kp t [10] 

where  (am/A)  is the weight  gain per unit  area and t 
is the time. Substi tut ion of Eq. [9] into Eq. [8] and 
integrat ion of the le f t -hand side of Eq. [8] yields 

x / x r  = kp (a~ /kp (a'~ [11] 

where  kp (a~ and kp (a''~ are parabolic rate  constants 
for oxidation of the meta l  in gas atmospheres wi th  
oxygen activit ies of ao and a"o, respect ively,  and the 
quant i ty  (x/xT) is a normalized react ion coordinate. 
For a given temperature ,  one may de termine  kp ex-  
per imenta l ly  at different oxygen pressures  over  the 
in terva l  a'o to a"o, and Eq. [11] can then be used to 

determine  (X/XT) for specific values of ao. F rom this 
informat ion the oxygen act ivi ty across an oxide layer 
formed in a gas wi th  an oxygen act ivi ty of a"o can be 
obtained. Fur thermore ,  if the concentrat ion of atomic 
defects as a function of ao is known, the defect concen- 
t rat ion across the oxide layer can also be determined.  

Finally,  the var ia t ion of the self-diffusion coefficient 
across the oxide layer  can be determined if D*M is 
known as a function of ao. F rom the definition of the 
"rat ional  rate  constant" and Eq. [9], kp can be wr i t ten  
as 

kp = 2(Mo/zo V)~ . f ,o  (zM/zo)D*Mdlnao [12] 
~ a 

' o  

For a given tempera ture  a'o is constant and Eq. [12] 
can be differentiated with respect  to ao for constant 
a'o (2, 3). This differentiat ion yields 

(dkp/d In ao) a'o = 2 (ZM/Zo) (Mo/zo ~)  2 D*~ (a~ [13] 

where  (ZM/Zo) has been assumed to be constant and 
(ao) 

D*M is the self-diffusion coefficient of meta l  ions in 
an oxide with an oxygen act ivi ty of ao. Equat ion [13] 

(ao) 
can be used to calculate D*M as a function of ao 
providing (dkp/d in ao)a'o is known. (dkp/d In ao)a'o 
can be determined by plott ing kp vs. in ao and calcu- 
lating the slope of the resul t ing curve for given values 
of ao. 

In the fol lowing sections of this paper, parabolic 
rate constants for the growth of oxides on nickel, co- 
balt, iron, and manganese wil l  be used to determine  
self-diffusion coefficients of meta l  ions, defect concen- 
trations, and oxygen activities across oxide layers on 
these metals. 

Growth o] NiO on Nickel 

Fueki  and Wagner  (4) have  studied the oxidation 
of nickel  and determined parabolic rate  constants as a 
function of oxygen pressure. Their  results for a tem-  
pera ture  of 1190~ are given in Fig. 1 where  the para-  
bolic rate  constants are plotted vs. the logar i thm of 
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Fig. I. Parabolic rate constants for the growth of NiO on 
nickel as a function of oxygen activity in the gas phase. The range 
of oxygen activities covered correspond to oxygen pressures from 
the Ni/NiO equilibrium to 1 atm [Fueki and Wagner (4)]. 
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the oxygen act ivi ty in the gas phase. 1 (In the present  
paper uni t  oxygen act ivi ty wil l  be taken for the oxide 
in equi l ibr ium with the meta l  as a reference basis, i.e., 
ao = 1 for me ta l /ox ide  equi l ibr ium.)  The data pre-  
sented in Fig. 1 were  used wi th  Eq. [11] to de termine  
the normalized react ion coordinate, X/XT, for specific 
values of ao. The results of these calculations, which 
are presented in Fig. 2, give the activity of oxygen 
across an oxide layer formed on nickel by oxidation in 
1 arm of oxygen at 1190~ Fueki  and Wagner  have 
used Eq. [13] to de termine  self-diffusion coefficients 
of nickel  in NiO as a function of oxygen pressure. 
Since the oxygen act ivi ty across a layer  of NiO on 
nickel  is given in Fig. 2, the results of Fueki  and Wag-  
ner were  used with the data of Fig. 2 to obtain values 
for the self-diffusion of nickel across a layer  of NiO 
formed on nickel  in 1 atm of oxygen at 1190~ These 
results are presented in Fig. 2 and show that  D*NI is 
a l inear function of the normalized react ion coordinate. 

Growth of CoO on Cobalt 

Pett i t  and Wagner  (5) have  studied the oxidation 
of cobalt at 1150~ and de termined  parabolic ra te  con- 
stants as a function of oxygen pressure. These data, 
which are presented in Fig. 3, were  used to determine  
ao as a function of x / xT  with  the help of Eq. [11]. 
The act ivi ty of oxygen across a layer  of cobaltous 
oxide formed on cobalt by oxidation in 1 atm of oxy-  
gen at 1150~ is given in Fig. 4. The self-diffusion co- 
efficient of cobalt in co~baltous oxide was obtained as a 
function of oxygen act ivi ty by graphical ly determining 
the slope of the curve in Fig. 3, (i.e., (dkp/d In ae)a'o) 

(no) 
for given values ao, and then D 'co  was calculated 

1 F u e k i  a n d  W a g n e r  p e r f o r m e d  e x p e r i m e n t s  a t  l ow  o x y g e n  p res -  
sures  by  u s i n g  COs w h i c h  c o n t a i n e d  s m a l l  a m o u n t s  of CO. The  
buf fer  capac i ty  of such  m i x t u r e s  is  poor,  a n d  the  e s t a b l i s h m e n t  of 
the  e q u i l i b r i u m  o x y g e n  p re s su re  can be q u e s t i o n e d  because  of evo-  
l u t i o n  of CO d u r i n g  t he  o x i d a t i o n  r eac t i on  a nd  because  of t he  
p resence  of  a d i f fus ion  b o u n d a r y  l aye r  a d j a c e n t  to the  ox ide  su r -  
face.  P e t t i t  a n d  W a g n e r  (5) f o u n d  such  effects to be  n e g l i g i b l e  fo r  
t h e  o x i d a t i o n  of coba l t  in  CO2-CO m i x t u r e s  c o n t a i n i n g  as l i t t l e  as 
2 v / o  ( v o l u m e  per  cent)  CO. The  s m o o t h  c u r v e  f o r m e d  by  t he  da t a  
of F u e k i  a n d  W a g n e r  {see F ig .  1) sugges t s  t h a t  these  effects are  
a lso  n e g l i g i b l e  for  the  o x i d a t i o n  of  n i c k e l  i n  COo c o n t a i n i n g  0.25 
v / o  ( v o l u m e  per  cent) CO. M o r e o v e r  the  shape  of t he  c u r v e  in  F ig .  
1 is  p r e d o m i n a n t l y  f ixed  by  t he  r e su l t s  o b t a i n e d  in  o x y g e n  c o n t a i n -  
i n g  a tmosphe re s .  There fore ,  t he  r e s u l t s  o b t a i n e d  in CO~-CO m i x -  
t u r e s  a r e  n o t  c r i t i c a l  in  t he  p r e s e n t  paper .  

C O N C E N T R A T I O N S  A C R O S S  A N  O X I D E  L A Y E R  
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Fig. 3. Parabolic rate constants for the growth of CoO on cobalt 
as a function of oxygen activity in the gas phase. The range of 
oxygen activities covered correspond to oxygen pressures from the 
Co/CoO equilibrium to 1 atm [Pettit and Wagner (5)]. 
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Fig. 2. Oxygen activity and the self-diffusion coefficient of 
nickel across a layer of NiO formed on nickel by oxidation in 
oxygen at 1 atm. 
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Fig. 4. Oxygen activity and the self-diffusion coefficient of cobalt 
across a layer of CoO formed on cobaff by oxidation in oxygen 
at 1 atm. 

with the help of Eq. [13]. The results of the calcula-  
tions are presented in Fig. 4 where  D ' c o  has been 
plotted vs. the normalized react ion coordinate. It  can 
be seen that D ' co  is a l inear function of the normalized 
react ion coordinate. Self-diffusion coefficients for co- 
bait in cobaltous oxide have been determined by 
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Fig. 5. Cobalt deficit across a layer of Co1-~0 formed on cobalt 
by oxidation in oxygen at 1 atm pressure. 

C a r t e r  and R i c h a r d s o n  (6) f r o m  m e a s u r e m e n t s  us ing  
r a d i o a c t i v e  t racers .  A v a l u e  for  D'co of 9 x 10 -9  cm2/  
sec was  ob ta ined  for  1148~ and  1 a t m  of oxygen .  I n  
the  p r e sen t  w o r k  D ' c o  was  found  to be 5.2 x 10 -9  cm2/  
sec for  a t e m p e r a t u r e  of 1150~ and  1 a tm  of oxygen .  

E r o r  (7) has  d e t e r m i n e d  the  cobal t  deficit,  5, in 
Co1-~O us ing  g r a v i m e t r i c  t echn iques .  E ro r ' s  r esu l t s  
for  1150~ a re  g i v e n  in Tab le  I. E ro r ' s  da ta  g ive  5 as 
a f unc t i on  of ao. S ince  ao across the ox ide  l a y e r  is 
g i v e n  in Fig. 4, the  cobal t  defici t  across  the  ox ide  
l aye r  was  obta ined.  The  cobal t  defici t  across an  ox ide  
l a y e r  f o r m e d  on cobal t  b y  ox ida t ion  in  1 arm of o x -  
y g e n  at  1150~ is p r e s e n t e d  in Fig. 5. F i g u r e  5 shows  
tha t  the  cobal t  defici t  is a l inea r  f u n c t i o n  of the  n o r -  
ma l i z ed  r eac t i on  coord ina te .  

Growth of F e O  (Wfistite) on Iron 
E q u a t i o n  [11] has  been  ob ta ined  for  t he  g r o w t h  of 

ox ides  w h i c h  h a v e  sma l l  h o m o g e n e i t y  ranges ,  s ince it  
has  been  a s s u m e d  tha t  the  f lux of m e t a l  ions  is i n d e -  
p e n d e n t  of  the  r e a c t i o n  coord ina te .  This  is no t  t he  case 
fo r  wfist i te ,  s ince at  l l 00~  Fe0.950 is in e q u i l i b r i u m  
w i t h  i ron  w h i l e  Fe9.s70 is in e q u i l i b r i u m  w i t h  Fe304. 
The re fo re ,  the  f lux of  i ron  ions n e a r  t he  i ron /wf is t i~e  
i n t e r f a c e  can  be  g r e a t e r  t han  the  flux of i ron  ions  n e a r  
the  w i i s t i t e / g a s  i n t e r f a c e  by as m u c h  as 10%. F o r  
wfist i te ,  Eq.  [11] g ives  va lues  of X/XT w h i c h  a re  abou t  
10% too large.  The  e r r o r  in X/XT is l a rges t  (i.e., 10%) 
fo r  sma l l  v a l u e s  of X/XT and  dec reases  as X/XT i n -  
creases,  a p p r o a c h i n g  ze ro  as X/XT approaches  uni ty .  
Thus  e v e n  though  wi i s t i t e  exh ib i t s  a l a rge  h o m o g e n e -  
i ty  range ,  Eq.  [11] can  be  used  as a p p r o x i m a t i o n .  

Table I. Cobalt deficit, 5, in Co1-~0 for the oxide in equilibrium 
with oxygen at 1150~ 

6 Po= a o  

0,0046 4.7 • I 0  -z 3.7 • I 0  ~ 
0.0063 1.5 x i 0  -L 1.2 • I04 
0 . 0 0 8 6  5.1 • 10  ~1 4 .0  • 10 ~ 
0 . 0 1 0 5  1 :0  7 ;8  • : }0  4 

P e t t i t  (8) has  s tud ied  the  o x i d a t i o n  of i ron  in CO-  
CO2 m i x t u r e s  u n d e r  condi t ions  such tha t  wf is t i te  was  
the  only  s table  oxide.  Pa rabo l i c  r a t e  cons tants  for  the  
g r o w t h  of F e l - g O  on i ron  for  a t e m p e r a t u r e  of l l 0 0 ~  
a re  p r e s e n t e d  in Fig.  6 as a f u n c t i o n  of o x y g e n  ac t iv i ty  
in the  gas phase.  These  da ta  w e r e  used  w i t h  Eq. [11] 
to d e t e r m i n e  ao across  a l a y e r  of wfis t i te  f o r m e d  on 
i ron  by ox ida t ion  in a CO-CO2 m i x t u r e  w i t h  a CO2/CO 
ra t io  e q u a l  to 4 (see Fig. 7). The  da ta  p r e s e n t e d  in 
Fig.  6 w e r e  also used  w i t h  Eq.  [13] to d e t e r m i n e  D*Fe 
across  the  wfis t i te  l aye r ;  D*Fe was  found  to be 1 x 10 -7  
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Fig. 6. Parabolic rate constants for the growth of w~istite on 
iron as a function of oxygen activity in the gas phase. The range 
of oxygen activities covered correspond to C02 /C0  ratios from 
0.36 (i.e., iron-wlistite equilibrium) to 4 [Pettit (8)].  
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Fig. 7. Oxygen activity and the iron deficit across a layer of 
Fel-~O formed on iron by oxidation in a C0-C02 mixture with 
C02/C0  = 4. 
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cm2/sec for all values of X/XT, i.e., Fe0.9~O to Fe0.ssO. 
Levin  and Wagner  (9) have extrapola ted data ob- 
tained by Birchenal l  et al. (10) to 1100~ and found 
D*Fe to be 0.9 x 10 -7 and 2.2 x 10 -7 for wfistite of 
the composition Fe0.950 and Feo.91, respectively.  

Darken and Gurry  (11) have determined the iron 
deficit, 8, in wiisti te as a function of ao at l l00~ 
These results along with oxygen activities presented in 
Fig. 7 were  used to obtain 5 as a funct ion of the 
normalized react ion coordinate. As can be seen in Fig. 
7, 5 is a l inear funct ion of the normalized react ion 
coordinate. Engell  (12) used an electrochemical  
method to measure  5 across a FeO layer  formed on 
iron at 900~ and found that 5 was a l inear  funct ion 
of the reaction coordinate. 

G r o w t h  of MnO on Manganese  

Fueki  and Wagner  (13) have studied the oxidation 
of manganese  in CO-CO2 mixtures  over  the t empera -  
ture in terva l  800~176 The oxide layer  was found 
to be MnO, and marke r  exper iments  revea led  that  
manganese ions played the major  role of mater ia l  
t ransport  in manganese oxide. Parabolic  rate  constants 
for the growth  of MnO on manganese  are presented  in 
Fig. 8 for a tempera ture  of 1100~ The act ivi ty of 
oxygen and D*Mn across a layer of MnO formed on 
manganese by oxidation in a CO-CO2 mix ture  wi th  
C O g C O  = 100 (i.e., ao -= 10 TM) were  obtained f rom 
these data with the help of Eq. [11] and [13]. The 
results are  presented in Fig. 9. D*Mn was found to be 
a l inear function of the normalized react ion coordi- 
nate. 

Discussion of Results 

In developing the equations which were  used to 
obtain the preceding results, it was not necessary to 
make any assumptions wi th  regard to the dependence 
of D*M on ao. If the self-diffusion coefficient is as- 
sumed to be proport ional  to the concentrat ion of 
atomic defects which in turn is re la ted  to the act ivi ty  
of oxygen by (14) 

C O N C E N T R A T I O N S  A C R O S S  A N  O X I D E  L A Y E R  
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Fig. 8. Parabolic rate constants for the growth of MnO on man- 
ganese as a function of oxygen activity in the gas phase. The 
range of oxygen activities correspond to oxygen pressures from the 
Mn/MnO equilibrium to the oxygen pressure for a CO-CO2 mixture 
with COffCO = 100 [Fueki and Wagner (13)]. 
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Fig. 9. Oxygen activity and the self-diffuslon coefficient of man- 
ganese across a layer of MnO formed on manganese by oxidation 
in a CO-CO2 mixture with CO2/CO = 100. 

Cd = Cd (~ ao* [14] 

then the self-diffusion coefficient can be wr i t ten  as 

D*M = D*M (~ ao '~ [15] 

where  Cd is the concentrat ion of defects in the oxide 
(i.e., one type of defect mechanism is assumed to pre-  

dominate;  for the oxides under  considerat ion in this 
paper  cation vacancies and electron holes),  Cd (o) and 
D*M (o) are the defect  concentrat ion and self-diffu- 
sion coefficient in an oxide with  an oxygen act ivi ty  of 
unity and n is a parameter  which indicates the de-  
gree of association be tween  atomic and electronic 
defects. In the present  discussion n will  be assumed to 
be constant for a given temperature .  Subst i tut ion of 
Eq. [15] into Eq. [8], and integration,  yields 

ao n = 1 -b (a"o n -  1 ) x / x T  [16] 

If n is known, Eq. [16] may  be used to calculate ao 
as a function of the normalized react ion coordinate for 
a given a"o. The fol lowing values of n were  used to 
calculate ao, 1/2.55 for NiO (4), 1/2.5 for CoO (5), 
1/3 for FeO (15), and 1/3 for MnO (13). Calculated 
and exper imenta l  values of ao across oxide layers on 
nickel, cobalt, iron, and manganese are compared in 
Fig. 2, 4, 7, and 9, respect ively.  Calculated values of 
ao for MnO and FeO are sl ightly larger  than exper i -  
menta l  values. However ,  as ment ioned previously,  Eq. 
[11] is an approximat ion for oxides wi th  large homo-  
geneity ranges. 

Subst i tut ion of Eq. [16J into Eq. [14] and [15] gives 
the fol lowing expressions for the defect concentrat ion 
and for D*~z 

Cd = Cd (~ (1 ~- (a"o n -  1 ) x / x w )  [17] 

D*M • D*M (~ (1 d- (a"o n -  1) x / x T )  [18] 

In Eq. [17] and [18] Cd (~ D*~ r176 and a"o are con- 
stants and thus Ca and D*M should be l inear functions 
of X/XT. The defect concentrat ion across oxide layers 
on i ron and cobalt are in agreement  wi th  Eq. [17]. 
Fur thermore ,  the self-diffusion coefficients for metal  
ions across oxide layers on nickel, cobalt, and manga-  
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nese agree with Eq. [18]. The self-diffusion coefficient 
of i ron across a layer of wiistite on iron was found to 
be vi r tual ly  constant  in the present  study. These re-  
sults do not agree with Eq. [18] nor with the results 
obtained by extrapolat ing the data of Birchenall  et al. 
(9) to l l00~ although the value of D*Fe obtained in 
the present  studies was of the same order of magni-  
tude as the extrapolated values. These results are dif- 
ficult to explain since atomic disorder in wiistite is 
complicated (16, 17). 

The results obtained for nickel and cobalt show that  
Eq. [14] and [15] are valid for these systems, and 
therefore the disorder type in  NiO and CoO does not 
appear to change throughout  the oxygen activity range 
covered by  the available data. The results obtained for 
manganese  indicate that these equations are also valid 
for MnO; however MnO has been found to be an 
n - type  semioonductor at low oxygen activities (7). 
Even  then a metal  deficit may be present;  however it 
is also possible that  MnO coexisting with the metal  
contains an excess of the metal. Thus Eq. [14] and [15] 
cannot be used for MnO because at present  there is 
not sufficient exper imental  data to present  a rat ional  
t rea tment  of the oxidation process. Subst i tut ion of 
Eq. [15] into Eq. [12] and integrat ion yields the fol- 
lowing expression for the parabolic rate constants of 
nickel and cobalt 

kp = 2 (Mo/z~ V)2(D*M(o)/n) (a"%--  1) [19] 

If the oxidation rate is expressed in terms of the total 
oxide thickness (i.e., x2T= 2kt) ,  then Eq. [19] be- 
comes 

k = D*M (~ (a"no - l)/n [20] 

For oxygen pressures in the vicinity of Iatm, a"no > >  
i for p-type oxides and Eq. [20] can be written as 

k/D*M (a'~ ~ 1/n  [21] 

Equations [19], [20], and [21] are equivalent  to an 
equation introduced by Mott and Gurney  (18) under  
the assumption that  the defect gradient  across the 
oxide layer was linear. Carter and Richardson (14) 
have suggested that the Mott and Gurney  equation is 
not valid for the oxidation of cobalt because experi-  
menta l ly  determined k / D ' c o  ratios did not agree with 
the theoretical k /D ' co  ratio of 3 which they obtained 
from the Mott and Gurney  equation. Equat ion [21] 
shows that for k / D ' c o  = 3, n must  equal  1/3. A value 
of n equal to 1/3 corresponds to the following reaction 

Co + + -~ 1/2 02 = CoO + Vco -t- 2e [22] 

where Vco indicates a cobalt vacancy. In  other words, 
k / D ' c o  equals 3 only when there is no association of 
cobalt vacancies and electron holes. If some associa- 
tion occurs, n will be greater than 1/3. In  the pres-  
ent study at 1150~ a value of n : 1/2.5 for cobaltous 
oxide gave oxygen activities which were in  good 
agreement  with exper imental  values. For n = 1/2.5, 
Eq. [21] gives k / D ' c o =  2.5 which agrees with the 
exper imental  value of 2.59 determined by Carter and 
Richardson at 1148~ 
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ABSTRACT 

The rate  of growth and propert ies  of the first layer of compact -~-Nb205 to 
form are impor tant  for elucidation of the oxidation reaction for niobium. It  
was found possible to maintain  this oxide in contact with the metal  for suffi- 
cient t ime in the t empera tu re  range 720~176 to make  measurements  of its 
growth rate  at various oxygen pressures. This layer,  which accounts for the 
major  proport ion of the oxygen uptake during the t ime of its formation, was 
found to grow at a parabolic rate by a process in which the dominant  diffus- 
ing species is oxygen. The growth rate  of this oxide was highly sensit ive to 
the envi ronmenta l  pressure of oxygen; but it was not pervious to molecular  
oxygen. 

The oxidation of niobium has been studied by many 
workers  and the l i te ra ture  was r ev iewed  recent ly  by 
Seybolt  (1). This meta l  exhibits unusual  oxidation 
features for at each tempera ture  and pressure the ox-  
idation ra te  is found to follow a complex series of 
t ime laws. However ,  the react ion rate  becomes t ime 
independent  over  the t empera tu re  range 400~176 
at pressures not too far  r emoved  f rom atmospheric.  
Par t icular ly  at lower  tempera tures  the t ime independ-  
ent  reactiol~ is usual ly preceded by a short  period of 
approximate ly  parabolic oxidation behavior.  

The defect s t ructure  of ~,-Nb2Os, the modification 
that  forms on specimens oxidized below about 830~ 
(2, 3) is not well  known. However ,  there  is agreement  
on the basis of marke r  studies (4) that  the most 
mobile ionic species in this oxide is oxygen. Also, the 
suboxides, NbOx and NbO~, and lower oxides, NbO 
and NbO2, have  been observed at the me ta l /ox ide  in-  
terface during oxidation (2, 5-7). During oxidation 
oxygen dissolves in the meta l  core of specimens. On 
the basis of microhardness  measurements  Klopp et al. 
(6) have calculated the diffusion coefficient of oxygen 
in niobium. 

The parabolic oxidat ion stage before onset of l inear 
kinetics has been shown by Pawel  et al. (8) to involve 
the growth of a protect ive  layer  of "y-Nb205 which 
cracks at some crit ical  thickness. Kofstad and Kjol les-  
dal (9) fur ther  define the l inear  kinetics as repre -  
senting a r a t e -de te rmin ing  t ransport  of oxygen ions 
through an oxide barr ie r  next  to the meta l  having an 
approximate ly  constan~ thickness. This type of mech-  
anism for the t ransi t ion f rom parabolic to l inear  re-  
action kinetics has been given also in the description 
of the oxidat ion behavior  of tan ta lum (10). 

A most t ractable and impor tant  par t  of the oxida-  
tion mechanism appears to be the growth of the first 
7-Nb20~ layer.  This paper  describes an invest igat ion 
into the growth of this layer  where  exper imenta l  con- 
ditions have been selected in order that  format ion of 
this compact scale would account for over  95% of the 
total oxygen consumed by a specimen. 

Experimental Procedure 
Specimens were  cut in the form of squares approx-  

imate ly  1.2 cm 2 f rom sheets 1 mm thick produced by 
Fansteel.  The hardness of the niobium was V.P.N. 150 
(50g load) and the grain size approximate ly  25~ diam- 
eter. Oxidat ion runs were  per formed in a convent ional  
all-glass vacuum system with  a silica react ion tube 
using commercia l  oxygen dried over  phosphorous 
pentoxide.  

Exper imenta t ion  showed that  surface prepara t ion  
of the meta l  was important .  The prepara t ion that  was 

1 P r e s e n t  add re s s :  F a c u l t y  of E n g i n e e r i n g  Science,  U n i v e r s i t y  of 
W e s t e r n  Ontar io ,  L ondon ,  Onta r io ,  Canada ,  

least prone to bl istering and hence fai lure of the oxide 
formed was abrasion up to 600 grade silicon carbide 
paper. Above 830~ the ~,-aNb205 transi t ion appeared 
to disrupt the oxide layer  at an early stage of the re -  
action. 

Niobium oxidizes more heavi ly  on the edges of 
specimens than on the main faces. Hence, except  for 
short  oxidation t imes at low oxygen pressures kinetic 
data for a specimen as a whole is not meaningful .  The 
technique used was to oxidize specimens for varying 
periods of t ime under  different conditions. The rate  
constants of oxidation were  then est imated f rom scale 
thickness measurements  taken by microscopic exam-  
ination of polished cross-sections of specimens. 

Estimates of specimen self heat ing upon react ion 
were  made by suspending specimens on 5 mil  P t / P t -  
Rh thermocouple  wires wi th  the thermocouple  bead 
embedded in the specimen suspension hole. Typically,  
on lowering a specimen into the hot zone of a furnace 
at 788~ at an oxygen pressure of 40 Torr  the speci- 
men tempera ture  rose 50~ above the furnace t em-  
perature.  The specimen then cooled to a steady value 
in about 6 rain. To minimize such non- iso thermal  con- 
ditions specimens were  oxidized at tached to a ther -  
mocouple connected to a high-speed recorder.  By ad- 
just ing the specimen position in the furnace hot zone 
tempera ture  control wi th in  _ 5~ was at tained on 
ent ry  and _ I~ throughout  the reaction. 

Results 
A series of specimens was oxidized for increasing 

periods of t ime at 788~ and 750 Torr  oxygen to 
demonstrate  that  the first layer  of oxide to form on 
a niobium specimen was protective. Scale thickness 
measurements  are presented in Table I. The evalua-  
tions of the parabolic oxidation ra te  constants for 
growth of the compact scale f rom results  for these ex-  
posures were  reproducible  wi th in  10%. The rate  of 
7-Nb205 scale format ion was equivalent  to 8.4 x 10 -6 
(gO)2 cm-4  min  -1 which may  be compared to the 
measured  ra te  of oxygen solution into the meta l  of 

Table I. Thickness of oxide formed on niobium after 
reaction at 788~ 750 Torr oxygen 

P a r a b o l i c  P a r a b o l i c  
Oxide  r a t e  Ox ide  ra te  

T ime ,  t h i c k -  cons tan t ,  T ime ,  t h i c k -  cons tan t ,  
m i ~  ness,  ~ ~ / m i n  m i n  ness,  ~ ~a /min  

5 40.8 334 45 136 402 
60 152 384 

20 87.6 383 60 158 365 
25 94 354 120 220 403 
40 120 360 120 208 361 
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Table II. Parabolic rate constants of Nb205 scale formation 

O x i d e  P a r a b o l i c  
T e m p e r -  P r e s s u r e ,  T i m e ,  t h i c k -  r a t e  c o n s t a n t ,  
a t u r e ,  ~ T o r r  m i n  ness ,  ~ ~ / m i n  

825 750 45 162 583 
825 750 45 162.8 585 
825 100 60 148 865 
825 100 60 168 470  
825 1O 120 140 163 
825 IO 30 67.6 162 
825 1 120 24 4.8 
825 1 30 8.3 2.3 

788 750 60 149 370 
788 lOO 120 188 294 
788 1O 200 168 141 
788 4 60 66.0 72.6 
788 2 120 74.3 46.1 
788 1 180 61.8 21.8  

768 750 60 114.4 218 
768 iOO 60 98.5 161.6 
768 10 120 105.1 92.0 
768 1 180 53.8 16.1 

720 200 2 13.9 96 
720 lOO 26 37.8 55 
720 IO 45 35.5 28 
720 1 90 36.7 15 

Fig. 2. Cross section of a specimen oxidized for 45 min at 800~ 
oxygen pressure 750 Torr. Magnification 75X. 

1.4 x 10 -9 (90)  2 c m - 4  min-1 .  Oxidat ion of the meta l  
was therefore  associated predominant ly  wi th  fo rma-  
tion of the oxide scale. As one is restr ic ted to the 
study of the rate  of format ion of the first layer  of 
scale, the scale measurement  technique is not prac-  
tical under  all oxidat ion conditions. However ,  a rea-  
sonable range  was covered and the values obtained 
for tempera tures  in the range 720~176 are given 
in Table II and plotted in Fig. 1. 

Oxidized specimens exhibi ted compact oxide on the 
main  faces surrounded by a f rame of cracked oxide. 
The amount  of this edge oxide increased with increas-  
ing temperature .  In cross-section the black oxide is 
an almost featureless compact layer, Fig. 2, though at 
low pressures the ox ide /me ta l  in ter face  tended to be 
i r regular  and at high tempera tures  a line of porosity 
formed beneath  the oxide/gas  interface, Fig. 3. In po- 
larized l ight the 7-Nb205 layer  appeared to be com- 
posed of columnar  grains wi th  the major  axis normal  
to the meta l  surface, Fig. 4. Scales formed at 760 Torr  
showed a gradat ion of color f rom black at the m e t a l /  
oxide interface to whi te  at the oxide /gas  interface. 
Scales formed at lower pressures exhibi ted a greater  
proport ion of dark oxide unt i l  at  1 Torr  oxygen the 
scale was completely  black. Color gradients evident  
in polarized l ight suggested a s toichiometry gradient  
but  this aspect was not pursued when  it was found 
that the ratio of black to white  oxide depended on 
the rate  at which a specimen was quenched to room 
temperature .  Af te r  etching (11), layers of NbO and 
1~bO2 could be seen at the meta l  interface of all the 
oxidized specimens. These oxides are shown in the 
taper  section of Fig. 5 and their  identification was 
confirmed by x - r ay  diffraction. 

Fig. 3. Cross section of a specimen oxidized for 120 min at 
825~ oxygen pressure 10 Torr. Magnification IOOX. 

Fig. 4. Cross section in polarized light of a specimen oxidized 
for 105 min at 800~ oxygen pressure 10 Torr. Magnification 
100X. 
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~ 4 0 0  - ~ "/'88 ~ 

0.1 1.0 I0 I00 I000 

OXYGEN PRESSURE TORR 
Fig. 1. Parabolic growth constants of Nb205 as a function of 

oxygen pressure. 

Fig. 5. Taper section of a specimen oxidized for 240 min at 
720~ oxygen pressure 10 Torr. Taper 10:1; etch Ence and Mar- 
golin (11) "H' ,  showing "y-Nb2Os, NbO2, NbO, and Nb metal. 
Magnification 500X. 

In so far  as could be ascertained by l ight  micros-  
copy, the adherent  scales were  essentially compact. 
The mechanism of their  growth appeared to be con- 
sistent wi th  previous findings for predominant  dif-  
fusion of oxygen. This was evidenced by the sustained 
appearance of polishing defects f rom the init ial  speci- 
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Fig. 6. Cross section of a specimen oxidized for 5 min at 719~ 
oxygen pressure 750 Torr. Magnification 100X. 
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Fig. 7. Oxidation of niobium at 777~ 200 Torr oxygen. Effect 
of 560 Torr argon. 

men preparat ion on the free oxide surface of speci- 
mens oxidized below 800~ However, a l ine of pores 
was observed in  the oxide just  beneath the oxide/gas 
interface, Fig. 3, for specimens oxidized above 800~ 

The scales appeared to be impervious to molecular 
oxygen. As i l lustrated in Fig. 6, voids were occasionally 
seen in an otherwise compact scale. Since the metal  in-  
terface has not  receded as far under  the void as else- 
where, the void was acting as a barr ier  to oxygen 
t ransport  and not as a short circuit for molecular  ox- 
ygen. To obtain confirmatory evidence, specimens 
were oxidized in oxygen atmospheres containing an 
argon mole fraction of 0.74. If molecular  oxygen 
t ranspor t  through pores in a scale was p laying  an 
effective role in  the reaction mechanism, the presence 
of argon would be expected to markedly  reduce the 
magni tude  of the reaction kinetics (10). The plots of 
the results for this exper iment  shown in Fig. 7 i l lus- 
trate, however ,  that  argon had little effect on the 
magni tude  of the parabolic reaction rate. 

Discussion 
Although the oxidation behavior of n iobium under  

all possible conditions of temperature,  oxygen pres- 
sure, and specimen geometry is most complex, the 
format ion of a compact 7-Nb205 scale under  wel l -de-  
fined conditions at relat ively high temperatures  may 
be represented by a parabolic equation. Relat ively 
minor  amounts  of oxygen were associated with forma-  
tion of thin layers of NbO and NbO2 adjacent  to the 
me t a l  surface and oxygen solution in the metal. Since 
oxygen solution in the metal  core obeyed parabolic 
kinetics, the occurrence of parabolic 7-Nb205 scale 
growth demonstrated that  one stage of the oxidation 
reaction before onset of l inear  kinetics is an example 
of a mult iphase diffusion process. 

The evidence from this investigation, with excep- 
tion of porosity observed in  the scales formed at terd- 
peratures above 800~ suggested that oxygen was 
the migra t ing species in  the scales. The line of poros- 
ity in  scales near  the oxide/gas interface (Fig. 3) 
perhaps could be in terpre ted as showing a minor  
amount  of metal  migration.  This evidence, never the-  

less, is ambiguous for the pores encased in the scale 
could be caused by formation of voids at the meta l /  
oxide interface dur ing the early stages of the reaction 
by condensation of vacancies and/or  local separation 
of the scale from the metal  by plastic deformation. 
Accordingly, the present  findings substantiate  pre-  
vious marker  measurements  (4) to the effect that ox- 
ygen is the major  diffusion species. 

Since the parabolic ra te  constants were unusual ly  
sensitive for an ionic t ransport  process to the envi ron-  
menta l  oxygen pressure (Fig. 1), it was necessary to 
demonstrate  that  the apparent ly  compact scale was 
impervious to molecular oxygen. The evidence against 
such a possibility was twofold. First, voids in an 
otherwise compact layer  (Fig. 6) acted as a barr ier  
to oxygen transport,  and not as a short circuit as it 
would be if the compact scale were porous to molecu- 
lar oxygen. Second, the presence of an iner t  gas in 
the oxidizing atmosphere had little effect on the para-  
bolic rate of scale formation (Fig. 7). Str inger  (10) 
has shown recent ly that when there is a possibility of 
molecular  oxygen t ransport  through pores greatly re-  
duced oxidation rates can be obtained in  such reaction 
conditions. 

Insufficient data are available to a t tempt  an analysis 
of the parabolic kinetics or the sensit ivi ty of these 
kinetics to oxygen pressure. If 7-Nb2Os exhibits the 
same lattice defect s t ructure as ~-Nb205, concentra-  
tions of two types of oxygen vacancies in an oxide 
scale v~ould depend on the levels of oxygen activity. 
Singly and doubly ionized oxygen vacancies have been 
shown to predominate  in  --Nb2Os, at high and low 
oxygen pressures (12), respectively, but  informat ion 
is not available on their mobilities. The parabolic rate 
constants at pressures less than 1 Torr oxygen follow 
a different pressure dependency (Fig. 1). It is feasible 
accordingly that the complex pressure dependency of 
the parabolic kinetics is associated with the concen- 
trations and mobil i ty properties of two types of oxy- 
gen vacancies in the oxide scale at different oxygen 
pressures. Exper imental  work is being carried out in 
an at tempt to elucidate these features. 
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ABSTRACT 

Optical measurements  of surface layers on passive iron electrodes are com- 
pared with  electr ical  measurements  of capacitance and other overpotent ia l  
parameters .  Results of these studies show that  the surface layer  on the elec- 
trode may be regarded  as consisting of more than one part. Specifically, 
in neutra l  e lectrolyte  there  is a thin conducting layer  of constant thickness 
present on the surface in addition to an electr ical ly l imit ing layer  of var iable  
thickness, while  in acid electrolyte  there is a layer located outside the elec- 
t r ical ly l imit ing layer  which grows at a constant rate  to large thickness. This 
thick layer can be removed  by holding the electrode at a potential  sl ightly 
below the passive region. Changes in thickness of the electr ical ly l imit ing 
layer,  de termined optically, are consistent wi th  a field dependent  conduction 
mechanism. 

Many exper imenta l  investigations of passivity have 
employed electr ical  and electrochemical  methods to 
determine  the state of a passive electrode. The prop-  
erties of the passive electrode, such as layer  thickness, 
are then deduced from these measurements  (1). These 
indirect  determinat ions  inevi tably  depend on a num-  
ber of assumptions concerning the state of the elec-  
trode, such as the roughness of the surface, the po ten-  
tial profile be tween  the electrode and the electrolyte,  
the position of the current  l imit ing barrier ,  etc. Also, 
only the simplest  measurements  can be performed 
without  disturbing the system in some manner.  

Optical measurements  (2, 3) avoid most of these 
difficulties, since one can use an el l ipsometer  to meas-  
ure  the thickness of a film wi thout  a l ter ing the system 
being studied. Even  though the in terpre ta t ion of op- 
tical measurements  may  involve certain assumptions 
about the system, these assumptions will  be inde-  
pendent  of those made for the electr ical  measurements .  
If  both methods yield results which agree, this lends 
credence to the assumptions. 

Exper imenta l  studies of passive iron electrodes (4-7) 
indicate that  the thickness of the passive layer,  ob- 
tained from the in terpre ta t ion of e lectrochemical  
measurements ,  increases l inear ly  wi th  the passivat ing 
potential  when  the current  density is held constant. 
The present  work  has been under taken  in order  to 
de termine  whether  this relat ionship could be verified 
by ell ipsometric measurements .  This work  was fur -  
ther  mot iva ted  by the observation that  a passive i ron 
electrode held at constant potential  in acid electrolyte  
slowly changes its capacitance with time, al though 
the current  density remains constant. 

Experimental 
Electrodes were  prepared  f rom single crystals of 

iron obtained f rom Research Crystals Inc. of Rich-  
mond, Virginia. The crystal  was first turned to a d iam-  
eter  of 0.2 in. and cut to a length of 0.3 in., and then 
a small hole was dri l led along the axis for the moun t -  
ing assembly. The surface on which the optical meas-  
urements  were  made was prepared  by grinding a flat 
surface of about 0.08 x 0.3 in. on the side of the cyl-  
inder, fol lowed by hand lapping of this surface on a 
tungsten carbide plate. The electrode was then 
clamped be tween  Teflon washers  in the electrode as- 
sembly (8), given a br ief  chemical  polish, x - r ayed  

1 Presen t  address :  D e p a r t m e n t  of Physics ,  Un ive r s i t y  of Alabama,  
Univers i ty ,  Alabama.  

to check the orientation, and finally reduced in neutra l  
e lectrolyte  to remove  any film left  by the chemical  
polish. The orientat ion of the surface on which the 
data presented in this work  were  obtained was 8 ~ 
off a (110) plane. 

The cell in which the exper iments  were  per formed 
consists of an equi la tera l  hollow prism. A pla t inum 
cathode is mounted  permanent ly  in the ceil, and 
standard taper  joints are used to mount  the electrode 
assembly, the reference  electrode, and a gas dispersion 
tube. The surface of the sample under  s tudy was 
mounted ver t ical ly  in this cell. 

The electrical  equ ipment  and circui try are similar 
to those used in an ear l ier  work  (7). A mercurous  
sulphate electrode wi th  a 0.1N K~SO4 salt br idge is 
used as a reference electrode, and all potentials are 
g iven with respect  to this reference.  The two electro-  
lytes used in this work  were  (i) an equivolume mix -  
ture of 0.15N sodium borate  and 0.15N boric acid, of 
pH 8.4 and (ii) 1.0N sulphuric acid. These electro-  
lytes have been used in several  studies of the passivity 
of iron (5, 7, 10). Electrolytes were  bubbled wi th  ar-  
gon for at least 12 hr  prior  to the beginning of an 
exper iment  in order to free the system of dissolved 
gases. This bubbling was continued throughout  the 
course of an experiment .  

The el l ipsometer  used was a Gaer tner  Model Ll19, 
in which light passes through the compensator  before 
reflection. Monochromatic  l ight of wave leng th  5461A 
was used throughout  the experiments .  Al l  measure -  
ments  were  made by holding the compensator  fixed at 
an angle of 45 ~ wi th  respect  to the plane of incidence 
and vary ing  the polar izer  add analyzer  orientat ions 
a l ternate ly  unti l  a null  was found. Iris diaphrams of 
about 1 mm in diameter  were  placed adjacent  to the 
cell immedia te ly  before and af ter  reflection, so that  
the optical measurements  were  made on a por t ion of 
the surface of about  1 mm in diameter .  The angle of 
incidence for all results contained here in  was 60 ~ . 
A computer  program wr i t t en  by McCrackin and Col- 
son (9) was used in the calculations of the theoret ical  
curves needed in order  to est imate the thickness and 
ref rac t ive  index of the thin films f rom the polarizer  
and analyzer  readings. 

Results 
The first measurements  were  pe r fo rmed  on an iron 

electrode in the neut ra l  borate  buffer electrolyte.  The 
electrode w a s - f i r s t  reduced cathodically and then 
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Fig. 1. A vs. P for galvanostatic oxidation of iron nt $ /~a/cm 2 
in borate buffer. The curve is a theoretical curve for a layer of 
index 2.6-0.41 on a substrate of index 3.50-3.66i. Points on the 
curve corresponding to thicknesses of 20 and 40~ are indicated. 
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Fig. 2. Vo, 1/C, and --AP as a function of passivating potential 
for galvanostatic oxidation of iron at 5 ~a/cm 2 in borate buffer. 

t ransferred to the optical cell. The init ial  optical 
measurement  on the surface agreed closely wi th  the 
measurement  made when  the electrode was reduced 
cathodically in the optical cell at the end of the ex-  
periment.  This optical measurement  is assumed to be 
characterist ic of a ~oare i ron surface. A constant oxida-  
tion current  was then applied to the system and was 
in te r rupted  at regular  intervals  for short periods of 
t ime (60-80 sec), during which the null  sett ings of 
the polarizer  and analyzer  were  determined.  2 The open 
circuit  transients were  recorded and analyzed to de- 
termine the values of the parameters  Vo and io ap- 
pear ing in the expression relat ing the current  density, 
i, to the overpotential ,  V 

i ---- io e~p (V/Vo) [1] 

The analysis of the t ransient  also yields a value  for 
the capacitance of the electrode. 

The results of this exper iment  for an oxidation cur-  
rent  density of 5 ~a/cm 2 are plot ted in Fig. 1 and 
2. F igure  1 shows the analyzer  sett ing at null, A, and 
the corresponding polarizer setting, P, for each open 
circuit  transient. These parameters  are chosen to 
represent  the optical data since they are the numbers  
read direct ly f rom the ins t rument  for the zone used 
for most measurements  (11). A theoret ical  curve  for 

2 S u b s e q u e n t  m e a s u r e m e n t s  w i t h  a f o l l o w i n g  e l l i p s o m e t e r  s h o w  
t h a t  t h e  n u l l  s e t t i n g s  do no t  c h a n g e  a p p r e c i a b l y  o v e r  a b r i e f  o p e n  
c i r c u i t  t r a n s i e n t .  

a layer  of index 2.6-0.4i on a substrate of index 3.50- 
3.66i, which fits the exper imenta l  points well,  is shown 
in the figure. (Points on the curve corresponding to 
20 and 40A are marked.)  Other curves corresponding 
to slightly different  values of the layer  index can be 
found which fit the exper imenta l  data almost as well, 
and this introduces an uncer ta in ty  of about 20% in 
the determinat ion of the absolute thickness of the 
layer. The re la t ive  layer thickness, however ,  varies 
almost l inearly wi th  the polar izer  setting for all such 
curves, thus AP is a good measure  of re la t ive  thick-  
ness. 

In Fig. 2, AP, Vo, and 1/C are shown as functions of 
the passivating potent ial  ( the potent ial  on the oxida- 
tion t ransient  at which the circuit  is opened) .  One 
can see by examining  this figure that  Vo and 1/C, 
which are presumed direct ly  propor t ional  to the 
thickn.ess of the electr ical ly l imit ing layer,  and AP, 
the change in the polarizer  setting f rom that  of a 
f i lm-free electrode, all vary  l inearly wi th  passivating 
potential.  However  if these parameters  are ext rapo-  
lated to their  respect ive zeros, Vo and 1/C are found 
to intersect  the potential  axis at the same point whi le  
AP still indicates the presence of a layer. Thus the 
electr ical ly l imit ing layer  is not the only layer  pres-  
ent on the surface. 

A similar exper iment  in acid electrolyte  is com- 
plicated by the dissolution of the layer into the elec- 
t ro lyte  and by the high current  density requi red  to 
passivate the electrode. The electrode geometry  in the 
aptical cell is not suitable for passivation at  high cur-  
rent  density, hence the electrode is passivated in an- 
other cell and t ransferred to the optical cell  while  
passive. This technique is also used wi th  neutra l  elec- 
t rolyte when  active state react ion products are to be 
excluded f rom the cell, as it is not convenient  to 
exchange the electrolyte  in the optical cell during an 
experiment .  

The simplest optical measurements  which can be 
per formed in acid electrolyte  are those made on an 
electrode in the so-called "steady state." To reach this 
state the potent ial  is held constant unti l  the current  
shows no fur ther  t ime dependence. Usual ly  an hour 
is sufficient to reach this state after  the potent ia l  has 
been raised by a 0.1v increment,  and a somewhat  
longer t ime is requi red  when  the potent ial  is lowered 
by the same amount. 

In the first exper iment  a t tempted  in acid electrolyte,  
the electrode was passivated and al lowed to reach a 
steady state at a low potential  in the passive region. 
The P and A values were  then determined,  and a 20- 
sec open circuit  t ransient  was  recorded r de termine  
the values of the electr ical  parameters .  The potential  
was then raised by 0.1v increments  and the measure-  
merits were  repeated af ter  the electrode reached a 
steady state. The values for the electr ical  parameters  
obtained f rom this exper iment  differ l i t t le f rom those 
reported in an earl ier  work  (7), but  the optical r e -  
sults show litt le regular i ty  and are not reproducible,  
i.e., the P and A values at null  do not re turn  to their  
init ial  values when the electrode is r e tu rned  to a 
s teady state at the init ial  potential.  

A very  simple exper iment  shows the reason for this 
behavior.  If  the electrode is held in a steady state at 
a fixed potential,  and both optical measurements  and 
open circuit  transients are repeated at regular  in ter -  
vals for several  days, then results such as those shown 
in Fig. 3 and 4 are obtained. Figure  3 shows the op- 
tical data alone. The curve in Fig. 3 is a theoret ical  
curve  for a layer  of index 1.65-0.4i on a substrate of 
index 3.50-3.66i. (Actual ly  a layer  of thickness 35A 
and index 2.6-0.4i, the passive layer found in neutra l  
electrolyte,  is assumed to lie be tween the 1.65-0.4i in-  
dex layer  and the substrate, but  this assumption shifts 
the curve only slightly.) This value of index is chosen 
since it gives a theoret ical  curve which fits the exper i -  
menta l  data well, except  at high thickness, and it is 
needed in order  to est imate the magni tude  of the thick- 
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Fig. 3. A vs. P for an iron electrode in a "steady state" at 
0.7v in 1N H2SO4. The curve is a theoretical curve for a layer 
of index 1.65-0.4i with the 200 and 400~ points indicated. 
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Fig. 4. Vo, 1/C, and P as a function of time for an iron electrode 
in a "steady state" at 0.7v in ] N  H2SO4. 

ness involved. The correlat ion be tween the thickness of 
the film and the electr ical  parameters  of the system is 
shown in Fig. 4, in which P, Vo, and 1/C are plotted 
as functions of t ime (again P is chosen to represent  
thickness).  This figure shows that Vo has no appre-  
ciable t ime dependence, but  1/C has a t ime depend-  
ence similar to that  of P. 

These figures show that  a re la t ive ly  thick film builds 
up on the electrode wi th  time. The buildup of this 
film has l i t t le or no effect on the steady state current  
density and Vo, al though it does affect 1/C. This effect 
on capacitance is not  caused by the concentra t ion of 
react ion products in the electrolyte,  since a complete  
change of electrolyte  has no effect on the dependence 
of capacitance on time. 

This thick layer  can be removed  f rom the electrode 
in a few hours by lowering the potent ial  to a point 
at  which the current  densi ty in the steady state is an 
order  of magni tude higher  than it is in the passive re -  
gior~. The results obtained by doing this are shown 
in Fig. 5. Note that  the optical changes lag behind the 
change in current  density, and that  several  hours are 
requi red  af ter  the current  becomes constant before 
the layer is completely removed.  Dur ing the layer  
removal ,  the P and A values do not re t race  the locus 
shown in Fig. 3. Hence the layer remova l  process does 
not proceed by uniform thinning. Figure  6 shows the 
effect on 1/C of a number  of cycles of buildup and 
removal  of the layer.  

Since the layer  which builds up approximate ly  
l inear ly  wi th  t ime does not  affect the current  den-  
sity or Vo, it is not the electr ical ly l imit ing layer. In 
order  to detect the electr ical ly l imit ing layer  optical ly 
the potential  is switched back and forth be tween  0.2 
and 0.Tv at regular  t ime intervals.  The results of this 
exper iment  are plotted in Fig. 7 and 8. (Note that  the 
scales used for P and A are great ly  expanded over  the 
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Fig. 7. A vs. P for an iron electrode in 1N H2S04 cycled between 
0.2 and 0.7v at the times indicated in Fig. 8. 

scales used in Fig. 3. The exper imenta l  accuracy re -  
quired to detect changes in the thickness of the elec- 
tr ically l imit ing layer  and the extent  of scatter  in the 
results  both show up clear ly  in this figure.) 

F igure  7 shows the optical data alone. A P-A locus 
is obtained whose s t ructure  cannot be produced by 
changes in thickness of a single layer  wi th  a constant 
ref rac t ive  index. F igure  8 gives the times and poten-  
tials at which measurements  were  made. Reference  
to Fig. 3 gives the amount  that  the outer  layer  was 
al lowed to grow before the switching was started. 

Discussion 
The optical results in neut ra l  e lectrolyte  show that  

a dielectric layer  wi th  thickness up to 40~k is present  
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Fig. 8. P vs. time for an iron electrode in 1N H2SO4 cycled 
between the potentials shown in the figure. 

on the surface of the electrode. Nagayama and Cohen 
(10) deduced this result  earlier using cathodic reduc-  
tion measurements .  Recently Kruger  and Calvert  (12) 
obtained similar optical results in this system. The 
electrical measurements  in  neut ra l  electrolyte are in 
agreement  with those presented in an earlier paper 
(7) in which it is concluded that  Yo is proport ional  to 
the thickness of the electrically l imit ing layer, and 
the reciprocal capacitance is a l inear  funct ion of layer 
thickness, provided a paral lel  plate model is valid and 
the roughness factor remains  constant. 

The Vo and 1/C data plotted in  Fig. 2 show that the 
electrically l imit ing layer changes in thickness by a 
factor of five across the passive region. The optical 
data show that over this region the total thickness of 
the dielectric layer on the surface changes by a fac- 
tor of slightly more than two. Therefore the elec- 
tr ically l imit ing layer does not  make up the total 
thickness of the dielectric layer. If the change in thick- 
ness of the dielectric layer in the passive region is at- 
t r ibuted  to a change in the thickness of the electrically 
l imit ing layer only, a two-layer  model results with a 
15A conducting layer  in series with an electrically 
l imit ing layer of variable  thickness up to about 25A. 
Two-layer  models have been proposed by other work-  
ers (10) for this system. Extremely accurate measure-  
ments  would be required to determine whether  the 
two layers have different indices of refraction. 

The results in  acid electrolyte show that  the steady 
state is not t ru ly  steady, although Vo and the current  
density are independent  of time. A layer  builds up 
on the surface at an approximately constant  rate for 
several  days. The only electrical parameter  which 
changes as this layer builds is the capacitance. To in-  
terpret  this behavior  we choose a model in which the 
electrode surface is covered by a thin electrically l im-  
i t ing layer which is in  t u rn  covered by a layer which 
builds up with time to a considerable thickness. 

The effect of several cycles of bui ldup and removal  
of the outer layer on capacitance is shown in Fig. 6. 
The fact that the capacitance values follow this cycl- 
ing shows that the changes in  the capacitance are not 
due to changes in the roughness factor. This conclu- 
s ion is also supported by the fact that  the current  
(which is also area dependent)  does not  follow the 
capacitance variations. The cycling exper iment  also 
changes the thickness of the electrically l imit ing layer, 
hence it  is not possible to conclude whether  the 
changes in the capacitance of the passive layer are due 
to the bui ldup of the outer  layer, or to some change 
in  the s tructure of the electrically l imit ing layer with 
time. 

The optical detection of changes in the thickness of 
the electrically l imit ing layer is complicated by the 
continuous bui ldup of the thick outer layer. Direct 
analysis of the optical data for thickness and refrac- 
t ive index is difficult. We will  a t tempt to show only 
that the optical data are consistent with the electro- 

chemical mechanism proposed for thickness changes of 
the passive layer  (4, 6). 

It  is usual]y assumed that  the steady-state current  
density gives a measure of the oxidation current  re-  
quired to balance the dissolution of the passive layer. 
It  is assumed further,  but  not without  reservat ion 
(13), that the dissolution rate is the same when the 
thickness of the layer is vary ing  as it is when  the 
thickness is held constant in  the steady state. The 
current  density through the layer depends exponen-  
t ial ly on the field wi th in  the layer. The rate of change 
of thickness of the layer  is proport ional  to the differ- 
ence between the instantaneous field-limited current  
density and the steady-state current  density. The 
thickness changes which result  when the potential  is 
switched back and forth between 0.2 and 0.7v at in-  
tervals of a few hours can be predicted from this 
mechanism. When the potential  is raised, the exponen-  
tial field dependence causes the current  density to in-  
crease greatly, and produces a relat ively rapid bui ldup 
of the layer unt i l  the field falls to a value at which 
the oxidat ion current  balances the layer dissolution. 
When the potential  is lowered, the exponential  field 
dependence lowers the current  density by a smaller 
amount,  hence the layer thickness decreases relat ively 
slowly. 

The data presented in Fig. 7 and 8 are consistent 
with all of these predictions. Changes in  the thickness 
of a layer  of constant refractive index would generate 
a smooth P-A locus. The expanded scale used in Fig. 
7 shows the P-A locus to have a structure which is 
shown in Fig. 8 to correlate with the potent ia l  switch- 
ing. Hence layers of differing refractive indices must  
be present  on the surface and undergo simultaneous 
changes in thickness after the potential  is switched. 
In  the proposed model the passive layer  has an in-  
dex of 2.6-0.4i whereas the outer layer has an index 
of 1.65-0.4i, and the thickness of both layers will  be 
changing after a switch in the potential. 

The var iat ion of P with time dur ing growth of the 
outer layer at fixed potential  is shown in Fig. 4 (P 
decreases as the thickness increases).  Figure 8 shows 
what  happens to a segment of Fig. 4 when  the poten- 
tial is switched back and forth. When the potential  is 
switched down, P first increases, then begins to de- 
crease. (If the lower potential  is main ta ined  long 
enough P will eventual ly  decrease at the rate shown 
in  Fig. 4.) This result  is consistent with a decrease in  
the thickness of the passive layer (at a t ime-dependent  
rate) opposing the steady increase in the thickness of 
the outer layer. When the potential  is switched up, 
P decreases very rapidly at first, but  eventual ly  de- 
creases at the rate shown in Fig. 4. This result  is con- 
sistent with an increase in the thickness of both the 
passive layer  (at a t ime-vary ing  rate) and the outer 
layer. The magni tude  of the change in P at t r ibuted to 
the change in  thickness of the passive layer is similar 
to that  measured in neut ra l  electrolyte for the same 
change in potential. 
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Environmental Factors Affecting the 
Critical Potential for Pitting in 18-8 Stainless Steel 

H. P. Leckie and H. H. Uhlig 
Depar tment  of  Metal lurgy,  Massachusetts  Inst i tute  of Technology,  CaMbridge, Massachusetts 

A B S T R A C T  

The concept of a critical potential  below which pitt ing of 18-8 and other 
passive alloys does not occur in aqueous C1- media is affirmed. Increasing 
C1- concentrat ion shifts the critical potential  to more active values. The po- 
tent ial  is shifted to more noble values by presence of other anions, e.g., 
C104-, S O 4 - - ,  NO3-, OH- ,  sufficient concentrations of which act as pi t t ing 
inhibitors. Lowering of temperature  similarly enobles the critical potential. 
The shift at O~ exceeds the oxidat ion-reduct ion potential  for Fe + + --> Fe + + + 
-b e accounting for resistance of 18-8 to pit t ing in  FeC13 solutions at ice tem- 
perature  but  not at room temperature.  The critical potential  is not affected 
appreciably in the acid pH range; it moves markedly  in  the noble direction in 
the alkal ine range corresponding to observed resistance to pit t ing in alkaline 
C1- media. These results are interpreted in terms of competitive adsorption of 
C1- and other anions for sites on the alloy surface. Only at a sufficiently high 
surface concentrat ion of C1- is oxygen, making up the passive film, displaced 
locally, and passivity thereby destroyed resul t ing in a pit. The special be-  
havior of NO3- inhibi t ion and factors affecting reproducibil i ty of measure-  
ments  are discussed. 

The tendency for 18-8 and other stainless steels to 
corrode locally by pi t t ing when  immersed in chloride 
solutions including sea water was recognized soon after 
stainless steels became available. Early investigations 
showed that pi t t ing corrosion is an electrochemical 
process in  which the pit acts as a fixed anode and the 
remainder  of the passive surface is cathode (1). Early 
measurements  also showed a so-called "break through" 
or "critical" potential  at which pit t ing initiates. Recent 
measurements  of such critical potentials for stainless 
steels are reported by Rosenfeld and Maximtschuk (2), 
Rocha (3), Brauns and Schwenk (4), Defranoux (5), 
Pourbaix  et al. (6), Herbsleb (7), Tomashov et al. (8).  
and by Fokin et al. (9). An excellent review of the 
subject has been published by Kolotyrkin  (10). 

It  was not clear, however, from early short- t ime 
laboratory investigations whether  pi t t ing in any  degree 
would occur below the so-called critical potential, or 
whether  pi t t ing was only delayed in time. Discussions 
on this mat ter  continue to the present  day. Perhaps the 
first satisfactory demonstrat ion that pit t ing can be 
permanent ly  suppressed came from an exper iment  in 
which 18-8 stainless steel was immersed at room tem- 
perature in 10% FeCla inhibi ted with 3% NaNO3. No 
pit t ing or appreciable weight loss of duplicate speci- 
mens occurred over a period of 25 years (1, 11). A 
similar specimen immersed in 10% FeCla without 
NOn- addit ion was riddled with pits wi th in  a few 
hours. Uhlig and Gi lman (11) explained the observed 
inhibi t ion in  terms of a supposed shift of the critical 
potential  for pitting, brought  about by ni t ra te  addition, 
to a value more noble than the oxidat ion-reduct ion 
potential  of ferric chloride. This explanat ion is con- 
firmed by results reported in this paper. 

Actually, the satisfactory inhibi t ion of pi t t ing by 
polarizing a passive metal  to a potential  below (more 
active than)  its critical value has been practiced for 
m a n y  years, even though the corresponding explana-  
tion was not understood. For example, cathodic pro-  
tection of stainless steels against  pi t t t ing in sea water  

by attaching an equal or greater area of i ron has been 
used with success over a period of years (12). Simi- 
larly a luminum in practice has been cathodically pro-  
tected against pit t ing by coupling it to a galvanically 
more active metal  like zinc (13). The iron in galvanic 
contact with stainless steel polarizes it  below the 
critical potential  of the latter (approximately 0.2v, 
hydrogen scale in 3% NaC1). I ron cannot, in any case, 
polarize 18-8 to its open circuit anode potential, as is 
required for the cathodic protection of nonpassive 
metals, since the anode potentials of the two metals are 
near ly  the same. Iron by the same token is not suited 
to protecting a luminum because its approximate cor- 
rosion potential  in 3% NaC1 (--0.4v) is more noble 
than the critical potential  of a luminum (--0.48v) (14) ; 
the corresponding more favorable corrosion potential  
of zinc, on the other hand, is --0.Sv. Obviously zinc 
does not and cannot polarize a luminum to its very ac- 
tive anode potential  in  the order of --1.7v; it is only 
required that a luminum be polarized to a value more 
active than its critical potential. Protection of any 
passive metal  against pit t ing continues as long as all 
portions of the metal  surface are adequately polarized 
to a value below (more active than)  its critical poten-  
tial in  the given environment .  

The importance of the critical potential  both to an 
unders tanding of the pit t ing mechanism and to prac- 
tical applications, as ment ioned above, suggests the 
value of a systematic study of critical potentials for 
18-8 stainless steels focussed first on env i ronmenta l  
factors, and second on metal lurgical  factors. Envi ron-  
menta l  factors make up the subject  of the present  pa-  
per. 

Experimental 
Stainless steel electrodes (17.7% Cr, 8.7% Ni) were 

prepared as cylinders measur ing 4 mm diameter  and 
1.4-2 cm long. The original cast type 304 rod was 
homogenized in vacuum at 1059~ for 20 hr and water  
quenched; it was then swaged to diameter, annealed at 
1050~ for 1 hr, and again water  quenched. The elec- 
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trode was dri l led and tapped al lowing a t tachment  to a 
threaded small  d iameter  Ni wire. The nickel wire  was 
enclosed within  a glass tube and a wate r - t igh t  seal 
was mainta ined by means of a Teflon gasket be tween 
g l a s s  and electrode held in constant contact by a rub-  
ber g rommet  and nut a t tached to the nickel wire  at the 
other end. Specimens were  polished to 3/0 emery  paper 
followed by pickling in a solution containing 15% 
HNOs, 2% HF by volume at 60~ for 5 rain. The la t ter  
t rea tment  produced a smooth shiny surface. 

The all-glass cell used for polarization studies in-  
corporated the fol lowing features:  (i) provision for a 
central ly  located anode surrounded by four equispaced 
plat inum cathodes, (ii) inlet  for gas agitation and de- 
aeration, and (iii) a fur ther  inlet  to permi t  a Luggin 
capil lary f rom a saturated calomel reference  electrode 
to reach near  the anode surface. 

All  electrolytes were  deaerated for one or more 
hours using prepurified ni t rogen which was fur ther  
purified before enter ing the cell by passing it over  
copper turnings at 400~ The cell was placed in a 
large constant t empera ture  cabinet mainta ined by 
heat ing or re f r igera t ion  to 25 ~ ----- 0.2~ This cabinet 
also permi t ted  tests to be carried out be tween tem-  
pera ture  limits of --1 ~ and 50~ At the lat ter  t empera-  
ture, the limits of control were  ___I~ 

Reproducible  measurements  demanded a crevice-  
free mount ing and a homogeneous alloy surface. 
Ei ther  crevices or concentrat ion gradients at some por-  
tion of the electrode surface, e.g., caused by carbide 
precipitation, tend to lower the critical potential  in 
chloride solutions, causing scatter of results. Deaera-  
tion of electrolyte  as practiced in the present  measure -  
ments helped avoid crevice corrosion if there  was any 
tendency in this direction. 

For  polarization measurements ,  a Wenking potentio-  
stat was employed in conjunction with  a chart  recorder  
capable of measur ing current  to 0.1 gamp. A potent io-  
static s tep-by-s tep  polarization technique was fol- 
lowed, in most cases al lowing a period of 5 min to 
elapse at each 50 mv potential  increment  before re-  
cording the current.  In neutral  halide solutions, where  
the critical and passive current  densities are not large, 
the electrode was first held at a potent ia l  in the pas- 
sive region for a period of 15 rain before fur ther  polar-  
izing in the noble direction. In this way  a more  near ly  
s teady-state  condition was achieved. Where  no passive 
breakdown (pitting) occurred, polarization was con- 
t inued in most instances to 1.2v (H2 scale),  a value  
approaching or being within  the transpassive region. 
To obtain more exact values of the critical potential,  
the s tep-by-s tep  technique was often supplemented by 
cur ren t - t ime  curves at a constant potent ial  mainta ined 
close to the approximate  cri t ical  value. The final 
b reakdown potential  called Vc was taken as the most 
active (least noble) value for which no continued in- 
crease of current  wi th  t ime (corresponding to pit t ing) 
was observed over  a period of about 24 hr. Reproduci-  
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bili ty of cri t ical  potentials obtained in this manner  was 
within  _+5 my. Because such measurements  were  un-  
duly t ime-consuming,  much of the data was obtained 
with no more than 5 rain intervals  be tween  shifts of 
potential. Crit ical  potentials of this kind are labeled 
V'c, values of which in 1N NaC1, for example,  are 
found to be about 0.09v more noble than values of Vc 
(Fig. 1). This difference represents  the probable order 
of magni tude be tween  all the shor t - t ime and steady- 
state crit ical  potentials present ly  reported. Incidence 
of pit t ing by cur ren t - t ime  curves was confirmed by 
examinat ion of the electrode under  a low power  micro-  
scope. 

Resul ts  a n d  Discuss ion  
The potentiostatic anodic polarization curves (5 min 

each point) of 18-8 stainless steel in deaerated 0.1N 
NaC1 and 1M H2SO4 a r e  shown in Fig. 2. In H2SO4 no 
pit t ing occurs; the increase of current  above about 1.0v 
in the transpassive region corresponds to uni form cor- 
rosion with C r O ~ - -  formation, whereas  in the passive 
region Cr + + + forms instead (plus Fe and Ni corrosion 
products) .  In 0.1N NaC1, on the other  hand, the current  
increases at the crit ical  potential  V'c equal  to 0.36v, 
denoting the onset of visible pitting. The upward 
sweep of potential  at higher  current  densities is re -  
lated to polarization effects at anodic regions consti tut-  
ing the pits. Corrosion products wi th in  the pits, the 
inner surface of which is in the active state, are mostly 
Fe + + combined with Ni + + and probably Cr + + +. The 
crit ical  potential  observed in Fig. 2 is unaffected by 
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aerat ion of the electrolyte  provided crevice corrosion 
is avoided. 

The effect of t empera tu re  of 0.1N NaC1 on V'c for 
18-8 wi th in  the range --1.0 ~ to 50~ is shown in Fig. 3. 
The crit ical  potential  does not change sensi t ively above 
room temperature ,  but there  is a r emarkab le  shift of 
potent ial  in the noble direct ion below room tempera -  
ture. At 0~ V'c is more noble than the oxidat ion- 
reduct ion potential  for Fe+ + ~ Fe + + + + e. F rom this 
behavior  it could be predicted that  18-8 would be ap- 
preciably more  resistant  to pit t ing at low compared to 
room temperatures .  This predict ion was confirmed in 
pre l iminary  exper iments  in which 18-8 sheet speci- 
mens immersed  in 0.5M FeClm 0.5M NaC1 solution at 
0~ clearly showed no pitting, weight  loss, or visible 
reduct ion of FeC13 after  24-hr immersion, whereas  
control specimens at 25~ were  badly pit ted and the 
b rown-ye l low FeC13 solution had reduced to green 
FeC12. In another  exper iment  lasting two weeks, wi th  
some var ia t ion of t empera ture  in the neighborhood of 
0~ specimens of 18-8 similarly did not show pitt ing 
nor did the FeC13 solution undergo reduction. 

The critical potential  is not  great ly  affected in acid 
0.1N NaC1 ranging in pH from 1 to 7 (adjusted by 
HC1 additions) as shown in Fig. 4. In alkaline solu- 
tions, pH 7-10 (adjusted by NaOH additions),  how-  
ever,  the cri t ical  potent ial  becomes much more noble 
corresponding to increased resistance to pitting. Brauns 
and Schwenk (4) repor ted  a similar  shift  of potent ial  
in the noble direction on addition of 0.5N NaOH to 1N 
NaC1. I t  has been known for some t ime that  NaOH 
(15) or Na2CO3 (16) additions to NaC1 effectively in-  
hibit  pi t t ing of stainless steels. Fur thermore ,  Uhlig and 
Morri l l  (17) showed that  pi t t ing of 18-8 in 4% NaC1 
at 90~ decreases marked ly  as the pH is increased 
above 7. Rocha (3) presented data at 50~ showing 
only small  effect of pH on critical potentials in the 
acid range of pH, similar  to data of Fig. 4. 

Above pH 10, Fig. 4 shows that the apparent  value 
of V'c decreases wi th  pH. However ,  the increases of 
current  observed at corresponding values of potent ial  
do not correspond to pi t t ing but to a t ta inment  instead 
of the transpassive state wi th  format ion of C r O 4 - - .  
This shift is in accord with  the analogous anodic re -  
action for pure  Cr 

Cr -I-" 4H20"-> C r O 4 - -  -+- 8H + + 6e 

the potential  for which also moves in the active di- 
rect ion as (H+)  decreases or pH increases. The cal- 
culated slope of potent ial  vs. pH, according to the 
above reaction, is --0.08 v / p H  unit  which is in reason-  

able agreement  wi th  the corresponding observed slope 
of Fig. 4 equal  to --0.09 v / p H  unit. 

The comparat ive ly  small  shift  of V'c in the acid 
region was confirmed by determining values in 0.25, 
0.5, and 1N HC1. Potentiostat ic  curves showed that, 
wi th in  the l imitat ions of the few exper imenta l  points 
that  were  obtained, the crit ical  value V'c shifts in the 
active direction a m a x i m u m  of only about 0.05v which 
is probably accounted for mostly by increasing C1- 
activity ra ther  than by change of H + activity. It  is 
of interest  that  characterist ics of passivity can be 
main ta ined  in an acid so strong as 1N HC1, al though 
the passive and crit ical  current  densities are higher  
than for neutra l  chloride solutions by orders of mag-  
nitude. 

The effect of increasing C1- concentrat ion in neut ra l  
NaC1 solution is to shift Vc in the active direct ion by 
about 0.09v for a 10-fold change in concentration. This 
compares wi th  a 0.13v shift for A1 found by Kaesche 
(14). Data are g iven in Fig. 5 for s teady-sta te  condi- 
tions, each point represent ing the final value  der ived 
f rom numerous potentiostat ic polarizat ion measure -  
ments at potentials near  Vc extending over  hours. Note 
that  these values are somewhat  more act ive  than cor- 
responding values of V'c cited previously.  Values of Vc 
in volts are l inear  wi th  logar i thm of C1- activity,  fol- 
lowing the equat ion 

Vc ---- --0.088 log (C1-)  + 0.168 

Rosenfeld et al. (2) and Kolo tyrk in  et al. (18) re-  
ported that various anions when added to chloride 
solutions shift the critical potent ial  to more noble 
values, accounting for an increased resistance to pit-  
ting. Pourba ix  et al. (6) noted a similar  shift  of po-  
tential  on adding HCOs-  to NaC1 solutions, and Brauns 
and Schwenk (4) repor ted  analogous behavior  for 
O H -  or S O 4 - -  additions. This effect can be noted in 
the potentiostatic curves of Fig. 6 for 18-8, showing 
that  V'c in 0.1N NaC1 moves to more  noble values wi th  
increasing Na2SO4 concentration. At and above 0.15M 
Na2SO4 no pit t ing occurs at all, the observed current  
increase being character is t ic  of t ranspassivi ty in ab- 
sence of C l - .  In other words, sufficient S O 4 - -  added 
to a C1- solution inhibits pi t t ing of 18-8. Other anions 
also act as inhibitors, the amount  necessary for com- 
plete inhibit ion vary ing  with the anion. In  all cases, 
the greater  the C1- concentration, the greater  is the 
requi red  amount  of inhibi t ing anion. Based on poten-  
tiostatic measurements  extending over  hours, it was 
found that  the logar i thm of the min imum amount  of 
anion for inhibit ion expressed in terms of anion ac- 
tivity, is l inear wi th  the logar i thm of the correspond-  
ing C1- activity. This re la t ion for inhibi t ion by S O 4 - -  
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mixtures,  especially considering the fact that activity 
coefficients of FeC13 solutions required est imation from 
values for LaC13 solutions. 

Figure 8 shows that  in 0.1N NaC1, corresponding to 
an activity of C1- = 0.078, the required activity of 
O H -  for inhibi t ion = 0.015, corresponding to pH 12.2. 
This value is consistent with the critical pH shown in 
Fig. 4 for inhibi t ion of pi t t ing in  0.1N NaC1 up to po- 
tentials corresponding to onset of t ranspassivi ty re-  
member ing  that  s teady-state  values Vc are approxi- 
mately  0.09v more active. In  other words, corrected 
potentiokinetic values of Fig. 4 shift the curve down 
and to the right, which then places the critical poten- 
tial at a pH of 11 or 12, above which the alloy does not 
pit if polarized to approximately lv. 

The potentiostatic curves for 18-8 in  C1- solutions 
to which the other anions cited above are added, re-  
semble those shown in Fig. 6 for S O 4 - -  additions, 
with the exception of NO~-. For n i t ra te  additions, the 
critical potential  for pi t t ing is shifted in the noble 
direction, but  fur ther  polarization of the alloy in  a 
given ratio NOn- /C1-  electrolyte may inhibi t  pit t ing 
again. This behavior  was first pointed out by Brauns  
and Schwenk (4) and is shown in Fig. 9. I t  is reason- 

and by CIO4- is shown in  Fig. 7. Similar  data for O H -  
and NO3- inhibi t ion are shown in Fig. 8. The corre- 
sponding equations expressing m i n i m u m  anion activity 
necessary to inhibi t  pi t t ing of 18-8 in a solution of 
given C1- activity are as follows 

]og (CI - )  = 1.62 log ( O H - )  + 1.84 
~- 1.88 log (NOs-)  4- 1.18 

0.85 log ( S O 4 - - )  --  0.05 
0.83 log (C104-) - -  0.44 

These equations express the fact that efficiency of in -  
hibi t ion for (C1-) > 0.1 decreases in the order: 
O H -  > NO~- > S O 4 - -  > C104-. In  solutions of uni t  
activity CI- ,  for example, corresponding to 1.5N NaC1, 
values for the activity of OH- ,  NO~-, S O 4 - - ,  and 
C104- required for inhibi t ion are respectively 0.07, 
0.24, 1.15, and 3.4. 

Uhlig and Gi lman (11) found a comparable equation 
to hold: log (C1-) ~ 1.92 log (NO3-)  W 1.34 express~ 
ing the activity of 1NTO3- necessary to inhibi t  p i t t ing o~ 
18-8 in FeCI~ solutions of given C1- activity. This 
equation agrees reasonably well  with the present  
equation obtained potentiostatically in  NaC1-NaNO~ 
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ably explained by the reduct ion of nitrates by Fe ++ 
produced as an anodic corrosion product  of 18-8 both 
general ly  and within pits in the less noble port ion of 
the passive region. On exceeding the oxida t ion- reduc-  
tion potential  for Fe + + --> Fe + + + + e -  (s tandard po- 
tential  ~ 0.77v), surface concentrat ion of Fe + + + then 
predominates  over  Fe + + concentration, and reduct ion 
of NO3- is diminished. Hence, at some potential  more 
noble than V'c, NO3- becomes available in greater  con- 
centrat ion to inhibit  pitting, and previously formed 
pits may  be repassivated provided their  geometry  and 
adequate  s t i r r ing of electrolyte  allow sufficient NOa-  
to enter  the pit  cavities. 

Analogous behavior  does not occur with the other 
anions that  were  invest igated because they are not 
readily reduced by Fe + +. The inhibi t ing concentra-  
tions of NO~- shown in Fig. 8 are those which pro-  
duced no breakdown in any portion of the passive 
region, al lowing 5 min at each potential,  the electro-  
lyte behaving essentially as do solutions of NaNO3 free 
of C1-. Brauns and Schwenk (4) reported,  as we do, 
that  O H -  and S O 4 - -  additions enoble values of Vc, 
but they found that  NO3- additions, contrary to our 
results, do not affect the critical potential. It is l ikely 
that  their  observat ion is explained by the appreciable 
reduct ion of NO3- by Fe + + accruing dur ing pro-  
longed anodic polarization below the Fe + + -~ Fe + + + 
+ e potential.  At faster rates of potential  change, as 
in our measurements ,  NO3- does not have t ime to 
reduce, and Vc therefore  moves toward more  noble 
values wi th  increasing NOz-  concentrations, s imilar  to 
the shift which occurs with S O 4 - -  or O H -  additions. 
In agreement,  Herbsleb (7) showed through potentio-  
kinetic measurements  of 18-8 that  a cri t ical  potent ial  
Vc in 1M NaC1 q- 0.5M NaNO3 solution, which we find 
according to Fig. 8 to be in the inhibi t ing range, is ob- 
served only at slow (0.2 v / h r )  but not  at fast (2 v / h r )  
rates of potential  change. It is expected that  rate of 
s t i rr ing also enters such observations, fast rates tend-  
ing to dilute surface concentrat ion of Fe + + and 
thereby decreasing the rate  of NO3- reduction. 

Theory o] the critical potential.--Hoar, Mears, and 
Rothwel l  (19) described initiation of pit t ing as one 
preceded by adsorption of aggressive ions, e.g., CI- ,  
on a supposed oxide film, fol lowed by penet ra t ion  of 
the film (without  exchange)  under  the influence of an 
electrostatic field. When the field across the f i lm-solu- 
tion interface reaches a critical value, pi t t ing occurs. 
Other ions may also penet ra te  the passive oxide, de- 
pending on size and charge, contaminat ing the oxide 
and making it a bet ter  ionic conductor, thereby favor -  
ing oxide growth. The oxide is presumably  ei ther  
undermined  by vacancy condensation at the meta l  in-  
terface or it releases cations rapidly at the electrolyte  
interface so that in ei ther case pi t t ing proceeds. The 
induction period for pi t t ing to occur is related to the 
t ime requi red  for supposed penetrat ion of ions through 
the oxide film. Stretcher  (20) previously expressed a 
less detai led but similar  viewpoint.  

It would seem from this model  of pi t t ing behavior  
that  anions other  than C I - ,  e.g., S O t - - ,  C104-, NO3-,  
O H - ,  should in some measure  accelerate pit t ing by 
contaminat ing the supposed oxide, whereas  in fact they 
are inhibitors as present  and previously published 
data show. Inhibi t ion occurs despite applied potentials 
across the passive film that  otherwise readi ly  cause pit-  
t ing in absence of inhibitor.  Also, oxide films, being 
soluble in acids, ought  to be thinner  or more porous 
hence more easily penet ra ted  at low pH than at high 
pH values, yet  the crit ical  potent ial  is not appreciably 
al tered in 0.1N NaC1 on going from pH 7 to 1 (Fig. 4). 
Fur thermore ,  anion size appears to be less impor tant  
than specific interact ion of anions wi th  the meta l  sur-  
face. For  example,  C1- is more effective than S O t - -  
in causing pit t ing of passive i ron in presence of 
C r O 4 - - ,  but S O 4 - -  is more effective than C1- in 
presence of NO2- (21). 

An al ternat ive  model, which in the authors '  opinion 
offers advantages in describing the facts, is based on 
revers ible  competi t ive adsorption of aggressive ions 
like C I -  wi th  oxygen for sites on the stainless steel 
surface. Adsorbed oxygen ra ther  than meta l  oxide is 
considered to make  up the passive film (22). This is 
the model  discussed in detail  by Kolotyrkin  (10, 23). 
Also Rosenfeld and Maximtschuk (2), and Brauns and 
Schwenk (4) in their  discussion of pit t ing mechanism 
refer  to a similar model. Oxygen normal ly  has higher  
affinity than C1- for adsorption sites on a stainless 
steel surface, but as the potent ial  of the alloy is 
shifted in the positive (noble) direction, more C1- ions 
move into the double layer. At  a sufficient concentra-  
tion corresponding to the critical potential ,  C1- ions 
succeed at favored sites in destroying passivi ty by 
displacing adsorbed O ions. The anodic overvol tage  for 
dissolution of alloy ions is then appreciably reduced 
whereve r  the metal  is in contact wi th  C1- compared 
to meta l  in contact wi th  adsorbed O, and hence meta l  
ions rapidly enter  solution resul t ing in a pit. P re fe r red  
t ransport  of C1- ( t ransference number  of C1- in 0.1N 
NaC1 ~ 0.61) into anodic areas because of the con- 
tinuous corrosion current,  and still h igher  t ransfer-  
ence number  of C1- in heavy -me ta l  chlorides, insures 
that the anode areas remain  active. The induct ion t ime 
for pit t ing is explained in par t  by the slow process of 
competi t ive adsorption. When anions other  than C l -  
are present,  these also tend to adsorb on the passive 
alloy surface displacing C1-. Hence, in their  presence 
the competi t ive process requires  a shift of potent ial  to 
still more noble values so as to enable C1- ion to reach 
a concentrat ion in the double layer adequate  to dis- 
place oxygen of the passive film thereby destroying 
passivity locally. Should pit t ing not occur up to a po- 
tential  of about 1.0v, which is the order of magni tude  
open-circui t  cathode (oxygen) potential  of 18-8 in 
aerated electrolytes, pit t ing is effectively inhibited be- 
cause it then becomes impossible for C1- to displace 
oxygen on the meta l  surface at any available galvanic 
potential.  The more readi ly  an anion adsorbs on the 
passive surface, and the higher  its affinity for the 
metal  surface, the more  effectively does it exclude C1- 
and inhibit  pitting. Hence O H -  is usually a bet ter  in- 
hibitor than is C104-, the lat ter  adsorbing least of all 
common anions. 

Rosenfeld and Maximtschuk (2) using radioact ive 
C136 proved that more C1- adsorbs on Cr, the passive 
propert ies  of which 18-8 approximates,  as the poten-  
tial of Cr is shifted in the noble direction. They also 
showed that  S O 4 - -  or O H -  added to chloride solu- 
tions decreases adsorption of C1- and that at sufficiently 
high concentrations of ei ther anion, pract ical ly no ad- 
sorption of C1- occurs at all, even in the noble poten-  
tial region. These results support  the mechanism of 
pit t ing described above based on competi t ive adsorp- 
tion. 

Fol lowing f rom the supposition that  the amount  of 
anion adsorbing depends on its act ivi ty in solution in 
accord with  the Freundl ich  adsorption isotherm, and 
that pi t t ing is inhibited when  a crit ical  ratio of anion to 
C1- act ivi ty is reached, it was shown (11) that  the 
relat ion log ( C I - )  ~- constant -k nJn~ log (anion) 
should hold where  nl corresponds to the exponent  in 
the Freundl ich adsorption isotherm: amount  adsorbed 
= k1(C1-)1/ '1 and n2 is the corresponding e:~ponent 
for inhibitor  ion. This equat ion describes the present  
data and it also describes the amount  of C r O 4 - -  or 
NO2- needed to inhibit  pi t t ing of iron in presence of 
C1- or S O 4 - -  where  again competi t ive adsorption is 
the probable under ly ing mechanism (21). 

With reference  to the constants for the above equa-  
tion listed ear l ier  for various inhibit ing ions, it is 
noted that  values of •2 as judged from the coefficients 
for log ( O H - )  and log (NOa-)  are smaller  than for 
log ( S O 4 - - )  and log (C104-)  assuming that  nl for 
adsorption of (C1-)  is the same in all cases. These 
values are perhaps in line wi th  the expected higher  
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affinity of O H -  and NO3- for the metal  surface com- 
pared to S O 4 - -  or C104-. At  low concentrations of 
C1- (<0.0IN),  however, the critical activities of in-  
hibi t ing ion may be no longer in the same order, in-  
dicating that  some additional factor enters the ad- 
sorption mechanism. The part  played by C1- concen- 
tration may explain why Rosenfeld and Maximtschuk 
(2) found efficiency of inhibi t ion to decrease in the 
order NOB- > C104- > S O 4 - -  whereas we find 
NO3- > SO4-- > CIO4-. 

The critical potential is insensitive to p,H in the acid 
region presumably because H + does not competitively 
adsorb on the passive 18-8 surface in this range. In 
the alkaline region, however, OH- in sufficient concen- 
tration is available for adsorption; its high affinity for 
the metal surface makes it an effective inhibitor at 
relatively low concentrations. At temperatures below 
room temperature, the chemical affinity of 18-8 for 
oxygen is probably not changed appreciably judging 
from the small change in Flade potential of Fe with 
temperature. However, affinity of 18-8 for HfO at low 
temperatures may increase appreciably making it more 
difficult for C1- to displace both adsorbed H20 and 
oxygen, and accounting for the marked noble shift of 
potential. It would be difficult to explain such a high 
temperature coefficient on the basis of any supposed 
change of anion diffusion rate through an oxide lattice. 

It should be noted that the effect of increasing CI- 
concentration to shift Vc in the negative (active) di- 
rection can account for an apparent induction time for 
pitting in stagnant solutions because the small continu- 
ous passive current serves to transport NaCl to the 
alloy surface. This is one of the reasons why crevices, 
if they exist, are the first to pit because they harbor 
higher concentrations of CI-. This factor, and also per- 
haps nonuniform composition alloy surfaces, or ex- 
posed edges compared to faces of cold-rolled alloy (7) 
(caused probably by differing crystal orientation), 
may account for the scattered values of critical poten- 
tials reported in the literature. It may also account for 
an apparent induction time beyond the time normally 
required for competitive adsorption to occur. 

Our present results support the view that for specific 
environmental conditions and nonstagnant electrolytes, 
the critical potential is observed at well-defined re- 
producible values. On the other hand, whether pits 
once formed will again repassivate at some potential 
lower than the critical value as reported by Pourbaix 
et al. (6) depends, in our opinion, on accidental favor- 
able geometry of the pit cavities and a stirring rate 
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high enough to mix electrolyte inside the pits with 
electrolyte outside. 
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A Dilatometric Study of the Cathodic Hydrogenation of Nickel 
Kenneth A. Moon and Edward T. Clegg 

United States Army Materials Research Agency, Watertown, Massachusetts 

ABSTRACT 

Hydrogen content and specimen elongation were measured as functions of 
react ion time dur ing  cathodic hydrogenat ion of nickel strip specimens of 
various thicknesses. In  contrast to earlier work, the hydride appears to have 
a composition close to NiH. The reaction follows the parabolic rate law. The 
relat ion between elongation and hydrogen content depends on specimen thick- 
ness in  a manne r  which can be simply in terpre ted  in terms of the elastic and 
plastic properties of the hydride and metal, together with a residual  stress 
in the newly formed hydride about 105 psi. 

There has been a renewed interest  in recent years 
in the role of volume changes in reactions where a 
new phase forms on the surface of a metal  (1). Most 
of the work (2-7) has employed strip-deflection meas-  
urements  as an indication of the stresses produced by 
the reaction. Only two papers (8, 9) are known to us 
in which dimensional  changes of a specimen were re-  
ported. In  this paper we report  the results of a di latom- 

etric study of the cathodic hydrogenat ion of thin strip 
specimens of nickel, in  which both elongation and hy-  
drogen content  were followed as functions of t ime and 
specimen thickness. The results have been in terpre ted 
in  terms of a residual  compressive stress in the newly 
formed hydride, with subsequent  re laxat ion condi- 
t ioned by specimen dimensions and the elastic and 
plastic properties of the solids. 
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Nickel  forms a hydr ide  of reported (10-12) composi- 
tion about NiH0.7. The hydr ide  has a fcc a r rangement  
of nickel  atoms, as in pure nickel, but  the latt ice con- 
stant is 6% greater  (13, 14). The decomposit ion pres-  
sure of the hydr ide  is about 20 kbar  (15), but  surface 
concentrations of hydrogen atoms equivalent  to pres-  
sures exceeding this can be mainta ined in cathodic 
discharge by using a high current  density and a suit-  
able catalyst (16), a l though it has not so far  been pos- 
sible to obtain a hydride layer  thicker  than about 30~. 
The amount  of hydrogen which passes beyond the 
interphase surface to dissolve in the nickel core is 
negligibly small  (11). Janko  (17) has shown that  hy-  
drogenat ion and subsequent  dehydrogenat ion of a 
nickel  single crystal  leave the outer  layers of the 
crystal  only slightly disoriented. The react ion is not  
perfect ly  reversible,  as shown by x - r a y  diffraction 
(17), electrical  resistance changes (18,19), and mi-  
croscopic examinat ion  (14). 

Materials and Procedures 
The nickel specimens were  purchased f rom the H. 

Cross Company in the form of rolled "A" nickel strips 
0.476 cm wide and of nominal  thickness 0.5, 1, 2, 4, 8, 
and 12 mils. The calculated thicknesses, assuming a 
density of 8.9 g/cc, were  0.00124, 0.00250, 0.00468, 
0.00980, 0.0197, and 0.0296 cm. Specimens 5.2 cm long 
were  cut f rom the strips. To provide for mount ing  in 
the dilatometer,  two 0.11-cm-diameter  holes spaced 
4.8 cm apart  were  punched near  the ends of the speci- 
mens. In calculations, we used 4.6 cm as the effective 
specimen length, because the ends of the specimens 
were  shielded f rom the electric current  by the silica 
specimen holders of the dilatometer.  Before use, the 
specimens were  r insed with  ether  and annealed for 4 
hr at 900~ in a s t ream of hydrogen purified by per -  
meat ion through pal ladium-s i lver  alloy. Heat ing and 

cooling rates were  4~ Af ter  annealing, the s tream 
of pure  hydrogen was continued unti l  the specimen 
was removed  just  before the start  of a hydrogenation.  

The di la tometer  was constructed of fused silica, as 
shown in Fig. 1. The differential  t ransformer  was a 
Schaevi tz  Engineer ing Company Model 100SS-L. The 
power  supply and amplifier was a Daytronic Corpora-  
tion Model 300-C-60, and its recorder  output  was con- 
nected to a L&N Model H AZAR recorder.  The speci- 
mens were  mounted in the di la tometer  by means of a 
silica pin through the upper  hole in the specimen and 
corresponding holes in the transmission rod, and a 
pla t inum pin (for electr ical  connection) through the 
lower hole in the specimen and corresponding holes 
in the d i la tometer  body. After  causing the assembly to 
settle into a stable position by gentle tapping, no fur -  
ther  change occurred (in absence of hydrogenat ion)  
even with the 1/2 mil  specimens. In several  exper i -  
ments, nickel  re inforcing plates were  fastened to the 
ends of a V2-mil specimen; the results were  similar  to 
those obtained in absence of re inforcing plates. Six 
sensit ivi ty ranges were  available, va ry ing  f rom _0.1 
in. to _0.001 in. full  scale. All  scales used in this work  
were  cal ibrated periodically with a special j ig using a 
commercial  micrometer .  The force exer ted  by the 
di la tometer  spring on the specimen was 37g. 

Cathode current  was supplied from a Harr ison Lab-  
oratories Model 6202A power  supply. The repor ted  
current  density is subject  to systematic errors due to 
uncer ta in ty  in the corrections applied to account for 
end effects and for the wire  used to make  electr ical  
connection. The anode consisted of two identical  per-  
forated plat inum sheets ar ranged symmetr ica l ly  op- 
posite the specimen faces about 6 cm from the faces. 
The electrolyte  was 1250 ml of 1N sulfuric acid, in 
which 0.45g of thiourea was dissolved just  before use. 
Before use, the electrolyte  was brought  to room tem-  
perature,  pree lec t ro lyzed wi th  pIat inum electrodes, 
and then raised into position around the specimen. 
Voltage was applied to the specimen before the elec-  
t rolyte touched it. Electrolyte  t empera ture  and room 
tempera ture  remained constant wi th in  a few tenths 
of a degree throughout  all runs, usually be tween  21 ~ 
and 22 ~ 

At the t ime chosen for te rminat ing  the hydrogena-  
tion, the electrolyte  was removed,  a central  port ion of 
the specimen was cut out wi th  scissors, and this por-  
tion was rinsed with  pure water  and dropped to the 
bottom of a glass tube immersed  in l iquid nitrogen. 
Only a few seconds elapsed f rom the te rminat ion  of 
hydrogenat ion to the chill ing of the specimen. The 
tube was then connected to the hydrogen-analys is  ap- 
paratus and the air and liquid oxygen were  pumped 
away for a t en-minu te  period during which the speci- 
men was kept  at l iqu id-n i t rogen  temperature .  The ap- 

Fig. 1. Sketch of dilatometer, showing cross section through axis. 
Clamps, adjusting screws, etc,, are not shown., 

~ I BURET 

MERCURY- CUT- OFF VALVE 
I SPECIMEN TUBE 

STOPCOC 1 

Fig, 2., Schemafic~ arrangement of hy,drogen-analy~is apparatus 
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Fig. 3. Correlation of hydrogen content with charging time. Solid 
squares, V2-mil specimens; solid triangles, 1-mil; solid circles, 
2-mil; open circles, 4-mil; open triangles, 8-mil; open squares, 
12-mil. 

paratus  was a glass vacuum system of convent ional  
design, as shown in Fig. 2. At  the end of the 10-min 
period, the condensation trap was chilled wi th  l iquid 
nitrogen, the valves were  adjusted to the positions for 
collecting hydrogen, and the specimen tube was al- 
lowed to warm up. When the water  had evapora ted  
from the specimen tube, the specimen was heated to 
250 ~ and the evolved hydrogen was t ransfer red  to the 
gas bure t  and measured. 

Resul ts  and  Discussion 
Figure  3 shows hydrogen content  vs.  react ion t ime 

for our exper iments  in which cathode current  density 
was 75 m a / c m  2. Hydrogen  content  is expressed in 
cubic cent imeters  o~ hydrogen gas (STP) per  square 
cent imeter  of specimen surface area, ignoring the area 
of the edges. The react ion init ial ly follows the para-  
bolic rate  law, whereas  ear l ier  workers  (20) obtained 
a l inear relat ion be tween hydrogen content  and square 
root of react ion t ime only after  an init ial  induct ion 
period. We presume that  the induction period was due 
to an oxide layer  on the specimens. The parabolic 
kinetics indicate that  the react ion is controlled by 
volume diffusion in an unbroken surface layer  of uni-  
form thickness. For  long react ion t imes the react ion 
becomes stat ionary and eventua l ly  retrograde,  wi th  
poor reproducibil i ty.  This is not unexpected.  The hy-  
dride is unstable at atmospheric pressure,  so any paths 
which may  exist for the outward passage of hydrogen 
molecules f rom the hydr ide  layer  wi l l  set up a 
counte r -cur ren t  react ion and bring the over -a l l  r e -  
action to a steady state. If such a path arises during 
the course of hydrogenat ion  (e.g. ,  a crack) ,  its con- 
ductance for hydrogen molecules will  increase as t ime 
passes, because of localized shrinkage due to loss of 
interst i t ia l  hydrogen. We doubt that  there  is any need 
(15) for more  elaborate arguments  to explain the 
l imited penetra t ion of the hydr ide  layer. An analogous 
situation exists in the oxidat ion of metals (1, p. 30), 
except  in that  case a fai lure of the surface layer  pro-  
duces an increase in the react ion rate, since the oxide 
is stable. 

Earl ier  workers  (10-12) have  concluded that  the 
hydr ide  composition is about NiHo.7, but  our 1/2-mil 
specimens attain a hydrogen content  about 1 cc /cm 2, 
corresponding to a min imum hydrogen  content  in the 
hydr ide  equal  to NiHo.96. The reason for the discrep- 
ancy is unknown, but  it might  be due to oxygen  im-  
pur i ty  in the electrodeposited nickel  specimens used 
in the earl ier  work. Since the hydrogen atoms in the 
hydr ide  occupy octahedral  inters t i t ia l  sites (21), the 

I I I I I I 

/ .  
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HYDROGEN CONTENT, C, IN CC/CM 2 

Fig. 4. Correlation of specimen elongation with hydrogen content. 
Solid lines, theory, plastic range; dotted lines, theory, elastic range; 
point symbols same as in Fig. 3. 

probable upper  l imit  of the hydr ide  composition is 
NiII. Since our min imum value for the average  hydr ide  
composition is ve ry  close to this upper  limit, we con- 
clude that  the homogenei ty  range of the hydride is 
quite  narrow. 

F igure  4 shows the relat ion be tween specimen elon- 
gation and hydrogen  content for the cathode current  
density of 75 m a / c m  2. A few exper iments  were  run  at 
other current  densities, and the results suggest that  
the elongation vs.  hydrogen content  relat ionship is 
independent  of current  density. This is to be expected 
in v iew of the evidence, cited above, that  the homo- 
geneity range of the hydride is narrow. 

We present  here a simplified theoret ical  t rea tment  
which gives some insight into the results shown in 
Fig. 4. We assume that  the hydr ide  composit ion is 
NiH, and the density of nickel  is 8.9 g/cc, so that  
the thickness of the unreacted nickel  core is given by 

T = To - -  B C  B -~ 1.18 x 10 -3 [1] 

where  To is the initial specimen thickness in centi-  
meters  and C is the hydrogen content  as defined above. 
If we let R 1/3 be the ratio of lattice pa ramete r  of hy-  
dride to that  of nickel, to a good approximat ion 

2D = R ( T o - -  T )  R 1/3 = 1.06 [2] 

where  D is the thickness of the hydr ide  layer  in centi-  
meters.  We next  make  some simplifying assumptions 
concerning the nature  of the stress system in the 
specimen, since a r igorous analysis appears to be pro-  
hibi t ively difficult. We imagine the specimen sliced 
into a large number  of laminae paral le l  to the faces 
of the specimen. We assume that  in each lamina  there  
is a uniform plane state of stress wi th  one principal  
direction along the d i la tometer  axis and the other  pe r -  
pendicular  to the di la tometer  axis and para l le l  to the 
faces of the specimen. Edge effects are ignored. Co- 
herency stresses at the me ta l / hyd r ide  interface are 
ignored; they must  be of ve ry  short  range, and exist 
in pairs of opposing effects re la t ive  to elongation of 
the specimen. We assume that  the distension of the 
laminae is the same for all laminae. Thus, the nickel  
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Fig. 5. Cross section of a partially hydrided specimen, perpen- 
dicular to specimen faces, showing the assumed distribution of 
stress. 

core can be t reated as a single lamina, but  not the hy-  
dride laminae, since in them the strain ( re la t ive to 
the state of zero stress) wi l l  depend on their  position 
re la t ive  to the reaction interface. The residual  com- 
pressive stress in the newly formed hydr ide  is as- 
sumed to have  a fixed value a*, regardless of any 
strains exist ing in the nickel  f rom which it  was 
formed. Figure  5 shows the situation schematically.  

We use the symbols ~iy, eiy, E, y, and ~*iz, ~*ix, E*, v* 
for the stress, strain, Young's modulus, and Poisson's 
ratio of the nickel  and hydride,  respectively.  Subscript  
i (1 or 2) refers to the principal  directions in the l am-  
inae, i being the direction of the di la tometer  axis. 
Subscript  x indicates the depth of the hydr ide  lamina 
re la t ive  to the outer surface of the hydride.  The sym- 
bol y is the instantaneous value  of the thickness of the 
hydride layer;  tha t  is, y increases from 0 to D dur ing 
the course of the hydrogenat ion.  Balance of forces 
gives T0-1D -~ ToEelo + 2 fD ~*lxdx, and T~r2D = 2 fD 

~*2xdx, where  ~io = 3.685(10 -8 ) /To  is the init ial  s train 
due to the di la tometer  spring. We assume that  Hooke's 
law applies in the hydride lamin~ae; that  is, E%*iz = 
q ' i x  - -  v*cr*jx. (Note that  this implies absence not only 
of plastic flow or cracking in the hydride,  but  also of 
any in terdependence of strain and composition in the 
hydride.)  Noting that  e'ix = ~* - -  (~iD - -  eix), where  
e* = (1- - r*) r  is the initial residual  s train in the 
hydride, and combining all the above equations, we 
obtain 

T (0-1D - -  0 - 2 D )  = ToE,in -4- 2E* {fo D (el~ --  ~2~) dy 

- -  D ( e l D  - -  e2D) }/(1-~Y*) [3]  

T(alD -}- o'2D) = ToEelO -~- 2E*{f  D (e~ + e2~)dy 

- -D(e lD -}- ~2D) -~- 2De*}/(1--v*) [4] 

We first consider the case where  strains in the nickel  
core are pure ly  elastic, so that  by Hooke's  law, EeiD 
O'iD - -  ~'0-jD. In this case the solution of Eq. [3] and [4] 
is 

elD - -  e l O  = (1 /2) , ,o  ( l + v )  (alF + +a,,Fn..)  
+ (1/2) (1--~) (era + 2R,~*/E) (biF + + bnF ~'..) [5] 

where  F = BC/To, al = bl = 1, an/an-1 = 1 - -  RE* 
(1+v*)  ( n - - 1 ) / E ( l + r ) n ,  and bn/b~,-1 = 1 -- RE* 
( l - -v*)  (n - -1 ) /E(1- -v )n .  Note that  for small  F, (~lD 

- -  ~Io) is proport ional  to F, the slope being elo + Ra* 
(1--i ,) /E.  

The other case we consider is that  in which  speci- 
men distension is great  enough to produce plastic flow 
in the nickel core, but  not in the hydride.  Instead of 
Hooke"s law, we use the Prandt l -Reuss  equations of 
plastic flow in the form presented by Hill  (22). Re-  
duced to the form appropriate  for our stress system, 
these are 

deiD -~- ( d 0 - i D  - -  v d a j D ) / E  "]- ( 2 0 - i D  - -  0 - j D )  d E D / 2 ~ D H ' D  [6] 

where  the general ized stress ~D = (1/2){3(aid  
r 2 + (aiD + a2D)2} 1/2 is the same function, H, of a 
general ized plastic strain integral  that  stress is of plas- 
tic strain in a uniaxial  tensile test. Rostoker 's work  (23) 
suggests that  for nickel  this funct ional  relat ionship is of 
the form (~ -- ~o) 2 = K~ P where  ~o is the stress at the 
elastic limit, so the der ivat ive  H' in Eq. [6] is equal  to 
K/2  (YD --  Yo). To simplify the computations, we  have  
made the assumption RE* = E and v* = v, in which 
case exact solutions are possible for the elastic range, 
as follows (with subscript D hencefor th  omitted) 

0" 1 - -  ~r 2 = Eeloe F [7] 

(-~/E) 2 = e*2(eF--1)2/(1--1,) 2 
+elo~*(e2F--eF)/(1--~,) + (eioeF) 2 [8] 

~1 ~--- eloe f "}- e* (e F - l )  [9] 

For  the plastic range 

d l n ( a l - - r  = d F - - 3 E F  (~ - -~o )dd /K~( l+v )  [10] 

( EF(~- -~~  [ 9(~rl'-a2)2 ( a 1 + r  dJ 4~ + 
dF KE 1 + v 1--~, 

2 ~ *  
= @ 2 + ~ [al + a2] [11]  

de I (o'1 -- ~2) (l+v) (-i+ 0-2) (l--v) 
--=~*+ 
dF 2E 2E 

(2~1--~2) ( l - - F )  @--~o)  d~ 
+ [12] 

Kcr dF 

The curves in Fig. 4 we.re constructed f rom Eq. [7]- 
[12], using numerica l  in tegra t ion in the plastic 
range. We used the values v = 0.31 and E = 3x107 psi 
(24). By trial  and error  we selected as best values:  
e* = 0.0035, ~o = 6000 psi, and K = 1011 psi 2. The 
values of zo and K cannot be compared direct ly  wi th  
known exper imenta l  values because these two proper -  
ties are strongly dependent  on grain size, puri ty,  speci- 
men  history, and testing conditions. However ,  we note 
in Fig. 5 of ref. (23) that for six specimens K ranged 
f rom 1.2x101~ to 8.0x101~ psi 2, and ~o ranged f rom 2920 
to 8810 psi. The value of e* would be 0.06 if no re -  
organizat ion of the nickel latt ice occurred at the re -  
action interface. Presumably  the interface is semico- 
herent,  and dislocation climb accounts for the discrep- 
ancy between 0.06 and 0.0035 (25). The value 0.0035 
corresponds to ~* ~ 1.3x10 ~ psi, which is comparable  
to residual  stresses found in some other systems (2, 3, 
6, 7, 26), but is an order of magni tude greater  than 
values repor ted  previously (4, 5) for nickel  hydride.  
Al though the agreement  be tween theory and exper i -  
ment  in Fig. 4 is only approximate ,  we cannot rea-  
sonably adjust  a* appreciably lower than 8x104 psi. 
In both of the ear l ier  studies (4, 5) the est imate of 
the thickness of the hydride layer  is open to criticism, 
and we bel ieve that  our value  for the residual  stress 
is to be preferred.  
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The Heat-Treatment of Anodic Oxide Films on Tantalum 
V. The Thermal Redistribution of Incorporated Phosphorus 

D. M. Smyth 
Research and Deve lopment  Laboratories, SpTague Electric Co~r~pany, Nor th  Adams,  Massachusetts  

ABtSTRACT 

Dielectric measurements  and radiotracer techniques have been used to 
follow the migrat ion of incorporated phosphorus in anodic oxide films on 
tan ta lum during hea t - t rea tment  at temperatures  above 400 ~ . The phosphorus 
moves away from the tantalum, accumulat ing into a region of very high 
phosphorus content  on the t an ta lum side of the phosphorus-containing layer. 
Litt le or no migrat ion occurs on the other side of the layer. Redis tr ibut ion is 
much more extensive when hea t - t rea tment  is carried out in air than  when 
the ambient  is a vacuum. 

The effect of anodization electrolyte on the dielec- 
tric properties of heat- t reated,  anodized t an ta lum was 
reported in the preceding paper  in this series (1). In  
particular,  it was found that phosphoric acid has a 
profound effect, and this was correlated with a non-  
uniform incorporat ion of significant amounts of phos- 
phorus in the anodic oxide, as reported by Randall ,  
Bernard,  and Wilkinson (2), and with the observation 
that  the incorporated phosphorus inhibits  the ra te  of 
diffusion of oxygen through the oxide dur ing heat-  
t reatment.  The result  is that  the heat - t rea ted oxide 
has an inner,  shallow gradient  of conductivi ty in  the 
phosphorus-free region adjacent  to the tantalum, and 
an outer, steep gradient  of conductivi ty in the phos- 
phorus-containing region which had formed adjacent  
to the electrolyte. The dist inction be tween the two 
gradients increased with increasing H3PO4 concentra-  
tion in  the anodization electrolyte. 

This work was based on the results of hea t - t rea t -  
ments  carried out at 400 ~ and it appeared that  the 
dis tr ibut ion of phosphorus in the oxide was not af- 
fected by the heating. Efforts to extend these experi-  
ments to higher temperatures  of hea t - t r ea tment  led 
to substant ia l  deviations from the earlier results. This 
is the subject of the present  paper. 

Experimental 
The exper imental  details have been described pre-  

viously (1, 3-5). Unless specifically stated otherwise, 
all work reported here concerns samples anodized in  
14.6M H~PO~ (the commercial 85% acid) to 75v with 
the hea t - t rea tment  being carried out in  air. Dielectric 

measurements  were made in a 40% aqueous solution of 
H2SO4. 

Results and Discussion 
The per t inent  results are shown in  Fig. 1 in the 

form of plots of log frequency vs. the reciprocal series 
capacitance. As shown previously (5), this is equiv-  
alent  to a plot of log conductivity vs. position in the 
film with the Ta2Os-electrolyte interface at 1/C ~ O. 
The measurements  were made over a f requency range  
of 50-3200 Hz at two temperatures,  34 ~ and 0 ~ The 
results were then all normalized to 34 ~ by use of the 
activation energy of conduction of 0.6 ev previously 
reported (5). This, in effect, extends the frequency 
range at 34 ~ to 55,000 Hz. The mathemat ical  basis 
for this is contained in the expressions 

ao-~ Ae  -~/kT [1] 

~o ---- ~eo [2] 

where [1] represents the tempera ture  dependence of 
semiconduction, and [2] expresses the relationship 
between no, the level of conduct ivi ty  which defines the 
boundary  be tween effective dielectric and effective 
electrode and the frequency (~ ---- 2gf). These rela-  
tions are discussed in detail in  ref. (5). This tech- 
nique is used to extend the data range to frequencies 
which would otherwise be prohibit ive because of the 
low sample impedance. 

According to our usual  in terpre ta t ion of these data, 
each plot in Fig. 1 represents  a port ion of a conduc- 
t ivi ty profile across the heat - t rea ted oxide. The data 
do not extend to sufficiently high frequencies to show 
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Fig. 1. Effect of time and temperature of heat-treatment an the 
dielectric properties of tantalum anodized in 14.6M H3PO4. From 
right to left: �9 unheated; X 300 ~ , Vz hr; [ ]  400 ~ , 1 hr; o 500 ~ , 
�88 hr, �89 hr, 1 hr; /k 550 ~ �88 hr, 4 hr; �9 600 ~ Ifi,, Vz, 1 hr 
(same curve). 
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Fig. 3. Effect of reformation and bias on the dielectric properties 
of tantalum anodized in 14.6M H3PO4 and heat-treated. Num- 
bered sequence: 1, �9 unheated; 2, o 500 ~ , 1~ hr; 3, o 5000 , 
1 hr; 4, o 500 ~ , 4 hr; 5, [ ]  reformed, 75v, V2 hr; 6, [ ]  reformed, 
75v, 3 �89  hr; 7, X 20v bias (after relaxation from 6); 8, X 50v 
bias; 9, 3 hr, no bias; 10, 1 hr, 75v; 11, 18 hr, no bias. 

the profile all the way to the Ta-Ta205 interface 
which presumably lies in the vicinity of the curve 
shown for an unheated sample, i.e., at about 1 / C  = 
0.3 ~f-1. In  each case, the effective dielectric thick- 
ness at low frequencies is represented by the region 
between the conductivity profile and 1 / C  = O. 

The results show two main  factors. As the heat-  
t rea tment  conditions become increasingly severe in 
terms of either temperature  or time, the interface 
between effective dielectric and effective electrode 
moves toward the Ta2Os-air interface, and it be- 
comes sharper in the sense that it remains  near ly  
vertical to higher frequencies. This effect reaches 
saturat ion for hea t - t rea tment  at 600 ~ . The effect of 
the phosphorus content becomes par t icular ly  evident  
at 600 ~ since samples formed in 0.01M H 2 S O 4 ,  for in -  

Id 
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Fig. 2. Effect of heat-treatment on the dielectric properties of 
tantalum anodized to 37.5v in 14.6M H3PO4, then to 75v in 0.01M 
H2SO4. From right to left: �9 Unheated; X 300 ~ , �89 hr~ X 300 ~ , 
4 hr; o 500 ~ , Vz hr; /k 550 ~ , 1 hr. 

stance, undergo almost complete physical deteriorat ion 
at this temperature.  The anodic oxide film is exten-  
sively disrupted by powdery, white  oxide, whereas 
those samples anodized in 14.6M H3PO~ survive with 
clear, unimpaired  oxide films. 

Figure 2 shows similar  results obtained from sam- 
ples anodized first to 37.5v in  14.6M H~PO4 and then 
to 75v in 0.01M H2804. It has been shown that  the 
oxide film formed from this type of anodic oxidation 
contains a phosphorus-containing layer sandwiched 
between outer and inner  phosphorus-free layers (2). 
It is seen that hea t - t rea tment  has less effect on this 
type of sample. 

When samples which have been anodized in 14.6M 
HaPO4 and extensively heat - t rea ted in air are sub-  
jected to reanodizat ion at the original  anodization 
voltage, the results are rather  complicated. Some of 
this behavior is shown in Fig. 3. Reanodization de- 
creases the capacitance to values substant ial ly below 
the original, preheated value. Moreover, a distinct 
change in  interference color indicates that addit ional  
oxide growth has occurred. The dielectric properties 
of the reanodized samples drift  with time, however. 
Without  bias the capacitance re turns  to the vicini ty 
of the preheated value and becomes much more fre-  
quency-dependent .  From the results shown in  Fig. 3 
it appears that the application of a substant ial  bias, as 
is done during reanodization, results in a severe po- 
larization effect which decays very slowly. This be- 
havior is not understood at the present  time. 

If we are to accept the dielectric behavior at face 
value, the results indicate that  the dielectric-electrode 
interface, and hence the interface between phos- 
phorus-containing and phosphorus-free oxide, is mov-  
ing toward the Ta2Oa-air interface during hea t - t rea t -  
ment  at 400 ~ and above. This movement  is greatly re- 
duced when the phosphorus-containing layer is sand- 
wiched between two phosphorus-free layers (anodiza- 
tion in  H3PO4, followed by anodization in H2SO4). 
Fortunately,  the radiotracer technique described by 
Randall ,  Bernard,  and Wilkinson offers a direct test of 
this in terpreta t ion (2). 

In the ini t ial  radiotracer experiment,  two samples 
were anodized to 75v in  14.6M HsPO~ containing p32. 
The anodization was carried out at 1 ma /cm 2 ~o 75v 
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Fig. 4. Effect of heat-treatment on the distribution of phosphorus 
in anodized tantalum. X Unheated; o heated, SO0, 1 hr, in air. 

and then at 0.1 m a / c m  2 to the same voltage. The sam- 
ples were  not held at constant voltage. Two other 
samples were  s imilar ly anodized to 37.5v in the ra -  
dio.tracer H3PO4 and then to 75v in 0.01M I-I2SO4. One 
sample of each kind was heated at 500 ~ in air for 1 hr. 
The phosphorus profile across the oxide was then de- 
te rmined for each sample by the remova l  of successive 
thin layers of oxide in HF. The results are shown in 
Fig. 4 and 5 in which ~CPM/~I /C has been plotted 
against 1/C. • represents  the difference in counts-  
pe r -minu te  of the sample before and after  a par t icular  
etching and therefore  is the amount  of act ivi ty re-  
moved by the etching. A1/C is the related difference 
in the reciprocal  series capacitance and thus represents  
the thickness of oxide removed.  I t  follows that  ACPM/ 
AI/C is proport ional  to the concentrat ion of phos- 
phorus in the dissolved oxide, and this has been plot-  
ted against position in the film as determined by 1/C. 
These plots thus represent  the distr ibution of phos- 
phorus in the oxide. In the case of the heated samples, 
a portion of the oxide adjacent  to the tan ta lum is 
conducting, and the capacitance values are  conse- 
quent ly  grea ter  than those of the unheated samples. In 
order to get a meaningfu l  geometr ic  picture of the 
phosphorus distribution, a constant value of 1/C has 
been added to each value for the heated samples in 
order to normalize the results at the Ta20~-electrolyte 
interface. In actuality, the residual  radioact ivi ty  and 
the reciprocal  series capacitance wen t  to zero at the 

OF FILMS ON Ta 1273 

same point  in the oxide for the hea t - t rea ted  samples. 
This correlat ion has been discussed previously (1). 

The initial observation was that  the total  radioac- 
t iv i ty  of the samples was unchanged, wi th in  exper i -  
menta l  accuracy, by the hea t - t rea tment .  Hence no 
phosphorus was lost f rom the films. The results  show 
that  the interface be tween phosphorus-containing and 
phosphorus-f ree  oxide has indeed moved toward  the 
Ta2Os-air interface as a result  of hea t - t rea tment .  The 
movement  has taken place in a ve ry  peculiar  manner.  
The phosphorus has accumulated into a concentrated 
region at the interface, apparent ly  by the complete 
deplet ion of the phosphorus content of the oxide on 
the side toward the tantalum. The phosphorus content  
of the oxide on the other side of the accumulat ion re-  
gion has not been disturbed. Moreover,  in the case 
of the bur ied phosphorus-containing layer,  the accu- 
mulat ion has occurred only on the tanta lum side of 
the layer.  

The radiotracer  analysis confirms the conclusions 
d rawn from the capacitance measurements .  The ap- 
parent  movement  of the boundary  be tween  conducting 
and nonconducting oxide is in good agreement  wi th  
the movement  of the boundary be tween phosphorus-  
containing and phosphorus-f ree  oxide. Moreover,  the 
high concentrat ion of phosphorus at the interface ac- 
counts for the observat ion that  the log ] vs. 1/C plots 
shown in Fig. 1 remain  ver t ical  to higher  frequencies  
as the extent  of hea t - t r ea tmen t  is increased. However ,  
the nature  of the accumulation of phosphorus is most 
peculiar  and deserves fur ther  consideration. First  of 
all, the migrat ion is clearly against the direction of 
the concentrat ion gradient;  and, second, in the case 
of the buried layer,  Fig. 5, the migra t ion  took place 
only on the side facing the tantalum. It  is interest ing 
to note that for the lat ter  situation, the two sides of 
the phosphorus-containing layer  differ great ly  in ox-  
ygen deficiency and conductivi ty during and after 
hea t - t rea tment ,  according to the model  discussed pre-  
viously (1). This is depicted schematical ly in Fig. 6. 
Possibly the phosphorus diffuses more readi ly  where  
the oxygen vacancy co~centra, t ion is high, or the po- 
tential  distr ibution in the oxide may be very  impor-  
tant. 

A fur ther  a t tempt  was made to clarify the sLtuation 
as follows. Two identical  samples were  made, as be-  
fore, to have buried radiophosphorus-containing lay-  
ers. One of these was heated at 500 ~ for 1 hr  in air, 
while the other was heated at 500 ~ for 1 hr  in a vac-  
uum of 5 x 10 -7 Tort .  The la t ter  sample was then 
reanodized at 50v for 1 hr  in 0.01M H2SO4 in order to 
form an outer, insulat ing layer  so that  capacitance 
measurements  could be used to de termine  the thick- 
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Fig. 5. Effect of heat-treatment on the distribution of phosphorus 
in anodic Ta205 with a buried phosphorus-containing layer. X 
Unheated; o heated 500 ~ , 1 hr, in air. 
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Fig. 7. Effect of ambient atmosphere on the redistribution of 
phosphorus in anodic Ta205 during heat-treatment. 9 SO0 ~ 1 hr, 
in air; X 500 ~ 1 hr, in vacuum. 

ness of oxide removed during each etching of the 
phosphorus profile determination.  Prior  to this reano-  
dization the capacitance was extremely high, indicat-  
ing that the oxide film was oxygen deficient and con- 
ducting throughout.  The reanodization should not af- 
fect the distr ibution of phosphorus in the oxide (2). 
The usual  radiotracer analyses indicated the phos- 
phorus distr ibutions shown in Fig. 7. (Again the re-  
sults have been normalized so that the apparent  Ta2Os- 
electrolyte interfaces coincide, in this case at 1/C = 
0.52 ~,f-1.) The sample heated in air behaved as be- 
fore, but  the vacuum-hea ted  sample shows much less 
rea r rangement  of phosphorus. 

The behavior of the vacuum-heated  sample could 
be explained in two ways. Some ini t ia l  migrat ion of 
phosphorus could have occurred prior to the comple- 
tion of the oxygen depletion throughout  the film, at 
which point  migrat ion ceased; or, a form similar to 
that  of the air-heated sample may have ini t ial ly 
formed, and, after the entire region became oxygen-  
deficient and conducting, the sharp hump of phos- 
phorus content  may have started to decay by ordinary 
diffusion. The latter explanat ion is preferred, since 
all of the air-heated samples have shown an abrupt  
interface at the junct ion between phosphorus-contain-  
ing and phosphorus-free oxide. In  addition, all of the 
dielectric measurements  have indicated a sharp 
boundary,  even for very small  amounts  of boundary  
movement.  No t ransient  situation has ever been seen 
in an ai r -heated sample which would suggest a phos- 
phorus distr ibution similar  to that of the vacuum-  
heated sample in Fig. 7. 

If the preferred sequence just  described is correct, 
it suggests that the original  accumulat ion of phos- 
phorus is a f ield-driven process, since ordinary  dif- 
fusion behavior occurs once the film becomes un i -  

formly conducting (ordinary diffusion behavior  in 
the sense of the flattening of peaks and rounding  of 
edges of a concentrat ion profile). A f ield-driven mech- 
anism seems more likely to bui ld  up the sharp peak 
of concentrat ion of phosphorus than a diffusion proc- 
ess. Even if there were a tendency for the phosphorus- 
containing region to separate into a phosphorus-rich 
phase and a phosphorus-free phase, it seems unl ikely  
that the phosphorus-r ich l:ahase would separate out into 
such a neat  pile. It  would be more likely to collect 
into isolated clumps. Thus, al though the precise mech- 
anism is not clear, it  appears more likely that the 
phosphorus is dr iven  by an electric field associated 
with the boundary  between the two conductivity gra-  
dients. 

The extent  to which the phosphorus accumulates is 
quite remarkable.  According to Randal l  et al., the con- 
centrat ion of phosphorus in  the phosphorus-containing 
region of a t an ta lum oxide film formed in 14.6M 
H3PO4 corresponds to about  a phosphorus atom for 
each five tan ta lum atoms (2). The radiotracer  work 
reported here shows accumulations of phosphorus up 
to at least ten times that present  prior to hea t - t rea t -  
ment.  It  is thus a major  const i tuent  of that port ion 
of the oxide. Oxides of n iobium and tan ta lum with 
high contents of phosphorus are not unknown.  Shtin 
and Sharova have described amorphous precipitates 
obtained by the addition of phosphoric acid to solu- 
tions of niobium and tanta lum (6, 7). Compositions 
of 2M2Os'P2Os'6H~O and M2Os'P205 (after calcining 
at 1000 ~ were reported, where  M = Ta or Nb. A 
variety of crystall ine compounds having the general  
composition A205"9M205 have been characterized by 
Waring and Roth, where A = P, As, or V, and M = 
Ta or Nb (8). Although the relationship between 
these various materials and the amorphous, phos- 
phorus-containing,  anodic films is not clear, the chem- 
ical compatibil i ty of phosphorus with n iobium and 
tan ta lum oxides is demonstrated. 
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Effects of Growth Conditions on Microstructures 
in CdS:Cu Single Crystals 

A r t h u r  Dreeben 
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ARSTRACT 

The subl imat ion tempera ture  used to grow large boules of CdS:Cu affects 
the concentrat ion of ir~corpor, ated copper, while temperature  differences along 
the boule affect the distr ibution of the impur i ty  in the crystal. Lower subl ima- 
tion temperatures  tend to form crystals with dislocation tangles in which 
decorated loops, helices, dipoles, and cardioid configurations have been identi-  
fied. Rapid growth leads to polygonization and formation of grain boundaries 
where precipitates, which are affected by the degree of crystallographic mis-  
or ientat ion around the boundary,  differ in size and geometry from those in 
the grains. 

It was previously shown that the acceptor elements 
copper, silver, and gold form precipitates in  CdS 
crystals (1). In  the case of copper, the presence of 
extraneous phases shaped as needles, rods, or disks 
were related to different concentrat ions of the copper 
impuri ty.  Gold, under  the init ial  growth conditions, 
formed a single type of discrete hexagonal  platelets 
lying in the CdS (0001) plane. Later, two kinds of 
platelets, differing in size, orientation, composition, 
and associated dislocations, were identified as resul t-  
ing from a variat ion in growth conditions (2). 

In  this paper, the influence of growth conditions on 
microstructures directly observable in CdS:Cu single 
crystals by optical microscopy is described in  terms 
of crystal perfection and a variety of decorated dis- 
locations, some of which have not previously been 
identified in I I -VI compounds. 

Crystal Growth 

The crystals were grown from the vapor phase in a 
pointed quartz tube which slowly advanced into a 
decreasing temperature  gradient,  as shown in Fig. 1, 
to produce boules I-2 in. long and V2 in. in  diameter  
(i, 3). The sintered CdS charge, containing the added 

SINTERED 
CdS CHARGE 

POSITION 
AT START 

POSITION 
AT END 

BOULE 

(DIRECTION OF ADVANCE ~ GRADIENT) 

T= 

T~ 

T4 

LINEAR POSITION IN GRADIENT 
Fig. 1. Temperature profile and growth tube positions for pre- 

paring CdS crystal boules. 

impuri ty,  sublimes at the temperature,  Tmax, and, as 
the growth run  starts, the tip of the tube is at tem- 
perature  T2. In practice, the position of the tube is ad- 
justed so that T2 is 14~ ~ lower than Tmax.  At the 
end of the run,  the crystal boule is between the gra- 
dient  temperatures,  T~ and T4, at the moment  when 
slow cooling to room temperature  begins. 

Although many  parameters  undoubtedly  influence 
the growth characteristics of the crystal, the present 
work indicates that the amount  and distr ibution of 
copper in  the boule, the morphology of the precipitate 
phase, and the types of dislocations depend to some 
extent  o n  Tmax and At= (T3--T4). Grain  boundary  for- 
mat ion in t.he boule depends o n  Tmax and also on the 
rate at which the growth tube passes through the 
gradient,  slower rates favoring fewer grains. The re-  
sults per ta in  to as-grown crystals slowly cooled at 
the same rate to room temperature,  and will  be il lus- 
trated with reference to crystallographically oriented, 
mechanically polished slices from representat ive 
boules. 

Effects of Growth Conditions 

Copper concentration.--The concentrat ion of copper 
found in the boules is always less than that  originally 
in the corresponding CdS charges, some copper (along 
with o~her impurit ies)  concentrat ing in  the unsub-  
l imed CdSJ This result, obtained consistently in  
m~any growth runs, was often obvious from the dis- 
tinct difference in color and t ransparency between 
charges and the result ing boules. The observation was 
confirmed by chemical analyses. For example, 0.04- 
0.05 w/o  Cu were found in two representat ive boules 
prepared with Tmax at 1227~ from charges contain-  
ing 1 and 1.5 w/o copper. There was, in  addition, an 
indication from only a few experiments  that the final 
amount  of copper in the boules may also depend on 
the part icular  Tmax used, more copper apparent ly  
being incorporated at higher temperatures.  A quant i -  
tative relationship be tween copper concentrat ion and 
tempera ture  has not been established, but  this t rend 
was suggested by chemical analyses of a few boules 
for which Tma• differed by about 20 ~ ~or smaller dif-  
ferences, the effect was not well  defined. 

The total amount  of copper in as-grown samples is 
part ly in solid solution and par t ly  precipitated. Ex- 
aminat ion of mar~y boules revealed variat ions in the 
color and precipitation pat terns of individual  crystal 
slices from a given boule, thus showing that the cop- 
per is not always homogeneously distributed. In  gen- 
eral, there is a larger amount  of copper at the higher 
tempera ture  end, T~. This concentrat ion gradient  ap- 
pears to result  from the progressive change in charge 
composition caused by the fractionation effect, re-  

1 Similar fract ionation effects have  also been observed by others 
using this g rowth  method  (17). 
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ferred to above, and from the tempera ture  difference 
across the boule as it  grows. This difference, which 
reaches 40~ ~ toward the conclusion of a growth 
run, is sustained by the boule for many  hours, and it 
has previously been shown that tempera ture  differ- 
ences of 20 ~ cause a similar marked  segregation of 
copper in CdS crystals (4). Slight variat ions in  pre-  
cipitate segregation were occasionally found in  ad-  
jacent  regions of a boule over which the local temper-  
a ture  difference was small  compared with At. Chem- 
ical analyses have shown that such samples may, 
nevertheless, have vi r tual ly  the same amounts  of 
total copper. These effects are influenced by slight 
fluctuations in growth rate and are related to a tem- 
perature  dependence of solubili ty (5). 

Precipitation and dislocations.--Precipitation in  the 
interior  of a CdS:Cu crystal grown wi th  Tmax ~- 
12'28~ and containing about  0.05 w/o  copper, oc- 
curred in the form of rods with a tendency to al ign in 
hexagonal  arrays in  the basal plane (1). However, 
other boules, grown in the same way, bu t  with Tm~ 
=1217~ had the same final amount  of copper, bu t  
ent i rely different precipitat ion pat terns  and disloca- 
t ion arrays which will  be described. Temperatures  
were main ta ined  at • 1~ ~ as shown by periodic, 
recorded monitor ing for extended periods. Th,is var ia-  
tion would occur as a gradual  drift  ra ther  than  as 
abrupt  changes. The 11 ~ difference be tween the nom-  
inal  Tmax values, which were the only del iberately 
al tered parameter ,  is, therefore, regarded as a sig- 
nificant factor in de te rmin ing  the microstructure  char-  
acteristics. Some contribution,  however, from another,  
present ly  undefined parameter,  is not ent i re ly  ex- 
cluded. Previous evidence (1) indicated that  the pre-  
cipitate phase was copper sulfide; however, changes 
in composition may also accompany the changes in  
morphology. 

Precipi tat ion in the present  crystals is characterized 
by randomly  distr ibuted particles and dislocation 
tangles. As viewed in  the basal plane, the crystals often 
h'ave relat ively clear subgrains, par t ia l ly  denuded by 
preferent ia l  precipi tat ion along the low angle bound-  
aries that enclose them, as seen in  Fig. 2. These 
boundaries extend in  depth, approximately paral lel  
to the c-axis, with many  decorations emanat ing  from 
them and extending into the cle'ar areas in  which 
the observed pat terns  change with the focal length  
selected. 

Helical dislocations are among the several  configura- 
tions observed in these crystals. The example in Fig. 
3 shows evidence of climb, while others were clearly 
seen to be held up by precipitates in  their  paths. 
Heavier  local precipitates, s imilar  in  appearance to 

Fig. 2. Subboundaries and denuded regions in basal plane of 
CdS :Cu crystal. 

Fig. 3. Helical dislocation 

Fig. 4. Linear arrays of precipitates 

those acting as obstacles, are also found in  l inear  ar-  
rays not directly associated with other dislocations. 
In  Fig. 4, for example, the symmet ry  of the decora- 
tions taken in pairs suggests tkat they occur at sites 
where successive turns of a helical dislocation in ter -  
sect the (0001) plane. 

Some il lustrations of ell iptically shaped loops lying 
in the basal plane wi th  their  major  axis in  crystal-  
lographic a-directions, are seen in  Fig. 5A. The two 
loops in  Fig. 5B lie in the [112-0] direction, bu t  one 
is ,about 10~ below the other. The formation of such 
a succession of coaxial loops may occur from the re -  
pulsion between successive turns  of a growing helix 
as observed and discussed by Dash for the format ion 
of prismatic loops in silicon doped with gold (6). 
When the present  work was concluded, YIShling and 
Peibst  (7), employing the Lang technique, reported 
their observation of helical dislocations and prismatic 
rings in  pure CdS platelets. These configurations were 
also thought  to have been formed by the Dash mech-  
anism, and even in the pure crystals, the presence of 
trace impurit ies was believed necessary for the gen-  
erat ion and climb of the dislocations. 

Another  typical dislocation form is comprised of 
two curved segments extending toward each other 
from subboundaries  to meet at a cusp where  a more 
prominent  circular precipitate is found. Often, several  
parallel  systems of this type are grouped together as 
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Fig. 5. Dislocation loops in basal plane 

Fig. 7. Dislocation dipoles in (0001) plane 

Fig. 6. Dislocations held back by precipitate at meeting point 
between boundaries. 

shown in Fig. 6. Al though these curved decorations 
general ly lie in the basal plane, a portion of an arm 
will  occasionally incline into the crystal. Other s im- 
ilar ha i rp in- l ike  configurations, not necessarily be- 
tween boundaries,  have addit ional  parallel  exten-  
sions as in Fig. 7A, or segments closer together as 
in Fig. 7B. All of these formations are suggestive of 
dislocation dipoles that can result  from an obstacle in 
the path as discussed by Gi lman and Johnston (8), 
and Stokes and Olsen (9). Barber  and Tighe (10) 
have pointed out that a smaller obstacle results in  a 
larger curvature  of a dipole. 

An example of wel l - formed cardioid decorations 
observed within  these hexagonal  crystals, is shown 
in Fig. 8. Configurations of this type suggest the 
operat ion of a F rank-Read  source (11), or a recent  
modification by Damiano and Brown (12), to account 
for the generat ion and  mult ipl icat ion of dislocations 
nucleated at inclusions, to form closed loops in a 
(0001) plane of hexagonal  zinc crystals. 

So far, only the new dislocations resul t ing from 
growth conditions employing a relat ively low T m a x  

have been described. It will  now be shown that  more 
rapid growth leads to the formation of gross defects. 
The growth rate can be affected by increasing either 
T m a x  o r  the rate of advance into the gradient. It  was 
found that even at 1234~ or at a rate of 0.02 in . /h r  
(twice the usual  rate)  the boules contained more grain 
boundaries and polygonized regions. The boundaries  of 

Fig. 8. Cardioid dislocation in basal plane 

the hexagonal  polygonization ne twork  shown in  Fig. 
9, for example, are decorated with disk-shaped pre-  
cipitates 2 previously found to occur in single crystals 
with copper concentrat ions of about 0.8-1.0 w/o (1). 
This heavy segregation at  the boundaries  has substan-  
t ially denuded the enclosed regions, many  of which 
nevertheless contain rod-l ike precipitates character-  
istic of 0.2 w/o copper (1). 

In  another crystal, the grain  boundary  shown in  
Fig. 10 extended along the ent i re  boule, parallel  to the 
growth axis, and it can be seen that  here, also, the 
preferent ial  precipitat ion along the boundary  has de- 
nuded the sur rounding  areas. The grain  below the 
boundary  has a (0001) face paral lel  to the plane of 
observation, while the angular  misor ientat ion of the 
upper  grain  is 17 ~ with respect to the c-axis. The 
boundary  extends through the crystal incl ined at an 
angle of 10 ~ to the plane of observation. The lines 
visible in Fig. 10B, extending into this region, are not 

Some  deta i l s ,  such  as t he  shape  of t he  p r e c i p i t a t e s  in  t h i s  case, 
can  be seen w i t h  g r e a t e r  c l a r i t y  u n d e r  t he  mic roscope  t h a n  t hey  
can i n  t he  p h o t o m i c r o g r a p h .  
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Fig. 9. Polygonization in CdS:Cu crystal Fig. 11. Grain boundary in CdS:Cu crystal with greater misorien- 
tation than in Fig. 10; upper grain, (1010) face; lower grain-- 
c-axis inclined away from boundary at 29 ~ angle. Note larger size 
of boundary precipitates compared with Fig. 10C, and dislocation 
lines at A and B. 

Fig. 10. Grain boundary in CdS:Cu crystal. A, Lower grain with 
(0001) face, upper grain misoriented by 17~ B, same field between 
crossed polaroids showing strain birefringence bands; C, high 
magnification showing discrete triangular precipitates in boundary 
region. 

dislocation lines, but  ra ther  s train birefr ingence bands 
seen be tween crossed polaroids. I t  is noteworthy that  
in this higher energy boundary  region, the na ture  of 
the precipitate is quite distinct from that in either 
grain. The outstanding differences, as seen under  high 
magnification in Fig. 10C, are the larger size and tr i-  
angular  shape of the discrete platelets which are ori- 
ented with their bases along a [2110] direction, and an 
apex pointed in a [0110] direction toward the lower 
(0001) grain. 

Another  example of this k ind of boundary,  in a 
similar crystal, is shown in Fig. 11, but  here there is 
an even greater crystallographic misorientat ion of the 
two grains. The upper grain is a (1010) face in which 
the precipitate needles are normal  to the c-axis, [0001], 
and parallel  to the a-direction, [1120]. Although the 
boundary  itself does not lie ent i rely in this [1120] di- 
rection, a flat side of the larger precipitates in the 
boundary  region, is or iented this way. In  the lower 
grain, the c-axis is incl ined at an angle of 29 ~ to the 
face, rotated away from the boundary  about an a-axis 
approximately parallel  to the [1120] direction in the 
upper  grain. The discrete precipitates in this boundary  
are almost twice the size of those in Fig. 10C, sug- 
gesting that different energies are associated wi th  the 
two boundaries. Changes in these boundary  precipi-  
tates have also been observed as a function of the im-  
pur i ty  concentrat ion in the grains. Similar  effects, 
related to the orientat ion of grains have been reported 
for precipitation along boundaries in metals (13, 14). 
These effects may also depend on differences in  nu -  
cleation rates wi thin  boundaries and on differences in  
precipitate growth rates which result  from the more 
rapid solute diffusion along the boundaries  (15). It is 
possible that there is also a local variat ion of composi- 
tion (16). 

Although these boundaries seem to be the source for 
some dislocations (at A and B, Fig. 11, for example) ,  
there is no extensive system of tangles as with the sub- 
boundaries previously described (see Fig. 2). The rea-  
son may be related to differences in local energies as- 
sociated with the two kinds of boundaries.  

S u m m a r y  and Conclus ions 

Effects of growth conditions on large, vapor phase 
grown crystals of CdS:Cu have been examined. The 
concentrat ion of copper incorporated in a boule has 
some dependence on the sublimation temperature,  
while its distr ibution in the crystal is sensitive to 
temperature  differences th, at exist dur ing growth and 
cooling. Crystals prepared using a subl imation tem- 
perature of about 1217~ often have dislocation tangles 
and sub-boundar ies  that  act as sources for dipoles and 
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helices from which single loops are also formed. Cardi-  
oid decorations suggest the operation of a modified 
F rank-Read  mechanism. If crystal growth is too rapid, 
polygonization and grain boundary  formation in-  
crease. The boundaries act as sinks for precipitates 
which differ in geometry and size from particles in 
the grains. The size is affected by the degree of mis-  
orientation between grains. 
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Preparation and Properties of Pyrolytic Silicon Nitride 
V. Y. Doo, D. R. Nichols, and G. A. Silvey 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

Silicon ni tr ide has very attractive electrical, physical, and chemical prop- 
erties which are of great interest  for microelectronic devices. Unt i l  recently, 
most methods that have been reported in l i terature produce silicon ni tr ide 
in the form of powder, needles, ribbons, or flakes. Recently, Ster l ing and 
Swann reported that continuous films of silicon ni tr ide have been obtained. 
A new pyrolytic method for prepar ing pinhole-free continuous silicon ni t r ide 
film is described. Films have been successfully prepared in the temperature  
range of 750~176 Some physical and chemical properties of those films 
are summarized. 

Silicon nitr ide has many  attractive properties, such 
as high electrical resist ivity (~--1014 ohm-cm),  high di- 
electric s trength (~107 v /cm) ,  and extremely high re-  
sistance against chemicals, which are of great interest  
for microelectronic devices. 

Several  methods (1-6) of prepar ing silicon ni tr ide 
have been reported in  the l i terature.  Most of those 
methods yield silicon nitr ide in the form of powder, 
needle, ribbon, or flake. Commercial  silicon ni tr ide 
particles are produced by heating elemental  silicon in 
either n i t rogen (1-3) or in dehydrated ammonia  (4). 
Silicon ni tr ide powder also has been prepared by heat-  
ing silane and dehydrated ammonia  (5). Sterl ing and 
Swann (6) reported that silicon ni tr ide film has been 
obtained by the reaction of silane and ammonia  at a 
pressure of about 0.1 Torr under  r.f. discharge. Kuntz  
(9) reported preparat ion of ni tr ide films by the reac- 
tion of silicon tetrafluoride with ammonia in the 
temperature  range of 1200~176 

Film Prepara~on and Structural Properties 
In  the pyrolytic process described here, silane and 

ammonia  react in  the presence of excess hydrogen. It  
is known that silane decomposes at about 500~ The 
presence of excess hydrogen suppresses the premature  
decomposition of silane. The deposition of silicon ni -  
tride is performed in a quartz  react ion chamber. The 
apparatus is similar to that used in silicon epitaxial 
growth. The gases are mixed prior to ent ry  into the 
reaction chamber. The flow rate of hydrogen is 4 l i ters /  
min  with the s i lane- to-ammonia  ratio of 1 to 20-40. 
The substrate temperature  ranged from 750~176 

The substrates used were single crystal silicon unless 
otherwise specified. The growth rate (G) is plotted as 
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Fig. 2 Electron transmission diffraction pattern 
Fig. 4. Cracks on a 4~ silicon nitride film grown at 950~ at un- 

usually high rate (850 -~/min). 

Fig. 3. Silicon nitride crystals 

a funct ion of reciprocal  t empera ture  ( l / T )  as shown 
in Fig. 1. Note the m a x i m u m  growth rate  occurred at 
100O~ In the t empera tu re  range be tween 750 ~ 
1000~ the points are essentially on a s t raight  line 
f rom w,hich an act ivat ion energy of about  26.5 kca l /  
mol  was obtained. The decrease in growth rate  at 
tempera tures  above 1000~ is probably caused by the 
deplet ion of silane in the region near  the substrate due 
to the p rema tu re  decomposit ion of silane. 

The s t ructure  of the silicon ni t r ide films was in- 
vestigated. The transmission diffraction pa t te rn  shows 
two very  diffused rings as shown in Fig. 2. This indi-  
cates that  the films are amorphous. The transmission 
electron micrographic  examinat ion confirmed this con- 
clusion. Sca t te red  large crystals of silicon nitride,  
however ,  were  observed on films grown at l l00~ 
Figure  3 shows some of those crystals. 

Cracks have  been observed on thick silicon ni t r ide 
films (>1~) deposited on silicon substrates.  The den-  
sity of cracks increases wi th  increasing film thickness 
and film growth  rate. Usual ly  cracks started to appear  
on films grown at 500 A/min .  Figure  4 shows an ex-  
t remely  high density of cracks on a 4~ thick film was 
grown at 950~ with  a growth  rate  of 850 A / m i n  which 
is a factor of seven higher  than the normal  rate. 
Cracks were  also found on films less than 1~ thick 
after  anneal ing at high temperatures .  F igure  5 shows 
the cracks of a 0.7~ film after  anneal ing for 15 min  at 
120O~ in a ni t rogen atmosphere.  

Occurr ing wi th  the cracks was substrate  warp ing  
along an axis ahnost perpendicu lar  to the cracks. The 

Fig. 5. Cracks on a 0.7~ silicon nitride film after annealing at 
1200~ for 15 min. 

cracks and warping apparent ly  are caused by strong 
interfacial  stresses be tween the silicon ni tr ide and sili- 
con substrate. The origin of the interracial  stresses was 
not determined.  The s t ructural  mismatch, the differ- 
ence in thermal  expansion coefficient, and the densifi- 
cation of the film during anneal ing could have gener-  
ated sufficient interracial  stresses to cause cracking 
and warping.  

Physical and Chemical Properties 

Some physical and chemical  propert ies  of the silicon 
ni tr ide films have been investigated. The inf rared  ab- 
sorption peak of commercial  silicon nitr ide crystals is 
reported at 10.7~ (7). S ter l ing and Swann  (6) repor ted  
that  the IR absorption peak of the silicon ni t r ide films 
prepared  by r.f. discharge is ve ry  broad, f rom 10-14~ 
with a m ax im um  at 12~. The films prepared by the 
pyrolyt ic  process show a peak f rom 10-12~. Figure  6 
shows a typical  IR absorption spectrum. No shift ing of 
the peak position was detected af ter  the film was an- 
nealed in ni t rogen 3 hr  at l l00~ 
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Fig. 7. Interference fringes of silicon nitride deposited on a 
SiO2 coated-silicon substrate. 

The index of refract ion was determined by measur -  
ing the film thickness and the number  of in ter ference  
fringes f rom a monochromat ic  incident l ight whose 
wavelength  is known. Figure  7 shows the in ter ference  
fringes on a bevel  of the silicon ni tr ide film which was 
deposi,ted on an oxidized silicon substrate.  Note the 
difference in in te r - f r inge  spacing between the silicon 
ni tr ide and silicon dioxide that  was caused by their  
difference in index of refraction. Since the index of 
refract ion of steam oxide is known, the measured 
difference in in te r - f r inge  spacing provides another  
method of de termining the index of refract ion of the 
silicon ni tr ide film. The measured index of refract ion 
of silicon ni tr ide is about 2.0-2.06. 

The dielectric constant was determined by capaci- 
tance measuremerLts. A luminum dots of about 0.1 in. 
d iameter  were  evaporated onto the film. The capaci- 
tance be tween the a luminum dot and the silicon sub- 
strate was then measured.  The measured capacitance 
per  unit  area is p lot ted  against the reciprocal  of film 
thickness as shown in Fig. 8. The s t raight  line indicated 
in the figure corresponds to a dielectric constant of 6.34 
___ 0.08. 

The density of the commercial  silicon ni tr ide crystals 
is 3.44 g / c m  3 (8). The pyrolytic silicon ni,tride films 
showed a density of 3.02-3.21 g / c m  s. 

The dielectr ic  s trength of the silicon nitr ide was 
determined by the breakdown voltage of approxi-  
mate ly  107 v /cm.  

As previously stated silicon ni tr ide has ex t remely  
high resistance to chemicals. Only hydrofluoric acid 
~ttacks it at room temperature .  The etch rate  of ~the 
as-grown films in 48% HF at room tempera ture  was 
found to be 75-100 A/min .  Because of its high chemical 
inertness, the permeabi l i ty  to impur i ty  diffusion of 
silicon nitr ide may be very  low. In diffusion exper i -  
ments, it was found that many impuri t ies  which silicon 
dioxide fails to mask are held back by silicon ni.tride. 
The results of those exper iments  will  be reported 
subsequently.  
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Semiconductor Joining by the Solid-Liquid-lnterdiffusion 
(SLID) Process 

I. The Systems Ag-ln, Au-ln, and Cu-ln 

Leonard Bernstein 
Research & Development Laboratory, Fairchild Semiconductor, Palo Alto, California 

ABSTRACT 

The acronym SLID is used to describe a process whereby h igh- tempera ture  
phases are formed by diffusion in the presence of liquid. A technique is dis- 
cussed which utilizes these phenomena in producing h igh- tempera ture-s tab le  
bonds which have been fabricated at low temperatures.  The b inary  systems 
Ag-In,  Au-In ,  Cu- In  among others exhibit  these characteristics. Photomicro- 
graphs and electron probe microanalysis data are presented to identify and 
describe the phases formed in these bonds. Some applications for the use of 
this joining technique are suggested in addit ion to the feasibili ty of extending 
this method to the use of te rnary  and higher order alloy SLID systems. 

Semiconductor device fabrication, electronic com- 
ponent  part  assembling, and all other sequential  proc- 
esses which require a number  of brazing or soldering 
steps, have, for a long time, been hampered by the fact 
that successive operations must  be performed at lower 
and lower temperatures  to avoid remel t ing and the 
possibility of dis turbing a jo int  made in a previous 
operation. In  many  cases, this severely limits the use 
of the part icular  component. For example, a device 
which requires five soldering operations dur ing as- 
sembly might  use at its last stage an alloy whose mel t -  
ing point  is so low that it would be v i r tual ly  destroyed 
in use under  any conditions that were the least bit 
severe. In  addition, many  of the inherent  properties 
of the materials and device characteristics may never  
be realized due to l imited operating temperatures  im-  
posed by the low-tempera ture  processes and/or  mate-  
rials. Another  shortcoming of conventional  bonding 
techniques is that components can be rated a t  no 
higher temperatures  than that temperature  at which 
the assembly operation was performed. 

It was therefore concluded that  if some mult icom- 
ponent  system for bonding materials  could be designed, 
which did not have the bu i l t - in  tempera ture  l imita-  
tions, it would find immediate  practical application. 

Many of the properties of metals and alloys are 
s tructure sensitive. The phases which occur in alloys 
and constitute their s t ructure are represented as areas 
of homogeneity in equi l ibr ium phase diagrams. By de- 
veloping or removing these phases, one of the prop- 
erties of systems that can be changed i r revers ibly  is 
the mel t ing range of the consti tuents of the system. If 
this can be accomplished while a metal lurgical  bond is 
produced between two components, then this bond, if 
its components undergo a phase transformation,  can 
melt  at a different tempera ture  than that at which its 
t ransformat ion occurred (the temperature  at which 
the bond was made) .  

It  is the purpose of this paper to describe a tech- 
nique whereby bonds can be made at a low tempera-  
ture and subsequent ly  wi ths tand higher tempera ture  
use. If necessary, these bonds can withstand fur ther  
fabricat ion processes without  mel t ing or otherwise 
being adversely affected. The physical mechanisms de- 
scribing these phenomena can be understood by a 
study of phase equil ibria  and diffusion theory. This 
process occurs by solid-l iquid interdiffusion, hereafter  
referred to as SLID. This differs from convent ional  
diffusion or wide-gap brazing techniques which may 
�9 or may not occur in the presence of l iquid phase but  
which do, however, rely on diffusion into the bulk  
body to be bonded to for their properties. SLID, since 
it most general ly  requires a separate preform, requires 

diffusion to occur wi thin  its self-contained structure 
only. 

Although many  systems are capable of producing 
bonds meeting the aforementioned requirements ,  this 
paper will concentrate on a discussion of experiments  
in the three simple b inary  sys,tems: Ag-In,  Au-In ,  and 
Cu-In.  As seen from the discussion in the section be- 
low on Theory, this joining technique relies on the use 
of a laminated system, in which at least one layer  is 
composed of a low-mel t ing  phase ( in this case indium) 
and at least one layer is high mel t ing (i.e., Au, Ag, 
Cu, etc.). 

From the theory and exper imenta l  data presented, 
other binary,  ternary,  and complex mul t icomponent  
systems having similar characteristics wil l  be sug- 
gested. 

Although the terms brazing and  soldering have been 
strictly defined by both the American  Welding Society 
and American Society for Metals by a fabricat ion tem- 
perature criterion, they have in common usage come to 
mean  much more. For example, soft solders, in addi- 
tion to being used at temperatures  below 800~ are 
accepted as being composed of the elements Pb, Sn, In, 
Bi, etc. Hard "solders," on the other hand, are by strict 
definition real ly brazes. They are pr imar i ly  composed 
of the precious metals. The hard solders have prop- 
erties such as strength, thermal  conductivity, thermal  
fatigue, etc., differing greatly from the soft solders. 
With the growth of the semiconductor industry,  a new 
class of alloys became general ly commercially avail-  
able. These materials such as the Au-Sn,  Au-Ge,  and 
Au-Si  eutectics are used at soft soldering temperatures  
but  have hard solder or braze properties. The materials 
used in this study are a combinat ion of "hard" and 
"soft" solders. Since, the process is a diffusion limited 
one, however, the fabrication temperature  may fall in  
either the strictly defined soldering or brazing range. 
It does have the capability, however, of being fabri-  
cated at low temperatures  and having subsequent  
braze joint  properties, such as remelt  temperature,  
thermal  conductivity and fatigue, strength, etc. 

Review of the literature.--Much has been wr i t t en  in 
the past with regard to solid-state bonding of materials  
(1-11) uti l izing diffusion phenomena and the physical 
mechanisms and principles describing and governing 
these phenomena (6, 12-31). With the growth of nu -  
clear technology, new impetus was given to the in ter -  
diffusional aspects of diffusion bonding problems (32- 
38), par t icular ly  relat ing to the formation of in te r -  
metallic phases in  fabricat ing clad fuel elements and 
isothermal mass t ransfer  in  l iquid metals. A l i tera ture  
search indicated that very li t t le had been wr i t ten  de- 
scribing techniques uti l izing the mechanism of l iquid 
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phase diffusion with its subsequent  t ransformations to 
enhance bonding�9 Harman  (39-42) extended the well  
known mercury  amalgam techniques to gallium, l im- 
iting his study to powder mixtures,  but  a t t r ibuted the 
h igh- tempera ture  characteristics of the bond to a l iq- 
uid phase sintering mechanism (41). A more recent 
study (43) describes some more practical l iquid dif- 
fusion soldering techniques with part icular  emphasis 
on avoiding formation of pores and intermetal l ic  com- 
pounds in  the seam joints of s t ructural  members.  

The semiconductor indust ry  has created new prob- 
lems .pertaining to mater ial  interfaces subjected to ele- 
vated temperatures  in fabricating electronic devices 
and in subsequent  use (44-62). 

Theory.---Many families of systems have character-  
istics which lend themselves to SLID bonding. These 
systems must  have one component with a low melt ing 
point, and another with a high mel t ing point  and an 
equi l ibr ium phase diagram such that elevated tem- 
perature  processing will result  in a phase t ransforma-  
tion of the liquid component to a higher melt ing point 
material�9 Systems with peritectic reactions are typi-  
cally of this type. Examinat ion of the phase diagrams 
(63) shown in  Fig. 1, 2, and 3 will  aid in the compre- 
hension of this phenomenon.  

If one placed two blocks of silver and indium to- 
gether and permit ted them to lie in in t imate  contact 
for an extended period of time (days or weeks) at a 
temperature  corresponding to To in Fig. 1, (at this 
temperature  no l iquid phase is present  at any time) 
there will develop layers in this system corresponding 
to each one-phase region crossed by this horizontal 
line To. These phases will form by isothermal diffusion. 
If diffusion is permit ted to cont inue unt i l  close to 
equi l ibr ium conditions are reached, according to Gibb's  
phase rule no more than two layers could exist in this 
system. These phases would correspond to any two 
adjacent phases of the system, depending on the gross 
composition of the sample. If the gross composition 
falls wi thin  a one-phase region, the system will  be 
composed of but  a single phase. Diffusion theory (6) 
dictates that there can be no two-phase layers in iso- 
thermal  diffusion structures. All of the phases pre-  
dicted by the equi l ibr ium diagrams, however, do not 
always appear (33-35) as distinct layers (6, 64). 

In  the s i lver - indium system the following phases can 
be present  at the same time at temperature  To: a, ~', 
-~', r and In. 
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At temperatures  above the melt ing point of indium, 
T1 and T2 shown in Fig. 1, this system can be used 
for producing h igh- tempera ture  bonds. At tempera ture  
T1, l iquid ind ium wil l  form and dissolve a given quan-  
tity of silver, as shown by composition X on the phase 
diagram. The saturated liquid wil l  be separated from 
the silver substrate by finite layers of -y and ~. Ind ium 
from liquid X will, in time, diffuse through ~, and 
while silver is diffusing in the opposite direction unt i l  
complete t ransformat ion of the liquid to the solid 
phases takes place. As soon as the last of the liquid 
phase disappears, the system is capable of wi ths tand-  
ing temperatures  of greater than 6O0~ (the probable 
decomposition point  of ~) before l iquid phase reap-  
pears. Only if the system were inadver ten t ly  heated 
to where liquid phase forms would danger (64) of 
creating a low- tempera ture  bond exist. 
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At tempera ture  T2, ind ium from the l iquid of com- 
position Y need only diffuse through the ~ phase to 
complete the react ion with a : a + In  -> ~. 

The feasibili ty of producing h igh- tempera ture  dif- 
fusion bonds in the presence of l iquid phase was dem-  
onstrated by the work of a n u m b e r  of investigators. 
Cast leman and Seigle (33) encouraged the growth of 
the high mel t ing point  phases 5 and e by anneal ing  an 
A1-Ni diffusion couple above its eutectic tempera ture  
of 640~ Lashko and Lashko (43) el iminated the l iq-  
uid phase completely from the seam area of diffusion 
bonds in  a var ie ty  of systems by anneal ing  at elevated 
temperatures.  

Powell  and Braun  (65), in  their study of diffusion 
in the A u - I n  system below the mel t ing point  of in -  
dium, discovered inadver ten t ly  the effect of a mol ten 
zone, due to faulty tempera ture  control, on the struc-  
ture of the in termediate  phases (see their Fig. 3b). The 
s tructural  change associated with the phase t ransfor-  
mation in  t u rn  affects the values for the diffusion co- 
efficients. Invest igat ing the mechanism of peritectic 
reactions, Sartell  and Mack (64) pointed out the im-  
portance of s t ructure  and its effect on the na ture  of 
the diffusion process. 

In  the diffusion of Cd, In, and Sn in Ag, Tomizuka 
and Slifkin (6) found that, for temperatures  below 
600~ the effects of grain  boundaries  become signifi- 
cant. Achter, Birks, and Brooks (67) in measur ing 
grain boundary  diffusion of Zn and Cu using electron- 
probe techniques de termined that  the ratio of grain  
boundary  diffusion coefficient of lattice diffusion co- 
efficient, DB/DL, to be approximately 106. Similar  re-  
sults were obtained for self diffusion in  Ag by LeClaire 
(14) and in  Ni by Upthegrove and Sinnot t  (68) with 
~the ratios increasing with decreasing temperature.  
McLean (69) points out that, nevertheless,  the dif- 
fusant  will  not usual ly penetrate  much fur ther  along 
the grain boundaries  than through the lattice, because 
the diffusing substance, when  it has t ravel led fur ther  
along a boundary,  will diffuse sideways into the single 
crystals neighboring the boundaries.  With diffusion 
times on the order of 100 hr, DB/DL must  be approxi-  
mately 10~ for grain boundary  diffusion to penetra te  
twice as far as lattice diffusion. 

The A u - I n  (55) and Cu- In  (55) systems, shown in 
Fig. 2 and 3 can be expected to produce bonds capable 
of wi ths tanding m i n i m u m  temperatures  of 451~ and 
667~ respectively, after complete l iquid diffusion. 
The physical mechanism accounting for SLID bonding 
in these systems is s imilar  to that described for the 
Ag- In  system. 

The SLID process goes through five distinct stages 
during the bonding cycle: 

Wetting.--During this stage the conventional  surface 
free energy relationships (45, 70-84) play pr imary  
roles in achieving opt imum wetting. 

Alloying.--During this stage there must  be some 
liquid solubility, even if only extremely limited, of 
the high mel t ing component  or components and the 
surfaces to be bonded, in the low melt ing phase or 
phases. This stage terminates  when the liquid is com- 
pletely saturated according to the appropriate phase 
diagram. 

Liquid di#usion.--In this stage the l iquid and solid 
components begin to interdiffuse to form more of the 
high mel t ing  point components. 

Gradual solidification.--The quant i ty  of l iquid phase 
diminishes and the bond gradual ly solidifies unt i l  all 
l iquid disappears. 

SoIid-dif]usion.--During the preceding two stages, 
diffusion in the solid state is also taking place, but  
after complete solidification, solid diffusion is the only 
mechanism driving the reaction to equi l ibr ium as dic- 
tated by the appropriate phase diagram. 
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Fig. 4. Apparatus for determining unbonding temperatures of 
SLID bonds. 

Experimental Procedure and Results 
Clad materials were chosen for the preforms for 

SLID bonding. Three variables, temperature,  time, and 
gross composition, control the process. Tempera ture  
was varied between 200~176 time from 10-120 min;  
gross composition was controlled by adjust ing thick- 
ness of layers such that equi l ibr ium composition was 
always in the solid solution region. All  bonds were 
made in  a tube furnace in  a gas ambient  (hydrogen, 
forming gas, n i t rogen or argon) low in  oxygen or 
water  vapor using parts 0.175 x 0.25.0 in. s tamped from 
clad sheets, 5-40 mils thick. 

The formation of in te rna l  In203 bands in s i lver-  
indium alloys has been studied by Rapp and co- 
workers (85) and the thermodynamic  stabili ty of In208 
is well  known (86). Oxygen and water  vapor content  
therefore must  be kept low to minimize their effects 
on wett ing and diffusion. All  parts  were well  cleaned 
using conventional  cleaning and degreasing techniques. 
The importance of cleanliness and its effects on dif- 
fusion were pointed out by Rhines (6) and on bonding 
by Williams (5). 

Bonded couples were evaluated in a furnace shown 
schematically in  Fig. 4. To determine the temperature  
capabilities of the systems, the 0.175 x 0.250 in. parts 
were bonded in a lap joint  configuration so that the 
bond area was approximately 0.175 x 0.175 in. The 
sample was suspended in the hot zone of a vertical  
tube furnace connected to a chromel-a lumel  thermo-  
couple via a clamping fixture. A weight was hung 
from one leg of the thermocouple wire, which placed 
the couple in tension, in such a way that when  the 
sample broke, the thermocouple circuit would open. 
The load on the bond was applied as a shear stress, 
and it was assumed that when  continuous l iquid phase 
formed in  the interracial  bond region, rup ture  would 
occur. As a calibration of the test equipment  used, 
rup ture  tests were periodically run  on s tandard  simple 
eutectic bonds (Au-Sn  mp 280~ Au-Ge  mp 356~ 
A1-Si mp 577~ Ag-Cu mp 779~ which always 
broke wi thin  3~ of their  respective mel t ing points. 

After  bonding, samples were prepared metal lo-  
graphically by angle (approximately 15") lapping. 
Some samples were subjected to electron probe x - r ay  
microanalysis (87) for phase identification in the bond 
regions. 

Figures 5, 6, and 7 show the high temperature  results 
of some SLID bonds made in  the Ag-In,  Au-In ,  and 
Cu- In  systems respectively. The anomalous low-tern-  
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perature ruptures  found in all three b inary  systems 
were correlated with incomplete t ransformat ion to 
h igh- tempera ture  phases in the interface. This is 
thought  to be due to only part ial  completion of one or 
more of the five bonding stages for reasons such as 
poor wetting, unsatisfactory mat ing  of parts, the k ine t -  
ics of a part icular  reaction, etc. In  the silver and cop- 
per  systems, this anomaly  accounted for 16% of the 
units  tested; in the gold system, 9%. In  one te rnary  
system investigated (88), no low- tempera ture  results 
were observed, possibly due to the lesser sensi t ivi ty of 
this system to the aforementioned effects. 

Table I shows the results of electron probe x - r ay  
microanalysis  on some of the bonds made. In  Table II 
the identification and extent  of formation of phases in 
the Ag- In  system is shown as observed from metal lo-  
graphic taper sections of SLID bonds. Tables III  and 
IV show similar results, respectively, for the Cu- In  
and A u - I n  systems. Figures 8-13 are photomicrographs 
of some of the bonds identified in the previous tables. 

Some hybrid  bonds were made for the purpose of 
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Table 1. Electron probe x-ray microanalysis of interfacial bond 
regions 

P h a s e  
c h e m i s t r i e s  

( a n a l y t i c a l l y  P r o b a b l e  
S a m p l e  D i f f u s i o n  m e a s u r e d  i n t e r f a c e  

N o .  B o n d  cyc le  in  w t  %) i d e n t i f i c a t i o n  

1922 A g / I n / A g  250~ fo r  In -10 ;  A g - 9 0  M i n o r :  A g  w i t h  I n  in  
15 r a in  sol id  so l 'n .  

c o n t i n u o u s  
l a y e r  

In -35 ;  A g - 6 5  M a j o r :  Ag2In ;  c o n t i n -  
u o u s  l a y e r  

In -68 ;  A g - 3 2  M i n o r :  A g i n g :  d i s c o n -  
t i n u o u s  l a y e r s  

2011 A u / I n / A u  200~ fo r  In-12;  A u - 8 8  M i n o r :  ~(Au4In) ;  con-  
10 r a in  t i n u o u s  l a y e r  

of  r o s e - p i n k  
co lor  

In -21 ;  A u - 7 8  M a j o r :  7 (AugIn4)  ; 
c o n t i n u o u s  
l a y e r  of g r e y -  
w h i t e  

In -54 ;  A u - 4 6  M a j o r :  AuIn2 ;  b l u e -  
w h i t e  w i t h  
d a r k  s t a i n s  
a f t e r  e t c h i n g ;  
c o n t i n u o u s  
l a y e r  

2000 C u / I n / C u  300~ fo r  In -50 ;  Cu-50  M i n o r :  V c o n t i n u o u s  
10 m i n  l a y e r  

In-56;  Cu-44  M a j o r :  r c o n t i n u o u s  
l a y e r  

Table II. Metallographic taper-section of SLID bonds 
in the Ag-ln* system 

S p e c i -  
m e n  D i f f u s i o n  
N o .  cyc l e  P r o b a b l e  i n t e r f a c e  i d e n t i f i c a t i o n  

32 200~  ra in  

33 250~ m i n  

34 300~ r a in  

35 350~ m i n  

36 400 ~  m i n  

M a j o r :  Age In  (p ink )  + AgIn~  ( w h i t e )  
M i n o r :  b l a c k  & w h i t e ,  d i s c o n t i n u o u s - - u n r e -  

a c t e d  In  p l u s  A g  c o m p o u n d s  

M a j o r :  p i n k ,  c o n t i n u o u s  l a y e r - - A g e I n  
M i n o r :  w h i t e ,  c o n t i n u o u s  l a y e r - - A g I n 2  
V e r y  m i n o r :  b l a c k  & w h i t e ,  d i s c o n t i n u o u s - -  

u n r e a c t e d  I n  p l u s  A g  c o m -  
p o u n d s  

M i n o r :  ~ sol id  so lu t ion  
V e r y  m a j o r :  p i n k ;  Ag2In  ( p r a c t i c a l l y  c o m -  

p le te  b o n d  a r ea )  
V e r y  M i n o r :  w h i t e ;  AgIn~  
N o  u n r e a e t e d  In  p r e s e n t  

M a j o r :  ce so l id  so lu t i on  
M a j o r :  A g a i n  
N o  A g I n 2  p r e s e n t  

M a j o r :  ve sol id  so lu t i on  
M a j o r :  Ag,2In 

* B l a c k  a n d  w h i t e  p h o t o m i c r o g r a p h y  is  u n a b l e  to d i s t i n g u i s h  
s u b t l e  color  d i f f e r e n c e s  b e t w e e n  p h a s e s  w h i c h  the  e y e  can .  T h e s e  
t ab l e s  t h e r e f o r e  m a y  d i f fe r  f r o m  t h e  c o r r e s p o n d i n g  f igu res .  

determining feasibili ty of the technique in complex 
systems. These were made in the following systems: 
those involving a third or fourth element;  those to 
silicon surfaces; and those to surfaces in  order to 
produce hermetic enclosures. The results were de- 
scribed in detail elsewhere (88). In  general, however, 
it can be reported here that in those cases in which 
the phase diagrams indicated a favorable condition, 
SLID bonding occurred. 

Discuss ion  
It appears on examinat ion  of cross sections that 

there is most l iquid available for bonding in the Ag- In  
system and the least in  the A u - I n  system for a given 
tempera ture  level. These observations agree wi th  what  
one would expect from the phase diagrams. From 
Tables III, IV, and V, the interdiffusion of ind ium is 
greatest with gold and least with copper. Wett ing of 
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Table III. Metallographic taper-sections of SLID bonds 
in the Cu-ln system 

S p e c i -  
m e n  D i f f u s i o n  P r o b a b l e  i n t e r f a c e  i d e n t i f i c a t i o n  
No.  cyc le  

47 200~ ra in  M a j o r :  w h i t e ,  c o n t i n u o u s  b a n d s  p lus  c o l u m -  
n a r  g r o w t h  of  V + r p h a s e s  

M a j o r :  b l a c k  a n d  w h i t e ,  c o n t i n u o u s  p h a s e  
of  u n r e a c t e d  In  p l u s  Cu c o m p o u n d s  

45 M a j o r :  w h i t e ,  c o n t i n u o u s  b a n d s  p lus  c o l u m -  
n a r  g r o w t h  of  ~ + r p h a s e s  

M i n o r :  b l a c k  a n d  w h i t e ,  d i s c o n t i n u o u s  p h a s e  
of  u n r e a c t e d  In  p l u s  C u  c o m p o u n d s  

46 M a j o r :  w h i t e ,  c o n t i n u o u s  b a n d s  p lus  c o l u m -  
n a r  g r o w t h  of  ~? + r p h a s e s  

M i n o r :  b l a c k  a n d  w h i t e ,  d i s c o n t i n u o u s  p h a s e  
of  u n r e a c t e d  In  p l u s  Cu  c o m p o u n d s  

44 M a j o r :  w h i t e ,  c o n t i n u o u s  b a n d s  p lus  c o l u m -  
n a r  g r o w t h  of V + r p h a s e s  

M i n o r :  b l a c k  a n d  w h i t e ,  d i s c o n t i n u o u s  p h a s e  
of  u n r e a c t e d  In  p l u s  C u  c o m p o u n d s  

48 O n l y  t r a c e s  of b l a c k  a n d  w h i t e  p h a s e s  r e -  
m a i n .  R e g i o n  cons i s t s  p r i m a r i l y  of  ~ + r  

250~ ra in  

300~ ra in  

350~ ra in  

4 0 0 ~  

Table IV. Metallographic taper sections of SLID bonds 
in the Au-ln system 

S p e c i -  
m e n  D i f f u s i o n  
No.  cyc le  P r o b a b l e  i n t e r f a c e  iden t i f i ca t ion*  

2011 200~C/10 m i n  No a d e t e c t a b l e  
M i n o r :  r o s e - p i n k  
V e r y  v e r y  m i n o r :  c r e a m  co lo red  ,y 
M i n o r :  w h i t e ,  A u I n  p l u s  AuIn2  (equa l  vo l -  

u m e  to ~) 
V e r y  M a j o r :  ( a p p r o x .  80% b y  v o l u m e  of  

b o n d ) :  b l a c k  a n d  w h i t e  p h a s e ,  
p r o b a b l y  u n r e a c t e d  In  p lus  A u  
c o m p o u n d s  

No v o i d s  f o u n d  in  th i s  b o n d  s t r u c t u r e  

49 200~  ra in  V e r y  m i n o r :  y e l l o w  c~ 
M a j o r :  
M a j o r :  ~/ + A u I n  + AuIn~  
M i n o r :  b l a c k  a n d  w h i t e  

53 250~ ra in  M i n o r :  c~ 
M a j o r :  
M a j o r :  ,y 
M a j o r :  A u I n  (wh i t e )  
M a j o r :  AuIn2  ( b l u e - w h i t e )  
No b l a c k  a n d  w h i t e  p h a s e  a p p e a r s .  B e t w e e n  
t h e  ~ a n d  ~ p h a s e s  s o m e  K i r k c n d a l l  l o o k i n g  
v o i d s  a p p e a r .  

52 300 ~ r a in  M i n o r :  
M a j o r :  ~. 
V e r y  m a j o r :  ,y 
V e r y  m i n o r :  A u I n  p l u s  A u I n e  
K i r k e n d a l l  v o i d s  st i l l  p r e s e n t  

51 350~ r a i n  M i n o r :  a ( t h i c k e r  t h a n  @ 300~ 
M a j o r :  
M a j o r :  -y ( equa l  v o l u m e  to ~) 
No w h i t e  p h a s e s  p r e s e n t  

50 400~ ra in  M i n o r :  a ( t h i c k e r  t h a n  @ 350~ 
M a j o r :  [ 
M a j o r :  ,y ( t h i n n e r  t h a n  ~) 

* Al l  p h a s e s  p r e s e n t ,  
b o n d  s t r u c t u r e s  e x c e p t  
t i nuous .  

a t  al l  t e m p e r a t u r e s ,  a p p e a r  as  c o n t i n u o u s  
the b l a c k  a n d  w h i t e  p h a s e  w h i c h  is d i s con -  

the indium to Ag, Cu, or Au appears to be most critical 
in the silver system, probably due to its high oxygen 
solubility, and least critical in the gold system. 

From the h igh- tempera ture  rupture  results shown 
in Fig. 5, 6, and 7, bonds made at 300~ in these sys- 
tems withstood subsequent  loads at 400~176 in most 
cases. These results have been correlated with phases 
identified in the bond regions and shown in  Tables II, 
III, and IV. 

Ag-In  system.--At temperatures  up to 400~ for 30 
min  no Ag3In could be detected either metal lographi-  
cally or by electron probe techniques. It  would be in -  
teresting to photograph the a-Ag2In interface with an 
electron microscope in an at tempt to detect this phase 
which should exist according to diffusion theory. All 

Fig. 8. Ag-ln SLID bond made at 200~ for 30 min. Etchant: 
2g K2Cr2OT, 8 ml H2SO4; 4 ml NaCI (sat. sol.), 400 ml H20; swab 
for 10 to 30 sec; at temperatures as low as 200~ transformation 
of indium to higher melting phases is complete. 

Fig. 9. Ag-ln SLID bond made at 300~ for 30 min. Etchant: 
same as Fig. 8. The darkened area of the silver adjacent to Ag21n 
is solid solution. 

of the phases formed dur ing the diffusion cycles grew 
in layers only. We would, therefore, not expect any 
short-circuit ing effects in diffusion usually associated 
with columnar  phase growth. When bonding at 300~ 
and above, for all practical purposes, only h igh- tem-  
perature phases exist. 

Cu- In  system.--Although all of these bonds with-  
stood elevated temperatures  without  ruptur ing,  elec- 
tron probe results and metallographic analysis seem 
to indicate that some lower mel t ing phases persist 
even at the 400~ diffusion cycle. The phase t ransfor-  
mation in this system does seem sluggish. Perhaps the 
black and white phase which shows up in Fig. 12, but  
unfor tunate ly  not in  Fig. 13 is very discontinuous, 
thereby enabl ing one to apply a load to the bond re-  
gion up to temperatures  at which the copper-rich 
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Fig. 10. Au-ln SLID bond made at 250~ for 30 min. Visual 
identification is clearer than B&W photomicrographs due to the 
vivid color contrast of phases. Porosity shown in center is due to 
factors such as mating and pressure not investigated in this study. 

Fig. 12. Cu-ln SLID bond made at 200~ for 30 min. Unreacted 
indium darkens in metallagraphic preparation due to pick-up of 
alumina abrasive. 

Fig. 11. Au-ln SLID bond made at 400~ for 30 min. Note the 
complete absence of voids and phases richer in indium than 7. 

phases melt. Results shown in  Fig. 7 indicate this 
possibility. 

A u - I n  system.--This system produced the most 
colorful phases. Transformations occurred very rapidly 
and at very low temperatures.  Table IV shows that  an 
increase of t ime at 200~ from 10 to 30 rain resul ted 
in a decrease in  the quant i ty  of the lowest mel t ing 
phase in the bond area from 80% of the volume to a 
minor  portion. At 250~ and above, the structure is 
composed entirely of high mel t ing phases. At 250 ~ 
and 300~ small voids appear in the interface between 
the ~ and 7 phases. If the voids are the result  of the 
Kirkendal l  effect it is not understood why they should 
not also appear at temperatures  above 300~ At tem- 
peratures of 350 ~ and 400~ voids ent irely in the 7 
phase, appear, which are probably due to density 
difference between the phases. 

Conclusions 
The processes thus far described and experimented 

with are feasible, not only theoretically, but  in a 
practical manufac tur ing  process for producing high- 
temperature  bonds using lower temperature  processing 

Fig. 13. Cu-ln SLID bond made at 400~ for 30 min. The two 
phases in the bond interface could not be differentiated using 
common etchants. 

conditions for a mul t i tude o,f both semiconductor and 
nonsemiconductor brazing or bonding applications. 

It is expected that by going to more complex sys- 
tems, one could combine the effects of different ele- 
ments  to achieve opt imum results. For example, the 
greater quant i ty  of l iquid in  the Ag system compared 
to Au at comparable temperature  levels together with 
the fast diffusion of the Au system would suggest a 
A g - A u - I n  SLID bond; the improved oxidation resist- 
ance of tin alloys compared with ind ium might  result  
in a A u - A g - I n - S n  system. The systems of Ni, Pd, Pt, 
Fe, Co, and Mn seem promising when combined with 
In  and/or  Sn. The specific contributions of other ele- 
ments  and fabrication techniques affecting the phase 
diagrams and diffusion phenomena provide unl imited 
conditions for future  experiments.  
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Superconducting Niobium Stannide (Nb3Sn) 
on Metallic Substrates 

Films 

T. L. Chu and J. R. Gavaler 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

AB,STRACT 

Niobium stannide, Nb~Sn, has been transported from a sintered source 
material onto various substrates by hydrogen halides in the presence of a 
temperature gradient. The superconducting transition temperature of the 
deposited films was found to depend, among other factors, strongly on the 
separation between the source and the substrate. At large separations, the de- 
posited films were nonstoichiometric due to the differences in reactivities of 
niobium and tin toward hydrogen halide and the ease of reduction ol niobium 
and tin halides with hydrogen. At small separations, the films deposited on 
metallic substrates were found to have a superconducting transition tempera- 
ture of 18~ and a critical current density of up to 6 x 104 amp cm -2 in 
magnetic fields of 50 kG. 

Niobium stannide Nb3Sn, a Type II superconductor,  
has been prepared by metal lurgical  and chemical tech- 
niques. The sintering of a stoichiometric mix ture  of 
the elements  was the method first used to prepare  
this compound. Three intermetal l ic  phases are known 
to exist in the Nb-Sn  system. Nb~Sn does not form be- 
low 805~176 and exists as an equi l ibr ium phase up 
to the mel t ing point of the compound, approximate ly  
2000~ (1). Because of the brit t leness of niobium stan- 
nide, the sintering process is usually carr ied out after 
a mix ture  of niobium and tin has been fabricated into 
its final form. Various techniques have been devised 
to produce niobium stannide wires capable of car ry ing  
currents  higher  than 10 ~ amp cm -2 at 4.2~ in fields 
of 100 kG (2). 

The s inter ing technique is not sufficiently flexible for 
producing niobium stannide in forms desirable for 
other purposes. Chemical  approaches have produced 
interest ing results. For  example,  the simultaneous re-  
duction of mixtures  of niobium and tin chlorides with 
hydrogen in a flow system has been used for the depo- 
sition of niobium stannide on substrate surfaces in the 
tempera ture  range of 900~176 (3-5). The chemical 
react ion is represented by the equat ion 

3NbCli(g)  -5 SnC12(g) -5 7H2(g) 

---- Nb3Sn(s) -5 14HCI(g) 

The reductions of niobium and tin chlorides show dif- 
ferent  dependence on tempera ture  and on H2/halide 
molar  ratios because of their  differences in act ivation 
energies and free energy changes. Thus, the composi- 
tion of the deposited mater ia l  depends on the substrate 
t empera ture  and the composit ion of the reactant.  Al-  
though deposited mater ia l  with a composition devia-  
tion as much as 5% from stoichiometry was found to 
re ta in  a single phase ~- tungsten structure,  this compo- 
sitional var ia t ion  resul ted in significant changes in 
transit ion tempera ture  (6). Thus, the s toichiometry of 
the deposited material ,  and therefore  the control  of 
substrate t empera ture  and reactant  composition are 
of ex t reme importance.  Under  proper  conditions, nio-  
bium stannide has been prepared  in various forms 
such as films on metal l ic  substrates which have  been 
used to construct solenoids capable of generat ing fields 
in excess of 100 kG (7). 

Chemical  approaches are more flexible for the p rep-  
arat ion of niobium stannide. However ,  the thermal  
reduct ion technique requires  the precise control  of 
reactant  composit ioa and substrate temperature ,  and 
the yield of the reduct ion process is only moderate .  
We have invest igated the usefulness of the chemical  
t ransport  technique, because of its inherent  simplicity, 
for the deposition of niobium stannide films on various 

substrates. Using this technique, niobium stannide has 
been efficiently t ransported f rom a sintered source 
mater ia l  onto substrate surfaces by hydrogen halides 
in the presence of a t empera tu re  gradient.  Aside f rom 
other factors, the superconduct ing transi t ion temper-  
a ture  of the deposit was found to depend on the sep- 
arat ion be tween the substrate and the source mate-  
rial. At  small separations, the deposited films have  
transi t ion tempera tures  of 18~ and a cri t ical  current  
density of up to 6 x 104 amp cm -2 in magnet ic  fields 
of 50 kG. The chemical  t ransport  of niobium stannide 
under  various conditions and the propert ies  of resul t -  
ing deposits are described in this paper. 1 

Experimental 
The transport  of solid substances by chemical  reac-  

tions has been used widely  for the prepara t ion of 
electronic mater ia ls  during recent  years (8). Niobium 
stannide reacts revers ibly  wi th  hydrogen halides, such 
as hydrogen chloride and hydrogen bromide to yield 
a mix ture  of metal l ic  halides. For  example  

Nb~Sn(s) + 14HBr(g) 

---- 3'NbBr4(g) -5 SnBr2(g)  -5 7H2(g) 

Where  NbBr4 and SnBr2 ave assumed to be the pre-  
dominant  species. Since the hydrogen reduct ion of 
most metal l ic  halides becomes thermodynamica l ly  
more favorable  at higher  temperatures ,  hydrogen 
halides are capable of t ransport ing niobium stannide 
from a low tempera tu re  region to substrates at h igher  
temperatures.  In the source region, hydrogen bromide 
reacts wi th  the source mater ia l  to produce NbBr4, 
SnBr2, and H2, which are transported to the substrate 
region at higher  temperatures .  The reverse  react ion 
takes place in the substratc region because of the 
change in temperature ,  depositing Nb3Sn. 

The t ransport  of niobium stannide onto various sub- 
strates by hydrogen  halide was carr ied out using both 
closed tube and flow system techniques. Sintered nio-  
bium stannide plates, prepared  by pressing ~ blend of 
n iobium and tin powder  and sintering at 900~176 
for various durations, were  used as the source mate -  
rial. Substrates used for the deposition of niobium 
stannide included quartz, stainless steel, silver, Hastel-  
loy, and many  other common metals. Matheson anhy-  
drous hydrogen bromide and hydrogen chloride, of 99.8 
and 99.0% purity,  respectively,  were  used as t rans-  
port  agents, and the noncondensable impuri t ies  were  

x S u b s e q u e n t  to the  s u b m i s s i o n  of our  paper ,  a p a p e r  " T h e  
G r o w t h  of S ing le  Crys t a l s  of Nb~Sn by  C h e m i c a l  T r a n s p o r t , "  by  
J .  J .  H a n a k  and  H. S. B e r m a n  was  p r e s e n t e d  a t  t he  I n t e r n a t i o n  
Confe rence  on Crys t a l  G r o w t h ,  Boston,  J u n e  20-24, 1966. In  th i s  
work ,  Nt>~Sn s ing le  c rys ta l s  we re  g r o w n  by  the  c o n v e n t i o n a l  chem-  
ica l  t r a n s p o r t  t e c h n i q u e  in  con t r a s t  to  t he  c lose - spac ing  t r a n s p o r t  
for  the  depos i t i on  of  t h i n  f i lms  e m p h a s i z e d  in  our  paper .  
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removed  by evacuat ing the solid which was re f r ig -  
erated wi th  l iquid nitrogen. Fused silica tubes of 2.5 
cm I.D. or 2.5 x 2.5 cm cross-section were  used hor i -  
zontally as react ion tubes in most experiments .  

To carry  out the closed-tube transport,  the react ion 
tube containing the source mater ia l  and the substrate 
was evacuated to 10 -5 Torr  or less, a known amount  
of the t ransport  agent  was distilled in, and the reac-  
tion tube was sealed. When a large substra te-source 
separation, say 10 cm or more, was desired, the reac-  
tion tube was placed in a horizontal  tube furnace con- 
taining two independent ly  controlled t empera tu re  
zones. The region of the tube containing the substrate 
was placed in the high tempera ture  zone, 800~176 
and the source mater ia l  was usually mainta ined at 
600~176 When a small  substrate-source spacing 
was desired, the substrate was placed on the bot tom 
of a square  cross-sectioned tube, and the source plate 
was placed at about 1 mm above the substrate. To 
establish a t empera ture  gradient  across the react ion 
tube, only the bot tom side of the tube was heated by 
a flat horizontal  heater.  The substrate thus assumes a 
higher  tempera ture  than the source material .  However ,  
the tempera ture  difference be tween the source and the 
substrate, determined by the geometry  of the reac-  
tion tube, is small  and cannot be var ied at will. 

In many close-spacing experiments ,  the substrates 
were  heated resist ively so that  the tempera ture  differ- 
ence be tween  the substrate and the source mater ia l  
could be readi ly  adjusted. A fused silica tube of 2.5 cm 
diameter,  enclosed in a horizontal  furnace, was used as 
the react ion tube. One end of the tube was provided 
with  inlet  tubes for the t ransport  agent  and the di lu-  
ent, and the other end was provided wi th  two de- 
mountable  electric leads and the exhaust  tube. The 
metal l ic  substrates, in the form of hair-pins,  were  
connected to the electric leads. Two sintered niobium 
stannide plates were  placed approximate ly  1 mm above 
and below the substrate. Af ter  the react ion tube was 
purged with the diluent, such as helium, the react ion 
tube was heated to approximate ly  700~ to prevent  
the condensation of metal  halides on the wal l  of the 
reaction tube. The wire  substrate was then fur ther  
heated resis t ively to about 850~ and a t empera tu re  
difference be tween the source and substrate of 50~ 
or more was readily achieved. The t ransport  agent  
was then introduced at a low flow rate, say 5 ml /min ,  
and the flow of the t ransport  agent and the di luent  
was mainta ined through the t ransport  process. Al-  
ternat ively,  the react ion tube was evacuated and back-  
filled with  the t ransport  agent  to a pressure of 10-15 
cm. The transport  process then was carr ied out in a 
closed system under  similar  t empera ture  conditions as 
in the flow system. 

The superconducting transi t ion tempera ture  of nio- 
bium stannide specimens was determined by conven-  
tional techniques. The measurement  of the resist ive 
voltage drop across a specimen was used when  elec- 
tr ical  contacts could be applied to the specimen. For  
small or i r regular  specimens, the specimen was placed 
inside a small coil which was a part  of a tank circuit, 
and its resonant  f requency was measured.  When the 
specimen becomes superconducting, the inductance of 
the coil decreases, resul t ing in a decrease in the f re-  
quency. The critical current  density of niobium stan- 
nide deposited on wire  substrates was measured on 
specimens approximate ly  2 cm long. The ends of the 
test specimen were  copper plated and then indium. 
soldered onto heavy copper leads. When the voltage 
drop across the specimen exceeded 5 ~v, the sample 
was considered to have passed from the superconduct-  
ing to the normal  state. 

Results and  Discussion 

The t ransport  of niobium stannide by hydrogen 
halides has been established in both closed tube and 
gas flow systems under  a var ie ty  of conditions. Since 

Fig. I. Niobium stannide transported onto a quartz substrate by 
hydrogen bromide in a closed tube with a source-substrate separation 
of 10 cm. This film, approximately 250~ thick, had transition tem- 
perature of 13~176 indicating that the film was nonstoichi- 
ometric. 

the separat ion be tween the source mater ia l  and the 
substrate was found to be the most  impor tant  var iable  
determining the transi t ion t empera tu re  of the deposit, 
the following discussion is d ivided into two parts ac- 
cording to the source-substra te  separat ion used in the 
transport  experiments .  

Transport of niobium stannide with large source- 
substrate separation.--In most t ransport  experiments ,  
a br ight  metall ic film was deposited in the high tem-  
pera ture  zone of the react ion tube. The t ransport  rate  
was determined predomina te ly  by the composit ion and 
pressure of the t ransport  agent, the source and sub- 
strate temperatures ,  and the distance be tween  the 
source and the substrate. For  example,  a film 250~ 
thick was deposited at a rate of 3 ~/hr  using hydrogen 
bromide at 2.5 a tm as the t ransport  agent. The source 
and substrate were  10 cm apart  and their  tempera tures  
were  600 ~ and 900~ respectively.  This film was found 
to be polycrystal l ine and consisted of many  crystal-  
lites 20-30~ wide (Fig. 1). It was also found to be a 
single phase mater ia l  by Pickles imer 's  anodization 
technique (9). The source mater ia l  used in this t rans-  
port exper iment  was s intered at 1200~ for 20 hr and 
had a transi t ion tempera ture  of over  18~ However ,  
the transit ion t empera tu re  of the t ranspor ted  film was 
found to be in the range of 13~176 This broad 
transit ion of the t ransported film indicates its non- 
stoichiometry. This is due to the difference in reac-  
t ivi ty of niobium and tin toward hydrogen bromide 
and the difference in the ease of reduct ion of niobium 
and tin bromides. Thus the composit ion of the film 
changed gradual ly  as the t ransport  proceeded. Nio- 
bium stannide films prepared by using other  substrate 
temperatures  or using source mater ia l  sintered at dif- 
ferent  tempera tures  (900 ~ 1050 ~ and 1400~ had 
similar or lower transition temperatures .  

Among the metal l ic  substrates used in the t ransport  
process, si lver and Hastel loy were  found to be re la -  
t ively  iner t  in hydrogen  bromide up to about 900~ 
At  substrate temperatures  below 800~ the deposited 
films had low transi t ion tempera ture ,  less than 10~ 
indicating that they were  not  stoichiometric. A t  sub- 
strate tempera tures  of 950~ or higher,  the substrates 
were  severely  attacked. Therefore  most exper iments  
were carried out at substrate  tempera tures  of 850 ~ 
900~ and the tempera tures  of the source mater ia l  
were  maintained 250~176 lower. Under  these con- 
ditions, the propert ies  of the t ransported films were  
also found to be affected by the sintering tempera ture  
of the source material .  When the source mater ia l  was 
sintered at low temperatures ,  both si lver and Hastel loy 
substrates were  at tacked to some extent.  The deposited 
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Table I. Deposition of Nb3Sn films on silver and Hastelloy 
substrates by chemical transport using a source-substrate 

separation of 10 cm 

S i n t e r i n g  t e m p  
of source  S u b s t r a t e  T r a n s i t i o n  

NbsSn,  ~ (a) t emp ,  ~ F i l m  q u a l i t y  t emp ,  ~ 

900, 1050, 1200, ~ 8 0 0  F a i r  to good 10 
and  1400 

900, 1050, 1200, ~ 9 5 0  Very  poor,  sub-  5-18 d e p e n d i n g  
and  1400 s t ra te  s e v e r e l y  on source  ma-  

a t t a c k e d  t e r i a l  
900 850-900 Poor  10-18 

1050 850-900 Poor  10-18 
1200 850-900 F a i r  13-18 
1400 850-900 Good 9-13 

(a) A l l  s i n t e r i n g  t imes  we re  a m i n i m u m  of 4 h r  a f t e r  an i n i t i a l  
s i n t e r i n g  of 70 h r  a t  900~ 

(b) The  t r a n s i t i o n  t e m p e r a t u r e s  g i v e n  were  m e a s u r e d  on f i lms 
depos i t ed  on me ta l l i c  s u b s t r a t e s  w h e n e v e r  poss ible .  In  cases w h e r e  
the  depos i t s  on m e t a l l i c  subs t r a t e s  we re  no t  of suf f ic ien t ly  good 
q u a l i t y  for  m e a s u r e m e n t ,  the  t r a n s i t i o n  t e m p e r a t u r e s  g i v e n  are for  
f i lms depos i t ed  on  q u a r t z  u n d e r  the  same e x p e r i m e n t a l  condi t ions .  

films, wi th  transi t ion tempera tures  in the range of 
10~176 were  not t ightly adherent  and were  of poor 
appearance. The degree of attack was found to de- 
crease wi th  increasing sintering t empera tu re  of the 
source material .  The substrates were  not significantly 
att.acked when the source mater ia l  was sintered at 
1400~ and continuous and adherent  films were  ob- 
tained. However ,  these films exhibi ted lower t ransi-  
tion temperatures ,  9~176 due to the presence of 
excess niobium in the films. Thus, the at tack on sub- 
strate when using source mater ia l  s intered at low tem-  
peratures  was probably due to the alloying of tin wi th  
the substrate at the deposition temperature .  The 
source mater ia l  s intered a t  ve ry  high temperatures ,  
say 1400~ was l ikely to be t in-deficient  due to evap-  
oration, thus minimizing the at tack of the substrates. 
Results of a number  of exper iments  showing the ef-  
fects of substrate t empera ture  and the tempera ture  of 
the source mater ia l  are summarized in Table I. S imi lar  
results were  obtained when  a hydrogen-hydrogen  
bromide mix ture  was used as the t ransport  agent. 
Therefore  the t ransport  technique using a large source- 
suhstrate separat ion was not able to produce films of 
stoichiometric niobium stannide. 

Close-spacing transport of Nb3Sn.--When niobium 
stannide is t ransported by using a large source-sub-  
strate separation, the composition of the resul t ing ma-  
terial  varies  along the length of the react ion tube due 
to the difference in react iv i ty  of niobium and tin 
halides. By using a ve ry  small  source-substra te  sepa- 
ration, all components  of the source mater ia l  can be 
t ransported s imultaneously and quant i ta t ive ly  to the 
substrate. The change in composit ion be tween  source 
and substrate is therefore  ex t remely  small. This ad- 
v, antage has been uti l ized for the t ransport  of chem-  
ical compounds which differ widely  in properties,  such 
as the I I I -V semiconducting compounds (10). 

When the source-substra te  spacing was 1 mm and 
the ex te rna l  heating of substrate was used, as de- 
scribed earlier,  the source t empera tu re  was est imated 
to be approximate ly  20~ lower than the substrate. 
Despite the much smaller  t empera tu re  gradients,  the 
deposition rate  of Nb3Sn by the close-spacing tech- 
nique was similar  to that  achieved by the la rge-spac-  
ing t ransport  technique. For  example,  niobium stan-  
nide films were  deposited on quartz  substrates at 850~ 
at a rate  of approximate ly  3 ~/hr by using hydrogen  
bromide at 2.5 atm as the t ransport  agent. When a 
niobium stannide plate s intered at 900~ for 70 hr  
was used as the source material ,  the film was found 
to have a sharp transi t ion tempera ture  in the range 
of 17~176 Similar  results  were  obtained by using 
source mater ia l  s intered at 1050 ~ and 1200~ These 
results confirm that  s intered Nb3Sn can be chemical ly 
t ransported with  no significant change in stoichi- 
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Table II. Deposition of Nb3Sn films on metallic substrates by 
close-spacing technique using external heating of substrates 

S i n t e r i n g  t e m p  
of  source  S u b s t r a t e  T r a n s i t i o n  
NbsSn,  ~ t emp,  ~ F i l m  q u a l i t y  t emp,  ~ 

900, 1050, 1200, ~ 8 0 0  F a i r  to good ---~10 
a n d  1400 

900, 1050, 1200, -----950 Very  poor ,  sub-  5-18, d e p e n d i n g  
and  1400 s t ra te  s eve re ly  on  source  ma-  

a t t a c k e d  t e r i a l  
900 850-900 P o o r  17- > 18 

1050 850-900 Poor  1 7 - > 1 8  
1200 850-900 F a i r  17->18 
1400 850-900 G o o d  11-14 

ometry.  According to the composi t ion-transi t ion t em-  
pera ture  re la t ion of vapor  deposited Nb3Sn (5, 6), the 
deviat ion of the t ransported film from stoichiometry 
is presumably less than 2%. However ,  the deposit ion of 
niobium stannide on si lver and Hastel loy substrates 
was also Complicated in many cases by the attack on 
the substrates. Results of a series of exper iments  are 
summarized in Table II. At  substrate tempera tures  of 
800~ or below and 950~ or above, the close-spacing 
transport  technique yielded results ve ry  similar to 
those obtained by the large-spacing t ransport  tech- 
nique. However ,  at substrate tempera tures  of 8~50 ~ 
900~ the use of source mater ia l  s intered at 900 ~ 
1050 ~ or 1200~ yielded deposits with high transit ion 
temperatures ,  in contrast  wi th  the large-spacing trans-  
port technique (cf. Table I).  But the at tack of the 
substrate dur ing the t ransport  process prevented  the 
format ion of adherent  films. The deposited films ob- 
tained from source mater ia l  s intered at 1400~ ex-  
hibited low transi t ion temperature ,  due presumably  
to a t in deficiency in the source material .  

When the substrate was heated resis t ively in the 
close-spacing transport  experiments ,  a considerably 
larger  t empera ture  difference be tween the substrate 
and the source material ,  and consequently a corre-  
sponding higher  deposition rate, 5 ~ /min  or higher,  
were  achieved. This rate was obtained in both closed 
and flow systems and was about 100 times that ob- 
tained by the externa l  heat ing technique. This high 
deposition rate  of niobium stannide sufficiently e l im- 
inated the attack of the substrate to pe rmi t  the depo- 
sition of high quality, adherent,  and continuous films. 
When a he l ium-hydrogen  bromide mix tu re  was used 
as the t ransport  agent in a flow system or when  hy-  
drogen bromide at a pressure of 10-15 cm was used as 
the t ransport  agent in a closed system, films wi th  
high transi t ion temperature ,  --~18~ were  deposited 
reproducibly on Hastel loy substrates. A typical film 
deposited on Hastel loy at 850~ is shown in Fig. 2. 

Fig. 2. Niobium stannide film deposited on a Hastelloy substrate 
by the close-spacing transport technique. The source and sub- 
strate temperatures were 800 ~ and 850~ respectively, and the 
transition temperature of this film was 18~ 
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Fig. 3. A typical current density vs. field curve of niobium 
stannide films deposited on Hastelloy by the close-spacing trons- 
port technique, 
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This film, deposited at a rate of approximately 2 ~/min,  
was 30~ thick and had a t ransi t ion tempera ture  of 
18~ The current  density of a number  of n iobium 
stannide films t ransported by the close-spacing tech- 
nique was measured in magnetic fields up to 50 kG. 
A typical current  density vs. external  field curve is 
shown in  Fig. 3. The cur ren t  density was approxi-  
mately 6 x 105 amp/cm 2 in  zero field and was 3 x 10 't 
amp/cm 2 in a field of 50 kG. The highest cur rent  den-  
sities achieved thus far, measured in  a field of 50 kG, 
were greater than 6 x 104 amp/cm 2. Thus, it has been 
demonstrated that by using a large temperature  dif- 
ference between the source and the substrate, n iob ium 
stannide films with good superconducting properties 
can be deposited on a metallic substrate. This tech- 
nique is considerably simpler than the thermal  reduc-  
t ion technique in a flow system and has potential  ap- 
plications for the construction of superconducting so- 
lenoids. 

Summary and Conclusions 
Niobium stannide, Nb3Sn, has been transported from 

a low temperature  zone to higher tempera ture  re-  
gions by using hydrogen bromide or hydrogen chlo- 
ride as a t ransport  agent, as expected from thermo-  
chemical considerations. It has been established that  
the large-spacing t ransport  technique, in  which the 
source mater ia l  and the substrate are 10 cm or more 
apart, is not readily adaptable for the deposition of 
stoichiometric Nb~Sn films. This is due main ly  to the 

differences in reactivities of n iobium and t in  toward 
hydrogen halide and the ease of reduct ion of n iobium 
and t in halides with hydrogen. On the other hand, the 
close-spacing technique has been proven to be capable 
of reproducibly depositing n iobium stannide films with 
good superconducting properties. 

To accomplish the deposition of adherent  n iobium 
stannide films on metallic substrates, it is essential to 
carry out the t ransport  process at high rates to min i -  
mize the attack of the substrates. The resistance 
heat ing of substrates provided a large temperature  
difference between the substrate and the source ma-  
terial and therefore, a high t ransport  rate. Niobium 
stannide films deposited on Hastelloy substrates were 
found to have high t ransi t ion temperatures,  --~18~ 
and reasonable current  densities. The feasibili ty and 
reproducibil i ty of this process for the preparat ion of 
stoichiometric n iobium stannide have been established. 

Acknowledgment 
We wish to thank Drs. J. K. Hulm and S. A. Aut ler  

for their  encouragement  dur ing  the course of this 
work, Mr. W. T. Reynolds for supplying the s intered 
niobium stannide plates, and Dr. C. K. Jones and Mr. 
A. Pat terson for their contr ibut ion in the t ransi t ion 
tempera ture  and current  density measurements .  

Manuscript  reecived May 14, 1966; revised manu-  
script received Aug. 1, 1966. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1967 JOVRNAL. 

REFERENCES 
1. H. J. Levinstein and E. Buehler,  Trans. Met. Soc. 

AIME, 236, 1314 (1964). 
2. See, for instance, J. E. Kunzler ,  E. Buehler,  F. S. L. 

Hsu, and J. H. Wernick, Phys. Rev. Letters, 6, 89 
(1961); D. L. Martin, M. G. Benz, C. A. Bruch, 

and C. H. Rosner, Cryogenics, 2, 161 (1963). 
3. J. J. Hanak, in "Metallurgy of Advanced Electronic 

Materials," p. 161, G. E. Brock, Editor, Metal- 
lurgical Society Conferences, Vol. 19, Intersci-  
ence, New York (1963). 

4. J. J. Hanak, K. Strater, and G. W. Cullen, RCA 
Rev., 25, 551 (1964). 

5. G. W. Cullen, Trans. Met. Soc. AIME, 230, 1494 
(1964). 

6. J. J. Hanak, G. D. Cody, J. L. Cooper, and M. Rayl, 
"Proceedings of 8th International Conference on 
Low Temperature Physics," p. 353, Butterworth 
Scientific Publications, Ltd., London (1963). 

7. H. C. Schindler and F. R. Nyman, RCA Rev., 25, 
570 (1964). 

8. See, for instance, H. Schaefer, "Chemical Trans- 
port Reactions," Academic Press, New York 
(1964). 

9. M. L. Picklesimer, "Anodization as a Metallo- 
graphic Technique for Zirconium Base Alloys," 
U. S. Atomic Energy Commission, Oak Ridge 
Nat. Lab, Rpt. 2296, 1957. 

i0. See, for instance, F. H. Nicholl, This Journal, 116, 
1165 (1963). 



The Application of Gas Chromatography to the 
Analysis of Gas/Vapor Atmospheres in 
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ABSTRACT 

Some of the problems which have been investigated using gas chromatog- 
raphy are discussed. The atmospheres examined are those concerned with the 
epitaxial  deposition of silicon, the components estimated including the chlo- 
rides of boron, silicon, and phosphorus. The results indicate the source of some 
of the variat ions observed in the epitaxial  process and also suggest a common 
feature of the reactions involving silicon chlorides. 

Gas chromatography is a method by which gases 
and vapors may be separated. It depends for its op- 
erat ion on the differences in the distribution coeffi- 
cients of the gases and vapors (components) be tween  
a fixed phase and a gaseous mobile phase. In practice 
the sample of mixed components is injected into a 
carrier gas stream, usual ly hydrogen or helium, which 
passes through a column containing a suitable ab- 
sorbent. The components separate in the column ac- 
cording to their  distr ibution coefficient with regard 
to the carrier  gas and the absorbent  and pass out of 
the end of the column in a specific order as the in-  
dividual  components. These are detected as they 
emerge by using a thermal  conductivi ty cell or one 
of the many  other types of detectors. The components 
a r e  detected and registered on a recorder, but  as they 
are not identified nor  is the quant i ty  present  indicated 
directly it  is necessary to calibrate the equipment  ini-  
t ially with known components. This requires measur-  
ing their re tent ion time, i.e., the time taken for the 
sample to reach the detector after inject ion and also 
to measure the sensit ivity to a given quant i ty  of a 
component.  It is not proposed to discuss the theory or 
the many  other aspects o~ gas chromatography fur ther  
in view of the large range of l i terature  available on 
the subject (1-4). 

Apparatus 
Figure 1 shows the apparatus used in  the invest iga-  

tions and is typical of the s tandard commercial  units  
available. The basic differences from the commercial  
units  were (a) the whole system was constructed from 
Teflon and stainless steel because of the react ivi ty of 
t h e  components to be examined;  (b) the sampling 
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SAMPLE GAS 11 SAMPLE GAS ~___~__~,~,.. OUT ~. 

AUXILtARY I : o.=) 

WASTE CELL DETECTOR - ] 
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T GUAGE 
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PI~S $ UPJ., 
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Fig. 1. Gas chromatography apparatus 

valve used was based on a design described by Hamlin  
(5); and (c) an auxi l iary  flow of hydrogen for sam- 
pl ing purposes was incorporated. There are several 
references (6-8) to work carried out in  invest igat ing 
inorganic halides by gas chromatographic techniques 
in the l i terature,  and the column packing which gave 
the most satisfactory separation of the compounds 
investigated was similar to that described by Abe (6). 
The column details were: support material,  Kiesel-  
guhur, 72-85 grade; s tat ionary phase, 15% silicone 
oil, 85% support  material ;  column temperature,  50~ 
for chlorides, 90~ for bromides or mixtures  of chlo- 
rides and bromides. The column length was 300 cm 
and was constructed from 3/16 in. ID stainless steel 
tubing. Other column packings which were investi-  
gated and proved unsatisfactory due to poor resolu- 
tion and "tailing" were: support  material ,  powdered 
Teflon 72-85 grade; s tat ionary phases, Kel-F40 oil, 
Apiezon grease, Squalene and liquid paraffin. 

A typical differential chromatogram obtained with 
this equipment  is shown in  Fig. 2. The area under  t h e  
peak is a measure of the concentrat ion of the com- 
ponent,  and its position is indicative of the part icular  
component.  Where good resolution is obtained the peak 
height will  be a measure of the concentration. 

The peaks shown are for SiC14,SiI-ICI~, SiH2CI~, and 
HC1. This chromatogram was obtained dur ing the 
investigations subsequent ly  carried out and was typ- 
ical of reaction 9, Table I. 

Results of Investigations 
Two-component systems.--(a) The effect of water 

vapor on the composition of certain two-component  
systems found in the epitaxial  silicon field were in -  
vestigated. The mixtures  were SiC1jPCI~ and SIC14/ 
BCI~. The equipment  could not be adapted readi ly to 
estimate accurately differences in concentrations of 
two components less than 1% so that all the studies 
had to be carried out with ini t ia l  concentrations 
greater  than 1%. 

Figure 3 shows the change of PC1JSiC14 concen- 
t rat ion with evaporat ion using dry hydrogen and wet 
hydrogen. An ini t ia l  concentrat ion of molar  ratio 0.1 
PC1JSiC14 was used. The wet  hydrogen was produced 
by first passing the hydrogen through water  at 20~ 
before passing it into the PC1JSiC14. It is interest ing 
to note that an increase in the relat ive concentrat ion 
of PC1JSiC14 is observed using wet  hydrogen, sug- 
gesting that the SIC14 is preferent ia l ly  hydrolyzed. 
This is for tunate  in that in SIC14 doped with trace 
amounts  of PC13 the amount  o~ PCI~ is relat ively un -  
affected by contact with moist air. 

Figure 4 shows the results obtained by evaporation 
of a mixture  of 10% BC13 in  SIC14 using wet and dry 
hydrogen. In  this case the tendency is for the BC13 
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Fig. 2. Gas chromatogram showing presence of SiCI4, SiHCI3, 
Si2HCI2, and HCI produced when SiHCI3 in argon is passed over 
a hot subst'rate. 
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Fig. 3. Comparison of the change in mol. fraction PCI3/SiCI4 
with evaporation using wet and dry hydrogen as carrier gas. 

to be hydrolyzed preferent ial ly,  which may account 
for the fact that  SIC14 doped wi th  trace quantit ies of 
BCI~ appears to lose its boron content on repeated 
handling and storing. This is reflected in the resis t iv-  
i ty and type of epi taxial  layers produced f rom such 
SIC14. The tendency is for the epi taxial  layers of sil- 
icon produced to rever t  to n- type  conductivi ty when 
the SIC14 is repeatedly removed from the equipment  
for storage, unless great  care is taken to avoid in- 
gress of air. 

(b) The behavior  of BBrJSiC14 mixtures  on evapo-  
rat ion was also investigated. F igure  5 shows a chro-  
matogram obtained during the evaporat ion of 10% 
BBr3 in SIC14. It can be seen that  the bulk of the 
boron in the vapor  phase is present  as the chloride 
and that  other mixed halides are present. The presence 
of the chloride has a l ready been repor ted  using in-  
f rared  transmission for detection (9). In fur ther  ex-  
per iments  several  other  small  peaks have been ob- 
served which could correspond to the other  silicon 
and boron chlorobromides judging f rom the boiling 
points of these compounds recorded in the l i terature.  
The identification of similar  compounds on a basis of 
boiling poin t / re ten t ion  t ime (2) is possible in some 
cases, and in view of the s imilar i ty  of the compounds 
involved in this par t icular  case it would be expected 
that  the re tent ion  t ime would be a function of the 
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Fig. 4. Comparison of change in mol. fraction BCI3/SiCI4 using 
wet and dry hydrogen as carrier gas. 
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Fig. 5. Gas chromatogram of 10% BBr3 in SiCI4 during evapora- 

tion. 

bp of the compound. Figure  6 sh'ows the change in peak 
heights of B CI~ and SIC14 dur ing the evaporat ion o2 
10% BBr3 in SIC14. The behavior  of the BC13 is in-  
terest ing in that  the number  of moles present  in the 
vapor  phase remains re la t ive ly  constant af ter  an ini-  
tial decrease. On standing the behavior  is repeated. 
The SIC14 decreases steadily at a faster  ra te  than 
expected because a proport ion is conver ted to the 
re la t ive ly  involat i le  SiBr4 and other  chlorobromides.  
Only the BCI3 and SIC14 peak  heights have been 
plotted as these are the only components which have 
high concentrations in the vapor  phase. 

Examinatien of the oxidation, reduction, and etching 
reactions associated with SiC14.--Equipment.--The 
equipment  used to study the react ion products pro-  
duced by the various reactions associated wi th  SIC14 
is shown in Fig. 7. This is s imply a modified version 
of the standard ver t ical  epi taxial  deposition cell  de-  
scribed in the l i tera ture  (10, 11) wi th  provision to 
take a continuous flow of gas from just  above the 
wafer  surface and pass this through the sampling 
va lve  on the gas chromatographic  equipment.  

Procedure.--Initially the gas chromatograph was cali- 
brated with individual  known compounds and, in some 
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CHROMATOGRAPHY IN ANALYSIS OF ATMOSPHERES 

Table I. Results obtained from reaction studies 
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Fig. 7. Reaction cell 

cases,  m i x t u r e s  of t h e s e  c o m p o u n d s .  T h e  c o m p o u n d s  
w e r e  s e l ec t ed  as b e i n g  those  e x p e c t e d  to be  f o u n d  
d u r i n g  t h e  s tud ies ,  a n d  a n y  u n e x p e c t e d  p e a k s  w e r e  
i den t i f i ed  d u r i n g  t h e  e x p e r i m e n t s  b y  a g a i n  u s i n g  
k n o w n  c o m p o u n d s .  U n f o r t u n a t e l y ,  i t  was  soon  a p -  
p a r e n t  t h a t  q u a n t i t a t i v e  m e a s u r e m e n t s  w o u l d  b e  u n -  
r e l i a b l e  as t h e  e q u i p m e n t  d i d  no t  h a v e  fac i l i t i e s  fo r  
c h a n g i n g  t he  s e n s i t i v i t y  w i t h  t h e  a c c u r a c y  n e c e s s a r y  
for  r e l i a b l e  q u a n t i t a t i v e  m e a s u r e m e n t .  Th i s  c h a n g e  
in  s e n s i t i v i t y  w a s  n e c e s s a r y  b e c a u s e  of t he  l a r g e  v a r i -  
a t ions  in  p e a k  h e i g h t  w h i c h  w a s  f o u n d  d u r i n g  t h e s e  
e x p e r i m e n t s .  I t  was ,  h o w e v e r ,  pos s ib l e  to assess  
w h e t h e r  t h e  p a r t i c u l a r  c o m p o n e n t  w as  t h e r e  as a 
m a j o r  or  m i n o r  c o n s t i t u e n t .  T h e  e x p e r i m e n t s  w e r e  
c a r r i e d  o u t  b y  t a k i n g  gas  s a m p l e s  f r o m  t h e  r e a c t i o n  
cel l  w h i l e  v a r i o u s  r e a c t i o n s  w e r e  i n  p rogres s .  T h e  r e -  
a c t i o n  cond i t i ons ,  n a m e l y  t e m p e r a t u r e  a n d  c o n c e n t r a -  
t ion,  w e r e  v a r i e d  a n d  s a m p l e s  a g a i n  t a k e n .  

Resu l t s . - -Tab le  I s h o w s  t h e  r e a c t i o n s  s t u d i e d  a n d  t he  
r e s u l t s  f r o m  the  c h r o m a t o g r a m s  ob t a ined .  

I n  a d d i t i o n  to t h e s e  r e s u l t s  i t  w as  o b s e r v e d  t h a t  al l  
t h e  r e a c t i o n s  i n v o l v i n g  SIC14 or  SiHCI~ as one  of t he  
r e a c t a n t s  d id  n o t  c o m m e n c e  u n t i l  850~ O n l y  a b o v e  
850~ w e r e  a n y  p e a k s  o t h e r  t h a n  t h e  r e a c t a n t s  ob -  
s e rved ,  a n d  t h e i r  p r e s e n c e  co inc ided  w i t h  t h e  i n i t i a -  
t i on  of r e a c t i o n  a t  t he  s u r f a c e  of t h e  s i l i con  s u b -  
s t r a t e .  T h i s  sugges t s  t h a t  t h e  r e a c t i o n s  a r e  s u r f a c e  d e -  
p e n d e n t ,  i.e., h e t e r o g e n e o u s .  T h e  r e a c t i o n s  i n v o l v i n g  
w a t e r  v a p o r  d id  t e n d  to s h o w  a s m a l l  HC1 p e a k  b e l o w  
850~ d u e  to some  h o m o g e n e o u s  h y d r o l y s i s  t a k i n g  
place.  Th i s  i n c r e a s e d  in  h e i g h t  r a p i d l y  a b o v e  850~ 
w i t h  t h e  d e p o s i t i o n  of s i l i con  d i o x i d e  on  t h e  s i l i con  
s u b s t r a t e .  

C o n s i d e r  t h e  r e a c t a n t s  s t u d i e d  in  t h e  o r d e r  i n d i -  
ca ted .  

Components observed on 
Reactants gas chromatogram 

[1] SIC14 + H~ SiCI~(M), SiHCI~(L), SiHzCI~(T) + HCI(M) 
Molar Ratio 
SiCI~ 

- -  < 0 . 2 8  
H2 

SiCI~ + H2 + Si 
Molar R a t i o  
SiCI~ 

- -  > 0 . 2 8  
Ha 

SiCI~ + A + Si 

SIC14 + H~ + H ~ O  

SiCl~ + Ha + COs 

SiCI~ + A + HzO 

S i  + H C 1  + H2 

SiHCI~ + H,2 

SiHC13 + A 

SiHC13 + H~ § H30 SiHC13(M) + HCI(M) 

[2] 

[3] 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

[10] 

SiC14(M), SiHCh(M), SiH~CI~(L) + HC1 (M) 

SiCI~(M) + CI~(T) 

SiCh(M) + HCI(M) 

SiC14(M) + HCI(M) 

SiCh(M) + HCI(M) 

SiCh(L), SiI-IC13(M), SiH2CI~(L) + HCI(M) 

SiCI~(L), SiHC18(M), SiH~CI~(L) + HCI(M) 

SiClt(L), SiHC13(M), SiH2CI~(L) + HCI(M) 

M, Major const i tuents;  L, minor  const i tuents;  T, t race const i tu-  
ents. 

I. T h e  r e a c t i o n  of  H2 w i t h  SiCl4 a b o v e  850~ p r o -  
duces  t he  d e p o s i t i o n  of s i l i con  a t  m o l a r  r a t i o s  S iCl4 /  
H2 < 0.28 a n d  also t h e  i n t e r m e d i a t e  p r o d u c t s  SiHC13 
SiH2C12 + HCI. SiI-i3Cl w a s  also de t ec t ed ,  b u t  as i t s  
p e a k  t e n d e d  to b e  m a s k e d  b y  t h e  HC1 p e a k  i ts  p r e s -  
ence  w a s  n o t  a l w a y s  conc lus ive .  A b o v e  m o l a r  r a t i o s  
SiCI4/H2 > 0.28 t he  s i l i con  s u b s t r a t e  is e t c h e d  (10) 
a n d  r e a c t i o n  2 appl ies .  

2. T h e  r e a c t i o n  p r o d u c t s  a r e  i d e n t i c a l  to t h o s e  i n  
r e a c t i o n  l ,  b u t  a l l  t h e  p e a k  h e i g h t s  s h o w  a m a r k e d  
i nc r ea se .  T h e  a p p e a r a n c e  of t h e  s i l i con  w a f e r  a f t e r  
e t c h i n g  is s i m i l a r  to t h a t  o b t a i n e d  u s i n g  HCI/H2,  b e -  
ing  of  a m i r r o r  f in i sh  f r e e  f r o m  oxide .  

3. T h e  r e a c t i o n  of SIC14 w i t h  Si u s i n g  a n  a r g o n  c a r -  
r i e r  gas  r e s u l t s  in  e t c h i n g  of t h e  si l icon.  C h l o r i n e  w a s  
d e t e c t e d  d u r i n g  th i s  r e a c t i o n  and,  of course ,  SIC14. 
T h e  a p p e a r a n c e  of t h e  w a f e r  was  s i m i l a r  t o  t h a t  p r o -  
d u c e d  b y  c h l o r i n e  e~ching,  i.e., a n y  o x i d e  r e m a i n e d  
u n a t t a c k e d .  L a r g e  q u a n t i t i e s  of a n  i n v o l a t i l e  depos i t  
w h i c h  cons i s t s  of p o l y m e r i z e d  SIC12 m o l e c u l e s  (12) 
w e r e  o b s e r v e d  o n  t h e  ce l l  wa l l s  a t  t h e  e x h a u s t  e n d  of 
t h e  cell. B e c a u s e  SiCl2 p o l y m e r i z e s  so r e a d i l y  a n d  is 
t h e n  r e l a t i v e l y  i n v o l a t i l e  i t  c a n n o t  b e  o b s e r v e d  on  
t h e  gas  c h r o m a t o g r a m .  I t  s h o u l d  b e  n o t e d  t h a t  th i s  r e -  
a c t i o n  is u s e f u l  in  r e p l a c i n g  c h l o r i n e  as a n  e t c h a n t  i n  
t he  e x a m i n a t i o n  of o x i d i z e d  w a f e r s  fo r  p i n h o l e s  i n  
s i t u a t i o n s  w h e r e  t he  use  of  c h l o r i n e  is h a z a r d o u s  f r o m  
s a f e t y  aspec t s  a n d  a lso  w h e r e  i ts  p u r i t y  is suspec t .  
W h e n  t h e  s u b s t r a t e  was  s i l i con  h e a v i l y  d o p e d  w i t h  
p h o s p h o r u s ,  P'CI3 was  o b s e r v e d  on  t he  c h r o m a t o g r a m .  

4 a n d  5. I n  t h e  r e a c t i o n  of  SIC14 w i t h  I I20  u s i n g  a 
h y d r o g e n  c a r r i e r  gas,  o n l y  HCI  a n d  SiCl4 ( a n d  CO2 
in  r e a c t i o n  4) w e r e  o b s e r v e d - o n  t he  c h r o m a t o g r a m .  
No o t h e r  i n t e r m e d i a t e s  w e r e  o b s e r v e d .  T h e  ox ide  
d e p o s i t i o n  r a t e  was  v e r y  t e m p e r a t u r e  d e p e n d e n t  (13) 
a n d  was  i n d i c a t e d  on  t he  e h r o m a t o g r a m  b y  a r a p i d  i n -  
c r e a s e  i n  t he  HC1 p e a k  h e i g h t  w i t h  i n c r e a s i n g  t e m -  
p e r a t u r e .  As  t h e  H 2 0  c o n c e n t r a t i o n  w a s  d e c r e a s e d  
t he  s i m u l t a n e o u s  d e p o s i t i o n  of Si a n d  SiO2 was  o b -  
s e rved ,  a n d  th i s  c o i n c i d e d  w i t h  t h e  a p p e a r a n c e  of 
SiHCl3,  SiH2CI2 on  t h e  c h r o m a t o g r a m .  

6. I n  t he  a b o v e  r eac t ion ,  u s i n g  a r g o n  as t h e  c a r r i e r  
gas  HC1 a n d  SiCl4 w e r e  o b s e r v e d ,  b u t  t h e r e  w a s  a 
s u g g e s t i o n  t h a t  m o r e  h o m o g e n e o u s  h y d r o l y s i s  w a s  
t a k i n g  p lace  p r i o r  to d e p o s i t i o n  t h a n  w i t h  h y d r o g e n .  
T h e r e  w a s  a s m a l l  HC1 p e a k  o b s e r v e d  w h e n  p e d e s t a l  
a n d  s l ice  w e r e  a t  r o o m  t e m p e r a t u r e ,  b u t  t h i s  i n c r e a s e d  
r a p i d l y  a b o v e  850~ If  t h e  H 2 0  c o n c e n t r a t i o n  w a s  
d e c r e a s e d  b e l o w  a specific l eve l ,  t h e n  b o t h  d e p o s i t i o n  
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of SiO2 and etching of the silicon substrate were ob-  
served. 

7. The react ion of HC1 with the silicon substrate 
using a hydrogen carrier gas results in reaction prod- 
ucts as found for the reduct ion of SIC14. The etch rate 
was not greatly tempera ture  dependent.  The most 
predominant  peak, excluding HC1, was SiHCl~. 

8. The reduction of SiHCla with H2 results in the 
deposition of silicon and the production of SIC14, 
SiH2C12, (SiHC13) and HC1. This reaction does not 
remove silicon at high molar ratios and temperature,  
but  the deposition rate does decrease above 1200~ 
(11). 

9. On passing SiHC13 in argon over the heated Si 
substrate apparent  disproport ionation of the SiHC13 
occurs, i.e., 2SiHCla SiH2C12 + SIC14. 

HC1 was also present,  and some polymer was depos- 
ited on the walls on the reaction cell which suggests 
that the reaction SiHC13 -> SIC12 + HC1 is also tak-  
ing place. There was no apparent  deposition of silicon 
or etching of the silicon substrate, which also sug- 
gests that  the reaction is independent  of the substrate 
material.  This was confirmed by using graphite as the 
substrate when  the same chromatogram was produced. 

10. The reaction of SiHCI3 with H20 using a hydro-  
gen carrier gas deposits SiO2 on the silicon substrate. 
Only SiHC13 and HC1 were observed on the chromato-  
gram, and the oxide deposition rate was very tem- 
perature  dependent.  

Discussion 
As previously stated a common feature of all the 

reactions studied using SiCI4 and SiHCI3 as one of 
the reactants  was the fact that  no reaction involving 
the surface occurred before 850~ Not unt i l  this tem- 
pera ture  was reached did any change in  the chro- 
matogram occur, and this coincided with some sur-  
face reaction. This would therefore suggest that  each 
reaction proceeds through the same ini t iat ion step. In 
all the reactions which ini t ia l ly contained reactants 
consisting of H2, C12, and Si, the same components 
were also observed on the chromatogram. It would 
appear therefore that, depending on the concentrat ions 
of CI: Si: H involved in the vapor phase and the re -  
action temperature,  a reaction balance is at tained 
consisting of SIC14, SiHCI~, SiH2C12, SiHC13, HC1, Si, 
and SIC12. Lever  (16) and Sedgwick (17) have con- 
sidered these reactions on a theoretical basis, but  a 
quant i ta t ive  comparison of their results with those 
obtained in these experiments  is not feasible due to 
the l imitat ions of the part icular  equipment  used. This 
would, however, be possible with more sophisticated 
equs having facilities to enable the sensit ivi ty to 
be changed accurately dur ing the actual t racing of 
the chromatogram. 

Conclusion 
The experiments  described suggest that gas chrom- 

atography can be a valuable  tool in invest igat ing many 
problems found in the semiconductor field. It  is l imited 
in invest igat ing solids and liquids at low vapor pres-  
sure or reaction products which are short lived, e.g., 
in the silicon deposition studies described it was im- 
possible to detect SIC12 monomer  as this readi ly 
polymerized to an involati le solid. However, it may 
be feasible to estimate the amount  of SIC12 by dif- 
ference, but  this would, of course, involve a total 
analysis of all the gases passing out of the system. 
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Nondestructive Determination of Thickness 
and Perfection of Silica Films 

Lawrence A. Murray and Norman Goldsmith 

Electronic Components and Devices, Radio Corpo~'ation of America, Somerville, New Jersey 

ABSTR&CT 

Analysis of the infrared reflection system of silica on silicon shows that  
the silica film thickness can be deduced f rom both the shor t -wave leng th  
in ter ference  pa t te rn  and the reflection height  of the 9~ s i l icon-oxygen reso- 
nance. Marked disagreements  be tween these two independent  measurements  
can be ascribed to a lack of compara t ive  perfect ion of the oxide film. The 
effect of hea t - t r ea tmen t  on both the reflect ivi ty at 9~ and the etch rate  of de- 
posited silica films is discussed. 

Experimental 
Prior  to oxide growth, silicon wafers  were  prepared  

by ei ther  chemical  or mechanical  polishing. Both n-  
and p- type  substrates were  used, with resistivit ies 
varying f rom 0.001 to 50 ohm-cm. These samples were  
s team-oxidized at 1000~ 

The reflection spectra were  recorded with  a Perk in-  
Elmer  "Infracord"  double-beam spectrophotometer  
equipped wi th  two reflectance attachments.  The instru-  
ment  was adjusted to read 100% wi th  gold reflectors 
in both beams. The angle of incidence was 26.5 ~ . When 
a polished silicon wafer  was placed in the sample posi- 
tion, the trace in the 2.5-15~ region var ied f rom 39 to 
37%. The spectra of the oxidized wafers  were  meas-  
ured, and the points of interest  were  recorded. The 
oxide thickness for each sample was then determined 
by the Tolansky method to an est imated accuracy of 
_+150A. Figure  1 shows a typical  reflection spectrum of 
a silica film on silicon with the per t inent  points indi-  
cated. 

Thickness Determined ]rom Interference 
For oxide thicknesses be tween 4.500 and 9000A, a 

min imum reflectivity exists in the short wave leng th  
region because of interference.  The thickness, d, of the 
film can be de te rmined  by the fol lowing usual equa-  
tion (1) : 

P-IOC 

~ 8 C  kRm x ,- / ?  
2c 

2 :5 4 5 6 7 8 9 I0 I I 12 
W A V E L E N G T H - - M I C R O N S  

Fig. 1. Reflection spectrum of Si02 on silicon 
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Pkmm 
d = [1] 

2 (n 2 - -  sin 2 8) 2/2 

where  n is the index of refract ion of the silica and e 
is the angle of incidence. The order number,  P, is 1/2 
for such films. 

For  films thicker  than 9000A, a m ax im um  appears 
with order number  of unity. F igure  2 shows the var i -  
ation of d wi th  ~-min, with n taken as that  of fused 
silica and sin2e as 0.2. This method has been used for 
film thicknesses exceeding 50,000A by first de termining 
P and then mul t ip lying the value read f rom Fig. 2 by 
2P. 

Thickness as a Function of Rmax 
In the neighborhood of 9~, the silica latt ice begins 

to absorb energy as a result  of resonant  stretching of 
the s i l icon-oxygen bonds. In this region, the indices of 
refract ion (n) and absorption (k) change rapidly. The 
var iable  k increases at wave lengths  short of resonance 
and then falls rapidly beyond the resonance wave -  
length, while  n increases to a m ax im um  just  beyond 
resonance. In principle, reflectivity as a function of 
film thickness Can be calculated (2) from a knowledge 
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of n and k of the film, n of the substrate, and the angle 
of incidence. 1 This tedious calculat ion was not per -  
formed because conflicting values for n and k are 
given in the l i tera ture  (3, 4). The value  of ~.Rmax, the 
wavelength  of max imum reflectivity near  9~, is i tself 
a function of thickness, requi r ing  the use of va ry ing  
values of n and k in the calculation. 

The exper imenta l ly  determined values of  reflectivity 
as a function of thickness are shown graphical ly  in 
Fig. 3. The reflectivity of fused silica, equivalent  to an 
infinite film thickness, was found to be 75%. These re-  
sults are applicable only to the par t icular  angle used 
in this w~rk and to wafers  having nonpolished rear  
surfaces. The measured reflectivity is dependent  on 
both the angle of incidence and, as indicated, the re-  
flectivity of the back surface. With these quanti t ies 
held constant, measurement  of the reflectivity near  9~, 
is a practical  method for the determinat ion of the 
thickness of silicon dioxide films on silicon for layers 
thinner  than 7000A. 

Thickness as a Function of Rmin 
At wavelengths  beyond the 9~ resonance, the ref rac-  

t ive index again decreases to a low value, and normal  
reflection characteristics reappear.  Exper imenta l ly  it 
was found that  a pronounced reflection min imum 
exists in the 10.5~ region, and that  the va lue  of Rmin 
is dependent  on thickness. In this region, n for fused 
silica is approximate ly  2.2 (3, 4). For  the thicknesses 
considered the qua r t e r -wave  plate conditions are ap- 

T h e  e q u a t i o n s  in  re f .  (2) do n o t  i n c l u d e  a t e r m  fo r  the  ref lec-  
t i v i ty  f r o m  t h e  b a c k  of t h e  s u b s t r a t e .  T h i s  r e f l e c t i o n  m a y  be  ac -  
c o u n t e d  fo r  by  a d d i n g  an  a d d i t i o n a l  t e r m ,  Rr, e x p  ( - - 2  n v ) ,  to the  
c a l c u l a t e d  r e f l e c t i v i t i e s .  F or  t he  w a f e r s  u s e d  in  t h i s  s t udy ,  Rb is 
e s t i m a t e d  to be  0.08. B e c a u s e  u n p o l a r i z e d  l i g h t  is  u sed ,  t h e  c o m p u -  
t a t i o n s  m u s t  be  m a d e  fo r  b o t h  p a r a l l e l  a n d  p e r p e n d i c u l a r  p o l a r i z a -  
t ion ,  a n d  the  t w o  r e f l e c t i v i t i e s  m u s t  be  a v e r a g e d .  
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proximated [i.e., n2 = (nlns) 11~ and d = ~/4n2]. The 
oxide layer  then begins to act as an antireflection coat-  
ing, and the reflectivity decreases as the film thickness 
increases. The exper imenta l  points are shown in Fig. 4, 
along with a computed reflection curve. 

Thickness as a Function of Rmax-Rmin 
As thickness increases, Rmax saturates;  however ,  

Rmin, which was constant at low values, begins to rise 
and then decreases as Rmax saturates. Thus, a plot of 
(Rn~ax)-(Rmin) is quasi- l inear.  The pract ical  resul t  of 
this behavior  is that the difference in the two re-  
flectivities yields accurate values of thickness over  the 
range f rom 300 to 10,000A. Figure  5 shows the var ia -  
t ion of ( R m a x ) - ( R m i n ) .  Low-res is t iv i ty  points are fu r -  
ther  f rom the curve, and there  is some disagreement  
between calculation and exper iment  at oxide thick-  
nesses near  10,000A. This thickness range spans that  
commonly  used in device processing and is a useful 
method for in-process control of oxide thickness. 

Resistivity of the Substrate 
For most substrates, the amount  of l ight absorbed 

by the wafer  is negligible because the absorption co- 
efficient is small. Provided the resist ivi ty is greater  
than 0.01 ohm-cm, there is l i t t le influence f rom ~he 
substrate on radiat ion t ravers ing the substrate. The 
anomalous reflectivity of the 1019 p - type  sample is 
caused by plasma resonance which occurs in heavi ly  
doped low-mobi l i ty  semiconductors (5). Measurements  
of film thickness using the 9~ reflection height, cannot 
be made rel iably on in-process wafers which have 
surface concentrations exceeding 1019 . In fact, for 
doping levels of 102~, a pronounced min imum in the 
reflectivity occurs in the region of 3~,, which also in- 
validates the use of the in ter ference  equation to deter-  
mine the film thickness. 

Variation of ~m~x w i t h  Thickness 
The wavelength  at which Rmax occurs depends on 

the thickness of the oxide, as shown in Fig. 6. Al -  
though the accuracy in de termining thickness is poor 
because of the slow variat ion of ~.max with  thickness, a 
knowledge of the approximate  value of this point is 
useful as a check on other measurement  values. The 
ex t reme values, d ~ 0 and d -* oc, occur at wave-  
lengths at which n and k, respectively,  are repor ted  
to reach their max imum value (3). 

Oxide-Perfect ion Studies 
The use of infrared transmission to study the prop-  

erties of deposited silicon dioxide films has been re-  
ported previously (6). Similar  information can be ob- 
tained from a study of the reflection spectrum, obvia t -  
ing the need fo~: specially prepared h igh-res is t iv i ty  
substrates. The reflection spectrum of a silica film ob- 
tained by the controlled oxidation of silane at low tem-  
peratures  is shown in Fig. 7. 

Comparison of the thickness predicted f rom the short 
wave length  min imum and that  indicated by the 9~ re-  
flection height  shows that  the la t ter  method predicts a 
much smaller  thickness than actually exists. Fu r the r -  
more, the wavelength  of the m ax im um  is shifted t o -  

I00 LOWER TI~ACE ' t ~ ec (DEPOSITED OXIDE) 
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Fig. 7. Deposited Si02 reflection spectrum before and after 
heat-treatment. 
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ward longer wavelengths.  These facts imply that  the 
bonding in the deposited film differs from that  of the 
grown films, resul t ing in differing values for the opti- 
cal constants responsible for the re fec t ion  height. As 
reported (6), the deposited films etched faster than 
thermal ly  grown oxides. 

For  s tudy of the densification of the films, ~amples 
were  hea t - t rea ted  at various tempera tures  in argon or 
oxygen. The results did not depend strongly on the 
ambient. Af ter  hea t - t rea tment ,  the reflectivity in-  
creased and the etch rate  decreased. Figure  8 shows 
the var ia t ion of reflectivity at 9~ with hea t - t r ea tmen t  
t empera ture  for one sample. Al though the length of 
hea t - t r ea tmen t  influenced the reflection height  for 
short periods, in all cases the reflectivity became 
sensibly constant after cer ta in  t rea tment  times. These 
times var ied  f rom 1 hr  at 500~ to less than 1 rain at 
1000~ All  values repor ted  are for the saturated case. 
For  the sample shown, a calculation of thickness deter -  
mined f rom the short wave length  pat tern  predicts that  
the reflectivity should reach 70%. However ,  the t em-  
pera ture-ref lec t iv i ty  curve  saturates at 68%, indicat-  
ing that  a s t ructure comparable to that of a s team- 
grown oxide was not reached. When the sample was 
hea t - t rea ted  at 1000~ in steam, however ,  the pre-  
dicted refiectivity was reached. 

The var ia t ion of the etch rate  in buffer etch 2 with 
the tempera ture  of densification was also determined.  
The results of such a measurement  are shown in Fig. 
9. The etch rate  does not  quite reach the rate  of ther -  
mal ly  grown oxide, yet  because it is requi red  in many  
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instances during device fabrication, a nondestruct ive 
method for e tch-ra te  de terminat ion  is useful. 

Empirically,  the convenient  relat ionship A ~ log 
1 0 0 / ( 1 4 0 -  Rmax) is used to express the 9~ peak height. 
The percentage deviat ion of the deposited film from 
the expected value can then be defined as %D ~ 100 
(A- -A ' /A) ,  where  A'  refers  to the measured  value, 
and A to the value expected for the known thickness. 
The deviat ion curve as a function of etch rate in Fig. 
i0 shows a fair correlation, particularly in view of the 
fact that measurement of reflectivity results in large 
errors in the computed value of A', especially at peak 
heights very close tothe expected values. 

Sometimes, densification at elevated temperatures is 
not feasible, as in the case of silica layers deposited on 
gallium arsenide by the pyrolysis of ethyl silicate. In 
this instance, however, the thermal history of the 
sample is controlled, and the thickness can be ob- 
tained from a measurement of Rmax. Figure iI shows 
the variation of Rmax with thickness. 
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Controlled Vapor-Liquid-Solid Growth of Silicon Crystals 
R. S. Wagner and C. J. Doherty 

Bell Telephone Laborataries, lncarporated, Murray Hill, New Jersey 

ABSTRACT 

The exper imenta l  procedure  for control led vapor- l iquid-sol id ,  or VLS, 
crystal  growth is discussed for silicon. The hydrogen reduct ion of SIC14 was 
used as t ransport  reaction, and gold as the l iqu id- forming  impurity.  The 
stabili ty of the l iquid droplet,  which is the main cr i ter ion for controlled VLS 
growth, is discussed in detail. It is shown that  an adverse t empera tu re  gradi-  
ent or an oversupply of  silicon f rom the vapor  may render  the l iquid droplet  
unstable, thereby terminat ing controlled VLS growth. Silicon crystals can be 
grown epi taxial ly  on perfect  or imperfec t  silicon substrates. The control  of 
both location of crystal  growth and of d iameter  and length  of the crystals is 
demonstrated.  

The vapor- l iquid-so l id  (VLS) method of crystal  
growth, discussed in detail  by Wagner  and Ellis (1, 2) 
is distinctly different from the commonly used vapor-  
solid (VS) technique. In the VLS method the crystal  
grows from a supersaturated l iquid solution. The 
supersaturat ion of the vapor  can be kept  small  enough 
to suppress the VS deposition, yet  large enough to 
vapor deposit at the l iquid alloy. Atoms ar r iv ing  f rom 
the vapor  diffuse, in a concentrat ion gradient,  through 
the l iquid and deposit at the sol id- l iquid interface. The 
l iquid solution is formed by alloying a proper  mater ia l  
wi th  the substrate crystal. Many advantages  are ob- 
tained if silicon crystals are grown by the VLS method 
using the hydrogen reduct ion of SIC14 (3). For  this 
process many  metals  such as gold, plat inum, or nickel 
can be used as l iqu id- forming  agents (2). It has been 
shown (2) that  silicon atoms are preferent ia l ly  de- 
posited on the l iquid alloy. The vapor - l iqu id  deposi-  
t ion rate  can be orders of magni tude  larger  than the 
vapor-sol id  deposition rate. The difference in deposi-  
t ion rates increases wi th  decreasing deposition tem-  
perature.  Therefore,  silicon crystals can be grown at 
deposition tempera tures  as low as 800~ In addition, 
the l iquid alloy protects the growing crystal, at the 
solid-l iquid interface, f rom oxidation, etc., and f rom 
foreign part icles which could resul t  in the format ion 
of crystal l ine defects. Highly perfect  crystals can be 
grown by the VLS method at a low deposition tem-  
perature,  because crystal  growth occurs via the l iquid-  
solid transformation.  The VLS method is uniquely  
suited to grow silicon crystals on selected sites on a 
silicon substrate. Fur thermore ,  both the d iameter  and 
the length of the VLS crystal  are controllable. 

It is the object ive of this paper  to describe in detail  
the exper imenta l  procedure  for controlled VLS growth 
of silicon crystals. Three  factors should be emphasized. 
First, great  care must  be taken to keep undesired im-  
purit ies f rom the deposition region. Second, a t em-  
pera ture  gradient  may be ei ther advantageous or ad-  
verse  dur ing VLS growth, depending on geometry.  
Third, the supply of silicon f rom the vapor  must  be 
kept  wi th in  certain limits de termined  by the t rans-  
port  process of silicon through the l iquid alloy. 

Sample prepara~on and deposition apparatus . -  
Single crystal  silicon wafers,  p referably  with  {111} 

main faces are used as substrates because the usual 
VLS growth direction for this mater ia l  is <111>.  An  
exact  or ientat ion of the substrate surface is not neces- 
sary for subsequent  VLS growth. Even  a {211} surface 
may be used. The VLS crystals grown on such a sub- 
strate are then inclined by 19.47 ~ wi th  respect  to the 
<211> substrate normal. The number  of the disloca- 
tions in the substrate crystal  has no observable effect 
on VLS growth. Dislocat ion-free crystals were  suc- 
cessfully grown on dis locat ion-free and on plastically 
deformed crystals containing up to 107 dislocations/  
cm 2. We have never  observed the growth of silicon 
whiskers (4) f rom dislocations which te rminate  at the 
substrate surface. We found for silicon, the growth of 
whisker  crystals invar iably  occurs by the VLS mech-  
anism only, on the site of the l iquid alloy. 

The silicon substrate crystals (1-100 ohm-cm, n-  or 
p- type)  were  prepared using the fol lowing procedure:  
(i) The main faces are ground with 600 gri t  Car-  
borundum. (ii) The wafers  are washed in acetone and 
toluene to remove  any traces of mount ing wax.  (iii) 
They are next  washed in Alconox solution. (iv) The 
wafers  are etched for 5 min  in I : 4 (H F ,  HNO3) solu- 
tion followed by an etch in 1:2:6 (HF, acetic, HNO~) 
for 5 min. Subsequent ly  the wafers  are r insed in de-  
ionized filtered water  and dr ied  at l l0~ 

The gold (99.999% puri ty)  used for al loying may be 
prepared by filing, slicing a fine wire  or sheet, or by 
evaporat ion through a mask. Of these the sliced wire  
or sheet is the least contaminated material .  The gold 
pieces were  cleaned in acetone and toluene and boiled 
in Alconox solution. This was fol lowed by an etch in 
aqua regia for a few minutes. The part icles were  
rinsed in deionized, filtered wate r  and dried. In most 
cases the gold pieces were  placed ei ther manual ly  or 
wi th  the aid of a mask on the silicon substrate. 

The apparatus used for controlled VLS growth of 
silicon is discussed in ref. (2). In the present  work, 
two different heat ing systems were  used. In one, the 
react ion tube of silica was placed inside a resistance 
furnace. With such a system a ra ther  long isothermal  
deposition zone can be obtained, and an adverse tem-  
pera ture  gradient  avoided. The  other  system consisted 
of a graphi te  tube, serving as an r - f  susceptor, placed 
inside the react ion tube. The graphi te  tube was first 
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baked at 1200~ and subsequent ly coated wi th  silicon. 
It was found that  f requen t ly  numerous  fine silicon 
whiskers  grew inside the graphite tube. The whisker  
crystals were  removed  from the tube by scraping and 
more silicon deposited. This procedure was repeated 
unti l  no more whisker  crystals were  observed. For  both 
heat ing systems, the silicon substrate crystal  was placed 
ei ther  on a silicon or silica support  si tuated in the iso- 
thermal  deposition zone. Great  care was taken to keep 
the whole  deposition apparatus as clean as possible. 
The hydrogen  used for the exper iment  was purified by 
a pal ladium diffuser. The t empera tu re  in the deposi-  
tion zone was controlled to wi th in  •176 The SIC14 to 
hydrogen mole rat io used in the exper iment  ranged 
f rom 0.01 to 0.1, wi th  a total  hydrogen flow rate  of 
300-1000 cc/min.  It should be noted that  etching of the 
silicon substrate may occur, even for an ex t remely  
small  hydrogen to SIC14 mole ratio, if an isothermal  
react ion zone is used. In such a system the ratio of 
~C1 to unreacted SIC14 increases along the deposition 
zone. Therefore,  the proper  location of the silicon sub- 
strate for subsequent  VLS growth must be found em-  
pirically; it depends strongly on the geometry  of the 
reaction zone, the total gas flow and hydrogen to 
SIC14 mole ratio. The silicon substrate was placed in a 
down s t ream region where  no silicon deposit  occurred 
on a clean silica substrate. This deposition region is 
also useful  for VLS growth  of silicon crystals on sili- 
con substrates par t ly  masked wi th  SiO2. 

Alloying and initial VLS growth.--The most diffi- 
cult and least understood aspects of VLS growth are 
the alloying process of the impur i ty  agent with the 
substrate and the init ial  stages of VLS growth, the 
rise of the l iquid droplet  f rom the substrate. It has 
been found that  al loying gold with  the silicon sub- 
strate is difficult to control. The tempera ture  at which 
the l iquid alloy forms may vary  from 600~ to wel l  
over  the melt ing point of gold (I063~ For  f reshly  
cleaned gold and silicon, the al loying tempera ture  is 
about 600~176 An oxide layer  on the silicon sub- 
strate may p reven t  alloying at the gold-si l icon eutec-  
tic t empera tu re  (370~ 

The shape of the l iquid droplet, de termined by the 
l iquid-sol id contact angle, depends on the ra te  of tem-  
pera ture  increase during alloying. We have not found a 
satisfactory procedure  to control  the spreading of the 
l iquid over  the substrate surface. It  is suggested that  
the spreading may be controlled to some extent  by 
masking the substrate around the intended alloy re-  
gion with  an SiO2 layer. This would  result  in p re fe r red  
dissolution of silicon f rom the substrate inter ior  and 
also would control the shape of the droplet.  The ob- 
served contact angle at 1050~ is about 10~ ~ which 
would indicate good wet t ing of the substrate by the 
liquid. This contact angle is however  most l ikely  not 
the equi l ibr ium contact  angle but  ra ther  a consequence 
of the dissolution kinetics. 

The  small  contact angle remains constant or de-  
creases slightly when SIC14 is in t roduced to the carr ier  
gas. However ,  sometimes a sudden increase in con- 
tact angle is observed. The sequence of events during 
alloying and the init ial  VLS growth is shown in Fig. 1 
(5). In Fig. la  is shown a piece of gold on the silicon 
substrate before alloying. In Fig. l b  the t empera tu re  
has been increased to about 1050~ Figure  lc, photo- 
graphed after about 10 min of VLS deposition, shows 
a marked  increase in contact angle. As a consequence, 
the d iameter  of the growing crystal  decreases during 
the init ial  stage of VLS growth. Finally,  in Fig. ld, 
photographed after  about 30 min of VLS growth, the 
contact angle has become stabilized. F rom this point 
on, there  is no more change and the d iameter  of the 
growing crystal  remains  constant if the deposition 
tempera ture  is held constant. The gradual  increase 
in contact angle results in the format ion of a tapered 
section at the base of a VLS crystal  as shown in Fig. 
1. At  the substrate surface the crystal  is e i ther  six 
or three sided, depending on deposit ion t empera tu re  

Fig. 1. Time lapse sequence of alloying and initial VL.S growth. 
(a) Gold particle on silicon substrate at room temperature, (b) 
liquid droplet of gold-silicon alloy at 1050~ (c) and (d) after 
10 and 30 min respectively of growth at 1050~ Magnification 
100X. 

Fig. 2. Break up of liquid alloy during initial VLS growth giving 
rise to formation of main crystal surrounded by fine whiskers. 
Magnification 100X. 

and time. At  tempera tures  higher  than about 1050~ 
the VS deposition is considerable at the base, resul t ing 
in a three-s ided form. 

In the first stage of VLS growth, the l iquid alloy 
is ve ry  sensit ive to a tempera ture  gradient  or over -  
supply f rom the vapor phase. Apparen t ly  the droplet  
is not in a stable configuration. Too much vapor  supply 
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may  resul t  in a par t ia l  b reak  up of the l iquid into 
smaller  droplets, each new droplet  then giving rise to 
VLS growth as shown in Fig. 2. Once the crystal  grows 
beyond the tapered section, it is ra ther  stable with re-  
spect to changes in tempera ture  and deposition rate. 
The effect of a t empera ture  gradient  or deposition 
oversupply on the stabil i ty of a l iquid droplet  is dis- 
cussed in detail  in the fol lowing sections of this paper. 

Vapor Supply 

At steady state VLS growth, the same number  of 
silicon atoms which enter  the l iquid f rom the vapor  
are deposited at the solid-l iquid (S-L)  interface. 
This flux of silicon atoms diffuses through a concen- 
t rat ion difference AC across the l iquid alloy of thick- 
ness L. The va lue  of AC is an impor tant  factor for 
the stabili ty of the l iquid alloy. We assume for the 
fol lowing discussion that  convect ive mixing in the 
l iquid is negligible and a disk-l ike shape of the 
l iquid alloy. In Fig. 3 is shown a section of the sil-  
icon liquidus SiL and the deposition isotherm TE. 
With no vapor  deposit the composition of the l iquid 
will  be CE, the equi l ibr ium concentration. For steady 
state VLS growth, the composition of the l iquid is 
CL at the l iquid-gas interface and Cg at the l iquid-  
solid interface. Cg, which may  be very  small, is the 
supersaturat ion requi red  for nucleat ion and growth 
of new crystal  layers. 

The concentrat ion gradient  in the l iquid disk is 
given by 

~C V 
- -  - -  [ i ]  

L D 

where  V is the speed of advancement  of the S -L  in- 
terface and D is the diffusion coefficient of silicon 
in the l iquid alloy. F rom the phase diagram Fig. 3 
it follows that  for a given V, D, and L the concentra-  
t ion difference in the l iquid t,C ~ CL --  CE (atom 
fraction) corresponds to a l iquidus supercooling AT. 
Homogeneous nucleat ion theory (6) predicts a ATmax 
of about 300~ for pure Si or a l iquid Si alloy. For  hT 
> 300~ the supercooling is high enough to nucleate 
silicon crystal  by homogeneous nucleat ion in the 
l iquid alloy. This sets an upper  l imit  for AC during 
VLS growth, AC can be about 0.25 for TE ---- 950~ 
It has been found exper imenta l ly  that  this considera-  
tion is ex t remely  impor tant  in order to avoid insta-  
bil i ty of the l iquid alloy by nucleation. For  example  
for L = 10 -2 cm, D = 5x10 -5 cm2/sec, and TE = 
950~ the crit ical  growth veloci ty  Vmax "~ 3.5 ram/hr .  

The VLS growth rate  V (cm/sec)  for a g iven total  
gas flow f (cm3/see),  a SiC14/H2 mole ratio mR a n d  
for a react ion tube of cross section A (cm ~) can be 
est imated as  

f~T~RM 
v ~ - - -  [2] 

AVo 

where  M ~ molecular  weight  of SIC14, Vo ~ s tandard 
volume of perfect  gas, and p ~ density of solid sil- 
icon. The assumptions implicit  in Eq. [2] are a dy-  
namic system of high flow rate, a condensation coeffi- 
cient of unity for the l iquid alloy and the absence 
of the disproport ionation reaction. It  is also assumed 
that  silicon atoms on the side faces of the growing 
crystal  do not migrate  to the liquid. For  f = 6 cm~/ 
sec, mR = 0.014, and A ~ 5 cm 2 the calculated VLS 
growth rate  V = 0.3 m m / h r .  For  these conditions in 
the tempera ture  range 950~176 the observed 
growth rate  is only slightly larger  than the calculated 
value. 

Both Eq. [1] and [2] are only crude approximations 
of the t rue state of affairs. Convect ive  mix ing  of the 
liquid alloy, which may be considerable when using 
r - f  heating, will  increase the crit ical  veloci ty Vm~x. 
A more  static react ion system (.slow flow rate)  will  
increase V because of higher  impingement  ra te  of 
SiCI~ molecules. The reader  is re fe r red  to a more 
rigorous calculation of the vapor  phase deposit ion rate  
of silicon given by Shepherd (7). Finally,  ATmax may 
be much smaller  than 300~ if heterogeneous nuclea-  
tion sites are present  in the l iquid alloy or on the 
surface of the liquid. 

It is evident  from the previous discussion that  a 
sudden decrease in deposition t empera tu re  TE dur ing 
VLS, results in a sudden increase in AC and there-  
fore AT. During the transient  the AT can become 
large enough for homogeneous or heterogeneous nu-  
cleation. In Fig. 4 is shown a silicon crystal  which 
was originally grown at 1000~ During growth the 
tempera ture  was suddenly reduced to 600~ for about 
30 sec and subsequent ly raised to 950~ The break-  
up of the liquid alloy is dramatic,  giving rise to the 
format ion of numerous small  crystals which are in 
random orientat ion with  respect  to the main crystal. 

Effect of'Temperature Gradient o~ VLS  Growth 
Pfann (8) has shown that a l iquid al loy zone in 

contact with solid solvent mater ia l  can migra te  
through the solvent mater ia l  under  the influence of 
a tempera ture  gradient.  This phenomenon,  called tem- 
pera ture-grad ien t  zone mel t ing (TGZM), arises be- 
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Fig. 3. Section of the Au-Si phase diagram 
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Fig. 4. Uncontrolled VLS growth resulting from nucleation of 
silicon crystals in liquid alloy. Magnification 250X. 
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Fig. 5 Adverse effect of a lateral temperature gradient on VLS 
growth. A single alloy droplet, initially at position A, broke up 
into smaller droplets which migrated toward a higher temperature 
region. All droplets but the smallest one at position B gave rise 
to VLS crystals. Magnification 30X. 

cause of continuous mel t ing and freezing of solvent 
at the hotter or colder section of the liquid zone. The 
liquid alloy droplet on a silicon substrate comprises 
such a system if a temperature  gradient  is imposed. 
If the gradient  is such that the substrate inter ior  is 
hotter than the substrate surface, the liquid alloy will 
migrate into the substrate, unt i l  no more liquid is ex- 
posed to the vapor. It is evident  that  VLS growth is 
impossible under  such condition. If the tempera ture  
gradient  is along the substrate surface, the alloy drop- 
let may move along the substrate toward a higher 
temperature  region. The silicon enter ing the l iquid 
from the vapor will  be preferent ia l ly  deposited at the 
colder side of the droplet. This gives rise to the build 
up of silicon on the substrate surface in  the form of 
a ramp. On a (111) substrate, the ramp surface can 
be an extremely smooth (111) face. An additional 
consequence of a lateral  temperature  gradient  can be 
that the l iquid droplet may break up into smaller 
droplets. During TGZM on the substrate surface the 
l iquid-solid contact angle becomes nonuniform,  being 
smallest at the hot end of the liquid zone. This can 
lead to part ial  break up of the liquid droplet. This is 
shown in  Fig. 5, where a large lateral  tempera ture  
gradient  was imposed during growth. The ini t ial  po- 
sition of the alloy droplet was close to A where the 
largest crystal grew. The droplet broke up dur ing 
migrat ion giving rise to smaller crystals. The smallest 
droplet migrated to B. The liq~uid droplet can rise from 
the substrate surface even with a lateral  temperature  
gradient, if the VLS growth rate is larger than the 
rate of TGZM. 

From the previous section it follows that a tem- 
perature  gradient  in which the vapor- l iquid  interface 
is hotter  than  the S-L interface would be of great 
advantage dur ing VLS growth. The liquid supercool- 
ing, AT as shown in Fig. 3, could be reduced by an 
amount  equal to the temperature  difference across 
the liquid alloy. By this means the stabili ty of the 
liquid could be greatly improved. 

Control of Diameter 

The diameter of a VLS crystal is controlled by 
three factors, namely the init ial  amount  of gold used 
for alloying, the deposition temperature,  and the 
vapor-solid (V-S) deposition rate which also depends 
on the deposition temperature.  For  a given deposi- 
tion temperature,  the amount  of gold determines the 
diameter  of the growing crystal. The volume of the 
l iquid droplet is given by the phase diagram. For a 
given amount  of gold, the diameter of the crystal can 
be varied over a wide range by simply changing the 

Fig. 6. Change of diameter during VLS growth, the lower sec- 
tion was grown at 1050~ the top section at 950~ Magnification 
250X. 

deposition temperature.  Figure 6 is a photograph of an 
end-section of a VLS crystal. The lower par t  has been 
grown at about 1050~ the upper  part  at about 950~ 
Note the gradual  decrease in cross-section which oc- 
curred dur ing the temperature  change. It  is advisable 
to reduce or even stop completely the SiCI4 supply and 
to reduce the temperature  gradually. Too rapid a tem- 
pera ture  change may cause a "pinching off" of small  
droplets from the main  body of the liquid, giving rise 
to the formation of branches. An increase in  diameter 
can be obtained by raising the deposition tempera-  
ture. In  this case it is helpful  to increase the SiC14:H2 
mole ratio during the gradual  temperature  increase. 
This prevents  remel t ing of silicon at the S-L in ter -  
face which may cause the (111) interface to be-  
come unstable.  In  the extreme case the droplet may 
r un  down the side faces of the crystal, leading to 
subsequent  uncontrol led growth. 

Crystals grown at temperatures  higher than about 
950~ have hexagonal cross-section, with {211} side 
faces. At lower temperatures  the cross-section be-  
comes twelve-sided by the formation of six {110) 
faces. This change in morphology probably occurs be-  
cause of the increase in l iquid surface tension with 
decreasing temperature.  The meniscus of the l iquid 
droplet tends to be more circular. The edge angle of 
the crystal increases from 120 ~ to 150 ~ by changing 
from a six-sided to a twelve-sided morphology. 

If the temperature  is increased, for example from 
850 ~ to 1050~ the {110} side faces will rapidly dis- 
appear by V-S deposition unt i l  the crystal is six- 
sided. While at this temperature  the V-S deposit on 
the {211} side faces is extremely small, the {110} 
faces must  be very favorable nucleat ion sites for V-S 
deposition. There is yet another change in  morphol-  
ogy at a deposition temperature  close to 1100~ the 
crystal becomes three-sided. Three of the six {211} 
faces grow at the expense of the other {211} faces. 
At this temperature,  the rate of evaporation of gold 
from the l iquid is considerable. When all the gold 
has been consumed, the tip of the crystal will  be 
bounded by three {111} faces. 

Finally,  the diameter of the crystal depends on the 
amount  of V-S deposit. This sharply increases with 
deposition temperature.  It has been estimated (2) 
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Fig. 7. Continuation of VLS growth after the crystal was cooled 
to room temperature and kept for 16 hr in (a) air, (b) and (c) in 
dry hydrogen. In (b) two side branches formed during regrowth. 
Magnification 250X. 

that  the VLS and V-S growth rates become com- 
parable between 1200~176 

Regrowth.--It may be desirable, for practical pu r -  
poses, to stop VLS growth, cool the crystal to room 
temperature,  keep it there for a considerable t ime 
and subsequent ly  continue growth. This procedure 
has been carried out many  times and the following 
observations were made. It was ,found that the crys- 
tal must  be kept in a nonoxidizing atmosphere such 
as hydrogen. Exposing the crystal to air may result  
in polycrystal l ine deposit on the existing side faces 
if the subsequent  deposition tempera ture  is below 
l l00~ however, the newly VLS grown side faces 
are not affected. Second, it is also desirable to keep 
the ini t ial  regrowth deposition temperature  slightly 
higher than the previous one. This results in proper 
mel t -back  dur ing alloying and avoids formation of 
branches. 

Figure 7 shows three silicon crystals which were 
regrown at 1000~ after being kept at room temper-  
ature for about 16 hr. The crystal in Fig. 7a was ex- 
posed to air. The regrown top section has the usual 
high degree of perfection; the lower section, however, 
is overgrown with polycrystal l ine deposit. The crys- 
tals in  Fig. 7b and 7c were kept in a dry hydrogen 
atmosphere after cooling. Branches which formed upon 
regrowth are shown in Fig. 7b, and perfect regrowth 
is shown in Fig. 7c. 

VLS growth of crystal patterns.--A goal of con- 
trolled VLS growth is the preparat ion of arrays of 
silicon crystals on silicon substrates. The growth of 
such arrays is not very difficult if all the exper imental  
results discussed in the previous chapters are con- 
sidered in  detail. In  Fig. 8 are shown six growth 
pat terns of different form and dimension. Crystals of 
up to 1.5 cm in length have been grown with a max-  
imum diameter  of about 0.3 mm. The smaller the di- 
ameter  of the crystal, the fewer are the difficulties 
encountered. For the growth of a crystal pattern,  it 
is very impor tant  to use an isothermal reaction zone. 
A lateral  temperature  gradient  may distort bhe in -  
tended growth pa t te rn  by TGZM dur ing  the ini t ia l  
stages of growth. The length of the crystals on an 
individual  substrate may vary  considerably, depend-  
ing on the position of the crystals in the reaction tube. 
In  Fig. 8b, the substrate was si tuated perpendicular  
to the gas flow. The outermost crystals were close to 
the susceptor wall. In  Fig. 8f, the crystal array grew 
paral lel  to the gas flow direction. The crystals grow- 
ing "downstream" are shorter, reflecting the deple- 
tion of S~C14 along the reaction tube. This effect can 
be el iminated by proper geometrical design of the 

Fig. 8. Controlled VLS growth of silicon crystals in various 
arrays on silicon substrates. Magnification 5X. 

reaction zone. X- ray  measurements ,  using the Lang 
technique, have shown that the crystals in  an array 
are "epitaxial" with respect to each other and there-  
fore with the substrate. The observed angular  misori-  
entat ion between the crystals is smaller than 140 sec 
of arc, which is the resolution of the measurement  
technique employed. 

Arrays  of crystals have been grown with as m a n y  as 
30 crystals on a 1 x 2 cm substrate. When conditions 
of cleanliness and proper temperature  and gas phase 
conditions were observed, one crystal  grew on each 
and every site where a gold particle had been placed 
manual ly .  Another  method, more suitable for produc- 
tion of arrays of many  crystals, was to place a mask 
or template of pyrolytic graphite on the substrate 
crystal. An impur i ty  particle was placed in  each hole 
in the template and alloying was accon~plished with 
the template in place. Subsequently,  the template was 
removed and the VLS growth begun. Pat terns  of al- 
loy dots also were made by evaporat ion of impur i ty  
agents through a mask onto the wafer. However, not 
every alloy dot produced only one crystal. A center 
crystal normal ly  grew surrounded by fine whiskers 
of micron dimension. More work wil l  be required  to 
el iminate the breaking up of evaporated alloy dots. 

Summary 

Silicon crystals can be grown readily by the VLS 
technique under  controlled conditions. Both the lo- 
cation of growth, the diameter  of the crystal, and its 
ul t imate length can be controlled. However, two im-  
portant  points must  be considered, the presence of 
undesired impurit ies in the deposition region and 
the stabil i ty of the l iquid alloy droplet. The firs.t 
point  requires extreme cleanliness of substrate, alloy- 
ing agent, reaction tube, and carrier gas. The second 
point demands the absence of undesirable  tempera-  
ture gradients dur ing alloying and VLS grow~th and 
proper ad jus tment  of the total SIC]4 concentrat ion in 
the carrier  gas. A tempera ture  gradient  may cause the 
alloy droplet to migrate  in.to the substrate interior,  or 
along the subs~rate surface, or may cause the forma-  
tion of k inking  or branching  dur ing growth (9). 
Proper  gas composition is necessary to keep the 
concentrat ion gradient  in  the liquid, and therefore 
the corresponding liquidus supercooling, small enough 
to avoid nucleation of silicon crystals in  the liquid. 
It has been shown that  the diameter  of a VLS crys- 
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t a l  depends both on the amount  of the alloying agent 
used and also on the deposition temperature .  Crystals 
wi th  sections of different diameter  can be prepared  
s imply by changing the deposition t empera tu re  dur-  
ing growth. The growth of arrays of crystals in var i -  
ous pat terns  has been demonstrated.  

Crystal l ine defects have been studied in silicon 
crystals grown by the VLS technique. The major i ty  
of these crystals are highly perfect.  However ,  some 
crystals contain defects such as dislocation, impur i ty  
striation, elastic strain, and second phase entrapment .  
The origin of such defects and their  p reven t ion  wil l  
be discussed in a for thcoming paper  (9). 
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Electrode Overvoltages in Molten Fluorides 
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ABSTRACT 

Anodic overvol tage  measurements  on nickel electrodes in NiF2-KF, LiF-  
NaF-KF,  NaF-KF,  and L i F - K F  melts of eutectic composition have been 
carried out by the galvanostatic,  potentiostatic,  and potent ia l -sweep methods 
at tempera tures  ranging from 450 ~ and 800~ In oxide- f ree  melts no activa- 
tion overvol tage for the anodic and cathodic reactions has been observed. It  
was, however ,  observed that  nickel  behaves as a "cover ing- layer  electrode" 
in the presence of traces of oxides, added to the melts as NiO, or resul t ing 
f rom the hydrolysis of the residual  water  in the mel t  af ter  a high vacuum 
drying process. The semiconducting behavior  of nonstoichiometric  NiO surface 
layers has been considered and the results of the present  work  have  been 
compared with the l i tera ture  data on the N i /N iO  electrode in mol ten  salts. 

It does not seem to be widely  recognized at pres-  
ent that  the corrosion behavior  of metal l ic  electrodes 
in halide melts depends mainly  on the oxidizing en- 
v i ronment ,  if the corrosion of meta l  electrodes, due 
to reactions wi th  the dissolved water ,  hydroxides,  or 
halide-acids,  is taken as an exception ra ther  than a 
common phenomenon (1). 

It  was, however ,  shown, in the excel lent  rev iews  of 
Grimes (2) and of Baes (3) that  nickel-base alloys 
exhibi t  ve ry  good corrosion resistance to fluoride 
melts, provided that a careful  prepara t ion of the mel t  
and of the cover ing atmosphere is carr ied out. Li t t le-  
wood and Argen t  (4) observed that  unknown or un-  
controlled factors affect the Nernst  potential  of nickel 
in a lkal i -chlor ide melts. Moreover  it  was shown in 
some previous investigations, dealing wi th  overvol tage  
measurements  on a luminum electrodes in molten 
KHF2 (5), on lead electrodes in mol ten PbF2-NaF 
eutectic mixtures  (6), and on iron electrodes in mol-  
ten alkali  fluorides (7) that  the contaminat ion of the 
melts by oxides or water  leads to the open circuit  or 
anodic passivation of the electrode. 

This paper deals wi th  the anodic behavior  of nickel  
in oxide-conta ining fluoride melts together  wi th  the 
kinetics of the anodic dissolution and cathodic depo- 
sition reactions in oxide-f ree  fluoride melts. 

Experimental Procedures 
Suprapur  or Pro Analysis LiF, NaF, and KF were  

su~pplied by Merck A. G. and used wi thout  fur ther  
purification. NiF2 was prepared  by hydrofluorinat ion 
of NiCI2.6.H20, supplied as Reagent  Pure  by Merck 
A. G., or by high vacuum decomposition of NiF2 -2H20 
st~pplied by BDH. The products obtained contained 
more  than 99% of NiF2. Spectrographical ly  s tandard-  
ized nickel  rods were  obtained f rom Johnson  & Mat-  
they or f rom Leytess Metal  Inc. 

Cells were  assembled in vacuum tight quartz  con- 
tainers (see Fig. 1) for a tmosphere  control  and the 
exper iments  were  per formed under  high vacuum as 
wel l  as under  dry (10 ppm H20 max)  and deoxygen-  
ated argon, which was purified by passage through 
Linde's Molecular  Sieves and Zr-Ti  (50-50) chips at 
600~ 

The tensiometr ic  cell consists of a nickel  working 
electrode and a nickel  re ference  electrode. A Luggin 
capil lary of about 0.5 to 0.1 mm diameter  connects 
the re ference  electrode compar tment  to the electrode 
compartment .  

The emf of the tensiometric  cell has been shown 
reproducible  wi th in  1 mv in concentrated NiF2 solu- 
tions or in NiO saturated melts. In Ni2+-free melts  
the emf of the tensiometric  cell is of course poorly re-  
producible. As insulating material ,  boron nitr ide (BN),  
supplied by Union Carbide, was used. 

This cell design allows cylindrical  symmet ry  of 
the current  density distr ibut ion and avoids convec- 
t ive motions due to thermal  gradients near  the elec-  
trode surface. Any  screening effects due to the 
reference  electrode are avoided too. Temperature ,  
measured  in the hole (F) wi th  a 1 mm diameter  
chromel -a lumel  thermocouple,  was kept  constant to 
• 0.5~ 

The fluoride mixtures  were  dried under  high vac-  
uum prior to mel t ing  wi,th s tep-wise increasing t em-  
pera ture  f rom I00 ~ up to 400~176 

The high vacuum drying process was followed and 
standardized with  samples of L iF  in BN crucibles 
using an Omegat ron-Type  mass spectrometer  (8) for 
residual  gas analysis and by a polarization technique 
on Pt  microelectrodes in L i F - N a F - K F  melts  for the 
analysis of dissolved hydrolysis products (9). It w a s  
shown that  wa te r  can be removed  at tempera tures  
lower  than 550~ wi thout  hydrolysis. Results a r e  
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Fig. 1. Assembly of the cell. A, Nickel electrode; B, nickel 
reference electrode; C, BN insulators; D, graphite crucible; E, 
Luggin capillary; F, thermocouple hole; G-H, Inox to Kovar-glass 
joints; I, auxiliary silver lead to the electrode; E, silver lead to 
the electrode; EA, silver lead to the reference electrode; CE, silver 
lead to the counter electrode. 

given in Table I, where  the part ial  pressures are in-  
dicated as the ratios p / P  (p = part ial  pressure, P --- 
total pressure)  . 

From this table [see also ref. (8) for more detailed 
information] it is seen that  the part ial  pressure of 
the species wi th  mass 20 (HF) increases with tem-  
pera ture  above 600~ The same s ta tement  applies 
to species wi th  mass 49, which corresponds to BFu, 
result ing f rom reaction of B203 (contained in BN) 
with  HF. 

Fur the rmore  anodic l imit ing current  measurements  
on Pt  electrodes in L i F - N a F - K F  melts (9) demon-  
strated that  the content  of hydrolysis-products  (as 
O H - )  in the melt  is of the same order  or smal ler  

than the one calculated f rom chronopotent iometr ic  
measurements  in the same melts  pre t rea ted  wi th  HF 
and H2 (10) or wi th  NH4HF2+H2 (11), and ranges 
be tween 10 -5 and 10 -4 moles cm -3. With  reference 
to the results of ref. (11) it is wor thwhi le  to con- 
sider that  the absence of reducible  mater ia ls  was 
qual i ta t ively  indicated (i~ 1/2 < 5x10 -3 amp cm -2 
sec i/2) whereas  no informat ion was given on the 
presence of oxidable materials.  

Overvol tage  measurements  have  been carr ied out 
by the galvanostatic,  potentiostatic,  and potential  
sweep methods. 

In the galvanostat ic  measurements ,  the AMEL Model 
561 or 557 potentiostats (rise t ime less than 10 -3 
sec) were  used as constant d-c supply or the John  
Fluke  Model 351. 

In the potentiostatic measurements ,  a d-c amplifier 
was used as a high impedance buffer amplifier, be- 
cause the input impedance of the 557 AMEL Poten-  
tiostat was considered too low (105 ohms).  A ful ly  
transistorized delay t ime uni t  supplied by the Elec-  
tronic Service of C.C.R. Eura tom Ispra, was used as 
a source of t r igger ing pulses for the oscillograph 
(Tektronics 535 A) and as electronic relays for the 
modulat ion of the potentiostat.  A high speed noise- 
free, Claire Model Hg 1002 re lay  was used Oscillo- 
grams were  recorded by use of a Polaroid camera. 
Chronopotent iograms were  also recorded by a Sargent  
Recorder,  whose input  impedance  was increased by 
Kei th ley  Elec t rometer  Model 610 R used as a p re -  
amplifier. 

Results and Discussion 
Cathodic and anodic processes at nickel electrodes 

in oxide free mel ts . - - In  molten NiF2-KF (10-90% in 
moles) eutectic the react ion 1 

(a) iNi 2+ ~-- iiNi 2+ 

is shown to occur at 800~ without  act ivation over -  
voltage and concentrat ion (diffusion + reaction) po- 
larization up to re la t ive ly  high current  densities (2 
amp/cm2).  The measured polarizat ion mere ly  cor- 
responds to the ohmic drop across the electrolyte,  as 
the e vs. c.d. plot (not reported here)  shows satisfac- 
tory evidence for Ohm's law behavior.  The blue color 
of the melt,  a~ter contacting it wi th  nickel  metal,  and 
the appearar~ce of unidentified peaks in the x - r a y  
powder  spectra of the solidified mixture,  probably in- 
dicates a certain solubility of Ni meta l  in NiF2 con- 
taining melts (12). Apparen t ly  this process does not 
influence the anodic dissolution and cathodic deposi-  
tion of n icke l  

This result, together  with previous ones (5-7) in-  
dicates that in fluoride melts also the condition of a 
zero or ex t remely  low act ivat ion overvol tage  for the 
cathodic reduct ion and anodic dissolution of metals  
can be considered as a general  ru le  (13, 14). 

In oxide- f ree  and Ni2+-free or ve ry  dilute NiF2 
solutions in L i F - N a F - K F  (46.5-11.5-42 mole %) 
melts the ra te-contro l l ing  step for the anodic dissolu- 

i F o r  t h e  n o m e n c l a t u r e  u s e d  i n  t h i s  p a p e r  s e e  s e c t i o n  o n  S y m b o l s  
a n d  r e f .  ( 2 8 ) .  

Table I. Partial pressures of the residual gases over I.iF for an ultra-high vacuum drying process [ref.(8)] 

N o r m a l i z e d  p a r t i a l  p r e s s u r e s  (a) 

M a s s  3 0 0 ~  4 0 0 ~  4 5 0 ~  5 0 0 ~  5 5 0 ~  6 0 0 ~  6 5 0 ~  7 0 0  ~  

2 n . d .  n . d .  n . d .  n . d .  
16  4 .  I 0  ~ 5 .1  �9 I 0 - ~  7 . 8  �9 10 -~  1 .2  �9 I 0  - i  
17  1 .6  �9 1 0 -  6 1 ,7  �9 10-2  2 . 2  �9 1 0 - i  1 . 4  �9 10  - i  
18  6 . 4  - 10-1  5 . 9  - 10-1 5 �9 10  - i  4 . 7  �9 10  - i  
1 9  4.f l  �9 l O  - e  4 . 5  �9 1 0  --~ 4 . 1  �9 lO-C 4 - 10 -2  
2 0  2 . 4  - 1 0  - a  1 - 1 0  -~ 2 . 5  �9 1 0  -~ 5 . 3  , 1 0 -  a 
2 8  5 . 6  �9 10-- ~ 5 . 1  �9 1 0 -  2 6 . 6  - 10-2  5 , 3  �9 10-'-' 
4 9  . . . .  
P 2 �9 10-6 3 �9 10- 6 2.5 �9 I0 ~ 5.5 �9 10- 2 

n . d .  
7 . 3  1 0  -6 
6 .1  1 0 -  ~ 
4 . 6  10-1  
4 . 3  10 -2  
1 . 2  10-1  
7 .3  10  -6  
2 . 4  10  ~ 
6 . 5  10  -~ 

n . d .  
6 . 5  10  -~ 
3 . 2  10-~ 
2 . 3  10  -1 
2 . 6  1 0 -  ~ 
1 .9  10-1  
9 . 1  10 -2 
2 . 2  1 0 -  i 
7 . 7  1 0  -~ 

n , d .  
2 . 1  �9 10 "~ 
2 .1  �9 1 0  --~ 
1 .1  �9 1 0  - i  
2 . 8  �9 1 0  ~ 
2 . 3  �9 10  -1 
1 .7  �9 1 0  -1 
2 . 7 .  1 0 -  i 
7 �9 1 0 -  6 

n . d .  
2 . 2  10--2 
2 . 2  1 0 -  -~ 
1 .4  10 -1  
2 . 2  10-2  
2 . 2  10-1  
2 . 7  10 -1  
1 .5  10  -1 
1 �9 1 0 -  5 

r P a r t i a l  p r e s s u r e s  e x p r e s s e d  a s  p/P r a t i o s ,  w h e r e  p i s  t h e  p a r t i a l  p r e s s u r e  a s  m e a s u r e d  w i t h  t h e  O m e g a t r o n  g a u g e  a n d  P i s  t h e  t o t a l  
p r e s s u r e  a s  m e a s u r e d  w i t h  a n  i o n i z a t i o n  m a n o m e t e r ;  t e m p e r a t u r e  -4- 2 0 ~  
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Fig. 2. e vs. log d-c plot for the anodic dissolution of nickel in 
oxide-free KF-NoF-LiF melts. T is 550~ (from galvanostatic 
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Fig. 3. Chronopotentiogram for the galvanostatic polarization 
of nickel electrodes in oxide-free KF-NaF-LiF melts at 550~ 

Anod ic  processes at n i cke l  e lectrodes in  ox ide -con-  
ta ining m e l t s . - - E v i d e n c e  has been given on the in-  
fluence of oxides (dissolved or as surface layers) on 
the anodic dissolution process. 

It  was, in fa~t, observed that  both saturat ion of 
the mel t  wi th  NiO and re la t ive ly  high par t ia l  pres-  
sures of water  lead to the open circuit  passivation of 
the electrode. Traces of 0 2 -  or O H -  resul t ing f rom 
hydrolysis of residual  water  in the mel t  (9) are also 
sufficient for the passivation of the electrode under  
current  flow. The anodic polarizat ion of both active 
and passive electrodes in alkali  fluoride melts leads 
at a certain crit ical  c.d. or vol tage (according to the 
kind of exper imenta l  technique) ,  to an instabil i ty 
shown by oscillations of the electrode voltage or of 
the cell current  as is shown in the fol lowing figures. 

Figure  3 shows the beginning of the oscillation of 
the electrode vol tage of nickel  electrodes in L i F - N a F -  
KF melts. 

The high overvot tage peak, which is observed in 
Fig. 3, correSponds to the sudden passivat ion of the 
electrode. No peaks have been detected in the po- 
larization of passive electrodes in L i F - N a F - K F  and 
L i F - K F  (50-50% in moles) melts. The oscillatory 
behavior  of the electrode has also been found less re -  
producible  in f requency than on ini t ial ly active elec- 
t rodes .  

Figure  4 shows the corresponding instabil i ty of the 
cell current  observed by the potentiostat ic method at 
potentials h igher  than -5 400 mv  vs. a Ni reference  
electrode in a NiO saturated L i F - N a F - K F  mel t  at 
550~ It is assumed that  under  these circumstances 
the Ni reference  electrode works as a Ni /NiO elec-  
trode. 

F igure  5 shows the potentiostatic anodic and cath-  
odic polarization of a passive nickel  electrode, de-  
te rmined by the potent iodynamic (potent ia l -sweep)  
method at a t raverse  rate  of 0.1 v /min ,  in N a F - K F  
(40-60% in moles) melts at 800~ The anodic and 
cathodic act ivat ion of the electrode is observed;  it  
is also wor thwhi le  to observe that  passivation occurs 
wi thout  the characterist ic passivation loop (29, 30). 

The dashed line shows the corresponding e vs. c.d. 
plot  obtained by the galvanostat ic  method in a sep- 

i(mA) 

Fig. 4 .  i vs. time plots for the potentiostatie polarization of 
nickel in NiO-saturated KF-NaF-LiF melts. T z 550~ 1. -5 
100 mv; 2. -5 200 my; 3. -5 250 my; 4. -5 300 mv; 5. -5 350 m~; 
6. -5 400 my; 7. -5 450 my; 8. -5 500 my; 9. -5 550 my. Ni /NiO 
oxide reference electrode. 

tion process of nickel  has been ,shown to be the mass-  
t ransfer  across the diffusion layer. 

The Tafel  law is fol lowed in the c.d. range 10 -8 to 
10 -1 a m p / c m  2 as shown in Fig. 2, where  the s teady-  
state polarization values are plotted; the slope of 
the Tafel  plot  closely corresponds to RT/2F ,  in good 
agreement  with the theoret ical  slope for a diffusion- 
controlled anodic dissolution process (15). 

No evidence has been obtained in these di lute solu- 
tions of an act ivated r a t e -de te rmin ing  step. 

. /  
Z(mV) 

+goo 

"3a~ t -~oo 

Fig. 5. i vs. e curves (by the voltammetric method) for the 
cathodic and anodic polarization of Ni in NaF-KF melts at 800~ 
Sweep 0.1 v/min. The dashed line (from golvanostotie measure- 
ments) reports the corresponding iR drops. 
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Fig. 6. Oscillograms for the anodic polarization of nickel elec- 
trodes in LiF-KF melts at 560~ P = 10 -3  Torr. X axis, 50 m 
sec/cm; y axis, 200 my/era; c.d., 900 ma/cm 2. 
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Fig. 8. Phase-scheme according to ref. (28) for a N i / N i O l + x /  
electrode. I indicates the metal phase, III the oxide phase, II 
the solution phase, Ilia and IIIb being the interphases between the 
metal and the oxide phase and between the oxide and the solu- 
tion phase, respectively. --~ Indicates a charge-transfer process at 
the interphases Ilia IIIb or in the bulk of the oxide-phase. Open 
arrow indicates a mass-transfer process across the bulk of a phase. 
Solid dark arrow indicates the substitutional exchange of a lattice 
position. N i2+(~  indicates a positive hole in the lattice and i5 
is the thickness of the diffusion layer. 

Fig. 7. Oscillograms for the anodic polarization of nickel elec- 
trodes in LiF KF melts at 560~ P = 10 -3  Torr. X axis, 50 m 
sec/cm; y axis, 500 mv/cm; c.d., 1.1 amp/cm". 

arate experiment .  The increase of layer  thickness in 
the passive zone is indicated by the deviat ion f rom 
l inear i ty  of the exper imenta l  curve. 

The cathodic act ivation (due to the reduct ion of 
the oxide layer)  takes place at a potent ia l  ve ry  close 
to the reference  potential ,  whereas  the anodic ac t iva-  
tion occurs at a potent ia l  be tween  + 300 and 400 mv  
v s .  the reference  electrode. 

Figures 6 and 7, which re fe r  to the anodic polariza-  
tion of nickel  at 560~ in L i F - K F  melts, show the 
galvanostatic .charging curves and the corresponding 
potent ial  decay curves osci l lographical ly recorded at 
current  densities higher  than the critical current  den-  
sity. 2 The corresponding curves in NiO sa tura ted  LiF-  
KF melts and NiO saturated L i F - N a F - K F  melts  are 
quite similar. 

The transi t ion times, as wel l  as the persistency of 
the vol tage plateau which  is observed at about + 200 
mv  v s .  the reference electrode, clearly depend both 
on the total  charge passed and on the previous his-  
tory of the electrode. For  this reason any a t tempt  to 
plot the transi t ion t imes in an i v s .  ~ / 2  plot is un-  
successful. 

In order  to account for this act ive-passive behavior  
of nickel  let us s~ppose that  the passivation of nickel  
electrodes at open circuit  or under  current  in L i+ - f r ee  
and in Li+-conta in ing  melts results f rom an insulat-  
ing NiO surface film. Indeed we shall discuss the 
anodic behavior  of nickel  in terms of the mass t rans-  
por t  and charge t ransfer  reactions across the phase 
boundaries Ni /NiO and NiO/solut ion  as we l l  as across 
the bulk of NiO. 

All  the possible reactions occurr ing at a N i /N iO  
electrode, considering both the case of a s toichiometric  
and a nonstoichiometric  oxide layer,  are repor ted  in 

u In  e a c h  f i g u r e  t w o  t r a c e s  a r e  r e p o r t e d :  c u r v e  (a} r e f e r s  to t h e  
f i r s t  p o l a r i z a t i o n ,  c u r v e  (b) to  a s u b s e q u e n t  p o l a r i z a t i o n  a t  t h e  
s a m e  c.d.  

the phase-d iagram of Fig. 8 (5) on the basis of the 
general ly  accepted conduction mechanism in NiO 
(16-21). In this d iagram the reactions which involve 
the exchange of electrons have  been described ( reac-  
tion ~) in terms of jumps  of holes be tween Ni2+ O 
and Ni 2+, where  Ni 2+ is a nickel  ion in a regular  po- 
sition of the cationic sublattice and Ni 2+ �9 corresponds 
to a hole f reed f rom a ca t ion-vacancy and t rapped at 
a Ni 2+ site (i.e., corresponds to a Ni3+-ion).  

In the same diagram the bui ld-up  of nonstoichio- 
metr ic  NiO due to excess oxygen  dissolution is indi-  
cated by the react ion 

fl" + ~ + ~ : ~zrO2+2III Ni2+ ~ In O ~ - +  2nINi2+ O [1] 

and the substi tut ional  Li + dissolution in the cationic 
sublattice is indicated by 

+ ~ + ~ : nLi + + toni ~+ ~ inLi + (Ni 2~-) +toNi2+ O 
[2] 

In the latter case the mass balance is satisfied by the 
simultaneous occurrence of the reaction 

(~) nO 2- -~ mO~- 

However ,  if the rates of the reactions [1] and [2], 
both of which lead to a nonstoichiometric  oxide layer,  
are lower than the ra te  of the  Ni diffusion by cation 
vacancies or grain boundaries  into the oxide layer,  
the NiO surface layer  remains  at its s toichiometr ic  
composition, according t o  the react ion 

iNi + 2mNP + --> 3toNi 2+ [3] 

which corresponds to the coupling of the reactions 

(d )  iNi 2+ -> nzNi 2+ 

and 

(fl') 21e + 21HNi 3+ "-> 2inNi 2+ 

where iNi 2+ + 21e corresponds, according to the for- 
malism used in this paper, to iNi. 

Evidence has been found from the results of the 
present work and from the comparison of these re- 
sults with the literature data, that the surface layer 
is of stoichiometric composition over a broad range 
of experimental conditions. 

As the present measurements have been done under 
high vacuum or under oxygen-free argon, it appears 
that reaction [1] does not affect the stoichiometry of 
the surface layer.  
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Fig. 9. Log R vs. I / T  plot for the electrical resistivity of the 
NiO layer on nickel electrodes. A LiF-NaF-KF melts; �9 LiF-KF 
melt:s; R is given in ohm/cm". 

Fur thermore ,  measurements  of the self-diffusion co- 
efficients of oxygen and nickel  in NiO single crystals 
in the t empera tu re  range  700~176 (22-24) indi-  
cate that  the diffusion of oxygen in NiO is of several  
orders of magni tude  lower than that of Ni. 8 

F rom the iR drops, measured on passive nickel  elec- 
trodes at different temperatures ,  corrected for  the 
corresponding iR drops due to the electrolyte  resis t-  
ance [about 20-50 my at 1 a m p / c m  2, as measured  at 
iron electrodes, which are perfect ly  revers ib le  in di-  
lute solutions of FeF2 in alkali  fluoride melts (7) ], the 
value  of the d-c resis tance of the passivatin,g layer  
has been obtained. 

The slope of the Arrhenius  plot 4 obtained wi th  
these exper imenta l  resistance values, as it is seen in 
Fig. 9, where  R is g iven in ohm-cm -2, is in quite  
good agreement  wi th  the figures g iven in ref. (17, 20, 
21) for the near ly  stoichiometric  NiO. 

The w o r k  of Hill  et  ak (25) indicates that  in the 
mol ten  Li2SO4-K2SO4 eutectic mel t  the Ni /NiO elec-  
t rode behaves revers ib ly  up to about  650~ where  a 
b reak  in the emf v s .  T plot is observed. They ac-  
counted for this resul t  by suggesting a deviat ion f rom 
the  s toichiometry of NiO at tempera tures  higher  than 
650~ due to the Li+-dissolu t ion  in solid solution, 
and supposing a high solubil i ty of the solid solut ion 
at tempera tures  lower  than 650 ~ 

This resul t  is qual i ta t ive ly  in ag reemen t  wi th  our 
results,  as it was also shown that  in L i+-con ta in ing  
mel ts  the surface layer  is near ly  stoichiometric,  at 
least at tempera tures  lower  than 650~ We do not 
agree, however ,  wi th  the suggestion of a high solu- 
bi l i ty  of the Li20-NiO solid solution at low t emper -  
atures,  as it seems much  more  probable that  a slow 
ra t e -de t e rmin ing  step affects the over -a l l  ra te  of 
react ion [2]. 

We found in fact  (26) that  react ion [1], which  was 
inves t iga ted  on s intered pellets of NiO at oxygen 
par t ia l  pressures be tween  3 to 760 Tort ,  is a ve ry  
slow one in the same tempera tu re  range. 

Final ly  it is wor thwh i l e  to note that  the curves  of 
the cathodic reduct ion of the oxide layer  in Fig. 5 

3DONIo = 1.0 X 10 ~ exp(--54 kcal /RT)  em e see-1 (22) 
nNlxlo = 1.7 • 10 -~ exp{--56.0 keal /RT)  cm 2 sec -1 (23) 
DNiNiO = 1.83 • 10~ exp(--45.6 kcal/RT) cm 2 sec -1 (24) 

Which is taken as a measure of the activation energy of the 
electrical resistivity according to the relationship 

p = poA exp(AE/RT)  

(cathodic activation) demonstra te  that  the reduct ion 
occurs at the revers ib le  potent ia l  wi th  an uncer ta in ty  
of few mill ivolts  (which is of the same order  as the 
emf of the tensiometr ic  cell) under  the assumption 
that  the reference  elec%rode react ion is that  of an 
oxide electrode. 

It appears indeed that  the anodic dissolution of 
n ickel  at passive electrodes is described by react ion 
[4] (see Fig. 8) 

~' + Ni~+-transfer  + ~" [4] 

at current  densities or potentials  lower than the cri t -  
ical t ransi t ion current  or the transpassive potential ,  
respect ively,  at t empera tures  lower than 650=C in Li + 
containing mel ts  and at h igher  t empera tures  in Li +- 
f ree  melts. 

As for the act ivat ion of passive nickel  electrodes 
and the oscil latory behavior  of nickel  under  strong 
anodic polarization, only a qual i ta t ive  pic ture  of the 
phenomenon results f rom the exper imenta l  data. We 
discuss only the case of the act ivat ion of a passive 
nickel  electrode, which is assumed as before to be 
ini t ial ly covered with  a layer  of near ly  stoichiometric 
nickel  oxide. Differing f rom the i ron-ox ide  system, 
the stabili ty range of the wi is t i te - type  NiO,+x phase 
is not wel l  defined and the higher  nickel  oxides are 
known to be unstable  as bulk phases at high t em-  
perature.  

Fur thermore ,  x - r a y  diffraction pat terns  obtained 
at room tempera tu re  f rom these higher  oxides do not 
r evea l  a s t ructure  different f rom that  of NiO (27). 

However ,  the steps in the potent ial  decay curves 
(see Fig. 6 and 7) and the reproducibi l i ty  of the 

act ivat ion potent ia l  (see Fig. 5) seem to indicate the 
format ion of a higher  nickel oxide surface phase wi th  
good electronic and (or) ionic conduct ivi ty  under  
sufficiently strong anodic polarization. 

The proposed model  for such an electrode is given 
in Fig. i0, where  the oxide phase (NiOl+y) is sup- 
posed to have a composit ion near  to Ni304 (y ---~ 0.33). 

If only electronic  conduction is supposed, via elec- 
t ron holes or electrons only the reactions 

(e) nO 2 -  --> V2 nO2 -F 2zve 

(~') nO 2-  + 2zvO "-~ 1/2n02 

(k) IzNi 2+ -~ IzNi 3+ + zve 

(k') IINi 2+ + zvG "-> nNi 3+ 

should occur in the t ranspassive 5 range, as the flUO- 

The transpassive range (28-30) is considered here as the anodic 
c.d. range lying at e.d. higher than the activation current. 

! 1Vo 1V ~/b !ml.utio. 

@.<P" 

�9 . --w- NiS/3"c~:~>Ni 8/~ 

- -  �9 F _ _ - - ~ - - ~  

~_ 6" _~ANi3+ 

_ V" ._~..Ni2+<:~ 

~_ v"! o - - <  

Ni 2+ 

0 = 

Ni NiOl.y O x P 6 solution 

Fig. 10. Phase-scheme, according to ref. (28) for a Ni /NiOz+y 
electrode. I indicates the metal phase, II the solution phase, IV 
a magnetite-type Ni01+ phase, IVa and IVb the interphases be- 
tween the metal and the oxide phase, and between the oxide and 
solution phase, respectively. ~ Indicates a charge-transfer process. 
Open arrow indicates a mass-transfer process. ~ is the thickness 
of the diffusion layer. 
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r ine  discharge reaction occurs at much more anodic 
potentials, as compared with the potential  at which 
activation occurs (see Fig. 5). 

However, the melt  is a very dilute solution of both 
Ni 2 + and O = and reactions E, E', ~, and ?,' should occur 
under  diffusion l imit ing current  conditions. 

Actually, from previous measurements  which have 
been  carried out in fluoride melts (9) in order to in-  
vestigate the oxygen evolution reaction on br ight  
p la t inum electrodes, there is the evidence that the 
l imit ing current  for the anodic reaction 

O = ~  ~ O2 + 2e 

in  melts prepared with the same exper imenta l  pro-  
cedure ranges be tween 2-10 ma/cm~. I t  is apparent  
that  other reactions, different from the e and ~ ones, 
are to be considered, as their contr ibut ion to currents  
as high as 500 ma, observed in the transpassive range, 
is negligible. 

We consider indeed a mass transfer reaction, indi-  
cated as Ni s/3+ transfer  6 in  Fig. 10, which occurs, si- 
mul taneous ly  with the ~ and ~, ones, across a very thin 
layer of NiOl+y. It  is worthwhile  to note that  the 
cracking of this layer could be responsible for the 
oscillatory behavior of nickel electrodes observed both 
under  galvanostatic and potentiostatic polarization 
and of the high currents  observed in the transpassive 
range. 

In this lat ter  case, under  potentiostatic polarization 
(by the potent ial-sweep method) both the reactions 

5' -4- NiS/3+-transfer -4- 5" 
and 

(a) iNi 2+ --> iiNi 2+ 

occur, at a rate which only depends on the character-  
istics of the i vs. e curves for the separate reactions. 

As the activation potential  and that of the poten-  
tial steps seem to be independent  of the oxygen par-  
tial pressure over the melt, we postulate that  the 
over-al l  anodic activation reaction is 

3 NiO -4- 0 2- -> Ni~O4 -4- 2e [5] 

The coupling of reaction [5] with reaction [6] 

NiO -4- 2e-~ Ni -4- O 2- [6] 

(which is the electrode react ion at the reference 
electrode) corresponds to the reaction 

Ni -4- Ni304 ~ 4 NiO [7] 

From the figures for the activation potent ial  (-4-4-380 
mv at 800~ and of the steps in  the potent ial  decay 
curves (-4- 200 mv at 550~ we obtain for the free 
energy of reaction [7] 

~GT=- -2FE=- -9000•  at 550~ and ~G7=- -  
16.000• cal at 800~ 
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SYMBOLS 
Potent ial  difference measured a~ the termi-  
nals of the tensiometric cell 

I Mez+ Corresponds to M e - - z i e ,  where the sub- 
scripts at the left indicates the phase (28) 

I Metal phase 
II Solution phase 
III or IV Oxide phases 
O Indicates an electron 
Me2+ �9 Indicates a hole trapped at a cationic site 
G Indicates a free electron hole 
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The Oxidation of Silicon Carbide at 

1150 ~ to 1400~ and at 9 x 10 to 5 x 10 -1Torr Oxygen Pressure 

Earl A. Gulbransen, Kenneth F. Andrew, and Fred A. Brassart 
Research Laboratories, Westinghouse E~ectric Corporation, Pittsburgh, Pe~y~vania 

ABSTRACT 

A kinetic study was made of the oxidation of high-purity silicon carbide 
using a dynamic-type reaction system. Two types of oxidation behavior were 
found. Passive oxidation occurred for conditions where silica films were 
formed on the surface. Active oxidation occurred for conditions where volatile 
silicon monoxide was formed. The transition conditions between the two types 
of oxidation were studied as a function of oxygen pressure and temperature. 
The transition temperatures and pressures were related to thermochemical 
conditions for the reaction of silicon carbide with silica to form silicon mon- 
oxide and carbon monoxide. 

The oxidation of silicon carbide has been studied 
extensively  at normal  pressure where  silica films are 
formed (1-7). Severa l  of the workers  (2, 6, 7) showed 
that  amorphous silica films were  formed dur ing oxi-  
dation below 1300~ and cristobalite at 1300~ and 
higher. 

Webb, Norton, and Wagner (8) suggest that, in the 
oxidation of carbides, protect ive  oxide films form 
provided the carbide does not react  with its oxide. 
If react ion occurs, rup ture  of the oxide may occur. 

At low oxygen pressures Ervin  (1) showed high 
rates of reaction could occur with the formation of 
silicon monoxide. Fol lowing Wagner 's  analyses (9) of 
the analogous silicon oxidation react ion we wil l  call 
this fast region of oxidation the act ive region, and the 
slow region where  silica films are formed, the passive 
region. The purpose of this paper  is to extend Ervin 's  
(1) work  and to study the transit ion conditions for 
the two regions of oxidation. 

Therraoche~ica~ Analyses 
Table I shows the reactions which can occur in the 

silicon carbide oxygen system and associated reactions. 
Reactions [1]-[4] show large posit ive values for log 
Kp. Ruptur ing  of the oxide film could occur when  
silica films are formed. Oxidat ion can also occur wi th -  
out the format ion of an oxide film by reactions [2] 
and [4]. Reaction [5] shows silicon carbide dissociates 
under vacuum conditions if silicon vapor  is removed.  
The solid phase reactions of silicon carbide with silica, 
reactions [6] and [7], can occur if the gaseous reac-  
tion products are removed.  Reactions [6] and [7] can 
be compared to the reaction be tween silicon and silica. 
The silicon monoxide equi l ibr ium pressures (for re-  
actions [6] and [8]) can be calculated f rom the data 
of Table I. If  sufficient silicon monoxide exists in the 
gas phase, reactions [6] and [8] can be reversed  wi th  
the format ion of silica films on silicon. 

Apparatus and Samples 
The apparatus and method have been described (11, 

12). A Cahn (13) type of vacuum microbalance was 
used in the flow react ion system. 

Table I. Thermochemical analyses, silicon carbide-oxygen system 

E q u i l i b r i u m  c o n s t a n t s  
( l o g  Kp)  (10)  

1 1 2 7 ~ 1 7 6  

R e a c t i o n s  1 1 2 7  ~ 1327  ~ 1527  ~ 

[1 ]  S i C ( s )  + 3 / 2 0 2 ( g )  ~ - S i C ~ ( s )  + C O ( g )  3 0 . 6 0  2 6 . 2 6  2 2 . 8 9  
[2 ]  s i C ( s )  + O ~ ( g ) ~ - S i O ( g )  + C O ( g )  14 .17  13 .51  1 2 . 9 9  
[3 ]  S i C ( s )  + 2 0 ~ ( g )  ~ - S i O ~ ( s )  + C O x ( g )  3 6 . 6 1  3 0 . 9 6  2 6 . 5 8  
[4 ]  S i C ( s )  + 3 / 2 0 ~ ( g )  ~ - S i O ( g )  + CO,z(g) 2 0 . 1 8  18 .22  1 6 . 6 9  
(5 ]  S i C ( s t  ~ S i ( s )  + C ( s )  - - 2 , 8 2 8  - - 2 . 4 2 8  - - 2 . 0 1 8  
[ 6 ]  S i C ( s )  + 2SiO,z(s )  ~ - 3 S i O ( g )  + C O ( g )  - - 1 8 , 7 0  - - 1 1 . 9 8  - - 5 . 5 8  
[7 ]  S i C ( s )  + S S i O 2 ( s )  ~ 4 S i O ( g )  + CO.2(g) - - 2 9 . 1 2  - - 2 0 . 0 2  - - 1 3 . 0 0  
[8 ]  1 / 2 S i ( s )  + 1 / 2 S i O 2 ( s )  ~- S i O ( g )  - - 4 . 1 0 6  - - 2 . 5 2 0  --  1 .347  

Single crystals of l ight green silicon carbide were  
obtained through the courtesy of Hamil ton (14). Most 
of the crystals had small  twin crystals at tached at 
some point on the surface. The crystals were  of high-  
pur i ty  grade having a total impuri ty  level  of 1015-1017 
atoms/cc. 

The crystals had the s-SiC 6H structure  (15, 16). 
The basal plane (0001) was in the surface. No a t tempt  
was made to distinguish the silicon and carbon faces 
of the crystals. 

The crystals weighed 0.01-0.025g, had surface areas 
of 0.12 to 0.28 cm 2, and were  0.06 to 0.07 cm thick. In-  
dividual  crystals were  suspended from the end of the 
balance by using 0.06 cm diameter  quar tz  fibers. Re-  
agent  grade oxygen was used in all experiments .  

Method.--The method in brief was to heat  the sam- 
ple to tempera ture  in vacuum. After  equi l ibr ium was 
achieved, oxygen was added to the desired pressure 
over  a time period of 1 to 11/2 rain to prevent  serious 
disturbances to the sample and balance. During this 
period of changing pressure, the sample may have  
undergone react ion under  vary ing  oxidat ion condi- 
tions. 

' I r I ' I ' [ ' ' 1  ' I ' I ' I F I ' 
2r 
t~ 

6(--  

10f 

! i  H . . . .  - 

0 2 4 5 ~ lO 1~ II 1~ 18 ~ 1'~A95 98 [ [ 1~4I[05 1018 I 1 [ lO{] 102 llO" 112 11~ 116 
Time, rain 

Fig. 1. Effect of temperature oxidation SiC, 4 x 10 -'~ Tort 02 
pressure. Flow 1.0 x 1018-2.26 x I 0  is atoms 0/sec, 

Zones of reaction 
1 1300 ~ 7 1300~ min 
2 1270~ ~ 8 1300 ~ 
3 1250 ~ 9 1277~ ~ 
4 Temperature Raised 10 Temperature raised 
5 1275~ ~ 11 1275~ ~ 
6 1300 ~ 12 1300 ~ 
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Results and Discussion 

Act ive  and passive oxidation p~'ocesses.--Figure 1 
s h o w s  a se r i e s  of e x p e r i m e n t s  a t  4 x 10 -2  T o r t  o x y g e n  
p r e s s u r e  w h i c h  w e r e  m a d e  to e v a l u a t e  t h e  t r a n s i t i o n  
c o n d i t i o n s  b e t w e e n  a c t i v e  a n d  p a s s i v e  o x i d a t i o n .  

Z o n e  1 of  Fig. 1 s h o w s  a n  a c t i v e  t y p e  of  o x i d a t i o n  
occu r s  a t  1300~ P a s s i v e  o x i d a t i o n  o c c u r s  w i t h  t h e  
f o r m a t i o n  of a n  ox ide  f i lm as s h o w n  i n  zone  2 a t  
1250~ T h e  r a t e  of o x i d a t i o n  d e c r e a s e s  in  zone  3 as 
t h e  s i l ica  f i lm g r o w s  in  t h i c k n e s s .  

A c t i v e  o x i d a t i o n  occurs  a g a i n  on  r a i s i n g  t he  t e m -  
p e r a t u r e  to 1300~ in  zones  4 a n d  5. T h e  p r e s e n c e  of  a 
s i l ica  f i lm p r e v e n t s  t h e  o c c u r r e n c e  of a r a p i d  t y p e  of 
a c t i v e  ox ida t ion .  R e m o v a l  of t h e  o x i d e  f i lm b y  r e a c -  
t i ons  [6] a n d  [7] w a s  a s low p r oces s  a t  4 x 10-2  T o r r  
p r e s s u r e .  

T o  r e m o v e  t h e  s i l ica  f i lm a t  a m o r e  r a p i d  r a t e ,  i t  w a s  
n e c e s s a r y  to h e a t  t h e  s a m p l e  in  v a c u u m .  A t e s t  w a s  
m a d e  on  t h e  ef fec t  of h e a t i n g  in  a v a c u u m  a t  1300~ 
fo r  75 m i n  ( zone  7) .  A r a p i d  w e i g h t  loss t y p e  of ox i -  
d a t i o n  o c c u r r e d  on  r e o x i d i z i n g  in  zone  8. 

T h e s e  e x p e r i m e n t s  s h o w  two  bas ic  o x i d a t i o n  p r o c -  
esses  occu r  in  t h e  o x i d a t i o n  of s i l i con  ca rb ide .  T h e  f i rs t  
was  a w e i g h t  loss or  a c t i v e  t y p e  of r e a c t i o n .  V o l a t i l e  
s i l i con  m o n o x i d e  w as  f o r m e d  t o g e t h e r  w i t h  c a r b o n  
m o n o x i d e .  P r o t e c t i v e  o x i d e s  m a y  ex i s t  on  t h e  su r f ace ,  
b u t  t h e s e  w e r e  no t  f o r m e d  d u r i n g  o x i d a t i o n  u n d e r  
t h e  g i v e n  cond i t ions .  T h e  s e c o n d  w a s  a w e i g h t  g a i n  
or  p a s s i v e  t y p e  of ox ida t ion .  He re ,  a s i l ica  f i lm w a s  
f o r m e d .  S i n c e  c a r b o n  m o n o x i d e  w a s  also f o r m e d ,  f a s t  
r e a c t i o n s  cou ld  occu r  due  to r u p t u r i n g  of  t he  o x i d e  
film. 

W e  t e r m  o x i d a t i o n  r e a c t i o n s  o c c u r r i n g  s l o w l y  in 
t he  a c t i v e  r e g i o n  in  t h e  ,presence  of p r e v i o u s l y  f o r m e d  
s i l ica  f i lms as i n t e r m e d i a t e  t ypes  of o x i d a t i o n  r e a c -  
t ions .  

~ e c t  of pressure on transit ion temperature  for ac- 
t ive and passive ox idat ion .~Figure  2 s h o w s  w e i g h t  
c h a n g e  vs. t i m e  c u r v e s  a t  p r e s s u r e s  of 9 x 10 - s ,  4 x 
10 -2  , 1 x 10 -1 , a n d  5 x 10-1  T o r r  a t  1300~ F i g u r e  2 
s h o w s  p a s s i v e  o x i d a t i o n  o c c u r s  a t  1300~ fo r  p r e s s u r e s  
of 1 x 10 -1  a n d  5 x 10 -1  a n d  a c t i v e  o x i d a t i o n  for  p r e s -  
s u r e s  of 9 x 10 -3  a n d  4 x 10 - 2  Tor r .  S i m i l a r  p lo t s  
w e r e  m a d e  fo r  t h e  s a m e  p r e s s u r e s  a t  1350 ~ a n d  1400~ 
A c t i v e  o x i d a t i o n  w as  f o u n d  to occu r  a t  1350~ fo r  
9 x 10 -3  a n d  4 x 10 -2  T o r r  p r e s s u r e s  a n d  p a s s i v e  ox i -  
d a t i o n  a t  1 x 10 -1 a n d  5 x 10 -1  T o r r  p r e s s u r e s .  A t  
1400~ a c t i v e  o x i d a t i o n  w a s  f o u n d  to occur  fo r  
9 x 10 -3,  4 x 10 -2  , a n d  1 x 10 -1  T o r r  p r e s s u r e s .  

T h e  w e i g h t  g a i n  c u r v e s  a t  1300 ~ 1350 ~ a n d  1400~ 
i n i t i a l l y  s h o w  f a s t  r a t e s  of o x i d a t i o n .  A f t e r  s e v e r a l  
m i n u t e s  of ox ida t ion ,  a p r o t e c t i v e  f i lm of s i l ica  w a s  
f o r m e d  a n d  t h e  r a t e s  of o x i d a t i o n  d e c r e a s e d .  W e  con -  
c l u d e  t h a t  t h e  t r a n s i t i o n  p r e s s u r e  a t  1300~ was  b e -  
t w e e n  4 x 10 -~  a n d  1 x 10 - I  Torr ,  a t  1350~ i t  was  
a b o u t  1 x 10 -1 Tor r ,  a n d  a t  1400~ t h e  t r a n s i t i o n  p r e s -  
s u r e  was  a b o v e  1 x 10 -1 Tor r .  

L i g h t  m i c r o s c o p i c  o b s e r v a t i o n s  on  t h e  r e a c t e d  s a m -  
p les  w e r e  m a d e .  O ne  s ide  s h o w e d  l i g h t l y  e t c h e d  r e -  
g ions  w h i l e  t he  o t h e r  s ide  w as  s m oo t h .  T h e  edge  n e a r  
w h e r e  t h e  o r i g i n a l  c r y s t a l  w a s  g r o w n  a lso  s h o w e d  e v i -  
d e n c e  of s e l e c t i v e  r eac t i on .  

W e  i n t e r p r e t  t h e  w e i g h t  loss c u r v e s  as r e a c t i o n  of 
b o t h  Si a n d  C a t o m s  f r o m  t h e  SiC su r f ace .  T h e  i n i t i a l  

1.5 

1.0 

c 

~S 

1.5 
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J 

I 2 3 4 
Time, rain 

Fig. 2. Oxidation of SiC, effect of pressure, 1300~ A, 9 x 10-3; 
B, 4 x 10-2; C, 1 x 10-1; D, 5 x 10 -1  Torr. 

w e i g h t  losses  w e r e  a l i n e a r  f u n c t i o n  of t ime .  S ince  
a n  ox ide  f i lm w a s  no t  f o r m e d  a n d  t he  r e a c t i o n  p r o d -  
uc t s  w e r e  r e m o v e d  b y  t h e  gas  flow, no  e v i d e n c e  was  
f o u n d  for  a c h a n g e  in  t h e  m e c h a n i s m  of r e a c t i o n  as 
t h e  r e a c t i o n  p r o c e e d e d .  

W e  i n t e r p r e t  t h e  w e i g h t  ga in  c u r v e s  as t h e  d i f f e r -  
ence  b e t w e e n  o x y g e n  r e a c t e d  to f o r m  si l ica  a n d  t h e  
w e i g h t  of c a r b o n  los t  b y  r e a c t i o n  w i t h  oxygen .  F o r  
each  32g of o x y g e n  r e a c t e d  w i t h  s i l icon,  12g of  c a r b o n  
w e r e  r e a c t e d  w i t h  oxygen .  F r o m  s t o i c h i o m e t r y ,  t he  
w e i g h t  of s i l ica f o r m e d  was  3 t i m e s  t he  w e i g h t  gain .  

Kinetics of active type oxidation of S i C . - - T a b l e  II  
s h o w s  a s u m m a r y  of t h e  k i n e t i c  d a t a  fo r  t h e  ac t ive  
or  w e i g h t  loss r e g i o n  of o x i d a t i o n .  T h e  f o l l o w i n g  r e -  
ac t ions  w e r e  p r o p o s e d  to a c c o u n t  fo r  t h e  o x y g e n  c o n -  
s u m e d  in  t he  r e a c t i o n .  

S i C ( s )  + O f ~ - - S i O ( g )  -5 C O ( g )  [2] 

SiO(g,s ,1)  + ~2 02  ~ S i O f ( s )  [9] 

R e a c t i o n  [2] occurs  a t  t h e  s a m p l e - g a s  i n t e r f a c e  w h i l e  
r e a c t i o n  [9] occurs  a f t e r  t h e  SiO (g)  l eaves  t h e  s u r f a c e  
a n d  c o n d e n s e s  on  t h e  f u r n a c e  tube .  To ta l  o x y g e n  c o n -  
s u m e d  was  t he  s u m  of t h a t  u s e d  i n  r e a c t i o n s  [2] a n d  
[9],  i.e., 3 a t o m s  of O p e r  SiC m o l e c u l e .  

T h e  d a t a  a t  9 x 10 -8  T o r t  fo r  1300 ~ , 1350 ~ a n d  
1400~ s h o w  l i t t l e  ef fec t  of t e m p e r a t u r e  o n  t h e  r a t e  
of ox ida t ion .  P r e s s u r e  or  gas  f low h a d  a m a j o r  effect  
o n  t he  k i n e t i c s  of ox ida t ion .  T h i s  was  s e e n  in  v a l u e s  
of dn ' /d t  a t  1400~ fo r  t he  t h r e e  p r e s s u r e s  9 x 10 -3, 
4 x 10 -2  , a n d  1 x 10 -1  Tor r .  T h e  d a t a  i n d i c a t e s  a 
p0.s d e p e n d e n c e .  W e  w o u l d  s u g g e s t  t h a t  gas  d i f fus ion  
of o x y g e n  to t h e  r e a c t i o n  i n t e r f a c e  was  r a t e  c o n t r o l -  
l ing.  

Kinetics  o] the pass ive- type  oxidation of S i C . - - F i g -  
u r e  2 a lso shows  w e i g h t  g a i n  cu rves .  T h e s e  c u r v e s  
s h o w  p a r t  of t h e  i n i t i a l  f a s t  s t a g e  of  t h e  r e a c t i o n  s ince  
p a r t  of t he  o x i d a t i o n  was  no t  o b s e r v e d  w h i l e  t h e  
o x y g e n  p r e s s u r e  a n d  gas  f low w e r e  a d j u s t e d .  A f t e r  
s e v e r a l  m i n u t e s  of r e a c t i o n ,  a p r o t e c t i v e  fi lm was  
f o r m e d  a n d  t h e  r a t e s  of o x i d a t i o n  d e c r e a s e d  to s m a l l  
va lues .  

Table Ii. Summary kinetic data oxidation SiC, active region 

R e a c t i o n  c o n d i t i o n s  K i n e t i c  d a t a  E f f i c i e n c i e s  
P r e s s u r e ,  F l o w ,  Wt .  lo s s ,  dn'/dt, K i n e t i c  C o m m e n t s ,  

T e m p ,  "C T o r r  a t o m s  O / s e e  g / s e c  m o l e c u l e s / e m e - s e e  F l o w ,  % t h e o r y ,  % t y p e  r e a c t i o n  

1250 9 • 10 -~ 2.2 • 1017 1.87 • 10-7 1.47 • 1016 3.8 1.0 I n t e r m e d i a t e  
1300 9 • 10- a 2 .26 • 1017 1.56 X 10 -6 8.6 • 101~ 32 6.1 A c t i v e  
1350 9 • I0 -3 2.08 • 1017 1.65 • 10-6 8.9 • 1Ol~ 36 6.4 Active 
1400 9 x 10- ~ 1.23 • 101v 1.31 • 10 -6 1.67 • 10 Iv 49 12,3 Active 

1300 4 X 10--" 1.74 • 1016 7.5 X 10 -7 8.5 • 1016 2.0 1.4 I n t e r m e d i a t e  
1350 4 X 10-= 1.86 • 1016 8.6 x 10 -7 6.8 • 1016 2.1 1.1 I n t e r m e d i a t e  
1400 4 X 10-"- 1.62 • 1OlS 5,22 • 10 -6 6.6 • 101v 15 i i  Active 

1400 1 X 10 -1 1.33 x 10 z~ 9.3 X 1O -6 1.2 X 1016 3.2 S A c t i v e  



Vol. 113, No. 12 T H E  O X I D A T I O N  O F  

1,50! I 

g 0.7; 

~ 0 . ~  

i , 
o 

I I I I I 

~ ~ '  

i I I i 
I0 20 3{) 

~me. rain 

Fig. 3. Oxidation SiC, 1250~ and 4 x 10 - 2  

I 

F i g u r e  3 shows a w e i g h t  ga in  vs. t ime  curve ,  a f t e r  
t he  in i t i a l  per iod,  fo r  t he  o x i d a t i o n  of SiC at 1250~ 
and 4 x 10 -2  T o r r  p ressure .  F i g u r e  3 shows  a r ap id  
ox ida t ion  for  the  first  5 rain a f t e r  wh ich  a s low r e -  
ac t ion  was  found.  A fas t  r a t e  of ox ida t ion  of 7.5 x 10 -6  
g / cm2-sec  was  obse rved  in the  ea r ly  s tages  of r eac -  
tion. This  r a t e  dec reased  to 2.7 x 10 -8  g / c m 2 - s e c  d u r -  
ing  the  s low p a r t  of the  ox ida t ion .  The  ox ida t ion  in 
the  l a t t e r  s tages  of r e a c t i o n  a p p e a r e d  to occur  in smal l  
i nc remen t s .  This  sugges ted  a c rack ing  and hea l i ng  of 
the  si l ica f i lm on the  SiC for  condi t ions  n e a r  t r ans i -  
t ion.  

Tab l e  I I I  shows a s u m m a r y  of the  da ta  fo r  the  
w e i g h t  ga in  r eg ion  of oxidat ion .  I t  was  of i n t e re s t  to 
ca lcu la te  the  th ickness  of si l ica films, r e q u i r e d  for  
s low reac t ion ,  f r o m  an  analysis  of cu rves  as s h o w n  
in Fig. 3. These  th ickness  va lues  a re  g iven  in Tab l e  II  
in  uni ts  of g r ams  pe r  sc}uare c e n t i m e t e r  and in ang-  
s t roms.  

Mass spectrometer study o~ the reaction p~oducts.-- 
A l iqu id  h e l i u m  cooled  t rap  was  a t t ached  to the  r e -  
ac t ion  sys tem,  and  the  gases w e r e  co l lec ted  f r o m  the  
1350~ and 9 x 108 T o r r  e x p e r i m e n t .  The  gas analys is  
s h o w e d  ca rbon  m o n o x i d e  as the  m a j o r  r eac t ion  p r o d -  
uct. We also conc lude  tha t  ca rbon  m o n o x i d e  was  not  
ox id ized  in the  fu rnace  tube  a f t e r  l e av ing  the SiC sur -  
face. 

Flow and kinetic theory efficiencies.--To c o m p a r e  
this o x i d a t i o n  r eac t i on  w i t h  o t h e r  fas t  ox ida t ion  r e -  
actions,  i t  is of i n t e r e s t  to ca lcu la te  the  flow and  
k ine t i c  t h e o r y  efficiencies. The  flow efficiency is cal -  
cu l a t ed  as the  ra t io  of the  o x y g e n  gas wh ich  reac ts  to 
the  o x y g e n  gas passed ove r  the  sample .  T h e  e q u a t i o n  
is 

3 dn/dt 
E [10] 

F 
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Table IV. Comparison theoretical and experimental values of 
maximum oxygen pressures for oxide free surfaces on silicon carbide 

T e m p ,  T h e o r e t i c a l ,  E x p e r i m e n t a l ,  Ra t i o ,  
~ po2 (max)  T o r r  po~(max)  T o r t  po 2 t h e o r y / p %  e x p t .  

1200 3.5 • i0  -~ 10- ~ 3.5 
1300 2 • 10- I 4 • i0-~-- 1 • I0 -I --3 
1400 1.5 5 • 10 -~ 3 

H e r e  F is the  flow r a t e  in a toms  of O pass ing  ove r  the  
s p e c i m e n  p e r  second and dn/dt  is the  ac tua l  r eac t ion  
r a t e  in mo lecu l e s  of SiC r eac t i ng  per  second.  Tab l e  II  
g ives  va lues  of the  flow efficiencies for  the  va r ious  
r eac t ion  condi t ions .  F l o w  efficiencies up  to 49% w e r e  
ca l cu la t ed  for  a c t i v e  oxidat ion .  

The  k ine t i c  t h e o r y  efficiencies w e r e  ca l cu la t ed  f r o m  
the  exp re s s ion  for  the  n u m b e r  of col l is ions of o x y g e n  
m o l e c u l e s  w i t h  the  su r face  pe r  cm2-sec, n, and the  
ra te  of ox ida t ion  dn'/dt. The  express ion  is 

dn'/dt 
e = ~ [11] 

n 

Tab le  II  g ives  the  va lues  fo r  the  va r ious  r eac t ion  con-  
di t ions.  K ine t i c  t h e o r y  efficiencies up to 12.3% w e r e  
caIculated.  

Calculation of transition conditions between active 
and passive oxidation.--Wagner (9) cons ide red  the  
t r ans i t ion  b e t w e e n  ac t i ve  and pass ive  ox ida t ion  of 
s i l icon for  va r ious  pa r t i a l  p ressures  of o x y g e n  in  a 
f lowing o x y g e n - h e l i u m  gas m i x t u r e .  The  fo l l owing  
e q u a t i o n  was  d e v e l o p e d  for  ca l cu la t ing  the  m a x i m u m  
pa r t i a l  p re s su re  of oxygen ,  P o2 ( m a x ) ,  fo r  m a i n t a i n i n g  
an ox ide  f ree  sur face  of s i l icon 

Po2 ( m a x )  --~ 1/2 (Dsio/Do2)1/2 Psio (eq)  [12] 

H e r e  Psio (eq)  is t he  e q u i l i b r i u m  p re s su re  of  s i l icon 
m o n o x i d e  f r o m  Eq. [8] of Tab le  I. Dsio and  Do2 w e r e  
the  diffusion coeff icients  of SiO and 02 in the  b o u n d a r y  
l aye r  gas m i x t u r e .  W a g n e r  e s t ima ted  Dsio/Do2 to h a v e  
a ra t io  o f  0.64 f r o m  the  m o l e c u l a r  we igh t s  and  d i a m -  
e te rs  of SiO and  O2 molecu les .  

The  s a m e  analys is  can be m a d e  to ca lcu la te  the  
t r ans i t ion  condi t ions  for  the  ox ida t ion  of s i l icon ca r -  
bide. S ince  mass  s p e c t r o m e t e r  ana lyses  s h o w e d  the  
f o r m a t i o n  of ca rbon  monox ide ,  Eq. [6] o~ Tab le  I was  
used  to ca l cu la t e  t he  e q u i l i b r i u m  va lues  fo r  psio. A 
ra t io  of 0.64 was  a s sumed  for  Dsio/Do2 and a va lue  of 
V2 for  the  e x p o n e n t  of the  rat io.  Va lues  of Psio w e r e  
t a k e n  f r o m  Eq. [6] of Tab le  I. 

Tab le  IV shows the  t heo re t i c a l  and e x p e r i m e n t a l  
va lues  for  t he  va lues  of Po2 ( m a x )  and the  ra t io  of 
the  t heo re t i ca l  and  e x p e r i m e n t a l  va lues  for  1200 ~ 
1300 ~ and  1400~ T h e  t heo re t i c a l  va lues  w e r e  l a rge r  

Table Ill. Summary kinetic data oxidation SiC, passive region 

R e a c t i o n  c o n d i t i o n s  K i n e t i c  d a t a  O x i d e  t h i c k n e s s  

dn'/dt, 
P r e s s u r e ,  F l o w ,  Wt.  g a i n ,  m o l e c u l e s /  dA/dt, .Min. SiO.~ t h i c k -  M i n .  t h i c k -  

T e m p ,  ~ T o r r  a t o m s  O / s e c  g / s e c  cm-%sec A / s e c  hess ,  g /cm= hess ,  A 

1150 9 • 10-3 2.04 • 1017 4.0 • I0 -s 5.0 • I0 ~ 10.3 3.6 • I0 -~ 1.8 • 104 
1150 4 x 10- :~ 1.67 x IO Is 5.2 • 10 -7 6.5 X 1016 134 1.4 • 10-3 7.1 X 104 
1150 1 • 10 -I 1.65 • 1019 3.6 • 10 -6 4.5 x 1017 930 3.3 • 10 -3 1.7 • 105 
1150 5 • 10 -I 1.26 • 10 Is 2.4 X 10 -7 3.0 • 1016 62 - -  - -  

1200 9 X 10 -~ 2.65 >~ 1017 5.3 • 10-  s 2,9 • 1015 6 3.4 • lO-~ 1.7 • 104 
1200 9 • 10-3 1.29 • 1017 1.7 • 10- s 2.2 • 1015 4.5 1.4 • 10-~ 0.7 • 104 
1200 4 • 10 -= 1.48 • 10 Is 6.0 X 10 -s 7.5 • 1015 16 2.3 • 10 ~ 1.1 • 104 
1200 1 • 10 -1 1.13 • 10 lu 2.1 • 10-  7 2.7 X 10 TM 56 1,3 • 10 -3 6.5 X 104 

1250 4 • 10 -~ 2.1 • 10 I~ 9.7 • 10- ~ 1.2 x 10 '7 248 2.1 • 10-3 1.03 • 105 
1250 1 X 10- I 1.13 • i 0  ~-6 7.7 • iO -'7 1.0 X i 0  ' r  207 1.7 • I 0  ~ 8,7 • 104 
1250 5 X 10 -I 1.6 • I018 i . I  • I0 -6 1,4 X 1017 290 3,3 N 10-3 1,7 X 105 

1300 1 X 10 -~ 1.13 • 10 ~ 2.0 • 10 -7 2.5 • 10 ~6 52 I . i  • 10- s 5.5 X 10~ 
1300 5 X 10-1 1.52 X 10 Is 6.0 • 10 -7 7.5 • 1016 155 1,7 X 10- 3 6.5 X lOt 

1350 1 x 10 -1 1.28 x lOl6 3.9 x 10 -6 3.1 x 10 iv 64  5.6 x 10 -8 2.8 • 105 
1350 5 • 10- i 1.68 • lO~S 4.8 • 10- ~ 6.0 x i0 i7 1240 2.9 • i0 -a 1.5 • I0~ 
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than the exper imental  values. The differences were 
probably wi thin  the limits of error. 

Manuscript  received Feb. 24, 1966; revised July  25, 
1966. This paper was presented at the Cleveland Meet- 
ing, May 1-6, 1966. The work described here was sup- 
ported in par t  by ~he Uni ted States Army  Research 
Office, Durham, North Carolina. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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The Mechanism of Demineralization at Carbon Electrodes 

S. Evans and W. S. Hamilton 

Research Division, Rocketdyne, A Division of North American Aviatio% Inc., Canoga Park, Cali$ornia 

ABSTRACT 

The results of coulometric and mass-balance analyses were used to estab- 
lish the mechanism of demineral izat ion and regenerat ion at chemically treated 
carbon paste electrodes. The chemical t rea tment  results in the formation of 
weak acid groups on many  carbon surfaces. The acid groups are ionized in 
the cathodic cycle by the electrochemical generat ion of hydroxyl  ion. Anionic 
groups thus produced result  in depletion of cations from solution. During re-  
generation, the hydrogen which was adsorbed on the carbon dur ing the de- 
mineral izat ion cycle is oxidized, giving rise to acid conditions. The anionic 
groups are thus converted back to the acid form, and cations are released to 
the solution. 

Several  mechanisms have been proposed to account 
for the adsorption of alkali or acid on carbon. 
Schilow (1) postulated that such adsorption arose by 
interact ion with acidic and basic oxides on carbon 
surface. Gar ten  and Weiss (2) explained the adsorp- 
tion of cations from basic solution (e.g., NaOH) on 
cathodically polarized charcoal and platinized char-  
coal by the reduction of quinone to hydroquinone.  
Recently it has been reported that considerable 
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Fig. 1. Coulometric cell 

adsorption of alkali occurred under  exper imental  
conditions which excluded the presence of quinone 
or hydroquinone groups (3). F r umk i n  and co-work-  
ers (4) proposed an electrochemical theory wherein  
activated charcoal functions as a gas electrode 
in the presence of oxygen or hydrogen. In  the 
presence of hydrogen, hydrogen ion appears in solu- 
tion, leaving the charcoal negat ively charged; the 
negat ively charged surface attracts an equivalent  
quant i ty  of cations. The electrochemical sorption of 
active gases (oxygen, hydrogen) on activated carbon 
has been used in analyt ical  radiochemistry for the 
selective adsorption of ions from solution (5, 6). 

In  contrast  to the above studies, the objective of this 
effort is to elucidate the mechanism of exchange of 
cations from neut ra l  NaC1 solutions. Coulometric and 
mass-balance experiments  were used to establish the 
relationship between coulombs passed and extent  of 
exchange. 

Experimental 
The cell (Fig. 1) was a small  glass vial  in  which the 

three electrodes were fixed in  the positions shown. 
The auxi l iary electrode was made by anodizing a disk 
of porous silver in HC1 solution. The test electrode 
(Fig. 2) consisted of a Teflon cup threaded to fit a 
Teflon plunger  through which a ~/4-in.-diameter 
graphite rod was cemented. A graphite disk was 
placed between the graphite rod and the carbon paste 
to improve electrical contact to the paste. A 25-mg 
sample of the mater ia l  to be studied was supported on 
a disk of Wha tman  No. 4.2 filter paper. The potential  
at the test electrode was detected through a Luggin 
capillary which contained a silver wire coated with 
'silver chloride. This Ag-AgC1 electrode was in contact 
with the electrolyte (e.g., 300 ppm NaC1). The elec- 
tronic ins t rumenta t ion  has been  described previously 
(7). 



Vol. 113, No. 12 D E M I N E R A L I Z A T I O N  A T  C A R B O N  E L E C T R O D E S  1315 

t 

s GRAPNITE ROD 

f TEFLON 

EPOXY RESIN 

GRAPHITE OISK 
TEFLON CUP 

DOUBLE LAYER 
OF FILTER PAPER 
MATERIAL TO BE STUDIED 

Fig. 2. Paste holder electrode 

The materials  studied included Ai r -Spun  graphite,  
Nori t-A, Carbolac-1, the sulfonic acid exchange resin 
Dowex 50W-X4 (J. T. Baker ) ,  and the carboxylic acid 
ion-exchange resin Amber l i te  IRC-50 (Ma]linckrodt) .  
The  carbon materials  (Ai r -Spun  graphite, Nori t -A,  
and Carbolac-1) were  oxidized in a mix ture  of nitric 
and sulfuric acids in accordance with a procedure de- 
veloped at the Univers i ty  of Oklahoma (8). 

The cation exchange capacity of the above materials  
was determined chemical ly by suspending a sample in 
0.2M NaOH for about 24 hr. The mater ia l  was then 
filtered, washed with  deionized water ,  and vacuum 
dried. A 25-mg port ion of the dried sample was sus- 
pended in 10 cc of 0.12M HC1 solution for about 24 hr. 
The  solution was filtered and the filtrate was analyzed 
for sodium. The concentrat ion of sodium ion in solu- 
tion can be expressed in terms of mil l iequivalents  of 
sodium adsorbed per gram of material .  

Al l  of the test solutions were  analyzed for sodium 
ion wi th  a Beckm,ann DU Spectrophotometer  wi th  

Table I. Coulometric studies of acid-treated Norit-A 

Efficiency, 
P o l a r i t y  % M i l l i -  M i l l i -  

T e s t  ( t e s t  C o u l ~  e q u i v a l e n t "  e q u i v a l e n t  b 
N o .  e l e c t r o d e )  o m b s  N a  + C1-  p H  A d s / g  D e s / g  

B - 1  --  1 . 4 4  7 6  9 5  5 0 . 4 5  
B - 2  + 1 .44  6 4  9 8  5 0 . 3 8  
B - 3  --  2 . 0 0  87  93  5 0 .7 2  
B - 4  + 1 .4 4  1 0 0  9 6  5 0 .60  
B - 5  - -  1 .44  96  91 5 0 . 5 7  
B - 6  --  1 , 4 4  93  9 4  5 0 .5 6  
B-7 -- 1.44 94 94 5.5 0.56 
B - 8  --  1 . 4 4  8 6  93  6 0 .5 1  
B-9 -- 1.44 72 98 8 0.43 
B-1O -- 1.44 28 69 10 0.17 
B-11 -- 1.44 9 92 11 0.05 
B-12 + 1.70 106 110 6 0.75 
B-13 + 2.62 97 96 5 1.05 
B-14 + 1.44 102 94 5 0.61 
B-15 + 1.44 60 97 4 0.36 
B-16 + 1.44 22 93 3 0.12 
B-17 -- 1.44 74 101 5 0.44 
B-18 -- 1.44 SS 97 5 0.52 
B-19 + 1.44 109 90 5 0.65 

a M i l l i e q u i v a l e n t s  N a +  a d s o r b e d  p e r  g r a m  o f  N o r i t - A .  
b M i l l i e q u i v a l e n t s  N a +  r e l e a s e d  t o  s o l u t i o n  p e r  g r a m  o f  N o r i t - A .  

S t o c k  s o l u t i o n :  3 0 0  P p m  N a C 1  ( a s  p r e p a r e d ) ;  1 1 9  p p m  N a +  ( a s  
d e t e r m i n e d  b y  a n a l y s i s ) ;  183  p p m  C1-  ( a s  d e t e r m i n e d  b y  a n a l y s i s ) .  

Table II. Coulometric studies of weak-acid ion-exchange resin 

Efficiency, 
Polarity % Milli- Milli- 

Test (test Coul- equivalent equivalent 
N o .  e l e c t r o d e )  o m b s  C1-  N a +  p H  A d s / g  D e s / g  

J A - 1  --  0 . 72  85  82  5 0 .22  
J A - 2  --  1 . 64  88  95  5 0 .57  
J A - 3  ~ - -  5 
JA-4 -- 2.54 94 95 5 0.88 
JA-5 -- 2.16 06 92 5 0.72 
JA-6 -- 2.25 89 85 5 0.71 
J A - 7  --  2 . 5 0  91 82  5 0 .75  
J A - 8  --  3 . 0 6  93  74  fi 0 . 8 3  
JA-9 -- 2.30 90 50 6 0.41 
JA-10 -- 1.66 93 35 9 0.21 
JA-11 b -- 2.22 94 60 7.5 0.49 
JA-12 + 5.02 99 105 5 
J A - 1 3  + 4 . 8 3  103  102  5 
J A - 1 4  + 3 . 6 6  94  82  4 
J A - 1 5  + 2 . 2 7  92  35  3 .5  
J A - 1 6  + 2 . 7 4  100 8 3 
J A - 1 7  o - -  3 . 5 6  92  88  5 1 .15  

1 ,94  
1.8 
0 .94  
0 . 2 9  
0 . 0 7 7  

E l e c t r o d e  k e p t  o n  o p e n  c i r c u i t  f o r  2 
b C u r r e n t  = 0 .1  m a m p .  
c S o l u t i o n  = 1000  p p m  N a C 1 .  

h r .  

flame a t tachment  and were  t i t rated potent iometr ical ly  
for chloride ion. 

Results 

Ion Uptake and Release 

The tabulated results of several  exper iments  are 
shown in Tables I and II. An  ent ire  series of exper i -  
ments was per formed sequential ly (e.g., B-1 through 
B-19) wi th  one 25-rag sample of the material .  Each 
exper iment  in a series involved pipett ing 10 cc of 300 
ppm NaC1 solution into the cell and passing a constant 
current  (0.2 ma) be tween  the paste electrode and the 
auxi l iary  Ag-AgC1 electrode. The efficiencies were  
calculated f rom the ratio of the coulombic equivalent  
of the measured change in sodium or chloride ion con- 
centrat ion to the actual number  of coulombs passed. 
The approximate  p H at the paste electrode was deter -  
mined by contacting a piece of pH indicator paper to 
the bottom surface of the test electrode. The recorded 
values are therefore  not the pH of the bulk solution. 

The results of six replicate exper iments  with dif-  
ferent  samples of ac id- t rea ted  Nor i t -A  were  similar;  
some of the results of one series of exper iments  are 
shown in Table I. The min imum number  of tests for 
a series was 40. During this t ime there  was no evi-  
dence of electrode deterioration. Al te rna te  cathodic 
and anodic cycles resulted in removal  and release of 
sodium ion, respectively.  

At high efficiencies for sodium ion (Table I) there 
was no change in surface pH and a mass-balance 
analysis for sodium ion was exper imenta l ly  obtained. 
Decrease in the efficiency for sodium ion uptake or 
release was accompanied by an increase and decrease 
in surface pH, respect ively;  under  these conditions a 
mass balance for NaC1 was not obtained. One test 
series was carr ied out in a ni t rogen atmosphere;  the 
results were  much the same as those shown in Table I. 
There  was no release of sodium ion to the solution 
when the electrodes were  al lowed to remain  on open 
circuit  for several  hours. 

I t  can be seen ('Table II) that  similar results were  
obtained when a weak-ac id  ion-exchange resin (Am-  
berl i te  IRC-50) was used as the active material .  

Representa t ive  data f rom all of the exper iments  
were  condensed and are plotted in Fig. 3. Each point 
represents  one sequent ial  exper iment  of a test series. 
The cumulat ive  number  of equivalents  of sodium ad-  
sorbed on the electrode during a continuous series of 
cathodic cycles (e.g., JA-1  through JA-11) is plotted 
against the efficiency for each cycle. 

I t  can be seen (Fig. 3) that  with A i r -Spun  graphite 
(HJ) ,  ac id- t reated A i r -Spun  graphic (HI) ,  and a 2:1 
mix ture  of Nori t  A and Air  Spun graphi te  (HD),  ex-  
change capacities were  low, and the exchange process 
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Fig. 3. Exchange characteristics of cation-exchange materials 

was inefficient. The exchange was accompanied by 
rapid changes in pH. 

The strong acid ion-exchange resin mixed with un-  
treated Nori t -graphi te  (HF) has a capacity of the 
order of 1.55 millieq./g. The process, however, is in-  
efficient and is accompanied by pH changes. 

The Carbolac-1 (HH), has been electrochemically 
t i trated to the extent  of 1.3 millieq, of acid per gram. 
Ti t rat ion of Carbolac-1 with NaOH (9) yielded 1.8 
millieq./g. 

The total exchange capacity of the acid-treated 
Norit and graphite mix ture  (HB) was of the order of 
3 mill ieq./g;  the process was efficient for the exchange 
of 1.2 millieq./g. Changes in pH were observed only 
after exchange had occurred to this extent  (i.e., 1.2 
mil l ieq. /g) .  This mater ia l  was studied extensively. The 
exchange characteristics were similar when ni t rogen 
was present. Good reproducibi l i ty  was found in repl i -  
cate experiments.  

The exchange capacity of acid-treated Nori t -A (HG) 
varied from about 2.6 to 3.5 in the six replicate ex-  
periments.  In  test series HG (Fig. 3), exchange cor- 
responding to 3.3 mil l ieq. /g occurred relat ively effi- 
ciently with only small  change in pH. The mater ial  
was successfully regenerated with H2SO4. 

The weak-acid ion-exchange resin, Amberl i te  IRC- 
50 (JA, Table II) ,  exchanged efficiently to the extent  
of 4.7 mill ieq. /g with no changes in pH. Regenerat ion 
of this mater ial  occurred with equal efficiency (Fig. 
4). Test JA-17, in 1000 ppm NaC1 solution (Table II) ,  
was 88% efficient, demonstrat ing good recycling capa- 
bility. There was no significant release of sodium ion 
to the solution when the electrode was allowed to 
remain  on open circuit for 2 hr (JA-3) .  

Electrode Potential 
The potentinl  of the test electrode with respect to 

the Ag-AgC1 electrode contained in  the Luggin capil- 
lary was monitored for each of the cons tant -current  
experiments.  

Demineralization (ion uptake ) . - -A  typical potential  
curve obtained during a demineral izat ion cycle (0.2 
ma, 300 ppm NaC1, test electrode is cathode) consisted 
of two regions (curve 1, Fig. 5); an ini t ial  region of 
rapid potent ial  change general ly covering the range 
from 5 to 10 min, followed by a region of constant 
potential. All of the curves were of similar  shape; the 
magni tude  of the potential  in  the constant-potent ia l  

, io - -  _ . . . . . .  i c~1 , i T 

ii __ 
o a  o 4  a~ 

MILUEaUlVAUE~WS OF N O §  

Fig. 4. Electrochemical regeneration of weak-acid ion-exchange 
resin. 

�9 I 
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I~ ~ TIME, MINUTES 4S SO 

Fig. 5. Potential of paste electrode during demineralization (0.2 
mamp). 

region varied from about 2 to 2.8v for carbon-paste 
materials.  The value was about two times greater in 
experiments  with the weak-acid resin (test series JA) 
where no carbon paste was present  and where the en-  
tire electrochemical reaction took place on the graph- 
ite backing. Potent ia l  measurements  with this elec- 
trode dur ing demineral izat ion in a 10% NaC1 solution 
were of the same general  shape (curve 2, Fig. 5). 

A current  in te r ruptor  technique (7) was used in a 
few of the experiments  to establish the extent  of the 
IR contr ibut ion to the potential  measured be tween  the 
reference electrode contained in the Luggin capillary 
and the test electrode. It was found that dur ing  the 
demineral izat ion cycle the magni tude  of the IR drop 
rose continuously for the first several  minutes  at con- 
stant current  and achieved a steady value dur ing  the 
constant-potent ia l  region of the curve. 

The assumption was made that the difference be- 
tween the end potential  dur ing  a demineral izat ion 
cycle and the potential  recorded immediate ly  on 
breaking the circuit is a measure  of the IR drop. 
Values determined in this m a n n e r  were in quali tat ive 
agreement  with these determined using a current  
in te r ruptor  technique. The value of the final IR drop 
for various materials has been plotted with respect to 
the efficiency of removal  of sodium ion for the cycle 
in which the recording was made (Fig. 6). It can be 
seen that when demineral izat ion was occurring effi- 
ciently the magni tude  of the final IR drop was high. 
At such times no surface pH changes were detected. 
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Fig. 6. Relationship of IR drop at end of demineralization cycle 
to measured efficiency af the cycle~ 
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Fig. 7. Relationship of E-IR at end of each cycle to efficiency 
for the cycle. 

At low deminera l iza t ion efficiencies, the IR drop was 
low and appeared to be independent  of the mater ia l  
used, and the surface pH was higher  (general ly  be-  
tween 10 and 11). 

Subtract ion of the IR drop f rom the final potential  
should give a measure  of the remaining  forms of 
polarization. It  appears (Fig. 7) that  for the bulk of 
the materials  studied, the value E- IR  is re la t ive ly  
independent  of the demineral izat ion efficiency. Ex-  
ceptions are the weak-ac id  resin where  the electro-  
chemical  reaction was occurring at the graphite back-  
ing and the acid- t reated Ai r -Spun  graphite.  

Regeneration.--The potentials at which regenera t ion  
occurred var ied wi th  the previous history of the elec-  
trode. When regenera t ion  fol lowed immedia te ly  af ter  
demineral izat ion (cathodic p re t rea tment ) ,  polarization 
was low. The regenera t ion  process could be achieved 
below a few tenths of a vol t  wi th  respect  to the Ag-  
AgC1 reference.  Prolonged regenera t ion  general ly  re-  
sulted in potent ial  values be tween  0.6 and 1v. Regen-  
erations under taken  a day after  demineral izat ion ex-  
hibi ted higher  values (be tween 0.6 and 1v vs. Ag- 
AgC1). It seems probable that hydrogen adsorbed dur -  
ing demineral izat ion was oxidized dur ing regenera -  
tion. 

A series of exper iments  was designed to highl ight  
the above behavior.  A 25-rag sample of ac id- t rea ted  
Nori t  was placed in an NaOH solution to de termine  
the effect of chemical  conversion of surface groups. 
The mater ia l  was then placed in the holder electrode 
and studied. The results are shown in Table III. The 
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Fig. 8. Potential of paste electrode during regeneration (0.2 
mamp). 

chemical ly conver ted mater ia l  was r egene ra t ed  at 0.2 
ma in two steps (HQ-1 and HQ-2) .  Electrochemical  
demineral izat ion fol lowed (HQ-3).  The mater ia l  was 
again regenera ted  (HQ-4, 5, and 6). Potentials  re-  
corded during regenera t ion  (Fig. 8) of ,a surface 
which was chemical ly conver ted  (HQ-1) w e r e  h igher  
than those recorded on regenera t ion  of an electro-  
chemical ly conver ted  surface (HQ-4).  The dashed 
curve represents  regenera t ion  of a weak-ac id  ex-  
change resin (which had been previously used for 
e lectrochemical  demineral izat ion)  in a 10% NaC'I solu- 
tion. In this lat ter  case, the electrochemical  processes 
were  taking place at the graphi te  backing. The two 
steps indicate that  hydrogen was adsorbed on the 
graphi te  backing during demineral izat ion and that  it 
is reoxidized dur ing the first plateau. 

Open-Circuit Exchange 
The extent  of exchange occurring at ac id- t rea ted  

Nor i t -A and Amber l i te  IRC-50 in various concentra-  
tions of neutra l  NaC1 solution is shown in Table IV. 
The mater ia ls  were  continuously st irred in NaC1 for 
5 days, and then were  filtered, washed thoroughly 
with  deionized water ,  and vacuum dried. The adsorbed 
sodium ion was regenera ted  to the solution (see Ex-  
per imenta l  section).  

The exchange capacity in NaOH was also evaluated 
(Table IV). The values determined for ac id- t reated 
Nor i t -A var ied  f rom batch to batch; the var ia t ion was 
be tween  2.5 and 3.5 mil l ieq. /g .  

Discussion 
The reactions which occurred at the Ag-AgC1 

auxi l iary  electrode involved the remova l  and release 
of chloride ion. 

Anode reaction: Ag -~ C1- --  e -  = AgC1 [1] 

Cathode reaction: AgC1 + e -  = Ag ~- C1-  [2] 

When demineral izat ion and regenera t ion  proceeded 
efficiently, a mass-balance analysis for sodium chlo-  
ride was obtained. Changes in chloride ion cor~cen- 
t rat ion were  in quant i ta t ive  agreement  wi th  Eq. [1] 
and [2], and it is concluded that  sodium ion was ad- 
sorbed and released when  the test electrode was cath- 
ode and anode, respectively.  

Table Ilk Regenerative experiments Table IV. Open-circuit exchange 

P o l a r i t y ,  Efficiency,  % M i l l i e q u i v -  
Tes t  ( tes t  a l en t s  pe r  
No. e lec t rode)  C o u l o m b s  C1- Na+ pH g r a m  Des  

Na+ Adsorbed ,  m i l l i e q u i v a l e n t s  pe r  g r a m  

S o l u t i o n  A c i d - t r e a t e d  N o r i t  IRC-50 

HQ-1 + 0.74 100 74 3 0.23 
HQ-2 + 0.74 70 45 2.5 0.14 
HQ-3 -- 2.24 
HQ-4  + 0.82 90 100 5.5 0.33 
HQ-5 + 0.72 95 81 5 0.24 
HQ--~ + 0.72 87 81 3 0.24 

0.03% NaC1 0.14 0.07 
0.1% NaC1 0.21 0.09 
0.3% NaC1 0.41 0.09 
1.0% NaC1 0.35 0.13 

10.0% NaC1 0.47 0.17 
0.2M NaOH 3 6 
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Mechanism of Demineralization 

The pr imary  electrochemical  react ion which occurs 
when  the test electrode is made the cathode, is 

H20 .6 e- = Hads .6 OH- [3] 

The basic condition localized about the cathode pro- 
vides an environment favorable to the ionization of 
weak-acid groups 

RCOOH .6 OH- .6 RCOO- .6 H20 [4] 

and gives rise to the demineralization reaction 

RCOO- .6 Na + = I~COONa [5] 
where 

R carbon (Norit)  
COOH = any suitable acid group 

The faradaic react ion involves the adsorption of hy-  
drogen on the carbon surface and the generat ion of 
O H -  (Eq. [3]) ; at constant current,  the t rue efficiency 
(Eq. [3]) is approximate ly  100%. The efficiency for 
demineral izat ion is of this order only when Eq. [4] 
and [5] occur equally efficiently. 

The results showed that  at high efficiency (Eq. [5]),  
no change in pH occurred. The O H -  generated was 
efficiently used in demineral izat ion (Eq. [4]).  Marked 
pH changes were  observed at low efficiencies. In such 
cases, the O H -  which was generated did not  result  in 
ionization of the acid (Eq. [4]), and the pH rose. 

While weak-acid,  ion-exchange  resins can be ti-  
t rated with NaOH, the react ion with  neut ra l  NaC1 
solution is small  (10) as seen in Table IV. A weak-  
acid, carboxylic resin is sl ightly ionized 

RCOOH = I%COO- -6 H + 

Anionic groups (e.g., RCOO-) are necessary for ex- 
change, and the weak acid groups are predominantly 
nonionic at low pH. The efficient removal of sodium 
ions from NaCI solution at carboxylic acid ion-ex- 
change resins (test series JA) provides direct con- 
firmation of the mechanism presented. The deminer- 
alization reaction is analogous to the titration of an 
ion exchange resin, but in this example, the base for 
the t i t rat ion is e lectrochemical ly  generated.  

The groups on the carbon surface need not be car-  
boxylic. Evidence has been presented for other  weak  
acid groups which have  exchanged with  sodium ion 
(11). Recent ly the acidity of various carbon surfaces 
has been determined by neutral izat ion wi th  bases of 
various basicities (11). The results of the coulometric  
t i t rat ion of Carbolac-1 (test  series HH) were  in agree-  
ment  wi th  those obtained by direct  t i t ra t ion with  
NaOH (9). The exchange capacity of Nor i t -A was 
found to be of similar  magni tude  when de termined  
chemical ly or electrochemically.  

The increase in the IR drop during demineral izat ion 
can be explained in terms of the cell  design. The  
volume of the paste electrode compar tment  was about 
0.016 cc compared to a bulk solution volume of 10 cc. 
At  high demineral izat ion efficiencies, electrolysis of 
the solution in the paste electrode compar tment  re -  
sulted in the deplet ion of sodium chloride (by Eq. 
[5] and ionic t ransport)  wi th  no concomitant  change 
in pH. This resul ted in an increase in the IR drop. 
A steady value of IR drop was observed after  a 
s teady-sta te  diffusion rate  f rom the outer  solution had 
been attained. It was found that  the magni tude  of this 
IR drop depended on the st i rr ing rate, confirming that  
it was control led by the ra te  of diffusion of bulk solu- 
tion into the paste electrode compartment .  

When demineral izat ion was not efficient, t h e  O I l -  
produced was not consumed, and there  was no marked  
change in the contr ibut ion of the IR drop. Examina-  
tion of the results (Fig. 6) indicated that  at high effi- 
ciencies the magni tude  of the contr ibution of IR drop 

was substantial. A marked  decrease in drop at low 
efficiencies was accompanied by ,a rise in p,H. Subtrac-  
tion of the IR drop from the measured  potential  (Fig. 
7) indicated that  the contribution of other forms of 
potential  was re la t ive ly  independent  of efficiency. 
The values associated with  the carboxylic acid ion- 
exchange resin were  higher, since the current  density 
was greater  at the graphite backing. 

It is concluded that  the potent ial  recorded during 
efficient demineral izat ion consisted mostly of IR drop; 
the magni tude  of which is peculiar  to the design of the 
paste holder electrode. The extent  of this contr ibution 
can be markedly  decreased by proper  design of elec- 
trodes. 

The electrochemical  react ion did not involve the 
evolution of hydrogen on the graphite surface. Re-  
cently it has been repor ted  (12) that  hydrogen gas is 
not formed free, but is adsorbed by the active carbon. 
Exper iments  with coherent  electrodes, where in  acid- 
t reated Nor i t -A was affixed to a carbon backing have 
been performed in this laboratory.  There was no 
visual evidence of gas evolution. The potential  re -  
corded during demineral izat ion was too low to ac- 
count for hydrogen evolution. This work  is being pre-  
pared for publication. 

Mechanism of Regeneration 

The main electrochemical  react ion which occurs 
when the test electrode is made the anode, is 

Hads --  e = H + [7] 

This results in a localized low pH which aids the re-  
combinat ion to form acid groups. 

RCOONa .6 H + = RCOOH .6 Na + [8] 

At  high regenera t ion  efficiency there  was no change in 
pH. The hydrogen was adsorbed dur ing previous 
cathodic (demineral izat ion) cycles. Oxidation waves 
for hydrogen have been observed after  the cathodic 
cycle (13), as evidenced f rom the appearance of a 
l imiting current  during anodic potentiostatic scanning 
experiments .  An equivalent  l imit ing current  was noted 
for potentiostatic curves obtained after a deminer-  
alization cycle (14). No such l imit ing current  appeared 
on the ful ly oxidized surface. It  can be seen (test 
series HQ) that  an e lectrochemical ly  conver ted sur-  
face is regenera ted  at lower potentials than one which 
was conver ted chemical ly (Fig. 8). The chemical  con- 
version was accomplished wi thout  the adsorption of 
hydrogen. 

RCOOH .6 NaOH = RCOONa .6 HaO [9] 

The localized acidic condition which resul ted in re-  
combination to the acid form (RCOOH) was created 
by the oxidation of water.  

H 2 0 -  e = 1/2 02 .6 2H + [10] 

Figure  8 shows that  regenera t ion  of the carboxylic  
acid resin (test series JA)  involves the oxidation of 
hydrogen which was adsorbed to a l imited degree on 
the graphi te  backing, and subsequently,  the oxidation 
of water.  The quant i ty  of hydrogen  adsorbed was 
greater  with carbon paste electrodes; the hydrogen 
was adsorbed on the carbon paste material .  Since the 
oxidation of hydrogen is energet ical ly  easier than the 
oxidation of water,  the incorporat ion of ac id- t rea ted  
Norit  with ion-exchange resins would  result  in more 
favorable  conditions for regenerat ion.  

Exchange Capacity 
Figure  3 shows that  the acid t rea tment  of Nori t  and 

of the Nor i t -graphi te  mix tu re  increased the cation 
capacity. It is proposed that  the ac id- t rea tment  re-  
sulted in the format ion of weak-ac id  exchange groups. 
Acid- t rea ted  Nori t  exhibi ted exchange characterist ics 
superior to any of the carbon- type  mater ia ls  studied 
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(Fig. 3) and is competitive with commercial  ion-ex-  
change resins. 

St rong-acid  exchange groups are almost completely 
ionized under  any conditions so that their exchange 
characteristics are relat ively independent  of pH (10). 
Such materials exchange with sodium ion in NaC1 
solution and are not amenable  to electrochemical con- 
trol. The bulk of the exchange at such groups (test 
series HF) is not electrochemically induced. The pH 
changes which occurred dur ing  demineral izat ion did 
not appear to be dependent  of the efficiency. 

Manuscript  received May 12, 1966; revised ma nu-  
script received July  14, 1966. This work was supported 
by the Office of Saline Water, Depar tment  of the In-  
terior, under  Contract 14-01-0001-334. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 
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Short-Pulse Techniques 
II. Perturbation Times in Alkali-Halide Systems 

B. J. Piersma, 1 Sigmund Schuldiner, and T. B. Warner 

U. S. Naval Research Laborato~'y, Washington, D. C. 

At~STRACT 

A new technique involving the per turba t ion  of a system from equi l ibr ium 
using very short galvanostatic pulses and minia ture  cells has been applied to 
study the electrical double layer at Pt  electrodes. The per turba t ion  time, the 
time required for the double layer to begin charging, was determined for 
hydrogen-  ~and alkali meta l -hal ide  systems and for reversible hydrogen s.ys- 
tems in  several acids and NaOH. The per turba t ion  t ime was essentially m-  
dependent  of charging current  density and of the anion in solution but  was 
s t rongly dependent  on the cation species and electrolyte concentration. Models 
to explain the absence of electrode polarization dur ing the ini t ial  flow of 
charge into the double layer are discussed. A model which involves a very 
fast faradaic process and which is consistent with the exper imental  observa- 
tions is proposed. It  is suggested that the per turbat ion  time, which is less 
than 100 nanosec for 1M solutions, represents the time required for movement  
of ions into or out of the compact double layer. 

In  a previous paper (1), a galvanostatic short-pulse 
technique was developed to study the kinetics of the 
I 3 - / I -  reaction on a Pt  electrode. Oscilloscopic traces 

1 N a t i o n a l  A c a d e m y  of S c i e n c e s - N a t i o n a l  R e s e a r c h  C o u n c i l  P o s t -  
d o c t o r a l  R e s e a r c h  A s s o c i a t e  a t  N R L .  

PULSI 

Fig. i. Miniature cell 

~NC 
CONNECTOR 

GAS IN 

at very short times (less than  O.1 ;~sec) showed delays 
or per turba t ion  times in  the charging of the electrical 
double layer from the equi l ibr ium potential. It was 
suggested that a short-pulse technique could be ap- 
plied to determine the per turbat ion  times of ions in 
the compact double layer. This study was under taken  
to explore this possibility further.  

Experimental 
The minia ture  glass cells (Fig. 1) used were de- 

signed to be terminated coaxial cables. This min i -  
mized the effects of overshoot and r inging  inherent  
in short-pulse measurements.  Two central  Pt  wires, 
approximately 1 cm long and 0.025 cm diameter,  were 
less than 0.05 cm apart  and served as the working and 
reference electrodes. The counter electrode was a 
Pt  gauze cylinder of size approximately the inside di- 
mensions of the cell (about 1 cm diameter  x 1 cm 
length) .  Two 22 gauge Teflon tubes, one of which was 
supplied with a female luer  fitting, were sealed in 
the cell wi th  polyethylene,  as shown in Fig. 1. Solu- 
t ion was added or removed with a gas-t ight  syringe 
(H, amil ton Model 1001). Gas was bubbled  through the 
cell from a glass pipe system connected to the cell 
with a male luer  fitting. 

The  basic circuit is similar to that  used previously 
(1, 2), and is shown in  Fig. 2. The cell was mounted  
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ELECTRODE 

~f * E'ECTRODE 

Fig. 2. Block diagram of basic electrical circuit 

in an a luminum chassis which was attached direct ly 
to the pulse generator  (E-H Research Laboratories,  
Inc., Model 121) with a BNC connector. The leads 
f rom the cell to BNC connectors on the chassis were  
made as short as possible, being only a few mil l i -  
meters  long. Since changes in electrolyte  concentra-  
tion var ied the solution resistance, the terminat ing re -  
sistor and load resistor were  changed such that  the 
output  impedance of the pulse generator  was matched 
and the cell IR drop was not excessive. The 200 ohm 
resistor connected to the reference electrode reduced 
r inging and overshoot by balancing the impedance in 
the cable to the oscilloscope. Measurements  were  made 
with  a Tekt ronix  Type 585 oscilloscope. Long current  
pulses to examine  system cleanliness were  obtained 
wi.th an Elec t ro-Pulse  Model  3450D pulse genera tor  
(4). 

Values of the charging currents  were  determined 
as usual (1). The shape of the pulse itself was con- 
stantly checked using a dummy circuit  with only re-  
sistive components. A typical  trace of an acceptable 
pulse is shown in Fig. 3. During the course of the ex-  
perimer~ts the pulse generator  requi red  periodic ad- 
justments  to re ta in  the flatness of the pulse and the 
short rise times (4 nsec).  The exper imenta l  technique 
was also careful ly  examined using dummy cells with 
known resist ive and capacitat ive components to com- 
p le te ly  insure that the per turbat ion  times observed 
with the electrolytic cells were  not instrumer~tal ar t i -  
facts. 

The purification systems for hydrogen and hel ium 
were  as described previously (3). Chlorine was 
Matheson, research grade, and was used wi thout  fur -  
ther  purification. Other  reagents  were  as follows: 
KI, I2, KBr, ]Br2, LiC1, NaC1, KC1, NaOH, HC1, H2SO4, 
and HNO3 all "Baker  Analyzed" reagent ;  RbC1 and 
CsC1 were  prepared f rom hydroxide  solutions by re-  
action with HC1 and recrystall ized. All  solutions were  
prepared  with  triply distil led H20 (3). All  systems 
were  at equi l ibr ium at open circuit. 

Fig. 3. Form of an acceptable pulse across a purely resistive 
dummy circuit. 

Fig. 4. Oscilloscope traces of pulses in 1M KI/0.0025M 12 sys- 
tems, i = 2.2 amp/cm 2. (a) Anodic pulses, time scales: lowest 
trace 50 nsec/cm, middle trace 40 nsec/cm, upper trace 20 nsec/ 
em; (b) Cathodic pulses, time scales: lowest trace 20 nsec/cm, 
middle trace 40 nsec/cm, upper trace 50 nsec/cm. Note: Each 
major division ~ 1 cm on oscilloscope screen. 

After  the cell had been suitably cleaned, 2 solution 
was added and He (in chloride sys,tems C12 was sub- 
st i tuted) was bubbled through the cell, for about 1 hr, 
to reduce the oxygen concentrat ion in the system. Gas 
flow was stopped during the few seconds requ i red  for 
measurements  because of the large effeots of gas bub- 
bles on the cell resistance. Pulses were  applied repet i -  
t ively at rates of !00-500 cps. For  the pulses used (less 
than 0.5 ~sec) this spacing was sufficient (1) so that  
the electrodes were  at equi l ibr ium at the onset of each 
perturbat ion.  

Results 

Init ial  studies were  carr ied out with KI  solutions 
containing 0.0025M I2 for comparison with  previous 
results (1). Typical  charging curves for anodic and 
cathodic pulses are given in Fig. 4. As the concentra-  
tion of the KI solution was decreased, the cell r e -  
sistance increased and the te rminat ing  and load re -  
sistors were  changed to keep the IR drop wi th in  the 
limits of the oscilloscope screen at the more sensitive 
ampli tude ranges (0.1-0.5 v / c m ) .  The effect of chang- 
ing the charging current  on the per turbat ion  t ime was 
examined careful ly for the I<:I/I2 system. 

Af ter  the KI/I2 system had been thoroughly ex-  
amined, KBr/Br2  and KC1/C12 systems were  studied 
in a similar  manner.  For  the l~tter system, C12 was 
bubbled through the cell ra ther  than an iner t  gas. 
The study was then extended to MC1/C12 systems with  
different cations and to revers ible  hydrogen systems 
with  several  electrolytes. All  of the systems examined 
were  revers ib le  systems to provide  stable base poten-  
tials. In an a t tempt  to obtain a clean cell wi th  an 
H2SO4/H2 system after  KI/I2 solutions had been used, 

The c l e a n i n g  p r o c e d u r e  i n c l u d e d :  (i) w a r m  (approx .  60~ con- 
c e n t r a t e d  N a O H  so lu t ion ,  (ii) w a r m  conc. HNOs. (iii) w a r m  5 0 ~  
H N O J 5 0 %  H2SO~, (iv) 10-12 r inses  w i t h  t r i p l y  d i s t i l l ed  H~O ove r  
a p e r i o d  of 24 hr.  Each  s tep  was  f o l l o w e d  w i t h  10-12 r inses  w i t h  
t r i p l y  d i s t i l l e d  H,O. 
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it was found, by using the reported cleanliness tests 
(4), that it was extremely difficult to remove all traces 
of iodide from the Pt  electrodes. I t  was thus necessary 
to use different cells for the different halides and for 
the acid/H2 systems studied. In  light of these results, 
the recent suggestion by Devanathan  and Tilak (5) 
of t reat ing Pt  electrodes wi.th KI  solution prior to 
capacity measurements  to obtain a base capacity of 
20 ~F/cm 2 would seem open to question. This t reat-  
ment  might explain the difference in Cheir results 
from those obtained in this laboratory (3), i.e., a ca- 
pacity of 40 ;~F/cm 2 was obtained with br ight  Pt, in  
the so-called double layer region of potentials, in a 
highly purified system, containing H2SO4. 

The effect of changing the charging current  on the 
per turbat ion  time in the 1.0M KI/0.0025M I2 system 
is presented in Table I, together with the double layer 
capacitance. These data are representat ive of the re-  
producibi l i ty  obtainable with this technique. The per -  
turbat ion times were determined from the oscillo- 
scopic traces in two different ways. As seen from Fig. 
4, the per turbat ion  time is readily obtained by simply 
measur ing the time between the onset of the pulse 
and the point at which double layer charging begins. 
Alternat ively,  the IR drop was measured at pulse cut-  
off and this value was marked off from the ini t ia l  foot 
of the pulse. The time at which the polarization, due 
to charging of the double layer, became larger than 
this IR drop was taken as the per turbatfon time. Iden-  
tical per turbat ion  times were obtained with these 
two procedures, within the scat.ter of measurements ,  
being in  general  ___3 nanosec. Scatter of data in  more 
dilute solutions in some cases became as large as 
-+10 nanosec. Here the smaller charging currents  used 
(because of higher solution resistance) resulted in  
slower charging of the double layer. Since per turba-  
tion times were also longer in  the more dilute solu- 
tions, the scatter was always less than --+10%. With 
more dilute solutions, the IR correction method was 
more precise since a sharp break due to double layer 
charging was not obtained. Close examinat ion  of .oscil- 
loscope traces at every current  density used (0.1 to 5 
amp/cm 2) indicate small  t ransi t ion regions before 
double layer charging becomes linear. 

The var iat ion of per turbat ion  time, tp, with concen- 
t ra t ion is shown in  Fig. 5, for KI/I2, KBr/Br2, and  
KC1/C12 systems. It is evident  that: (a) a good l inear  
relat ion between the per turba t ion  time, tp, and log 
concentrat ion is obtained, (b) anodic pulses result  in 
different per turba t ion  times from cathodic pulses, 
however, t ,  becomes the same at a salt concentrat ion 
of about 5M, and (c) changing the anion has surpr is-  
ingly little influence on tp. Fur ther  experiments  to 
examine the influence of the na ture  of the anion on 
tp are surmnarized in  Table II. It is evident  that ~he 
anion has very little to do wi th  the per turbat ion  times 
observed. 

The variat ion of tp with concentrat ion of MC1/C]~ 
systems with different cations is given in  Fig. 6 and 7 
for anodic pulses and cathodic pulses, respectively. 
In  addition to the l inear  tp vs. log concentrat ion re la-  
tions and the differences between tp.a, anodic and tp.c 
cathodic, a ra ther  s tart l ing dependence on the cation 
is observed. The largest difference is be tween H + and 

Table I. Perturbation times and double layer capacitances at 
different current densities for 1.0M KI/0.0025M 12 solution 

C a t h o d i c  p u l s e  A n o d i c  p u l s e  
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Fig. 5. tp VS. log cone. for KI/12: (o) cathodic, (e)  anodic, 
KBr/Br2 (A)  cathodic, (A )  anodic and KCI/CI2 (FI) cathodic, ( l l )  
anodic systems, 
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Fig. 6. tp vs. log conc. from anodic charging in MCI/CI~ sys- 
tems: (| H + ,  ( A )  Li + ,  (V-I) Na + ,  ( + )  K +,  ( V )  Rb + ,  ( e )  Cs + .  

the first alkali metal  ion Li +, while the higher alkali 
metal  ions, K +, Rb +, and Cs +, give similar  behavior. 

Discussion 
The exper imental  observations which mus t  be con- 

sidered in  discussion of the per turbat ion  times are 
summarized as follows: 

(i) tp ~ S(i) wi th in  the limits of i used (0.1-5 
amp/era  2 ) 

(i~) $p --/= 5(Erev) 

C u r r e n t  d e n s i t y ,  t j,, Cd  l ,  t~, Cd  ~, 
a m p / c m 2  s e c  x 10 ~ / ~ F / c m  2 s e c  X 109 / ~ F / e m ~  

1 .65  75  6 .3  85  7 .5  
2 . 4 9  7 4  7 .1  8 3  8 .3  
3 . 0 9  7 6  6 .1  8 0  7 .3  
3 . 3 4  74  6 .4  82  6 .9  
4 . 7 6  75  7 .3  8 4  8 .6  

A v e r a g e s  75  ~--- 1 6 .6  -~ 1 8 3  ~-  3 7 .7  -~ 1 

Table II. Perturbation times in reversible hydrogen systems 

tp, Cathod ic ,  tp, ~ o d i c ,  
1 M  so lu t ions  s e c •  lO  ~ s e e  X 10  ~ 

H~SO~ 19 38 
HNO8 18 36 
HCI 20 40 
NaOH 70 78 
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Fig. 7. tp vs.  log conc. from cathodic charging in MCI/CI2 sys- 
tems: (�9 H +, (A )  Li +, (box with dot) Na +, (-I-) K +, (triangle 
up side down with dot) Rb +, (e) Cs +. 

(iii) tp = f (ca t ion) ,  tp.H+ < $p,Li+ < tp,Na+ ~ tp,K+ 
tp,Rb + ~ ~p,Cs + 

tp ~ ](anion), tp,so4 = ~ tp,NO~-- ~ tp,Cl- ~ tp,Br-- 

~--~ tp,I- 

dip 
(iv) -- const., 

d log conc. 

d t p , a ) > ( d t p , c )  

( d log conc. d log conc. 

(v)  tp,a > tp,c for conc. < 4M 

tp,a ~ tp,r for conc. > 4M 

A prime consideration for a model  to expla in  the per -  
turbat ion t ime is the fact that  energy  is being passed 
into the double layer  while  the measured  potential  
difference across the double layer  remains constant. 
The observations tend to indicate that  two processes 
are involved,  i.e., one which is t ime dependent  but 
independent  of the charging current  and which de- 
termines tp, and another  process which can use the 
charge passed during tp wi thout  a l ter ing the poten-  
tial difference, i.e., without  charging the double layer.  

The la t ter  process can be understood on a physical  
basis f rom the equat ion  for a capacitor if we  assume 
that  the double layer does act essentially as an ideal 
unit  area capacitor 

Q 

E 4~d 

where  the dielectric constant in the double layer  e ~ 6 
and the distance d, normal ly  the distance be tween  the 
plates of a capacitor, is equated to the thickness of 
the compact layer  and is approximate ly  3.5A. To ob- 
tain constant E while Q changes requires  ei ther  a 
change in the dielectric constant, e, or a change in the 
double layer  thickness, d, i.e., a change in position of 
the outer Helmholtz  plane. If we assume for E = 0.6v, 
that  Q = 10 #coul /cm 2 and d = 3.5A, then ~ = 6.6. 
Hence, for a typical  change in Q from an anodic pulse 
of 1 a m p / c m  2 dur ing a per turbat ion  t ime of 100 nano-  
sec, Ae = 0.06, i.e., the dielectric constant would  have 
to increase by about 1% to give the requi red  result.  
Al ternat ively ,  if we assume constant e, the thickness d 
would have  to decrease by about 1% during the anodic 
per turbat ion  time. Whether  e and d would  have  to 
increase or decrease would of course depend on the 
potent ial  wi th  respect  to the potent ia l  of zero charge, 

p.z.c., i.e., whether  Q increases or decreases. In any 
case, the changes requi red  are on the order  of 1%, 
which seems ent i re ly  reasonable. 

A more  detailed model  is obtained by examining  the 
chemical  na ture  of a change in ~ or a change in d. The 
dielectric constant is increased by remova l  of ions 
f rom the double layer,  ei ther by mass t ransfer  or by 
neutral izat ion through charge transfer,  or by a re-  
laxat ion of restr ict ion on the movemen t  of dipoles. 
Since a net t ransfer  of ions into or out of the double 
layer  would result  in actual charging of the capacitor, 
i.e., a change in E wi th  Q, this cannot occur dur ing the 
per turbat ion  time. Further ,  the t ime requi red  for ions 
to move into or out of the double layer  is ve ry  pos- 
sibly on the same order  as the observed per turbat ion  
times. Grahame (6) has suggested, f rom calculations 
for a simple RC circuit  and based on data f rom a 
mercury  electrode, that  the t ime requi red  for estab- 
l ishment  of ionic equi l ibr ium within  the double layer  
is on the order of 100 nanosec. 

The double layer  thickness is changed by a shift of 
the outer  Helmhol tz  plane. This could occur by a 
slight re laxat ion of the plane, e.g., by a movemen t  
of the cations wi th in  their  solvation sheaths. The 
kinds of shifts involved,  i.e., approximate ly  0.05A, 
could readily be achieved simply by a movement  of 
the cations wi th in  the sheaths of water  molecules sur-  
rounding them, and as such do not requi re  move-  
ment  of ions into or out of the double layer.  

The per turbat ion  t ime can be v iewed ei ther  as the 
t ime requi red  for the t ransfer  of ions, i.e., a type of 
irmrtia which must  be overcome before  ions can begin 
to move, or as the t ime requi red  to saturate  some ini-  
tial process in the compact layer,  e.g., dielectric satu- 
ration, before the effects of the charging pulse are 
communicated to the diffuse layer  and the bulk of 
the solt~tion. By this we mean  that  e i ther  the ions 
requi re  a finite time, i.e., tp, before  they can begin 
to move, quite analogous to the re laxat ion t imes ob- 
served in solution, or that  they can respond at faster 
t imes but that some init ial  process must  be first satis- 
fied. Any consistent model  must  include the cation de- 
pendence and anion and charging current  independ-  
ence of the per turbat ion  times. The process which 
accepts energy wi thout  changing the potential  differ- 
ence across the double layer could involve dipole ro-  
tation or orientation, a movement  of electr ical  center  
of ions in the outer  Helmhol tz  plane, or an electron 
t ransfer  process wi th  the t ransfer  of an equiva len t  
number  of oppositely charged ions out of or into the 
compact layer  (or possibly only the shift of the outer 
Helmhol tz  p lane) ,  the charge on the electrode re-  
maining effectively constant. These processes are ve ry  
l ikely not separable, but for  purposes of a rgument  
we shall  discuss them separately.  

F rom the f requency dependence of the double layer  
resistance and capacitance at solid electrodes meas-  
ured  by a-c impedance methods, Bockris and co- 
workers  (7, 8) proposed a re laxa t ion  t ime for wa te r  
dipoles. To explain re laxat ion  times of about 10 - s  sec 
on Hg and about  10 -6 sec on Cu in pr imar i ly  sulfate 
solutions, they assumed that  wa te r  molecules which 
are adsorbed on the electrode are restr icted in mo- 
tion so that their  re laxat ion t ime is made large enough 
for it to fall wi th in  the f requency  range of measure-  
mont. The re laxat ion of water  dipoles at the copper-  
solution interface was considered as qual i ta t ive ly  re -  
sembling that in ice, with a re laxa t ion  t ime of 10 -3 
sec, ra ther  than that  in water ,  10 -I0 sec. A slow re lax-  
ation process in the or iented wate r  layer  at charged 
interfaces has also been proposed f rom the  effects 
of superimposing an a-c field over  a d-c polarizing 
potential  at a dropping mercury  electrode (9). An-  
other indication of the times involved in the mot ion 
of water  dipoles can be taken from w a t e r - w a t e r  ex-  
change rates (10). The substi tut ion rates of the first- 
hyd ra t i on - she l l  water  molecules by ligands for al- 
ka l i -meta l  cations have been reported for Li + as 
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0.47-9.0 x 10S/sec and for Cs + as 2.1-50 x 108/sec. 
The water  molecules  held in the first hydra t ion  shell, 
par t icular ly  for Li +, should be somewhat  analogous 
to water  or iented in the double layer. It would appear  
that  the times involved for the rota t ion and or ienta-  
tion of water  dipoles in the double layer  agree rea-  
sonably weI1 with  the observed per turba t ion  times. 
The influence of cations on the per turbat ion  t ime may 
be a t t r ibuted to hydrat ion and to the effect of o rder -  
ing of the water  dipoles in the compact layer  by the 
cations. A correlat ion of the per turba t ion  times with  
hydra t ion  number  (11) is shown in Fig. 8. In this 
case the change in tp wi th  concentrat ion has been 
plotted since this is a constant for each cation. It is 
interest ing to note that  if this correlat ion is correct, 
the hydrat ion number  for H + is be tween  5 and 6. 
Ini t ia l ly  it would appear  that the cation effect on t~ is 
in the wrong direction. For example,  fol lowing the 
suggestion of Samoilov (12) that  the larger  cations 
(K +, Rb +, and Cs +) have a negat ive  hydra t ion  num-  
ber, i.e., are s t ructure  breaking, the rotat ion of wa te r  
dipoles would be expected to be easier  and thus faster  
for these cations. However ,  if we v iew the process as 
one which must  become saturated, i.e., completed, 
before double layer  charging begins, then the least 
or iented systems should requi re  more t ime to become 
ful ly oriented. For  example,  the double layer  wi th  
Li + would be expected to have a more ice- l ike  wate r  
s t ructure  than a double layer  wi th  Cs +. Thus it  should 
requ i re  less t ime for the dipoles to become complete ly  
or iented in the field in the presence of Li + since 
a higher  degree of order  is a l ready established. Of 
course the water  dipoles adsorbed direct ly on the Pt  
surface should be highly oriented at potentials away 
f rom the p.z.c. (13, 14), so that  the molecules which 
rotate  are possibly in the diffuse layer.  This model  
also explains the concentra t ion dependence.  As the so- 
lution becomes more dilute, there are fewer  ions, r e -  
sult ing in a more loose s t ructure  in the double layer  
and thus longer times are requi red  to complete ly  
orient  the water  dipoles. The s imilar i ty  in pe r tu rba -  
tion t imes for K +, Rb +, and Cs + are wel l  in agree-  
ment  wi th  the suggested negat ive  hydra t ion  or s t ruc-  
ture breaking propert ies  of larger  cations. Anions, 
which are not s trongly hydrated,  would  thus not be 
expected to influence the per turbat ion  t imes in this 
model. 

The one exper imenta l  observat ion which is com- 
ple te ly  contrary to this model  and which cannot be 
explained is that of the current  independence of tp. 
If the process occurr ing dur ing the t ransi t ion t ime is 
the orientat ion of dipoles and double layer  charging 
begins when  this or ientat ion is essentially complete, 
i.e., the dielectric is saturated, then tp would have to 
depend on the amount  of charge flowing into the 
double layer. Any  model  which proposes the comple-  
tion of a process in the compact layer  before the 
double layer begins to charge up must  be dependent  
on charge and hence tp would have to c.hange with  
charging current  density. For  a given system, tp was 
found to be independent  of the charging current  over  
more  than one order  of magnitude.  The apparent  in-  
dependence of tp on the revers ible  potential  could also 
argue .against this model. For  example,  for 1M systems 
of KI/I2, KBr/Br2,  and KC1/C12, the revers ib le  po- 
tentials differ by about iv,  as seen f rom the fol lowing 
equil ibria  (15) 

3 I -  --~ I3-  -~- 2e-,  Eo ---- 4- 0.536v 

2 B r -  : Br2(aq) -{- 2e-,  -}- 1.087v 

2 C1- = C12 4- 2e-,  + 1.3595v 

It  is expected that  a shift  of potential  difference across 
the double layer  would strongly affect the s t ructure  
of the adsorbed layer  and orientat ion of water  dipoles. 
~he  possibility does exist that  the p.z.c, would shift 
in such a chrection to balance this change in equi-  
l ibr ium potential.  Recent  determinat ions  of the p.z.c. 
of Pt  in halide solutions using radiot racer  methods in-  
di,cate that the p.z.c, does shift in the posi t ive direc-  
tion in going f rom I -  to C1- solutions, possibly by as 
much as 0.7v (16). The change in equi l ibr ium poten-  
tial could therefore  be accompanied by a correspond-  
ing shift in p.z.c, such that  the double layer  s t ructure  
would not be al tered appreciably.  In the absence of 
more detailed information,  this point wil l  not be fur -  
ther  considered except  to indicate that it need not be a 
serious consideration. 

In a recent  study, Gran tham (17) has concluded 
that  there  is a complete  absence of re laxat ion  times of 
wa te r  molecules in the double layer  in the range 10 - s -  
10 -~ sec, and attribu.tes the observed f requency de-  
pendence of resistance and capacitance to improper  
electrode design. On the basis of this and other  
studies (18), Devana than  (5) concludes that  water  
molecules are not or iented in up and down positions 
(14) but are adsorbed flat and are insensit ive to field. 
This conclusion seems premature  wi th  the lack of 
evidence on a-c f requency var ia t ion of the double 
layer  resistance and capacitance at f requencies  above 
about 105 c.p.s, on solid electrodes, which is just  the 
range where  the re laxa t ion  process should become 
important ,  and par t icular ly  in light of the success 
which the water  dipole model  has had in in terpre t ing  
organic adsorption. On the basis of the previous argu-  
ment  our results suggest that  it is not the saturat ion 
of dielectr ic  constant as brought  about by dipole ori-  
entat ion which determines  the per turbat ion  time. 
However ,  our results do definitely establish that a 
per,turbation t ime exists, which may be similar  to the 
f requency var ia t ion observed in a-c impedance meas-  
urements,  and the rotation of dipoles should not be 
ruled out, even though tp is not de termined  by such a 
process. 

A model  which permits  a tp independent  of charge 
is based on the specific adsorption of ions, par t icular ly  
anions. We first postulate, in line wi th  ear l ier  r ea -  
soning, that  two fundamenta l ly  different processes 
occur, the first of which is the means by which charge 
is used up wi thout  actual .charging of the double layer  
and may  include more than one type of process, i.e., 
dipole orientation,  charge transfer,  ion movemen t  
wi thin  solvation sheaths, etc., and a second process 
which involves the movemen t  of ions into or out of 
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the compact layer and determines tp. The first process 
has been considered on a physical basis and we shall  
now examine  it in grea ter  detail. Fol lowing the double 
layer  model  of Grahame (6), the charge on the meta l  
wil l  equal  the sum of charges in the inner  and outer  
Helmholtz  layers and the charge in the diffuse layer  

--qM ~ qi -~- qo ~ qd 

where  the q's will  be negat ive for anions and posit ive 
for cations. In the presence of specific adsorption, 
which is expected for the systems examined here, 
there  wil l  be additional charge in the inner layer and 
hence also in the outer layer  to maintain  a constant  
qM at a given potent ial  difference (with respect  to the 
p.z.c.), i.e., superequivalent  or contact adsorption. 
Thus ions could undergo discharge in the inner  layer  
and a corresponding transfer  of oppositely charged 
ions out of the outer layer, or possibly only a shift 
of the outer  Helmhvltz  plane, would mainta in  constant 
qM- Charge transfer,  which could be a fast process 
f rom ions already present  in excess in the inner  layer, 
wi th  a corresponding shift of the outer  Helmholtz  
plane could therefore  occur while the charge on the 
meta l  remains constant and thus energy could be used 
up without  actual charging of the double layer ca- 
pacitor. 

Two cases should be distinguished, one for elec- 
trodes posit ive to the p.z.c., which is the case for most 
of the equi l ibr ium systems considered here, and one 
for electrodes negat ive  to the p.z.c., which is probably  
the case for revers ible  hydrogen systems on Pt. In 
the first case, an anodic pulse would requ i re  electron 
t ransfer  f rom anions specifically adsorbed on the Pt 
wi th  a simultaneous shift of cations wi th in  their  hy-  
drat ion sheaths away from the electrode. The actual 
movement  of cations during this t ime may be sug- 
gested, however ,  in view of the proposal that  the per -  
turbat ion t ime is de termined by the t ime requi red  for 
appreciable movement  of ions into the double layer, 
this would  seem less l ikely than the smaller  movement  
of many cations corresponding to a single anion dis- 
charge. A cathodic pulse would then requi re  reduct ion 
of atoms to anions in the inner  layer  with a corre-  
sponding movement  of the outer  Helmhol tz  plane to- 
ward  the electrode surface. Since the amounts of spe- 
cifically adsorbed ions become appreciable, par t icu-  
lar ly for the halide systems (19), this process would 
not be l imited by the charging current  in the times 
under  consideration. For  the second case, i.e., electrode 
surface negat ive to the p.z.c., an anodic pulse would 
requi re  discharge of atoms to form cations (probably 
H--> H + + e - )  wi th  a subsequent  shift  of anions 
away from the electrode. A cathodic pulse would  then 
involve  e lectron t ransfer  to H + to form H atoms and 
movemen t  of anions toward the surface. 

Fol lowing a recent  suggestion by Delahay (20), the 
amounts of specifically adsorbed ions par t ic ipat ing in 
this process can be examined using the relat ion 

Vsr 
qmeasured ~ q -~ ZFP 

Vsr -~- Vtr  

where  q is that  due to the usual double layer  charging 
process and the other te rm is due to a Faradaic  proc- 
ess, where  Vsr is the rate  of the charge separat ion 
process and Vtr is the rate  of the mass t ransfer  proc- 
ess. During t,, q = O, so that  f rom the charging cur-  
ren t  and tp, the surface excess should be obtained 
directly. For  typical  values of i = 1 a m p / c m  2 and 
tp = 100 nanosec, we obtain Z F r _  = 0.1 ~couI/cm e, 
assuming that Vtr, the te rm rela t ing to mass transfer,  
is zero since mass t ransfer  has not ye t  begun. This 
gives a surface excess of r _  = 10 - lu  g .equiv. /cm 2 for 
anions involved in the Faradaic  process and if we 
assume that  cations are pushed out  of the double 
layer, a r+  of 10 -12 g .equiv . /cm 2 would be required.  
This value compares wel l  wi th  the r+  reported f rom 

radiotracer  measurements  on Pt electrodes for alkali  
halide systems (16). At  high enough current  densities, 
essentially all of the superequiva lent ly  adsorbed 
anions, i.e., those adsorbed in excess of the amount  ex-  
pected on the basis of the charge on the meta l  surface 
and hence balanced by cations in the outer Helmholtz  
plane and the diffuse layers, should be used up in the 
Faradaic  process. Thus at high enough current  densi- 
ties, this should be a method for determining direct ly 
the amount  of superequiva len t  or contact adsorption. 

This process should not be par t icular ly  sensitive to 
the ions in solution, so long as they are adsorbed in 
sufficient excess to satisfy the charge requi rements  
during the per turbat ion time and the rate  of electron 
transfer  is sufficiently fast. The cation effect must  be 
explained in terms of the second process, i.e., in terms 
of the actual movemen t  of ions into or out of the 
double layer. These two processes should not be 
v iewed as occurring exclusively but  that some diffu- 
sion wil l  begin dur ing tp and only when appreciable 
mass t ransfer  can occur does the potent ial  begin to 
change. The fact that  both processes occur together  is 
seen from the slight curva ture  in the charging curves 
be tween the flat init ial  region and the l inear  double 
layer charging region. The manner  in which cations 
can influence the diffusion process is difficult to see, 
however ,  their  influence is an exper imenta l  fact. The 
effect of cations is most probably related to hydrat ion 
and the s tructure of the solution as a l ready discussed. 

Summary 
The exper imenta l  observations obtained using the 

discussed short pulse technique are new and perhaps 
somewhat  difficult to accept in l ight of the commonly 
accepted concepts of the double layer  structure. How- 
ever,  when comparisons are made with wel l  estab- 
lished re laxat ion t imes observed in bulk solution, the 
results appear reasonable. It  should be r emembered  
that the results re fer  to events in the double layer  
which occur before the charging process and which 
have not been previously examined.  Further ,  it should 
be remembered  that every  effort was made to e l imi-  
nate  ins t rumenta l  artifacts and we feel  that  the results 
presented reflect actual propert ies  of the double layer.  
The model  proposed has l imitations but it does es- 
sentially account for the exper imenta l  observations. 
Fur ther  measurements  par t icular ly  using doubly and 
tr iply charged cations are requi red  before a more de- 
tailed model  can be proposed. These results  tend to 
confirm the recent  suggestion of Delahay that  two 
processes can occur in the charging process, however ,  
they suggest that the Faradaic  contr ibution is less 
than 1% of the total  charge. Final ly  these results 
point to the discrete part icle na ture  of the electr ical  
double layer and the method holds real  promise for 
obtaining more detai led informat ion about the struc- 
ture of the double layer  at electrodes. 
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Electrochemical Processes in Thin Films 
II. Preliminary Quantitative Treatment of Film Stabilization by the Marangoni Effect 

E. N. Lightfoot and V. Ludviksson 
Department of Chemical Engineering, University of Wisconsin, Madison, Wisconsin 

ABSTRACT 

This paper is concerned with the mechanism of formation of stable super-  
meniscus electrolyte films, observed on gas diffusion electrodes. The Ma- 
rangoni  effect associated with surface tension gradients in  liquids is considered 
and found to give film characteristics which are in agreement  with many  ob- 
servations made to date. By numer ica l  example it is shown that  a tempera ture  
gradient  of --0.4 C/cm in water  or a concentrat ion gradient  of 0.035 mole /  
l i te r .cm in aqueous KOH solution each can produc~ a typical l iquid film, 1~ 
thick and unl imited in height. This mechanism is shown to provide more 
vigorous water  recirculat ion in  films than vapor phase transport ,  and a pre-  
l iminary  unsteady-s ta te  analysis is shown to give the r ight  magni tude  for 
the cl imbing rates observed for the spreading of many  hydrocarbons on ver t i -  
cal surfaces. The mechanism is unable  to explain effects observed in the ab-  
sence of concentrat ion or tempera ture  gradients, but  apparent ly  could have 
a pronounced effect under  operating conditions of gas diffusion electrodes. 

Recently there has been published a number  of re-  
ports showing exper imenta l  evidence for the existence 
of stable films of electrolyte above the intr insic  
meniscus on gas-diffusion electrodes. This evidence 
has been obtained both by indirect  measurements ,  i.e., 
measurements  of current  densities as a funct ion of 
height above the meniscus (1-5, 8, 13) and by direct 
observation (6, 7). As yet  no satisfactory explanat ion 
for the existence of these films is available. Electro- 
capillary, double- layer  and sur face-energy-of - forma-  
t ion effects, which are often suggested, appear too 
weak to produce the observed film thickness (ca. 1/20 
to 2~). Gravi ta t ional  flow, made possible by concentra-  
tion polarization and vapor phase water  t ransport  
(9), appears l ikely in  the large scale systems used 
by Will  (1) and others. However, calculations have 
shown (10) that for such small  pore radii  as are found 
in fuel-cel l  electrodes, vapor t ransport  becomes in-  
capable of supplying even the reactant  water  needed 
for such processes as 

02 -t- 2H20 -p 4e ---- 4 O H -  

let alone al lowing the formation of a flowing film. 
However, the probable existence of such films in mi-  
croporous systems has been shown (8) and since all  
above-ci ted analyses agree that the thickness of these 
supermeniscus films has a large effect on electrode 
performance, a search for bet ter  unders tanding  of the 
film behavior  is well justified. 

No single known effect appears capable of explain-  
ing all observed characteristics of supermeniscus 
films, and it  is possible that  such films are produced 
by some t ru ly  novel  phenomenon.  However, it seems 

more l ikely that  they are produced by a more or less 
subtle combinat ion of well  known forces, and the 
probable effects of such forces should be very care- 
fully reviewed before more esoteric ones are sought. 
The well  known  Marangoni  effect is one possible 
source of stabilization and is treated in this paper. 

As suggested in the first paper of this series (9), 
surface tension gradients resul t ing from either tem- 
perature  or concentrat ion inequali t ies provide a pos- 
sible mechanism for water  t ransport  and film stabiliza- 
tion. It  is the purpose of this paper to give a 
convenient  basis for discussion of this mechanism, 
and to assess its importance under  conditions likely 
to occur in  practical  electrochemical devices. 

Qualitative Description of Mechanis~ 

From a qual i tat ive s tandpoint  the importance of 
surface tension gradients in  promoting the spreading 
of l iquid films has long been known. Examples of such 
effects include "tears of s trong wine"  and the tendency 
for liquids, such as lubricat ing oils, to "crawl" out of 
open containers. The explanat ion of such phenomena,  
commonly included in the term "Marangoni  effect," 
was suggested as early as 1855 by Thomson (11). 
More recent ly  a very  convincing demor~stration of the 
na tu re  of what  may be called the "oil-can" effect was 
given by Bascom, Cottington, and Singleterry  (12). 
The basic mechanism both here and in the case of 
tears of strong wine  is the evaporat ion of one com- 
ponent  of a mix ture  from the upper  regions of a 
meniscus or a surface diffused p r imary  film. If the 
l iquid layer remain ing  has a higher surface tension 
than the bulk  liquid, then the surface layer, and some 
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Surface Tension 
Gradient ,, 

Fig. I .  Liquid film on n vertical, solid surface stabilized by 
surface tension gradient. 

bulk l iquid with  it wil l  be pul led upward.  By analogy, 
if e lectrochemical  react ion on an electrode can give 
rise to appreciable surface tension gradients in the 
upper regions of the meniscus or on a previously 
wet ted  electrode, by v i r tue  of concentrat ion or t em-  
pera ture  inequalities,  then a stable electrolyte  film can 
be main ta ined  or  even  formed spontaneously as ob- 
served by Mfiller (6). It  is our purpose to explore  this 
possibility. 

Since, to our knowledge,  no quant i ta t ive  t rea tment  
of surface spreading has been a t tempted we begin by 
describing a simple model  system quanti tat ively.  

Quantitative Description of a 
Surface Tension Supported Filr~ 

For our present  purposes it is sufficient to consider 
steady one-d imens ional  flow in a thin film on a flat 
ver t ica l  plate as shown in Fig. 1. Extension to a sys- 
tem in which film thickness is appreciable re la t ive  to 
the local radius of curva ture  is easily accomplished, 
but  gives no fu r ther  informat ion at the level  of the 
present  t reatment .  

The film behavior  is governed by the fol lowing re la -  
tions. (i) a momen tum balance (the equat ion of mo-  
t ion) ; (ii) a flux equat ion (Newton 's  law all viscosity) ; 
(iii) a set of boundary conditions. 

These relat ionships may be wr i t ten  in the fol lowing 
form: 

dT~= 
- -  -i- p g z  = 0 [1] 

dy 

(iv= 
--~ . . . . .  T~ [2] 

dy 

As boundary conditions we shall use: 

B.C. 1 at y = 0 v= = 0 [3] 

B.C. 2 at y = ~ Ty= = T0 [4] 

Implici t  in Eq. [1] to [4] is the assumption of local 
equi l ibr ium, i.e., the local film behavior  is independ-  
ent  of upst ream or downst ream conditions other  than  
those imposed by the r equ i remen t  of conservat ion of 
mass. This assumption, amply justified by analysis 
and exper iment  for the much  thicker  and faster  mov-  
ing films encountered in steam condensation and else- 
where,  should not introduce any appreciable error.  

Thus, these simple equat ions are in fact  quite  genera l J  
The second boundary condit ion permits  a nonzero 
shear stress at the gas- l iquid interface. In the special 
but  l ikely case of negligible veloci ty  gradients in the 
gas phase, and infinite radius of curvature,  this surface 
stress can be equated  to the local surface tension 
gradient  

dr 
�9 o . . . .  ~ [ 5 ]  

d z  

We can now easily in tegrate  [1] and [2] to get 

v~ = ~ ~ - -  ~ -  o 2 ) 
)( 1 

% 

[6] 

where  ~ = y/5. Thus, the local veloci ty  profile is para-  
bolic, and as shawn in Fig. 1 it may have regions of 
both negat ive and posit ive velocity, The flow average 
veloci ty  

1 ( a8 ) 1 ( pg'8' ~ [7] 

< " = > = T  --2- - - 5 " .  , . 
can clearly ei ther be positive, negative,  or zero. 

For  the common case whe re  ~, and p do not va ry  
significantly wi th  position, i t  is convenient  to wri te  
Eq. [7] in dimensionless form 

1 1 
Re = - -  R 2 Mr - -  - -  R 3 [ 8 ]  

2 3 

vchere Re = Q/vP, a film Reynolds number  and Q/P 
= 5 < vz > is the volumetr ic  flow rate  per  uni t  width  
of film, R = 5 (g/v2) 113, a dimensionless film thickness; 
and Mr = (a~/~g2v2) 1/3, a dimensionless group char-  
acteristic of films which we call Marangoni  number.  
This Reynolds number  vs. film thickness relat ion is 
plotted in Fig. 2. For posit ive Marangoni  numbers,  
which give a stable film, there  is clearly a flow maxi -  
mum of 

Remax = 1/6 Mr 3 [8a] 

when  the dimensionless film thickness is equal  to the 
Marangoni  number  (R = Mr) .  There  are also two film 
thicknesses yielding no flow 

R =  0 a n d R = 3 / 2 M r  

Note that  so far  we have not specified the value of 
5, nor can we evalua te  its magni tude  f rom the above 

Z F o r  m u l t i e o m p o n e n t  sys t ems  t he  f lu id  v e l o c i t y  m u s t  be the  
m a s s - a v e r a g e  ve loc i ty .  Fo r  these,  a n d  fo r  n o n i s o t h e r m a l  s y s t e m s ,  
t h e  p o s s i b l e  v a r i a t i o n  of p, across t he  f i lm requ i res ,  in  p r inc ip l e ,  
t h a t  t h e  e q u a t i o n s  o f  e n e r g y  c o n s e r v a t i o n  a n d  c o n t i n u i t y  of s p e c i e s  
a l so  be  u s e d .  H o w e v e r ,  c a l c u l a t i o n s  to be  p u b l i s h e d  l a t e r  h a v e  
s h o w n  t h a t ,  for  t h e  v e r y  l a r g e  l e n g t h - t o - t h i c k n e s s  ra t ios  t yp i ca l  of 
t h e s e  f i lms ,  t e m p e r a t u r e  a n d  c o n c e n t r a t i o n  v a r i a t i o n  across  t he  
f i lm wi l l  a l w a y s  be  n e g l i g i b l e  in  p r a c t i c e .  

40  

3o 

60 

5O 
= 

2 0  

I 0  

0 
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Fig. 2. Effect of Marongoni number on film flow rate 
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informat ion alone. Therefore,  we have  to provide  one 
a.dditional restriction.  For  the purpose of i l lustrat ion 
we now consider the slightly more complex system of 
Fig. 3. We picture here a ver t ical  plate of height  L in 
contact wi th  water  at t empera ture  TB at the lower  
edge and a cooling device  at the top mainta ining it 
locally at a t empera ture  of To where  To < TB. On both 
sides there are closely placed surfaces isolating the 
system from radiat ion and convect ive currents.  We 
now consider some l imit ing cases. 

No net l~ow in fi lm.--If  we assume that  the air above 
the assembly in Fig. 3 is saturated wi th  vapor at To, 
then no evaporat ion f rom the film wil l  take place and 
no net flow of l iquid wil l  occur. This means  < vz 
must  equal  zero and now 5 is fixed by Eq. [7] 

3 a 
~loc = - - - -  

2 pg 

since the solution 5 = 0 is not physically interest ing 
in our analysis. 

As an i l lustrat ion let us consider a plate 10 cm high 
and with  a t empera ture  difference be tween  bottom 
and top TB --To = 4~ Fur the r  we let the propert ies  
of wa te r  be given by p ---- 1 g/cc, ~ ---- 1 cp, and O~/OT 
---- --0.163 dyne / cm ~ For  this system we expect  a 
near ly  l inear t empera tu re  gradient  over  the height  of 
the plate wi th  an average  value of dT/dz = --0.4~ 
cm. With the above physical data this gradient  wil l  
give a film of thickness 

3 1 
b . . . .  0.163 �9 0.4 ---- 10 -4 cm 

2 980.1 

= 1 micron 

This is of the  order  of magni tude  observed in many  
electrochemical  systems and the t empera tu re  gradient  
of 0.4~ is not  unreasonable  for many  physical ly 
interest ing situations. The m a x i m u m  veloci ty observed 
is obviously in the surface, and its value provides  a 
measure  of the recirculat ion rate  in the film 

a5 pg52 
Vlllax ~ - -  

2~ 

0.163 �9 0 .4 .10  -4 1 �9 980 �9 10 - s  

0.01 2 �9 0.01 

= 1.64 �9 10 -4 cm/sec  = 0.59 cm/sec  

The system thus described is dynamic but  steady 
with the film stabilized by opposition of body and 
surface forces. 

Film with net upward l~ow.--If the ambient  air is 
unsatura ted  and evaporat ion occurs at the top of our 

wet ted  plate, then there  wil l  be a net  upward  flow 
equal  to the evaporat ion rate  

QFilm ~- ~ ~ V~ ~ P : Qevap 

where  P is the wet ted  per imeter  of the plate. If we 
neglect  vapor  phase t ransport  along the film height, 
which wil l  often be reasonable for small  pores (10), Q 
wil l  not  va ry  with  position. For  the system under  con- 
sideration, in which a pure fluid is flowing and To is 
fixed, evaporat ion wil l  de termine  the film thickness 
unti l  the m a x i m u m  flow rate  is reached. However ,  for 
conditions permi t t ing  evaporat ion at a volumetr ic  rate  
greater  than 1/6 Mr 3 Pv (see Eq. [8a]) the supply 
capacity of the film is reached. Evaporat ion rate  is 
then controlled by the surface tens ion-grav i ty  balance 
and Eq. [8a] applies. At  this m a x i m u m  rate  the thick-  
ness of the steady state film is given by 

where  51inl is rea l ly  that  value  of 5 which  corresponds 
to the sn~allest m ax im um  flowrate (Q/p)max over  the 
film height. For  the conditions of the ~bove numer ica l  
example  (a/pg) is essential ly constant over  the film 
height  and the film thickness providing the m a x i m u m  
volumetr ic  flow is 2/3~. This corresponds to an evapo-  
ra t ion rate  of 4.83 �9 10 -9 cmS/sec cm. The m ax imum 
velocity, that of the surface, is 0.785 cm/hr .  

If instead of the evaporat ion process at the top of 
the film we postulate a long plate wi th  the same tem-  
pera ture  gradient,  the film wil l  tend to climb up the 
plate. Such unsteady flows are quite complex and 
cannot be discussed in detail  here. However ,  a semi-  
quant i ta t ive  description can be obtained ra ther  easily 
(see appendix at the end of paper)  if surface curva-  
ture of the advancing film is neglected. On this basis 
it appears that  an advancing front  moves up the 
wall  at a dimensionless veloci ty  3/16 Mr 2 and with  a 
thickness 3/4 Mr. Behind the advancing front  the film 
gradual ly  broadens to a dimensionless thickness Mr 
corresponding to that  for m a x i m u m  steady flow rate. 
The speed of the advancing front  is about 8 �9 10 -5 
cm/sec  for our illus.trative problem, which is ve ry  
close to the cl imbing rates of 4 �9 10 -5 to 8 �9 10 -~ 
cm/sec  observed for many  hydrocarbons which give 
comparable film thickness (12). 

It is clearly impor tant  to invest igate  fur ther  the dy-  
namics of film format ion as well  as the much more  
complex problems associated with electrochemical  
processes on the wet ted  surface. In such systems sur-  
face tension gradients wi l l  result  f rom concentrat ion 
inequali t ies (concentrat ion polarization) as well  as 
thermal.  These wil l  be t reated in fu ture  papers of this 
series. 

Discussion 
The above simple analysis together  wi th  the qual i-  

tat ive but  detai led discussion of Bascom, Cottingt~>n, 
and Single te r ry  (12), provide  a p ic ture  of stable 
"Marangoni  films" s~uitable for  our present  purposes. 
It  only remains to assess their  probable importance in 
e lectrochemical  processes. 

Firs t  it is impor tant  to note that only very  small  
gradients o~ surface tension are needed to produce 
films of the thickness bel ieved to exist on electrodes. 
Thus, it was shown that a few tenths of a degree per  
cent imeter  are needed to produce 1~ thick films. Cor-  
respondingly small  concentrat ion gradients are re -  
quired for i sothermal  films, especially for such elec-  
trolytes as KOH, the surface tension of which in- 
creases rapidly  wi th  concentrat ion as shown in Fig. 4. 
In fact, one can show that  for KOH a change in con- 
centrat ion of 0.035 m o l e / l i t e r / c m  of plate height  has 
the same effect as the t empera tu re  gradient  of - -0.4~ 
cm in the previous i l lus t ra t ive  example.  

Second, it should be pointed out that  the ver t ical  
circulat ion produced in stable but  dynamic films by 
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Fig. 4. Surface tension of aqueous solutions of KOH vs. molar 
concentration. 

surface tension gradients tends to reduce concentra-  
tion polarization in much the same way as the vapor-  
phase water recirculat ion predicted for large systems 
in  the first paper of this series. It  may therefore pro-  
vide a fur ther  explanat ion for the small  amount  of 
concentrat ion polarization observed in these films to 
date. 

Third, it should be remembered  that gravi tat ional  
influences tend to become small  in  most electrode 
structures while surface forces tend to become pre-  
dominant .  Thus, more pronounced surface tension 
effects can occur, with the pr imary  res t ra in t  pro- 
vided by viscous forces and mass-balance requi re-  
ments. It seems, therefore, ent i rely possible that com- 
plex dynamic  pat terns could be obtained in porous 
electrodes such as those used in ion-exchange mem-  
brane  cells. 

Very little rel iable quant i ta t ive  data are yet avail-  
able for actual electrochemical operations. However, 
it may be of interest  to compare the results of above 
equations with typical data of Bennion. He calculates 
the concentrat ion profile in  the film necessary to sup-  
p ly  the reaction water  by vapor-phase transport.  
These profiles show gradients from ~0.07 mole/ l i ter  
cm to 1.0 mole / l i te r  cm. A typical current  of 50 #a/ 
cm needs in  his estimate a gradient  of about 0.55 
mole / l i te r  cm at the bottom of the film to supply the 
react ion water  in the area of the fastest react ion rate. 
At the same time our proposed mechanism requires a 
gradient  of only 0.042 mole / l i te r  cm to supply the 
react ion water  for this value of the current .  Thus, the 
surface tension mechanism is much more powerful  
than the vapor phase t ransport  mechanism even in  
large systems. 

Despite the ra ther  encouraging agreement  with ex- 
per imenta l  data which these i l lustrat ions show, there 
are still some observations left unexpla ined  by this 
mechanism. Miiller (6) has recent ly reported the 
existence of stable films in  the apparent  absence of 
surface tension gradients and the growth of a concen- 
trated electrolyte film over a dilute one, apparent ly  
against a downward directed surface tension gradient.  
The explanat ion of these phenomena can apparent ly  
not  be found in  the Marangoni  effect. 

However we th ink the explanat ion need not neces-  
sari ly be sought in  a previously u n k n o w n  physical 
effect but  ra ther  in the correct in terpre ta t ion  of al-  

ready known factors or combinat ion of them. A much 
more thorough analysis of the Marangoni  effect is 
possible and an unsteady-s ta te  analysis is intended. 

The dynamic aspects required  by the Marangoni  
effect and the vapor recirculat ion mechanism for film 
stabilization can be tested by closer study of the hy-  
drodynamics of supermeniscus films using tracer 
methods. This paper lays the ground for the in te rpre-  
tat ion of such experiments.  

Although surface tension gradients may not be the 
only factor de termining  the film behavior they cer- 
ta inly are likely to arise and have an impor tant  effect 
under  operat ing conditions of a gas diffusion electrode. 

Manuscript  received Dec. 13, 1965; revised m a n u -  
script received June  13, 1966. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1967 JOURNAL. 

APPENDIX 

P r e l i m i n a r y  A n a l y s i s  of  U n s t e a d y - S t a t e  B eh a v io r  

The spreading (i.e., unsteady) behavior of l iquid 
films is quite complex and cannot  be described ac- 
curately without  allowance for surface curvature  at 
the advancing film front. It  must, therefore, be left to 
a later paper. We can, however, demonstrate  some im-  
por tant  t ransient  film characteristics by the following 
very simple analysis. 

We begin once again with a very simple system: a 
film ini t ia l ly of zero height and the following assump- 
tions: (i) constant surface tension gradient  a in  the 
direction of film flow, (i i)  negligible film curvature;  
and (i~i) negl ig ib le  mass  t ransfer  with respect to the 
vapor phase. Since iner t ia l  effects in the film can be 
safely neglected the film may be described by 

1 1 
Re  = ~ R2Mr - -  - -  R a (A) 

2 3 

aR ORe 
= (B) 

O~ OZ 
At 

v = 0 ,  Z - ~ 0 ,  O < R < M r  (C) 

Here T = v t / L  e, a dimensionless time, Z = z / L ,  a 
dimensionless distance from the top of the intr insic 
meniscus, L = ( ~ / g ) 1 / 3  : ~ /R.  Equat ion (B) states 
the requi rement  of mass conservat ion for a nonvolat i le  
film. Equations (A) and (B) are readily combined to 
obtain a formal relat ion for film thickness as a func-  
tion of position and time. For the assumed boundary  
conditions this relat ion takes the simple form 

Z = (R  M r  --  R2)-~ (D) 

Equat ion (D) is used in  Fig. 5 to show calculated film 
shapes for several times (solid lines).  It  is seen im-  
mediately that the calculated R is a double-valued 
funct ion of position: a physically meaningless  result  
obtained by neglect of surface curvature.  Analogous 
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.,.Z 0,4 
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Fig. 5. Approximate climbing characteristics of liquid films 
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mul t ip le-va lued  profiles are obtained for concentra-  
tion waves in fixed sorbent  beds when  solute dis- 
persion is neglected and for shal low-water  waves if 
viscous dissipation is not  taken into consideration. 

Jus t  as in these analogous situations a useful asymp- 
totic result  can be obtained by replacing the double-  
valued front by a combinat ion of sharp (or discont inu-  
ous) and diffuse portions satisfying the same mass 
balance. Such an asymptotic front is represented in 
Fig. 5 for ~ ---- 1 by a heavy dotted line. The position 
Za of the sharp portion of the front, and the film 
thickness Rd where it meets the diffuse portion, are 
determined for our boundary  conditions by means of 
the mass-balance relation: 

dZ dZ dR (E) 
o dr 

(R~ Mr -- Ra ~) Ra = (R M r -  R 2) dR 

so that 

1 1 
= - - R d 2 M r - - - - R d  a (F) 

2 3 

3 
Zd = Mr 2 r (H) 

16 

Thus we find that the film climbs at a steady rate ex- 
pressed by Eq. (H),  and that  the advancing front is 
three-quar ters  as wide as the steady-state film cor- 
responding to max imum flow rate (see Eq. [8a]).  The 
dimensionless speed dZd/dT = 3/16 Mr 2, at which this 
front advances is just  slightly in excess of the d imen-  
sionless average velocity Remax/Rmax ~ 1/6 Mr 2 of the 
steady film at max imum flow. However, it is also im-  
portant  to note the final thickness of the cl imbing 

film Rmax = Mr is only approached asymptotically for 
x/Z --> ~ as seen from Eq. (D). 

These conclusions are probably sound even though 
they are based on an incomplete model of the film front. 
The correspondingly idealized description of concen- 
t rat ion waves has, for example, been shown to be: (i) 
a proper l imit ing solution for large T/Z (14),(ii)  a 
useful engineer ing approximation (15). Equations (G) 
and (H) can then most probably be considered useful 
approximations for the large length- to- thickness  ratios 
of postulated electrochemical films. 
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Technical[ Notes @ 
Automatic Registration of Electrolyte Specific Gravity in 

Lead-Acid Batteries 
Jeanne Burbank 

U. S. Naval Research Laboratory, Washington, D. C. 

and Emmanue! Goldstein 1 
Quanta Laboratories Incorporated, FaZls Church, Virginia 

The refract ion of light is a fundamenta l  property of 
mat ter  and a manifesta t ion of the interact ion of elec- 
t romagnetic radiat ion with the electrons belonging to 
atoms, ions, and molecules. The laws of refraction are 
well  known,  and numerous  basic studies are available; 
only a few representat ive articles and reviews are 
cited for examples here (1-8). Refractive index is the 
ratio of the speeds of light in two media, and tables 
giving these indices for various pure  liquids, gases, 
many  solids, and solutions list the speed in the given 
material  relat ive to air or vacuum as a s tandard (9, 
10). 

For determinat ion of the refractive index of liquids, 
a small  sample is sometimes removed from the bulk  
mater ial  and the index measured by visual observa-  

1 P r e s e n t  addres s :  A l p h a  Mic ro -Op t i c s  CompanF ,  Be l t sv i l l e ,  Mary -  
l and .  

tion with a refractometer.  Cont inuously  recording in -  
s t ruments  are available, but  their application has 
usual ly  been l imited to pipelines and processing tanks 
handl ing large volumes of a single material .  Several  
are described as research ins t ruments  (2, 5, 11-20). 

Measuring the refractive index is relat ively so 
simple and the amount  of sample requi red  so small  
that these determinat ions may  be used as an al ter-  
nat ive to density or specific gravi ty measurements  (2, 
11, 12). I t  is f requent ly  desired to monitor  the specific 
gravi ty of a solution dur ing the course of a production 
operation, and a cont inuously recording refractometer  
may be used convenient ly  for this purpose under  sui t-  
able conditions. 

It is common practice to follow changes in  specific 
gravity of the sulfuric acid electrolyte in  the lead- 
acid cell. The "over-r id ing importance" of this as- 
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Fig. 1. Relation of specific gravity and refractive index of aqueous 
H2S04 solutions at 20~ (10). 

pec t  of the behavior  of the lead-acid bat tery has re- 
cently been emphasized by Robinson and Heinson 
(21).  Specific gravity gives an indication of the con- 
dition as well  as the state of charge of the cell, and 
the end-of-charge is determined by constancy in the 
readings. For these determinations,  small  samples of 
electrolyte are usual ly removed periodically by hand, 
and the specific gravi ty determined by hydrometer.  
In  large batteries, the specific gravi ty is measured 
only on selected pilot cells because of the excessive 
time and labor required to sample each individual  
cell. 

The reaction of the lead cell is usual ly wr i t ten  

PbO2 + Pb  + 2HzSO4 = 2PbSO4 + 2H20 
charge < ) discharge 

and Vinal  (22) presents a full description of the elec- 
trolyte and the var iat ion of specific gravi ty with the 
state of charge of the cell. Figure 1 shows the rela-  
tion of specific gravi ty to refractive index of aqueous 
H2804 solutions throughout  the concentrat ion range 
employed in batteries (3, 10, 23-25), and clearly in-  
dicates that refractive index may be used to follow 
changes in  specific gravi ty of the electrolyte in the 
lead-acid battery.  

It was to fill the need of a simple inexpensive con- 
t inuously recording device to monitor the electrolyte 
in  individual  cells of large batteries that the present  
work was under taken;  however the ins t rument  de- 
scribed is not l imited to this use and was originally 
developed for other applications (26). 

The Ins trument  and Its Use,in a Bat tery  
A compact inexpensive dipping refractometer  was 

fashioned from a U-shaped rod, the two ends of 
which were sealed in a mount ing  head. The head may 
be of a suitable mater ia l  and geometry to fit as a 
plug in  any desired container,  and the length of the 
probe is chosen so that  the rod is par t ia l ly  or totally 
immersed in the l iquid being monitored. Within  the 
mount ing  head a min ia ture  light source and photo- 
detector were located at ei ther end of the tubulation.  
The amount  of light fal l ing on the detector depends 
on the loss through the walls of the rod, which in 
tu rn  is a funct ion of the indices of refract ion of the 
mater ia l  of the rod and the medium surrounding  it. 
The rod is chosen so that  its index of refract ion is 

greater than that  of the medium it is used to monitor. 
Any  change in refractive index of the sur rounding  
medium results in  a change in the critical angle of 
total in terna l  reflection for the light t ravel ing through 
the rod and, therefore, in the amount  of radiat ion fal l-  
ing on the photodetector. The sharp radius of curva-  
ture  at the tip of the probe produces an area par t icu-  
larly sensitive to changes in refractive index of the 
medium. The signal output  from the photodetector 
may be readily converted by conventional  ins t rumen-  
tat ion for registrat ion on s tandard recorders. 

To i l lustrate the application of this ins t rument  to 
lead-acid bat tery  monitoring,  the probe was fabricated 
f rom glass rod, the light source and photodetector 
circuit were powered from an external  battery,  the 
photodetector replacing one arm in a bridge cir- 
cuit. The bridge imbalance was sensed by a Kei th-  
ley electrometer amplif ier-microammeter .  The output  
of this device fed a s tandard L&N 20-mv mul t i -  
point recorder. Ini t ia l  bridge balance for a nul l  was 
accomplished by variable resistive arms in the bridge 
circuit. A number  of cells could be moni tored at one 
t ime by using a probe and bridge circuit  for each cell, 
and a nonshort ing switch to scan the cells, connected 
to a recorder through a coupling circuit, if necessary. 
The ins t rument  may be modified for in terna l  calibra- 
tion and temperature  compensation. 

A commercial 30 amp-h r  cell was used in this 
work. The cell was charged and the specific gravi ty 
adjusted to 1.257. A small hole was drilled in  the cell 
top and the probe par t ia l ly  submerged in the elec- 
trolyte at the edge of the element.  The cell was cy- 
cted at the 4- and 8-hr rates. Dur ing  the cycling, 
samples of electrolyte were temporar i ly  removed at 
intervals  and the specific gravi ty measured by con- 
ventional  methods. The probe was calibrated by pre-  
l iminary  submersion in  a series of s tandard sulfuric 
acid solutions. The tests described here were carried 
out at room temperature.  A small  sheet of polyethyl-  
ene was placed in  the cell be tween the probe and the 
cell e lement  to serve as a deflector for gas bubbles 
for some of the tests. 

Results and Discussion 
A photograph of a section of recorder chart  show- 

ing the registrat ion of the change in  refractive index 
and cell voltage for a capacity discharge of the cell 
is shown in Fig. 2. A comparison of this recording 
with the usual  plot of specific gravi ty readings taken 
dur ing such a discharge (22) shows that the two are 
indistinguishable.  At the end of a charge when  the 
negative plates began to gas vigorously, the refrac- 
tometer readings became erratic owing to the hydro-  
gen bubbles in the electrolyte. This was el iminated 
by placing the plastic sheet be tween the e lement  and 
the probe to shield it from direct impingement  of 
the bubbles. 

Several  interest ing phenomena  were observed dur -  
ing this work, which suggest that this ins t rument  or 

~__~~- - - ' - - -~ - - - J : - - - I  ~ I  ~ . . . .  

. . . .  ~ . : . ~ i ~ * ,  ~ ~ = :  . ,i,.~.~l, ~ ~l, = ~l, =.~1 = ~ ~ ~ - i ~  

> 
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Fig. 2. Photograph of a section of recorder chart showing the 
final 2.25 hr of a capacity discharge at the 8-hr rate at room 
temperature. A, Specific gravity (refractive index); B, discharge 
current, 5 amp; C, cell voltage. 
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modifications of it may be useful for more fundamenta l  
electrochemical investigations. The lead-acid cell used 
for this test contained no provision for s t i r r ing the 
electrolyte, and during charge as the positive plates 
began to gas significantly, before the negatives fin- 
ished, the refractive index passed through a max-  
imum. As the charge continued, the specific gravi ty 
decreased again as mixing  took place and ul t imately  
rose to the final and constant value. These effects 
'are a t t r ibuted to oxygen bubbles car ry ing  high density 
�9 electrolyte to the top of the cell from the reaction of 
'charge at the positive plate. This was followed by a 
second rise as the negative plates finished ch'arge and 
'began to gas freely, and ul t imately  by a leveling off 
as the electrolyte became thoroughly mixed. The rates 
of these changes might  be used, under  suitable experi-  
'mental conditions, to measure the difference in rates 
of charge of the positive and negative plates, and in 
diffusion rate studies. 

Immediate ly  on application of the charge or dis- 
charge current ,  the indioator showed a t ransi tory 
response that may mer i t  fur ther  investigation. It  is 
possible that the deflection was caused by differences 
in the rates of response of the anions and cations to 
the application of the electric field. The response t ime 
of the device is essentially limited only by the t ime 
constant of the photodetector and its associated cir- 
cuitry. Capil lary probes may be used, and the sensitive 
tip placed in  close proximity  to an electrode surface, 
wi th in  the diffusion layer. This suggests its possible 
use for est imating concentrat ion gradients near  the 
surface of an electrode, supplement ing Schlieren, in-  
terferometric,  and analyt ical  techniques (27-29). 

Manuscript  received June  22, 1966; revised m a n u -  
script received Sept. 1, 1966. This paper was presented 
at ~he Philadelphia Meeting, Oct. 9-14, 1966. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1967 JOURNAL. 

REFEREI~CES 
1. J. R. Par t ington,  "An Advanced Treatise on Physi-  

cal Chemistry," Vol. IV-Physieo-Chemical  Op- 
tics," Section X parts A and D., Longmans, Green 
and Co., New York (1953). 

2. L. W. Til ton and J. K. Taylor, "Physical Methods 
in Chemical Analysis," 2nd rev. ed., G. W. Berl, 
Editor, Vol. I, p. 412, Academic Press, New York 
(1960). 

3. K. Fajans,  H. Kohner,  and W. Geffcken, Z. Elek- 
trochem., 34, 1 (1928). 

4. A. Heydweiller,  Phys. Z., 26, 526 (1925). 
5 . A .  Fink, Osterr. Chem. Ztng., 55, 93 (1954). 
6. C. A. Clemens, Ind. and Eng. Chem., 13, 8.13 (1921). 
7. O. Bryngdahl,  Acta Chim. Scand., U, 1017 (1957). 
8. G. Spacu and E. Popper, Z. Physik. Chem., B25, 

46O (1934). 
9. Landolt-BSrnstein,  Physikal isch-Chemische Tabel-  

len II Erg. Vol. 2, 1931. 
10. "Handbook of Chemistry and Physics," 46th ed., p. 

D 127, The Chemical Rubber  Co., Cleveland 
(1965-1966). 

11. T. R. P. Gibb, Jr., "Optical Methods of Chemical 
Analysis," 1st ed., Chap. VII, p. 319 if, McGraw- 
Hill Book Co., Inc., New York (1942). 

12. J. Reilly and W. N. Rae, "Physico-Chemical  Meth- 
ods," 4th ed. revised, Vol. II, p. 224 ft., Methuen 
and Co. Ltd. London (1943). 

13. S. Claesson, Arkiv  Kemi. Mineral. Geol., 23A, 1 
(1946). 

14. P. Donzelot and G. Gamus, Compt. rend., 224, 336 
(1947). 

15. D. Zaukelies and A. A. Frost, Anal. Chem., 21, 743 
(1949). 

16. H. E. Jones, L. E. Ashman, and E. E. Stahly, ibid., 
21, 1470 (1949). 

17. G. R. Thomas, C. T. O'Konski,  and C. D. tIurd,  
ibid., 22, 1221 (1950). 

18. N. R. Trenner ,  C. W. Warren,  and S. L. Jones, ibid., 
25, 168.5 (1953). 

19. D. J. Fraade and O. D. Larison, ISA Journal, 6, 34 
(1959). 

20. L. E. Maley, ISA Trans., 1, 245 (1962). 
21. R. G. Robinson and J. T. Heinson, "Batteries 2," 

D. H. Collins, Editor, p. 407, Pergamon Press, 
New York (1965). 

22. G. W. Vinal, "Storage Batteries," 4th ed., John 
Wiley & Sons Inc., New York (1955). 

23. V. H. Veley and J. J. Manley, Proc. Roy. Soc., 76A, 
469 (1905). 

24. A. Hantzsch and F. Durigen, Z. physik Chem., 136, 
1 (1928). 

25. H. Kohner  and M. L. Gressmann,  ibid., A144, 137 
(1929). 

26. E. Goldstein, "A Refractive Liquid Level Sensor," 
in  preparation.  

27. A. Brenner,  Proc. Am. Electroplaters' Soy., 1941, 28. 
28. N. Ibl, Y. Barrada, and G. Trumpler ,  Holy. Chim. 

Acta, 37, 583 (1954). 
29. L. Stephenson and J. H. Bartlett ,  This Journal, 101, 

571 (1954). 

Blue Luminescence in Calcium Chlorovanadates 

M. A. Aia and Paul Lublin 
The Bayside Laboratory, Research Center of 

General Telephone & Electronics Laboratories Inc., Bayside, New York  

Reports on luminescence in  the vanadates  of cal-  
cium trove been widely scattered and inconsistent,  
probably  owing to the scarcity of definitive x - r ay  
diffraction data on the alkaline earth vanadates.  The 
phase diagram for CaO-V205 shows 3 phases, CaO. 
V205, 2CaO'V~Os, and 3'CaO-V205 (1). In  1926 RobI 
(2) reported redd ish-brown photoluminescence for 
Ca2V2OT. A few years later Schloemer (3) reported 
very weak red luminescence for CaV206. In  an exten-  
sive study of alkaline ear th  vanadates Rothschild (4) 
observed no measurable  luminescence in  either Ca2V207 
or Cas(VO4)2. Br ixner  and co-workers (5, 6) were the 
first to prepare large crystals (monoclinic) of 
Cas(VO4)2 suitable for s t ructural  studies, but  these 
were not luminescent  at room temperature.  European 
patents (7, 8) have disclosed luminescence in  the 
halovanadates of Sr, Ba, Mg, and Zn, but  not those of 
Ca. Kotera and S~kine (9) have reported strong blue 
luminescence unde r  2537A excitation in what  they 

reported was Ca2V~OT, al though they added large ex-  
cesses of CaO, as well  as 3% by weight  NH4C104, 
before firing. We prepared Ca2V2OT, but  observed no 
measurable  luminescence at room temperature;  in 
agreement  with Rothschild (4). However, we did ob- 
serve br ight  blue luminescence in  calcium chloro- 
vanadates  under  excitation by short-wave ul traviolet  
light. We found that  all of our luminescent  composi- 
tions contained CasCl(VO4)3 with the hexagonal  
s t ructure of the we l l -known phosphate mineral ,  apa- 
tite. 

Experimental 
Luminescent  calcium chlorovanadates were pre-  

pared by heat ing mixtures  of h igh-pur i ty  CaCOs, 
NH4VOs, and CaC12 (100-206% excess C1) in  covered 
silica crucibles for up to 20 hr in  air at 450~ fol- 
lowed by mor ta r ing  and retiring at 1000~ for 1 hr. 
Calcium chlorovanadates of lower brightness were 
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prepared  by heat ing nonluminescent ,  ch lor ide- f ree  
calcium or thovanadates  wi th  Ca /V mole ratios ~ 1.67 
in a dried s t ream of 10% I-IC1 -- 90% 02 for 1 hr at 
800~ X - r a y  diffraction analysis confirmed the for-  
mat ion of the apatite structure.  At  higher  t empera -  
tures, or in the absence of O2, large quanti t ies  of 
vanadium chlorides were  volatilized, leaving black, 
nonluminescent  residues. Similar  problems occurred 
when  NI-I4C1 was used as the source of chloride in 
the air-f ir ing process. We also prepared CasF(VO4)3 
with  the apatite s t ructure  and found no visible lumi-  
nescence at room tempera tu re  or at l iquid ni t rogen 
temperature .  

X - r a y  diffraction data were  obtained from a cali- 
bra ted Phi l ips-Nore lco  Diffractometer,  using Ni-  
fil tered CuK~ radiat ion and scanning at l ~  Pho-  
toluminescence data were  obtained in the region 200- 
700 nm on an Aminco -Bowman  spectrophotofluor-  
ometer  using a xenon lamp as the source and an RCA 
1P28 or 6217 photomult ipl ier  as the detector. Cathodo- 
luminescence was tested in a demountab le  cathode-  
ray tube operated at a 15-kv accelerat ing potent ial  
and a 0.5 ga /cm 2 anode current  density on the phos-  
phor screen. The phosphor was sett led at 5 m g / c m  2 
on 1 x 1 in. plates of Corning EC (electr ical ly con- 
ducting) glass. 

Structural S tudies . - -Klement  and Har th  (10) pre-  
pared calcium halovanadates  wi th  the apati te struc- 
ture from melts of NaC1, NaBr, and NaI, but did not 
give data on ei ther the luminescence or the cell pa-  
rameters  for these compounds. The d-spacings and 
re la t ive  intensities of CasCl(VO4)8 differ considerably 
f rom those of the corresponding chlorophosphate due 
to the larger  a uni t -cel l  dimension of the chlorovana-  
date and to the greater  scat ter ing power  of V vs. P. 
Latt ice parameters  of both the f luorovanadate and 
chlorovanadate  of Ca are compared to those of the 
corresponding phosphates in Table I. The parameters  
were  de termined  by the method of least squares. 

It is not yet  known whether  the same s t ructura l  dif-  
ferences that  exist  be tween  the chloro and fluorophos- 
phates (13) also exist be tween  the chloro and fluoro- 
vanadates.  

We prepared chlorovanadates and fiuorovanadates 
of Sr and Ba and found that  these also had the apa- 
tite structure,  wi th  larger  lattice parameters  than 
those of the corresponding calcium vanadates.  The 
resul ts  wil l  be presented in a more comprehensive  re-  
port  on x - r a y  diffraction studies of group II vana-  
dates. 

Luminescence studies.--The blue emission band of 
calcium chlorovanadate  is similar to that  of CaWO4 
(14) a l though sl ightly narrower .  The emission under  

shor t  uv  extends f rom approximate ly  340 to 590 nm 
and peaks at 445 nm, as compared to CaWO4 which 
peaks at 450 nm. It is known that  the t rue emission 
peak for CaWO4 is close to 425 nm; hence the t rue 
emission peak for calcium chlorovanadate  probably  
lies near  420 nm. The exci tat ion band is also broad 
(220-380 nm) ,  and overlaps that  of the emission band. 

~ e a k  excitat ion was obtained near  305 nm as com- 
pared to 274 nm for CaWO4, which is consequent ly 
much br ighter  under  2537A light. The absolute values 

Table I. Comparison of unit-cell sizes of halovanadates and 
halophosphates of calcium 

Apatite* 
compound a, A c, A e/a Ref. 

CasCI (VO4)3 10.16 6.79 0.668 This work 
CasCI(POD 3 9.63 6.78 0.704 (11, 12) 
CasF (VOD a 9.67 7.01 0.725 This work 
Car, F ( P O D  3 9.37 6.88 0.735 (13) 

* 2 m o l e c u l e s  P e r  u n i t - c e l l ;  t h e  h e x a g o n a l  s p a c e  g r o u p  of a p a t i t e  
is P 6 a / m  = C%~. 

of the exci tat ion peaks are in doubt because the ap- 
parent  excitat ion curves were  not readi ly  corrected 
for the vary ing  output  of the xenon source as the 
range 200-400 nm was scanned. Unl ike  CaWO4, the 
chlorovanadates  exhibi ted only very  weak blue emis-  
sion when  excited by cathode rays. 

The intensi ty of photoluminescence,  as wel l  as the 
s t ructure  of the mater ia l ,  was considerably influenced 
by the Ca /V  mole ratio of the chlorovanadate  phos- 
phors and best results were  obtained when excess 
CaCO3 was added, as shown in Table  II. The br ight-  
est phosphor (Ca /V = 2.5) actual ly consisted of 3 
phases which were  present  in the fol lowing amounts  
by weight:  CasC1 (VO4) 3 about 50%, Can (VO4) 2 about 
40%, CaO about 10%. On a molar  basis the CaO con- 
tent  was close to 25%. The Ca~(VO4)2 was identified 
by comparing the d-spacings to those we  obtained 
f rom a single crystal.  1 Simi lar  samples p repared  wi th -  
out  chloride did not  exhibi t  e i ther  luminescence or 
apati te s t ructure  unti l  they were  retired in an at-  
mosphere of 10% HC1 --90% 02 at 800~ In no case 
was CaC12 or its hydrates  detectable  by x - r a y  diffrac- 
tion analysis. Because nei ther  the exci tat ion nor the 
fluorescence peaks for photoluminescence shifted de- 
tectably with  the appearance of f ree  CaO in the x - r a y  
diffraction patterns, the luminescence appears to orig-  
inate in the vanadate  groups and not  in the CaO. This 
was confirmed by experiments ,  in which CaO was 
leached out wi th  dilute HC1 wi thout  loss in brightness. 

The brightness of samples containing free CaO was 
found to deter iorate  on prolonged standing in am-  
bient air. Concurrently,  the format ion of Ca(OH)2 
was detected by x - r a y  diffraction. The f ree  CaO 
seemed to be leached out wi th  2% HCI solution, as 
evidenced by the disappearance of the intense diffrac- 
tion lines at d ~ 2.40 and 1.70A. However ,  an even 
more  intense line at d = 2.77A was not affected. Fu r -  
thermore,  the HC1 t rea tment  sometimes caused the 
surface of the white  powders  to turn  yel low and in 
no case improved the initial brightness significantly. 
The persistent,  intense line at d = 2.77A is puzzling 
since it was not observed in ei ther pure  CasCI(VO4)3 
or Ca3(VO02 and was bel ieved due ent i re ly  to CaO, 
in which case it should have been diminished by the 
tIC1 treatment .  

Despite the p rox imi ty  of the ionic radius of Mn 2+, 
Tb 3+, or Ho 3+ to that  of Ca 2+, it was not possible to 
obtain efficient emission at room tempera tu re  by add- 
ing MnCI2, Tb~O3, or Ho2Oa to the calcium chloro- 
vanadates  even when Na + was added (as NaC1) for 
charge compensation. The results were  somewhat  bet-  
ter  wi th  Eu203 doping. The range 0.04-0.16 mole Eu 
per mole Ca5 C1(VO4)3 was invest igated;  both the blue 
host emission and the characteris t ic  red  Eu  3+ emis-  
sion were  obtained, the fo rmer  in lowest  yield and 
the la t ter  in highest  yield at 0.04 Eu (1% by wt ) .  
As with many other  se l f -ac t ivated phosphors, the 

1 S i n g l e  c r y s t a l s  k i n d l y  s u p p l i e d  b y  L.  H.  B r i x n e r  of t h e  D u P o n t  
L a b o r a t o r i e s .  

Table I]. Effect of Ca/V mole ratio on intensity of 
photoluminescence and structure of calcium chlorovanadates 

(CI/V mole ratio ~ 1.0) 

R e l a t i v e  i n t e n s i t y *  
M o l e  r a t i o  a t  445 n m  P h a s e s  f o u n d  

Ca/V (rx = 305 nm) (x-ray diffraction) 

1.6"/ ( t heo r . )  18 Ca~CI (V04) 8 
2.0 87 Ca5Cl (VODs + Caa(VODs** 

+ C a O  
2.5 105 Ditto but more CaO 
3.0 60 Ditto but still more CaO 

* I n t e n s i t i e s  a r e  g i v e n  v s .  CaWO~ ( S y l v a n i a  No.  2402) e x c i t e d  
a t  k = 274 n m  w h e r e  t h e  p o w e r  o u t p u t  of  t h e  x e n o n  s o u r c e  w a s  
less  t h a n  a t  305 n m .  

** T h e  4 m o r e  i n t e n s e  x - r a y  d i f f r a c t i o n  l i n e s  f o r  m o n o c l i n i c  
Ca3(VOD~ i n  t h e  r a n g e  4-90  d e g r e e s  28 o c c u r  a t  d = 3.307 (25) ,  
2.943 (100) ,  2.832 (20) ,  a n d  2 .698A (50) .  R e l a t i v e  i n t e n s i t i e s  a r e  
given i n  p a r e n t h e s e s .  
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intensi ty  of photoluminescence in all the calcium 
chlorovanadates prepared, doped or undoped, was 
much higher at l iquid ni t rogen temperature  than  at 
25~ For example, at 77~ the respective emissions 
of Tb 3+ (yel low-green)  and Ho 3+ (b lue-green)  were 
clearly visible in samples doped with the appropriate  
rare earth oxide, although at room tempera ture  no 
luminescence at all was seen under  uv excitation. 

We prepared SrsCl(VO4)3, SrsF(VO4)3, BasCl(VO4)3, 
and BasF(VO4)8 powders with the apatite s t ructure  
and found they were efficiently excited by long-wave-  
length uv, as might be expected (8). The excitat ion 
peak for all four of these compounds was in the. wave-  
length region 338-348 rim; the emission from the 
s t ront ium vanadates  was bright  yel low-whi te  at room 
tempera ture  while that from the bar ium vanadates  
was br ight  green-white .  These phosphors were  also 
much br ighter  when  reduced to the tempera ture  of 
l iquid nitrogen. 

Discussion and Conclusions 
It is significant that chloride is essential in the prep-  

arat ion of luminescent  calcium vanadates  since, wi th-  
out it, the apatite s t ructure is not formed. There is 
little doubt that the blue luminescence arises in  the 
te t rahedral ly  coordinated VO4 groups of CasCl(VO4)3 
and that the process is critically affected by the local 
site symmetry.  For example, there is no visible fluor- 
escence in CasF(VO~)z which may  have a slightly 
different structure. It now seems possible that the 
b lue-emi t t ing  materials  prepared by Kotera and Se- 
kine (9) actually contained CasCl(VO4)3 since all the 
essential ingredients  were present  in their procedure. 
A large influence of the cations (i.e., Ca 2+, Sr 2+, or 
Ba2+), as well  as the halide ions on the luminescence 
in halovanadates with the apatite s t ructure has also 
been suggested by the present  work. 
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The System PbNb20o and Its Bearing on the 
Growth of Single Crystals of the Ferroelectric Polymorph 

V. G. Hill and R. I. Harker 
Tem-Pres tlesearch, Incorporated, State College, Pennsylvania 

Lead metaniobate  exists as tetragonal, rhombo-  
hedral,  and orthorhombic polymorphs. Francombe 
(1) and Roth (2, 3) showed that  the orthorhombic 
modification, which was first discovered by Goodman 
(4) is metastable at atmospheric pressure. Francombe 
also reported that the most stable low tempera ture  
phase was the rhombohedral  polymorph, which t rans-  
forms at 1200~176 to the tetragonal  form. The 
orthorhombic polymorph is a ferroelectric mater ia l  
with a Curie point  o~ 560~ (5). It is unique  among 
the structures which contain a highly polarizable ion 
with a noble gas electronic configuration, in that  it 
is not pseudo-cubic. Good single crystals of this 
polymorph are desirable for electronic studies and de- 
-vices because polycrystal l ine materials  are nei ther  
reliable nor as strongly ferroelectric. 

Polycrystal l ine samples are obtained by firing at 
temperatures  above 1250~ Columnar  crystals 2-3- 
mm in length have been obtained by heat ing the 
mater ia l  above 1350~ and then crystallizing the melt  
by slow cooling (1). In  both cases, the te tragonal  
polymorph was formed stably at high temperatures,  
pres~erved metas tably  on cooling, and prevented from 
passing through a ra ther  sluggish invers ion to the 
stable rhombohedral  form. The resul tant  mater ia l  
then passed through the enantiotropic invers ion to 
the ferroelectric, metastable orthorhombic form. 

No data was found in the l i terature  on the effect 

of pressure on the stabili ty relations of the or thorhom- 
bic form. The calculated specific gravities of the 
orthorhombic, tetragonal,  and rhombic polymorphs 
are 6.7, 6.5, and 7.3, respectively. On the basis of 
these figures, and disregarding the effect of tempera-  
ture, increasing pressure might  be expected to in -  
crease the stabili ty field of the rhombohedral  poly- 
morph at the expense of the te tragonal  polymorph. 
However, considering the metastable equi l ibr ium sim- 
ilarly, pressure might  be expected to increase the field 
of the orthorhombic form relat ive to the tetragonal  
form. I t  was argued that if the lat ter  consideration 
prevailed, then high pressure techniques might  be 
used to grow large crystals of the ferroelectric form. 
An al ternat ive growth method might  also be indicated 
by the phase relations. 

Starting Materials and Equipment 
The phase relationships in  the system were deter-  

mined using (a) external ly  heated cold seal test tube 
vessels of Stellite or Ren6 in  conjunct ion with a Tem-  
Pres Model HI=t-IB-4 hydro thermal  un i t  (6, 7, 8), (b) 
in te rna l ly  heated hydrostat ic pressure apparatus, 
Tem-Pres  Model PV-3C-2 (7), and (c) e ternal ly  
heated uniaxial  pressure device, Tem-Pres  Model 
SJ-100 (9). The sample, and a small amount  of water  
or other solvents where necessary, were sealed in 
gold or p la t inum tubes for reaction in the first two 
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units. In the uniaxial  press, the sample was a small  
wafer  surrounded by a nickel  r ing sandwiched be-  
tween p la t inum foil disks, and pressed be tween the 
faces of carbide anvils. The durat ion of the runs 
varied, depending on the conditions employed. Runs 
were  from half an hour, when  very  high pressure and 
high tempera ture  runs were  made, to about two weeks 
for runs at the lowest tempera tures  and pressures. 
Runs made at atmospheric pressure in plat inum 
wound quench furnaces were  on samples sealed in 
2.5 or 5 m m  diameter  pla t inum tubes to prevent  
changes in the compositions of mixtures  due to vola-  
ti l ization of lead. 

Phases were  identified by x - ray  diffraction methods, 
supplemented with the petrographic  microscope. 

The start ing mater ia ls  used were:  (i) Stoichio- 
metr ic  mix ture  of PbO and Nb2Os: This mix ture  was 
prepared by grinding the weighed amounts of the two 
previously dried oxides under  acetone for about 2 hr. 
(ii) Polycrysta l l ine  rhombobedra l  PbNb206: This was 
prepared by heat ing the stoichiometric mix ture  to 
1000~ for about 1 hr in a sealed plat inum tube. (iii) 
Polycrysta l l ine  or thorhombic PbNb206: This was pre-  
pared by firing the rhombohedra l  form at 1250~ in 
a sealed plat inum tube for 1 hr. 

Experimentation and Results 
Figure  1 shows the stabili ty relations among the 

phases in the system PbNb~O~ as de te rmined  in this 
work. The or thorhombic  form has no stabili ty field in 
the p- t  range studied. When the mixed oxides were  
used as start ing mater ia l  a mix ture  of rhombohedra l  
PbNb206, a pyrochlore type compound (probably 
3PbO �9 2Nb205), and or thorhombic  PbNb~O6 were  
formed below 500~ and pressures over  50,000 psi. The 
or thorhombic  PbNb2Os obtained was probably a solid 
solution containing excess Nb2Os. The 3PbO �9 2Nb205 
phase and or thorhombic PbNb206 formed metastably 
in runs of a few days, but  rhombohedra l  PbNb~O6 re -  
sulted when the durat ion of the run  exceeded seven 
days. 

On  the basis of the data obtained, the only possi- 
bil i ty of obtaining single crystals of the or thorhombic 
form is by metastable  transformation.  This approach 
introduces the problem of avoiding the sluggish t rans-  
format ion to the stable rhombohedra l  polymorph.  
There  is also the problem of going through the te t rag-  
onal -or thorhombic  t ransformat ion without  damaging 
the crystal  extensively.  A study was therefore  made  
of the effects of dopants on both the te t ragonal-  
rhombohedra l  and te t ragonal -or thorhombic  t ransfor-  
mations. It  was found that  the addition of up to 4% 

ZrO2 or TiOe did not affect the equi l ibr ium phase 
relations shown in Fig. 1, but  had a marked  effect of 
decreasing the rate of inversion when the react ion was 
done "dry." Under  "wet"  or hydro thermal  conditions 
the ra te  of this inversion to the rhombohedra l  form 
was increased by the dopants and the doped ortho-  
rhombic  polymorph easily inver ted  to the rhombo-  
hedral  polymorph in its stabil i ty field. 

Since it was not possible to stabilize the ortho- 
rhombic  polymorph by using dopants, the te t ragonal-  
or thorhombic inversion was studied to determine  if 
crystal  damage could be minimized. The D.T.A. curve 
for or thorhombic PbNb206 was obtained be tween  300~ 
and 650~ at a heat ing rate  of 10~ An exo-  
thermic react ion was detected at 560 ~ • 10~ at 1 atm 
pressure. The peak obtained on the heat ing cycle was 
re la t ive ly  sharp while  that  on the cooling cycle was 
somewhat  broadened. It  was also found that  the ob- 
served or thorhombic  to te tragonal  inversion tempera-  
ture increased sl ightly wi th  increased part icle size. 
This may be simply the result  of the rest raining effect 
of the larger  crystal. The ra te  of inversion to the 
rhombohedra l  form was very  sluggish and this form 
was not detected in mater ia l  which  had been through 
three heat ing and cooling cycles encompassing the in- 
version. At tempts  were  made to study the effects of 
pressure on the or thorhombic  to te tragonal  inversion 
using a Tem-Pres  high pressure D.T.A. a t tachment  
(10). However ,  the small  enthalpy involved (about 
8% that of cryoli te)  prevented  detection o.f the in- 
version with any degree of certainty.  

The Bridgman method of crystal  growth was se- 
lected for more detailed study as a possible method 
for growing the or thorhombic polymorph. Because of 
the high melt ing tempera tures  involved,  and the var i -  
able valences possible for niobium, precautions had to 
be taken to prevent  the loss of oxygen f rom the com- 
position; otherwise a darkening of the crystals re-  
sulted. A stoichiometric mix tu re  of PbO and Nb205 
was first heated to 900~ and homogenized by grind-  
ing. The product  was t ransferred to a special Bridg-  
man  crucible which was sealed by arc welding, and 
then fired at 1200~ for 2 hr. Final ly  the ent ire  con- 
tained charge was mel ted  by heat ing to 1350~ In 
these exper iments  the sealed crucible was lowered 
through the furnace at 4-6 cm/hr ,  which corresponded 
to an initial cooling rate of less than 0.4~ and a 
mean rate  of 4~  unti l  the tempera ture  of the 
charge was 1150~ At this t empera ture  the charge 
was cooled rapidly to 650~ in order to avoid inversion 
to the rhombohedra l  form. The slow cooling was again 
resumed in an a t tempt  to minimize  the disrupting 
effect of the inversion. Various programs including 
much slower and much faster  cooling rates of the te-  
t ragonal  polymorph were  tr ied in an effort to reduce 
significantly the damage done to the crystals. It  was 
found that  when the mel t  was slowly cooled f rom 

Fig. 2. Less well defined domain structures in cleavage frag- 
ments from PbNb206 which was cooled slowly to 1250~ and 
then cooled rapidly to room temperatures. 
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Fig. 3. Intricate domain structures in orthorhombic Pbblb206 
which was cooled slowly. Thin cleavage fragment as seen in trans- 
mitted light. 

1350 ~ to 1200~ and then immedia te ly  removed  from 
the furnace the resul t ing product  showed only minor  
amounts  of cracking. Some fragments, of this did not 
show the usual  coarse domain structures, and their  
qual i ty was good, see Fig. 2. The fine domains in these 
were  of the order of 0.002 m m  as compared to 0.01 
rnm in other  specimens, see Fig. 3. 

Pe t rographic  examinat ion  of thin sections f rom 
other  specimens showed that  severa l  nuclei  developed 
in the cone of the crucible but  a dominant  one finally 
extended into the main body of the crucible. One 
section did not ext inguish under  crossed incols, but 
the cleavage and domain structures appeared to have 
the same or ientat ion throughout  the main  mass of the 
sample, indicating that  a large single crystal  existed 
before the inversion took place and shat tered the 
material .  

Examinat ion  of the surfaces of uncleaved and 
f reshly  cleaved flat flakes showed an intr icate pat tern  
of re la ted features, in addit ion to the obvious cracks 
(Fig. 4). These features do not resemble any o~ the 
domain  patterns which had been seen in t ransmit ted  
light, and perhaps are  not re la ted to them. We con- 
clude that  they are growth  features  exposed by c leav-  
age along a single crystal lographic plane. 

The products f rom these runs were  cracked to va ry -  
ing degrees. Some of the pieces (weighing 1-3g) ap- 
peared to be f ragments  f rom a single crystal. This was 
supported by x - r a y  diffractometer  tracings obtained 
from polished faces of these fragments .  In all cases the 
only reflections obtained were  the different orders 
from the same plane. 

Laue photographs from the upper  surface of the 
mel ted products of the other runs indicate that  the 
surfaces contained areas which were  misoriented with  
respect  to the main  mass. This was probably confined 
to the upper  surface which  definitely appeared to be a 
polycrystal l ine mosaic, and usually cracked. 

The  crystals grown var ied in color from colorless to 
pale straw. 1 Examinat ion  of the larger  f ragments  wi th  
a binocular  microscope showed that  they are all 
cracked, badly strained, and twinned. Many of them 
have  a wel t  developed ne twork  of fractures.  By pet ro-  
graphic examinat ion of thin f ragments  and sections, a 
marked  mosaic s t ructure  bounded by (110) twin 
pairs was apparent.  Domain structures as small  as 
0.005 mm were  observed, but size and density varied. 
A few pieces, however ,  do not contain domain struc- 
tures but  instead a fibrous or in te rwoven  pattern.  
These f ragments  would immedia te ly  develop a do- 
main s t ructure  when  stressed by simple mechanical  
techniques such as squeezing or probing. It  logically 
follows that  the prepara t ion of the thin sections may 
have induced much twinning and domain structure. 
It  was also noted that  some of the features developed 

1 N o n s t o i e h i o m e t r i c  PbNb206 ,  w h i c h  w a s  f o r m e d  w h e n  t h e  m a t e -  
r i a l  w a s  f i red  in  a i r  v a r i e d  in  co lo r  f r o m  p a l e  g r e e n  to m u c h  d e e p e r  
g r e e n ,  a n d  w a s  o p a q u e  in  t h i c k e r  s ec t ions .  

Fig. 4a. 

Fig. 4b. 

Fig. 4c. Microscopic structures seen in reflected light an indi- 
vidual orthorhombic cleavage flakes. 

by mechanical  stress s t rain re laxed in a few minutes 
while  the samples were  under  the microscope. 

Discussion of  Results 
It appears that  or thorhombic lead metaniobate,  even 

when  doped wi th  small  amounts of ZrO2, has no sta- 
bi l i ty field at t empera tures  below 1150~ and pres-  
sures up to 25 kilobars and it is, therefore,  unl ikely 
that  large single crystals of this mater ia l  can be grown 
hydrothermal ly .  A choice of methods involving the 
g r o w t h  of the te t ragonal  phase in its stability field 
and convert ing this to the or thorhombic phase re-  
mains. The te t ragonal  to or thorhombic  inversion pro-  
duces a discontinuous change in cell dimension, and 
large anisotropic strains develop. Francombe and 
Lewis (5) re la te  this to the appearance of spontane- 
ous ferroelectr ic  strain, and an increase in the co- 
va len t  character  of the Pb-O bonds. The lat ter  could 
resul t  in 001-type cleavage as was found in or thor-  
hombic PbNb206. This mechanism could explain the 
f requent  f ractur ing of crystals grown by the Br idg-  
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man  technique. The crystals tend to fracture but  the 
degree of f ractur ing has no simple relationship to 
conditions of growth of the crystals. The rapid 
quenching of the run  after the tetragonal  phase has 
crystallized, but  before it  inverts  to the rhombo-  
hedral  phase, seems to result  in an improved product. 
It was also observed that the crystals became twinned 
and even fractured because of ordinary handling.  In  
some experiments,  clean PbNb206 splinters were ob- 
served to develop cracks and otherwise relieve strain 
under  the microscope. Annea l ing  the crystals at the 
Curie point  does rel ieve some of the stresses but  re -  
sults in increased fracturing. 

The abil i ty to re-or ient  the crystallographic axes 
of the crystals by mechanical  stresses does, however, 
appear to offer some hope for a method of producing 
single domain crystals, or at least crystals with fewer 
large domains from a crystal which has passes through 
the Curie point. 
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Epitaxial InAs on Semi-Insulating GaAs Substrates 

G. R. Cronin, R. W .  Conrad, and S. R. Borrello 

Texas  Ins t ruments  Incorporated, Dallas, Texas  

The preparat ion of h igh-pur i ty  ind ium arsenide has 
been reported by several laboratories working  with 
crystals grown from the mel t  (1-3). Both horizontal  
ingot growth and vert ical  pul l ing techniques have 
been employed in obtaining h igh-pur i ty  n- type  ma-  
terial with excess carrier concentrat ions of about 1-2 
x 1016/cm s at 300~ Excess carrier concentrations less 
than 1016/cm s, however, have not been easily achieved. 
By extensive purification of both indium and arsenic, 
Effer (2) prepared an apparent ly  uncompensated  sam- 
ple of InAs whose electron concentrat ion at 77~ was 
8.0 x 1015/cm~ with a mobil i ty of 75,700 cm2/v-sec. 
Vapor growth of InAs has been achieved by a halide 
t ransport  technique analogous to that which t rans-  
ports GaAs (4-6). Some difficulty of electrical evalua-  
tion exists, however, unless measurements  can be 
made on discrete crystals of vapor grown mater ial  or 
the mater ia l  is deposited on an insula t ing substrate. 
In  this series of experiments  the substrate chosen for 
deposition was chromium-doped GaAs since the semi- 
insula t ing  property of this mater ial  allows u n a m -  
biguous electrical evaluat ion of the deposit. Fu r the r -  

3 ZONE FURNACE 
k\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\~l 

I 
HF~J2 SH,~ F LUTH" v ~----~ 2-WAY BURN~ 

L Pl Lli / 
H211- f [ BLER . . . . . .  0 L TRAP He~ I L ~u u "*2 

Fig. 1. Epitaxial reactor flow system for deposition of InAs. 
Lines are stainless steel up to flow meters, Teflon lines beyond. 

more, semi- insula t ing GaAs is readily available, easy 
to polish, and has the same crystal s tructure as InAs. 

Experimental 
The reactor and flow systems are shown in Fig. 1. 

All hydrogen is purified by pal ladium diffusion. The 
HC1 required for indium transport  is prepared as 
needed by bubbl ing hydrogen through pure AsCla in  
a gas-saturator  system. The arsenic trichloride used 
in these experiments  is distilled from commercial  re-  
agent grade anhydrous AsCls. Disti l lation is accom- 
plished with a twelve foot column packed with Pyrex  
helices and operated with a reflux ratio of about 30 
to 1. The distilled AsCls contains no detectable im-  
purities. This mixture  of AsCls and hydrogen passes 
through a quartz tube filled with quartz chips and 
heated to about 880~ The reduced arsenic condenses 
on the cool walls of the quartz tube outside the re-  
duction furnace and the resul t ing HCl-hydrogen mix-  
ture is introduced into the reactor. An advantage of 
this technique is that  the HC1 is prepared as needed 
and storage of the compressed gas in steel containers 
is unnecessary.  

HYDROGEN 

~_ARSENIC ZONE ~'~ ~"~ INDIUM ZONE "~'~ L'-SUBSTRATE| ZONE 

HYDROGEN ~CONTROL 
+HCI ARSENIC THERMOCOUPLE SUBSTRA 

CONTROL WELL 
THERMOCOUP-LE 

WELL 
Fig. 2. Detail of source and substrate zones of the reactor 
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Table I. Temperature and flow conditions for epitaxial InAs 
deposition 

EPITAXIAL InAs ON GaAs SUBSTRATES 

T e m p e r -  F l o w  r a t e ,  
a t u r e ,  ~ C c c / m i n  

Arsenic  4 3 0  30  (H~) 
I n d i u m  870  60  ( H C 1 / H , )  
S u b s t r a t e  740  - -  
E x c e s s  h y d r o g e n  - -  30  

flush 
AsCl8 r e d u c t i o n  S80 -- 

f u r n a c e  

A detailed sketch of the reactor  proper  is shown in 
Fig. 2. A three-zone furnace is used to provide inde-  
pendent  control over  the arsenic, indium, and sub- 
strate zones of the reactor. Typical  operat ing condi- 
tions of flow rates and tempera tures  are shown in 
Table I. Tempera tures  are controlled to wi th in  • I~ 
wi th  proport ional  control  equipment.  Arsenic vapor  
is t ransported to the substrate zone by passing hy-  
drogen over  heated arsenic. Ind ium transport  is 
achieved wi th  the volat i le  monochloride prepared  by 
passing a mix ture  of pure  HC1 and hydrogen over 
e lementa l  indium mainta ined at a t empera tu re  of 
870~ Both the arsenic and the indium are commer-  
cially available research grade materials,  99.9999% 
pure. 

GaAs substrates, 30 mils thick, were  cut on the 
(100) orientat ion and polished on a paper  pad wet  
wi th  sodium hypochlor i te  solution after  the manner  
of Reisman and Rohr  (7). 

Initially, three substrate orientations were  exam-  
ined: the (100), ( l l l ) A ,  and ( l l l ) B .  Since the best 
crystal l ine s t ructure  and highest growth ra te  were  
obtained wi th  the (100), all fu r ther  work  was done 
on (100) substrates. Polishing t ime is approximate ly  
2 hr  during which t ime about 3 mils are r emoved  
from the surface of the substrates. Since the sub- 
strates are polished in batches and some storage is 
necessary, they are given one fur ther  chemical  etch 
individual ly  just  before being placed in the reactor.  
This final etch consists of 15 cc of 5H2SO4-H20-H202 
mix tu re  for 5 min  fol lowed by 5 addit ional  minu.tes in 
the same solution to which 5 cc of H~O have  been 
added. The lat ter  etching is carr ied out in a rotat ing 
beaker.  

Hall  coefficient and resis t ivi ty measurements  were  
made by e i ther  of two procedures:  (i) an a-c  tech- 
nique using ul t rasonical ly  cut s ix -a rmed  specimens 
to which contacts were  indium-soldered,  and (ii) 
a d-c  method using rec tangular  shaped samples, con- 
tacts being made wi th  indium plated phosphor bronze 
strips. Both methods yielded the same results and were  
used interchaageably.  

The epi taxial  layer  thicknesses were  de termined  
by microscopic examinat ion  of c leaved edges or by 
bevel  lap techniques. Single crystal l ini ty  and epi taxial  
or ientat ion were  established by optical microscopy 
and x - r a y  diffraction. 

In addition, spectral  t ransmission measurements  
were  made on the epi taxia l  layers and the absorption 
coefficient in the absorption edge region was found 
to be the same as that  for me l t - g rown  material .  

Results 
Under  the operat ing conditions shown in Table I, 

we have observed growth rates of 30-40 ~ /h r  on (100) 
or iented substrates. F igure  3 shows the surface and 
cleaved edge of a layer  produced under  these condi- 
tions. The layer  is easily seen under  a microscope be-  
cause of a faint  but  distinct color difference. For  the 
purpose of obtaining clearer  pictures the cleaved edge 
shown in Fig. 3 was stained for about  1 sec in the 
same sodium hypochlori te  solution used to polish the 
substrates. This solution darkens the substrate but  
leaves the InAs layer  apparent ly  unchanged. The de- 
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fect density revea led  by etching the surface with a 
3:1 mix ture  of HNOs-HF is re la t ive ly  low. The smooth 
cleavage characterist ics on (110) planes, s imilar  to 
bulk material ,  are general ly  associated with smooth, 
shiny layers having  low surface defect  density. 

For  our par t icular  reactor  system, any significant 
depar ture  f rom the arsenic t empera tu re  and HC1-H2 
mix ture  flow rate  shown in Table I adverse ly  affects 
the physical  propert ies  of the deposits. F igure  4 shows 
the etched surface and c leaved edge of  a layer  p re -  
pared under  arsenic-deficient  conditions. The poor 
surface and cleavage characterist ics and i r regular  in-  
terface are typical of layers  grown ind ium-r ich  and 
are suggest ive of al loying between excess indium and 
the GaAs substrate. Growth  under  indium-def ic ient  
conditions general ly  results in sharp, planar  in ter -  
faces but  dull surfaces wi th  high defect densities and 
poor cleavage characteristics. 

In general,  most of the surface i r regular i t ies  we 
have observed have the appearance of line defects 
lying in ~110~  directions. They bear a marked  re -  
semblance to line defects which have been observed 
in both GaAs(8)  and silicon (9). Al though these de- 
fects appear to originate at the epi taxial  interface, we 
bel ieve that  in general  they are  not only a result  of 
substrate imperfect ions but also appear  to be asso- 
ciated with  incorrect  vapor  composition. Analogous 
effects of vapor  composition on the morphology of 
epi taxial  GaAs layers has been described by Ewing 
and Greene (10). 

The electron mobili t ies and excess car r ie r  concen- 
trations at room tempera tu re  and 77~ for a number  
of samples are shown in Table II. Samples 1 through 
6 were  prepared at or  near  the operat ing conditions 
of Table I. Samples grown over  a wide range of 
t empera ture  and flow rate  conditions have  invar iably  
been n-type.  Mater ial  wi th  excess eleatron concentra-  
tions less than 2 x 1016/cm 3 seems to be ra ther  easily 
obtained. The best sample we have prepared  has an 
electron mobil i ty  at 77~ of 7.04 x 104 cm2/v-sec at 
6.1 x 1015 e lec t rons /cm 8. 

We have also obtained samples which, unlike mel t -  
grown material ,  show unusual ly  low excess electron 

Fig. 3. Etched surface (upper) and cleaved edge (lower) of 
InAs layer prepared under optimized conditions (Table I). 

Fig. 4. Etched surface (upper) and cleaved edge (lower) of InAs 
layer prepared under indium-rich conditions. 



1338 D e c e m b e r  1966 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

Table II. Hall and resistivity data for InAs layers on GaAs* substrates 

R o o m  t e m p e r a t u r e  7 7 ~  

S a m p l e  L a y e r  R e s i s t i v i t y ,  M o b i l i t y ,  E x c e s s  c a r r i e r  R e s i s t i v i t y ,  M o b i l i t y ,  E x c e s s  c a r r i e r  
N o .  t h i c k n e s s .  ~ o h m - e r a  c m - ~ / v - s e c  e o n c ,  c m - ~  o h m - c m  e m ~ " / v - s e e  c o n c ,  c m  -~ 

1 24 2.7 • I0 --~ 2.1 • 104 i , i  x I016 1.4 • 10 -2 
2 16 2.0 • i0 -~ 2.0 x I0~ 1.7 • I0 TM I . i  • I0 -r 
3 14 2.2 • i0  -~ 1.9 • I0~ 1.5 • I01O 1.2 • i0-'-' 
4 2 0  8 .2  • 10-'-' 2 . 3  • 1 0  ~ 8 .7  x 10  ~ 1 .5  x 10  -2 
5 28 8.7 • 10 -2 1.7 X i04 4.2 x i015 4.2 • I0 -r 
6 24 2.0 x i0 --~ 2.1 X I0~ 1.5 X I016 1.3 x i0-2 
7 15 1.6 X 10 -1 5 .8  x 103 6 .8  x 1012 5 .6  X 10  -1 
8 14  8 ,7  • 10 -1 3 ,6  • 108 2 .0  X 1015 3 .3  • 101 

5 .9  • 10~ 7 .6  x 1015 
4 . 8  • 104 1.2 • 1018 
5 ,3  • 104 9 .8  • 1015 
7 .0  • 10~ 6 .1  • 1015 
5 .9  • 10~ 2 .5  • 1015 
5 .8  x 10  4 8 .2  x 10 ~ 
3 .2  x 10  a 3 .5  x 10 ~ 
3 .9  x 102 4 .8  x 101~ 

* C h r o m i u m - d o p e d ,  s e m i - i n s u l a t i n g  (10~ o h m - c m  a t  3 0 0 ~  ( I 0 0 )  

concentrations (see samples 7 and 8 of Table II) .  
These samples also show low mobilities at both room 
tempera ture  and 77~ suggesting a high degree of 
compensation. This k ind of mater ia l  is obtained only 
when arsenic temperatures  much higher than  opt imum 
a r e  used. However, we have not been able to prepare 
p- type InAs by this method. 

Two possible explanations for the dependence of 
the electrical properties of epitaxial  InAs on the va-  
por composition can be proposed. First, large deviations 
from the opt imum vapor composition may promote the 
formation of physical defects. At high arsenic con- 
centrations, arsenic interst i t ials  and ind ium vacancies 
are the simplest point defects which could show ac- 
ceptor properties (11). Second, changes in  vapor 
composition might significantly alter the vapor-solid 
segregation coefficients of residual  impuri t ies  present  
in the arsenic. 
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The Repeatability of the Anode Effect in Cryolite-Alumina Melts 
B. J. Welch and R. J. Snow 

School o] Chemical Technology, The University o~ New South Wales, Kensington, New South Wales, Australia 

Hitherto, studies of the anode effect have been 
pr imar i ly  confined to correlations with the critical 
cur rent  density (1-3), but  the various correlations 
between concentrat ion and the point of anode effect 
have not been ir~ substant ia l  agreement.  

The complexity of factors affecting these correla- 
tions has recent ly been i l lustrated by both Piontell i  
(3) and Schmitt  (4). Piontel l i  found that correlations 
be tween critical current  density and a lumina  con- 
centrat ion held only for a fixed orientat ion and design 
of the working anode. Results of Schmitt 's  invest iga-  
tions showed that, at a fixed critical cur ren t  density, 
the a lumina concentrat ion decreased as the tempera-  
ture increased. 

Because the anode is often consumed at an uneven  
rate dur ing  electrolysis the true surface area could 
change. Also the true surface area for different car- 
bons varies considerably, so the differences between 
correlations of apparent  critical current  density are 
not surprising. 

Provided the total cell resistance is low the cell 
voltage would be less dependent  on these variables, 
and therefore, a more reproducible parameter  than  
critical cur rent  density. This is because the overpo- 
tent ial  at the anode is high (5) while the cathode 
overvoltage is small  (3), and therefore the only cur-  
ren t  dependent  contr ibut ion to the cell voltage would 
be that arising from the cell resistance. 

In  this work the reproducibi l i ty  of the poir~t of 

anode effect was studied for an anode of fixed sur-  
face area by s imultaneously de te rmin ing  the cell 
voltage and apparent  geometric cur ren t  density at the 
point of anode effect. The reproducibi l i ty  was studied 
as a funct ion of a lumina  concentrat ion by making  
successive measurements  with all other conditions 
constant and also by doing repeat  experiments  for 
constant conditions. 

Experimental 
A schematic view of the cell a r rangement  is pre-  

sented in Fig. 1. The exposed surface area of a Union  
Carbide A.U.C. grade graphite rod (A) was defined 
by a boron ni tr ide insulator  (B), and this graphite 
surface was used as the working anode. The counter  
electrode (C) had a much larger surface area than 
the anode and was positioned so that the inter  elec- 
trode distance was kept to a practical m i n i m u m  to 
reduce the cell resistance. Concentric insulated in-  
conel (D, E) tubes served as electrode contact leads. 

A protective argon atmosphere was main ta ined  
wi th in  the sealed furnace tube at all times. All  
measurements  were made at 985" _ 2~ using a con- 
stant  solvent composition of Na3A1F6 + 5 w/o  A1F~ 

5 w/o CaF2. 
The anode effects were induced by slowly increas-  

ing the applied potential  to the cell using a variable  
stabilized d-c power supply. The current  and cell 
voltage were s imultaneously  recorded on an E.A.I. 
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Fig. 2. Variation in critical current density with alumina con- 
centration. Curve A, from Piontelli's data for hemispherical anode; 
curve B, from Piontelli's data for plane anode, o initial critical 
current densities, �9 mean values of critical current density. 

Fig. 1. Schematic view of cell assembly: A, graphite anode rod; 
B, boron nitride insulator; C, counter electrode; D, E, concentric 
inconel electrode leads; F, graphite crucible. 

model  1130 X-Y Recorder.  For  each new electrode 
assembly a short  per iod of electrolysis  was carr ied  out 
to present  a un i form electrode surface before  meas-  
urements  were  made. 

Results 
The point  of the anode effect was de termined  for 

melts  containing be tween  2 and 8 w / o  alumina.  At  
least 10 determinat ions  of the point defining the anode 
effect were  carr ied out dur ing an exper iment ,  and 
repeat  exper iments  were  also carr ied out for a 
given mel t  composition. 

The  resul ts  obtained for the cri t ical  cur ren t  den-  
sity as a function of a lumina concentrat ion are plot ted 
in Fig. 2, and they are compared with  curves con- 
structed f rom the data of Piontel l i  (3). 

The mean  critical cell vol tage vs.  alumina concen- 
t ra t ion curve  is presented in Fig. 3. Table  I sum-  
marizes  the variat ions observed dur ing an exper iment  
for repea ted  measurements  of the parameters  descMb- 
ing the point  of anode effect. 

It  is seen f rom Table I that, for all a lumina  con- 
cent-rations, both the accuracy and reproducibi l i ty  of 
the crit ical  cell vol tage is bet ter  than those observed 
for the crit ical  current  density. The variat ions ob- 
served in the cell voltages were  genera l ly  random 
in nature.  Dur ing a series of measurements  the values 
of the crit ical  cur ren t  densi ty decreased wi th  each 
successive measurement .  Al though the rate  of decrease 
as a funct ion of measurement  was not always the 
same, the decrease was invar iably  more  gradual  for 
lower alumina concentrations. This was probably due 
to the change in angle of the anode surface, which was 
sometimes (par t icular ly  for higher  a lumina concentra-  
tions) apparent  f rom the appearance of the electrode 
surface after  an experiment .  This explanat ion would  
be consistent with Piontell i 's  observation. 

Because of this the init ial  measurements  were  con- 
sidered to be the more comparable  data, and therefore  
the init ial  critical current  density, as wel l  as the 
mean values are presented  in Fig. 2. 

]~ /~_  I I I I I I - t I I 
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Fig. 3. Variation in cell voltage at point of anode effect with 
alumina concentration. 

The scat ter  f rom the best curve  would  be less for 
the init ial  measurements  than the mean measure-  
ments, but  both curves would  differ f rom Piontel l i ' s  
results. This would  be expected because of the dif-  
fe ren t  carbon type and anode design. 

Conclusions 
For  applications such as in  s i t u  analysis of a lumina 

concentrat ions in a Hal l  Herou l t  cell, i t  is ev ident  that  
the crit ical  cell vol tage is a more  reproducible  pa ram-  
eter  for designs where  the cell has a low resistance. 
The variat ions in crit ical  cur ren t  density are more  
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Table I. Accuracy and reproducibility of measurements for the 
point of anode effect at 985 ~ • 2~ 

V a r i a t i o n  of V a r i a t i o n  of 
A l u m i n a  c r i t i c a l  ce l l  c r i t i c a l  a n o d e  

c o n c e n t r a t i o n ,  N u m b e r  of v o l t a g e ,  c u r r e n t  d e n s i t y ,  
w / o  m e a s u r e m e n t s  % of m e a n  % of m e a n  

2,00 10 2.3 11.2 
2.00 20 1.1 2.9 
2.23 50 2.3 4.6 
4.00 19 2.9 10.2 
4.98 33 3.0 14.6 
4.99 31 4.0 6.0 
6.00 25 1.6 6.3 
6.00 29 1.0 12.4 
6.00 31 0.9 20.2 
7.98 26 2.0 12.1 

pronounced  because of the i r  dependence  on both  the 
anode carbon and its or ien ta t ion  which in tu rn  is 
dependen t  on previous  electrolysis  of the  electrode.  

Manuscr ip t  rece ived  Aug. 15, 1966. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  19'67 JOURNAL. 
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Notes on the Chemical Polishing of Gallium 
Arsenide Surfaces 

R. D. Packard (pp. 871-872, VoL 112, No. 8) 

K. E. Mironovl: The chemical  polishing of compound 
semiconductor  gal l ium arsenide by means of etching 
with solutions based on minera l  acids is usually ex-  
plained by the considerable viscosity increasing in 
such etchants, but  the chemical  na ture  of etchant  
must  be more  responsible for polishing action. 

F rom some papers 2-5 it is possible to produce the 
dependence of action mode for such etchant  as H2SO4: 
H202:H20. Minimal  etch rates for GaAs corresponds 
to 2-4% of H 2 0 2  content  in solutions. Select ive 
or polishing action of such etchants is depend-  
ent on acid concentration. There are typical t r iangu-  
lar etch pits on the {111} faces in the presence of less 
than 35% H~SO4; only conic pits instead of typical 
t r iangular  ones on the Ga{ l l l }  face and polishing 
action for any other  face, if the acid content  is be- 
tween 35-67%, and polishing action only, if  e tchant  
content is more than 67% H~SO4. 

The viscosity of concentrated H2SO4 solutions 
changes in a rather complicated manner because of 
acid monohydrate formation.6 Smoother and more 
regular changes increase the quantity of undissociated 
molecules in these solutions. 7 Therefore, it seems 
more correct to connect the polishing action of etch- 
ants on the base of concentrated acid with a predom- 
inance of undissociated H2SO4 species that are form- 
ing in such solutions in the presence of the hydrogen 
peroxide, the peroxomonosulfuric acid H2SO5. s The 
latter may also help for polishing action of etchants. 

A viscosity maximum for water solutions of HNO3 
corresponds %0 70% of acid. The etchants based on 
the concentrated HNO3 with the addition of strong 
HCI reveal the polishing. The dilution of such etch- 
ant with the glycerin does not make the increase of 
HNO3 dissociation since this one usually decreases in 
alcohol solutions. Therefore the action of such etch- 
ar~t or an etchant diluted by glycol, ethanol, or 
benzene as stated by Dr. Packard has to retain pol- 
ishing action. The high viscosity of etchants con- 
taining undissociated inorganic acids promote the 
polishing action of these mixtures. 

R. C. Packard9: I have no basic quar re l  wi th  Dr. 

Ins t i tu te  of Inorgan ic  Chemis t ry ,  Sib. Pep .  of A c a d e m y  of Sci- 
ences of the USSR, Novosibi rsk ,  90, Moscow, USSR. 

2 F. A. Cunnell,  J.  T. Edmond,  and  W. R. Hard ing ,  Solid State 
Electronics, 1, 97 (1960). 

a j .  W. Faust ,  "Compound  Semiconductors , "  Vol. 1, "P re pa ra t i on  
of I I I -V  Compounds ,"  p. 4~,5. Reinhold Pub l i sh ing  Corp., New Y o r k  
(1962). 

4 R. L. Pe t russev ich ,  E. S. Sol ler t inskaja ,  and  O. I. Pavlov,  Solid 
State Physics (Sov~ ed.), 4, 1378 (1962). 

5L. N. Vozmilova,  N. G. Maljuta ,  and  G. A. Ka taev ,  J. Phys.  
Chem. (Sov. ed.), 38, 2725 (1964). 

~Spravoehn ik  K h i m i k a ,  " H a n d b o o k  for  Chemis t , "  2rid ed., pp. 
717, K h i mi a ,  Moscow-Len ing rad  (1964). 

7H. S. Ha rned  and B. B. Owen, "The  Phys ica l  Chemis t ry  of 
Electrolyt ic  Solut ions,"  2nd ed., Reinhold Publ i sh ing  Corp., New 
York  (1950). 

s j .  M. Monger  and  O. Redlich,  J. Phys.  Chem.,  60, 797 (1956). 

9P re sen t  address :  Melpar  Space Science Labora tory ,  15 Mercer  
Road, Nat ick,  Massachuse t t s  01760. 

H~O 20 ~o ~t.~, 60 8o ~so~ 
Fig. 1. Lines of equal solution rate for GaAs etching with mix- 

tures H2SO4:H202:H20. Figures attached to the lines correspond 
to values of solution velocity, ~/min. 
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Mironov's  thesis that  the degree of acid dissociation 
is a highly impor tant  variable.  I agree that  the etch- 
ing solution viscosity is important.  Dr. Niironov makes  
the point that  the degree of dissociation of inorganic 
acid, as wel l  as solvent  viscosity (alcohc>l vs .  glycol, 
e t c . ) ,  helps de termine  the final etchant  viscosity. This 
is true. As stated in the cited paper, etches are usu-  
ally aqueous solutions containing reagents  which re-  
act wi th  the semiconductor  to form soluble react ion 
products. Dr. Mironov agrees that  the chemical  na-  
ture of the etchant  is responsible  for the polishing ac- 
tion. However ,  as I pointed out, the etch rate  is de- 
pendent  on the rate  of reac tant  in-diffusion and prod-  
uct out-diffusion, which is dependent  only on solution 
viscosity, for a given system. Thus, wi th  a normal ly  
fast minera l -ac id  etch, the etching solution viscosity 
~nust be a l imit ing factor. 

The Double Layer Capacitance of Silver in 
Perchlorate Solution 

L. Ramaley and C. G. Enke (pp. 947-950, Vol. 112, No. 9) 

D. I. Leikis, E. S. Sevastianov,  and I. G. Dagaeval0: It  
is suggested in the paper cited that  in 1N sodium per -  
chlorate solutions the electr ic  double layer  (edl) on 
s i lver  is similar to edl on mercury,  i f  the potent ia l  
of zero charge (pzc) of s i lver  is assumed to be 
equal  to --0.7v (NHE),  as was shown by one of the 
authors of the present  paper. 11 The authors of the 
paper  under  discussion consider, however ,  that  be-  

lo Ins t i tu te  of Elec t rochemis t ry ,  A c a d e m y  of Sciences of the 
USSR, Moscow, USSR. 

11D. I. Leikis ,  Doklady  Akad.  N a u k  SSSR,  135, 1429 (1960). 
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H 0 20 W 60 8o 
wt% 

Fig. 2. The viscosity (solid line) ~ and undissociated molecules 
H2S04 (broken line) 7 vs.  weight per cent of acid in mixtures H20 
- -  H 2 S 0 4 .  
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Fig.  1. Dependence of differential capacitance on potential for 

a silver electrode in Na2SO4 solutions of various concentrations: 
curve 1, 10-2N solution; curve 2, 5xl0-~N solution; curve 3, 
10-3N solution. 

fore drawing final conclusions regarding the problem 
in question, it would be necessary to have fu r ther  
proofs of the correctness of the value of pzc estab- 
lished. Due to improved exper imenta l  technique, TM we 
have been able lately to carry out the differential  
capacitance measurements  on si lver more carefully,  
both with  respect  to accuracy and in solutions of 
lower concentrations. As can be seen f rom Fig. 1 
the differential  capacitance curves on the silver elec- 
trode in di lute solutions show a wel l -pronounced  
minimum, which becomes deeper  wi th  increasing di- 
lution of the solution. The lat ter  fact  clearly points 
to this min imum reflecting the change in the diffused- 
ness of edl wi th  the potential.  Hence, ~ = --0.Tv 
(NHE) is real ly pzc of si lver in the solution contain-  
ing no surface-act ive  ions. This value of pzc agrees 
wi th  that  obtained. 11 A comparison of the differential  
capacitance curves for si lver in 0.01 and 0.001N Na2SO4 
solutions 13 wi th  those for mercury  ( taken f rom 14) 
has shown them to coincide almost completely near  
pzc. This permits  us to draw the conclusion that  the 
s t ructures  of edl in di lute solutions of electrolytes for 
the metals being compared are similar. It is shown 
in 18 that  pzc of s i lver  does not depend on pH (in the 
pH range f rom 3.4 to 12). This supports the conclu- 
sion that  the differential  capacitance min imum ob- 
tained corresponds to pzc of silver. 

Another  p rob l em- - the  nature  of f requency  dis- 
pers ian-- i s  also considered in the original  paper. In 
part icular ,  in the case of si lver this phenomenon is 
suggested to be due to the surface inhomogenei ty  of 
solid metal.  Such a suggestion seems to be quite likely. 
As shown in 11, the difference in the shape of the de- 

m E .  A.  B u d n i s k a y a ,  D.  I .  Le ik i s ,  E. S. S e v a s t i a n o v ,  a n d  A.  I.  
S h u r p a c h ,  " E l e k t r o k h i m i y a , "  I n  p re s s .  

~ I .  G.  D a v a e v a ,  D.  I .  L e i k i s ,  a n d  E. S. S e v a s t i a n o v ,  " E l e k t r o -  
k h i m i y a , "  I n  p r e s s .  

14B. B.  D a m a s k i n  a n d  N.  V. N i k o l a e v a - F e d o t o v i c h ,  Zhur .  Fiz. 
K h i m . ,  26, 1484 (1962). 

sorption peak on the capacitance curves in solutions 
containing a sur face-ac t ive  organic substance in the 
case of si lver and mercury  also seems to be due to 
the inhomogenei ty  of the s i lver  surface. I t  should be 
pointed out, however ,  that  the dispersion data pre-  
sented in the original  paper  have been obtained on 
an electrode which was not sealed into a quartz  ca- 
pillary, i.e., there was still a possibility for a thin 
electrolyte  film to be fo rmed  be tween  si lver and the 
capillary. The format ion of such a film, as shown 
in 15.16 may also cause f requency  dispersion. The lat- 
ter  may  also be caused by some roughness of the sur-  
face, 17 which was present,  as it follows f rom the data 
in the original paper, even  in the case of polished 
si lver  electrodes. 

In our opinion, owing to the above considerations, 
it is impossible to in te rpre t  quant i ta t ive ly  the exper i -  
menta l  results for f requency dispersion as being due 
only to surface inhomogenei ty  of the metal.  

L. Ramaley  TM and C. G. Enkel9: The fine work  reported 
above is noted wi th  great  interest  by these authors 
who are pleased to have  some of their  suggestions 
concerning the s imilar i ty  of the double layer  s t ruc-  
tures on Ag and HG supported. However ,  there  is 
one point concerning the construction and use of the 
test electrode in our exper iments  which needs to be 
clarified. A spherical  si lver electrode was formed at 
the end of a fine s i lver  wire.  This electrode was im- 
mersed in the electrolyte  so that  the solution surface 
intersected the silver wire  above the sphere but well  
below the wire-glass  seal. Therefore,  the observed 
f requency dispersion could not have  been caused 
by a thin electrolyte  film be tween  the s i lver  and the 
capillary. A similar  affect could be caused by creep-  
ing of the solution up the wire,  but  the area involved 
would be much less significant than in the case of 
the capil lary action which was presumed to exist. 

Vapor Phase Deposition and Etching of Silicon 

w. H. Shepherd (pp. 988-994, Vol. 112, No. 10) 

W. J. Riedl20: The contributions in the field of ther-  
modynamic  approach to the growth of epi taxial  silicon 
are based on the  assumption of the occurrence of 
chemical  reactions ei ther in the gas phase 21 or only 
on the surface of silicon seed as stated by Dr. Shep-  
herd. Chemical  equil ibria  considered in these two 
cases are different. Taking into account three reac-  
tions 

SIC14 gas "~ 2H2 gas ~ 4HClgas + Sisolid (i) 

SIC14 gas  ~-  S i s o l i d  = 2SIC12 gas  (ii) 

Si so l i d  = S i g a s  ( i i i )  

Equi l ib r ium concentrat ions of all components can be 
computed by solving the fol lowing system of equations 

(4hi) 4 
-~ KI (T)  [1] 

( I - -h i - -n2)  ( w - - 2 n l  ) 2 (1-F w -~ nl-~ n2 ~- ns) 

(2n2) 2 
---- K2(T) [2] 

( i - -h i - -n2)  ( l  + w + n l + n 2 + n s )  

15D. I.  L e ik i s ,  E. S. S e v a s t i a n o v ,  a n d  L.  L.  K n o t s ,  Zhur.  Fiz. 
K h i m . ,  37, 1633 (1964). 

1~ R. de  L e v i e ,  J. Electroanalyt .  Chem. ,  9, 117 (1965). 

17 R.  de  L e v i e ,  Electrochirm Acta,  10, 113 (1965). 

ls p r e s e n t  a d d r e s s :  Co l lege  of  N a t u r a l  Sc i ence ,  D e p a r t m e n t  of  
C h e m i s t r y ,  C h e m i s t r y  B u i l d i n g ,  M i c h i g a n  S t a t e  U n i v e r s i t y ,  E a s t  
L a n s i n g ,  M i c h i g a n  48823. 

1~ A l f r e d  P .  S loan  R e s e a r c h  F e l l o w .  

2o Te l e -  a n d  R a d i o  R e s e a r c h  I n s t i t u t e ,  W a r s a w ,  P o l a n d .  

m W. S t e i n m a i e r ,  P h i l i p s  R e s e a r c h  R e p o r t s ,  18, 75 (1963). 
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: Psi (T)  [3] 
l + W + n l  +n2+ n3 

The constant K2(T) exper imenta l ly  determined by 
Sch~ifer and Nick122 

log K2(T) ---- 10 .081-  16427 T -1 [4] 

seems to be reliable. 
According to Brewer  u~, Kubaschevski  and Evans 24, 

and Glassner 25, enthalpy of l iquid SIC14 is H29s 
--  150.1 kcal mo1-1. Heat  of evaporat ion of this com- 
pound in the boiling tempera ture  330~ is L880 = 
6.859 kcal  mol-1.  ~ Taking into account the change 
in the heat  capacity wi thin  the range 298~176 25 
it has been found that  L298 ~ 7.228 kcal mo1-1. Hence, 
enthalpy of gaseous SIC14 is H29s ---- (--  150.1 + 7.228) 
kcal mo1-1. Using the thermodynamic  data given by 
Wenner  26, Rossini 27, Kubaschevski  and Evans 24, listed 
by Glassner 25, the fol lowing equat ion has been der ived 

log K1 (T) ---- - -  12380 T -1 - -  2.51 log T 
+ 1.2 10 -4 T + 16.50 [5] 

The most rel iable values of the saturated vapor  
pressure over  solid silicon seem to be those given by 
Ceplayeva, Priselkov,  and Kare l in  2s, who applied for 
measurements  the integral  var ian t  of the effusion 
method. Their  resul ts  have  been discussed and com- 
pared with  those of other  authors by Nesmeyanov 29 
who represented them by an equation which, ex-  
pressed in atmospheres,  has the form 

log Psi(T) = -- 101.65421 -- 11185.64 T -1 + 
-- 0.00685812T + 35.81091 log T [6] 

Solving the system of Eq. [1]-[3] gives concentra-  
tions of all components at equi l ibr ium states. In 
higher  concentrations of S}C14 Eq. [3] can be ne-  
glected. If, however,  equil ibria  on the boundary gas- 
silicon surface are considered under  assumption of 
chemical  changes occurr ing on the surface only, the 
neglect  of silicon vapor  pressure, which is then higher  
than par t ia l  pressure of SIC1.2 especially over  1500~ 
probably should not be done. If silicon condensation 
occurs in the tempera ture  T < Ts at some distance 
f rom the seed surface the t empera tu re  of which is 
Ts, this condensation seems to be a consequence of 
the reverse  process given by Eq. [3] ra ther  than by 
Eq. [2] for the fol lowing reason. The decomposition of 
SIC12 s t reaming away f rom the seed surface, wi th  
the format ion of solid silicon requires  

p2s ic12  (T) Psicl4 (Ts) K2 (T) 
> - -  [7] 

p2SiCl2 (Ts) Psici4 ( T ) K2 ( Ts ) 

If, for example, T ---- 1350~ Ts = 1600~ the tem- 
perature gradient being 450~ the temperature 
T = 1350~ is attained outside of the diffusion layer, 
where the concentration of SiCl4 equals the initial 
value. Since, according to the computed values from 
Eq. [1-3] for the above mentioned conditions, equi- 

z~ H. Schaefer  and J .  N iek l ,  Z.  anorg.  C h e m . ,  274, 250 (1953). 

2~ L .  B r e w e r ,  " C h e m i s t r y  a n d  M e t a l l u r g y  of  M i s c e l l a n e o u s  M a t e -  
r i a l s :  T h e r m o d y n a m i c s , "  M c G r a w - H i l l  P u b l i s h i n g  Co., N e w  Y o r k  
(1950). 

O. K u b a s c h e w s k i  a n d  E. E v a n s ,  " M e t a l l u r g i c a l  T h e r m o c h e m -  
i s t r y , "  A c a d e m i c  P r e s s ,  N e w  Y o r k  (1951}. 

m A.  G l a s s n e r ,  " T h e  T h e r m o c h e m i c a l  P r o p e r t i e s  of  t h e  O x i d e s ,  
F l u o r i d e s ,  a n d  C h l o r i d e s  to 2500~ ' '  R e p o r t  ANL-5107 ,  U.  S. G o v -  
e r n m e n t  P r i n t i n g  Office,  W a s h i n g t o n ,  D.  C. 

m R .  R.  W e n n e r ,  " T h e r m o e h e m i c a l  C a l c u l a t i o n s , "  M c G r a w - H i l l ,  
P u b l i s h i n g  Co., N e w  Y o r k  (1941). 

~rF.  D.  Ross in i ,  " S e l e c t e d  V a l u e s  of  C h e m i c a l  T h e r m o d y n a m i c  
P r o p e r t i e s , "  N a t i o n a l  B u r e a u  of  S t a n d a r d s ,  W a s h i n g t o n ,  D.  C. 
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A.  W.  C e p l a y e v a ,  J .  A.  P r i s e l k o v ,  a n d  W.  W.  K a r e l i n ,  W e s t n i k  
M. G. U., 5, 36 (1960) ~in R u s s i a n ) .  

~ A .  N.  N e s m e y a n o v ,  " V a p o r  P r e s s u r e  of  t h e  C h e m i c a l  E le -  
m e n t s , "  P u b l .  House  of the A c a d e m y  of Sc iences  of U S S R . ,  Mos-  
c o w  (1961) ( in  R u s s i a n ) .  

l ibr ium pressure of SIC14 on the surface is ve ry  small 
and that  of SIC12 much smaller  in the bulk of the 
gas than on the surface, then 

p2sicl2 (1350) PSiCl4 (1600) K2 (1350) 0.8.2 10 -2 

p2sicl2 (1600) PSiCl4 (1350) < K2 (1600) 0.65 

As a result, the decomposit ion of SIC12 in the gas 
phase at some distance f rom the hot silicon surface 
should not occur. 

Details will  be given in a more extensive paper. 

SYMBOLS 
H molar  enthalpy 
K I ( T ) ,  K2(T) equi l ibr ium constants of the reactions 

1 and 2 
L molar  heat  of evaporat ion 
nl, n2, n~ extents  of reactions 1, 2, and 3 
Pi part ial  vapor  pressure of a component  

'T '  
Ps i (T)  saturated vapor  pressure of silicon 
T absolute t empera tu re  
Ts absolute t empera ture  on the surface of 

silicon seed 
w number  of moles H2 per mole SiCl4 

before any react ion occurs 

Reaction of Nickel Carbonyl with Carbon Disulfide 

S. H. Pitts, Jr. (pp. 1054-1055, Vol. 112, No. 10) 

R. B. Barc lay  and A. R. Popley3~ The effect of CS2 
on the decomposition of Ni(CO)4 was invest igated at 
AWRE several  years ago and, on the basis of informa-  
tion obtained at that time, we must  disagree with  
Pitts '  main conclusion that  the b reakdown of the 
Ni(CO)4 under  these circumstances is inherent ly  dif- 
ferent  from straight  thermal  decomposition. 

With reference to the infrared analysis of the re -  
sidual gases we have always found residual  Ni(CO)4 
which decomposes often in the form of a fine powder  
and not on the sides of the container.  This was only 
discovered because attempts to use mass spectographic 
methods of analysis had produced visible films on the 
side of the sample tube and when none were  found 
in the init ial  inf rared  analysis fur ther  invest igat ion 
led to the discovery of this fine powder.  It is suggested 
that this could, in part, explain the discrepancies in 
pressure rise found by Pitts. Fur the r  evidence that  
not all Ni(CO)4 was decomposed in the react ion 
chamber  comes f rom the analysis of the nickel  film. 
If it is assumed that  all the nickel  in the carbonyl  is 
deposited, then a mass balance calculation on the 
system shows that  almost 50% more S occurs in the 
plate than is fed into the system. Errors  in measur ing 
the system volume or the init ial  pressure of CS2 
could not be large enough to account for this differ- 
ence, and the conclusion must be that undecomposed 
Ni(CO)4 is present.  In addit ion the assumption that 
all  the sulfur f rom the CS2 has been incorporated in 
the plate gives a calculated pressure increase factor 
of 2.8 which is in agreement  wi th  the recorded pres-  
sure increases. 

Fur the r  discrepancies in pressure rise may  have 
been caused by the rapid init ial  decomposit ion of the 
carbonyl  dur ing the t ime which it takes the system 
to equil ibrate,  i.e., the "min imum t ime to admit  
Ni(CO)4 to the react ion flask to an equi l ibr ium 
pressure." 

On the basis of the data on oxidation obtained by 
Pitts, calculation shows that  the weight  gain is con- 
sistent wi th  the balance of his analysis being oxygen 
since it corresponds to that  expected if all the Ni 
were  conver ted  to oxide. The high amount  qf oxygen 
in the plate is more  consistent wi th  oxygen in the 
system than an extensive b reakdown of CO. 

We have formula ted  the fol lowing hypothesis based 
on data f rom practical  plat ing experiments .  

3o United  K i n g d o m  A t o m i c  E n e r g y  A u t h o r i t y ,  Atomics  Weapons  
Research Establ i shmenL A l d e r m a s t o n ,  B e r k s h i r e ,  E n g l a n d .  
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Mechanism of decomposit ion.--The react ion scheme 
suggested in the l i tera ture  31 is as follows 

N i ( C O ) 4 ~  Ni(CO)3 -F CO [I] 

Ni (CO) 3 -> Ni + 3CO [II] 

(a) Reaction [I] is rate  controll ing and leads to the 
fol lowing rate  equat ion 

- -dp /d t  = kp / (1  + k'Pco) [1] 

(b) If Ni(CO)4 is weakly  adsorbed and CO strongly 
adsorbed, Eq. [1] reduces to 

- -dp /d t  = k"p/Pco [2] 

(c) If Ni(CO)4 were  strongly adsorbed the reac-  
tion would be simple first order. 

This react ion scheme was fu r the r  developed by 
Tonosaki 32,33 who showed that  Eq. [1] was obeyed in 
the early stages and Eq. [2] in the later  stages of the 
reaction. 

This led to the fol lowing results 

Stage 1. (1 + 3bpo)km--  bv = kl [3] 

Stage 2. 3pok,~-- v = k2 [4] 
where  

krn = 2.303 t -  1 log Po/P 
v = (P t - -  Po) / t  

b, kl, and ks are posit ive constants, Po is the init ial  
pressure of Ni(CO)4, Pt the total pressure at t ime t. 
A plot of km against v should give two straight lines 
of slope (1 -~ 3 Pob) /b  and 3 Po, respectively.  

The above equations were  applied to the results ob- 
tained by plat ing brass disks with or wi thout  accel- 
erator.  In the cases where  no accelerator  was used two 
distinct stages were  found. However ,  the later  stage 
did not agree with Tonosaki 's  Eq. [4] because the 
gradient  of the line was greater  than that  for the first 
stage instead of smaller.  This might  be in terpre ted  as 
a re turn  to Eq. [3] but  when an accelerator  was 
added it was found that  the second stage gave a line 
of negat ive slope which is completely incompatible  
with ei ther Eq. [3] or [4]. 

It therefore  seems possible that  there may be a 
third stage to the decomposition of Ni(CO)4 possibly 
involving an ent i re ly  different react ion to that  set 
out in Eq. [I] and [II], and fur ther  invest igat ion is 
being carr ied out on this point. 

It  may be that  the first stage of decomposit ion 
suggested by Tonosaki has been missed in the case 
of plat ing the brass disks because few readings were  
taken ear ly  in the run. Thus, the first line obtained 
by plot t ing km against v could be that  represented  by 
Eq. [4]. Two runs wi thout  accelerator  in fact gave 
good agreement  wi th  the idea that the first line obeyed 
Eq. [4]. The fact that Eq. [4] is val id over  a consider-  
able port ion of the run (~30 min) shows that  only the 
rate  of b reakdown has been effected not the funda-  
menta l  mechanism. 

Effect o] temperature and acceterators.--If  the ra te  
of desorption controls the reaction, then the addition 
of an accelerator  which was adsorbed in preference  
to CO would be expected to produce the same effect 
as raising the tempera ture ,  namely,  a lower ing of the 
par t ia l  pressure of CO at the surface of the plate wi th  
a consequent  increase in the rate  of decomposition. 
The effect of an accelerator  is in fact l ike that  of 
temperature .  

Other  evidence can be adduced to support  the idea 
that  the accelerator action is a surface phenomenon.  

E. H. Bawn, " T h e  Kinetics of the Decomposition of Nickel Car- 
bonyl ,"  Trans. Faraday Soc. (1935). 

Tonosaki and Suginuma,  Bull. Inst. Phys.  and Chem. Res., 22, 
1014 (1943). 

a~Tonosaki, "The  The rma l  Decomposition of Ni(CO)4, Vapor, 
IV," Tohoku Univers i ty  Science Report,  I. Vol. 37. 

It is found that  progressive increases in accelerator  
concentrat ion do not lead to proport ional  increases in 
the rate of decomposition: in fact conditions of satu- 
ra t ion seem to occur where  very  lit t le fur ther  change 
in ra te  is induced by increasing the accelerator  con= 
centration. This agrees wi th  the saturat ion effect 
found by Pitts. The accelerator  is gradual ly  consumed, 
being incorporated into the plate, and analysis of 
the surface layer  and bulk of the plate has shown 
that  a surface concentrat ion of S exists which is 
about 50% higher  than that in the bulk metal. If the 
accelerator  was acting through the formation of NiS 
nuclei, this surface concentrat ion would not be ex-  
pected. 

Toward the end of plat ing the proport ion of accel- 
era tor  to carbonyl  wi l l  be greater  and, since it is wel l  
known that  large concentrat ions of S bear ing com- 
pounds can cause the breakdown of Ni(CO)4, there 
will  be a tendency toward decomposit ion to NiS 
and CO: this might  be expected to give rise to higher  
surface S concentrations for plates deposited over a 
longer t ime but evidence on this point is still lacking. 

S. H. Pitts, Jr.: We appreciate  the st imulat ing com- 
ments. While exper iments  can be urged as support ing 
a s imilar i ty  in thermal  and CS2-promoted Ni(CO)4 
decomposition theories, proof is lacking. We observed 
that  in nickel plat ing by induced heat, decomposition 
of the carbonyl wil l  often occur in the gas phase as 
well  as on the surface. This is independent  of CO 
desorption and does not occur at room temperature .  

It is not clear f rom the discussion by what  method 
the presence of residual  Ni(CO)4 was established and 
if the amount  was significant. When 13-15% CS2 was 
used, we found no more than 5% Ni(CO)4 in the re-  
acted mixtures  by infrared analysis. Tests also were  
made to decompose any residual carbonyl by heat ing 
it  in a pressure moni tored  container. The pressure 
increase was insignificant. We per formed another  
qual i ta t ive test that  indicated an absence of Ni(CO)4 
in an expended react ion mixture .  The addit ion of 
more CS2 gave no fur ther  reaction; the addition of 
more Ni(CO)4 caused another  pressure increase. A 
CS2 concentrat ion of 13-15% in the init ial  charge 
mix ture  is the opt imum to give complete conversion 
of both CS2 and Ni(CO)4. At higher  concentrations, 
infrared analysis showed residual  CS2. Lower  con- 
centrations gave reacted mixtures  that  contained un-  
reacted Ni (CO) 4. 

To produce the mass balance calculations of Barclay 
and Popley to give 50% more sulfur than was charged 
and a pressure increase factor of 2.8 requires  using 
50 mm as the pressure of the Ni(CO)4 in the init ial  
reaction mix ture  (which was incorrect) .  The actual 
Ni (CO)4 pressure in the typical run  was only 17.9 mm 
(21.4-3.5) as described in the four th  paragraph.  Also, 
the repor ted  sulfur and nickel  content o~ the depos- 
ited mater ia l  may  have been misleading. The ele-  
menta l  analysis was made on a composite mater ia l  
collected from numerous  runs in which the CS2 pres-  
sure was as low as 0.6 mm. I t  is not necessari ly 
representa t ive  of this typical run. If, for  example,  
a CS2 charge of 2 mm was used instead of 3.5 mm in 
the mass balance calculations for complete  consump- 
tion of CS2 and Ni(CO)4, both the nickel  and the 
sulfur  content  approximate  those found analytically.  

It  is thought  that errors  in the initial gas charges 
are at a minimum. The normal  t ime for charging the 
system with Ni(CO)4 was 15 sec. The m a x i m u m  pres-  
sure change possible in this period due to the reac-  
tion could be only 10% of the total charged as deter-  
mined f rom a plot of pressure vs. time. 

Surface  nucleat ion and growth  was a visual obser-  
vation. The format ion of NiS nuclei was not implied. 

The extent  to which sulfur bear ing compounds cause 
the breakdown of Ni(CO)4 is questionable.  In this 
invest igat ion only HeS and CSe were  found to cause 
it. Sul fur  compounds that  we found to be ineffective 
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were  sulfur dioxide, methanethiol ,  carbonyl  sulfide, 
and diethyl  sulfide. 

A more comprehensive  invest igat ion seems neces- 
sary to elucidate these react ion mechanisms. We hope 
Barclay and Popley wil l  publish their  work. 

An Electrochemical Model for the Oxidation of 
Zirconium 

D. H. Bradhurst, J. E. Draley, and C. J. Van Drunen (pp. 1171-1177, 
Vol. 112, No. 12) 

H. H. Uhlig34: It was pointed out in a paper  by the 
undersigned s4a that  thin film oxidation data obeying 
the cubic equation can often be expressed equal ly  
well  by the two-s tage  logari thmic equation. This 
is the case for data presented in Fig. 9 of the present  
paper by Bradhurs t  et al., which are plotted in terms 
of the cubic equation. The corresponding two-s tage  
logari thmic behavior  of the same data are shown in 
Fig. 1 below. The two heavy lines follow points 
through the single s t raight  line represent ing the 
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Fig. 1. Two-stoge logarithmic behavior 

cubic equat ion as given in Fig. 9; individual  points are 
exper imenta l  values supplied by courtesy of J. Draley  
who also pointed out that  the ini t ia l ly  obtained points 
are not as precise as those obtained for longer times. 
Some correction of weight  gain values should be made  
because of oxygen dissolving in the metal,  but such 
corrections do not affect the present  discussion. 

The significance of two-s tage  logari thmic oxidation 
kinetics has been described in terms of an init ial  con- 
stant density space charge in the growing thin oxide 
film, wi th  control of oxidation being vested in ra te  of 
t ransfer  of electrons f rom metal  to oxide, a5 Beyond a 
critical thickness L of the oxide, the t rapped excess 
charge dissociates in part,  leading to a diffuse space 
charge and to a higher  oxidation rate  constant in the 
usual logari thmic equat ion y = ko In ( t /z  + 1) where  
y is the thickness of oxide (or weight  of oxygen in the 
oxide per uni t  area) ,  ko is the react ion rate  constant, t 
is t ime and T is a constant. 

The value  of L can be est imated 36 f rom the work  
function of the metal, and f rom the electron affinity v 
of oxygen adsorbed on the oxide equal  to 3.6 ev. 

e ( ~ - - v )  
L ~- ko kT 1 

Taking the thermionic  work  funct ion of Zr equal  to 
4.12 ev 37 and the value  of ko f rom the slope of the 

~ C o r r o s i o n  L a b o r a t o r y ,  M a s s a c h u s e t t s  I n s t i t u t e  of  T e c h n o l o g y ,  
C a m b r i d g e ,  M a s s a c h u s e t t s .  

~a H.  H,  U h l i g ,  J .  P i c k e t t ,  a n d  J .  M a c N a i r n ,  Acta  Met. ,  7, 111 
( 1 9 5 9 ) .  

H. H.  U h l i g ,  Acta  Met . ,  4, 541 (1956). 

V.  N w o k o  a n d  H.  H.  U h l i g ,  This Journal, 112, l l S l  (1965). 

87 H.  M i c h a e l s o n ,  J. Appl.  Phys.,  21, 536 (1950). 
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first-stage oxidat ion step in the figure equal  to 23/2.3 
= 10 m g / d m  2 the calculated value  of L = 52 m g / d m  2. 
This compares with the observed value of 53 m g / d m  2. 
The observed value  of L for lines through the individ-  
ual  points is 68 rag/rim 2. If the averaged work  func-  
tion of 3.84 ev is substi tuted z6, the calculated value  be- 
comes 19 m g / d m  ~ which is still the r ight  order of 
magnitude.  

The fact that  thin film oxidation data for zirconium 
follow the cubic equat ion or the two-stage logari thmic 
equation, combined with the reasonable correspond-  
ence of calculated and observed values of L lend sup- 
port  to the view that  the oxidation rate  is controlled 
not by diffusion of ions or migrat ion of electric charge 
through an oxide film, but instead by ra te  of electron 
t ransfer  f rom metal  to oxide at the meta l -ox ide  in te r -  
face. 

D. H. Bradhurst 3s, J. E. Draley, and C. Van Drunen: 
We have looked at semi-log plots of our oxidation 
data a number  of times. We have never  seen good 
evidence for any straight  l ine portions. Refer r ing  to 
Professor  Uhlig 's  figure, we bel ieve the points best 
form one continuous curve. Incidental ly,  the first point 
(at least 6 rain) is plot ted a l i t t le lower that  we  have  
used it. Perhaps  we made an error  when  sending it to 
him. This small  revision, plus additional points f rom 
the original recorder  trace be tween 6 and 42 min, 
confirm to us continuation of the longer t ime curvature  
to shorter  times. (For  this run, re l iable  data  could 
not be taken at t ime less than 6 rain.) 

We appreciate  Professor Uhlig 's  in teres t  in our data. 
We do not bel ieve that  the oxidation of z i rconium un-  
der our conditions fits his oxidation model. Accord-  
ingly, we feel we can offer no evidence to confirm or 
deny the general  val idi ty  of his model. 

The Valency of Aluminum Ions and the Anodic 
Disintegration of the Metal 

M. E. Straumanis and K. Poush (pp. 1185-1188, Vol. 112, No. 12) 

L. R~dey39: The authors prove  that  the black deposit 
formed on the a luminum anode contains fine alu-  
minum particles, as a resul t  of part ial  disintegrat ion 
of electrode. They point out that  this phenomenon ex-  
plains why  the apparent  valency of a luminum ions 
leaving the anode is lower than 3. This s ta tement  is 
highly probable in my opinion too. 

However  there  are some circumstances in which 
meta l  particles are not observable,  but, instead of this, 
hydrogen evolut ion occurs during the anodic dissolu- 
tion of aluminum. Although the apparent  valency of 
a luminum ions enter ing solution is lower than 3 in 
this case too, it is unnecessary to assume the forma-  
tion of A1 + ions, in spite of the fact that  the phenom-  
enon may  not be explained by disintegrat ion of anode. 
Severa l  authors established that, for example  in so- 
lut ion of halogen ions, hydrogen gas evolved on alu-  
minum anode and only a small  quant i ty  of meta l  
particles were  detectable and the apparent  valency of 
a luminum ions was 1.7-2.8 depending on circum- 
stances. A plausible explanat ion of this phenomena is 
the mixed  electrode behavior  of the a luminum anode. 
At the same t ime two electrochemical  processes take 
place on its surface 

AI-> A13+ + 3 e -  
and 

2H + + 2 e -  --> H2 

The evolut ion of hydrogen  gas is the resul t  of local 
currents  flowing on the anode. Therefore,  the quan-  

3s P r e s e n t  a d d r e s s :  A u s t r a l i a n  A t o m i c  E n e r g y  C o m m i s s i o n ,  S o u t h -  
e r l a n d .  N. S. W.,  A u s t r a l i a .  

39 P o l y t e c h n i c a l  U n i v e r s i t y  of  B u d a p e s t ,  I n o r g a n i c  C h e m i s t r y  I n -  
s t i tu te ,  B u d a p e s t  XI . ,  G e l l e r t - t e r  4, B u d a p e s t .  
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t i ty of evolved hydrogen is equivalent  to the sur-  
plus of dissolved a luminum (considering the Faraday  
law and apart  f rom occasional dis integrat ion of me t -  
al).  The action of local currents  is not identical  wi th  
so-called self-dissolution; the lat ter  proceeds wi th -  
out ex te rna l  polarizing current.  Besides the presence 
of act ivat ing anions also externa l  anodic polarizing 
cur ren t  is necessary 40 to get that  strong local current  
observed under  some conditions (up to a few hun-  
dred ma/cm2) .  Namely,  the local currents  become 
stronger  if the ex ten t  r anodic polarizat ion increases. 

Under  the conditions in question format ion of A1 + 
ions is improbable  because the est imated value of 
s tandard redox potent ial  of AI+/A13+ electrode (in 
aqueous solution) is --2.7,6v# 1 That  is, the A1 + ions 
would be ex t remely  unstable and they could not ex-  
ist in the solution for a percept ible  period. 

M. E. Straumanis42: I am very  much pleased by Pro- 
fessor L. R6dey's s ta tement  that  A1 goes into solution 
as an A13+ ion, point ing out the ex t reme instabil i ty 
of A1 +. Nevertheless ,  there  still might  be the pos- 
sibility that  the A1 + just  formed re turns  wi th in  a 
ve ry  short  period of t ime to the anode and gives up 
s imultaneously or successively two more electrons. 
Since it is impossible at present  to decide exper i -  
menta l ly  how the remova l  of the electrons occurs at 
the anode, we have the r ight  to assume that  A13 + ions 
are formed at once. A fur ther  possibility that  the 
A1 + ions, if formed, disappear by the se l f - reduc-  
tion, and oxidation react ion 

3A1 + --> 2A1 ~- A1 ~+ [1] 

is ruled out because of the presence of compara t ive ly  
large particles (embedded in the oxide layer  43) which 
could not be  formed in reaction [1] 44 , and because the 
coulometr ic  measurements  wi th  A l - ama lgam as an 
anode showed the formation of only A13+ ions within 
the limits of error. 45 The same occurs at an In-amal- 
gam electrode, where only In 3+ ions are formed, the 
results falling within an error limit much narrower 
than in the case of Al. 46 The coulometric measure- 
ments are the strongest evidence in favor of A1 a+ 
and In 3+ ion formation in the first step during anodic 
dissolution 47, although In + is much more stable than 
AI +. Therefore, intermediate steps 4s, may be regis- 
tered only under specific experimental conditions. 

Thus, the deviation from Faraday's law during 
anodic dissolution of metals is explained by the par- 
tial surface disintegration of the metal and by the in- 
crease of the self-dissolution rate in case of active 
metals when under anodic current. 49 Professor R6dey 
is also correct in stating that anodic dissolution may 
occur without disintegration. In fact, such a dissolu- 
tion with no disintegration, or more correctly, with 
hardly detectable disintegration was also observed 
in this laboratory. 49 Furthermore, similar observa- 

40 L. R~dey,  U n t e r s u c h u n g  des P o t e n t i a l s  P o l a r i s i e r t e r  Anoden ,  
P e r i o d i c a  P o l y t e c h n i c a ,  B u d a p e s t ,  4, 219 (1960). 

N. L o h o n y a i  a n d  L.  R~dey,  Be i t r i ige  zum e l e c k t r o c h e m i s c h e n  
V e r h a l t e n  de r  A l u m i n i u m  (I) ionen .  P e r i o d i c a  P o l y t e c h n i c a ,  B u d a -  
pest ,  6, 121 {1962). 

U n i v e r s i t y  of Missour i  a t  Rol la ,  G r a d u a t e  C e n t e r  for  M a t e r i a l s  
Research ,  Rol la ,  Missour i .  

43 M. E. S t r a u m a n i s  a n d  K. Poush ,  This Journal,  112, 1185, F ig .  3 
(1965). 

~ M. E. S t r a u m a n i s  a n d  D. L. Math is ,  J. Les s -Common  Met.,  4, 
213 (1962). 

M. E. S t r a u m a n i s  a n d  K. Poush ,  This Journal,  112, 1185, Tab le  
I. (1965). 

M. E. S t r a u m a n i s  a nd  R.  L.  Ma r t i n ,  Z. anorg, u. allgem. Chem.,  
334, 321, Tab le  2. (1965). 

47 M. E. S t r a u m a n i s ,  This Journal,  113, 636 (1966). 

4s R. E. Visco, This Journal, 112, 932 (1965); 113, 636 (1966). 

aS M. E. S t r a u m a n i s ,  This Journal,  105, 284 (1958); 108, 1087 
(1961). 

tions were  made by King et al., 50,51 working  wi th  Mg. 
It depends ent i re ly  on exper imenta l  conditions 
whe ther  or not spall ing of the oxide or hydroxide  films 
is accompanied by spalling (disintegrat ion) of the 
anodic metal. If  the amounts  of the la t ter  are small, 
they may react  quickly with the electrolyte  under  H2 
evolution, thus escaping microscopic detection. 52 

If the protect ive oxide layer  is part ial ly spalled of 
an act ive meta l  anode (by the impact  of cations going 
into solution),  the self-dissolution rate of the bare 
meta l  spots increases due to act ivi ty of the metal  or 
due to the action of local cathodes now exposed to 
the electrolyte.  49 So, there  is no reason why  the ac- 
tion of local e lements  should be excluded f rom con- 
t r ibut ing to the self-dissolution rate. 

Anomalously Large Photovoltages in a New 
Photovoltaic Cell 

P. N. Ramachandran and R. E. Salomon (pp. 42-45, Vol. 113, No. 1) 

M. Hart153: Ramachandran  and Salomon previously 
have  repor ted  on this high vol tage photovoltaic effect 
at low tempera tures  in anodized zirconium electrodes 
coated with  an evapora ted  layer  of copper or gold. 54 
On similar  investigations using anodized and sand- 
wich-contacted tantalum electrodes 55 we could find 
only a small  increase (factor 2) of the photovoltage 
at low temperatures .  Measuring the photoeffect also 
in anodized sandwich-contacted zirconium electrodes 56 
we got similar results as in anodized tantalum, i.e., 
no high voltage photovoltaic effect. According to our 
investigations we suppose that  the difference in the 
applied measur ing methods could explain the dif- 
ferent  results. 

Contrary  to Ramachandran  and Salomon, who used 
a high impedance e lec t rometer  together  wi th  an aux-  
i l l iary bucking circuit, we compensated the photo- 
vol tage in a low impedance  circuit  (sensit ive cur ren t  
ins t rument  for null  detection) and this in par t icu-  
lar for the fol lowing reason: 

Using a high impedance e lec t rometer  (with or wi th -  
out compensation or bucking circuit) the t ime con- 
stant of the measur ing circuit  is given by the capaci- 
tance and series resistance of the photovoltaic e lement  
in the oxide layer. Our measurements  show 55,56 that  
the short-circui t  photocurrent  and the rewi th  the 
series resistance of tan ta lum and zirconium oxide 
largely increases wi th  decreasing temperature .  To- 
gether  wi th  the re la t ive ly  high capacitance of the 
thin oxide layers (n,F/cm 2) we got t ime constants 
of hours measur ing the photovoltage in ZrO2 layers 
wi th  an e lec t rometer  at --150~ In this case we also 
found high but not reproducible  values of the photo-  
voltage. But  we bel ieve that  unintent ional  charging 
of the capacitance of the oxide layer  may  be the rea -  
son for this effect, because the high t ime constant of 
the measur ing circuit  does not allow the correspond-  
ing discharge. It  is possible that  the photoemission, 
as discussed below, together  with a bucking circuit  
produces this charging of the capacitance. 

We therefore  de termined  the photovoltage 55,56 by 
a low impedance compensat ion circuit. For  nul l  de-  
tection (photovoltage equal  to the compensat ion 
voltage) we used a low impedance current  measur -  
ing instrument,  whose sensi t ivi ty was sufficient to 
measure  the expected short circuit  photocurrent .  

J .  L. R o b i n s o n  a n d  P.  F .  K i n g ,  This Journal, 108, 36 (1961). 

51 p .  F. King ,  This Journal,  113, 636 (1966). 

5~M. E. S t r a u m a n i s  a n d  B. K. Bha t i~ ,  This Journal,  110, 357 
{1963). 

I n s t i t u t  f f i r  T e c h n i s e h e  E l e k t r o n i k ,  T e c h n i s c h e  Hochsehu l e ,  
Mi]nchen ,  G e r m a n y .  

54 p .  N. R a m a c h a n d r a n  and  R. E. S a l o m o n ,  J. Phys.  Chem. Solids, 
24, 583 (1963). 

~5 M. Har t l ,  Z. Naturiorseh.,  20b, 392 (1965), 

M. H a r t l  a n d  K.  Ach tz ige r ,  Phys .  8tat. Sol., 14, 355 (1966). 
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Fig. 1. Schematic set-up of the electrodes used to measure the 
photoemitted electrons out of an anodized tantalum sheet with 
a counter electrode in the form of: (a) a fine meshed copper grid 
mounted between two nickel disks at a small distance (0.3 mm) 
from the surface of the oxide layer, or (b) a cone made of an 
anodized tantalum sheet, which could be used instead of the grid. 
The illuminated area was 3 mm in diameter in both cases. 

Therewith the time constant  is given by the capaci- 
tance of the oxide layer  and the input  resistance of 
the current  sensitive ins t rument  and was below 0.1 
sec in  our experiments.  It may be ment ioned that  
this compensation circuit (for detail see s6) seen from 
the side of the oxide layer, has, in balance (I = 0), 
an "infinitely" high input  resistance which is still 
comparat ively infinite, if the sensit ivity of the nul l  
detecting ins t rument  is high enough to measure the 
expected short-circuit  photocurrent  under  the given 
conditions. With this sensitive compensation circuit, 
we could measure the photocurrent -vol tage-charac-  
teristic in  the proximity  of the photovoltage, which 
was never  higher than 2v in gold contacted ZrO2 
layers, produced by an anodization voltage (UA) up 
to 60V. Besides the discussed problem of measur ing 
the photovoltage in  sandwich-contacted oxide layers 
with an electrometer, the so far unpubl ished re-  
sults of our investigations, concerning the photoef- 
fect in uncontacted oxide layers, may help to explain 
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. . . .  
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Fig. 2. Electron emission current le under uv illumination as a 

function of the applied grid (or cone) voltage Ug measured: (a) 
with the grid in Fig. la and a tantalum sheet anodized with a 
formation voltage of 4v: A at -~- 20~ B at - -10~ C at - -35~ 
and D at -F25~ at a reduced intensity of light: (b) with the 
cone in Fig. lb and a tantalum sheet anodized with a formation 
voltage of 3v: E at +25~ 

the unusua l  photoeffect observed by Ramachandran  
and Salomon. Also in  our experiments  the conducting 
path to the surface of the oxide layers was obtained 
by photoelectron emission. We again used the de- 
scribed low impedance circuit. 

Figure 1 shows the mounted  electrodes: the chem- 
ically polished anodized tan ta lum sheet (0.1 mm 
thick) is attached to a copper rod, which was used as 
electrical lead to the tan ta lum and also as heat con- 
ductor from and to the probe. A fine-meshed copper 
grid (wire distance 40~) in a short distance (0.3 mm) 
above the surface of the oxide layer serves as counter  
electrode (a in  Fig. 1). In this set up, only s imulta-  
neous i l luminat ion  of both electrodes is possible; how- 
ever the conduction path is defined clearly. To avoid 
photoemission from the counter electrode while 
measur ing  the photoemission from the oxide layer 
alone, the grid in  Fig. 1 was replaced by a cone made 
of anodized t an ta lum sheet (b in Fig. 1). The elec- 
trode chamber could be evacuated (10 -5 Torr) by 
an oil diffusion pump. The light spot (0.25 x 0.25 ram) 
of an Osram mercury  super pressure lamp (HBO 
100 W/2) was focused on the probe to get h igh- in-  
tensi ty photon flux. 

Figure 2 shows the current  (Ie)-voltage (Ug) 
characteristics of an anodized tan ta lum sheet under  
i l luminat ion.  Curves A and D in Fig. 2 are measured 
at room tempera ture  and at different light intensities 
LA and LD (LA ~ LD). With sufficient positive grid 
voltage, current  saturat ion is obtained. The magni-  
tude of this saturat ion cur ren t  corresponds to the 
number  of photoemitted electrons out of the oxide 
layer  on the tantalum, and thus is proport ional  to 
the intensi ty  of light. Lowering the positive grid 
voltage, the electron current  from the oxide layer 
to the grid drops to zero at a certain grid voltage 
Ugo. This grid voltage Ugo compensates a photovoltage 
Uo between the tan ta lum electrode and the copper 
grid. It may be ment ioned that the photovoltage ob- 
tained by this "contactless" measur ing method is in-  
fluenced, by the difference in the work functions of 
the oxide layer and t he  counter  electrode and also by 
the different number  and energy dis t r ibut ion of the 
photoemitted electrons out of the two electrodes. At 
lower positive grid voltages than  Ugo the electron flow 
from the grid to the surface of the oxide layer  should 
also reach a saturat ion value at sufficient high nega-  
tive grid voltage. Curve D in Fig. 2 shows that  this 
negat ive saturat ion current,  which would correspond 
to the photoelectron emission out of the grid, cannot 
be obtained. With increasing the negat ive grid volt-  
age, the negative cur ren t  decreases from a max imum 
(between Ug = Ugo and Ug ---- 0) to a lower value. 
This specific voltage current  characteristic can be ex- 
plained by the fact that the surface of the oxide layer 
will  be charged to grid potential  by the electrons from 
the grid. Increasing the negative grid potential  (and 
thus increasing the surface potent ial  of the oxide 
layer to the same values by the assumed charging),  
an increasing component  of the photoemitted elec- 
trons from the grid flows to the grounded shield and 
reduces the measured current  from the grid to the 
oxidized t an ta lum electrode. Measuring the temper-  
a ture  dependence of the photovottage Uo with Ie set 
to zero, we obtained curve A in Fig. 3 for the same 
oxide coated tan ta lum electrode as investigated in  
Fig. 2, and curve C for a chemically polished tan-  
ta lum electrode without  an oxide layer. By com- 
parison curve D in  Fig. 3 gives the tempera ture  de- 
pendence of the photov0ltage in an anodized tan ta lum 
electrode coated with an evaporated t ransparent  layer  
of gold. The similari ty of the tempera ture  dependence 
be tween the diagrams A and D in Fig. 3 above room 
temperature  (and the difference between A and C) 
confirms our assumption that the measured photo- 
voltage, identical with Ugo, is mainly  due to the pho- 
tovoltage in the oxide l~ayer. The large increase of Uo 
with decreasing tempera ture  below room temperature  
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Fig. 3. Photovoltage Uo as a function of the temperature T 
measured: A with a low impedance compensation circuit (le = 0) 
and B directly with a high impedance electrometer (1014 ohm) using 
the same probe as in Fig. 2a curves A-D. By comparison: C: not 
anodized tantalum measured as A; D: sandwich contacted anodized 
tantalum (different intensity of light and oxide thickness corre- 
sponding to a formation voltage of 24v.) 

is surpris ing and our curve A seems to lead to the 
high photovoltages observed by Ramachandran  and 
Salomon. But measur ing on the other hand the pho- 
tovoltage be tween the grounded grid and the anodized 
t an ta lum electrode with a high impedance elec- 
t rometer  directly, without  bucking or compensating 
voltage, we got the two points of curve B in  Fig. 3 
showing no unusua l  voltage increase. 

To clear this discrepancy we measured the complete 
current  (le) voltage (Ug) characteristic also at lower 
temperatures.  Our results are curves B and C in Fig. 
2. These curves demonstrate  that photoemission out 
of the anodized t an ta lum at low temperatures  cannot 
be observed under  the given conditions (Fig. l a ) ,  
and hence a compensation of the photovoltage is not 
possible with electron cur ren t  flow only in one di- 
rection. 

Using the anodized tan ta lum cone in Fig. lb  instead 
of the grid (a) it could be shown that the photoemis- 
sion out of an anodized tan ta lum electrode is measur-  
able in the investigated lower temperature  range. Curve 
E in Fig. 2 shows the emission current  Ie as a func-  
t ion of cone voltage. The saturat ion current  Ie m a x  at 
positive cone voltage as a funct ion of tempera ture  is 
given in Fig. 4. The fact that the saturat ion point of 
the emission current  as funct ion of the applied volt-  
age (Ue) is near ly  independent  of temperature,  also 
excludes a larger change of the photovoltage as found 
in  Fig. 3 curve A. 

Figure  5 shows the decrease of this sa turat ion cur-  
rent,  which also is the max imum photoemission cur-  
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Fig. 4. Maximum electron emission current lemax (saturation 
value of curve E in Fig. 2) out of anodized tantalum (formation 
voltage 6v) as a function of temperature T. 
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Fig. 5. Maximum electron emission current le max out of anodized 

tantalum as a function of the oxide thickness corresponding to the 
given anodizntion voltage UA. 

ren t  Iemax, with increasing thickness of the oxide 
layer. According to the results given in Fig. 4 and 
5 it might be supposed that the photoemission out 
of the relat ively thick oxide layers investigated by 
Ramachandran  and Salomon cannot be measured with 
the used ins t ruments  at low temperatures;  but  wi th-  
out measurable  electron emission out of the oxide 
layer  the photovoltage should not be determinable.  

However, if the electron emission out of the oxide 
layer can be neglected against  that  out of the counter 
electrode, curve B and C in Fig. 2 should approach 
zero (Ie ~ 0) with increasing positive grid voltage. 
The fact that we, however, measured an emission cur-  
ren t  opposite to the applied field and near ly  inde-  
pendent  of the positive grid voltage, indicates an addi- 
tional phenomenon,  which could not be explained at 
present. But according to the shape of curve B and C 
in Fig. 2 (quite different from A and D) and according 
to the facts of small  electron emission out of the oxide 
layer and of the directly measured low photovoltage 
(curve B in Fig. 3), we believe that this negative 
emission current  at positive grid voltage (measured 
up to + 10v) is not caused by higher photovoltage but  
more likely by surface charging of the oxide layer, 
similar to that found with the negative grid voltage 
even at room temperature  (curve D in Fig. 2). The 
reason for this charging could be any auxi l iary  volt-  
age (as in our experiments  the applied grid voltage, 
or any other compensating resp. bucking voltage) or 
perhaps electrons with higher energies emitted by a 
heated counter electrode. 

Although our investigations are not carried out un-  
der the same exper imental  conditions as applied by 
Ramachandran  and Salomon and also were for a dif- 
ferent  purpose, we hope, however,  to have shown 
some of the problems which should be discussed by 
Ramachandran  and Salomon to clear their measured 
unusua l  photoeffect. 
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Detection of Thermal Reaction in Mixed Oxide 
Powders by Electrical Resistance Measurements 

A. N. Copp, M. Nakahira, and G. W. Brindley (pp. 237-239, 
Vol. 113, No. 3) 

J. Deren and J. Haber57: Copp, et  al., consider the 
possibil i ty of employing the measurements  of electri-  
cal conduct ivi ty  to the invest igat ion of the solid-state 
reactions in semiconducting oxide systems. There  are 
several  r emarks  which we would like to ment ion  in 
connection with this problem. 

1. Measurements  of the electrical  conduct ivi ty  may  
be a useful  exper imenta l  technique mainly  in s tudying 
first stages of the react ion in the polycrystal l ine mix-  
tures. A solid-state react ion must  begin at the in te r -  
granular  boundaries, and the first steps of the reaction 
must  comprise the s t ructura l  changes of surface lay- 
ers, surface migration,  format ion of surface com- 
pounds, etc. As in many cases the conduct ivi ty  of poly- 
crystal l ine mater ia l  is de te rmined  by the conduct ivi ty  
of surface layers  and in tergranular  contacts; these 
changes wil l  entai l  the changes of electr ical  conductiv-  
ity and its act ivation energy before any new phase is 
formed in the amount  sufficient to be detected by the 
x- ray  diffraction. The results i l lustrated in Fig. 1 show 
that  even at compara t ive ly  low tempera tures  irre- 
versible  changes of electrical  conduct ivi ty  of the 
MgO-~-Cr~O3 mix ture  are observed ~s al though no for- 
mat ion of new phases could be detected by x - r ay  tech- 
nique. These changes are re la ted to surface processes, 
as shown by the invest igat ion of chemical,  microscopic, 
and adsorpt ive properties.  59-61 

2. It  seems that  in many  cases additional informa-  
tion may  be obtained by measur ing the electrical con- 
duct ivi ty  not only as a function of t empera tu re  but  
also as function of the pressure (pressure of oxygen in 
case of oxide mixtures) .  The dependence of conduc- 
t ivi ty on pressure at constant t empera ture  follows the 
equation:  ~ = k .  p •  ?t being dependent  on the 
nature  of the oxide and conditions of the exper iment .  
In the case of the react ion between two ox ides  char- 
acterized by different n, the changes of n may supply 
some information about the first steps of the reac- 
tion.S2 

3. In many  solid-state reactions metastable  inter-  
mediate  products are fo rmed  in small  quantities. Their  
format ion may have  a pronounced influence on the 
electr ical  conductivity,  as these compounds appear  
mainly  at the surface of crystallites, ss-~ 

4. Once a new phase of the product  is formed, it 
may  determine  the over-al l  e lectr ical  conductivity.  It  
seems that  the growth of crystal l i tes of this phase in- 
fluences the electrical  conduct ivi ty  to a smaller  degree 

ST D e p a r t m e n t  of Inorganic Chemistry,  School  of Mining  and Met-  
a l lurgy,  K r a k o w ,  Poland.  

~s A. Bielanski ,  J.  Deren,  and  Z. Barutowicz,  Z. anorg,  u. allgem. 
Chem. ,  305, 169 (1960). 

SgA. Bielanski ,  J .  Deren,  and  E. Duczyminska ,  Z. anorg, u. 
allgem. Chem. ,  316, 75 (1962). 

eoj .  Deren  and  J.  Haber ,  Z. anorg, u. all~em. Chem. ,  342, 277 
(1966). 

~-J. Deren  and  J .  Haber ,  Z. anorg, u. alIgem. Chem.., 342, 288 
(1966). 

ea A. Bielanski ,  J.  Deren,  J .  Haber ,  and E. Polaczkowa,  Z. anorg. 
U. allgem. Chem. ,  294, 269 (1958). 
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only. It also seems doubtful  whe ther  direct relat ion-  
ship be tween the changes of electr ical  conductivi ty 
and the conversion can be expected. 

5. Measurements  of electrical  conduct ivi ty  may also 
give valuable  informat ion concerning the phase dia- 
grams of the oxide systems. In such applications a 
ve ry  critical approach, however ,  must  be adopted 
since the so-called singular points 63 do not necessarily 
correspond to a new phase. 59,64 

6. There  are two impor tant  aspects of the applica- 
tion of conductivi ty measurements  as a method of in- 
vest igat ion of the solid-state reactions. As seen f rom 
the above discussion the electr ical  conduct ivi ty  of an 
oxide mix ture  depends on many different factors, and 
unambiguous conclusions can be drawn only if several  
various exper imenta l  techniques are used simultane-  
ously. In this respect the measurements  of electr ical  
conduct ivi ty  must  be considered as a supplementary  
technique. The second problem refers tu the question 
as to whe ther  electrical  conduct ivi ty  is the most use- 
ful proper ty  f rom the point of v iew of the invest iga- 
tions in this field. It  may be suggested that  measure-  
ments of the work  function may  give more s traight-  
forward  informat ion concerning the surface state of 
the react ing polycrystal l ine mixture .  

A. N. Copp, M. Nakahira, and G. W. Brindley65: We 
are pleased to receive the comments  and to have our 
at tention drawn to some recent  publications that  were  
o~rerlooked in our own article. We agree ent i re ly  wi th  
their  comment  1 that  several  different techniques are 
necessary to avoid unambiguous conclusions; however ,  
we still  emphasize that  the readi ly  observable  breaks 
in log resist ivi ty (or conduct ivi ty)  vs.  1 / T  curves ap- 
pear  to correspond to the onset of reactions be tween 
the components. In their  comments  1, 3, and 4, Deren 
and Haber  appear  to agree wi th  our general  thesis, 
which we ref ra ined f rom expressing in as much detail  
as they supply. 

V. N. yeremienko and A. M. Baynysh, Problems ol Powder 
Me$allurgy, 1, 57 (1954) (in Russian).  

e4 A. Bielanski  and J.  Deren,  R o c z n i k i  Chem. ,  $9, 1145 (1955}. 

Mater ia ls  Research  Labora tory ,  Pennsylvania  State Univers i ty ,  
Un ive r s i t y  P a r k ,  Pennsy lvan ia .  
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The Growth of Pink Magnesium Aluminate (MgAI204) 
Single Crystals 

c. o. Dugger (pp. 306-307, Vol. 113, No. 3) 

I,. It. Brixner66: The author  states in the last para- 
graph of this paper that  the hydrolysis of a fluoride to 
an oxide might  be considered a new technique for 
growing single crystals. It is probably correct that  he 
was the first to adopt this method specifically for the 
preparat ion of single crystal l ine MgA1204, but  as a 
fundamenta l  technique it is not novel. We used the 
hydrolysis of both fluoride and chlorides in what  we 
call "flux-reaction technique" for the preparat ion of 
t ransparen t  single crystall ine ferrites of the type 
BaFe12019 and SrFe12019 in  1959. 

Otherwise Dr. Dugger's paper is a fine piece of ex- 
per imenta l  work and, if he succeeds in growing larger 
crystals, he may indeed have a novel host for Cr +3. 

C. O. Dugger: I wish to thank  Dr. Br ixner  for calling 
my at tent ion to his use of chloride and fluoride hy-  
drolysis in the growth of oxide single crystals, sT 

The solid-state chemical equation (solid-phase hy-  
drolysis) to form BaFe12019 from the reactants BaF2 
and Fe203, as suggested by Dr. Brixner,  included one 
mole of water. The source of water  in this reaction 
was not discussed by Dr. Br ixner  in his above refer-  
enced paper. Also in this paper the source of water  
was not established in  the molten phase hydrolysis of 
the chlorides. Assuming the mechanism for chloride 
and fluoride hydrolysis is similar, Dr. Brixner 's  tech- 
n ique  in br inging  about the hydrolysis reaction and 
the tempera ture  at which he added Fe203 to the 
molten solution was different from the technique used 
by the undersigned. The major  differences in the two 
techniques were: 

(A) Dr. Br ixner  bubbled oxygen into molten BaCI., 
(mp 962~ while in the preparat ion of MgAI20.~ 
single crystals, extreme care was taken to exclude any 
oxygen in the carbon furnace chamber in which the 
start ing mixture,  BaF2, MgF2, and A1203 was heated. 

(B) At 1250~ Dr. Br ixner  introduced Fe208 into 
the mol ten solution while this author added oxides 
possessing waters of crystall ization to hydrated fluor- 
ides at room tempera ture  and then heated the well 
ground, isostatically pressed mixture  to the molten 
phase. 

At present, the exact mechanism for the conversion 
of MgF2 to MgO and the chemical formation of 
MgA1204 from A1203 is not known. It  has been sug- 
gested that  the chemical reaction MgF2 and A1203 to 
form MgA1204 is a metathetical  reaction. Exper imental  
evidence does not support  this suggestion. Our lab-  
oratory findings indicate that the conversion of MgF2 
to MgO is a hydrolysis reaction. 

It  appears that the solid and molten phase fluoride 
hydrolysis-solut ion technique, for growing high qual-  
i ty stoichiometric oxide single crystals, has the poten-  
tial of becoming another  good method for growing 
single crystals of some refractory oxides once more is 
known about the technique. 

Adsorption and Oxidation of Butane on Platinum 
Black in H2SO4 

J. A. Shropshire and H. H. Horowitz (pp. 490-492, Vol. 113, No. 5) 

S. B. Brummer6S: The authors come to the conclusion 
that  the strong dependence of the ini t ial  rate of ad- 
sorption of butane on potent ial  in  the range 100-300 
my  v s .  the reversible hydrogen electrode (RHE) arises 
from blockage of bu tane  adsorption sites by adsorbed 
hydrogen atoms. They conclude, also, that  butane  ad-  
sorbs only in  type II (most anodic) H-sites. These con- 

ee P i g m e n t s  D e p a r t m e n t ,  E x p e r i m e n t a l  S t a t ion ,  E. I. d u  P o n t  de 
N e m o u r s  & C o m p a n y ,  W i l m i n g t o n ,  De l aware .  

e~L. H. B r i x n e r ,  J. Am.  Chem. Soc., 81, 3841 (1959). 

es Tyco Labora to r i e s ,  I nco rpo ra t ed ,  W a l t h a m ,  Massachuse t t s  02154. 
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clusions are of great interest  and, if confirmed, would 
be of considerable significance not only in  relat ion to 
hydrocarbon adsorption on Pt  but  also in connection 
wi~h the energetics of H atom adsorption itself. How- 
ever, some of the authors '  exper imenta l  techniques 
appear inappropriate  to the s tudy of this system. In 
addition, the conclusions they draw appear inconsistent 
with what  is general ly known  about hydrocarbon ad- 
sorption on Pt  and also with their own data. 

Concerning the exper imental  techniques used by 
the authors, we would note, as they mentioned,  that 
the early part  of the adsorption occurs on a par t ly  
oxide covered electrode but, also, as is not mentioned,  
over a range of potentials. 69 This leads to an intercept  
of the QB v s .  �9 plots of Fig. 5 (QB is charge to oxidize 
adsorbed butane,  �9 is the t ime of adsorption).  One 
could hardly agree that the claimed constancy for the 
intercepts of the Q B  v s .  T plots is very convincing (cf. 
Fig. 5). In  any case, when the ma x i mum adsorption 
is small  (e.g., at 0.0v v s .  SCE) the true ini t ial  rate 
would be concealed by this intercept.  One might  note 
also that if the composition of the adsorbed layer 
varies with potential,  which impor tant  poin.t the au-  
thors completely ignore, the presence of part ial ly oxi- 
dized residues adsorbed at high potentials dur ing the 
r e tu rn  from the "burn  off scan" will  have profound 
effects on the kinetics of fur ther  adsorption. It would 
have been considerably better  if the authors had really 
adsorbed at constant  potent ia l  and if they had meas- 
ured QB in such a way as to avoid readsorption dur -  
ing the "burn  off scan." 

The major  query about the authors '  procedures, 
however, is their  assumption that QB is a measure  of 
adsorbed butane.  The explicit assumption that  they 
make here is that  the oxidation state of the adsorbed 
mater ia l  is constant, independent  of time and potential  
of adsorption. Fur ther ,  they assume that the adsorbed 
mater ia l  is butane  itself. Neither of these assumptions 
is likely on general  grounds and in fact there is a 
considerable body of evidence to the contrary.  Thus, 
it has been shown for C~Hs, 7~ 71 for C2H6, TM and for 
various hydrocarbons including C4H10 itself, ~8'~4 that 
the adsorbed mater ia l  is not the original hydrocarbon 
and that its oxidatior~ state is a function of time of ad- 
sorption and potential. For C3Hs, this was shown to be 
true even at 80~ 7~ 71 for C~H6 it was shown even as 
low as 60~ TM and, in both cases, it would be true at 
lower temperatures.  Recent results 75 show similar be- 
havior for n-C6H14 and there can be little doubt that  
this is a general  effect for the adsorption of saturated 
hydrocarbons from acid solutions onto Pt  electrodes. 
Thus "adsorption rates" of bu tane  derived from QB v s .  
T plots are unl ikely  to be correct. Similarly,  the re-  
ported var ia t ion of this "adsorption rate" ~vith poten-  
tial is of dubious significance. 

The authors take no account of this effect. In  fact, 
in their section "additional evidence in  support  of 
Type II site adsorption," they explicitly require  that  
the adsorbate be bu tane  itself. This "support ing evi- 
dence" based on this asumption cannot then be valid. 

It  could perhaps be argued that  since the authors 
corrected the "rates" derived ~rom their Q B  v s .  T plots 
for butane  oxidation, the reported slopes do represent  

e~ " O v e r  a r a n g e  of p o t e n t i a l s , "  because  the  p o t e n t i o s t a t  w o u l d  
t ake  a t  leas t  2.5 see to p r o v i d e  t he  c h a r g e  to l ower  the  p o t e n t i a l  
f r o m  1.1v ( the end  of the  " b u r n  off"  scan) to the  w o r k i n g  po ten -  
t ial .  M u c h  of th i s  cha rge  w o u l d  be pas sed  ove r  a r a n g e  of p o t e n -  
t i a l s  w h e r e  a d s o r p t i o n  of b u t a n e  w o u l d  occur .  

7o S. B. B r u m m e r ,  J .  I. Fo rd ,  a n d  M. J.  T u r n e r ,  J. Phys.  Chem.,  
69, 3424 (1965}. 

71 S. B. B r u m m e r  a n d  M. J .  T u r n e r ,  " H y d r o c a r b o n  F u e l  Cel l  
T e c h n o l o g y , "  p. 409, A c a d e m i c  Press ,  New York ,  1965. 

v'J S. G i l m a n ,  Trans. Faraday Soe., 61, 2546 (1965). 

~aJ. G ine r ,  P a p e r  p r e s e n t e d  a t  15th CITCE Mee t ing ,  L o n d o n  
(Sept .  1964}. 

7~ L. W. N i e d r a c h  a n d  M. Toehner ,  R e p o r t  by  G e n e r a l  E lec t r i c  Co. 
to  U S A E R D L ,  F o r t  Be lvo i r ,  Va., on C o n t r a c t  No. DA-44-009-AMC-  
479(T),  Dec. 1965. 

~ S. B. B r u m m e r  and  M. J .  Tu rne r ,  I n  press .  
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the t rue rate  of adsorption of butane. However ,  they 
used the "steady state" oxidat ion ra te  of butane for 
this purpose and the t ransient  rate  of oxidation under  
the conditions of adsorption onto a clean surface is 
always much higher. Thus for HCOOH oxidation, 76-7~ 
methanol  oxidation, 77 saturated hydrocarbon oxida-  
tionT~, s0. 81 and unsatura ted  hydrocarbon oxidation, 73, s2 
the oxidation current  always falls rapidly wi th  t ime 
dur ing the init ial  t ime period. The authors appear to 
have over looked this fact in correcting their  QB vs .  
plots. Had they made this correct ion appropr ia te ly  
they could have obtained the correct  adsorpt ion ki-  
netics f rom their  QB vs .  �9 plots. However ,  their  over -  
r iding assumption which stated simply is that  butane 
ei ther  oxidizes to CO2 or is adsorbed as unchanged 
butane would not be any more true. s3 One must  con- 
clude, then, that  the repor ted  "adsorption rates"  may 
be seriously in error.  

The impor tant  conclusion which the authors say 
their  data point to is that  the adsorption ra te  is first 
order  in free surface (Fig. 7) and occurs only on type 
II H-sites. Notwiths tanding that  the "support ing evi-  
dence" for this supposition is based on the assumption 
of 4 sites per adsorbed molecule  so that  the ra te  should 
depend on (1 - -  on) 4, the evidence is not convincing, s4 
Firstly, we note that  the data of Fig. 7 refer  on the one 
hand to "adsorpt ion rates" de termined  at various po- 
tentials and on the other  to '~free surfaces" [ =  ( 1 -  OH) 
= 0F] de termined  in absence of C4H10. The var ia t ion 
in adsorption rate  with potential  could be due to a 
number  of factors but  if the authors '  theory were  cor- 
rect  then at fixed potent ial  (e .g . ,  in the data of Fig. 5) 
we expect  the observed adsorption rate  to decline as 
butane covers the free surface. Yet, as Fig. 5 of their  
paper shows, QB increases l inearly wi th  ~. Indeed this 
l inear i ty  is the basis of the authors '  "adsorption rates." 
The extent  of coverage of the electrode by adsorbed 
C4H10 dur ing the authors '  adsorption exper iments  may 
be est imated from their  results. Thus for the electrode 
of Fig. 5, QB apparent ly  increases at 39 ma at q-0.05v 
vs .  SCE. Comparing with  Fig. 6, and al lowing for the 
steady state oxidation current  at q-0.05v as given in 
Table  H, shows that  this electrode contained 26.5 mg 
of Pt. F rom Table I, QH s is 1.265 coul. Adsorpt ion of 
butane after  40 sec at 0.05v is 2.3 coul and then 
Q B / Q H  s is 1.82. The max imum value, QBS/QH s, is 3.3 
and, making the authors '  assumptions of 4 sites per 
molecule,  eventua l  max imum coverage of the re levan t  
sites s5 and adsorption by butane p e r  se ,  this corre-  
sponds to coverage by butane of 55% of the electrode 
surface. Despite this, the Q B  VS. T plots of Fig. 5 show 
no curva ture  and, even on a " ra te"  v s .  OF relation, the 
ra te  should have diminished by 55% in 40 sec. If the 
dependence o n  0F 4 implied by the authors '  other as- 
sumption were  true, the rate  should have diminished 
to ~ 4 %  of its original  value by this time. 

Had the previously ment ioned transient  oxidation 
cur ren t  correct ion been applied, the init ial  adsorption 

76 S. B. B r u m m e r  a n d  A. C. Makr ides ,  J. Phys.  Chem.,  68, 1448 
(1964). 

77 j .  G i n e r ,  Electrochim. Acta, 9, 63 (196~). 

~s M. W. Bre i t e r ,  Electrochim. Acta,  10, 503 (1965}. 

R. P .  B u c k  and  L. R. Gr i f f l th ,  This Journal, 109, 1005 (1962}. 

sos .  B. B r u m m e r ,  R e p o r t  by  Tyco L a b o r a t o r i e s  to U S A E R D L ,  
F o r t  Be lvo i r ,  Va., on C o n t r a c t  No. DA-44-009-AMC-410(T) ,  Oct. 
1964. 

m j .  O'NI. Bockr i s ,  E. G i l ead i ,  a nd  G ~ S t o n e r ,  R e p o r t  to U S A E R D L ,  
F o r t  B c l v o i r ,  Va., on Con t r ac t  No. DA-44-009-AMC~469(T) ,  Apr .  
1966. 

s2 j .  O'M. Bockr i s ,  H. W r o b l o w a ,  E. G i l ead i ,  and  B. J .  P i e r sma ,  
Trans. Faraday Soc., 61, 2531 (1965). 

s3 A n d  the  f ina l ly  a d s o r b e d  m a t e r i a l  w o u l d  of  course  s t i l l  no t  be 
b u t a n e  i t se l f .  

8~ E. d. Ca i rns  [Ref. (6) of J u n e  1965] has  r e p o r t e d  t h a t  fo r  C3Hs 
in  H F  at  90~ the  a d s o r p t i o n  k i n e t i c s  fo l low a t h i r d  o rder  l aw  in  
f ree  sur face .  

s5 I f  we  w e r e  to accept  the  conc lus ion  of a d s o r p t i o n  on ly  on type  
I I  s i tes,  b o t h  QBJ/QH n a nd  QB 4~ see/QnlI  w o u l d  be a b o u t  d o u b l e  
these  va lues ,  b u t  the  e s t ima te  of cove rage  w o u l d  no t  be a l te red .  

rate  at low butane coverage would be higher  than that  
at high coverages.  There  is almost cer ta inly then some 
dependence on f ree  surface but it is not that  claimed 
by the authors. The only way in which this depend-  
ence can be esta~blished is to study adsorption vs .  free 
surface and t ime at fixed potential.  F igure  7 of the 
author 's  art icle shows mere ly  that  a parameter ,  which 
is re la ted to the rate  of adsorption, changes wi th  the 
potent ial  of adsorption in a similar  way to the way in 
which H atoms are adsorbed on Pt  in the absence o f  
butane. It does not show what  the authors claim, s6 

J. A. Shropshire and H. H. Horowitz:  The authors 
would like to thank Dr. B rum m er  for taking sufficient 
interest  in our paper  to offer comments  and trust  that  
the fol lowing discussion will  help to el iminate any 
misunderstandings that may still  exist. 

Considerable difficulty would be avoided if it were  
not immedia te ly  assumed that  all adsorption-electro-  
oxidation data obtained on act ive p la t inum black need 
be equiva len t  to that  obtained on smooth platinum, 
of ten annealed, microelec%rodes. I t  would  be ve ry  de- 
sirable, if it were  possible, to study the rate  of ad- 
sorption of hydrocarbons on smooth p la t inum elec- 
trodes using what  have  become more or less s tandard 
techniques. Unfor tunately ,  diffusion limits the rate  of 
hydrocarbon accumulat ion on pla t inum microelec- 
trodes suspended in electrolyte,  and true adsorption 
rates, therefore,  cannot be determined.  Fur thermore ,  
smooth pla t inum microelectrodes do not behave in 
the same manner  as p la t inum black electrodes wi th  
regard  to hydrocarbon adsorption and oxidation, as 
discussed below. While the use of the porous electrode- 
flowing electrolyte  system required the application of 
less elegant  electrochemical  techniques, it nevertheless  
has demonst ra ted  its mer i t  in showing the existence 
of an adsorption rate l imitation, which correlated with 
the l imit ing current  observed with actual fuel  cell 
electrodes. 

The most s t r ingent  r equ i remen t  of the porous elec-  
trode system was that  only slow voltage sweeps were  
possible due to the long charging t ime of the electrode. 
An appreciable amount  of fuel  adsorption, therefore,  
occurred dur ing the scan and return,  giving an ap- 
parent  intercept  of about 10% of m ax im um  coverage. 
However ,  most  of the coulombs in this intercept  
reached the electrode during the scan, after the ad- 
sorption period and not prior  to it. Therefore,  the 
adsorption did occur on an essentially clean surface. 
In fact, since the intercept  was constant, independent  
of adsorption voltage, it would have been valid for us 
to subtract  it f rom the raw data of Fig. 5 to obtain 
curves passing through the origin. A sawtooth ra ther  
than t r iangular  voltage form was used to minimize the 
t ime available for adsorption after  burn-off  and prior  
to the start  of the next  nominal  adsorption period. 
Since most of the re turn  t ime is spent in reducing 
p la t inum oxides in a potent ial  region where  ar r iv ing 
butane is oxidized, the m ax im um  t ime for fuel  ad- 
sorption at uncontrol led potential  is less than one 
second, and would  have permi t ted  less than 1% cover-  
age to occur. 

With the regard  to the possible change in composi- 
tion of the adsorbed butane with  potential,  we must 
stress again that desorption of the adsorbed mater ia l  
yielded essentially pure  butane identified by gas 
chromatography.  The identification of the adsorbed 
mater ia l  is not assumed. Fur thermore ,  this butane is 
not formed by hydrogenat ion  of f ragments  since the 
desorption process consumed no more  coulombs than 
those requi red  to hydrogenate  the newly  vacated sites. 
Sure ly  evidence for par t ia l  oxidation obtained f rom 
kinet ic  data and adsorption isotherms taken on smooth 
p la t inum at lower  tempera tures  must  yield to this 

s~ I n c i d e n t a l l y ,  we  m a y  no te  t h a t  t he  a u t h o r s  c l a im  t h a t  on ly  
50% of the  su r face  is occup ied  b y  C4Hlo is c e r t a i n l y  no t  t r ue  for  
c3ns~ ,  7o and  n-CGH14 =~ w h e r e  cove rage  by  h y d r o c a r b o n  a p p r o a c h e s  
u n i t y .  
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Table I. 

50 Mg 1 cm~ 
E l e c t r o d e  f o r m  P t  b l ack  S m o o t h  P t  

S a t u r a t i o n  b u t a n e  coverage ,  m i l l i c o u l o m b s  8000 0.6 
C o v e r a g e  in  20 sec, m i l l i c o u l o m b s  2000 0.15 
(25% of s a tu ra t i on )  
T y p i c a l  scan t ime ,  s e e / v  20 0.01 
A v g  scan  cur ren t ,  m a  300 50 
( a s s u m i n g  peak  r e q u i r e s  1/3 v) 
Correc t ion  for  ox ida t ion ,  m i l l i c o u l o m b s  500 0.04 
(25% of coverage)  
O b s e r v e d  o x i d a t i o n  cu r ren t ,  m a  25 0.002 
( a s s u m i n g  20 sec adso rp t ion )  

actual product isolation and analysis. Moreover,  data 
of Niedrach 87 for both e thane and propane adsorption- 
desorption on high area p la t inum black completely 
substantiate this observation. Both these adsorbed 
paraffins were  desorbed substantial ly unchanged with  
at most a few per cent of cracked products. It should 
be noted that  only with  high surface area porous 
electrodes is the isolation of desorbed mater ia l  possi- 
ble. One hundred  mg of pla t inum black can adsorb 
and desorb 0.15 cc of butane at STP. 

The discussion of the correct ion for s teady-s ta te  
oxidation dur ing adsorption is ve ry  impor tant  and 
needs amplification and clarification for this and other  
papers. S teady-s ta te  oxidation rates in this study 
were  not taken f rom separate exper iments  but were  
measured during the actual  adsorption simply by 
reading the cur ren t  de l ivered  by the potentiostat.  The 
abil i ty to do this is again a function of the massive-  
ness of the porous electrode system. This is cer ta inly 
an advantage of the porous electrode over  micro-  
electrodes. With low area electrodes and fast scans, 
the currents  are low and the ratio of the current  dur-  
ing adsorption to that  during the scan is low. These 
two factors make  it v i r tua l ly  impossible to detect 
anodic oxidat ion during adsorption on microelectrodes 
even though it may be quite significant. An  example  
giving order  of magni tude  numbers  will  i l lustrate this 
impor tant  point. Assume that  a high area electrode 
and a microelectrode each reach 25% of saturat ion 
coverage with  butane after  20 sec adsorption, and 
dur ing that  period each oxidize 25% of wha t  they 
adsorb. A simple calculation shows that  under typical 
scanning conditions easily detectable scan currents  of 
the order of 102 ma are obtained, but  the oxidation 
current  is 25 ma in the case of the large electrode and 
a pract ical ly undetectable  0.002 ma in the case of the 
small  one, as shown in Table I. 

It  was undoubtedly  for this reason that  a number  
of authors claimed to measure  hydrocarbon adsorp-  
tion at potentials of 0.5-0.7v v s .  revers ible  hydrogen. 
On porous electrodes, the oxidation currents  would  
be so high at these potentials that  it would be ob- 
viously impossible to measure  saturat ion coverages. 
Thus the use of high surface area electrodes has per -  
mi t ted  us to ver i fy  by actual isolation of the desorbate 
that  butane does not change its composition on the 
surface under  our conditions and has provided an i n  
s i t u  method for correcting the adsorption for s teady-  
state oxidation. Both features  combine to make  a con- 
sistent picture. 

Much has been made of the fact that  one molecule  
of butane appears to adsorb on four p la t inum sites. 
It  is appeal ing to assume one carbon atom per 
p la t inum atom at saturation;  but  no a t tempt  was made 
to tie this to the kinetics of the adsorption process. 
In fact, l i t t le can be learned about the react ion order 
since the rate  measurements  ex tended  to less than 
25% coverage of the surface. Maximum coverages 
were  of the order  of 6200 mill icoulombs. The l inear  
adsorption rate  range ex tended  for 500-1500 mil l i -  
coulombs as shown in Fig. 5 of the paper. Therefore,  
only an 8-25% change in slope would be expected 
ra ther  than the 55% calculated by Dr. B rum m er  on 

87 L. W. Niedrach ,  This Journal, 111, 1309 (1964). 

the basis of first order  kinetics. We do agree with him 
that  an adsorption rate  proport ional  to the four th  
power of the fract ional  free surface is unl ikely  on 
the basis of these data. Perhaps  the init ial  adsorption 
is v i r tua l ly  i r revers ib le  even though it requires  four 
sites. This point should be invest igated fur ther .  

Explosion of a Chemical Polishing Solution 
S. F. Bubar and D. A. Vermilyea (pp. 519, Vol. i13, No. 5) 

R. H. BuckS8: During a period of stay at the Depart-  
ment  of Metal lurgy,  Univers i ty  of Florida, I also had 
the same exper ience as the authors but using glycerine 
(10 parts) as the viscous agent  in a nitric acid (5 
parts) hydrofluoric acid (5 parts) chemical  polishing 
solution for zirconium. Water  was to be added later  
to control the polishing. A stoppered plastic container  
in which the fresh solution was stored, ruptured  vio- 
lent ly about 4 hr  af ter  mixing due to react ion occur- 
r ing within  the bottle. On the other  hand, a t i tanium 
etching solution containing 40 H N O J 1 5 H F / 4 5 H 2 0  re- 
mained stable for months. 

Al though the exact  nature  of the chemical  react ion 
causing the explosion is open to speculation it is per- 
haps per t inent  to point out that  the presence of con- 
centrated sulfuric acid is usual ly necessary to bring 
about the ni t rat ion of glycerine to ni t roglycerine 89"9~ 
in a reasonable t ime by promoting anhydrous condi- 
tions. A more l ikely reaction in this case is the oxi- 
dation of glycerine in a highly oxidizing medium. 
Kar re r  90, for example,  states that  strong nitric acid 
alone wil l  cause oxidation of glycerine, a t r ihydr ic  
alcohol, to glyceric acid. The oxidation may, of course, 
proceed fur ther  and become degradative.  The explo- 
sion could thus have been caused by a rise in temper-  
ature due to the nondissipated heat  of reaction, ac- 
centuated by the viscosity of the mixture,  combined 
with  pressure bui ld-up f rom the gaseous decomposi- 
tion products of the reaction. One can visualize a simi- 
lar react ion occurring in the case of lactic acid (~- 
hydroxy  propionic acid). Lactic acid and glycer ine are 
chosen because they are re la t ive ly  stable, viscous, and 
miscible wi th  wate r  in all proportions, propert ies  con- 
ferred by the presence of hydroxyl  groups. Al though 
these same groups are capable of easy oxidat ion to 
corresponding acids, it is difficult to think of less vul-  
nerable  organic al ternat ives  having the requi red  phys- 
ical properties.  The role of the viscous agent in chem- 
ical polishing is general ly  thought  to be par t ly  physi- 
cal, but  the specificity of some of the reagents  used is 
still not wholly explained. Thus glycerine, glycols, 
lactic acid, acetic acid, and phosphoric acid 91 have 
been used. 

Inquir ies  have revealed  that  the occurrence of such 
explosions is fa i r ly  common. In one case a g lycer ine /  
HF/HNO3 mix tu re  was prepared  on the l i ter-scale 
and stored in a screw-topped glass bo t t l e - -wi th  dis- 
astrous consequences. It is not only in the industries 
concerned with  microelectronics or refractory  metals  
that  heed should be given: a s tandard etch for alu- 
minum (Vilella's etch) contains 10 parts H N O J 2 0  
parts HF/30 parts glycerine. Fu r the r  in this context, 
it is re levant  to point  out the additional hazard  re- 
cently invest igated in connection wi th  perchloric  
acid/acet ic  anhydride electropolishing solutions 92 where  
the reaction be tween acetic anhydride and wate r  

~ United Kingdom Atomic Energy Authority, Atomic Weapons 
Research Establishment, Aldermaston, Berkshire, England. 

~J C. V. King, This Journal, 112~ 251C (1965). 
~P. Karrer, "Organic Chemistry," American Elsevier Co. Inc., 

New York (1950}. 
9l D. C. Cornish, Proc. Joint  IERE-IEE Conference on "Applica- 

tion of Thin Films in Electronic Engineering," Paper 14, Imperial 
College, London (July 1966). 

92 R. K. Bartlett and H. S. Turner, Chem. and Ind. 1933 (Novem- 
ber 20, 1965). 
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caused a young meta l lu rgy  student  to lose the sight 
of both eyes. 

Solutions containing an organic modera tor  wi th  
HNO~ and HF should cer ta inly not be stored after 
use. In v iew of their  increasing industr ial  use in con- 
nection with  refractory  metals and semiconductors,  
periodic warnings about their  hazards such as issued 
in This Journal s9 might  serve to reach the worker  at 
the bench. 

On the Potential/pH Diagrams of the 
Cu-NH~-H20 and Zn-NH3-H20 Systems 

H. E. Johnson and J. Leja (pp. 630, Vol. 113, No. 6), Discussion 
Section) 

F. L e t o w s k i  and  J. Niemiec93:  The argument  of Messrs. 
Johnson and Leja, that  there  are no two substances 
wi th  a l ternate ly  r eve r sed  acid-basic characteristics,  
which has been presented in the response to our con- 
tribution, is of ra ther  a vague character  and seems to 
be hardly  acceptable f rom our point of view. The point  
of the mat te r  is that  the mathemat ica l  equations, 
called also by us, in abbreviation,  equi l ibr ia  [17] and 
[15], are, in fact, the two peculiar  cases (expressions) 
describing the same equi l ibr ium between Cu20 and 
Cu(NH~)2 + at definitely different pH conditions. 

The general  Cu20-Cu (NH3) 2 + equi l ibr ium equat ion 
has been der ived on the basis of the fol lowing data: 
~~ ~ --15,510 cal, ~~ = --34,980 cal, 
~~ . . . .  56,690 cal, and KNH3 ~ 10 9.22, and its 
mathemat ica l  form is as follows 

pH = --8.43 --  log [Cu (NH~) 2 + ] 
+ 2 log ([NH4 +] + [NH3]) 

- -  2 log (10 -9.22 + 10 -pH) [1] 

This has been deduced by using the reIationships 

9a Inst i tute  of Inorganic  Chemist ry  and Rare Elements  Metal- 
lurgY, Technical  Univers i ty ,  Wybrzeze Wyspianskiego 27, Wroclaw, 
Poland. 
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[H + ] �9 CA KNH3 " CA 
[NH4 +] = and [NH3] [2] 

K N H 3 +  [ H  + ] K N H 3 +  [ H  + ] 

where  CA is the total, "analyt ical"  ammonia  contents 
in solution, amount ing to the sum 

C A =  ([NH4 +] + [NHs]) 

The general  Cu20-Cu (NHs) 2 + equi l ibr ium equation 
under  discussion undergoes simplification to become 
t ransformed into Eq. [17], if pH > >  9.22. Then 
[NH3] > >  [NH4 +] and some simplifications can be 
made 

log ([NH4 +] -~- [ N I ~ ] )  ~ log [NH3], 
10g(10-9.22 + 10-pH) ~ log 10 -9.22 = --9.22 

and pH = 1 0 . 0 1 -  log [Cu(NH3)2 + ] + 2 log [NH3] [17] 

Equat ion [17], which is a simplified expression of the 
general  equation given above in the case when 
[NH3] > >  [NH4+], loses its pract ical  sense and does 
not represent  the Cu20-Cu (NI-I~) 2 + equi l ibr ium state 
when NH3 and NH4 + concentrations become compar-  
able or when [NH3] < <  [NH4+]. In the lat ter  case, 
the general  equat ion assumes the form of Eq. [15] 
(according to Mattson) and is valid if pH < <  9.22. 
Then 

log ([NH4 + ] + [ N H s ] ) ~  log [NH4 +] 
log ( 1 0  -9"22 -~- 10 - p H )  ~ log 10 - p H  ~ - -  pH, and 

pH ~ 8.43 + log [Cu(NH3)2 + ] - -  2 log [NH4 + ] [15] 

If, on the other  hand, the concentrations (activities) 
of NH~ and NH4 + are comparable,  i.e., at pH values 
close to 9.22, the equi l ibr ium may  not be described 
ei ther  by Eq. [17] or by [15]. In such a case, the 
general  Cu20-Cu (NHs) 2 + equi l ibr ium equation 
should be used which would take into account the 
sum of NH3 and NH4 + concentrations. 

H. E. J o h n s o n  and  J. Le ja :  We wish to thank Messrs. 
Letowski  and Niemiec for their  discussion. 
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